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Anti-inflammatory agent, OKN-007, reverses long-term
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for aging-associated neuroinflammation
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Abstract Lipopolysaccharide (LPS)-induced encepha-
lopathy induces neuroinflammation. Long-term neuro-
inflammation is associated with aging and subsequent
cognitive impairment (CI). We treated rats that had LPS-
induced neuroinflammation with OKN-007, with an
anti-inflammatory agent currently considered an anti-
cancer investigational new drug in clinical trials for
glioblastoma (GBM). Contrast-enhanced magnetic res-
onance imaging (MRI) (CE-MRI), perfusion MRI, and
MR spectroscopy were used as methods to assess long-
term (up to 6 weeks post-LPS) alterations in blood-brain
barrier (BBB) permeability, microvascularity, and
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metabolism, respectively, and the therapeutic effect of
OKN-007. A free radical-targeted molecular MRI ap-
proach was also used to detect the effect of OKN-007 on
brain free radical levels at 24 h and 1 week post-LPS
injection. OKN-007 was able to reduce BBB permeabil-
ity in the cerebral cortex and hippocampus at 1 week
post-LPS using CE-MRI. OKN-007 was able to restore
vascular perfusion rates by reducing LPS-induced in-
creased relative cerebral blood flow (rCBF) in the cortex
and hippocampus regions at all time points studied (1, 3,
and 6 weeks post-LPS). OKN-007 was also able to
restore LPS-induced brain metabolite depletions.
NAA/Cho, Ct/Cho, and Myo-Ins/Cho metabolite ratios
at 1, 3, and 6 weeks post-LPS were all restored to
normal levels following OKN-007 treatment. OKN-
007 also reduced LPS-induced free radical levels at
24 h and 1 week post-LPS, as detected by free radical—
targeted MRI. LPS-exposed rats were compared with
saline-treated controls and LPS + OKN-007-treated an-
imals. We clearly demonstrated that OKN-007 restores
LPS-induced BBB dysfunction, impaired vascularity,
and decreased brain metabolites, all long-term
neuroinflammatory indicators, as well as decreases free
radicals in a LPS-induced neuroinflammation model.
OKN-007 should be considered an anti-inflammatory
agent for age-associated neuroinflammation.

Keywords Neuroinflammation - Encephalopathy -
Contrast-enhanced magnetic resonance imaging (CE-
MRI) - Perfusion imaging - MR spectroscopy - Free
radical-targeted imaging - OKN-007

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-019-00094-y&domain=pdf
http://orcid.org/0000-0001-7368-8983

484

GeroScience (2019) 41:483-494

Introduction

Systemic inflammation can induce long-lasting cognitive
complications, particularly in association with aging, as
implicated in several clinical and preclinical studies
(Murray et al. 2012; Sun et al. 2015Cunningham and
Hennessy, 2015; Yamanaka et al. 2017). It is well known
that neuroinflammation has been long thought to be
considered a risk factor for cognitive impairment (Sun
et al. 2015; Yamanaka et al. 2017). In addition, cognitive
impairment is associated as a direct outcome of aging
(Bettio et al. 2017; Toth et al. 2017; Oedekoven et al.
2015). The lipopolysaccharide (LPS)—-induced encepha-
lopathy rodent model could be considered an accelerated
aging model, due to the increased reported neuroinflam-
mation and vasoconstriction (Towner et al. 2018). For
instance, we previously demonstrated that magnetic res-
onance imaging (MRI) could be used to assess blood-
brain barrier (BBB) disruption, vasoconstriction, in-
creased free radical levels, and neuroinflammation-
induced brain metabolite alterations (Towner et al.
2018). More specifically, contrast-enhanced MRI (CE-
MRI) can provide quantitative data regarding disrupted
BBB permeability, via measuring an increase in a MRI
signal intensity due to the uptake of a MRI contrast agent,
Gd-DTPA (gadolinium diethylene triamino penta acetic
acid), which normally cannot cross the BBB in the brain.
Perfusion MR imaging (pMRI) (e.g., arterial spin labeling
(ASL)) can measure the relative cerebral blood flow
(rCBF) that reflects pathology-associated alterations in
tissue vascularity. Magnetic resonance spectroscopy
(MRS) can be used to evaluate alterations in brain me-
tabolite levels. In addition, free radical-targeted
molecular-targeted MRI (mt-MRI) in combination with
immuno-spin trapping (IST) can be used to quantitatively
measure in vivo free radical levels associated with oxida-
tive stress—related neuroinflammation. These same MRI
indices can also be used to assess a therapeutic interven-
tion that could inhibit or reverse neuroinflammation.
OKN-007 (OKlahoma Nitrone 007; 2,4-
disulfophenyl-PBN (o-phenyl-t-butyl-N-nitrone); or
disodium 4-[(tert-butyl-imino) methyl] benzene-1,3-
disulfonate N-oxide or disufenton; also known as
NXY-059) is a nitrone agent that has exhibited efficacy
as a neuroprotectant (Clausen et al. 2008; Culot et al.
2009; Kuroda et al. 1999) and is involved in the inhibi-
tion of the upregulation of inducible nitric oxide syn-
thase (Floyd et al. 2008). OKN also has anti-
inflammatory and antioxidant properties (Floyd et al.
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2008, 2011, 2013). OKN is a small molecule, which can
be administered either intravenously or orally, is readily
cleared, and has not been found to induce any adverse
effects (Edenius et al. 2002; Lyden et al. 2007, Wemer
et al. 2006) in over 3000 human patients, i.c., this
compound can be readily translated to the clinic for
various neuroinflammatory diseases. OKN-007 is cur-
rently an investigational new drug as a possible thera-
peutic for glioblastomas (phase 2 clinical trial for recur-
rent glioblastoma (GBM) patients as a sole agent, and in
phase 1b clinical trial in combination with temozolo-
mide for newly diagnosed GBM patients). OKN-007
would be a suitable therapeutic candidate for
neuroinflammatory diseases.

In the current study, we evaluated the effect of OKN-
007 on neuroinflammatory-associated events in a LPS-
induced encephalopathy rat model over a period of
6 weeks. A combination of MR techniques, including
CE-MRI, pMRI, and "H-MRS and free radical-targeted
mt-MRI were used to assess long-term neuroinflamma-
tion-associated alterations in BBB permeability,
microvascularity, neurological metabolism, and free
radical levels, respectively.

Materials and methods
Ethics statement

Animal experiments were performed with the approval
and strict adherence to the policies of the Oklahoma
Medical Research Foundation Institutional Animal Care
and Use Committee, which specifically approved this
study, with adherence to the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals. All efforts were made to minimize suffering.

LPS exposure

Rats (Sprague-Dawley; 8—10 weeks old; male; n =30)
were exposed to LPS (10 mg/kg in 100 pL saline; i.p.).
Controls were administered saline (same volume and
route of administration as for LPS).

OKN-007 treatment
OKN-007 was administered 24 h following LPS expo-

sure and continuously on a daily basis in the drinking
water (18 mg/kg or 0.018% w/v; daily) until the animal
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was euthanized at each time point. Water bottles were
weighed daily, and it was established that rats generally
consumed ~ 10 mg/kg of OKN-007 daily.

MRI methods—contrast-enhanced MRI, perfusion
imaging, and MR spectroscopy

MRI experiments were done on a Bruker Biospec 7.0
Tesla/30-cm horizontal bore imaging system. Multiple
brain '"H-MR image slices were taken using a RARE
multi-slice (repetition time (TR) 1.3 s, echo time (TE)
9 ms, 256 x 256 matrix, 4 steps per acquisition, 4 x
4 cm? field of view, 1.0-mm slice thickness) imaging
sequence.

For contrast-enhanced MRI (CE-MRI), multi-slice
spin echo T1-weighted images (TR =1000.0 ms, TE =
14 ms, field of view (FOV)=4x4 cmz, averages =2,
slices = 16, matrix size =256 x 256) were also per-
formed and acquired before and 10, 20, and 30 min after
intravenous contrast agent injection (Gd-DTPA,
Magnevist, Bayer Inc., Wayne, NY, USA; 0.4 mmol/
kg) (Towner et al. 2018). Regional assessments were
made in the following regions: the cortex and hippo-
campus regarding MRI signal intensity measurements.

'H-MRS was acquired using a PRESS (Point RE-
solved SpectroScopy) sequence with a TE of 24.0 ms, a
TR 0f 2500.0 ms, 512 averages, and a spectral width of
4006 Hz. A nonsuppressed MR spectrum was acquired
beforehand by applying eddy current correction to max-
imize signal intensity and decrease the peak linewidths.
Water was suppressed with a VAPOR (variable power
radio frequency pulses and optimized relaxation delays)
suppression scheme. In all cases, the peak width (full
width at half maximum) of the water peak was less than
30 Hz following localized shimming, which was con-
ducted by using the first- and second-order adjustments
with Fastmap. A cubic voxel of 3.0 x 3.0 x 3.0 mm?> was
positioned in the rat brain. To analyze the MRS data, an
in-house Mathematica program was used (version 6.0,
Wolfram Research, Champaign, IL, USA). The spectra
were scaled in ppm by calibrating against the water peak
(4.78 ppm). The major brain metabolic peaks were
identified as follows: N-acetylaspartate (NAA) at
2.02 ppm, choline (Cho) at 3.22 ppm, creatine (Cr) at
3.02 ppm, and myo-inositol at 3.53 ppm. The peak area
measurements of the metabolites were used to calculate
the following ratios: NAA to Cho (NAA/Cho), Cr to
Cho (Cr/Cho), and Myo-Ins to Cho (Myo-Ins/Cho).

Arterial spin labeling (ASL) perfusion maps were
obtained on a single axial slice of the brain located on
the point of the rostro-caudal axis where the hippocam-
pus had the largest cross-section. The imaging geometry
was a 4 x4 cm® FOV of 2 mm in thickness, with a
single-shot echo-planar encoding over a 64 x 64 matrix.
An echo time (TE) of 13.5 ms, a repetition time (TR) of
18 s, and an inversion time (TIR) of 26.0 ms were used,
and images were not submitted to time averaging
(Towner et al. 2018). To obtain perfusion contrast, the
flow alternating inversion recovery scheme was used.
Briefly, inversion recovery images were acquired using
a slice-selective inversion of the same geometry as the
imaging slice or a nonselective inversion slice concen-
tric with the imaging slice with a slice package margin
of 5.0 mm. For each type of inversion, 22 images were
acquired with inversion times evenly spaced from 26.0
to 8426.0 ms (with an increment of 400 ms between
each TIR). Relative cerebral blood flow (rCBF) values
were obtained by drawing circular regions of interest
(ROIs) (left and right regions) in the cortex and hippo-
campus regions of the brain. Negative ASL rCBF values
were assumed to be zero.

For free radical-targeted MRI, rat brains were im-
aged at 0 (pre-contrast) and up to 120 min post-contrast
agent injection. Rats were previously treated with
DMPO (5,5-dimethyl-1-pyrroline-N-oxide) (100 mg di-
luted in 200 pL saline; i.p.; 3 X daily every 6 h for
3 days) to trap free radicals and subsequently injected
intravenously with the anti-DMPO-albumin-Gd-DTPA-
biotin contrast agent (200 pg anti-DMPO antibody/rat
and 100 mg biotin-albumin-Gd-DTPA/rat) for in vivo
free radical-targeted molecular MRI. T1-weighted im-
ages were obtained using a variable TR (repetition time)
spin echo sequence (TR, 200-1600 ms; TE, 15 ms; NA,
2) (Towner et al. 2018). Pixel-by-pixel relaxation maps
were reconstructed from a series of T1-weighted images
using a nonlinear two-parameter fitting procedure. The
T1 values of specified ROIs were computed from all the
pixels in designated ROIs.

Statistical analyses

Statistical analyses were performed using GraphPad
Prism 6 (GraphPad Prism 6 Software, San Diego, CA,
USA). All p values < 0.05 were considered statistically
significant. MRI signal intensities, tCBF values, and
metabolite peak ratios (NAA/Cho), (Cr/Cho), and
(Myo-Ins/Cho)) were reported as means + standard
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deviations. For statistical analysis, Student # tests (inde-
pendent-samples, two-tailed ¢ test) were used to assess
the differences between means of the LPS-exposed and
saline-treated control rat brains and those that were
untreated versus treated with OKN-007.

Results

OKN-007 restores LPS-induced blood-brain barrier
permeability to normal

CE-MRI, which detects BBB permeability alter-
ations, indicated a significant increase in MRI signal
intensity (SI) due to the presence of Gd-DTPA in
LPS-exposed rat brains at 24 h post-injection in the
cerebral cortex (p<0.05), and hippocampus

(»<0.05), compared with saline-treated controls
(Fig. 1A, B). At longer time points (1 week and
6 weeks post-LPS), there was also a significant in-
crease in BBB permeability in the cerebral cortex (0
<0.05 for both time points), when compared with
saline controls. In the hippocampus, there was a
significance in the 6 weeks post-LPS group
(p<0.05), compared with controls. A significantly
decreased MRI SI was also observed in the LPS rat
brains treated with OKN-007 in the cerebral cortex
(»<0.05)(Fig. 1A), and hippocampus (p <0.05)
(Fig. 1B) 1 week after LPS injection, compared with
LPS-exposed rat brains alone. For other time points,
there was a trending decrease in relative MRI signal
intensity, although not found to be significant to LPS
exposure alone. These results indicate some restora-
tion in BBB integrity with OKN-007 treatment.
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Fig.1 OKN-007 restores BBB integrity in LPS-treated rat brains.
Representative MR images of rat mid-brain regions for (A) saline,
(B) LPS alone, or (C) LPS + OKN-007 treatment at 1 week post-
LPS (or saline). Note highlighted hyperintensity regions in the
LPS-exposed rat brain (panel B; white arrows: cortex; black ar-
rows: lower hippocampal region). There were increased relative
MRI signal intensities for LPS-treated brains, compared with
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saline-administered rat brains in the (D) hippocampus, and (E)
cerebral cortex, at 24 h and 6 weeks post-LPS, and 1 week post-
LPS in the cortex (*p<0.05 for all). OKN-007 was able to
significantly decrease relative MRI signal intensity, i.e., restore
BBB, in the hippocampus and cerebral cortex at 1 week post-LPS
in LPS + OKN-007-treated rat brains, compared with LPS expo-
sure only (fp <0.05 for both)
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OKN-007 restores LPS-induced reduced brain tissue
perfusion rates to normal

PMRI indicated that for the cortex and hippocampus
regions, LPS-exposed rat brains had significantly de-
creased rCBF at all time points (1, 3, and 6 weeks post-

LPS), compared with controls. Regarding a treatment
effect from OKN-007, there was a restoration of rTCBF
in both the cerebral cortex and hippocampus regions at

all time points (Fig. 2A, B) for the LPS-exposed rat

brains treated with OKN-007, compared with LPS-

exposed rat brains alone. These results strongly suggest
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Fig. 2 OKN-007 restores brain vascularity to normal in LPS-
exposed rat brains. Representative morphological MR images (i)
and perfusion maps (ii) for saline (A), LPS (B), or LPS + OKN-
007-treated (C) rat brains. LPS-treated rat brains have significantly
decreased relative cerebral blood flow (rCBF) at 1-3 weeks in both
the hippocampus (D) and cerebral cortex (E) regions post-LPS
exposure (LPS versus saline: cerebral cortex (***¥p <0.0001 at 1

and 6 weeks and **p<0.01 at 3 weeks); hippocampus
(**p<0.01 at 1 weeks and ****p <0.0001 at 3 and 6 weeks)).
rCBF was found to be significantly restored by OKN-007 treat-
ment in LPS-exposed rat brains in the cerebral cortex
(fT11p<0.0001 at 1 and 6 weeks post-LPS and t1p <0.01 at
3 weeks) and hippocampus (T111p <0.0001 at all time points),
when compared with LPS exposure alone
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that OKN-007 restores vascularity, altered by LPS ex-
posure, back to normal.

OKN-007 restores LPS-induced reduced brain
metabolite levels to normal

The MRS data indicated that LPS-exposed rat
brains had significantly decreased NAA/Cho

a

metabolite ratios at 24 h (p<0.05), 3 weeks
(»<0.05), and 6 weeks (p<0.05) post-LPS injec-
tion; Cr/Cho ratios at 1, 3, and 12 weeks (p <0.05
for all) post-LPS; and Myo-Ins/Cho ratios at 1
(»p<0.05), 3 (p<0.0001), and 6 weeks (p<0.05),
compared with controls (Fig. 3). Cr/Cho ratios were
also found to significantly decrease at 3 weeks
post-LPS (p<0.01), compared with controls.
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Fig. 3 OKN-007 restores brain metabolites to normal following
LPS exposure. (A) Representative MR spectrum in a saline-treated
rat brain at 1 week post-saline. (B) Representative MR image with
depicted voxel obtained in hippocampal region (white square). (C)
LPS-treated rat brains have decreased brain metabolites at various
time points following LPS exposure. Metabolite/choline (Cho)
ratios for NAA/Cho (24 h and 6 weeks post-LPS; *p <0.05), Cr/
Cho (3 weeks post-LPS; **p <0.01), and Myo-Ins/Cho (1 week
(*p<0.05), 3 weeks (**#¥*p <0.0001), and 6 weeks (*p <0.05)
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post-LPS) are decreased when comparing LPS- and saline-
administered rat brains. OKN-007 restores brain metabolites
(NAA/Cho ratio at 24 h and 1 week (11p <0.01 for both), as well
as 3 and 6 weeks post-LPS (fp <0.05 for both); Cr/Cho ratio at
24 h (11p <0.01) and 3 weeks (Fp < 0.05) post-LPS; and Myo-Ins/
Cho ratio at 24 h (f111p <0.0001), 1 week (fp <0.05), 3 weeks
(T11p <0.001), and 6 weeks (Tp <0.01) post-LPS), when com-
pared with LPS alone. Abbreviations: NAA = N-acetyl aspartate;
Cr = total creatine; Cho = total choline; M-1 = Myo-Inositol
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OKN-007 treatment of LPS-exposed rat brains sig-
nificantly restored all metabolites assessed (NAA,
Cr, Myo-Ins/Cho ratios) at 24 h post-LPS, com-
pared with LPS-exposed animals alone. At longer
time points, OKN-007 was able to restore Myo-Ins
at 1, 3, and 6 weeks post-LPS; NAA at 3 and
6 weeks post-LPS; and Cr at 3 weeks post-LPS,
compared with LPS alone. These results indicate
that OKN-007 can restore LPS-induced depleted
brain metabolites to normal levels, particularly at
longer time points.

OKN-007 reduces LPS-induced increased free radicals

The targeted free radical imaging approach indicated the
detection of significantly increased trapped radical
levels in LPS-exposed rat brains at both 24 h and 1 week
post-LPS injection, compared with saline-treated con-
trols (Fig. 4). OKN-007 treatment significantly de-
creased free radical levels at both 24 h and 1 week
post-LPS, compared with LPS-exposed animals alone.
These results indicate that OKN-007 can remove dam-
aging free radicals following LPS exposure.
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Fig. 4 OKN-007 reduces free radical levels in LPS-exposed rat
brains. At 1 week post-LPS, there are increased free radical levels
(p<0.0001) compared with saline. Representative T1-weighted
images overlaid with a post- minus a pre-contrast image following
administration of the anti-DMPO probe that targets DMPO-
trapped macromolecular radicals for (A) LPS-administered rat
brains at 1 week post-LPS and (B) OKN-007 treatment following
LPS exposure after 1 week. (C) MRI signal intensity percent (%)

differences normalized to muscle graphs of LPS- and saline-
administered rat brains given anti-DMPO probes at 1 week post-
LPS, saline or LPS + OKN-007. There was a significant decrease
in detection of DMPO-trapped radicals in the LPS + OKN-007-
treated rat brains at 1 week (p <0.001) post-LPS, compared with
LPS alone. (D) Illustration of the anti-DMPO probe, which con-
sists of Gd-DTPA, anti-DMPO antibody bound to albumin, and
biotin
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Discussion

Our findings indicated that CE-MRI, which detects
BBB permeability alterations, can be assessed by mea-
suring increased relative MRI signal intensities, due to
the presence of the MRI contrast agent, Gd-DTPA. We
were able to show a significant increase in the uptake of
Gd-DTPA in LPS-exposed rat brains at 24 h, 1 week,
and 6 weeks post-LPS exposure in the cerebral cortex
(p <0.05 for all) and at 24 h and 6 weeks post-LPS in the
hippocampus (p < 0.05 for both), compared with saline-
treated controls (see Fig. 1). With OKN-007 treatment
of LPS-exposed rats, significantly decreased MRI SI
was observed in both the cerebral cortex (p < 0.05) and
hippocampus (p <0.05) 1 week after LPS injection,
compared with LPS-exposed animals alone. There was
also a decreasing effect from the OKN-007 treatment for
other time points, but these were not significant. Overall,
OKN-007 does seem to restore BBB integrity following
an LPS insult.

It is well known that LPS can disrupt the BBB
(Wispelwey et al. 1988; Banks and Erickson 2010). It
was previously reported that dynamic contrast-
enhanced (DCE) MRI could be used to detect blood-
brain barrier (BBB) breakdown 24 h following stereo-
taxic injection of LPS into the right striatum in rats but
was found to be absent at 1 month post-LPS injection
(Ory et al. 2015). In support of the Ory and co-worker
study, our results did not detect a significant difference
in BBB breakdown in either the cerebral cortex or the
hippocampus at 3 weeks post-LPS exposure. However,
at 6 weeks post-LPS, we did find a significant increase
in BBB breakdown, compared with saline controls,
indicating that there may be a long-term effect. Another
group used multi-photon imaging to detect increased
BBB dysfunction in LPS-exposed mice (Zhou et al.
2014). Of interest, it was established that Wip1 reg-
ulates LPS-induced neuroinflammation and BBB
function via the sonic hedgehog signaling pathway
(Zhen et al. 2017). It is also well documented that
there is age-associated BBB impairment that contrib-
utes to a decline in neurological and cognitive func-
tions (Erdé6 et al. 2017).

The cerebral cortex plays key roles in several brain
functions, which includes memory, cognition, aware-
ness, thought, language, attention, and consciousness
(Shipp 2007). LPS exposure could possibly affect both
short-term and long-term cognition, which we recently
reported on (Kirk et al. 2019). The hippocampus is
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involved in both short-term and long-term memory
(Squire 1992). We recently found that hippocampal
memory is affected by LPS exposure (Kirk et al.
2019). Regarding altering BBB permeability, LPS ex-
posure seems to affect both the cerebral cortex and
hippocampus at relatively longer time points.

Regarding brain tissue vascular perfusion, there were
a few interesting occurrences that we observed regard-
ing OKN-007 treatment of LPS-exposed rat brains (see
Fig. 2). For the cortex and hippocampus, there were
both short-term (1 week post-LPS) and long-term (3
and 6 weeks) significant decreases in rCBF detected
for LPS-exposed rat brains (p <0.01 or more for the
cortex and p < 0.01 or more for the hippocampus), com-
pared with controls, which were reversed back to normal
in both brain regions at all time points following OKN-
007 treatment. Another reported study that assessed
regional cerebral blood flow (CBF), measured by posi-
tron emission tomography (PET) using '®F-
fluorodeoxyglucose (‘*F-FDG) in LPS-exposed rats,
found CBF to decrease in the cortex (Semmler et al.
2008), which supported our findings. It is also known
that changes in cerebral blood flow, release of inflam-
matory molecules, and metabolic alterations, associated
with sepsis-associated encephalopathy (SAE), have
been previously found to contribute to neuronal dys-
function and cell death (Semmler et al. 2008). From a
human study, cerebral perfusion alterations and cogni-
tive decline were observed in critically ill sepsis survi-
vors (Pierrakos et al. 2017). Alterations in CBF are
thought to represent a key component for the develop-
ment of SAE (Taccone et al. 2013; Towner et al. 2018).
It has also been reported that age-related
cerebromicrovascular dysfunction plays an important
role in the pathogenesis of dementia in the elderly
(Toth et al. 2017; Tarantini et al. 2017). Aging has also
been found to exacerbate the development of cerebral
microbleeds (Sumbria et al. 2018).

Our MRS studies indicated that OKN-007 treatment
of LPS-exposed rat brains had significantly restored
some brain metabolites to normal levels. LPS exposure
alone decreased NAA/Cho metabolite ratios at 24 h
(p<0.05), 3 weeks (p<0.05), and 6 weeks (p <0.05)
post-LPS injection; Cr/Cho ratios at 3 weeks (p <0.01)
post-LPS; and Myo-Ins/Cho ratios at 1 (p <0.05), 3
(p<0.0001), and 6 weeks (p <0.05), compared with
controls (see Fig. 3). OKN-007 restored NAA/Cho ra-
tios at all time points (p <0.5 or less); Cr/Cho ratios at
24 h (p<0.01) and 3 weeks (p <0.05); and Myo-Ins/
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Cho ratios at all time points (p < 0.05 or less) post-LPS,
when compared with LPS exposure alone. Age-related
decreases in NAA have also been recently reported in
aging human adults using MRS (Maghsudi et al. 2019).

An antibody that recognizes macromolecular DMPO
(5,5-dimethyl-pyrroline-N-oxide) spin adducts, regard-
less of the oxidative/reductive state of the trapped radi-
cal adducts, was developed by Mason et al. and coined
immuno-spin trapping (IST) (Mason 2004; Ramirez and
Mason 2005; Gomez-Mejiba et al. 2009, 2014; Khoo
et al. 2015; Mason 2016). The spin trapping compound,
DMPO, has been used for several decades to trap and
stabilize free radical species. Our group extended the
IST technique to an in vivo approach that involves the
use of IST in conjunction with molecular-targeted mag-
netic resonance imaging (mt-MRI) (Towner et al. 2012,
2013a, 2013b, 2013¢, 2015; Coutinho de Souza et al.
2015; Towner and Smith 2017). The spin trapping
agent, DMPO, is used initially to trap free radicals in
an oxidative stress—related disease model, and adminis-
tration of a molecular magnetic resonance imaging
(mMRI) probe, called the anti-DMPO probe, which
combines an antibody against DMPO-radical adducts
and a MRI contrast agent, is used to target the DMPO-
trapped free radicals that can be detected by mMRI. The
anti-DMPO probe includes an albumin-Gd-DTPA-
biotin construct, where the anti-DMPO antibody is co-
valently linked to the cysteine residues of albumin,
forming an anti-DMPO-adduct antibody-albumin-Gd-
DTPA-biotin entity. The Gd-DTPA moiety acts as the
MRI signaling component, which will increase MRI SI
in a T1-weighted morphological MR imaging sequence
and decrease T relaxation in a T; map image. Both of
these parameters, MRI SI or T, relaxation, can be used
to assess the presence of the anti-DMPO probe in vivo.

In this study, free radical imaging indicated that
OKN-007 treatment returned free radical levels to nor-
mal. Without OKN-007, the detection of significantly
increased trapped radical levels in LPS-exposed rat
brains was observed at both 24 h and 1 week post-LPS
injection, compared with saline-treated controls (see
Fig. 4). The free radical levels seem to be predominantly
localized surrounding the hippocampal region. The
OKN-007-treated LPS-exposed rat brains were found
to have free radical levels that were similar to those
detected in the negative control saline-treated group,
1.e., close to baseline.

It was also reported by others that high levels of
reactive oxygen species (ROS) were detected in a mouse

LPS-induced SAE model (Zhou et al. 2014; Clement
etal. 2010). In another study where a LPS-induced SAE
mouse model was used, they showed not only high
levels of ROS but also elevated malondialdehyde
(MDA), tumor necrosis factor (TNF-), and interleukin
13 (LI-13), 8 h after LPS injection (Ning et al. 2017). It
has also been found that free radical/ROS/RNS (reactive
nitrogen species) involvement directly plays a role in the
functional decline of aged brains (Poon et al. 2004). It
has also been reported that oxidative stress plays a major
role in cerebrovascular alterations related to
neurodegenerations (Carvalho and Moreira 2018).

It is well established that systemic inflammation in-
duces mitochondrial dysfunction, which leads to oxida-
tive stress (Bozza et al. 2013; Lyu et al. 2015; Wang
etal. 2014; Berg etal. 2011). Mitochondrial dysfunction
was found to be associated with altered mitochondrial
tyrosine kinase Src and protein phosphatase 1B
(PTP1B) levels in a rat model of LPS-induced SAE
(Lyu et al. 2015). In the same study, pretreatment of
mitochondrial proteins with active PTP1B resulted in
overproduction of ROS and decreased mitochondrial
membrane potential (Lyu et al. 2015). It was also found
that the mitochondrial function of the hippocampus was
severely impaired, coupled with increased ROS, neuro-
nal apoptosis, and inflammation, in a CLP-induced SAE
mouse model (Wu et al. 2015). In this same study, they
investigated the effects of a mitochondria-targeted pep-
tide SS-31 on mitochondrial function and cognitive
deficits and found that the peptide SS-1 protected mito-
chondrial integrity, reversed mitochondrial dysfunction,
inhibited cytochrome c-related apoptosis, and dimin-
ished inflammation (Wu et al. 2015). It is also known
that reactive oxygen and nitrogen species (RONS) lead
to structural and functional modifications of cellular
proteins and lipids, resulting in cellular dysfunction,
such as impaired energy metabolism, altered cell signal-
ing and cell cycle control, impaired cell transport pro-
cesses, and dysfunctional biological activities, immune
activation, and inflammation (Bozza et al. 2013). RONS
can be involved in several disease processes as causative
agents or result as an effect of the pathogenesis, includ-
ing SAE. Microglia activation has also been reported to
be associated with the secretion of nitric oxide, ROS,
and matrix metalloproteinases (MMPs) that can all con-
tribute to blood-brain barrier (BBB) and neuronal dam-
age (Wu et al. 2015). Free radical-induced structural
membrane damage also induces neuroinflammation
(Berg et al. 2011). The formation of excessive
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superoxide radicals also depletes ambient nitric oxide in
the cerebrovascular bed (Berg et al. 2011). This results
in the formation of peroxynitrite, which irreversibly
inhibits the mitochondrial electron transport chain,
resulting in an increase in mitochondrial release of free
radicals, and leads to mitochondrial dysfunction and
neuronal bioenergetics failure (Berg et al. 2011). Addi-
tionally, free radicals trigger apoptosis via altering intra-
cellular calcium homeostasis in brain regions such as the
cerebral cortex and hippocampus, further exacerbating
local inflammatory responses further (Berg et al. 2011).

We have previously shown that OKN-007 is able to
downregulate expression of the lipopolysaccharide
binding protein (LBP) gene in a rat glioma model
(Towner et al. 2019) and possibly could be one of the
mechanisms of action for the therapeutic response elic-
ited by OKN-007 in the LPS-induced
neuroinflammatory model. LBP is a soluble acute-
phase protein that binds to bacterial LPS to elicit im-
mune responses by presenting the LPS to important cell
surface pattern recognition receptors called CD14 and
TLR4 (Tsukamoto et al. 2018). Preliminary RNA-seq
data comparing LPS-exposed and saline-treated rat
brains 1 week post-LPS indicates that LBP is upregu-
lated 3.84-fold more in LPS rat brains, compared with
saline controls.

There is compelling evidence that systemic inflam-
mation coupled with aging may exacerbate cognitive
decline (Sun et al. 2015; Yamanaka et al. 2017). Our
group has also recently shown that LPS induces
amyloid-f3 and phosphorylated-tau (p-tau) formation in
rat brains 1 week following LPS exposure (Wang et al.
2018). Both amyloid-f3 and p-tau are known to increase
in Alzheimer’s disease (AD) (Jacobs et al. 2019;
Timmers et al. 2019) and could also be associated with
aging (Hernandez-Zimbrén et al. 2017). We anticipate
that OKN-007 may be able to alleviate long-term neu-
roinflammation and cognitive decline in aged rodents
and are planning these future studies.

Conclusions

In a rat LPS endotoxemia model, OKN-007 was
found to reverse neuroinflammatory indications that
were induced by LPS exposure. MRI approaches
were used to conclusively demonstrate increased
BBB permeability, decreased brain relative cerebral
blood flow, decreased brain metabolites, and

@ Springer

increased free radical levels, indicative of oxidative
damage, from LPS exposure, that were all effectively
restored to near normal following OKN-007 treat-
ment. OKN-007 seems to be a promising agent that
could treat long-term neuroinflammation and could
be effective for various neuroinflammatory diseases
and even perhaps age-associated neuroinflammation.
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