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NEURAL REGENERATION RESEARCH 

Fast-tracking regenerative medicine for traumatic 
brain injury

Inflammation Represents an Attractive Target 
for Treating Traumatic Brain Injury
Traumatic brain injury (TBI) refers to brain damage and 
dysfunction resulting from an external blow or jolt to the 
head, such as a puncture, blunt impact, or blast (Maas et al., 
2008). Representing a considerable source of health and eco-
nomic costs, TBI influences approximately 1.7 million lives 
per year (Acosta et al., 2015a). Additionally, the frequency of 
TBI-related military casualties has increased markedly due to 
escalated usage of explosives in modern warfare (Okie, 2005). 
In humans, TBI severity—categorized as mild, moderate, or 
severe—can be evaluated using medical imaging techniques 
and by assessing a patient’s level of consciousness with the 
Glasgow Coma Scale (Lozano et al., 2015). Symptoms of mild 
TBI, including but not limited to headache, dizziness, fatigue, 
and nausea, may be temporary and clear up in the short-
term; however, severe TBI may lead to chronic neurological 
problems akin to the degenerative pathological hallmarks of 
Alzheimer’s disease, Parkinson’s disease, and dementia pugi-
listica (Colmano and Gross, 1971; Lozano et al., 2015). Ac-
cording to epidemiological data, suffering a TBI also elevates 
an individual’s risk for developing Alzheimer’s disease and 
Parkinson’s disease later in life, but the mechanisms underly-
ing these processes remain unclear (Lozano et al., 2015). 

Although TBI was once exclusively deemed an acute inju-
ry, its pathology is now divided into the acute and chronic 
temporal phases. The relatively brief acute phase comprises 
the immediate neurostructural damage resulting from TBI, 
whereas the chronic phase is distinguished by rampant 

inflammation, secondary cell loss, and impaired neural 
function which may last for years and is finally irreversible 
(Werner and Engelhard, 2007; Acosta et al., 2015a). Harm-
ful byproducts arising from the primary injury site, such as 
pro-inflammatory molecules and reactive species, become 
dispersed throughout the brain and cause cyclic cascades of 
neural cell damage (Zhao et al., 2005; Acosta et al., 2015a). 
The accumulation of such damage forms the penumbra—a 
region of dead and vulnerable brain tissue surrounding the 
primary injury core—which chiefly contributes to the risk 
for chronic evolution of cognitive symptoms (Zhao et al., 
2005; Acosta et al., 2015a). However, due to the potentially 
broad window for effective treatment, alleviating this pro-
gressive penumbral cell loss represents a promising approach 
to improve long-term outcomes for TBI patients (Zhao et al., 
2005; Acosta et al., 2015a). 

The peri-impact area is a common pathological charac-
teristic of chronic TBI which manifests as the tissue in the 
vicinity of the focal injury site displaying a myriad of intri-
cate metabolic, immune, and cellular responses (Kumar and 
Loane, 2012; Lozano et al., 2015). In contrast, the specific 
pathological progression of these responses, such as their 
possible spread to remote brain regions, varies based on the 
location and severity of the TBI (Kumar and Loane, 2012; 
Lozano et al., 2015; Pabon et al., 2016). Intervention to miti-
gate the primary damage of a TBI — including necrosis, ex-
citotoxicity, and the mangling of local neuronal, microglial, 
and vascular structure — is largely impractical, and use of 
safety equipment such as helmets and seatbelts constitutes 
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the only feasible means of prevention (Hirschenfang et al., 
1968; Kumar and Loane, 2012; Lozano et al., 2015). Thus, 
recent laboratory investigations have concentrated on the 
chronic symptoms of TBI in order to suppress secondary cell 
death mechanisms following the acute phase (Lozano et al., 
2015). Due to the relatively delayed onset of inflammatory 
processes compared to other secondary cell death pathways 
within the injured brain, targeting post-TBI neuroinflam-
mation has emerged as an especially attractive approach to 
reduce secondary cell loss and limit neurological deficits 
(Matsumoto et al., 1986; Offit et al., 1986; Lozano et al., 
2015). While inflammation actually protects the injured 
brain during the acute phase of TBI, a prolonged inflamma-
tory condition throughout the chronic phase significantly 
exacerbates neural cell death (Lozano et al., 2015). Indeed, 
an extensive body of evidence demonstrates that attenuating 
chronic inflammation confers neuroprotective effects (Loza-
no et al., 2015). Inflammation represents the net result of the 
competitive interaction between numerous pro-inflammato-
ry (e.g., tumor necrosis factor alpha (TNF-α) and interleukin 
(IL)-1β) and anti-inflammatory (e.g., IL-10 and transform-
ing growth factor beta (TGF-β)) molecules, and the shift 
from a protective to degenerative state following TBI further 
displays the complex pathology underlying neuroinflamma-
tion (Lozano et al., 2015). 

After TBI, inflammation-mediated neuronal loss and ede-
ma are likely intensified due to disruption of the blood-brain 
barrier (BBB) (Shlosberg et al., 2010; Neuwelt et al., 2011). 
The BBB, a highly selective layer of endothelium surround-
ing cerebral vasculature, regulates the passage of blood-
borne compounds into the brain, and the neuroprotective 
capacity of the BBB hinges upon its structural integrity and 
the health of its endothelial cells, both of which are main-
tained by astrocytes (Neuwelt et al., 2011). The physical trau-
ma of TBI impairs BBB structure and function, heightening 
its permeability and permitting peripheral immune cells, 
along with exogenous proteins such as albumin, fibrinogen, 
and thrombin, to infiltrate the parenchymal tissue of the 
brain (Shlosberg et al., 2010; Neuwelt et al., 2011; Lozano 
et al., 2015). This foreign influx precipitates microglial acti-
vation, which, although initially functioning as a protective 
immune response, will continue without restriction and may 
become self-perpetuating unless BBB integrity is restored 
(Shlosberg et al., 2010; Neuwelt et al., 2011; Lozano et al., 
2015). Moreover, pro-inflammatory substances such as cy-
tokines, chemokines, prostaglandins, and free radicals are 
secreted by the intruding peripheral immune cells, amplify-
ing the inflammatory cascade and further destabilizing the 
BBB (Lozano et al., 2015). Subsequently, large molecules and 
cells more readily penetrate the biological barricade, gen-
erating an osmotic gradient in the brain which leads to the 
formation of cerebral edema and the buildup of intracranial 
pressure (Neuwelt et al., 2011; Lozano et al., 2015). Further-
more, elevated levels of matrix metalloproteinase-9 (MMP-
9), vascular endothelial growth factor (VEGF), and other 
molecules damage tight junctions, continuously inhibiting 
repair of the BBB (Guo et al., 1989; Lozano et al., 2015).

Within the injured brain, immunological processes be-
come even more complex due to heterogeneous microglial 
activation (Lozano et al., 2015). More specifically, in re-
sponse to their local microenvironment, activated microglia, 
which serve as the brain’s resident macrophages under nor-
mal conditions, may differentiate into a pro-inflammatory 
M1 phenotype or an anti-inflammatory M2 phenotype 
which suppresses the activity of M1 microglia (Lozano et al., 
2015), although it must be noted that this terminology has 
been disputed recently (Ransohoff, 2016). Therefore, in light 
of the diverse and complicated inflammatory pathophysi-
ology of chronic TBI, techniques devised to downregulate 
pro-inflammatory mediators, upregulate anti-inflammatory 
mediators, and stimulate BBB recovery display significant 
therapeutic potential in laboratory and clinical settings 
(Lozano et al., 2015). Previously, we have evaluated the role 
of inflammation in TBI pathology and the potential of stand-
alone pharmacotherapy and stem cell-based therapeutic op-
tions (Mashkouri et al., 2016). Here, we expand and update 
this review, culminating in advancing the potential applica-
tion of combined drug and stem cell therapies.

This review was compiled using PubMed with sources 
within the last ten years, with an emphasis on the most re-
cent, novel, and comprehensive papers. If the topic did not 
have relevant information within the last ten years, we used 
the most recent paper.

Pharmacotherapeutic Options for Reducing 
Inflammation
With the goal of reducing secondary neural cell death fol-
lowing TBI, a variety of anti-inflammatory drug therapies 
have been explored in recent laboratory investigations (Ta-
ble 1). To this end, statins represent a class of drugs with a 
well-established safety record and discrete, manageable side 
effects. Traditionally considered a high cholesterol treatment, 
statins display anti-inflammatory and neuroprotective prop-
erties that may expand their applicability to TBI. A murine 
subarachnoid hemorrhage model demonstrates that pre-
treatment with rosuvastatin, a type of statin, may reverse the 
increases in proinflammatory TNF-α, MMP-9, and cycloox-
ygenase-2 usually observed after TBI (Uekawa et al., 2014). 
Adding to this, simvastatin reduces IL-1β in in vitro cultures 
of astrocytes (Wu et al., 2010). The mechanism behind the 
downregulation of these inflammatory mediators may be 
statins’ inhibition of microgliosis and astrogliosis (Wu et al., 
2010; Uekawa et al., 2014). Moreover, laboratory evidence 
of statins’ regulation of epidermal growth factor receptors, 
some types of small G-proteins, and nuclear factor κB and 
toll-like receptor 4 signaling pathways may, in turn, suggest 
a mechanism behind these reductions in microgliosis and 
astrogliosis (Takemoto and Liao, 2001; Loane and Faden, 
2010; Wu et al., 2010; Uekawa et al., 2014; Wang et al., 2014). 
Thus, statins may sequester neuroinflammation by modu-
lating several deleterious post-TBI processes. Furthermore, 
atorvastatin and simvastatin attenuate functional deficits and 
enhance neuronal survival in preclinical studies (Wang et 
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al., 2007). Echoing this, rosuvastatin pretreatment protects 
against TBI-induced edema, neurological deficits, neuronal 
cell death, and BBB disruption in animal models, demon-
strating that these anti-inflammatory effects may translate 
to improved system-wide outcomes (Uekawa et al., 2014). 
Such findings have helped rosuvastatin advance to a clinical 
trial, where multiple doses effectuated small reductions of 
disorientation and amnesia in TBI patients, as measured by 
the Galveston Orientation Amnesia Test (Tapia-Perez et al., 
2008). More elaborate preclinical studies are necessary to as-
sess how clinical administration and outcomes may be best 
optimized.

Aside from its antibiotic properties, minocycline, a tet-

racycline derivative, may also exert neuroprotective and 
anti-inflammatory effects. That it has a well-established re-
cord as a treatment for several diseases and is approved by 
the United States Food and Drug Administration advances 
its translation to TBI. Minocycline also possesses the ability 
to cross the BBB (Saivin and Houin, 1988), which promotes 
its use for central nervous system (CNS) disorders. These 
attributes posit minocycline as an excellent prospect for clin-
ical trials. Expanding this background to TBI, minocycline 
treatment reduces edema and levels of inflammatory media-
tors IL-1β and MMP-9 in a murine weight-drop model (also 
known as closed head injury model) (Homsi et al., 2009) 
and normalizes levels of inflammatory markers C-reactive 

Table 1 Milestone studies of drug-based therapies for TBI 

Drug Model or clinical population Therapeutic effects Study

Statins
Simvastatin Rodent CCI model Increases neuronal survival and reduces astrocyte activation Wu et al., 2014

In vitro astrocytes, oxygen-
glucose deprivation (3 h)

Inhibits IL-1 production and alters caveolin-1 expression and restrains epidermal 
growth factor phosphorylation in lipid rafts, supporting a possible mechanism for the 
in vivo results

Wu et al., 2014

Rodent CCI model Attenuates intercellular adhesion molecule-1 expression, improves grip test score, 
reduces impact area 

Wang et al., 2014

Simvastatin/ 
Atorvastatin 
(pretreatment)

Murine weight-drop model Partially restores cerebral blood flow Wang et al., 2007
Reduces neuronal degeneration in hippocampus, improves vestibulomotor function 
(rotarod times)

Wang et al., 2007

Atorvastatin Murine weight-drop model Reduces neuronal degeneration in hippocampus, improves vestibulomotor function 
(rotarod times), attenuates neurocognitive deficit (Morris water maze times), decreases 
microglial activation and levels of TNF-α and IL-6 RNA

Wang et al., 2007

Rosuvastatin 
(pretreatment)

Murine severe subarachnoid 
hemorrhage model 

Improves neurologic score and neuronal survival; decreases edema and 
immunoglobulin G extravasation (BBB permeability marker); reduces brain superoxide 
production, NF-κB activation, and microglial activation; inhibits upregulation of  
TNF-α, MMP-9, and COX-2 

Uekawa et al., 
2014

Rosuvastatin Clinical trial of severe TBI 
patients aged 16 to 50 years 

Lowers amnesia time as assessed by Galveston Orientation Amnesia Test Tapia-Perez et al., 
2008

Minocycline Murine weight-drop model Reduces edema and levels of IL-1β and MMP-9, improves neurological function (string 
test scores)

Homsi et al., 2009

Rodent mild blast-induced 
TBI model

Regulates levels of CRP, MCP-1, claudin 5, neuron-specific enolase, neurofilament-H, 
tau, S100β, and corticosterone; microglial growth and activation; anxiety scores (open 
field and elevated plus maze); spatial memory (Barnes maze times)

Kovesdi et al., 
2012

Melatonin Rodent subarachnoid 
hemorrhage model

Decreases levels of TNF-α, IL-1β, IL-6, TLR4 and related agents, NF-κB, myeloid 
differentiation factor 88, and inducible nitric oxide synthase; attenuates spatial learning 
and memory deficits; lowers numbers of apoptosis- and necrosis-positive cells

Wang et al., 2013

Murine weight-drop model Decreases levels of TNF-α and IL-1β and microglial activation, increases peri-impact 
neuronal survival, dephosphorylates mammalian target of rapamycin pathway

Ding et al., 2014a

Murine weight-drop model Attenuates oxidative stress, cortical neuronal degeneration, and edema Ding et al., 2014b
Melatonin/
Minocycline/
Melatonin + 
Minocycline

Rodent mild CCI model No significant differences in Morris water maze, cortical impact area, or microglial 
activation among the control or treatment groups

Kelso et al., 2011

Progesterone Rodent moderate CCI model, 
aged

Improves neurological outcomes (modified neurological severity scores and Morris 
water maze) and hippocampal long term potentiation, increases number of circulating 
EPCs, vessel density, and CD31- and CD34-positive cell numbers

Li et al., 2012

In vitro culture of human 
peripheral blood mononuclear 
cells

Increases EPC proliferation when blood mononuclear cells were collected from 
participants in the menstrual phase but not luteal phase, indicating a hormonal 
interaction

Matsubara and 
Matsubara, 2012

In vitro Dose-dependently enhances angiogenic potential of EPCs (tube formation, migration, 
adhesion, VEGF release)

Yu et al., 2017

Rodent CCI model Improves neurological function (modified neurological severity scores), vessel 
density, and occludin and progesterone receptor expression; repairs BBB leakage; 
reduces brain edema

Yu et al., 2017

BBB: Blood-brain barrier; CCI: controlled cortical impact; COX-2: cyclooxygenase-2; CRP: C-reactive protein; EPCs: endothelial progenitor cells; 
IL: interleukin; MCP-1: monocyte chemoattractant protein-1; MMP-9: matrix metalloproteinase 9; NF-κB: nuclear factor-κB; TBI: traumatic brain 
injury; TLR4: Toll-like receptor 4; TNF-α: tumor necrosis factor-α; VEGF: vascular endothelial growth factor.
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protein and monocyte chemoattractant protein-1 in a rodent 
model of mild blast-induced TBI (Kovesdi et al., 2012) when 
compared to vehicle treatment. Additionally, minocycline 
may lower nitric oxide, another inflammatory mediator, via 
its regulation of nitric oxide synthase, demonstrated in an 
in vitro study (Amin et al., 1996). These anti-inflammatory 
effects are coupled with a reduction in microglial growth 
and activation (Kovesdi et al., 2012). As microglia support 
cytokines MMP-9, IL-1β and IL-6, inhibiting microglial 
activation may indirectly sequester these cytokines as well 
(Homsi et al., 2009; Ziebell and Morganti-Kossmann, 2010; 
Guo et al., 2011). Furthermore, a string test, designed to 
assess neurological and locomotor functioning by investi-
gating whether TBI mice can climb onto a string, walks, and 
escapes to a platform, indicates that these anti-inflammatory 
and anti-edematous effects can translate to functional recov-
ery (Homsi et al., 2009). While the results of some laboratory 
studies have demonstrated null effects of minocycline on one 
or more of these dimensions, this may be due to inadequate 
dosage timing and amounts (Homsi et al., 2009; Kelso et al., 
2011). As such, further investigation into minocycline’s ther-
apeutic potential is needed.

The neuroprotective and anti-inflammatory qualities of 
melatonin, a naturally-occurring hormone, similarly posit 
that this drug serves as another possible pharmacotherapy 
for TBI. Secreted by the pineal gland, melatonin possesses 
the ability to diffuse across cell membranes and cross the 
BBB (Lozano et al., 2015; Lin et al., 2016). Melatonin treat-
ment is well-tolerated by patients and has a history of use 
for various other diseases (Jahnke et al., 1999; Seabra et al., 
2000). Melatonin treatment after induced subarachnoid 
hemorrhage in rats reduces levels of proinflammatory cy-
tokines TNF-α and IL-1β (Wang et al., 2013). Likewise, in 
a murine weight-drop model, the melatonin-treated group 
exhibits lower levels of these same proinflammatory cyto-
kines when compared to the untreated and vehicle-treated 
groups (Ding et al., 2014b). These anti-inflammatory effects 
are coupled with melatonin’s demonstrated ability to greatly 
inhibit microglial activation, as measured by IBA-1 immu-
nofluorescence, a marker of microglia (Ding et al., 2014b). 
The same model also reveals that melatonin may ameliorate 
post-TBI neuronal degeneration, oxidative stress, and ede-
ma, indicating that melatonin could recapitulate cognitive 
function in humans (Ding et al., 2014a). However, similar 
to minocycline, these functional outcomes of melatonin are 
somewhat inconsistent. When administered alone or in con-
cert with minocycline, melatonin had no effect on cortical 
tissue integrity or Morris water maze performance in one 
rodent model (Kelso et al., 2011). This may be due, however, 
to suboptimal timing and dosages. As it stands, melatonin 
has been implicated in multiple anti-inflammatory and 
neuroprotective processes, but these have, at times, failed 
to translate to functional benefits. To address this disparity, 
more studies examining the long-term safety and efficacy of 
melatonin as a TBI therapeutic are needed (Hirschenfang et 
al., 1968; Lozano et al., 2015).

Overall, pharmacotherapeutic options have demonstrat-

ed promise for attenuating TBI pathology, especially with 
respect to neuroinflammation. However, these results are at 
times somewhat tenuous or conflicting. Thus, other options, 
such as the rapidly emerging field of stem cell transplants, 
may be considered.

Stem Cell Therapy Ameliorates Inflammation
In addition to anti-inflammatory pharmacotherapy, stem cell 
therapy represents a promising approach for treating TBI 
(Table 2). Stem cells have the ability to proliferate and differ-
entiate into a variety of cell lines and entice restorative cyto-
kines to migrate to the injured area (Antonucci et al., 2014; 
Tajiri et al., 2014a, c). Preclinical data have revealed the effi-
cacy of stem cells to differentiate into neurons after TBI and 
other CNS disorders (Antonucci et al., 2012; Rodrigues et al., 
2012; Liu et al., 2013; Acosta et al., 2014; Tajiri et al., 2014a, 
b). Thus, direct cell-replacement constitutes one of the ways 
in which stem cells may attenuate TBI pathology. Second-
ly, stem cells may secrete various trophic factors that may 
directly or indirectly support beneficial processes while in-
hibiting deleterious ones, also known as “bystander effects”. 
Furthermore, evidence of a stem cell-paved “biobridge” by 
which exogenous stem cells may conduct endogenous stem 
cells to the impact area to decrease inflammation supports a 
third method by which stem cells may promote recovery af-
ter TBI (Tajiri et al., 2013). Interestingly, this biobridge links 
the injury site to the subventricular and subgranular zone, 
which primarily houses neural progenitor cells (Tajiri et al., 
2013). This biobridge may thus encourage the migration and 
differentiation of adult neural progenitor cells. Overall, fol-
lowing brain trauma, stem cell transplantation exhibits a sig-
nificant ability to ameliorate neural cell death and secondary 
inflammatory response, leading to improved cognitive and 
motor outcomes in preclinical settings (Acosta et al., 2014; 
De la Pena et al., 2014).

Stem cells’ secretome plays a major role in their reduc-
tion of TBI-induced inflammatory response. Mesenchymal 
stem/stromal cells (MSCs) possess the ability to travel to 
the injury site and initiate the cellular effectors of the in-
flammatory response such as macrophages, neutrophils, T 
lymphocytes, and microglia (Borlongan, 2011; Borlongan 
et al., 2011; Zhang et al., 2013). Macrophages represent one 
component of the inflammatory response and function pri-
marily through phagocytosis (Lin and Du, 2018). In a spinal 
cord injury model, embryonic stem cell-conditioned media 
facilitates macrophage phagocytosis of apoptotic cells, thus 
reducing inflammation and improving recovery (Guo et al., 
2016). Moreover, when exposed to inflammatory factors, 
MSCs may secrete prostaglandin E2, which, in turn, may 
induce macrophages to release anti-inflammatory IL-10 and 
TGF-β (Németh et al., 2009; Chiossone et al., 2016), and 
which may also influence macrophages toward their anti-in-
flammatory M2 phenotype or initiate production of new M2 
macrophages (Cho et al., 2014; Geng et al., 2014; Vasandan 
et al., 2016). In addition, promotion of neutrophils, cells that 
support healing and protect against infection, also holds 
potential for reducing inflammation. MSCs may secrete 
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chemokines that attract neutrophils, which in turn curtail in-
flammation (Brandau et al., 2010; Lin and Du, 2018). Upon 
recruitment, neutrophils exposed to MSC-derived IL-6 also 
survive for longer and display enhanced functioning (Lin 
and Du, 2018). Lastly, MSCs may release various factors to 
sequester and suppress T cells that would otherwise increase 
inflammation and secondary cell death (Lin and Du, 2018). 
Taken together, preclinical models evince that exogenous 
stem cells may enhance, inhibit, recruit, and generally adjust 

the activities of other cell types to reduce inflammation. 
Aside from their regulation of other cells to indirectly 

modulate inflammation, stem cell transplants may also con-
trol the secondary cell death cascade by directly releasing 
anti-inflammatory agents. Key inflammatory signatures, 
such as TNF-α and IL-1, elicit the secretion of an anti-in-
flammatory protein known as TNF-α-stimulated gene/pro-
tein 6 (TSG-6) by the transplanted MSCs (Watanabe et al., 
2013; Zhang et al., 2013). The anti-inflammatory property 

Table 2 Milestone studies of cell-based therapies for TBI

Cell type Model or clinical population Therapeutic effects Study

MSCs
Bone marrow-
derived MSCs

Murine CCI model Decrease neutrophil extravasation, MMP-9 expression, and BBB leakage, also 
implicating TSG-6 as a mediator for these effects

Watanabe et al., 
2013

Rodent weight-drop model Diminish microglia/macrophage and leukocyte density; increase anti-
inflammatory cytokines (IL-10, TGF-1β); decrease pro-inflammatory 
cytokines (IL-1β, IL-6, IL-17, TNF-α, IFN-γ) and MCP-1, macrophage 
inflammatory protein-2, and RANTES; enhance TSG-6 expression; reduce 
edema and neurological deficit (neurological severity score) 

Zhang et al., 2013

In vitro co-culture of MSCs and 
bone marrow-derived macrophages

Reduce M1 markers including IL-1, IL-6, monocyte chemoattractant 
protein-1, and inducible nitric oxide synthase; increase M2 markers including 
IL-4, IL-10, arginase-1, and CD206

Cho et al., 2014

In vitro co-culture of MSCs and 
macrophages incubated with 
lipopolysaccharide

Influence macrophages toward M2 phenotype, marked by increased IL-10 
and CD206

Geng et al., 2014

In vitro co-culture of monocytes/ 
macrophages and MSCs

Support differentiated monocyte survival, influence macrophages toward M2-
like phenotype via prostaglandin E2, increase phagocytic capacity, scavenger 
receptors, and IL-10 and TGF-β production in M2-like macrophages

Chiossone et al., 
2016

In vitro co-culture of MSCs and 
bone marrow-derived macrophages

Support macrophage differentiation, amplify respiratory burst, potentiate 
microbicidal responses in naïve macrophages, increase M2 phenotype 
activation, shift metabolism, better rescue human endothelial cells, 
implicating prostaglandin E2-driven mechanism

Vasandan et al., 
2016

Bone marrow-
derived MSCs 
(SB623)

Rodent moderate CCI model, 
chronic

Initiate endogenous cell proliferation and immature neural differentiation, 
form stem-cell paved biobridge and increase MMP-9 expression/activity, 
improve motor and neurological functioning (elevated body swing test, 
rotarod times, Benderson-Neurological scores)

Tajiri et al., 2013

Bone marrow-
derived MSCs 
(SB623)

Phase 2 double-blind, randomized 
clinical trial of TBI adults

Does not significantly increase risk of adverse effects, improve motor deficits 
(Fugl-Meyer Motor Scale scores)

Okonkwo et al., 
2019

Salivary gland-
derived MSCs

In vitro co-culture of MSCs 
and neutrophils incubated with 
lipopolysaccharide

Respond to bacterial endotoxin by mobilizing and expressing chemokine 
receptors, recruit neutrophils by releasing IL-8 and macrophage migration 
inhibitory factor, increase lifespan and chemokine expression of neutrophils

Brandau et al., 
2010

Bone marrow 
mononuclear cells

Phase 1 clinical trial of severe TBI 
children

All patients survived, no adverse effects, improve outcomes in majority of 
patients

Cox et al., 2011

Attenuate length of treatment for intracranial pressure and severity of injury, 
suggesting anti-inflammatory effects

Liao et al., 2015

Phase 1 clinical trial of severe TBI 
adults

No serious adverse effects, preserve brain structure, improve functional 
outcomes, and decrease inflammatory cytokines

Cox et al., 2017

Adipose-derived 
stem cells

Rodent mild CCI model, young Ameliorate motor (forelimb akinesia, paw grasp) and cognitive (radial arm 
water maze) functioning, reduce impact and peri-impact area, decrease 
hippocampal cell loss

Tajiri et al., 2014a

Rodent mild CCI model, aged Slightly ameliorate cognitive (radial arm water maze) functioning only, 
reduce peri-impact area only

Tajiri et al., 2014a

Adipose-derived 
stem cell-
conditioned media

Rodent mild CCI model, young Ameliorate motor (forelimb akinesia, paw grasp) and cognitive (radial arm 
water maze) functioning, reduce impact and peri-impact area, decrease 
hippocampal cell loss

Tajiri et al., 2014a

Rodent mild CCI model, aged No significant differences from vehicle group Tajiri et al., 2014a
Adipose-derived 
stem cell exosomes

Rodent mild CCI model Reduce peri-impact area, impact area, and motor deficit, implicating 
MALAT1 mechanism 

Patel et al., 2018

Embryonic stem 
cell-conditioned 
media

Murine thoracic spinal contusion 
injury model/in vitro myelin-laden 
macrophages

Rescue myelin-laden macrophage function, enhance exocytosis of 
internalized lipids, normalize apoptotic cell phagocytosis, decrease TNF-α 
levels, increase M2 macrophage phenotype, improve locomotor recovery

Guo et al., 2016

BBB: Blood-brain barrier; CCI: controlled cortical impact; IFN-γ: interferon-γ; IL: interleukin; MCP-1: monocyte chemo-attractant protein-1; 
MMP-9: matrix metalloproteinase 9; MSCs: mesenchymal stem/stromal cells; NF-κB: nuclear factor-κB; TBI: traumatic brain injury; TGF-1β: 
transforming growth facor-1β; TLR4: Toll-like receptor 4; TNF-α: tumor necrosis factor-α; TSG-6: TNF-α-stimulated gene/protein 6.
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of TSG-6 acts by interrupting the inflammatory pathway of 
toll-like receptors and NF-κB (Watanabe et al., 2013; Zhang 
et al., 2013). Furthermore, TSG-6 can mitigate T cell activity 
by downregulating their production of pro-inflammatory 
cytokines, such as interferon γ and by upregulating anti-in-
flammatory cytokines, such as IL-4 (Russo et al., 2011). 
Thus, TSG-6 exemplifies one of the ways that stem cell ther-
apy may abrogate neuroinflammation via their secretome. 
Another major way in which stem cells’ secretome may re-
duce inflammation is through their emission of exosomes, a 
kind of nanoparticle that facilitates the release and transfer 
of proteins, DNA, mRNA and miRNA (Valadi et al., 2007; 
Altanerova et al., 2017). Long noncoding RNA metasta-
sis-associated lung adenocarcinoma transcript 1 (MALAT1) 
is sometimes carried by exosomes originating from human 
adipose-derived stem cells and represents one of the bene-
ficial agents that may be contained in exogenous stem cells’ 
secretome (Patel et al., 2016, 2018). In brain and spleen 
tissues, treatment with exosomes containing MALAT1 reg-
ulates TBI-induced inflammatory pathways, regenerative 
pathways, cell cycle and death, and expression of other non-
coding RNAs in a rodent controlled cortical impact (CCI) 
model (Patel et al., 2018). In turn, these MALAT1-controlled 
mechanisms generate significant post-TBI improvements in 
impact and peri-impact areas and on locomotor assessments, 
when compared to groups treated instead with MALAT1-de-
pleted exosomes or with vehicle (Patel et al., 2018). Altogeth-
er, stem cell transplants possess multiple mechanisms where-
by they may reduce inflammation through secreted factors.

Once the transplanted stem cells reach the host tissue, 
they are challenged by the harsh environment of the injury 
site. Granulocyte-colony stimulating factor (G-CSF) can be 
administered alongside human umbilical cord blood cells 
(hUCBs) to promote the neuroprotection of the exogenous 
stem cells (Acosta et al., 2014). Delivering stem cells in 
combination with factors such as G-CSF yields significant 
improvements in neurogenesis and the capacity to reduce 
cell death, when compared to delivering stem cells alone 
(Acosta et al., 2014). Moreover, G-CSF possesses properties 
that reduce brain edema, promote the recovery of motor 
function, and enhance control of glutamate levels (Acosta et 
al., 2014). G-CSF uses a receptor-mediated transport to mo-
bilize endogenous stem cells from the bone marrow into the 
peripheral blood. Once in the periphery, the cells can then 
relocate to the injury site and promote the release of growth 
factors, chemokines, and cytokines that assist in repairing 
brain tissue (Acosta et al., 2014). Recent preclinical evidence 
that stem cells migrate to and survive better in the spleen 
rather than the brain suggests that direct transplantation 
may not be as efficacious as a peripheral approach (Acosta 
et al., 2015b). In fact, there are studies emphasizing systemic 
delivery of stem cells in TBI and other neurodegenerative 
models (Acosta et al., 2015b). 

Several transplantable cell lines have been tested, with 
some reaching clinical trials for stroke therapy, such as fetal 
cells, embryonic stem cells, neural stem/progenitor cells 
(including NT2N and CTX0E3 cells), umbilical cord blood 

cells, amnion cells, adipose cells, and induced pluripotent 
stem cells (Hara et al., 2008; Li et al., 2008; Stroemer et al., 
2009; Kaneko et al., 2011; Liu et al., 2014; De la Pena et al., 
2015). Due to its robust safety record in other disease mod-
els, bone marrow and its cellular derivatives have been given 
a particular interest (Borlongan et al., 2011; Steinberg et al., 
2016). Various preclinical studies also support that bone 
marrow-derived stem cells are not only safe, but also effec-
tive, in that bone marrow-derived mononuclear cells may 
preserve the BBB, promote neurogenesis, and facilitate func-
tional outcomes (Cox et al., 2017). Furthermore, different 
routes of transplantation such as intravenous, intra-arterial, 
and intranasal as well as direct intracerebral implantation 
have all demonstrated the functional benefits bone mar-
row-derived stem cells offer (Borlongan et al., 2004, 2011; 
Prasad et al., 2014; Acosta et al., 2015b). Such an auspicious 
record has given researchers the impetus to explore bone 
marrow mononuclear cells and bone marrow-derived stem 
cells in clinical studies, where they have demonstrated no 
difference in adverse events, though further investigations 
are warranted to evaluate their efficacy (Cox et al., 2011, 
2017; Liao et al., 2015; Okonkwo et al., 2019). This notion 
calls attention to the need for combination therapy in order 
to improve the outcomes of pharmacotherapeutics and stem 
cell transplantations in TBI and other neurodegenerative 
diseases.

Current Efforts in Combined Drug and Stem 
Cell Therapies for Traumatic Brain Injury
Thus far, the reviewed studies have focused on the status of 
either stand-alone stem cell transplants or certain pharma-
cotherapeutics. Interestingly, combinations of the two are 
emerging as the most promising TBI therapeutics (Figure 1). 
A systematic review of combination therapies for TBI demon-
strates the wide variety of potential treatments and groups 
the results by whether the combination yields enhanced, 
unaffected, or diminished effects as compared to stand-alone 
therapies (Kline et al., 2016). Therapies combining stem cell 
transplants with drugs and other supplements have produced 
auspicious results, possibly due to the amenability of stem 
cells to combined use and the ability of some drugs and sup-
plements to facilitate and optimize the ameliorative actions of 
stem cells (Table 3).

Many hormones may produce benefits when administered 
alone or in concert with stem cells. The sex hormone proges-
terone has many applications for various CNS disorders due 
to its penchant for anti-inflammatory and neuroprotective 
effects. Moreover, that it may encourage the proliferation of 
endothelial progenitor cells (EPCs) and improve post-TBI 
neuroregeneration advances progesterone as an attractive 
option for combination with stem cells (Li et al., 2012; Mat-
subara and Matsubara, 2012). In an in vitro model, adminis-
tering progesterone to rat EPCs dose-dependently increases 
secretion of angiogenesis precursors, including VEGF (Yu 
et al., 2017). Furthermore, as demonstrated by a CCI model 
of TBI, male rats who receive intraperitoneal progesterone 
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Table 3 Milestone studies of combination therapies for TBI

Drug, scaffold, 
precondition, or 
overexpression Cell type Model Therapeutic effects Study

Granulocyte-colony 
stimulating factor

Umbilical cord 
blood cells

Rodent moderate 
CCI model, chronic

Significantly reduce neuroinflammation and hippocampal cell loss, 
improve endogenous neurogenesis and motor function (elevated body 
swing test and rotarod times); better than monotherapy

Acosta et al., 
2014

Progesterone Embryonic 
neural stem 
cells

Rodent CCI model Improve functional outcomes (open field test, Barnes maze, Morris 
water maze, rotarod times), especially when additionally combined with 
enriched environment; better than monotherapy

Nudi et al., 
2015

Erythropoietin Cord blood-
derived CD34 
MSCs

Rodent CCI model Engage glial cells, support cell proliferation, increase microvessel density, 
decrease damaged area, improve inclined plane test scores; all better than 
monotherapy

Tunc Ata et 
al., 2016

Propranolol Bone marrow-
derived MSCs

Rodent moderate-
severe CCI

Retain benefits of monotherapies (propranolol: decrease activated 
microglia counts; MSCs: decrease BBB permeability, improve 
neurogenesis, inhibit activated microglia/macrophage accumulation) and 
further improve spatial learning and memory (Morris water maze times)

Kota et al., 
2016

Hypoxic precondition Neural 
progenitor 
cells

Rodent CCI model, 
juvenile

Enhance social behaviors (interaction, novelty, transmission of food 
preference tests) and expression of oxytocin and oxytocin receptors; better 
than unconditioned cells

Wei et al., 
2016

Chitosan, heparin, 
fibronectin, bFGF scaffold

Radial glial 
cells

Rodent CCI model Supports feasibility of scaffolds for promoting cell transplant survival and 
proliferation

Skop et al., 
2016

bFGF-loaded sodium 
hyaluronate collagen 
scaffold

Neural stem 
cells

Rodent 
hippocampal injury

Modulate microenvironment to improve survival and neuronal 
differentiation of transplanted cells and increase synaptic formation 
between endogenous and exogenous cells, improve cognitive outcomes 
(Morris water maze); better than monotherapy

Duan et al., 
2016

BDNF overexpression Neural stem 
cells

Rodent CCI model Increase expression of microtubule-associated protein 2, neurofilament 
200, calmodulin, actin, and β-catenin; better than naïve neural stem cells

Chen et al., 
2017

PEP-1 and SOD1 Neural stem 
cells

Rodent CCI model Dose-dependently promote proliferation and differentiation of 
transplanted cells, upregulate aquaporin-4 mRNA and protein expression 
levels, improve functional outcomes (Bederson scores); better than 
monotherapy

Jia et al., 2018

Docosahexaenoic acid Neural stem 
cells (neonatal)

Murine mild CCI 
model

Reduce motor function deficits (pole climbing test), promote endogenous 
neurogenesis, increase cortical glial reactivity and microglia, attenuate 
dopaminergic neuron depletion; better than monotherapy

Ghazale et al., 
2018

Chitosan scaffold Bone marrow-
derived MSCs

Rodent Feeney’s 
free fall combat 
injury model

Promote the survival, proliferation, and differentiation of transplanted 
cells; improve functional outcomes (modified neurological severity scores, 
Morris water maze) and brain repair; better than monotherapy

Tan et al., 
2018

MDL28170 Bone marrow-
derived MSCs

Rodent CCI model Inhibit inflammation, promote transplanted cell survival/reduce apoptosis 
of transplanted cells, reduce lesion volume, improve functional outcomes 
(modified neurological severity scores); better than monotherapy

Hu et al., 
2019

IL-10 overexpression Bone marrow-
derived MSCs

Rodent severe CCI 
model

Improve fine motor functional outcomes (Morris water maze, ladder rung 
walking task), alter macrophage expression, reduce glial fibrillary acidic 
protein cell numbers and TNF-α expression

Peruzzaro et 
al., 2019

Rodent severe CCI 
model

Reduce cortical and hippocampal cell loss and neuroinflammation, 
increase autophagy, mitophagy, and cell survival; better than naïve MSCs

Maiti et al., 
2019

FGF-21 overexpression Bone marrow-
derived MSCs

Murine moderate 
CCI model

Enhance the homing abilities (speed, precision, stability) of transplanted 
cells to the injury site; better than naïve MSCs

Shahror et al., 
2019

BBB: Blood-brain barrier; BDNF: brain derived neurotrophic factor; bFGF: basic fibroblast growth factor; CCI: controlled cortical impact; FGF-21: 
fibroblast growth factor 21; IL: interleukin; MSCs: mesenchymal stem/stromal cells; SOD1: superoxide-dimutase-1; TBI: traumatic brain injury.

Figure 1 Drugs and stem cells work together to yield enhanced 
therapeutic outcomes. 
During the chronic phase of traumatic brain injury, persisting 
neuroinflammation contributes significantly to secondary neural 
cell death. While stand-alone cell therapy can be effective to an 
extent, combining stem cell transplantation with drug therapies 
may synergistically attenuate inflammatory neurodegeneration 
and promote regenerative mechanisms within the brain, thereby 
enhancing functional recovery following traumatic brain injury. 
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exhibit enhanced vessel density, occludin expression, and 
BBB integrity, as well as reduced edema and neurological 
deficit scores, as compared to vehicle-treated rats (Yu et al., 
2017). Additionally, that a progesterone receptor-antagonist 
reverses all of these benefits indicates that progesterone is 
a key facilitator of endogenous EPC brain repair (Yu et al., 
2017). To further support that it is the interaction between 
progesterone and stem cells that produces these benefits, 
another study using the CCI model was performed with a 
double control. Combined therapy of embryonic neural stem 
cell (eNSC) transplants and progesterone begets improved 
performances on Morris water maze, open field, and rotarod 
functional assessments when compared to the control treat-
ment, progesterone-only treatment, or eNSC-only treatment, 
as well as enhanced survival, migration, and differentiation 
by the stem cells when compared to the eNSC-only treat-
ment (Nudi et al., 2015). Taken together, these studies indi-
cate that progesterone may greatly stimulate and enable the 
neuroprotective and anti-inflammatory effects of stem cells, 
although more double-controlled studies using alternate TBI 
models are needed (Zibara et al., 2019).

Another naturally-occurring hormone, erythropoietin 
(EPO), helps to produce red blood cells under normal con-
ditions but may also be applied to TBI treatment because 
of its neurotrophic, angiogenic, anti-inflammatory, and an-
ti-apoptotic effects (Gonzalez et al., 2007; Bath et al., 2013). 
In a rodent model, combining EPO treatment with cord 
blood-derived CD34 MSCs yields enhanced post-TBI cell 
proliferation, neuronal damage attenuation, glial cell activa-
tion, microvessel density, impact area healing, and function-
al recovery beyond that which is produced by EPO-only or 
stem cell-only treatment (Tunc Ata et al., 2016). Thus, this 
demonstrates that EPO and stem cell combination therapy is 
another promising area for further research.

Various other pharmacotherapeutics may be combined 
with stem cells to attenuate TBI pathology. Some of these 
drugs, including G-CSF; peptide carrier PEP-1; antioxidant 
enzyme Cu,Zn-superoxide dismutase (SOD1); and polyun-
saturated fatty acid docosahexaenoic acid (DHA), primarily 
work by synergizing with stem cells to directly stimulate and 
support beneficial endogenous processes. As previously dis-
cussed, co-administration of G-CSF with hUCBs may confer 
neuroprotective and anti-inflammatory effects greater than 
those conferred by stand-alone G-CSF or hUCBs in a CCI 
model of moderate TBI, possibly due to G-CSF’s recruitment 
of stem cells to the injury site and its suppression of MHC-
II microglia activation (Acosta et al., 2014; Liska and de la 
Pena, 2017). Furthermore, in vitro measures of PEP-1 and 
SOD1’s effects on neural stem cells (NSCs) reveal that these 
drugs may dose-dependently increase NSC proliferation in 
a rodent model (Jia et al., 2018). This is supported by further 
tests demonstrating that co-administering PEP-1, SOD1 and 
NSCs in vivo produces higher levels of brain aquaporin-4, 
which is beneficial for regulating edema in chronic TBI, and 
improves neurological function, as quantified by the modi-
fied Benderson score, when compared to vehicle treatments 
and stand-alone treatments (Jia et al., 2018). In addition, 

DHA may exhibit neuroprotective properties when com-
bined with NSC transplants. Co-administering these two in 
a CCI murine model increases neurogenesis, glial reactivity, 
and dopaminergic neurons; decreases calpain/caspase acti-
vation; and improves motor function scores, as measured by 
the pole climbing test, when compared to vehicle treatments 
and NSC-only treatments (Ghazale et al., 2018).

Other drugs, including propranolol, a β-adrenergic recep-
tor antagonist, and MDL28170, a calpain inhibitor, primarily 
work by suppressing deleterious factors that may interfere 
with endogenous or stem cell transplant-mediated reparative 
processes. Combining propranolol with later administration 
of human bone marrow-derived MSCs (BM-MSCs) yields 
complementary benefits greater than either treatment by 
itself in laboratory settings (Kota et al., 2016; Dekmak et 
al., 2018). Along with other improvements commensurate 
with the stand-alone therapies, combined treatment pro-
duces greater recovery of cognitive and memory faculties, as 
compared to vehicle treatments and stand-alone treatments 
(Kota et al., 2016). Furthermore, MDL28170 facilitates BM-
MSC survival and reduces BM-MSC apoptosis after trans-
plantation in a rodent model (Hu et al., 2019). Thus, after 
experimental TBI, administering MDL28170 followed by 
BM-MSCs renders lower levels of inflammation, reduces 
lesion volume, and improves neurological function scores as 
compared to the vehicle treatment and the stand-alone treat-
ments (Hu et al., 2019). Taken together, many drugs may 
confer complementary and additive effects when combined 
with stem cell transplants by enhancing positive processes or 
by suppressing negative processes. 

While the synergy of stem cells and anti-inflammatory 
drug therapies may represent the most direct approach to 
counteracting secondary neurodegeneration in chronic TBI, 
the primary hindrance to stem cell transplants continues to 
be ensuring their adequate migration, survival, proliferation, 
and differentiation within the hazardous environment of the 
TBI brain (Skop et al., 2016; Zibara et al., 2018). Therefore, a 
number of studies have employed the use of biocompatible 
scaffolding to more effectively deliver and secure stem cells 
at injury sites. For example, radial glial cells  fixed within an 
extensively interlinked framework of chitosan, fibronectin, 
heparin, and basic fibroblast growth factor may be implant-
ed and successfully incorporated into the brains of TBI rats 
(Skop et al., 2016). Similarly, BM-MSCs complexed with 
chitosan porous scaffolds can be directly delivered into the 
lesions of TBI rats without adverse effects (Tan et al., 2018). 
In fact, this combination treatment increases the survival, 
proliferation, and differentiation of the BM-MSCs, thereby 
improving functional recovery (Tan et al., 2018). Moreover, 
joint transplantation of NSCs and a basic fibroblast growth 
factor-loaded sodium hyaluronate collagen scaffold enhanc-
es the survival of NSCs as well as their differentiation into 
functional neurons within injured regions of the TBI rat 
brain (Duan et al., 2016). Along with these effects, the pro-
motion of synaptogenesis in the presence of this scaffold fur-
ther contributes to the significant amelioration of cognitive 
deficits (Duan et al., 2016). 
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In addition to combinatorial treatments with cell-based 
therapy and pharmaceuticals or scaffolding biomaterials, 
other recent preclinical studies reveal that modifying the 
behavior and secretome of stem cell transplants may signifi-
cantly enhance their anti-inflammatory effects, as well as 
their migration, viability, and potency in injured regions of 
the brain. In the context of reprogramming the behavioral 
aspect of stem cells for TBI treatment, preconditioning NSCs 
in a hypoxic environment in vivo before transplantation 
activates cell survival mechanisms which prime their resis-
tance to the hostile conditions of the damaged brain (Wei et 
al., 2016; Zibara et al., 2018). Compared to NSCs cultured 
in healthy conditions prior to infusion in vivo, hypoxia-pre-
conditioned NSCs more effectively attenuate inflammation, 
elevate release of trophic factors (i.e., glial cell line-derived 
neurotrophic factor, VEGF, brain-derived neurotrophic 
factor (BDNF), and EPO), and promote neurological recov-
ery in a juvenile rodent model (Wei et al., 2016). In specific 
regard to augmenting the secretory functions of exogenous 
stem cells, inducing the overexpression of various trophic 
factors has proven to be promising therapeutic approach. 
Notably, genetically engineered BM-MSCs overexpressing 
the anti-inflammatory cytokine IL-10 increase the preva-
lence of autophagy, mitophagy, and cell-survival markers in 
a rat model, indicating the protection of neural cells from 
inflammation and oxidative stress (Maiti et al., 2019). These 
modified BM-MSCs also exert immunomodulatory effects, 
likely by altering inflammatory cell marker expression by 
macrophages, which may produce an environment that is 
more conducive to brain repair and functional recovery after 
experimental TBI (Peruzzaro et al., 2019). Indeed, MSCs 
induced to overexpress FGF-21 with this technique display 
more accurate migratory homing to TBI lesions in a murine 
model (Shahror et al., 2019). Furthermore, NSC transplants 
excessively producing BDNF exhibit improvements in sur-
vival, growth, proliferation, and differentiation into neurons 
at lesion sites in a rodent CCI model, potentially due to BD-
NF-induced upregulation of cytoskeletal protein expression 
(Chen et al., 2017; Zibara et al., 2018). 

Overall, stem cell-based combination therapies stand as 
attractive strategies for TBI treatment. As previously men-
tioned, one review categorizes a wide variety of TBI-targeted 
combination therapies and classifies them by whether the 
combination produces enhanced, null, or reduced effects 
(Kline et al., 2016). Among the categories, studies of stem 
cell-based combination therapies consistently generate the 
highest proportion of enhanced effects and the lowest pro-
portion of diminished effects when compared to studies of 
combination therapies not involving stem cells (Kline et 
al., 2016). Nevertheless, recent research of stem cell-based 
combination therapy for TBI is somewhat limited. This lack 
of studies is difficult to explain in light of stem cell-based 
combination therapies’ relative success. The findings of stem 
cell-based combination therapies are promising, and thus 
warrant greater examination to advance these therapies to 
clinical trials. 

Conclusion
In this review, a plethora of studies outline different treat-
ment regimens for TBI with pharmacotherapy, cell therapy, 
or a combination of the two. Throughout the chronic phase 
of TBI, cyclically perpetuated neuroinflammatory cascades—
characterized by upregulated levels of pro-inflammatory mol-
ecules, downregulated levels of anti-inflammatory molecules, 
and dysfunction of the BBB—cause devastating secondary 
cell death in the brain. While other mechanisms contribute to 
this neurodegeneration, the delayed onset and long-term pro-
gression of inflammatory processes are indicative of a wide 
therapeutic window for intervention. Thus, reducing aber-
rant neuroinflammation represents a promising approach to 
ameliorate secondary cell loss and promote neurological and 
functional recovery in TBI victims. Several pharmacological 
therapies demonstrate anti-inflammatory effects; however, 
inadequate dosages and poor clinical models have hindered 
their observed efficacy as TBI treatments. Instead, stem cells 
have attracted the attention of clinicians due to their capacity 
to replace lost brain cells, secrete neurotrophic factors, and 
recruit restorative cytokines and endogenous stem cells to the 
injured area. Furthermore, a combination of both pharma-
cotherapeutics and stem cells has yielded the most favorable 
outcomes. Certain drugs amplify the neuroregenerative prop-
erties of stem cells and provide a more suitable environment 
for the cells of the brain. Altogether, further investigation is 
needed to optimize treatment parameters and ensure safety 
in larger animal models, as well as to design more effective 
controlled small animal studies, before stem cell combination 
therapy can be translated to the clinic. 
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