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Abstract
Study Design: Systematic review.

Objective: Spinal cord injuries (SCIs) resulting in motor deficits can be devastating injuries resulting in millions of health care
dollars spent per incident. Nonsteroidal anti-inflammatory drugs (NSAIDs) are a potential class of drugs that could improve
motor function after an SCI. This systematic review utilizes PRISMA guidelines to evaluate the effectiveness of NSAIDs for SCI.

Methods: PubMed/MEDLINE, CINAHL, PsycINFO, Embase, and Scopus were reviewed linking the keywords of “ibuprofen,”
“meloxicam,” “naproxen,” “ketorolac,” “indomethacin,” “celecoxib,” “ATB-346,” “NSAID,” and “nonsteroidal anti-inflammatory
drug” with “spinal.” Results were reviewed for relevance and included if they met inclusion criteria. The SYRCLE checklist was
used to assess sources of bias.

Results: A total of 2960 studies were identified in the PubMed/MEDLINE database using the above-mentioned search criteria. A
total of 46| abstracts were reviewed in Scopus, 340 in CINAHL, 179 in PsycINFO, and 7632 in Embase. A total of |5 articles met
the inclusion criteria.

Conclusions: NSAIDs’ effectiveness after SCI is largely determined by its ability to inhibit Rho-A. NSAIDs are a promising
therapeutic option in acute SCI| patients because they appear to decrease cord edema and inflammation, increase axonal
sprouting, and improve motor function with minimal side effects. Studies are limited by heterogeneity, small sample size, and the
use of animal models, which might not replicate the therapeutic effects in humans. There are no published human studies
evaluating the safety and efficacy of these drugs after a traumatic cord injury. There is a need for well-designed prospective studies
evaluating ibuprofen or indomethacin after adult spinal cord injuries.

Keywords
spinal cord injury, ibuprofen, indomethacin, NSAID, neuroprotective

Introduction enhance quality of life for thousands of individuals and save
a tremendous amount in health care expenditures.

The mechanisms of spinal cord injury are believed to
involve direct impact to the spinal cord and secondary inflam-
matory effects. The physical force imparted on the spinal cord

Spinal cord injuries (SCIs) have a global incidence of 10.5
cases per 100000 people, with the most frequent cause being
motor vehicle collision.! The average cost of SCI depends on
injury level and severity, with complete SCIs costing as much
as 5 times more than American Spinal Injury Association
Impairment Scale Grade D injuries® (motor function deficit
with power able to overcome gravity in over 50% of the mus- ' University of Missouri, Columbia, MO, USA
cles below the level of injury) with individual cases resulting in .
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is believed to be most indicative of the severity of the injury.
After the primary mode of trauma, the injury response includ-
ing the inflammatory cascade imparts an enlarged zone of
injury through edema and hemorrhage. This is mediated by
the inflammatory cascade where cells including macrophages,
neutrophils, and T-cells invade the injury site causing disrup-
tion of the blood-brain barrier. This allows penetrance into
spinal cord cerebrospinal fluid and the release of cytokines.
The cytokines regulate matrix metalloproteinases, which lead
to tissue breakdown and induced cell death. The cell death
releases glutamate and aspartate from the apoptotic cells.
These specific amino acids cause toxicity to surrounding
cells, furthering cell death of glia and neurons. The apoptosis
of oligodendrocytes, neurons, and glia then leads to demyeli-
nation and eventually cystic cavitation causing a large defect
in the spinal cord.* To mitigate the inflammatory component
and enlargement of the zone of spinal cord injury, effective
medical management could prove highly beneficial. How-
ever, there is no current consensus on the administration of
any specific drug or regimen for treatment of SCI-associated
inflammation.

The most common prophylactically administered drug
after acute SCI has been methylprednisolone sodium succi-
nate (MPSS). The Second National Acute Spinal Cord Injury
Study provided initial promise for use of methylprednisolone
in SCI with increased motor and sensory function recovery
after 6 months reported for patients who were administered
MPSS within 8 hours of the injury.” However, its use contin-
ues to be controversial due to concerns regarding its effec-
tiveness, complication profile, and timing of administration.®
Due to the controversy regarding MPSS administration after
acute SCI, Fehlings et al’ authored a systematic review of
available randomized trials and prospective studies compar-
ing MPSS to controls addressing both safety and efficacy of
MPSS continuous infusion. Based on 3 randomized trials and
an additional prospective study with indiscriminate adminis-
tration of MPSS, they found no improvement in total motor
recovery or pinprick sensation. However, when 2 additional
randomized and 1 prospective trial compared MPSS to control
within 8 hours of SCI, there was a significant improvement in
total motor scores in the MPSS group. Furthermore, there was
no difference in complications including pneumonia, wound
complications, or risk of death.” Based on this systematic
review, AOSpine offers treatment guidelines with 3 recom-
mendations regarding MPSS, all are graded as weak recom-
mendations. A 24-hour infusion of MPSS should not be given
to patients who present 8 hours or more after an acute SCI;
this recommendation has moderate evidence to support the
guideline. A 24-hour infusion of MPSS is an option to offer
to adult patients who present within 8 hours after an SCI; this
recommendation also has moderate evidence. Finally, a con-
tinuous infusion of steroids should not be offered for 48 hours
to any patient with an acute SCI.®

Nonsteroidal anti-inflammatory drugs (NSAIDs) are an
alternative class of drugs with anti-inflammatory effects
through cyclooxygenase (COX) inhibition. Additionally, a

subset of NSAIDs, including ibuprofen and indomethacin, inhi-
bit Rho-A.° Rho-A inhibition is a promising therapeutic target
in spinal cord injury because it has been shown to increase
myelination of axons and promote axonal elongation and
sprouting. However, inactivation of Rho-A must occur acutely
after injury. Delayed administration does not show any increase
in axonal sprouting or motor function.'®

Despite the potential benefits for use of NSAIDs for man-
agement of SCI, they are not routinely used for this purpose.
One potential hesitancy might be lack of published guidelines
for safe yet efficacious doses of NSAIDs after an acute SCI.
Ibuprofen and indomethacin are the most commonly studied
NSAIDs and are easiest to extrapolate dosing for. The typical
dose of ibuprofen in rat models is 60 to 70 mg/kg/day, while
indomethacin is slightly more variable with doses ranging from
0.1 to 10.0 mg/kg/day. Based on previous human equivalency
dosing estimates, rat doses can be divided by 6.2 to get an
equivalent human dose."' This would equate to 11.3 mg/kg for
ibuprofen and 1.6 mg/kg for indomethacin. While this does not
account for differences in diffusion across the blood-brain bar-
rier due to plasma protein binding, the total plasma albumin
and total plasma protein concentration between rats and
humans closely approximate to within 25%.'* Based on these
estimates there should be some efficacy found at doses as low
as 1100 mg ibuprofen daily and 16 mg indomethacin. However,
there is a clear dose response level with higher levels of
NSAIDs being more efficacious with safe doses as high as
3200 mg ibuprofen and 200 mg indomethacin daily.'>"'*

There are likely multiple other reasons for physicians’
hesitance to prescribe NSAIDs after SCIs. Other hesitancies
likely center on potential complications including gastric
ulceration,'>'® nonunion after spinal fusion,'”** poor pene-
trance across the blood-brain barrier into the cerebrospinal
fluid (CSF),>*?° or increased bleeding risk.>’*®* However,
these potential complications are based on limited evidence
and generalization of NSAIDs use without high-quality evi-
dence related to SCI. For example, while NSAIDs are known
to increase bleeding risk after some surgeries, the clinical
relevance regarding increased bleeding risk following acute
spinal cord injuries is unknown. As such, NSAID use for
management of SCI has been primarily limited to animal
studies and has not progressed to clinical evaluations of their
potential therapeutic benefits and complications in patients
suffering SCI.

To judiciously advance the care and treatment of SCI, the
authors sought to critically review the available evidence for
use of NSAIDs after SCI. Therefore, this study was designed as
a systematic review of the peer-reviewed literature using
PRISMA guidelines to evaluate the most commonly used COX
inhibitors for safety and efficacy of use after SCI. The hypoth-
esis to be tested was that one or more NSAIDs will be associ-
ated with an acceptable safety profile and documented
evidence for neuroprotective benefits and regenerative effects
for treatment after SCI in animal models such that clinical trials
in patients are warranted.
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Methods

Literature Review Search

Using methodology based on the PICO (problem, intervention,
control, and outcome) method, we examined the problem
related to evidence-based decision making regarding the use
of an NSAID intervention compared to a control for improving
outcomes after spinal cord injury. With this objective in mind, a
literature review was conducted to locate published studies in
the following databases: PubMed/MEDLINE, CINAHL, Psy-
cINFO, Embase, and Scopus. The following words,
“ibuprofen,” “meloxicam,” “naproxen,” ‘“ketorolac,”
“indomethacin,” “celecoxib,” “ATB-346,” “NSAID,” and
“nonsteroidal anti-inflammatory drug,” were linked with
“spinal” to form a key phrase for searching. For example,
“ibuprofen AND spinal” was used in each database to find all
relevant literature. Additionally, all references in the articles
meeting acceptable search criteria were reviewed for inclusion
in the systematic review. All titles were then reviewed by the
primary author for relevance. All articles deemed to be relevant
were then read to ensure proper inclusion.

Literature Inclusion

Only studies in the English language were considered for inclu-
sion. Any articles not in the time frame of January 1980 to
September 2018 were excluded. If the article was published
in a supplemental section of a journal article as an abstract, it
was excluded. The mechanism of injury accepted included
either a sharp transection injury, an acute compression injury,
or a single crush injury. If treatment groups had multiple vari-
ables or types of treatment compared to controls, it was
excluded. In order for the study to meet inclusion criteria, the
NSAID had to be compared to a control group. If the study had
a control group and addressed one of the following questions,
then the article was included: Do NSAIDs have any impact on
intramedullary hemorrhage after injury? Is there a difference in
edema of the spinal cord between control and NSAID groups?
Do NSAIDs promote neuronal sprouting or nerve myelination?
Do NSAIDs decrease cystic cavitation of the spinal cord? Does
the use of NSAIDs decrease cell apoptosis after injury? Is there
motor improvement compared to a control group after NSAID
administration? What complications are associated with use of
NSAIDs when used for spinal cord injury? Data from studies
was categorized and summarized for presentation based on
these questions.

Risk of Bias

We utilized the Systematic Review Center for Laboratory Ani-
mal Experimentation (SYRCLE) tool* to evaluate all studies
for bias. We found the allocation sequence was adequately
generated and applied in 11 of the 15 studies with the remain-
ing 4 studies not adequately disclosing the methods. All studies
(n = 15) had similar baseline characteristics for the animals
tested. It was unclear in the majority of the studies if the

caregivers were blinded to the treatment designation of the
animals. Most important, the outcome assessors were found
to be blinded in 10 of the 15 studies. Three studies explicitly
stated they were not blinded and 2 studies did not specify
(Appendix A, available online).

Results

A total of 2960 studies were returned in the PubMed/MED-
LINE database using the above-mentioned search criteria. An
additional 461 articles were reviewed in Scopus, 340 in
CINAHL, 179 in PsychINFO, and 7632 in Embase. Ultimately,
all relevant articles in this review were found using the MeSH
advanced search builder in PubMed. After review of 29 full text
articles, 14 articles were excluded (Appendix B). A total of 15
studies met inclusion criteria and were included (Figure 1).
Seven studies evaluated indomethacin, 5 studied ibuprofen,
1 study evaluated ATB-346, 2 evaluated meloxicam, 1 studied
NS-398, and 4 evaluated naproxen. The NSAID was adminis-
tered post-SCI in 11 (73%) of the studies and pre-SCI in 4
(27%). The time from injury to evaluation ranged from 5 hours
to 6 weeks across studies. No study specifically looked at
intramedullary hemorrhage after SCI. Two studies compared
mortality rate between the control group and NSAID after
spinal cord injury. Seven studies looked at cord edema or
inflammation of the spinal cord. Four studies evaluated neuro-
nal sprouting or increased myelination after SCI. Five studies
evaluated cystic cavitation, 3 of the studies looked at apoptosis
of cells, and 10 studies evaluated the functional recovery of the
animal after SCI (Table 1). Outcomes of studies focused on the
following questions were reviewed to determine if the inter-
vention had statistically superior results compared to controls.

What Complications Are Associated With Use of NSAIDs
When Used for Spinal Cord Injury?

No study specifically looked at complications of NSAID treat-
ment after SCI. However, the study by Hakan et al** and Fu
et al*' did compare mortality rates. Hakan et al*° found that 10/
27 of the SCI rats treated with vehicle died, while 8/26 melox-
icam treated rats died after SCI. These results were not signif-
icantly different. The Fu et al’' study also found 4 deaths in the
control group, 4 in the naproxen group, and 2 in the ibuprofen
group. These results showed no significant difference in mor-
tality rate.’!

Is There a Difference in Edema of the Spinal Cord
Between Control and NSAID Groups?

Seven studies quantitatively evaluated spinal cord edema or
inflammation with 6 out of 7 showing significantly decreased
spinal cord edema or inflammation after NSAID therapy. How-
ever, there was little standardization in the measurement of
edema across studies. In some studies, myeloperoxidase
(MPO) was used as a proxy for neutrophil infiltration. Addi-
tionally, some of the studies evaluated the histology of the
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Figure 1. PRISMA flow chart demonstrating articles identified, excluded, and included.

spinal cord either quantitatively or qualitatively. The study by
Guth et al*? did evaluate indomethacin versus a control, but the
power was determined to be low and they restudied indometha-
cin with a larger sample size and with additional drugs. While
the combination therapy showed decreased edema, indometha-
cin alone did not decrease edema compared to control.*?

The study by Hakan et al*® showed a qualitative decrease in
the amount of edema based on histologic analysis perhaps sup-
porting their finding of a statistically significant decrease in
MPO activity in the SCI group treated with meloxicam. The
study by Hains et al*> demonstrated decreased inflammation of
a selective COX-2 inhibitor (NS-398) as measured by
decreased levels of prostaglandin E2 (PGE2). Four of the
remaining studies demonstrated a statistically significant
decrease in MPO activity or edema after an SCI was treated
with a more commonly utilized NSAID (Table 2). The final
remaining study by Simpson et al** graded the amount of mye-
lin edema on a scale of 1 to 4 with mild edema receiving a
grade of 1 and marked edema receiving a grade of 4. While the

amount of edema was a full grade lower for indomethacin
compared to nifedipine or the control group, this study is not
reproducible and the significance of the decreased edema is
unclear based on the grading system. However, this study is
in line with the majority of other studies showing decreased
edema after treatment with a Rho-A inhibitor NSAID.

Do NSAIDs Promote Neuronal Sprouting
or Nerve Myelination?

Three studies quantitatively assessed axonal sprouting after
sectioning the spinal cord. Two of the studies found a signifi-
cant increase in sprouting, while one study found no significant
difference between treatments with a Rho-A inhibitor NSAID
compared to control. The Sharp et al*® study tried to exactly
replicate the Fu et al*' protocol to recreate the degree of axonal
sprouting caused by ibuprofen. In fact, they involved the senior
author of the Fu et al®! study to try and replicate the experi-
ments. However, while Fu et al®! found ibuprofen to be
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Table I. List of All Included Studies in the Systematic Review. Type of Intervention (NSAID), Animal Model, Timing of Drug Administration and
Injury Evaluation, and Mechanism of Injury.

Pre/Post Injury

NSAID Drug Time From Injury
Study Administered Species (n = per Group) Weight ~ Administration to Evaluation Mechanism of Injury
Pedrarr;8 Meloxicam Male Wistar rats (n = 4-6/group) 300-350 g Post 4 weeks Compression injury
etal
Campolo ATB-346, Male CDI mice (n = 15, 5 sacrificed 25-30g  Post | day for Compression injury
et al*%? naproxen day | for exam) histology,
10 days for
functional
recovery
Hakan Meloxicam Sex unknown, Wistar Albino rats (n = 250-300 g Post 8 days Blunt impaction to
et al*®? 5-7 per group) spinal cord
Wang et al*** Ibuprofen, Female Sprague-Dawley rats (n = 16 250-270 g Post 2 and 6.5 weeks  Blunt impaction to
naproxen ibu, 15 naproxen and control), spinal cord, sharp
female C57/B16 mice (n = 22 ibu, transection
12 control)
Sharp et al*** Ibuprofen Female Sprague-Dawley rats (ibu = 34, N/A Post 6 weeks Dorsal transection
control = 39) of spinal cord
Redondo- Ibuprofen Female Sprague-Dawley rats 250-300 g Post 6 weeks Blunt impaction to
Castro and (ibuprofen n = 10, saline n = 10; spinal cord
Navarro3®? acute treatment group: ibuprofen n
=4, saline n = 4; histology at 3 days:
ibuprofen n = 3, saline n = 3)
Pantov‘i‘éI Indomethacin Adult rabbits (n = 6) 2.5-3.5 kg Post 9 days Crush injury
etal
Xing et al®”*  Ibuprofen, Female Sprague-Dawley rats (n =8  180-250 g Post 7 days until Blunt impaction to
indomethacin, control, naproxen, ibuprofen, n = analysis of spinal cord
naproxen 10 indomethacin for apoptosis; n = apoptosis; 28
8 indomethacin and control; and n days for
= 9 for naproxen and ibuprofen for myelination
myelination) analysis
Fuetal®'? Ibuprofen, Female Sprague-Dawley rats (n =7  180-250 g Post 4 weeks Dorsal hemisection
naproxen control, 7 naproxen, |2 ibu) of cord, blunt
impaction to
spinal cord
Guth et al®*  Indomethacin Rats not specified (n = 6 control, 5 170-200 g Post 3-4 weeks Crush injury with
ind, 7 LPS, and 7 LPS with ind) jewelers forceps
Simpson Indomethacin Sex not identified, Sprague-Dawley 250-350 g Post 6 weeks Blunt impaction to
etal®* rats (n = 10 sham surgery control spinal cord
tx, n = 12 SCI control, n = 9 sham-
ind, n = 10 SCI ind)
Sharma etal'® Indomethacin Male Sprague-Dawley rats (n = 5 per 200-300 g Pre 5 hours Transection of right
group) dorsal horn of
spinal cord
Winkler Indomethacin Male Sprague-Dawley rats (n = 5 per 350-400 g Pre 5 hours Transection of
etal®' group) dorsal horn of
spinal cord
Sharma etal'* Indomethacin Wistar rats, sex unknown 200-300 g Pre 5 hours Longitudinal
untraumatized group: (n = 17 in 5 incision made in
mg/kg ind), n = 21 in 10 mg/kg ind; right dorsal horn
traumatized group: (n = 23 in 5 mg/ of spinal cord
kg ind and n = 35 in 10 mg/kg ind)
Hains et al®®>  NS-398 Male Sprague-Dawley rates (n =20  200-225 g Pre 4 weeks Contusion injury

locomotor function, n = |0
immunohistochemistry, n = 10 at 7,
14, 21, and 28 days for histologic

analysis)

with NYU impact
injury device

Abbreviations: NSAID, nonsteroidal anti-inflammatory drug; SCI, spinal cord injury; ind, indomethacin; ibu, ibuprofen.
?Data estimated from figures in the original article.
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Table 2. Compiled Data of Outcomes Including Cord Edema/Inflammation, Neuronal Sprouting, Cystic Cavitation, and Apoptosis Comparing
Intervention to Control.

Study

QOutcomes Measured

Results—Control

Results—NSAIDs

Significance Level

Cord edema/inflammation
Campolo et al*** Total myeloperoxidase activity

Hakan el a

Guth et a

Simpson et al**

Sharma et a

Winkler et al®'

Sharma et a

|30,a

32
I

13
I

14
|

TNF-a levels

Histological damage score based on number of
eosinophilic neurons. | = |-5 neurons, 2 =
5-10 neurons, 3 = >10, | = <I/3 of gray
matter, 5 = |/3-1/2 of gray matter, 6 = >1/2

of gray matter
Myeloperoxidase activity (U/g)

Total lesion size measuring edema 21 days

after injury (mm?)

Experiment rerun with larger sample sizes

measuring edema (mm?)

SCI evaluation based on scale of mild (1) to
marked (4) as determined by the authors

Spinal cord water content (%) using
microscope for evaluation rostral to SCI

Spinal cord water content (%) using
microscope for evaluation caudal to SCI

Spinal cord water content (%) using
microscope for evaluation of total spinal

cord injury

Water content in spinal cord (%)

Water content of spinal cord (%)

300 mU/g

100 mU/g

No SCI: 3.8 U/g

SCI control: 6.5

Control: 1.62 +
0.11

LPS: 1.63 + 0.14

Preg: 1.84 + 0.1

DHEA: 1.68 +
0.12

Control: 1.89 +
0.12
Preg and LPS: 1.77
+ 0.14
24 + 05

Non-SCI control:
71.56 + 0.42
SCI control: 74.48

+ 0.38

Non-SCI control:
71.38 + 042
SCI control: 75.34

+ 042

Non-SCI control:
72.03 4+ 0.38
SCI control:76.58

+ 0.34

Non-SCI control:
72.03
SCI control: 76.23

Nap: 250 mU/g,
ATB-346: 125
mU/g

Nap: 70 mU/g,
ATB-346: 50
mU/g

Nap: 3, ATB-346:
|

Mel: 4.0

Ind: 1.63
LPS and ind: 1.63
+ 0.13

Preg, LPS, and ind:

1.14 + 0.14
DHEA, LPS, and
ind: 1.12 +

0.08

Preg, LPS, and ind:

1.33 + 0.14

SCl-nifedipine: 2.1
+ 0.6

SCI-
indomethacin:
08 + 0.3

SCI with | mg ind:

7476 + 0.53

SCI with 5mg ind:

74.68 + 0.88

SCI with 10mg
ind: 72.74 +
0.32

SCI with | mg ind:

75.78 + 0.63

SCI with 5mg ind:

74.89 + 0.61

SCI with 10mg
ind: 72.64 +
0.38

SCI with | mg ind:

76.84 + 0.76

SCI with 5mg ind:

77.23 £+ 0.67
SCI with 10mg
ind: 74.48 +
0.52
SCI treated with
ind: 73.31

Non-SCI group
treated with 5

P < .05 with nap compared to
control and P < .05 for ATB-
346 compared to nap

P < .05 when nap compared to
control and ATB-346
compared to nap

P < .05 when nap compared to
control; P < .05 when ATB-
346 compared to nap

P <.001 with mel compared to
saline

P < .0l for preg, LPS, and ind

P < .0l for DHEA, LPS and ind

P < .05 for preg, LPS, and ind
compared to control

Unknown

P> .05
P> .05

P <.05

P> .05
P> .05

P<.05

P> .05
P> .05
P<.05
P < .05 with ind compared to

control

N/A

(continued)
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Table 2. (continued)

Study Outcomes Measured Results—Control Results—NSAIDs Significance Level
Non-SCI control mg/kg ind:
group (%): 67.64  66.58 + 0.32
4+ 0.23 Non-SCI with 10
mg/kg ind:
66.74 + 0.38
Control SCI: 70.18 5 mg/kg ind with P < .0l
+ 0.34 SCl: 6943 +
0.33
Control SCI: 70.18 10 mg/kg ind with P < .0l
+ 0.34 SCI: 68.28 +
0.18
Hains et al*® Inflammation evaluated by PGE2 6389 + 784 Staining intensity P < .05
immunohistochemistry at 12 hours for NS-398:
postinjury 2331 + 1177
Neuronal sprouting/myelination
Wang et al*¢? Central horn 5-HT fiber length in complete 0 Ibuat 35mg: 5,lbu P < .05 ibu; regeneration seen
transection model at 5 weeks (um) at 70mg: |1 across transection in ibu
group
Contusion model fiber length at 2 weeks (1m) 75 Nap: 100, ibu: 90 P > .05 for nap and ibu
Contusion model fiber length at 6 weeks (1um) 50 Nap: 4, ibu: 200 P < .0l for ibu group
Optical density of BDA-labeled CST fibers 0.12 Ibu: 0.7 P < .05 for ibu group

Sharp et al*>*

Xing et al*’?

Fu et al®'?

Cystic cavitation
Pedram et al*®

rostral to injury
Axonal sprouting

powered
section

Total oligodentrocytes 6-10 mm rostral to 1600
lesion 5 days after SCI injury

Total oligodentrocytes 6-10 mm caudal to 1500
lesion 5 days after SCl injury

MBP-labeled myelin 3-4 mm caudal to lesion 36
6 weeks after SCI (units measured as
arbitrary units)

3-4mm caudal with Luxol fast blue stained 25
myelin (units measured as arbitrary units)

3-4mm rostral with MBP-labeled myelin (units 42
measured as arbitrary units)

3-4 mm rostral with LFB (units measured as 45
arbitrary units)

CST sprouts/rat in dorsal over hemi-section 5 sprouts
rats | hour postinjury

CST axons/slide 7-10 mm distal to injury 4

S5HT fiber length (mm) 8

Serotonin fiber length (1m) 13

# CST fiber >200 pm -2 mm from SCl in gray 0,55,3,0

matter and at 3-4 mm, 5-6 mm, 7-8 mm, and
9-10 mm

Gray and white matter CST fibers/rat found at 25
least | mm distal to lesion

Measured based on Rexel classification: 0 =
normal with no vacuolization, | = mild with
<10% cells injured, 2 = moderate 10-50%, 3
= severe with >50%

matter: 0

0.57

Dorsal horn gray

matter: 0

27 axons per high-

Ventral horn gray

Intermediate gray
matter: 0.5 +

Ibu: 25 axons per
high-powered

section

Ibu: 1800, ind:
1800, nap: 1600

Ind: 2000, ibu:
1950, nap: 1450

Nap: 40, ibu: 100,
ind 50

Nap: 22, ibu: 100,
ind: 75

Nap: 38, ind: 75,
ibu: 100

Nap: 10, ind: 50,
ibu: 105

Nap: [, ibu: 31

Nap: 3, ibu: 9

Nap: 10, ibu: 17

Ibu: 23

15, 30, 31, 29, 25

200

Ventral horn gray

matter for mel:
0

Intermediate gray
matter: 0

Dorsal horn gray
matter: 0

P> .05

P < .05 for ibu and ind
P < .05 for ibu and ind

Ibu P < .05; qualitatively
increased myelination for ind
and ibu groups seen on
electron microscopy

P < .0l for ibu and ind

P < .05 ibu; qualitatively
increased myelination for ind
and ibu groups seen on
electron microscopy

P < .05 for ibu group

P < .05 for ibu group
P < .05 for ibu group
P < .01 for ibu group

P<.05
P <.05

P> .05

P> .05

(continued)
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Table 2. (continued)

Study Outcomes Measured Results—Control Results—NSAIDs Significance Level

Wang et al*®? Spared tissue 2 weeks after injury (pm) 300 Nap: 300, ibu: 550 P < .05 for ibu group compared
to control/nap and nap, P >
.05 compared to control
Spared tissue 6 weeks after injury (Lm) 250 Nap: 250, ibu: 450 P < .05 for ibu group compared
to control/nap and nap, P >
.05 compared to control

Redondo-Castro Total amount of spared tissue in epicenter of 2.0 x 10’ Ibu: 1.7 x 10° P> .05
and cord injury (um?)
Navarro®®? Tissue spared at periphery of lesion (m?) 4.0 x 10° Ibu: 3.5 x 10° P> .05
Myelinated tissue at different areas of the 2000000at Ibu: 3000000 at P < .05 ibu versus control
lesion (umz) —3000 um from —3000 pm

epicenter, none
at epicenter

Guth et al*? Total lesion size (mm?) at 28 days Control: 093 +  Ind: 1.05 + 0.128 P < .0l for LPS
0.1 mm?2 P <.001 for LPS and ind
LPS: 0.49 + 0.1 LPS and ind: O.11
+ 04
Total lesion size after crush injury at 28 days Control: 0.94 +  Ind: 1.05 + 0.13 P < .0l for preg, LPS, and ind
0.13 LPS and ind: 0.49 group
LPS: 0.63 + 0.09 + 0.11 P > .05 for LPS and ind group
Preg: 1.00 + 0.1 Preg, LPS, ind: 0.3 P < .0l for DHEA, LPS, and ind
DHEA: 0.94 + 0.1 + 0.04 group
DHEA, LPS, ind:
033 + 03
Crush injury repeated with increased sample Control: 0.99 +  LPS and ind: 049 P < .0l for LPS and ind group
size (mm?) 0.09 + 0.08 mm?
Preg and LPS: 0.94
+ 0.12 mm?
Simpson et al®*  Total tissue loss based on author scale of mild Sham control: 0.0 Sham ind: 0.0 Unknown
to marked injury SCl control: I.1 + SClind: 0.1 + 0.1
0.4
Hains et al*® Total viable tissue loss (%) 322 + 27 NS-398: 176 + P <.05
321
Apoptosis of cells
Campolo et al*®® TUNEL positive cells/field 48 Nap: 3 Nap P < .001 compared to
ATB-346: 1.8 control, ATB P < .001
compared to nap
Densitometric data (OD m?) for antiapoptotic 100 Nap: 1600 P <.001 for ATB346 compared
bcl2 ATB-346: 3700 to nap
Proaopoptotic Bax units 4600 Nap: 1000 P <.001 for nap and ATB-346
ATB-346: 700 compared to control
Hakan et a®®* % DNA fragmentation Control without ~ SCI + mel: 0.06 P < .0l
SCI: 0.04
Control with SCI:
0.16
Xing et al’’? Total TUNEL (+) cells/section 6-10mm 70 Nap: 70 P < .01 for both ibu and ind;
rostral to lesion 5 days after injury Ibu: 45 nearly all apoptotic cells were
Ind: 35 in white matter
Total TUNEL (+) cells/section 6-10 mm caudal 45 Nap: 45 P < .01 for both ibu and ind;
to lesion 5 days after injury Ibu: 28 nearly all apoptotic cells were
Ind: 27 in white matter

Abbreviations: NSAID, nonsteroidal anti-inflammatory drug; TNF-o, tumor necrosis factor-a; ind, indomethacin; ibu, ibuprofen; nap, naproxen; mel, meloxicam;
preg, pregnenolone.
?Data estimated from figures in the original article.

neuroprotective and to promote axonal sprouting, Sharp et al®> BDA labeling of the ventral CST, the dorsal axons caudal to the
found no statistical difference in degree of serotonergic or cor- injury site are from the arborizing ventral CST and not from
ticospinal tract (CST) sprouting. They hypothesized, based on  regeneration of the injured axons. Additionally, there was no
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difference between vehicle-treated and ibuprofen-treated rats
in degree of ventral CST sprouting in the Sharp et al* study,
which is in contrast to the findings from Fu et al.>' Similar to
the findings by Fu et al,>' Wang et al*® also concluded that
ibuprofen leads to significantly greater axonal sprouting.

The study by Xing et al*’ evaluated the degree of myelina-
tion after a contusion injury to the spinal cord. Treatment for 5
days with ibuprofen after an SCI led to increased oligodendro-
cytes compared to control. Additionally, 6 weeks after injury
there was increased rostral and caudal myelination at 3 to 4 mm
and 6 to 8 mm from the lesion site.>’

Do NSAIDs Decrease Cystic Cavitation
of the Spinal Cord?

Neuronal sprouting, functional recovery, amount of cell
apoptosis, and cord edema all appear to show NSAIDs have
a favorable role in injury mitigation, but it is less clear if they
have a role in decreasing cystic cavitation. Three studies
showed a decrease in the amount of tissue loss/cystic cavita-
tion with only 2 studies being able to determine a significant
difference. This is compared to 3 studies that found no sig-
nificant difference in the degree of tissue loss. Only the
article by Wang et al*® shows a significant decrease in tissue
loss after administration of a Rho-A inhibiting NSAID. Hains
et al** also demonstrated a decrease in viable tissue loss after
administration of a selective COX-2 inhibiting NSAID, but it
has not been evaluated for Rho-A inhibiting properties. Simp-
son et al** does not measure the amount of tissue loss, but
instead quantifies the degree on a scale from mild to marked.
The difference in the study was found to be a full grade.
Other studies demonstrated no significant change in tissue
loss at the site of injury.’>3*>°

Does the Use of NSAIDs Decrease Cell Apoptosis
After Injury?

All 3 studies evaluating cell apoptosis found decreased apop-
tosis after treatment with NSAIDs compared to control. The
study by Campolo et al** demonstrates both ATB-346 and
naproxen significantly decrease proapoptotic Bax and increase
antiapoptotic Bcl2 compared to controls. Additionally, the
study found ATB-346 significantly increased Bcl2 compared
to naproxen. ATB-346 also has fewer apoptotic cells after SCI
compared to naproxen, while naproxen has fewer apoptotic
cells compared to the control.*’ Xing et al’” found ibuprofen
and indomethacin significantly decrease the amount of apopto-
tic cells compared to control and naproxen. Naproxen had no
significant difference compared to control. Nearly all apoptotic
cells were in the white matter.®” Similar to the other studies,
Hakan et al*® also demonstrated NSAIDs decrease apoptosis. In
their study, meloxicam was found to have significantly less
DNA fragmentation compared to control.

Is There Motor Improvement Compared to a Control
Group After NSAID Administration?

A total of 10 studies evaluated the effectiveness of NSAIDs
after SCI by assessing functional recovery (Table 3). Seven of
the studies found significant improvement in functional recov-
ery after NSAID administration compared to control, while 3
studies found no significant difference. None of previous ques-
tions evaluating NSAID effectiveness has as large of a differ-
ence in interstudy evaluation methods as functional recovery.
For this reason, we will try and break down motor recovery into
type of NSAID administered.

The study by Pedram et al*® evaluated meloxicam after an
acute compression injury to the spinal cord. Using the Basso-
Beattie-Bresnahan (BBB) score, they found acute administra-
tion of meloxicam after SCI leads to a large and significant
difference in motor recovery. Hakan et al*° also administered
meloxicam after a blunt impaction spinal cord injury. They
used the Gale behavioral score and found no significant differ-
ence in recovery.

Campolo et al*® evaluated naproxen and ATB-346 using an
acute compression injury mechanism. Naproxen significantly
improved the BBB score compared to control, and ATB-346
significantly increased the BBB score compared to both control
and naproxen. In contrast, Campolo et al,** Wang et al,*® and
Fu et al’! found naproxen to have no significant difference in
motor recovery. Unlike Campolo et al,** Wang et al*® and Fu
et al’! used a mechanism of blunt impaction to the rat spinal
cord.

Wang et al*® and Fu et al*' additionally evaluated ibuprofen.
Fu et al*' had a subset of rats that underwent a sharp mechan-
ism of injury and another subset of rats who underwent blunt
impaction. The mechanism did not alter ibuprofen effective-
ness in functional recovery. While Wang et al*® only used the
BBB score for motor evaluation, Fu et al*' found a significant
motor improvement after ibuprofen administration in the BBB
score, a lower failure rate in the grid walk test, and a longer
stride distance and shorter stride width. As previously dis-
cussed, Sharp et al®>® tried to exactly replicate the study by
Fu et al.>' They found no significant difference in the BBB
score, Von Frey filament sensory test, grid walk test, mean
stride length, or mean stride width between ibuprofen and the
control groups. Similar to the study by Sharp et al,> the study
by Redondo-Castro and Navarro® used a blunt injury mechan-
ism and found no difference in the BBB score between ibupro-
fen and control. Interestingly, they had a much higher BBB
score in both the control and ibuprofen groups compared to all
other studies. The study also evaluated fine motor coordination
with a foot beam test and maximum speed on a treadmill and
found no difference between ibuprofen versus control.

Pantovi¢ et al*! and Guth et al** both evaluated motor recov-
ery after indomethacin was given after a crush injury to the
spinal cord. Pantovi¢ et al*! used the Tarlov functional scale
and found a dose-dependent increase in function with indo-
methacin administration. Guth et al** used a locomotor score
based on a rat’s ability to ascend an inclined plane and motor



374

Global Spine Journal 11(3)

Table 3. Compiled Data on Functional Evaluation Outcomes. Due to
Study Heterogeneity, Studies Were Divided Into the Functional
Evaluation Metric They Utilized During the Study.

Study Data

Basso-Beattie-Bresnahan (BBB)
Pedram et al*® Meloxicam: 8, control: 0 (P < .05)
Campolo et al**? Control: 2, nap: 4, ATB-346: 7. Naproxen
and ATB-346 (P < .05 when nap compared
to control and ATB-346 compared to
nap).

Ibu: 9.4, control: 6.8, nap: 7.7. Ibuprofen
(P<.0l) compared to naproxen and control.

Control: 1.9 versus ibu: 1.2 (P> .05)

Ibu: 16 versus control: 17 (P > .05)

Wang et al*¢?

Sharp et al*>?

Redondo-Castro
and Navarro®??

Fu et al®'? BBB evaluated 42 days after injury. In

hemisection injury group = ibu: |5, nap:
13, control: 13. In contusion model the
control was 13.5, ibu: 16 (P < .05 for both
BBB injury mechanisms).

Hains et al*® BBB evaluated 2 days after injury = NS-398:
0.9 + 0.7, control: I.1 + 0.4. 14 days after
injury = NS-398: 12.6 + 0.77, control
10.2 + 0.69 (P> .05). Day 28 NS-398: 17.4
+ 1.25, control: 14.6 + 0.72 (P < .05).

Gale
Hakan et al**? Noninjured group: 6. SCI group: 2.5, SCI +
mel: 3.0 (P > .05)
Tarlov
Pantovi¢ et al*! Control: 1.3, 0.1 mg/kg ind: 2.2 mg/kg, 0.3

mg/kg ind: 2.2, ind 1.0 mg/kg: 2.3, ind 3.0
mg/kg: 2.7. P < .05 for all treated groups in
dose dependent manner.

Filament test/grid walk failure rate/stride length
Sharp et al*>? Von Frey filament sensory testing showed no
significant difference 9.2g +5.4 in saline
treated rats versus 8.5 + 5.7 in IBU
treated. Hindlimb walk and grid walk test
resulted in failure of 26.75% for the saline
group versus 25.57% for the ibuprofen-
treated group. Mean stride length was
158.5 mm for saline treated group and
153.4 mm for the ibuprofen treated group;
mean stride width was approximately
28 mm for both treatment groups
(P > .05).

Grid walk failure rate in the hemisection
injured group for control: 62%, naproxen:
62%, ibu: 50% (P < .05). Contusion model
failure rate = control: 65% and ibu: 45%
(P < .05). Stride length in hemisection
group: control: 125 mm, nap: 130 mm, ibu:
145 mm (P < .05), stride width = control:
60 mm, nap: 50 mm, ibu: 40 mm (P < .05).

Coordination test/max speed
Redondo-Castro Fine motor coordination foot beam test for

and Navarro®®? ibu group: 1.75 steps versus saline: 1.25
steps. Maximum speed on treadmill for
control group: 37 versus ibu group: 34
(P > .05 for both tests).

Fu et al®'?

(continued)

Table 3. (continued)

Study Data

Locomotor score
Simpson et al®** Locomotor score based on ability to ascend
inclined plane. Noninjured group at day |
and at 6 weeks: 69.9 4+ 3.2and 67.4 1+ 2.8,
SCl-vehicle group: 41.8 + 12 and 56.9 +
13.2, sham-ind group: 58.4 + 5.2 and 64.9
+ 5.2, SCl-ind group: 37.4and 67.4 + 4.4
locomotor score for SCl-ind compared to
SCl-vehicle (P < .05). Motor score based
on 4-point scale from normal to no
movement at day | and 6 weeks after
injury. Noninjured group: 4.0 and 4.0, SCI-
vehicle group: 2.7 + I.1 and 3.3 + 1.2,
sham-ind group: 4.0 and 4.0, SCl-ind
group: 3.1 + 0.6 and 4.0 + 4.0, SCI-
vehicle group: 1.2 + 0.5and 1.0 + 0.0,
sham-ind group: 1.9 + 0.3 and 1.0 + 0.0,
SCl-ind group: 2.8 + 0.6 and 1.0 + 0.0
(P < .05 for ind vs control).

Abbreviations: SCI, spinal cord injury; ind, indomethacin; ibu, ibuprofen; nap,
naproxen; mel, meloxicam.
?Data estimated from figures in the original article.

score based on a 4-point scale from normal to no movement.
The study found a significant increase in functional improve-
ment in indomethacin-administered rats compared to control.

Hains et al** evaluated motor recovery using the BBB scale
and found a significant improvement in motor function with
pre-injury administration with NS-398. They evaluate the
injured rats at days 2, 14, and 28 with only day 28 showing
significant improvement in function.

Discussion

Based on the current data available, we were able to accept the
hypothesis that NSAIDs have a role in neuroprotection,
improve neuroregenerative abilities, and do not appear to
increase morbidity or mortality. The data compiled in this sys-
tematic review demonstrate that the majority of animal model
studies show improved motor function, decreased cell apopto-
sis, and decreased spinal cord edema after use of NSAIDs for
treatment of SCI. Most studies also show Rho-A-inhibiting
NSAIDs can improve neuronal sprouting. Although the safety
profile was only addressed in a couple of studies, there was no
increase in mortality from NSAID administration.

Although different characteristics of SCI injury and recov-
ery were evaluated in this systematic review, there were some
consistencies noted that have importance for clinical applica-
tion. First, naproxen did not consistently show beneficial
effects compared to controls. This may be attributable to the
fact that naproxen is not a Rho-A inhibitor. Second, ketorolac
seems to be a relatively poor NSAID to use in the acute setting
of SCI. Although it is readily available in intravenous formula-
tion, the penetrance of ketorolac into the CSF is 0.1% of its free
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plasma availability.>* One study did show that ketorolac
decreased inflammation and offered neuroprotective effects if
administered intrathecally, but intrathecal administration cre-
ates a barrier to care at many hospitals.*? In addition, melox-
icam has not been effectively studied as a neuroprotective
NSAID and needs higher quality studies before it could be
considered for human use. In contrast, ibuprofen and indo-
methacin were the most frequently studied NSAIDs. Across all
studies, only indomethacin (7 studies) was more frequently
evaluated than ibuprofen (5 studies). This is due in part because
ibuprofen readily crosses into the CSF with concentrations
higher in CSF compared to unbound plasma concentrations.*®
It has the added benefit of being a Rho-A inhibitor and has been
shown to readily promote axonal sprouting.®® Taken together,
this systematic review suggested that ibuprofen and indometha-
cin appear to be promising neuroprotective and neuroregenera-
tive agents in the acute management of SCI.

Many of the studies included in the systematic review are
heterogeneous in their study design. The injury mechanism,
time from injury to evaluation, time of drug administration,
parameters evaluated, including cord edema or cell apoptosis,
and the functional assessment scoring systems are inconsistent
throughout the majority of the studies. This makes it difficult to
extract meaningful data on the neuroprotective abilities of any
NSAID. It also makes it difficult for interstudy comparison.
The reason for the significant heterogeneity includes failure
to reach consensus on the appropriate factors to evaluate in
an animal model before translating it into human studies.**
Additionally, no motor functional assessment has been vali-
dated as superior to others. Functional assessment was the most
commonly studied measure for NSAID effectiveness, but due
to the variability in scoring system, it is impossible to combine
the data to perform a substantial meta-analysis. The BBB score
was the most commonly used evaluation of functional
improvement, but the Tarlov score, Gale motor score, and hin-
dlimb placing and stepping reflexes were also used.

Additional animal studies would improve our confidence of
the neuroprotective and neuroregenerative abilities of NSAIDs.
Unfortunately, a couple of studies that were considered did not
meet our inclusion criteria. Hsieh et al*>*® and Siegal et al*’*®
did not meet our inclusion criteria based on mechanism of
spinal cord injury. The studies by Siegal et al*’*® evaluated
subacute compression with a malignant fibrous histiocytoma.
They found administration of indomethacin significantly
decreased cord edema and significantly improved functional
motor improvement. Results of indomethacin were comparable
to the results of steroids.

Hsieh et al*>**® used balloon occlusion causing ischemia of
the spinal cord. Their studies found 60 pg ketorolac caused a
significant decrease in cystic cavitation compared to control.
Additionally, rats treated with ketorolac had near normal hin-
dlimb placing/stepping reflexes where 4/6 rats treated with
control had severe paraplegia. The study by Hallenbeck
et al*” and Zhang et al’° were excluded because they did not
separately study an NSAID compared to control. Instead the
NSAID was part of a combination treatment regimen.

Some of the major limitations of the study include the
significant study heterogeneity. The timing of NSAID admin-
istration, mechanism of spinal cord injury, type of NSAID
administered, and method of assessing functional improve-
ment resulted in large interstudy differences making it diffi-
cult to draw concrete conclusions from the data. Additionally,
when study design was attempted to be replicated by a differ-
ent group of investigators, results were conflicting. This may
be due to some underlying bias in design and evaluation of the
studies. As noted in Appendix A (available online), each
study is at risk of bias with some studies explicitly stating the
outcome assessors were not blinded. Due to the heterogeneity
of the data, we were unable to perform a meta-analysis of the
data. However, even if the design of studies allowed for a
meta-analysis some studies likely would have been excluded.
Furthermore, all studies evaluated in our systematic review
were animal models. The pharmacokinetic profile of these
drugs and resulting response to these drugs are often not per-
fectly mimicked across species. This could increase or
decrease the efficacy of the neuroprotective and neuroregen-
erative properties of Rho-A inhibiting NSAIDs in the human
population. Finally, systematic reviews rely on the compila-
tion of data from multiple sources; any included study with
low-quality data would inherently cause the systematic
review to be flawed.

Conclusion

Based on preclinical studies using mostly rat models, there
appears to be a benefit to administration of Rho-A inhibiting
NSAIDs after SCI due to their neuroprotective and neuroregen-
erative properties. Furthermore, it appears there is a dose-
response relationship with larger doses imparting improved
neurologic outcomes. However, there are no previous retro-
spective or prospective data on NSAID administration after
SCI in the adult patient population. For this reason, it is unclear
if the potential benefits outweigh the risks of administration of
NSAIDs after SCI. While animal studies exist, very few studies
are easily comparable due to their significant heterogeneity in
injury method and evaluation of SCI improvement. Further-
more, there is minimal preclinical data on appropriate NSAID
doses, frequency of administration, and side effects at different
doses. Based on this systematic review, there is a need for
additional, well-designed, and reproducible animal studies to
evaluate NSAIDs after spinal cord injury, ideally with a stan-
dardized animal injury model and motor function evaluation to
address previous study heterogeneity.
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