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Purpose: Reactive microglia are an important hallmark of neuroinflammation. Reactive
microglia release various inflammatory mediators, such as cytokines, chemokines,
and prostaglandins, which are produced by enzymes like cyclooxygenases (COX). The
inducible COX-2 subtype has been associated with inflammation, whereas the consti-
tutively expressed COX-1 subtype is generally considered as a housekeeping enzyme.
However, recent evidence suggests that COX-1 can also be upregulated and may play
a prominent role in the brain during neuroinflammation. In this review, we summarize
the evidence that supports this involvement of COX-1. Methods: Five databases were
used to retrieve relevant studies that addressed COX-1 in the context of neuroinflam-
mation. The search resulted in 32 articles, describing in vitro, in vivo, post mortem, and
in vivo imaging studies that specifically investigated the COX-1 isoform under such
conditions. Results: Reviewed literature generally indicated that the overexpression
of COX-1 was induced by an inflammatory stimulus, which resulted in an increased
production of prostaglandin E2. The pharmacological inhibition of COX-1 was shown
to suppress the induction of inflammatory mediators like prostaglandin E2. Positron
emission tomography (PET) imaging studies in animal models confirmed the overex-
pression of COX-1 during neuroinflammation. The same imaging method, however,
could not detect any upregulation of COX-1 in patients with Alzheimer's disease.
Conclusion: Taken together, studies in cultured cells and living rodents suggest that
COX-1 is involved in neuroinflammation. Most postmortem studies on human brains
indicate that the concentration of COX-1-expressing microglial cells is increased near
sites of inflammation. However, evidence for the involvement of COX-1 in neuroin-

flammation in the living human brain is still largely lacking.
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1 | INTRODUCTION

Neuroinflammation is a physiological response that protects the
central nervous system from infiltrating pathogens, toxic com-
pounds, and brain damage, but is also associated with various psy-
chiatric and neurodegenerative disorders, such as schizophrenia
(Moniji et al., 2009; Muiller, 2018; Miller et al., 2015; Na et al., 2014;
Najjar & Pearlman, 2015), depression (Benedetti et al., 2020; Najjar
etal., 2013; Nettis & Pariante, 2020; Troubat et al., 2021), Alzheimer's
disease (AD; Calsolaro & Edison, 2016; Heppner et al., 2015; Leng
& Edison, 2021; Wyss-Coray & Rogers, 2012), Parkinson's disease
(Bartels & Leenders, 2010; Hirsch & Hunot, 2009; Phani et al., 2012;
Tansey et al., 2007; Wang et al., 2021), amyotrophic lateral sclerosis
(McCauley & Baloh, 2019; Papadimitriou et al., 2010), and multiple
sclerosis (Koudriavtseva & Mainero, 2016; Voet et al., 2019). The
biological features of neuroinflammation are diverse and depend
on the inflammatory trigger and the stage of the disorder (Grabert
et al., 2016; Perry & Teeling, 2013; Saura, 2010). An early character-
istic of neuroinflammation is the change of microglia to a reactive
phenotype, which is characterized by altered cellular morphology
(Marty et al., 1991; Streit, 1996). Inflammatory triggers can stimu-
late intracellular signaling cascades (e.g., the NF-xp pathway) that
drive the expression and activation of a variety of inflammation-
associated enzymes (e.g., INOS, NADPH oxidase, cyclooxygenase,
caspases, MMPs) and the subsequent release of cytokines (e.g.,
IL-1, IL-6, and TNF-a), prostaglandins, and chemokines (Green
etal.,, 1994; lniguez et al., 1999). Cyclooxygenase (COX) is one of the
enzymes that produce inflammatory mediators upon the activation
of microglia through the biosynthesis of prostaglandins from arachi-
donic acid (AA; Akundi et al., 2005).

AA is a polyunsaturated fatty acid that is abundantly present in
the brain, in particular in the phospholipid membranes of the cells.
AA is enzymatically cleaved from phospholipids by phospholipase
A, and phospholipase C. The activation of these phospholipases can
occur, when ligands bind to, among others, metabotropic glutamate,
interferon-a, or interferon-y receptors (Kim et al., 2015; Martin
et al., 2010; Miscia et al., 1997; Ponzoni & Cornaglia-Ferraris, 1993;
Ponzoni et al., 1992).

AA is metabolized via two pathways: the COX pathway and the
5-lipoxygenase pathway. The COX pathway is the dominant path-
way in reactive microglia and macrophages. COX catalyzes the
conversion of AA to prostaglandin G,, which is the first and rate-
determining step in the biosynthesis of various prostaglandins
(Figure 1). Prostaglandins play a role in a variety of processes related
to tissue damage and inflammation, including the recruitment of im-
mune cells, blood vessel dilation, blood clotting, fever, pain, neuro-
plasticity, and neuronal death (Famitafreshi & Karimian, 2020).

Several members of the COX family have been identified.
Initially, COX-1 and COX-2 were discovered (Barnett et al., 1994),
and more recently also COX-3 was shown to be present
(Chandrasekharan et al., 2002). The main COX isoforms, COX-1 and
COX-2, share 60% identity in sequence (Rouzer & Marnett, 2009;
Tanabe & Tohnai, 2002), but have different regulatory functions
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Significance

For a long time, only the inducible isoform of cyclooxyge-
nase, COX-2, was thought to play a role in inflammation,
whereas the constitutively expressed isoform, COX-1, was
considered a housekeeping enzyme. Our findings shows
there is substantial evidence from preclinical studies and
postmortem studies on human brains to support a role of
COX-1 in neuroinflammation. These findings suggest that
COX-1 might be an interesting target for the treatment of
brain disorders associated with neuroinflammation.

and distribution patterns. Both COX-1 and COX-2 are located at the
inner envelope of nuclear membranes and the luminal surface of the
lipid bilayer of the endoplasmic reticulum of human embryonic kid-
ney (HEK293) cells and human lung (CCL210) fibroblasts (Yuan &
Smith, 2015), while COX-2 but not COX-1 is also present in the Golgi
apparatus (Yuan & Smith, 2015), and in the human brain, only COX-1
can also be found in the cytosol (Kitamura et al., 1999). Because
COX-1 is constitutively expressed in most tissues and is present at
constant levels throughout the cell cycle, it has been considered as a
housekeeping enzyme. On the other hand, COX-2 expression is nor-
mally restricted to only a few tissues (brain, testis, tracheal epithelia,
macula densa of the kidney), but can be rapidly (in 2 to 6 hr) induced
during inflammation (Bazan et al., 1994; Smith et al., 1996). For a long
time, only COX-2 was therefore considered to play an important role
in inflammation. It should be emphasized that this perspective was
largely based on studies that examined the response of tumor cells
(glioblastoma, neuroblastoma) or cells from peripheral organs (e.g.,
fibroblasts, endothelial cells, monocytes, ovarian follicles) to inflam-
matory stimuli.

In contrast to most peripheral organs, there is a basal expression
of COX-2 in the brain (Hewett et al., 2006; Minghetti, 2004; Slanina
& Schweitzer, 2005; Stefanovic et al.,, 2006; Wang et al., 2005;
Yamagata et al., 1993). Some studies reported an upregulation of
cerebral COX-2 under inflammatory conditions (An et al., 2014; Do
& Woo, 2018; Lee et al., 2015; Li et al., 2010; Mhillaj et al., 2018;
Shrestha et al., 2020). COX-2 expression in the corpus callosum
tissue of postnatal (3-day old) rats was threefold upregulated, 6 hr
after the animals had received two intraperitoneal injections of
bacterial lipopolysaccharide (LPS, 1 mg/kg, with an interval of 6 hr
[Li et al., 2010]). Intrastriatal lesions made by injection of the ex-
citatory amino acid (RS)-(tetrazole-5yl)-glycine resulted in the ex-
pression of COX-2 by neurons in the vicinity of the lesion and by
vascular endothelial cells and monocytes at the center of the lesion
(An et al., 2014). Exposure of mice to heat stress caused memory
loss and significant signs of neuroinflammation in the hippocampus,
including a marked (2.5- to threefold) upregulation of COX-2 after
42 days of heat (Lee et al., 2015). Dextran sodium sulfate-induced
colitis in mice was accompanied by a transient, 3.5-fold upregulation
of COX-2 in the hypothalamus after 3 days and a modest (20 to 30%),
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FIGURE 1 Simplified representation of the pathways that lead to the biosynthesis of prostaglandins and leukotrienes upon activation of

glial cells in the course of neuroinflammation

but more persistent upregulation of COX-2 in the hippocampus (Do
& Woo, 2018). A single injection of LPS (10 pg) in the right putamen
of rhesus monkeys caused a 32 to 42% increase in the binding poten-
tial of the COX-2 radioligand [*'CIMC1 in the entire brain after 1 day,
with a subsequent return to baseline values within 8 days (Shrestha
et al., 2020). The intracerebroventricular injection of soluble amy-
loid-B in rats resulted in modest (30%) upregulation of COX-2 in the
hippocampus and cognitive impairment after 7 days. Both the COX-2
upregulation and the memory deficits could be prevented by treat-
ing animals with the COX-2 inhibitor celecoxib (Mhillaj et al., 2018).
Several studies suggest that COX-1 also plays a role in neu-
roinflammation (Choi & Bosetti, 2009; Choi et al., 2008; Schwab
et al., 2002; Teeling et al., 2010). Changes in burrowing behavior
and open field activity of mice after intraperitoneal injection of LPS
could be blocked by the selective COX-1 inhibitor piroxicam but not

by the selective COX-2 inhibitor nimesulide (Teeling et al., 2010).
COX-1-deficient (-/-) mice showed reduced neuroinflammation in
response to B-amyloid (Choi & Bosetti, 2009). Genetic deletion or
pharmacological blockade of COX-1 also reduced the inflammatory
response and brain injury in mice after intracerebroventricular injec-
tion of LPS (Choi et al., 2008). The postmortem analysis of the brain
tissue from humans with traumatic brain injury demonstrated a tran-
sient upregulation of COX-1 in endothelial and smooth muscle cells
from blood vessels within the lesion and a prolonged accumulation
of COX-1-expressing microglia and macrophages in areas around the
lesion that started within 6 hr and lasted several months (Schwab
et al., 2002). There is some evidence that microglia from the brains
of patients with Alzheimer's disease do not overexpress COX-2 and
that inhibition of both COX-1 and COX-2 is required to effectively

reduce the secretion of prostaglandins by such cells (Hoozemans
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et al., 2001). This raised the presumption that COX-1 plays a sig-
nificant role in neuroinflammation (Bosetti & Choi, 2010; Shukuri
et al., 2011, 2016). This review aims to survey the evidence for this
presumption and to examine if it supports the hypothesis that COX-1
contributes to the neuropathology of AD.

2 | METHODS
2.1 | Literature search

We performed computerized literature searches through the
PubMed/MEDLINE, Embase, Web of Science, Scopus, and
EBSCOhost databases to identify studies addressing COX-1 in the
context of neuroinflammation, published up to November 2020.
We used the limits of English language and the search terms con-
sisted of AND/OR combinations of strings such as: “Cyclooxygenase
1", “Neurodegenerative Diseases”, “Neurogenic Inflammation”,
“Microglia”, “Parkinson”, “Alzheimer”, “Schizophrenia” and “Cognitive
dysfunction” (see Appendix 1 for the full list of search terms). After
the elimination of duplicates and short surveys or conference ab-
stracts, 809 individual articles were retrieved, as represented in
Figure 2. In a subsequent round of selection, studies concerning in-
flammation in tissues of the body outside the brain were removed.
Studies concerning neuroinflammation but providing no data on
COX-1 were also excluded. Studies reporting only anti-inflammatory
effects of COX-2 inhibitors or herbal drugs were removed. Finally,
derivative studies, such as review articles, were excluded when they
did not contain original experimental data. By this selection proce-
dure, the number of articles was reduced from 809 to 325. The full
text of the resulting 325 articles was analyzed. Studies concerning
COX-1 expression in tumors, studies concerning COX-1 but not re-
porting changes in its expression or its role in neuroinflammation,
and assessments of the impact of nonselective COX inhibitors on
the (patho)physiology of the brain were excluded. After this final
round of selection, the number was reduced from 325 to 32 stud-
ies. Twenty articles concerned the involvement of both COX-1 and
COX-2 in neuroinflammation, and 12 articles concerned the involve-
ment of COX-1. These remaining 32 studies are discussed in the fol-

lowing review.

3 | RESULTS
3.1 | Invitro studies

The role of COX-1 in neuroinflammation was examined in six in vitro
studies (Table 1). In the following text, these are discussed in chrono-
logical order. In an initial study, human microglia were exposed either
to LPS (1 pg/ml), p-amyloid(1-42) (A, _,,, 10 uM), or AA (1 or 10 pM)
(Hoozemans et al., 2002). COX-1 mRNA or protein expression was
not affected by exposure to LPS, Ap,_,,, AA, or cytokines, whereas

COX-2 expression was induced after exposure of the cells to LPS,

Neuroscience Researc

but not after exposure to Ap,_,,, AA, or plaque-associated cytokines
like IL-1a, IL-1B, IL-6, or TNF-a. The stimulation of cells with LPS or
AA resulted in a significant (3.7- to 4.4-fold) increase in PgE, secre-
tion, whereas exposure to Ap, ,, or plaque-associated cytokines
did not have any effect. The COX-1 selective inhibitor, SC560, and
the COX-2 selective inhibitor, SC-236 (Figure 3), were used to as-
sess the relative involvement of the COX isoforms in LPS- or AA-
induced microglial PgE, secretion. LPS-induced PgE, secretion was
strongly (for 98%) inhibited by the COX-2 selective inhibitor (1 uM
SC-236) and only partially (for 86%) by the COX-1 selective inhibi-
tor (0.1 uM SC560). On the other hand, AA-stimulated PgE, release
was only reduced by the COX-1 selective inhibitor (-64% at 0.1 uM
SC560). Thus, inflammatory stimuli may cause an increase in pros-
taglandin production by the overexpression of COX-2, or indirectly
by stimulating microglia to produce more AA, which is subsequently
converted by constitutively expressed COX-1. COX-1 inhibitors
could (partly) counteract the effects of increased AA production by
inhibiting the prostaglandin production catalyzed by constitutively
expressed COX-1 (Hoozemans et al., 2002). In this study, no effect
of inflammatory stimuli on COX-1 expression could be detected, but
later, in vitro investigations in murine microglial cell lines reported
opposite findings (Calvello et al., 2012, 2017).

A second study examined the contribution of the COX enzymes
to the production of A peptide in CHO-APP_,  cells transfected
with human COX-1 or COX-2. The authors showed that transfection
with either COX-1 or COX-2 resulted in an increased production of
PgE, (4.5-fold and 6.5-fold, respectively), which subsequently stimu-
lated the production of Ap peptides. The nonselective COX inhibitor,
ibuprofen, could decrease the production of PgE, and the amyloid
peptides Ap,_,, and Ap,_,, in both COX-1 and COX-2-overexpressing
cells to control levels. This suggested that ibuprofen modulated Ap
peptide generation by inhibiting the COX-mediated production of
PgE, (Qin et al., 2003).

A third study employed cultures of primary cortical neurons and
microglial cells of embryonic mice to model the early stages of neu-
ronal dysfunction and neurodegeneration (Bate et al., 2006). Isolated
neurons were cultured for 5 days in neurobasal medium containing
B27 components. They were then exposed to amyloid-f, ,, (1 to
5 uM) or human prion protein HuPrP82-146 (1 to 5 uM), and isolated
microglial cells were added, in ratios of 1 microglial cell to 2.5, 5,
or 10 neurons. Amyloid-p,_,, or human prion protein HuPrP82-146
significantly impaired the survival of neurons in cocultures but not
in the absence of microglia. Survival was assessed after 4 days and
could be reduced from 100% to about 20%. To define the involve-
ment of the different COX isoforms, the neuron-microglia cocultures
were treated with either a COX-1 selective (SC560, valeryl salicylate,
and FR-122047) or COX-2 selective (LM-1685, SC-236, and DuP-
697) inhibitor prior to the addition of amyloid-g,_,, or HuPrP82-146.
The concentration of the pro-inflammatory cytokine IL-6 was re-
duced (dose dependently, up to 96%) and neuronal survival was
increased (in some cases up to control levels) in the presence of a
low (nanomolar) concentration of COX-1 selective inhibitors. COX-

2-selective inhibitors only demonstrated neuroprotective effects at
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FIGURE 2 Flow diagram of literature search

considerably higher (micromolar) concentrations. IL-6 was the only
cytokine examined in this study. These observations suggest that
COX-1 rather than COX-2 is involved in neuronal damage induced
by amyloid-p, ,, or HuPrP82-146. The authors also demonstrated
that neuronal survival was similarly impaired by incubation of the
neuron-microglia coculture with PgD, as with prion or amyloid pep-
tides. Thus, exposure of neuron-microglia cocultures to peptides and
proteins involved in neurodegenerative diseases activated the COX-
1-mediated production of PgD, and subsequently caused neuronal
damage (Bate et al., 2006).

A fourth study evaluated COX-1 expression in transgenic A53T
mice that overexpressed an inducible a-synuclein gene. Cultured
microglial cells acquired from postnatal day 1 mice pups were ex-
posed to conditioned medium derived from cultured astrocytes har-
vested from the A53T mouse brain stem. In microglia exposed to
this conditioned medium, COX-1 expression (nRNA) and IL-18 levels
were significantly upregulated (25- and 10-fold, respectively) while

the expression of COX-2 was unaffected, as compared to levels in

microglia cultured in regular control medium (Gu et al., 2010). These
results suggest that astrocytes loaded with a-synuclein release sig-
nals that activate microglia and stimulate them to produce COX-1.

A fifth study (Calvello et al., 2012) stimulated a microglial cell
line (N13) with LPS for 24 hr or 48 hr and observed more than three-
fold increased protein levels of both COX isoforms and 2.5- to 2.6-
fold enhanced release of PgE, in comparison to untreated cells. This
finding is in contradiction with the initial study mentioned above
(Hoozemans et al., 2002), which reported that LPS did not influence
the expression of COX-1 protein or mRNA. Since cells were stimu-
lated with the same concentration of LPS (1 ug/ml) in both cases, this
discrepancy in COX-1 response could originate from the dissimilar
cell type (isolated microglia vs. microglial cell line), species (human
vs. mouse), medium (DMEM/Ham's F10 1:1 vs. RPMI 1640), and in-
cubation procedure (24 hr vs. 48 hr) employed in both studies.

The same study showed with immunoblotting that COX-1 se-
lective inhibitors caused a significant (>70%) reduction of COX-1

protein in the LPS-stimulated cells, whereas COX-2 expression was
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FIGURE 3 Chemical structures of COX-1 or COX-2 selective inhibitors

unaffected. Conversely, COX-2 inhibitors reduced COX-2 expression
(maximally by 78%), but did not change COX-1 expression. COX-1
inhibitors also reduced the expression of cytosolic prostaglandin E
synthase (maximally by 47%) and the production of PgE, (maximally
by 64%). Both COX-1 and COX-2 selective inhibitors reduced activa-
tion of the nuclear transcription factor NF-kp and the production of
NO (Calvello et al., 2012). The authors concluded that the expres-
sion levels of COX-1 and COX-2 are independent, that is not affect-
ing each other.

A final study from the same group (Calvello et al., 2017) re-
ported the results of a series of experiments on BV2 microglial cells
that were stimulated with LPS. After 48 hr of stimulation, the cells
showed a 3.4-fold increase in COX-1 protein levels in comparison
to unstimulated cells, and a 4.4-fold increase in the release of PgE,.
The COX-1 selective inhibitors P6 and mofezolac completely coun-
teracted the LPS-induced increase in COX-1 expression and release
of PgE, and inhibited NF-xp activation. The protein levels of COX-2

in the same cell lysates were unaffected by the COX-1 inhibitors,

which confirmed that the roles of COX-1 and COX-2 were indeed
independent.

3.2 | Animal studies

Several studies in experimental animals have reported an involve-
ment of COX-1 in neuroinflammation (Table 2). In an initial study,
LPS was intracerebroventricularly injected in COX-1""and wild-type
mice (Choi et al., 2008). Twenty-four hours later, significantly less
neural damage, activation of microglia (-22 to -28%), and expres-
sion of PgE, (-50%), COX-2 mRNA (-14%), cytokines (IL-18 -79% and
TNF-a =76%), and other inflammatory mediators were observed in
the knockout animals than in wild-type controls. The administration
of the COX-1 selective inhibitor SC560 to wild-type mice prior to
LPS injection inhibited the expression of cytokines and prostaglan-
dins in a similar manner as genetic deletion of COX-1. These results
suggested that COX-1, rather than COX-2, was the main isoform
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TABLE 2 Animal studies concerning the involvement of COX-1 in neuroinflammation

Animal

COX-1"" knockout mice

Wild-type mice

COX-1"" knockout mice

COX-17" knockout mice

COX-27~ Knockout mice

Wild-type mice
COX-1"" knockout mice

COX-2""~ Knockout mice
Wild-type mice
Wild-type mice

COX-17" knockout mice

A53T mice

Mice

Stimulus

LPS

LPS

Ap

LPS

LPS

LPS

IL-1B-
overexpression

Mutant
a-synuclein

LPS

COX expression

COX-1:

COX-1: 1

COX-1: ]

COX-1: 1

Not determined

Not determined

COX-1: 1
COX-2: =
COX-1: |
COX-1: 1

Not determined

COX inhibitor

COX-1:
SC560

COX-1:
SC560
COX-2:
NS398

COX-1:
SC560

COX-1:
SC560

COX-1:

Piroxicam
Sulindac
COX-2:
Nimesulide

Niflumic acid

Outcome parameter
[Number of replicates]

Neuronal damage: |
Oxidative stress: |,

PgE,, PgD,, PgF,.: |
Thromboxane B,: |

Pro-inflammatory
cytokines: |

Pro-inflammatory
chemokines: |

[Group size 4 to 6]
Neuronal damage: |
Oxidative stress: |,
Glial cell activation: |
[Group size 3 to 4]
PgE,l

No effect

[Group size 3 to 5]
MMP-9 |

MMP-9 1

BBB damage T

[Group size 5 to 8]
Leukocyte infiltration |

Leukocyte infiltration T

[Group size 3 to 6]

PgE,l

PgE,l

[Group size 3 to 9]
Life span?T

[Group size 3]

Open field behavior and
burrowing restored after
COX-1 inhibition

Not restored after COX-2
inhibition

[Group size 3 to 5]

Ref
Choi et al. (2008)

Choi and Bosetti (2009)

Garcia-Bueno et al. (2009)

Aid et al. (2010)

Choi et al. (2010)

Matousek et al. (2010)

Gu et al. (2010)

Teeling et al. (2010)

(Continues)
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TABLE 2 (Continued)

Animal Stimulus

Rat B-Amyloid

COX-1"" knockout mice LPS

Wild-type mice

ME7 mice Prion protein

LPS

Prion protein

IL-B
Transgenic AD (3xTg-AD) -
mice
Mice LPS
Wild-type mice Prion protein

IFNAR1™~ knockout mice

COX expression
COX-1: =
COX-2: 1

Not determined

COX-1: 1

COX-1: 1

Not determined

COX-1: 7
COX-2: 1

COX-1: 1
COX-1: =

COX inhibitor
COX-1:
SC560

COX-2:
NS398

COX-1:
SC560

COX-2:
NS398
Nonselective
Ibuprofen
COX-1:
SC560

COX-1:

Mofezolac

COX-1:
SC560

Outcome parameter
[Number of replicates]

TNF-al

PsE,l
Caspase-3 |
Neuronal loss |
Astrogliosis |
COX-2 |
TNF-al

PgE2]
Caspase-3 |
Neuronal loss |
Astrogliosis |
[Group size 3 to 5]

Proliferation,survival,
differentiation of
hippocampal progenitor
cells | in WT, but =in
COX-17" mice

[Group size 4 to 6]
IL-1p: =

IL-6: =

TNF-a: =

PgE,l

cognitive deficits|

No effect

cognitive deficits|
[Group size 4 to 7]
TNF-ad

iNOS|

[Group size 6]
p-lkfad

COX-1 |

COX-2: =

PgE, |

GFAP |

IBA-1 |

[At least five independent
replicates]

PgE,l

PgE,l

Neuronal loss |
Disease progression |,

[Group size 3 to 7]

Neuroscience Researc

b 2985

Ref

Dargahi et al. (2011)

Russo et al. (2011)

Griffin et al. (2013)

Choi et al. (2013)

Calvello et al. (2017)

Nazmi et al. (2019)

(Continues)
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Animal Stimulus COX expression

COX-1 knockout mice

TLR double knockout
mice

Social defeat Not determined

Note: Studies are listed in chronological order.

Outcome parameter

COX inhibitor [Number of replicates] Ref

COX-1: PgE,l Nie et al. (2019)
SC560 COoX-1]

COX-2: PgE,l

SC236 COX-2: =

[Group size 7]

The underlining in column 4 indicated which type of inhibitors (COX1 or COX2 or nonselective), the inhibitors mentioned underneath are.

involved in neuroinflammation. This hypothesis was confirmed by
another study (Aid et al., 2008) which used COX-2-deficient mice
(COX-27"). LPS-induced neuroinflammation in COX-2~~ mice led not
to a reduction, but an increase in reactive microglia (+40%) and the
expression of inflammatory mediators (IL-18 + 100%, TNF-o + 124%)
compared to wild-type mice. This exacerbated inflammatory re-
sponse in COX-2 knockout mice indicated that COX-2 was not a
major contributor to the neuroinflammatory response to LPS. A third
study investigated the role of COX-1 in amyloid-induced neuroin-
flammation by injecting p-amyloid (Ap,_,,) in the lateral ventricle of
COX-1"" and wild-type mice. COX-17~ knockout mice showed less
AB,_4,-induced neuronal damage (-95%), oxidative stress, and glial
cell activation (-79%) than wild-type mice, suggesting that COX-1
played an important role in amyloid-induced neuroinflammation
(Choi & Bosetti, 2009).

Later studies from the same group examined the role of the
COX isozymes in blood-brain barrier (BBB) disruption during neu-
roinflammation. Matrix metalloproteinase-9 activity (MMP-9) after
intracerebroventricular injection of LPS was decreased in COX-17"
mice (-24% in cortex and -29% in hippocampus), but significantly
increased in COX-2”~ mice (+38% in cortex and +33% in hippo-
campus) compared to wild-type controls (Aid et al., 2010). Similar
changes were observed in the activity of MMP-3, and in this case,
both the decreases in COX-17" and increases in COX-2”~ animals
were statistically significant. As a consequence of this modulation
of MMP activity, LPS-induced disruption of the BBB was reduced
in COX-17" mice (-26% in whole brain and -31% in hippocampus),
but significantly increased in COX-2”" mice (+114% in whole brain
and +180% in hippocampus; Aid et al., 2010). Thus, COX-2 activity
seemed necessary to maintain BBB integrity after an inflammatory
stimulus, whereas COX-1 exacerbated the LPS-induced BBB dam-
age. In a follow-up study, ionized calcium-binding adapter mole-
cule-1 (Iba-1, a microglia marker), myeloperoxidase, 7/4 (neutrophil
markers), and various cytokines were quantified in wild-type and
knockout mice after intracerebroventricular injection of LPS. The
number of neutrophils in the brain after LPS administration was 10-
fold reduced in COX-1"" but 50% increased in COX-2"~ mice, com-
pared to wild-type controls. The data of this study suggested that
inhibition of COX-1 reduced but inhibition of COX-2 increased the
neuroinflammatory response and leukocyte recruitment to the brain
(Choi et al., 2010).

In a study from another group, a systemic (i.v.) injection of LPS
was applied to induce neuroinflammation in rats, and COX-1 immu-
noreactivity in endothelial, perivascular, and parenchymal microglial
cells was subsequently determined. The expression of the COX-1
protein in endothelial cells of the brain was fivefold enhanced, 1
to 3 hr after the LPS injection. A 3.5-fold increase in cerebral PgE,
secretion was also observed during this early phase. These effects
were attenuated by intracerebral treatment with the COX-1 selec-
tive inhibitor SC560, whereas COX-2 inhibitors did not reduce the
secretion of PgE,. These findings suggested a pro-inflammatory role
of COX-1 in neuroinflammation (Garcia-Bueno et al., 2009).

A study in a transgenic mouse model showed that the overex-
pression of IL-1p was accompanied by a significant increase in COX-1
mRNA (2.4-fold after 1 week, 2.9-fold after 2 months), but not by
an increase in COX-2 mRNA or protein levels. Studies in COX-1
knockout mice revealed that deletion of COX-1 abolishes the IL-
1p-mediated (>2-fold) increase in PgE, release and neuroinflamma-
tion. Pharmacological treatment with the COX-1 selective inhibitor
SC560 caused a similar reduction in the IL-1p-induced release of
PgE, as genetic deletion of COX-1. The immunohistochemical stain-
ing of brain tissue of transgenic mice with IL-1p activation demon-
strated about 40% lower levels of glial fibrillary acidic protein (GFAP)
mRNA in COX-1 knockout mice compared to wild-type mice. These
data suggested that COX-1 was involved in astrogliosis (Matousek
etal,, 2010).

A therapy-oriented study investigated the role of COX-1 in a
transgenic animal model of Parkinson's disease that selectively
expressed mutant o-synuclein in astrocytes (Gu et al., 2010).
Symptomatic mice showed a significant increase in reactive microg-
lia (highest value in brain stem, 4.8-fold) along with an upregulation
of COX-1 mRNA (2.4-fold). When these transgenic A53T mice were
treated with a single daily dose of the selective COX-1 inhibitor
SC560 for 8 days, a significant extension of their life span was ob-
served. These results suggest that COX-1 plays a pivotal role in a-
synuclein-induced neurodegeneration.

In another study, a solution of amyloid-B (AR) was bilaterally in-
jected into the prefrontal cortex of Wistar rats. Thirteen days after
the Ap injection, an inflammatory response (6.3-fold increase in TNF-
«, >10-fold increase in PgEZ) and a 2.4-fold increase in COX-2 protein
were observed, while COX-1 protein levels remained unaffected. A

fixed intracerebroventricular cannula was surgically inserted in the
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animals, to enable repetitive administration of a COX-1 or COX-2 se-
lective inhibitor. The chronic administration of the COX-1 selective
inhibitor, SC560, the COX-2 selective inhibitor, NS398, or a combi-
nation of both equally attenuated the neuroinflammatory response
to AB, as demonstrated by a reduced overexpression of TNF-a and
PgE, (now both <2-fold), attenuated caspase-3 activation, reduced
neural loss and diminished astrogliosis. Treatment with a selective
COX-1 inhibitor completely blocked the Ap-induced overexpression
of COX-2. The authors concluded that both COX isoforms are in-
volved in neuroinflammation, but COX-1 is essential for the induc-
tion of COX-2 (Dargahi et al., 2011).

An interesting study demonstrated that the proliferation, sur-
vival, and differentiation of hippocampal progenitor cells was sig-
nificantly reduced (-34 to -35%) in wild-type but not significantly
altered in COX-1"" mice after intracerebroventricular administration
of LPS (Russo et al., 2011). Thus, COX-1 appeared to be involved in
the inhibition of hippocampal neurogenesis induced by LPS.

The link between COX-1, neuroinflammation, and cognitive defi-
cits was explored in the ME7 progressive neurodegeneration mouse
model for prion disease. An intraperitoneal injection of LPS was used
as an additional systemic inflammatory stimulus. This animal model
is characterized by cognitive dysfunction, glial cell activation, COX-1
overexpression in microglia and perivascular macrophages, and a
concomitant increase in the expression of PgE,. The administration
(i.p.) of the COX-1 selective inhibitor SC560 60 min prior to LPS in-
jection did not reduce the LPS-induced increase in pro-inflammatory
markers, such as IL-1f, IL-6, TNF-a, but attenuated the response of
hippocampal and thalamic PgE, levels (by at least 85%), and reduced
LPS-induced cognitive deficits. In contrast to the COX-1 inhibitor,
the COX-2-specific inhibitor NS398 did not have any modulating
effect on PgE, release or cognition, suggesting that the PgE, over-
expression in thalamus and hippocampus was COX-1 dependent.
Another group of ME7 animals was used to examine the effect of
intraperitoneal administration of IL-1p on the induction of PgE, syn-
thesis. In this group of animals, systematic administration of IL-1p
was sufficient to replicate the effect of LPS on working memory
deficits. Pretreatment with the nonselective COX inhibitor, ibupro-
fen, counteracted the effect of IL-1p. Data from this study suggested
that COX-1-dependent prostaglandin expression in the context of
neuroinflammation may lead to deficits in working memory (Griffin
etal, 2013).

Another study examined the role of COX-1 in microglial activa-
tion and the correlation of amyloid and tau pathology with neuroin-
flammation in the 3xTg-AD transgenic mouse model of AD. These
mice express the mutant human genes PS1M146V, APPswe, and
TauP301L (Choi et al., 2013). The animals received a single daily dose
of the COX-1 inhibitor SC560 for 8 days, at the age of 20 months,
when they showed memory deficits and deposition of amyloid and
phosphorylated tau. SC560 administration altered the microglial
activation phenotype and reduced the levels of TNF-a (-43%) and
iNOS (-52%), but did not change the levels of full-length amyloid pre-

cursor protein. Behavioral tests showed that SC560 administration

Neuroscience Researc

improved spatial learning and memory retention in 3xTg-AD mice.
These results indicated that COX-1 played a significant role in neu-
roinflammation in this mouse model of AD.

In a subsequent study, LPS was injected in the lateral cerebral
ventricle of adult male mice to evoke an inflammatory response
(Calvello et al., 2017). Animals were treated with a daily 6 mg/kg
dose (i.p.) of the selective COX-1 inhibitor, mofezolac, for 10 days,
starting 7 days before LPS injection. Three days after the adminis-
tration of LPS, the regional protein levels of both COX-1 and COX-2
were increased in control mice (8- to 21 fold, and 2.5- to 46-fold, re-
spectively). The administration of mofezolac selectively prevented
the upregulation of COX-1, but not of COX-2, in all examined brain
regions (caudate-putamen, hippocampus, frontal lobe, and sub-
stantia nigra). The LPS-induced increase in the release of PgE, was
completely inhibited by mofezolac, suggesting that COX-1, rather
than COX-2, was responsible for the increased production of PgE,.
Treatment with mofezolac reduced the LPS-induced increase in
the expression of two markers of inflammation, GFAP (activated
astrocytes) and IBA-1 (expressed by microglia). The COX-1 inhibi-
tor also diminished the LPS-induced increase in p-lkpa expression,
indicating that activation of the NF-kp pathway was inhibited by
mofezolac.

Another study aimed to investigate whether interferon is in-
volved in the prion protein-induced upregulation of COX-1. Scrapie
(ME7 strain)-infected brain homogenate was inoculated in wild-type
and heterodimeric interferon o/p receptor 1-deficient (IFNAR17)
mice. COX-1 mRNA was significantly (3.4-fold) elevated in ME7-
treated wild-type mice, but not in ME7-treated IFNAR1”™ mice.
Treatment of wild-type mice with ME7 resulted in a 2.1-fold increase
in the production of PgE,, which was completely blocked after treat-
ment with the COX-1 inhibitor SC560. Deletion of the IFNAR1 gene
resulted in a similar inhibition of the ME7-induced overproduction of
PgE,. These results indicated that the interferon signaling pathway
is involved in the prion protein-induced overexpression of COX-1
and could thus indirectly affect the production of PgE, (Nazmi
etal., 2019).

A final study examined the role of Toll-like receptors (TLR) in
neuroinflammation and microglial activation in COX-1 (Ptgs1) knock-
out mice and TLR 2/4 (TIr2/4) double knockout mice exposed to re-
peated social defeat stress (SDS) for 10 days (Nie et al., 2019). SDS
induced PgE, release (increase +53% above control levels in the
whole brain) of wild-type mice, but not COX-1 or TLR 2/4 knock-
out mice. The administration of either the COX-1 selective inhibitor,
SC560, or the COX-2 selective inhibitor, SC-236, could suppress the
SDS-induced PgE, release. PgE, release in cortical regions was not
affected by SDS in any of the mouse strains. The study findings in-
dicated an involvement of TLR 2/4 in the SDS-induced expression of
COX-1, since COX-1 mRNA in subcortical regions was significantly
(~35%) lower in TLR 2/4 knockout mice than in wild-type mice after
SDS, while COX-2 mRNA levels were not significantly different.
These data suggested a significant role for TLR in the SDS-induced
COX-1-mediated release of PgE,.
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3.3 | Postmortem studies in humans

A very early study examined the levels of COX-1 mRNA in subcor-
tical white matter of human immunodeficiency virus (HIV)-positive
individuals with and without dementia (Table 3) (Griffin et al., 1994).
Subjects with dementia showed an almost twofold higher expression
of the COX-1 gene than nondemented subjects, but the difference
did not reach statistical significance because of a high interindividual
variability in the patient groups. Yet, this observation suggested a
potential involvement of COX-1 in neuroinflammatory damage to the
human brain.

A later study evaluated the expression of COX-1 and COX-2 in
postmortem brains of five patients with AD and five healthy con-
trols (Yasojima et al., 1999). This study reported that both COX-1
and COX-2 were constitutively expressed in the brains of patients
with AD and control subjects. COX-1 mRNA was slightly (<2-fold)
higher in the brain of patients with AD, but this difference was not
statistically significant in any brain region. In contrast, COX-2 mRNA
levels were significantly (twofold to threefold) upregulated in several
regions of the brain of patients with AD, in particular in entorhinal
cortex, hippocampus, midtemporal gyrus, substantia nigra, and thal-
amus (Yasojima et al., 1999).

Another study on postmortem brain tissue of seven patients clin-
ically diagnosed with AD and six controls that was published in the
same year reported that COX-1 protein levels in both the cytoso-
lic and particulate fraction of the temporal cortex of patients with
AD were significantly (40%-50%) increased compared to controls
(Kitamura et al., 1999). The expression of COX-2 was also signifi-
cantly increased in the brain of patients with AD (by approximately
80%), but only in the particulate fraction of the temporal cortex.

A third study examined hippocampus and cortical tissue of
10 patients clinically diagnosed with AD and 10 control subjects
(Yermakova et al., 1999). The authors observed COX-1 immunore-
activity in hippocampal and cortical neurons and also in microglial
cells, but not in astrocytes. The amount of COX-1 protein in microg-
lia was not dependent on their activation state. However, since the
density of microglia is increased in the cortex of patients with AD,
an absolute increase in the concentration of COX-1 immunoreactive
cells was observed in AD (+38 and +31% in cortical layers Il and llI,
respectively).

In a fourth study, the temporal and frontal cortex of patients with
AD and nondemented controls was investigated postmortem using
immunohistochemistry (Hoozemans et al., 2001). The expression of
COX-1in microglial cells of white and gray matter of patients with AD
and healthy controls was determined. The number of COX-1-positive
microglial cells in frontal and temporal cortex was higher in patients
with AD than in controls, and the COX-1-positive microglia in pa-
tients with AD were mainly located in the proximity of Ap plaques.
Neural expression of COX-2 was detected, with a higher density of
COX-2-positive neurons in the brains of patients with AD, as com-
pared to the control group. The number of COX-2-positive cells in
the cortex of patients with AD was almost threefold higher than in

nondemented controls (9.5 + 1.3 vs. 3.6 + 1.5%, respectively), and

was suggested to be an early indication of AD pathology occurring
before the formation of plaques or tangles. The distinct expression
patterns of COX-1 and COX-2 that were observed in this study may
indicate that the two COX isoforms are involved in different cellular
processes in the AD brain.

A fifth study investigated the localization of COX-1 and COX-2 in
cortical tissue of four control subjects and eight patients diagnosed
with sporadic Creutzfeldt-Jakob disease (Deininger et al., 2003). In
healthy brains, COX-1 protein was observed in microglial cells and oc-
casionally in neurons, whereas COX-2 protein was found in neurons
and occasionally in endothelial cells. In patients with Creutzfeldt-
Jakob disease, significantly more COX-1-expressing microglial cells
adjacent to hypertrophic neurons were observed (mean labeling
scores 2.6 + 0.18 vs. 1.5 + 0.5 in healthy controls). The number of
COX-2-expressing cells was also significantly higher in patients than
in controls (mean labeling scores 2.5 + 0.19 vs. 0.5 + 0.29, respec-
tively), in particular in neurons and astrocytes of brain regions with
severe tissue damage. Based on their results, the authors concluded
that COX-1-expressing microglia and COX-2-expressing neurons are
involved in the pathology of sporadic Creutzfeldt-Jakob disease.

The expression of COX-1 has not only been investigated in post-
mortem brain samples of patients with neurodegenerative diseases,
but also in patients with psychiatric disorders. One study examined
the AA cascade which leads to the generation of prostaglandins
(Maida et al., 2006). The authors quantified the regional expression
of COX-1, COX-2, and cytosolic prostaglandin E synthase in post-
mortem brain tissues of normal subjects and patients with bipolar
disorder (BD), major depressive disorder (MDD), and schizophrenia.
Immunohistochemical and western blot analysis did not reveal any
significant differences in COX-1 or COX-2 protein levels for any brain
region between the patient groups. However, a significant decrease
(=30 to -35%) in the expression levels of cPGES protein was found
in the frontal cortex of patients with BD, MDD and schizophrenia
relative to healthy controls. In patients with BD, a 38% decrease was
also noted in the temporal cortex. Medicated patients did not show
any differences in the expression level of COX-2 and cPGES com-
pared to controls, except for a 27% decrease in cPGES in the frontal
cortex of patients with BP that approached significance (p = 0.054).
Nonmedicated patients showed a marginally significant increase in
COX-2 expression (p = 0.047) and a significantly (-62%) reduced
cPGES expression in frontal cortex (p < 0.001), compared to controls.

A final study measured several enzymes of the AA cascade in
postmortem frontal cortex from 10 patients with BD and 10 age-
matched controls (Kim et al., 2011). Cytosolic phospholipase A2,
secretory phospholipase A2, COX-2, and membrane prostaglandin
E synthase protein and mRNA levels were significantly elevated in
the frontal cortex of patients with BD(protein +87, +92, +82, and
+71%, mRNA threefold, sixfold, 3.4-fold, and 2.6-fold, respectively),
while protein and mRNA levels of COX-1 and cytosolic prostaglan-
din E synthase were significantly reduced (protein -40% and -54%,
mMRNA -40% and -24%, respectively), compared to controls. These
results suggested that the AA cascade was upregulated in patients

with BD, which could be related to underlying excitotoxicity and



2989

JOURNALOF
Neuroscience Research

GHAZANFARI ET AL.

(TT0T) 'I!B 3o wiy

(9002) '|e 32 epieln

(€002) ‘e 32 423uIuteQ

(¢007) ‘|8 12 gemyds

(T00Z) '|e 32 suewazooH

(666T) ‘| 32 BAOYEULIDA

(666T) '|e 19 eAnwiEl|

(666T) '[e 3 eUWIfOSEA

(7661) 1832 UL
ER:

vy
12-X0D
T1-X02

=:¢-X02
=1-X0D
1 :s914004358
pue suounau 3uissaidxa-z-X0D Jo JoquinN

L :endouniw 3uissaudxa-1-XOD J0 JoquinnN

Jengouoiw sanisod
-I-XOD J0 JaquinN |,5[|92 9]2snw yjoows
pue |eljay1opua [9SSaA Ul Uoissatdxa T-X0OD

Jlsuounau aanisod-g-xQD 40
JaquinN Jelj8otoiw aApisod-T-x0OD 40 JaquinN
1 el8ouniw aanisod T-XOD 40 JlaquinN
= :uoissaldxa T-X0D
(%08) Ajuo uonoeuy rendiied ul 1 Z-XOD

(%05-%0v)
uoljoely aje|ndijied pue d21j0s03Ad Ul | T-XOD

PIO4 €-C 1L T-XOD
=T-X0D

sjuajed pajuswapuou 0} patedwod ejjusawap
Yam sjenpiaipul sAisod-AlH Ul | T-XOD

2W023IN0 PaAIISqO

X3}J02 |ejuod4

SuoI3aJ |eJaAS

X3310D

|e3idip20-03a14ed ‘jesodwajolaried
‘leseqolodwa} ‘|e31did20 ‘|eseqojuo.y
‘|lesodwajojuouy ‘|e3aliedojuod) ‘[ejuo.

X33}40) |ejuod4

X93402 ‘sndwedoddiH

X}400 [eJodwa]

snwejey; pue ‘es3iu e;puelsqns ‘snuA3

|edodwalpiw ‘sndwedoddiy ‘Xa340 [eulydojuly

J9)3eW 3}IYM |ed13400qgNng

suoi8au pajdwes

"JapJo |ed130|0U0IYD U] Pa3s]| 31 SIPNIS 930N

0T = (]oJ3u0d) U

or=(agu
ST =(zS)u
ST =(aq)u
ST=(ag)u

t = (joJuod) u

8=()u
Ie=u

9 = (j0J3u0d) U
9=(@vu

0T = (]oJ3u0d) U
or =(@avu

9 = (j0J3u0d) U

L=(av)u

G = (Jo43u0d) u
g=(@vu

£ = (eUSWap InOYM) U
1T = (enuawap yym) u

9zis 9|dwes

JapJosip Jejodig
elualydoziydg
uojssaldap Jofe|y

JapJosip Jejodig

3seas|p qoer-}p|a4znal) dipesods

Aianfur uteaq onewned)

av

av

av

av

uond34ul AIH

sisouseiq

UOIJEWIWEJUI0INAU U] T-XOD JO JUSWIA|OAU] Y} SUjUIaDU0D sajdwles ujelq Uewny Uo SaIpN}s Walowlsod € J19V.L



2 9 90 JOURNAL OF
N

GHAZANFARI ET AL.

euroscience Research
11 CH 3
F OR Q
(0]

[''C]Flurbiprofen methyl ester

1
CH,

[''"C]Fenoprofen methyl ester

MeO.

Me
MeO

[*F]-d,-PS2

[''C]Ketoprofen methyl ester

["'C]Loxoprofen methyl ester

['C]PS1

1
CH; CH;
OR OR

o) 0]

["'C]Ibuprofen methyl ester

1
1 CHs
CH,
OR
¢ * L
0]
OR O \O

[""C]Naproxen methyl ester

MeO H,'CO
_N
N />\ocD21sF = /N>_ /CFs
~N N n%\ Hj'co N O

MeO
[M'C]IPS13

FIGURE 4 Structure of PET radiotracers developed targeting COX-1 expression

neuroinflammation. This process seemed to mainly involve the
COX-2 pathway, whereas the COX-1 pathway was inactivated as a

compensatory response.

3.4 | PET imaging of COX-1 expression

Advanced neuroimaging techniques allow the assessment of physi-
ological and pathological alterations in specific biologic targets in
living subjects. This includes the quantification of inflammatory
markers (Lancelot & Zimmer, 2010). Positron emission tomography
(PET) is a noninvasive molecular imaging modality with high sensi-
tivity for detecting small changes in the biological target of inter-
est (Cagnin et al., 2007; Kannan et al., 2009; Meyer et al., 2020). If
positron-emitting radioligands with sufficient target affinity, target
specificity, and passage across the BBB would become widely avail-
able, PET could be used to investigate and elucidate whether COX-1
is involved in neuroinflammatory processes. Several candidate
PET tracers for imaging of COX expression have been developed.
Most candidate PET tracers were developed for COX-2 imaging

since COX-2 was considered as the inducible isozyme involved in

neuroinflammation. The success of these tracers has been limited
(de Vries et al., 2003, 2008; Gao et al., 2009; Laube et al., 2013;
Majo et al., 2005; Shrestha et al., 2020; Uddin et al., 2011; Wuest
et al., 2008). Only in the last decade, scientists have started to de-
velop PET tracers for COX-1 (Figure 4; Table 4).

Japanese radiochemists radiolabeled six nonsteroidal anti-
inflammatory drugs (NSAIDs: ibuprofen, naproxen, flurbiprofen,
fenoprofen, ketoprofen, and loxoprofen) and their methyl ester
prodrugs with the positron-emitting isotope carbon-11 and eval-
uated them as potential PET tracers for imaging COX-1 expression
in a rat model of neuroinflammation induced by unilateral injection
of LPS into the striatum (Takashima-Hirano et al., 2010). All labeled
methyl ester prodrug compounds except [*1Clibuprofen methyl ester
showed high uptake in the vicinity of the LPS injection site. The high-
est accumulation in the inflamed striatum was observed for [*'C]
ketoprofen methyl ester. The authors performed postmortem immu-
nohistochemistry to confirm upregulation of COX-1 at the LPS injec-
tion site. The specificity of [*'Clketoprofen methyl ester for COX-1
was demonstrated in blocking studies, in which the animals were
pretreated with an excess of unlabeled ketoprofen methyl ester. As

expected, this pretreatment resulted in a significant (-42%) decrease
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in tracer accumulation at the site of LPS injection, since the unlabeled
and labeled molecule competed for the same target. In contrast to its
methyl ester prodrug, [**Clketoprofen did not show any accumulation
at the LPS injection site in this animal model. The authors explained
the lack of detectable accumulation of [*'Clketoprofen at the injec-
tion site by a low penetration of ketoprofen across the BBB (Table 4).

The same group further evaluated the active (S)-enantiomer of
[*'Clketoprofen methyl ester ((S)-[*!CIKTP-Me) in COX-1- or COX-2-
deficient mice to define COX subtype selectivity. (S)-[*'CIKTP-Me
showed highest uptake in the hippocampus, cerebral cortex, and
cerebellum of wild-type mice. Significantly (up to 50%), lower up-
take of the tracer was observed in the brain of COX-1"" knockout
mice, whereas tracer uptake in COX-27"~ knockout mice was simi-
lar to that in wild-type controls, demonstrating the selectivity of
(S)-*'CIKTP-Me for COX-1 (Shukuri et al., 2011). The tracer was
subsequently evaluated in a neuroinflammation model, generated
by unilateral injection of either LPS or quinolinic acid into the stria-
tum of rats. The PET scans showed high uptake of (S)-[*'C]IKTP-Me
around the injection site. Tracer accumulation was visible after 6 hr,
peaked after 1 day and had returned to baseline 1 week after stereo-
tactic injection of the toxin (Shukuri et al., 2011). Postmortem analy-
sis by immunohistochemistry confirmed that COX-1 expression was
increased by the same time course as tracer uptake in the PET scan.
The pharmacologically active enantiomer (S)-[**CIKTP-Me demon-
strated higher uptake at the site of neuroinflammation than racemic
[IC]IKTP-Me or the less active enantiomer (R)-[*'C]KTP-Me (+49%
and +115%, respectively [Shukuri et al., 2016]).

PET imaging with (S)-[*!C]KTP-Me has also been used to explore
the involvement of COX-1 in disease progression in amyloid pre-
cursor protein transgenic (APP-Tg) mice, an animal model of AD. A
significant increase in the brain uptake of the tracer was noted as
the disease progressed (twofold in hippocampus, between ages 8
and 24 months). This increase was in agreement with histopathology,
which confirmed the presence of a time-dependent increase in Ap
plaques and reactive microglia. Ex vivo analysis of brain tissue con-
firmed that increased accumulation of (S)-[}!C]JKTP-Me was indeed
associated with increased COX-1 expression by reactive microglia
surrounding Af plaques in the hippocampus and frontal cortex.

A first-in-human PET study was performed with racemic [*!C]
KTP-Me in six healthy male volunteers (Ohnishi et al., 2014). The
study indicated that [**C]KTP-Me could be safely applied to human
subjects, but was rapidly metabolized to [''Clketoprofen (within
2-3 min). The same group (Ohnishi et al., 2016) applied racemic [1!C]
KTP-Me PET to study COX-1 expression in patients with AD or mild
cognitive impairment (MCI), but did not find any significant differ-
ences in tracer uptake between healthy volunteers and amyloid-
positive subjects with MCl or AD. The lack of specific tracer uptake
in this clinical study could be due to the absence of overexpression
of COX-1 in cognitively impaired subjects or to insufficient sensitiv-
ity of the PET tracer to detect a rather minor overexpression. Rapid
conversion of the methyl ester prodrug to [*'Clketoprofen and lim-
ited ability of [*'C]-ketoprofen to cross the BBB could also explain

the absence of specific tracer uptake.

Researchers from the National Institutes of Health developed
novel PET tracers for imaging of COX-1, namely [*!C]PS1, [*'C]PS13,
and [*®F]PS2 (Kim et al., 2018; Shrestha et al., 2018; Singh et al., 2018).
[*'C]PS13 showed rather high uptake and considerable specific bind-
ing to COX-1 in the healthy monkey brain. Pretreatment of the ani-
mals with unlabeled PS13 at a dose of 1 mg/kg showed that 55% of
the brain uptake of the tracer represented specific binding. The brain
uptake of [*!C]PS13 was later compared to that of [*'CIMC1, a suc-
cessful radioligand for imaging and quantification of COX-2 (Shrestha
et al., 2020). In contrast to [*'C]PS13, the COX-2 tracer [*'C]MC1 did
not show any specific binding in the healthy monkey brain, although
specific binding was observed in ovary tissue.

A first-in-human PET study with [**C]PS13 has been performed
in 10 healthy volunteers. The hippocampus and occipital cortex
showed the highest tracer uptake, followed by the pericentral cor-
tex. A significant correlation was observed between COX-1 mRNA
levels provided by the Allen Human Brain Atlas and the regional dis-
tribution volumes of the tracer, suggesting that the regional uptake
of [*'C]PS13 indeed reflected regional COX-1 density in the human
brain (Kim et al., 2020).

Additional proof for the target specificity of [*!C]PS13 was ac-
quired in a PET study in mice bearing ovarian cancer xenografts
(Boyle et al., 2021). COX-1 overexpression in ovarian cancer is
associated with tumor progression (Malerba et al., 2020). ICRscid
mice with xenografts were scanned at baseline and after pretreat-
ment with 2 mg of ketoprofen in 20 ul dimethylsulfoxide (i.p). The
tracer could visualize all tumors, and tumor uptake was 2.7-fold
decreased after pretreatment with ketoprofen, which indicated
significant engagement of [*!C]PS13 with its COX-1 target (Boyle
etal., 2021).

Because of the short half-life of carbon-11 (20.4 min), 1'C-labeled
tracers cannot be distributed to remote imaging centers. After the
promising results acquired with [!C]PS13, the same group thus
attempted to radiolabel PS13 with 8F (half-life 109.8 min) (Taddei
et al., 2021). The resulting [*®F]PS13 was used to make two brain
scans (at baseline and after pretreatment with unlabeled PS13) in
two rhesus monkeys and a single whole-body scan in one monkey. A
high baseline uptake of the tracer was observed in the prefrontal and
parietal regions of the cortex, and tracer uptake was significantly
decreased after target blocking with PS13 (0.3 mg/kg, i.v.). However,
the molar activity of the acquired [*®F]PS13 was low (7.9 GBq/umol)
resulting in a high carrier dose at baseline and a small specific bind-
ing fraction of [*®F]PS13 in the monkey brain (about 33% vs. 55%
for [1*C]PS13). The radiochemical procedures for production of [*8F]
PS13 should thus be improved to acquire [*®F]PS13 with a higher
molar activity. Studies with [*®F]PS13 in animal models or patients

with neuroinflammation have not yet been reported.

3.5 | Summary of literature findings

All in vitro studies with cells derived from animals (Bate et al., 2006;
Calvello et al., 2012, 2017; Gu et al.,, 2010; Qin et al., 2003)
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showed an increase in COX-1 expression or suggested an impor-
tant role of COX-1 after exposure to an inflammatory stimulus.
This overexpression of COX-1 was accompanied by an increase
in the production of PgE,. Selective COX-1 inhibitors could pre-
vent COX-1 overexpression, reduce PgE, release and moderate its
downstream effects like amyloid deposition and neuronal dam-
age. In contrast, a single in vitro study with human microglial cells
(Hoozemans et al., 2002) indicated that COX-1 expression was not
affected by an inflammatory stimulus. Yet, selective COX-1 inhibi-
tors could reduce the production of PgE, also in human microglia
(Hoozemans et al., 2002).

Studies in experimental animals showed that inflammatory
stimuli like LPS, Ap, IL-1B, and social stress induced the overex-
pression of COX-1 (Calvello et al., 2017; Garcia-Bueno et al., 2009;
Griffin et al., 2013; Gu et al., 2010; Matousek et al., 2010; Nazmi
et al., 2019; Nie et al., 2019), probably via activation of TLR (Nie
et al., 2019). Most studies also showed that pharmacological in-
hibition of COX-1 had an anti-inflammatory effect and resulted
in suppression of the induction of inflammatory mediators like
PgE, and TNF-q, inhibition of the NF-xp pathway, neuroprotec-
tion and prevention of cognitive deficits and behavioral changes
(Calvello et al., 2017; Choi et al., 2008, 2013; Dargahi et al., 2011;
Garcia-Bueno et al.,, 2009; Griffin et al., 2013; Gu et al., 2010;
Matousek et al., 2010; Nazmi et al., 2019; Nie et al., 2019; Teeling
et al,, 2010). Interestingly, COX-1 appeared to be required for the
inflammation-induced upregulation of COX-2, thus both COX-1
and COX-2 seem to play a role in the inflammatory response of the
brain (Choi et al., 2008; Dargahi et al., 2011).

Postmortem analysis of tissue samples demonstrated COX-1
(Deininger et al., 2003; Kitamura et al., 1999; Schwab et al., 2002;
Yermakova et al., 1999) and COX-2 (Deininger et al., 20083;
Hoozemans et al, 2001; Kitamura et al., 1999; Yasojima
et al., 1999) expression in both the healthy and diseased human
brain. These analyses suggested that COX-1 was predominantly
expressed by microglia and occasionally by neurons, while COX-2
expression was mainly observed in neurons and astrocytes.
Although higher COX-1 levels were observed in brain tissue from
patients with neurodegenerative diseases than from healthy con-
trols, evidence suggested that this was mainly due to an increased
number of COX-1 expressing microglial cells near sites with brain
injury, rather than upregulation of COX-1 expression within the
microglia (Deininger et al., 2003; Schwab et al., 2002; Yermakova
et al., 1999). Postmortem studies did not provide any evidence for
COX-1 involvement in the neuroinflammation of psychiatric pa-
tients (Kim et al., 2011; Maida et al., 2006).

Preclinical PET imaging has provided evidence for an upregu-
lation of COX-1 expression in animal models of neuroinflammation
(Shukuri et al., 2011, 2016; Takashima-Hirano et al., 2010). However,
clinical PET studies could not detect any upregulation of COX-1 in
patients with AD or MCI (Ohnishi et al., 2016). Whether this discrep-
ancy is caused by methodological issues (insufficient sensitivity of
the PET technique) or by the absence of COX-1 overexpression in

the diseased human brain remains to be investigated.
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4 | DISCUSSION

A single study in cultured adult human microglia (Hoozemans
et al., 2002) suggested that increased release of PgE, by these
cells was not due to the overexpression of COX-1, but to increased
levels of the COX substrate AA. These results were in contrast
to studies in cells from experimental animals which reported an
overexpression of COX-1 after exposure to inflammatory stimuli
(Bate et al., 2006; Calvello et al., 2012, 2017; Gu et al., 2010; Qin
et al., 2003).

Various explanations have been offered to explain this discrep-
ancy between studies. One publication (Choi et al., 2013) suggested
that the relative contributions of COX-1 and COX-2 to the cellular
response could be time dependent since alterations in microglia and
neurons change as a function of time. The hypothesis is in line with
some animal studies which showed an increase in cerebral PgE, se-
cretion only in the early phase after administration of LPS (Garcia-
Bueno et al., 2009) and with the outcome of PET scans which could
visualize COX-1 expression in the rat brain only in the first 24 hr after
LPS injection (Shukuri et al., 2011).

Another explanation for the contradictory results could be the
existence of species differences between rodents and humans.
Results from imaging studies have indicated that such differences
may indeed exist. PET imaging with the tracer [*!*C]KTP-Me could
clearly detect LPS-induced COX-1 overexpression in rodents
(Shukuri et al., 2011, 2016; Takashima-Hirano et al., 2010), but was
unable to detect COX-1 overexpression in humans, in particular
in patients with AD or MCI (Ohnishi et al., 2016). On the other
hand, postmortem studies on human brain samples showed an
increase in the density of COX-1-expressing microglia in patients
with neurodegenerative diseases like AD, in particular in the prox-
imity of brain injury or protein deposits (Deininger et al., 2003;
Hoozemans et al., 2001; Kitamura et al., 1999; Yermakova
et al,, 1999). A similar increase was not observed in samples from
patients with psychiatric disorders, probably because psychiatric
disorders are associated with less neuronal damage than neuro-
degenerative disease (Kim et al., 2011; Maida et al., 2006). The
failure of PET imaging to detect COX-1 overexpression in AD may
have been caused by a dispersed pattern of localized increases
in microglial density around amyloid plaques. Such increases may
be too small—in a spatial sense—to be detected with PET, and/
or the affinity of the existing PET tracers for COX-1 may be too
low to detect them. Postmortem studies did not provide evidence
for any upregulation of COX-1 expression in individual microglial
cells (Deininger et al., 2003; Hoozemans et al.,, 2001; Kitamura
etal, 1999; Yermakova et al., 1999), which is in agreement with the
results of the single in vitro study on human microglia (Hoozemans
etal, 2002).

Yet, several animal studies have suggested a considerable role
for COX-1 in the neuroinflammatory cascade. The injection of (endo)
toxins like LPS, A, or prion protein generally resulted in the acti-
vation of glial cells, increased expression levels of COX-1, and re-

lease of PgE,. Not only microglia, but also astrocytes appeared to
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be involved in the upregulation of COX-1 activity during the neu-
roinflammatory process in animal models of neurodegenerative dis-
ease (Calvello et al., 2017; Gu et al., 2010; Matousek et al., 2010).
COX-1-dependent prostaglandin overexpression in the inflamed
brain led to cognitive dysfunction and memory problems in ro-
dents. The genetic deletion of COX-1 or administration of a COX-1
selective inhibitor prevented the overproduction of prostaglandins,
improved memory retention, and prevented cognitive impairment
in animal models of neuroinflammation (Calvello et al., 2017; Choi
et al., 2008, 2013; Choi & Bosetti, 2009; Dargahi et al., 2011; Garcia-
Bueno et al., 2009; Griffin et al., 2013; Gu et al., 2010; Matousek
etal., 2010; Nie et al., 2019). In one animal model of neurodegenera-
tion, the life span of the animals could be extended by the inhibition
of COX-1 with SC560 (Gu et al., 2010).

Such results from animal studies suggest that interven-
tions with selective COX-1 inhibitors could be tested in humans.
However, there may be safety risks associated with such trials,
since prostaglandins are involved in vascular dilation and blood
clotting. A clinical trial in patients with AD who received the COX-1
selective inhibitor, aspirin, as part of a multicomponent treatment
protocol observed an increased risk of intracerebral hemorrhages
compared to the control group (Thoonsen et al., 2010). The au-
thors reasoned that this was due to cerebral amyloid angiopathy in
AD. This explanation of their data was supported by a high prev-
alence of AD-associated microbleeds observed in neuroimaging
(Pettersen et al., 2008). The first fully randomized clinical trial
which evaluated the impact of aspirin on dementia in AD did not
demonstrate any significant improvement in cognition (Bentham
et al., 2008), which could be due to the advanced stage of neuro-
degeneration in the patient group.

Animal studies have indicated that the induction of COX-2 ex-
pression by inflammatory stimuli is dependent on the presence of
COX-1. In COX-1"" knockout mice, the expression of COX-2 was
significantly reduced (Aid et al., 2008; Choi & Bosetti, 2009; Choi
et al., 2008), and pharmacological inhibition of COX-1 could prevent
the upregulation of COX-2 (Dargahi et al., 2011). However, in vitro
studies suggested that COX-1 and COX-2 were independently ex-
pressed by (immortalized) microglia (Calvello et al., 2012). Possibly,
changes in COX-1 and COX-2 activity occur independently during
the early phase of neuroinflammation. The overexpression of COX-1
in microglia may have a pro-inflammatory effect in this early phase
(Calvello et al., 2012). The pro-inflammatory function may be taken
over by COX-2 in later phases, when the expression of COX-1 and
COX-2 become interdependent (Aid et al., 2008; Dargahi et al., 2011;
Jeohn et al., 1998; Suzumura et al., 2006).

Evidently, further research needs to be carried out to unravel the
time-dependent roles of COX-1 and COX-2 in neuroinflammation as-
sociated with neurological diseases. The development of selective
PET tracers with higher affinity to COX-1 than the existing radio-
pharmaceuticals could result in greater ability of the PET technique
to detect small or highly localized increases of COX-1 in the diseased
human brain, and lead to greater understanding of the role of COX-1

in human pathophysiology.

5 | CONCLUSION

Most literature reviewed in the current study indicates that COX-1 is
overexpressed by microglia, endothelial and perivascular cells during
neuroinflammation in animals. The overexpression of COX-1 appears
to be an early event in the inflammatory process. This upregulation
of COX-1 is believed to result in an increased production of prosta-
glandins, such as PgE, and PgD,, which have a detrimental effect
on the formation of amyloid-p plaques, neuronal loss, and cognitive
functioning. Some studies suggest that the upregulation of COX-1
is required for the overexpression of COX-2. Although the exact
mechanism of COX-1 upregulation in reactive microglia remains un-
clear, there is some evidence that TLR and the interferon signaling
pathway are involved. Based on such preclinical findings, COX-1 may
be considered as a therapeutic target for the treatment of neuro-
inflammation associated with several disorders of the human brain.
However, the preclinical findings need first to be confirmed in pa-
tients. Evidence for an active role of COX-1 in human neuroinflam-
mation is still scarce. Postmortem studies have shown an increased
density of COX-1-expressing microglia in the proximity of brain in-
jury in tissue samples of patients with neurodegenerative diseases,
but imaging studies could not yet confirm this observation in living
subjects, and clinical trials with COX-1 inhibitors in patients have

been unsuccessful.
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