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Fatty Acid-Binding Protein 4 Inhibition Promotes
Locomotor and Autonomic Recovery in Rats
following Spinal Cord Injury

Jenniffer Licero Campbell]? Miguel Serrano-lllan,? Magda Descorbeth, Kathia Cordero,
Johnny D. Figueroa,”? and Marino De Leén"**

Abstract

The inflammatory response associated with traumatic spinal cord injury (SCl) contributes to locomotor and
sensory impairments. Pro-inflammatory (M1) macrophages/microglia (MpMG) are the major cellular play-
ers in this response as they promote chronic inflammation resulting in injury expansion and tissue damage.
Fatty acid-binding protein 4 (FABP4) promotes M1 MpMG differentiation; however, it is unknown if FABP4
also plays a role in the etiology of SCI. The present study investigates whether FABP4’s gene expression
influences functional recovery following SCI. Analysis of quantitative polymerase chain reaction data
shows a robust induction of FABP4 messenger RNA (mRNA; >100 fold) in rats subjected to a T9-T10 contu-
sion injury compared with control. Western blot experiments reveal significant upregulation of FABP4 pro-
tein at the injury epicenter, and immunofluorescence analysis identifies that this upregulation occurs in
CD11b* M@MG. Further, upregulation of FABP4 gene expression correlates with peroxisome proliferator-
activated receptor y (PPARy) downregulation, inactivation of Ixf«, and the activation of the NF-xB pathway.
Analysis of locomotor recovery using the Basso-Beattie-Bresnahan'’s locomotor scale and the CatWalk gait
analysis system shows that injured rats treated with FABP4 inhibitor BMS309403 have significant improve-
ments in locomotion compared with vehicle controls. Additionally, inhibitor-treated rats exhibit enhanced
autonomic bladder reflex recovery. Immunofluorescence experiments also show the administration of the
FABP4 inhibitor increases the number of CD163" and liver arginase”™ M2 MpMG within the epicenter and
penumbra of the injured spinal cord 28 days post-injury. These findings show that FABP4 may significantly
exacerbate locomotor and sensory impairments during SCI by modulating macrophage/microglial activity.

Keywords: fatty acid binding protein 4 (FABP4, aP2, AFABP); macrophages; neuroinflammation; spinal cord
injury

Introduction promotes M1-M@MG differentiation and deters anti-
Meta-inflammation following spinal cord injury (SCI) re-  inflammatory (M2) presence.'”’ Studies using chimeric
sults in impaired axonal regeneration and functional animal models to ascertain the role of macrophages or
recovery. Accumulating evidence demonstrates the release  microglia in SCI demonstrate a marked difference in their
of pro-inflammatory free fatty acids (FFAs) following SCI  function and distribution within the injured spinal cord.®’
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High-resolution imaging data show pro-inflammatory
macrophages residing in the gray matter promote axonal
degeneration and injury expansion, resulting in locomo-
tor and sensory deficits.””'> The activity of M1 microglia
in the white matter, however, induces neurotoxic A1 astro-
cyte differentiation through the secretion of interleukin
(IL)-1a and tumor necrosis factor (TNF)e, resulting in
the death of axotomized neurons and differentiated oligo-
dendrocytes.g’9

Current U.S. Food and Drug Administration—approved
standard of care for the treatment of SCI seeks to modu-
late inflammation by using the immunosuppressant meth-
ylprednisolone. Notably, this course of treatment is not
shown to improve patients’ locomotor or sensory func-
tion and has been associated with higher rates of compli-
cations, which indicates that suppressing inflammatory
activity does not improve functional outcomes.'* Addi-
tionally, there is still significant debate in the field regard-
ing the effect of eliminating macrophage or microglial
activity following SCI and whether this is detrimental or
beneficial to recovery.®'>!7 In contrast, peripheral nerve
injury (PNI) data demonstrate that, instead of ablation,
immunomodulatory factors that prompt M2 differentia-
tion of MpMG can facilitate tissue repair, remodeling,
membrane reconstruction, and also prevent the onset and
progression of neuropathic pain.lg’21 Considering the prom-
ising outcomes of M@MG immunomodulation in PNI,
further research is needed to elucidate the potential bene-
fits of modifying the activity of these cells to promote re-
covery after SCI.'""*72°

Fatty acid-binding protein 4 (AFABP or aP2) is a cel-
lular transporter of long-chain FFAs that modulates the
inflammatory activity and differentiation of macrophages
and microgli21.26'28 FABP4 regulates lipid signal trans-
duction in the nucleus through its binding and transport
of pro-inflammatory n-6 polyunsaturated fatty acids (n-6
PUFAs).%~! Importantly, pro-inflammatory lipid stimula-
tion increases the expression of FABP4 during microglial-
mediated neuroinflammation and in macrophages of
atherosclerotic plaques.”®>? In the context of atheroscle-
rosis, elevated FABP4 expression initiates a feedback
loop with c-Jun N-terminal kinase (JNK) and activator
protein-1 (AP-1), leading to the activation of pro-
inflammatory pathways and the release of TNF-o, IL-1f,
and 1L-6.3%% Moreover, studies investigating the ef-
fects of obesity on microglial activation reveal FABP4
upregulation promotes NF-xB pathway activation by
inhibiting the uncoupling protein 2-redox mechanism,
resulting in the dysfunction or death of hypothalamic
neurons.”®

In contrast, FABP4-deficient MpMG exhibit altered
pro-inflammatory responsiveness with reduced NF-xB
activity and decreased production of TNF-o, inducible
nitric oxide synthase, IL-1f, and IL-6. 17.18.28.32 A qdition-
ally, FABP4 inhibition in macrophages enhances peroxi-

Table 1. qPCR Gene Expression Analysis Primers

Gene Forward Reverse

FABP4 5’-AGA AGT GGG AGT 5-ACT CTC TGA CCG GAT
TGG CIT CG-3' GAC GA-3'

GAPDH 5-CCG TAT CGG ACG 5"-CCG TGG GTA GAG TCA
CCT GGT TA-3 TAC TGG AAC-3'

gPCR, quantitative polymerase chain reaction.

some proliferator-activated receptor y (PPARY) receptor
activity and elicits an anti-inflammatory cellular re-
sponse which promotes anti-inflammatory M2 differenti-
ation.?®*%2%3* In fact, clinical studies in patients with
SCI list FABP4 as a biomarker of recurrent pressure
injury and deep tissue injury risk, and highlight the pre-
ventative potential of modulating this protein both locally
and systemically to avoid these co-morbidities.*> While
the effects of FABP4 upregulation in metabolic diseases
have been well studied, the outcomes resulting from
FABP4 over-expression or inhibition in the progression
of spinal cord injury are unknown. The present study
examines the gene expression of FABP4 following SCI
to determine whether it may play a role in recovery.

Methods

Animals

All animal studies were performed in compliance with
the Loma Linda University School of Medicine regula-
tions and institutional guidelines consistent with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals. The present study used 220-225 g
female Sprague-Dawley rats (n=70; Charles River Labo-
ratories, Portage, MI) housed in individual cages on alter-
nating 12-h light/dark cycles with food and water ad
libitum.

Table 2. Western Blot and Immunofluorescence
Analysis Antibodies

Antibody Dilution Source Company and catalog #

p-Actin 1:1000 Mouse Sigma Aldrich Co, St. Louis, MO,
USA (#A5441)

CD11B 1:100 Mouse Millipore, Temecula, California,
USA (#CBL1512)

FABP4 1:500 Rabbit Abcam, Cambridge, UK (#ab92501)

FITC-CD163 1:500 - BIO-RAD, Hercules, CA
(#MCA342F)

GFAP 1:500 Mouse Millipore, Billerica, MA (#MAB360)

Liver arginase 1:500 Rabbit Abcam, Cambridge, UK
(#ab201580)

NeuN 1:100 Mouse Millipore, Billerica, MA (#MAB377)

Phospho-Ixfiz~ 1:500  Mouse Cell Signaling Technology Inc.,
Danvers, Massachusetts, USA
(#9246S)

Phospho-NFxf 1:250  Rabbit Cell Signaling Technology Inc.,
Danvers, Massachusetts, USA
(#3033S)

PPARy 1:500 Rabbit Abcam, Cambridge, UK (#ab41928)

FABP4, fatty acid-binding protein 4; GFAP, glial fibrillary acidic
protein; PPARY, peroxisome proliferator-activated receptor 7.
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Spinal cord contusion injury

and BMS309403 treatment

Two different cohorts were used in this study. In the first
cohort, rats were anesthetized, and spinal cord injury was
generated using the Multicenter Animal Spinal Cord
Injury Study (MASCIS) Impactor as previously descri-
bed.**>® Animals received a moderate contusion injury
at T9-T10. The MASCIS software values for compres-
sion and compression rate ensured injury severity and
reproducibility. Only animals with a compression value
of 0.397+0.0303 and a compression rate of 1.924+
0.2134 were included in the study. Sham controls only
received a T9-T10 laminectomy. For both sham and inju-

red groups, 5 mm lesion epicenter segments were harves-
ted 1, 3,7, 14, and 28 days post-injury (dpi). A minimum
of three animals were used for each time-point (see figure
legends for n at each time point).

The second cohort of animals was injured as described
above and concomitantly treated with the FABP4 small
molecule inhibitor BMS309403, which targets the fatty
acid-binding pocket.** A small subcutaneous pocket over
the sacral vertebrae was created to house a primed osmotic
mini-pump (DURECT™, Cupertino, CA). The pump was
previously filled with 200 uL. of 100 uM BMS309403
solution (inhibitor), or 100 uM ethanol solution (vehicle)
dispensed to the epicenter at a mean flow rate of 0.25 uL/h.
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FIG. 1. Time-course messenger RNA (mRNA) and protein analysis show significant gene upregulation of
fatty acid-binding protein 4 (FABP4) at the injured spinal cord epicenter. (A) Schematic outlining sham vs.
injury experimental design (B) Significantly increased FABP4 mRNA levels 3, 7, 14, and 28 days post-injury
(dpi) compared with control (n=17). The data shown is representative of independent experiments for 3
(dpi n=4; **P=0.004), 7 (dpi n=13; ***p<0.0001), 14dpi (h=6; *p=0.017) and 28 dpi (n=3; ***p=0.0005).
(C, D) FABP4 protein expression was significantly higher 7 (n=6; ****P <.0001) and 28 (n=3; *p=0.0296)
days post-injury compared with control (n=25). Relative protein and mRNA expression were normalized to
median sham. One-way analysis of variance with Dunnett’s test was used for overall significance and
multiple comparisons.
J/
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Surgeries, pump preparation, and pump placement were
conducted in the manner previously reported.*® Behavioral
studies were conducted 7, 14, 21, and 28 dpi. The Crede’s
maneuver was performed twice per day to express
retained urine from the bladder of all injured rats in the
study. Autonomic bladder recovery was assessed by mea-
suring expressed urine volume (in mL) of vehicle and
inhibitor-treated rats for 9 days. Bladder function was
restored once expressed urine volume was <0.5 mL. From

this cohort, 7mm lesion epicenter segments were har-
vested 28 dpi. Post-operative care and euthanasia for all
animals were conducted as previously reported.*®’

Quantitative real-time polymerase

chain reaction

Complementary DNA was amplified by real-time polymer-
ase chain reaction (PCR) using primers for the detection of
FABP4 and glyceraldehyde 3-phosphate dehydrogenase

r
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FIG. 2.

FABP4

Fatty acid-binding protein 4 (FABP4) expression in CD11b™ macrophages/microglia following spinal
cord injury. (A) Contusion injury results in significant tissue damage compared with sham at 7 days. The
representative ventral gray matter sham control tissue (n=5) shows marginal immunofluorescence of FABP4
(green) and bright staining of inactive microglia with CD11b (red). In contrast, there is robust co-expression of
FABP4 protein (green) and CD11b" activated macrophages/microglia (red) in the injured epicenter 7 days post-
injury (dpi; n=7). (B) Double immunofluorescence staining of FABP4 (green) and NeuN+ neurons (red) from
sham (n=5) and injured (n=7) VGM show no co-expression of these two markers. (C) Likewise, glial fibrillary
acidic protein (GFAP)" astrocytes (red) from the VGM of sham (n=>5) and injured animals (n=4) showed that
upregulation of FABP4 was uncorrelated to reactive astrocytes 7 dpi. Color image is available online.
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FIG. 3. Increased fatty acid-binding protein 4 (FABP4) levels correlate with time-points of significant
peroxisome proliferator-activated receptor y (PPARy), P-lxfa, and P-NF-«B regulation. (A, C) PPARy protein
levels are significantly regulated in injury with substantial differences observed between 7 (n=6) and

3 (n=7), 14 (n=6), and 28 days post-injury (dpi; n=3) (**p=0.0028, **p=0.0029, and *p=0.0159
respectively) with the highest expression observed 1 and 7 dpi followed by robust downregulation
observed 14 and 28 dpi. Further, there are significant differences in PPARy expression in injury compared
with sham (*p=0.0482), particularly between 7 day sham (n=5; *p=0.0478) and 7 day injury. No differences
were found within sham at measured time-points. (B, C) Phosphorylation of NF-xB was extensively
increased in injured animals compared with sham (n=3; ***p=0.0009) especially at 7 (n=5; **p=0.0056)
and 28 dpi (n=3; **p=0.0056). Additionally, phosphorylation of Ixfia: was also significantly higher in injured
animals (***p=0.0008), with differences observed at 7 dpi (**p=0.0049) and 28 (**p=0.0049). Relative
protein expression was normalized to control (median sham)—two-way analysis of variance with Sidak’s
multiple comparison test. Color image is available online.
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(GAPDH; Table 1), which served as the internal control.
Amplification was conducted using the CFX96 Real-
Time PCR Detection System (Bio-Rad Laboratories,
Hercules, CA). Relative gene expression levels were nor-
malized to control (median sham).

Western blot

Western blots were conducted as previously descri-
bed.>-36:40 Briefly, membranes were incubated overnight
with rabbit anti-FABP4, anti-rabbit PPARy, anti-rabbit
P-NF-kB, or mouse anti-P-Ixffo and mouse anti-f-actin
(Table 2). Secondary anti-rabbit 800 and anti-mouse 680
antibodies (LI-COR® Biosciences, Lincoln, NE) were
applied to the membranes for detection. Finally, mem-
branes were imaged using the Odyssey”™ Infrared Imag-
ing System (LI-COR Biosciences). Relative protein
levels were normalized to f-actin, and fold change
was assessed as the level of FABP4 protein over control
(median sham). Image Studio™ Lite Software was used
for protein quantification (LI-COR Biosciences).

Behavioral evaluation

of spontaneous locomotion

The Basso-Beattie-Bresnahan (BBB) 22-point locomotor
scale was used to assess spontaneous open-field loco-
motion 7, 14, 21, and 28 dpi.41 Before testing, animals
were acclimated to the open-field environment, and base-
line values were taken. Testing sessions were recorded
and evaluated as previously described.***” Two blinded
observers scored the degree of locomotor function and
recovery. Post hoc transformation of scores was conduc-
ted to improve the scale’s metric properties and reduce
scale-introduced Variability.42

Catwalk analysis

The CatWalk Gait Device (Noldus Information Technol-
ogy Inc., Leesburg, VA) was used to analyze the walking
patterns of animals during conditioned locomotion.****
Each animal’s baseline performance was acquired before
the injury. The locomotor recovery of BMS309403-
treated rats and vehicle controls was assessed after injury
at 7, 14, 21, and 28 dpi. Average values for baseline and
time-points were gathered for analysis. The Catwalk soft-
ware (ver. 20.6) classified front paws and hind paws by

adjusting intensity thresholds. Significant differences in
regularity index, average speed, cadence, maximum var-
iation, and step variation are presented as indicators of
locomotor recovery.

Histology

Spinal cord epicenters were prepared as previously descri-
bed.**® Longitudinal sections of 20 um thickness were
double-labeled with rabbit anti-FABP4 and mouse anti-
CD11b (monocytes, macrophages/ microglia) or with
mouse anti-NeuN (neurons) or mouse anti-glial fibrillary
acidic protein (GFAP; activated astrocytes; Table 2).
Rabbit anti-FABP4 was also used to quantify levels of
FABP4 protein in the second cohort. Mean fluorescent
intensity was calculated from each animal’s averaged
fluorescence intensity values. Additional slides from this
cohort were used to stain M@MG using anti-mouse
FITC-CD163 and rabbit anti-liver arginase (Table 2).
Sections were incubated with the appropriate combina-
tion of Alexa Fluor 488 conjugated donkey anti-rabbit
antibody, Alexa Fluor 594 conjugated donkey anti-
mouse (1:1000; Invitrogen, Carlsbad, CA). Cell nuclei
were stained using Invitrogen™ Prolong™ Gold Anti-
fade Mountant with DAPI. Sections were imaged using
the confocal laser scanning microscope (FV1000, Olym-
pus or LSM710; Carl Zeiss GmbH, Jena, Germany) or
fluorescence microscope (BZ9000; Keyence Corpora-
tion, Osaka, Japan). A minimum of three sections were
analyzed per animal. Images were analyzed and prepared
for publication using ImageJ software (National Insti-
tutes of Health, Bethesda, MD).

Statistical analysis

All statistical analyses were performed using Prism
Software (GraphPad Software Inc., San Diego, CA). Outliers
were identified using the Grubbs” method. All data are pre-
sented as mean * standard error of the mean. Differences
were considered statistically significant at p <0.05.

Results

FABP4 gene expression is significantly

upregulated following SCI

The first series of experiments used quantitative polymer-
ase chain reaction analysis to determine FABP4 mRNA

>

FIG. 4. Treatment with BMS309403 small molecule inhibitor downregulates fatty acid-binding protein 4 (FABP4)
expression in rats undergoing spinal cord injury. (A) Schematic outlining vehicle vs. inhibitor study design.

(B) FABP4 protein immunofluorescent imaging shows protein downregulation 28 days post-injury in the epicenter
of treated animals when compared with sham. (C) There were no significant changes (p=0.3515) in FABP5 protein
levels in inhibitor-treated rats (n=3) when compared with vehicle (n=4) (D) Unpaired t-test analysis (Welch’s
t-test) confirms that administration of pharmacological inhibitor BMS309403 downregulates FABP4 protein
expression in treated rats (n=4) when compared with vehicle (n=3; *p=0.0484). Results are representative of a
minimum of fourteen slides per group with relative protein levels represented through mean fluorescence

intensity. Color image is available online.
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levels in SCI. The data show a modest increase of FABP4
mRNA 1dpi and a robust 50-100 fold induction at 3
(**p=0.004), 7 (****p<0.0001), 14 (*p=0.017), and
28dpi (¥**p=0.0005; Fig. 1B). Basal expression of
FABP4 mRNA was observed in sham animals. As
mRNA upregulation is not always translatable to pro-
tein,46 we conducted Western blot analysis to ascertain
the spatiotemporal gene expression of FABP4. We found
that FABP4 protein levels in the injury epicenter were
induced 20-40-fold (Fig. 1C, 1D) at 7 (****p<0.0001)
and 28 dpi (¥*p=0.0191) compared with control.

FABP4 gene expression in CD11b+
macrophages/microglia following SCI

Double staining of 7 dpi tissue was used to determine
FABP4 expression within CD11b" M@MG, and GFAP"
activated astrocytes or NeuN" neurons in the ventral gray
matter (VGM).*” The double immunostaining data of
sham tissues confirms a previous report48 suggesting a
significantly low or undetectable basal expression of
FABP4 in normal tissues in the central nervous system.
In contrast, the data for this time-point indicate only
CD11b* macrophages/microglia, not neurons or activa-
ted astrocytes, have elevated FABP4 protein expression
(Fig. 2A-C).

Increased FABP4 expression is correlated

to PPARy regulation and levels

of phosphorylated NF-xB and lxf«

Temporal analysis of PPARYy regulation following injury
shows significant differences in protein expression between
sham and injury (*p =0.0482), particularly between 7 dpi
and 7 (**p=0.0054) day sham. Interestingly, there were
also significant differences between PPARy upregula-
tion 7dpi and robust downregulation 3, 14, and 28 dpi
(**p=0.0028, **p=0.0029, and *p=0.0159 respec-
tively; Fig. 3A, 3C). Moreover, levels of phosphorylated
(activated) NF-xB were significantly increased in injured
animals (***p=0.0011) particularly 7 (**p =0.0056) and
28dpi (**p=.0056). Interestingly, activation of NF-xB
was concurrent with increased phosphorylation (inactiva-
tion) of Ixfo in injured animals compared with sham
(***p=0.0008) at both 7 (**p=0.0049) and 28dpi
(**p=0.0049; Fig. 3B, 3C).

Administration of FABP4 inhibitor BMS309403
promotes locomotor recovery following spinal

cord injury

The inhibitory efficacy of BMS309403 was validated
through immunofluorescence. The data indicate that
administration of BMS309403 significantly downre-
gulates FABP4 protein expression in treated animals
(Fig. 4B, 4D). Administration of BMS309403 did

not affect levels of FABP5 (Fig. 4C, 4D), a pro-
tein also expressed in both macrophages and neurons
following SCI.*®

Differences in spontaneous open-field locomotion of
treated and control groups were determined using the
BBB locomotor behavior assessment. The data show a
significant enhancement in the recovery of SCI rats trea-
ted with BMS309403 compared with animals treated
with the vehicle 7dpi (*p=0.0184; Fig. 5A). Because
of the ordinal nature of the BBB locomotor scale, scores
that are not commonly assigned can disproportionately
increase variance.*” To reduce potential variability intro-
duced by the scale, results from the original 22-point
scale were transformed.** The transformed data show an
overall significant difference between the groups (*p=
0.0487) and confirmed the observed difference 7 dpi
(*p=0.0174; Fig. 5B).

The Catwalk Gait Analysis Device (CatWalk) was
used to determine changes in dynamic and static param-
eters of locomotion. The CatWalk delivered a com-
prehensive and reliable readout of recovery as it was
specifically developed to provide automated parameters
for rat locomotion and improve the evaluation and de-
tection of interlimb coordination following SCI.***>4°
We found that parameters of hindlimb coordination
such as regularity index (14 dpi, *p=0.0465; Fig. 6A)
and average speed (¥*p=0.0195 overall and
*p=0.0257 at 28 dpi; Fig. 6B) were significantly higher
in treated rats versus vehicle. Inter-paw coordination of
the hindlimbs was also improved in treated rats as indi-
cated by the cadence (Fig. 6D), a measure of the number
of steps per second (overall *p=0.0127; 28dpi
*p=0.011). Strikingly, the data for maximum variation
(Fig. 6C) indicates rats treated with the inhibitor dis-
played more consistent and uninterrupted movement
of their hindlimbs when compared with vehicle both
overall (****p <(0.001) and 28 dpi (*p=0.0272). Finally,
because of improved speed and reduced step variation,
the run duration (Fig. 6E) for treated rats was lower
than that of control (overall **p=0.003; 28dpi
*p=0.0185).

Autonomic bladder recovery is drastically
accelerated in FABP4 inhibitor-treated rats

Residual urine volume in rat bladders was collected for
9 days after injury and the administration of BMS309403
or vehicle. When compared with controls, the amount
of residual urine volume in inhibitor-treated rats was
significantly decreased overall (*p=0.022) and at 1
(*p=0.037) and 3dpi (*p=0.01; Fig. 7A). Further,
unpaired t-test analysis indicates inhibitor-treated rats
also had a significantly faster rate of autonomic bladder
recovery (4.75 days) compared with vehicle-treated rats
(8 days; *p=0.0282; Fig. 7B).
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FIG. 5. Basso-Beattie-Bresnahan (BBB) locomotor
behavior assessment shows administration of fatty
acid-binding protein 4 (FABP4) inhibitor
BMS309403 promotes locomotor recovery
following spinal cord injury. (A) Sidak’s post hoc
analysis of untransformed BBB shows significant
differences in the recovery of inhibitor-treated
(n=7) rats compared with vehicle control (n=6)

7 days post-injury (dpi; *p=0.0184; p=0.0545
overall). (B) Post hoc transformation of the

BBB scale was performed to reduce scale
variability. Two-way repeated measures analysis of
variance with Sidak’s multiple comparison test
was again used to determine differences; the data
show that pharmacological inhibition of FABP4
improves the overall locomotor scores of treated
rats (*p=0.0487) and confirms significant
differences in recovery rate 7 dpi (*p=0.0174).
Color image is available online.
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Number of M2 CD163 and liver

arginase-positive macrophages/microglia

is significantly increased in the epicenter

and penumbra of inhibitor-treated rats

We conducted immunofluorescence experiments using
membrane marker CD163 and intracellular marker liver
arginase—both of which have been well characterized

as M2- associated proteins*’>*—to determine the effect

of FABP4 inhibition on M2M@MG numbers. The
data indicate a significantly increased number of
M2M@pMG (¥p=0.0196) in the epicenter of inhibitor-
treated rats (Fig. 8A, 8C). Interestingly, more of these
anti-inflammatory cells were also observed in the penum-
bra of inhibitor-treated spinal cord tissue (*p=0.0166)
compared with vehicle (Fig. 8B, 8D).

Discussion

The present study reports the robust upregulation of
FABP4 mRNA and protein following spinal cord injury.
This upregulation is observed in CD11b" M@MG but not
in neurons or astrocytes. Further, increased FABP4 gene
expression is correlated with downregulation of PPARY,
inactivation of Ix o, and activation of NF-xB. Moreover,
FABP4 inhibition increases the number of CD163™ liver
arginase” M2 macrophages/microglia in the injury epi-
center and penumbra 28 dpi. Notably, the administration
of BMS309403 stimulates locomotor recovery and redu-
ces the severity of autonomic loss.

FABP4 promotes M1

macrophage/microglia differentiation

Following SCI, lipid accumulation in the macrophage
cytoplasm impairs cholesterol efflux regulatory protein
ATP-bindingcassette Al (ABCA1)and promotes M 1 mac-
rophage differentiation and the M2 to M1 macrophage
switch.”® Notably, FABP4 binding of pro-inflammatory
lipids activates the IKK-NF-xB and JNK-AP-1 pathway
and promotes pro-inflammatory MpMG activity.'®'%2¢
2732.34.53-57 Recent studies in ischemic stroke demon-
strate the upregulation of FABP4 prompts M1- MpMG
differentiation resulting in neurological deficits.>” More-
over, studies show FABP4 binding of specific unsatu-
rated long-chain fatty acid ligands also activates its
nuclear translocation signal and allows it to regulate
PPARYy transcriptional activity and deter M2 differentia-
tion.”® Accumulating evidence demonstrates that FABP4,
which at low levels supports PPARYy activity by shuttling
ligands to the nucleus, can at high levels also prompt
PPARy ubiquitination, proteasomal degradation, and down-
regulation which ablate the receptor’s anti-inflammatory
properties.”® Moreover, through its inhibition of the
PPARy-liver X receptor o (LXRa)-ATP-binding cassette
Al (ABCALl), FABP4 is also able to deter M2 macro-
phage differentiation.>*>> Our study suggests a similar
modulation of PPARy by FABP4 as its upregulation
during the acute phase of injury is subsequently down-
regulated at times when high levels of FABP4 are
sustained. Interestingly, our study also shows PPARy down-
regulation was accompanied by inactivation of Ixfa and
activation of the NF-xB pathway, a process known to ini-
tiate pro-inflammatory MMG differentiation.’28-60-62
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FIG. 6. Catwalk analysis of locomotion in rats treated with fatty acid-binding protein 4 inhibitor show
inhibition promotes significant locomotor recovery. (A) Improvements in step coordination, as shown by
regularity index, began 14 days post-injury (dpi; *p=0.0465). (B) Average speed was higher for the treated
group (*p=0.0195) and especially 28 dpi (*p=0.0257). (C) Maximum variation was lower in treated rats
overall (****p<0.001) and 28 dpi (*p=0.0272). (D) A measure of inter-paw coordination, cadence was
significantly higher in treated rats (*p=0.0127) and 28 dpi (*p=0.011). (E) Finally, run duration was
significantly lower in treated rats when compared with vehicle controls both overall (**p=0.003) and 28 dpi
(*p=0.0185). The data are representative of n=5 for each group. Two-way repeated measures analysis of
variance with Sidak’s multiple comparison test. Color image is available online.
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FIG. 7. Fatty acid-binding protein 4 inhibition
promotes autonomic bladder recovery. (A)
Treatment with BMS309403 was effective in
improving the overall bladder recovery of
treated animals (n=8) when compared with
vehicle control (n=7; *p=0.022). Residual
volume was also notably lower for treated rats 1
(*p=0.037) and 3 (*p=0.013) days post-injury.
Two-way analysis of variance with Sidak’s
multiple comparison test. (B) Further, the
autonomic bladder recovery rate of rats treated
with the inhibitor was significantly faster (4.75
days) than that of vehicle-treated animals (8 days;
*p=0.0282). Unpaired t-test with Welch’s
correction. Color image is available online.

FABP4 inhibition increases the number of M2
macrophages/microglia in the injured epicenter

and penumbra

Infiltration of hematogenous macrophages supports axo-
nal regeneration following peripheral nerve injury (PNI).%?
In this context, M1 macrophages active during Waller-
ian degeneration are replaced by pro-regenerative M2
macrophages.63 Delays in the switch from M1 to M2
lead to impairments in functional recovery.®® In contrast,
the population of M2 M@MG in the injured spinal cord

is significantly reduced after 1 week and overtaken by
an M1 pro-inflammatory phenotype directly associated
with axonal dieback and retraction.'®>* Additionally, M1
microglial activation during the acute injury phase indu-
ces neurotoxic Al astrocyte differentiation.®* The detri-
mental outcomes resulting from M1 M@MG activity
highlight the importance of identifying key factors that
could promote their anti-inflammatory differentiation
and allow for regeneration.

Several studies have shown that the inhibition of
FABP4 polarizes MpMG from the M1 to the M2 state
and promotes recovery.”®?”>>7 Remarkably, our data
corroborate these findings and demonstrate that FABP4
inhibition increases the number of CD163" and liver
arginase” M2 MoMG in the injury epicenter and penum-
bra. Notably, the presence of M2 macrophages/microglia
28 dpi affirms that the inhibition of FABP4 is sufficient to
modulate their differentiation and suggests its potential
use as a novel therapeutic target to promote the M1 to
M2MeMG switch and allow for regeneration follow-
ing SCL

FABP4 inhibition promotes functional outcomes
following SCI

Blood-derived macrophages in PNI adopt the transc-
riptome of pro-regenerative endoneurial macrophages,
whereas the transcriptome of macrophages in the injured
spinal cord mostly resembles that of foam cells in athero-
sclerotic plaques.®>®® The granulomatous infiltration of
lipid-filled M1 macrophages from the subarachnoid
space into the spinal cord induces peripheral tissue necro-
sis, promotes scar tissue formation and deters axonal
regeneration.'® Moreover, the persistent activity of M1
macrophages hinders inflammatory resolution and im-
pairs regeneration at the epicenter while also promot-
ing cytotoxicity in the penumbra and worsening clinical
outcomes.

Importantly, our study demonstrates inhibition of
FABP4 increases the number of M2 macrophages/
microglia and creates a more permissive environment
for recovery. In this pro-regenerative environment, we
observed improvements in base of support, gait, and
inter-paw coordination as well as decreased variation in
movement. These changes are displayed by significant
differences in regularity index, average speed, cadence,
and the decrease in run duration and step variation. Addi-
tionally, we found FABP4 inhibition ameliorates auto-
nomic bladder dysfunction during the acute phase of
SCI by lessening urinary retention in the bladder and
enhancing the rate of voiding reflex recovery.

Overall, our findings suggest that FABP4 is a promis-
ing and novel therapeutic target for promoting recovery
after SCI through its modulation of macrophage and
microglial activity.
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FIG. 8. Fatty acid-binding protein 4 inhibition increases the number of CD163 and liver arginase
double-positive cells in both the injured spinal cord epicenter and penumbra. (A, C) Cell counting
analysis of immunofluorescent images shows that inhibitor-treated animals had a significantly higher
(*p=0.0196) number of CD163 and liver arginase double-positive cells in the epicenter compared with
vehicle. (B, D) There was also a significantly higher number of these cells in the penumbra of inhibitor-
treated animals when compared with the vehicle cohort (*p=0.0166). Unpaired t-test with Welch's
correction. Quantitative data are representative of n=4 for vehicle-treated and n=3 for inhibitor-treated
groups. Color image is available online.

1110




FABP4 INHIBITION IMPROVES SCI RECOVERY

1111

Acknowledgments

Special thanks are extended to Dr. Susan Gardner,
Dr. Kimberly Payne, Dr. Alfonso Duran, Dr. Carlos
Casiano, Dr. William Langridge, Dr. Salvador Soriano,
Dr. Michael Kirby, Dr. Melinda Soeung, and Ms. Lorena
Salto for their invaluable help.

Funding Information

Research reported in this publication was supported by
National Institutes of Health awards R25GMO060507
and P20MDO006988.

Author Disclosure Statement
No competing financial interests exist.

References

1.

Batista-Gonzalez, A., Vidal, R., Criollo, A., and Carreno, L.J. (2019). New
insights on the role of lipid metabolism in the metabolic reprogram-
ming of macrophages. Front. Immunol. 10, 2993.

. Rosas-Ballina, M., Guan, X.L., Schmidt, A., and Bumann, D. (2020). Classical

activation of macrophages leads to lipid droplet formation without de
novo fatty acid synthesis. Front. Immunol. 11, 131.

. Figueroa, J.D., Cordero, K, Llan, M.S., and De Leon, M. (2013). Dietary

omega-3 polyunsaturated fatty acids improve the neurolipidome and
restore the DHA status while promoting functional recovery after
experimental spinal cord injury. J. Neurotrauma 30, 853-868.

. Girod, M,, Shi, Y., Cheng, J.X., and Cooks, R.G. (2011). Mapping lipid

alterations in traumatically injured rat spinal cord by desorption
electrospray ionization imaging mass spectrometry. Anal. Chem. 83,
207-215.

. Furuhashi, M., Fuseya, T., Murata, M., Hoshina, K., Ishimura, S., Mita, T.,

Watanabe, Y., Omori, A, Matsumoto, M., Sugaya, T., Oikawa, T., Nishida,
J., Kokubu, N., Tanaka, M., Moniwa, N., Yoshida, H., Sawada, N.,
Shimamoto, K., and Miura, T. (2016). Local production of fatty acid-
binding protein 4 in epicardial/perivascular fat and macrophages is
linked to coronary atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 36,
825-834.

. David, S., and Lopez-Vales, R. (2021). Bioactive lipid mediators in the

initiation and resolution of inflammation after spinal cord injury.
Neuroscience 466, 273-297.

. Loving, B.A,, and Bruce, K.D. (2020). Lipid and lipoprotein metabolism in

microglia. Front. Physiol. 11, 393.

. Liddelow, S.A., Guttenplan, K.A,, Clarke, L.E.,, Bennett, F.C., Bohlen, C.J.,

Schirmer, L., Bennett, M.L., Munch, A.E., Chung, W.S., Peterson, T.C,,
Wilton, D.K,, Frouin, A., Napier, B.A., Panicker, N., Kumar, M., Buckwalter,
M.S., Rowitch, D.H., Dawson, V.L., Dawson, T.M,, Stevens, B., and Barres,
B.A. (2017). Neurotoxic reactive astrocytes are induced by activated
microglia. Nature 541, 481-487.

. Popovich, P.G,, and Hickey, W.F. (2001). Bone marrow chimeric rats

reveal the unique distribution of resident and recruited macrophages
in the contused rat spinal cord. J. Neuropathol. Exp. Neurol. 60, 676—
685.

. Evans, T.A, Barkauskas, D.S., Myers, J.T., Hare, E.G., You, J.Q., Ransohoff,

R.M., Huang, A.Y., and Silver, J. (2014). High-resolution intravital imaging
reveals that blood-derived macrophages but not resident microglia
facilitate secondary axonal dieback in traumatic spinal cord injury. Exp.
Neurol. 254, 109-120.

. Gensel, J.C,, Kopper, TJ., Zhang, B., Orr, M.B,, and Bailey, W.M. (2017).

Predictive screening of M1 and M2 macrophages reveals the immu-
nomodaulatory effectiveness of post spinal cord injury azithromycin
treatment. Sci. Rep. 7, 40144.

. Hackett, AR, and Lee, J.K. (2016). Understanding the NG2 glial scar after

spinal cord injury. Front. Neurol. 7, 199.

. Wang, J,, Rong, Y., Ji, C, Lv, C, Jiang, D,, Ge, X,, Gong, F., Tang, P., Cai, W.,

Liu, W., and Fan, J. (2020). MicroRNA-421-3p-abundant small extracel-
lular vesicles derived from M2 bone marrow-derived macrophages
attenuate apoptosis and promote motor function recovery via inhibi-
tion of mTOR in spinal cord injury. J. Nanobiotechnol. 18, 72.

15.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Evaniew, N., Noonan, V.K, Fallah, N., Kwon, B.K,, Rivers, C.S., Ahn, H., Bailey,

C.S., Christie, S.D., Fourney, D.R,, Hurlbert, RJ,, Linassi, A.G., Fehlings,
M.G., Dvorak, M.F.,, and Network, R. (2015). Methylprednisolone for the
treatment of patients with acute spinal cord injuries: a propensity
score-matched cohort study from a Canadian multi-center spinal cord
injury registry. J. Neurotrauma 32, 1674-1683.

Liu, P, Peng, J.,, Han, GH,, Ding, X., Wei, S., Gao, G., Huang, K, Chang, F.,
and Wang, Y. (2019). Role of macrophages in peripheral nerve injury
and repair. Neural Regen. Res. 14, 1335-1342.

. Kwiecien, J.M., Dabrowski, W., Dabrowska-Bouta, B., Sulkowski, G.,

Oakden, W., Kwiecien-Delaney, C.J,, Yaron, JR, Zhang, L., Schutz, L.,

Marzec-Kotarska, B., Stanisz, G.J., Karis, J.P., Struzynska, L., and Lucas,
AR. (2020). Prolonged inflammation leads to ongoing damage after
spinal cord injury. PLoS One 15, e0226584.

. Kroner, A., and Rosas Almanza, J. (2019). Role of microglia in spinal cord

injury. Neurosci. Lett. 709, 134370.

. Popovich, P.G., Wei, P., and Stokes, B.T. (1997). Cellular inflammatory

response after spinal cord injury in Sprague-Dawley and Lewis rats.
J. Comp. Neurol. 377, 443-464.

. Stratton, J.A., Holmes, A, Rosin, N.L, Sinha, S., Vohra, M., Burma, N.E.,

Trang, T., Midha, R., and Biernaskie, J. (2018). Macrophages regulate
Schwann cell maturation after nerve injury. Cell Rep. 24, 2561-2572 e2566.
Li, X, Guo, Q,, Ye, Z,, Wang, E., Zou, W., Sun, Z,, He, Z,, Zhong, T, Weng, Y.,
and Pan, Y. (2021). PPAR gamma prevents neuropathic pain by down-
regulating CX3CR1 and attenuating M1 activation of microglia in the
spinal cord of rats using a sciatic chronic constriction injury model.
Front. Neurosci. 15, 620525.

Li, X, Guan, Y., Li, C, Zhang, T., Meng, F., Zhang, J, Li, J., Chen, S, Wang, Q.,
Wang, Y., Peng, J., and Tang, J. (2022). Inmunomodulatory effects of
mesenchymal stem cells in peripheral nerve injury. Stem Cell Res. Ther.
13, 18.

Popovich, P.G., and Jones, T.B. (2003). Manipulating neuroinflammatory
reactions in the injured spinal cord: back to basics. Trends Pharmacol.
Sci. 24, 13-17.

Ren, Y., and Young, W. (2013). Managing inflammation after spinal cord
injury through manipulation of macrophage function. Neural Plast.
2013, 945034.

Park, J., Decker, J.T., Margul, D.J., Smith, D.R., Cummings, B.J., Anderson,
AJ., and Shea, L.D. (2018). Local immunomodulation with anti-
inflammatory cytokine-encoding lentivirus enhances functional
recovery after spinal cord injury. Mol. Ther. 26, 1756-1770.
Akhmetzyanova, E., Kletenkov, K., Mukhamedshina, Y., and Rizvanov, A.
(2019). Different approaches to modulation of microglia phenotypes
after spinal cord injury. Front. Syst. Neurosci. 13, 37.

Steen, K.A,, Xu, H., and Bernlohr, D.A. (2017). FABP4/aP2 regulates
macrophage redox signaling and inflammasome activation via control
of UCP2. Mol. Cell Biol. 37.

Liao, B., Geng, L., Zhang, F., Shu, L., Wei, L., Yeung, P.KK,, Lam, KS.L,
Chung, SK, Chang, J,, Vanhoutte, P.M,, Xu, A, Wang, K., and Hoo, R.L.C.
(2020). Adipocyte fatty acid-binding protein exacerbates cerebral
ischaemia injury by disrupting the blood-brain barrier. Eur. Heart J. 41,
3169-3180.

Duffy, C.M,, Xu, H., Nixon, J.P., Bernlohr, D.A., and Butterick, T.A. (2017).
Identification of a fatty acid binding protein4-UCP2 axis regulating
microglial mediated neuroinflammation. Mol. Cell Neurosci. 80, 52-57.
Wang, Q, Shi, G, Teng, Y., Li, X, Xie, J,, Shen, Q,, Zhang, C, Ni, S., and
Tang, Z. (2017). Successful reduction of inflammatory responses and
arachidonic acid-cyclooxygenase 2 pathway in human pulmonary
artery endothelial cells by silencing adipocyte fatty acid-binding
protein. J. Inflamm. (Lond.) 14, 8.

Gan, L, Liu, Z,, Cao, W., Zhang, Z., and Sun, C. (2015). FABP4 reversed the
regulation of leptin on mitochondrial fatty acid oxidation in mice
adipocytes. Sci. Rep. 5, 13588.

Lamas Bervejillo, M., Bonanata, J., Franchini, G.R,, Richeri, A,, Marques, J.M.,
Freeman, B.A., Schopfer, F.J., Coitino, E.L., Corsico, B., Rubbo, H., and
Ferreira, A.M. (2020). A FABP4-PPARgamma signaling axis regulates
human monocyte responses to electrophilic fatty acid nitroalkenes.
Redox. Biol. 29, 101376.

Hardaway, A.L,, and Podgorski, I. (2013). IL-1beta, RAGE and FABP4:
targeting the dynamic trio in metabolic inflammation and related
pathologies. Future Med. Chem. 5, 1089-1108.

Hu, B., Guo, Y., Garbacz, W.G,, Jiang, M., Xu, M., Huang, H., Tsung, A, Billiar,
T.R., Ramakrishnan, S.K., Shah, Y.M., Lam, K.S., Huang, M., and Xie, W.
(2015). Fatty acid binding protein-4 (FABP4) is a hypoxia inducible gene
that sensitizes mice to liver ischemia/reperfusion injury. J. Hepatol. 63,
855-862.



1112

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

CAMPBELL ET AL.

Makowski, L., Brittingham, K.C., Reynolds, J.M., Suttles, J., and Hotamisligil,
G.S. (2005). The fatty acid-binding protein, aP2, coordinates macro-
phage cholesterol trafficking and inflammatory activity. Macrophage
expression of aP2 impacts peroxisome proliferator-activated receptor
gamma and lkappaB kinase activities. J. Biol. Chem. 280, 12888-12895.
Schwartz, K., Henzel, MK., Ann Richmond, M,, Zindle, JK,, Seton, J.M.,,
Lemmer, D.P., Alvarado, N., and Bogie, K.M. (2020). Biomarkers for
recurrent pressure injury risk in persons with spinal cord injury. J. Spinal
Cord Med. 43, 696-703.

Figueroa, J.D., Serrano-lllan, M., Licero, J., Cordero, K., Miranda, J.D., and De
Leon, M. (2016). Fatty acid binding protein 5 modulates docosahexae-
noic acid-induced recovery in rats undergoing spinal cord injury.

J. Neurotrauma 33, 1436-1449.

Figueroa, J.D., Cordero, K., Baldeosingh, K., Torrado, A.l, Walker, R.L.,, Mi-
randa, J.D., and Leon, M.D. (2012). Docosahexaenoic acid pretreatment
confers protection and functional improvements after acute spinal cord
injury in adult rats. J. Neurotrauma 29, 551-566.

Figueroa, J.D., Cordero, K, Serrano-lllan, M., Almeyda, A., Baldeosingh, K.,
Almaguel, F.G,, and De Leon, M. (2013). Metabolomics uncovers dietary
omega-3 fatty acid-derived metabolites implicated in anti-nociceptive
responses after experimental spinal cord injury. Neuroscience 255,
1-18.

Furuhashi, M., Tuncman, G., Gorgun, C.Z,, Makowski, L., Atsumi, G.,
Vaillancourt, E., Kono, K., Babaev, V.R, Fazio, S., Linton, M.F,, Sulsky, R.,
Robl, J.A,, Parker, R.A., and Hotamisligil, G.S. (2007). Treatment of
diabetes and atherosclerosis by inhibiting fatty-acid-binding protein
aP2. Nature 447, 959-965.

Montero, M.L,, Liu, J.W., Orozco, J., Casiano, C.A,, and De Leon, M. (2020).
Docosahexaenoic acid protection against palmitic acid-induced lipo-
toxicity in NGF-differentiated PC12 cells involves enhancement of
autophagy and inhibition of apoptosis and necroptosis. J. Neurochem.
155, 559-576.

Basso, D.M,, Beattie, M.S., and Bresnahan, J.C. (1995). A sensitive and
reliable locomotor rating scale for open field testing in rats.

J. Neurotrauma 12, 1-21.

Ferguson, AR, Hook, M.A,, Garcia, G., Bresnahan, J.C,, Beattie, M.S., and
Grau, JW. (2004). A simple post hoc transformation that improves the
metric properties of the BBB scale for rats with moderate to severe
spinal cord injury. J. Neurotrauma 21, 1601-1613.

Crowley, S.T., Kataoka, K., and Itaka, K. (2018). Combined CatWalk Index:
an improved method to measure mouse motor function using the
automated gait analysis system. BMC Res. Notes 11, 263.

Hamers, F.P., Koopmans, G.C., and Joosten, E.A. (2006). CatWalk-assisted
gait analysis in the assessment of spinal cord injury. J. Neurotrauma 23,
537-548.

Kappos, E.A,, Sieber, P.K., Engels, P.E., Mariolo, A.V., D'Arpa, S., Schaefer,
D.J., and Kalbermatten, D.F. (2017). Validity and reliability of the
CatWalk system as a static and dynamic gait analysis tool for the
assessment of functional nerve recovery in small animal models. Brain
Behav. 7, e00723.

Koussounadis, A., Langdon, S.P., Um, L.H., Harrison, D.J., and Smith, V.A.
(2015). Relationship between differentially expressed mRNA and mRNA-
protein correlations in a xenograft model system. Sci. Rep. 5, 10775.
Cataltepe, O., Arikan, M.C,, Ghelfi, E., Karaaslan, C., Ozsurekci, Y., Dresser,
K., Li, Y., Smith, T.W.,, and Cataltepe, S. (2012). Fatty acid binding protein
4 is expressed in distinct endothelial and non-endothelial cell popula-
tions in glioblastoma. Neuropathol. Appl. Neurobiol. 38, 400-410.
Uhlen, M., Fagerberg, L., Hallstrom, B.M,, Lindskog, C., Oksvold, P.,
Mardinoglu, A., Sivertsson, A., Kampf, C,, Sjostedst, E., Asplund, A., Olsson,
I, Edlund, K., Lundberg, E., Navani, S., Szigyarto, C.A., Odeberg, J.,
Djureinovic, D., Takanen, J.O., Hober, S., Aim, T., Edqvist, P.H., Berling, H.,
Tegel, H., Mulder, J., Rockberg, J., Nilsson, P., Schwenk, J.M., Hamsten,

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

M., von Feilitzen, K., Forsberg, M., Persson, L., Johansson, F., Zwahlen, M.,
von Heijne, G, Nielsen, J., and Ponten, F. (2015). Proteomics. Tissue-
based map of the human proteome. Science 347, 1260419.

Batka, R.J., Brown, T.J., McMillan, K.P., Meadows, R.M., Jones, K.J., and
Haulcomb, M.M. (2014). The need for speed in rodent locomotion
analyses. Anat Rec (Hoboken) 297, 1839-1864.

Hu, X,, Leak, RK, Shi, Y., Suenaga, J,, Gao, Y., Zheng, P., and Chen, J. (2015).
Microglial and macrophage polarization-new prospects for brain repair.
Nat. Rev. Neurol. 11, 56-64.

Lawrence, T., and Natoli, G. (2011). Transcriptional regulation of macro-
phage polarization: enabling diversity with identity. Nat. Rev. Immunol.
11, 750-761.

Skytthe, M.K.,, Graversen, J.H., and Moestrup, S.K. (2020). Targeting of
CD163(+) macrophages in inflammatory and malignant diseases. Int. J.
Mol. Sci. 21.

Wang, X., Cao, K, Sun, X,, Chen, Y., Duan, Z,, Sun, L., Guo, L., Bai, P., Sun, D.,
Fan, J, He, X., Young, W., and Ren, Y. (2015). Macrophages in spinal cord
injury: phenotypic and functional change from exposure to myelin
debris. Glia 63, 635-651.

Kong, X., and Gao, J. (2017). Macrophage polarization: a key event in
the secondary phase of acute spinal cord injury. J. Cell Mol. Med. 21,
941-954.

Hui, X,, Li, H., Zhou, Z,, Lam, K.S., Xiao, Y., Wu, D., Ding, K., Wang, Y.,
Vanhoutte, P.M., and Xu, A. (2010). Adipocyte fatty acid-binding protein
modulates inflammatory responses in macrophages through a positive
feedback loop involving c-Jun NH2-terminal kinases and activator
protein-1. J. Biol. Chem. 285, 10273-10280.

Hoo, RL, Shu, L., Cheng, KK., Wu, X, Liao, B, Wu, D., Zhou, Z,, and Xu, A.
(2017). Adipocyte fatty acid binding protein potentiates toxic lipids-
induced endoplasmic reticulum stress in macrophages via inhibition of
janus kinase 2-dependent autophagy. Sci. Rep. 7, 40657.

Xu, H., Hertzel, A.V., Steen, K.A., and Bernlohr, D.A. (2016). Loss of fatty acid
binding Protein 4/aP2 Reduces Macrophage i4747 \\ nflammation
through activation of SIRT3. Mol. Endocrinol. 30, 325-334.

Gillilan, RE., Ayers, S.D., and Noy, N. (2007). Structural basis for activation
of fatty acid-binding protein 4. J. Mol. Biol. 372, 1246-1260.
Garin-Shkolnik, T., Rudich, A., Hotamisligil, G.S., and Rubinstein, M. (2014).
FABP4 attenuates PPARgamma and adipogenesis and is inversely
correlated with PPARgamma in adipose tissues. Diabetes 63, 900-911.
Yunna, C,, Mengru, H., Lei, W., and Weidong, C. (2020). Macrophage
M1/M2 polarization. Eur. J. Pharmacol. 877, 173090.

Kawai, T., and Akira, S. (2007). Signaling to NF-kappaB by Toll-like
receptors. Trends Mol. Med. 13, 460-469.

Mantovani, A, Sica, A,, Sozzani, S., Allavena, P., Vecchi, A., and Locati, M.
(2004). The chemokine system in diverse forms of macrophage acti-
vation and polarization. Trends Immunol. 25, 677-686.

Tomlinson, J.E,, Zygelyte, E., Grenier, J.K, Edwards, M.G., and Cheetham, J.
(2018). Temporal changes in macrophage phenotype after peripheral
nerve injury. J. Neuroinflammation 15, 185.

Kisucka, A., Bimbova, K., Bacova, M., Galik, J., and Lukacova, N. (2021).
Activation of neuroprotective microglia and astrocytes at the lesion site
and in the adjacent segments is crucial for spontaneous locomotor
recovery after spinal cord injury. Cells 10.

Rios, R., Jablonka-Shariff, A., Broberg, C., and Snyder-Warwick, A.K. (2021).
Macrophage roles in peripheral nervous system injury and pathology:
Allies in neuromuscular junction recovery. Mol. Cell Neurosci. 111,
103590.

Zhu, Y., Lyapichev, K, Lee, D.H., Motti, D., Ferraro, N.M,, Zhang, Y., Yahn, S.,
Soderblom, C,, Zha, J., Bethea, J.R, Spiller, KL, Lemmon, V.P.,, and Lee,
J.K. (2017). Macrophage transcriptional profile identifies lipid catabolic
pathways that can be therapeutically targeted after spinal cord injury.
J. Neurosci. 37, 2362-2376.



