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There is increasing evidence of sex differences in underlying mechanisms causing pain in preclinical
models, and in clinical populations. There are also important disconnects between clinical pain
populations and the way preclinical pain studies are conducted. For instance, osteoarthritis pain more
frequently affects women, but most preclinical studies have been conducted using males in animal
models. The most widely used painkillers, nonsteroidal anti-inflammatory drugs (NSAIDs), act on the
prostaglandin pathway by inhibiting cyclooxygenase (COX) enzymes. The purpose of this study was

to analyze the preclinical and clinical literature on the role of prostaglandins and COX in inflammation
and pain. We aimed to specifically identify studies that used both sexes and investigate whether any
sex-differences in the action of prostaglandins and COX inhibition had been reported, either in clinical
or preclinical studies. We conducted a PubMed search and identified 369 preclinical studies and 100
clinical studies that matched our inclusion/exclusion criteria. Our analysis shows that only 17% of
preclinical studies on prostaglandins used both sexes and, out of those, only 19% analyzed or reported
data separated by sex. In contrast, 79% of the clinical studies analyzed used both sexes. However,
only 6% of those reported data separated by sex. Interestingly, 14 out of 15 preclinical studies and 5
out of 6 clinical studies that analyzed data separated by sex have identified sex-differences. This builds
on the increasing evidence of sex-differences in prostaglandin signaling and the importance of sex as a
biological variable in data analysis. The preclinical literature identifies a sex difference in prostaglandin
D, synthase (PTGDS) expression where it is higher in female than in male rodents in the nervous
system. We experimentally validated that PTGDS expression is higher in female human dorsal root
ganglia (DRG) neurons recovered from organ donors. Our semi-systematic literature review reveals

a need for continued inclusivity of both male and female animals in prostaglandins studies and data
analysis separated by sex in preclinical and clinical studies. Our finding of sex-differences in neuronal
PTGDS expression in humans exemplifies the need for a more comprehensive understanding of how
the prostaglandin system functions in the DRG in rodents and humans.

Differences in the incidence and severity of many pain disorders between men and women have been reported.
The prevalence of fibromyalgia' migraine?, and osteoarthritis pain® is greater among women than men. Women
are also reported to have more severe postoperative pain®. The chronic pain patient population is largely female,
older, and genetically heterogeneous, while preclinical pain studies have been primarily conducted in young,
male mice or rats of limited, and usually inbred strain®. The past decade has seen an explosion of preclinical
pain research demonstrating fundamental sex differences in mechanisms causing chronic pain in mouse and
rat models®’. Some female-specific pain mechanisms are now emerging in the preclinical literature, such as the
more prominent effects of calcitonin gene-related peptide and prolactin in promoting pain in female rodents®!.
Similar differences are now emerging at the molecular level in the human dorsal root ganglion (DRG)'*"" sug-
gesting that sex differences in basic pain mechanisms may contribute to differential efficacy of pain therapeutics
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in men and women. We recently identified a sex difference in DRG neuron expression of a prostaglandin syn-
thesizing enzyme, PTGDS, that led to differences in behavioral outcomes in response to prostaglandins and
PTGDS inhibitors in male and female mice'®. This finding prompted us to look more carefully at the clinical
and preclinical research on prostaglandins and their receptors with the hypothesis that the very commonly used
drugs that target this pathway may have differential efficacy in men versus women.

Prostaglandins (PGs) are lipid-derived signaling molecules that play an important role in pain and inflamma-
tion. PGs are produced from plasma membrane-derived arachidonic acid, and their conversion is dependent on
the action of cyclooxygenase (COX) enzymes (Fig. 1). The four major prostaglandins, prostaglandin E2 (PGE,),
prostaglandin D, (PGD,), prostacyclin (PGI,), and prostaglandin F,, (PGF,,) act on G-protein coupled receptors
to regulate intracellular signaling pathways'¢. PGE, acts on the E prostanoid receptors EP1, EP2, EP3, and EP4.
As G,-coupled receptors, EP2 and EP4 activate adenylyl cyclase to produce cyclic adenosine monophosphate
(cAMP) from adenosine triphosphate (ATP); as a second messenger, cAMP phosphorylates protein kinase A
(PKA), which in turn can phosphorylate intracellular target proteins'®. EP3 is a G;- and G,,-coupled, lowering
cAMP, increasing intracellular calcium and the activity of rho GTPases' and this receptor has been linked to
anti-nociceptive actions of PGE,"”. EP1 is a G,-coupled receptor, whose activation causes phospholipase C to
catalyze conversion of phosphatidylinositol 4,5-biphosphate (PIP,) into inositol triphosphate (IP3) and diacyl-
glycerol (DAG). All four EP receptor genes are expressed in mouse'® and human'* DRG neurons where their
expression varies depending on the subtype of receptor and the type of sensory neuron. EP1, 2 and 4 receptors
are known to sensitize ion channels like the TRPV1 receptor and voltage gated sodium channels that regulate
the excitability of sensory neurons'%.

PGD, acts on two GPCRs, DP1, a G,-coupled receptor that increases cAMP concentration, and DP2, a
G;-coupled receptor also known as chemoattractant receptor-homologous molecule expressed on T helper 2
cells (CRTH,) that decreases cAMP concentration and increases calcium intracellularly'®. While some studies
have shown that PGD, is pro-nociceptive?!, other studies have demonstrated that PGD, has anti-nociceptive
effects?. PG, exerts pro-inflammatory effects through the prostacyclin receptor (IP), a G,-coupled receptor that
increases CAMP concentration'é. IP mediates both peripheral nociception and spinal transmission of nocicep-
tive information'®. In dorsal root ganglia (DRG) and spinal dorsal horn neurons, IP receptor activation causes
increased neuronal excitability?. In addition, IP has an important role inducing inflammation, causing vasodila-
tion and edema'®. PGF,, activates the FP, and FPy, receptors, which are G¢-coupled and increase concentrations

PGG;
COX 1
Nonselective COX1 cox2 Selective COX2
and COX2 Inhibitors inhibitors (“coxibs”)
beprgfen Nin’;esuli%e
spirin Celecoxi
Naproxen ca?‘)g COoXx2 Etodolac
Diclofenac — CoX2 only Rofecoxib
Indomethacin Parecoxib
Flurbiprofen Valdecoxib
Ketorolac Aceclofenac
Bromfenac
v
PGH,

=

 poo. Ji poe. Jif Poi Jf por. || Txa: |
| R

DP1(PTGDR)  EP1 (PTGERT) 1P FP TP
DP2(PTGDR?)  EP2 (pTeRz)  (PTGIR) (PTGFR) (P
EP3 (PTGER3)  cAMP Ca?/IP3 Ca?/IP3
Cé\g/zl,P EP4 (PTGER4)
Ca?/IP3
cAMP

Figure 1. Prostaglandins biosynthesis pathway. Cyclooxygenases (COX) metabolize arachidonic acid first to
prostaglandin G, (PGG,) and then to prostaglandin H, (PGH,). COX1 and 2 are targeted by non-steroidal anti-
inflammatory drugs (NSAIDs), which block the synthesis of prostaglandins. PGH, is converted to prostaglandin
D, (PGD,), prostaglandin E, (PGE,), prostaglandin I, (PGL,), prostaglandin F,, (PGF,,) and thromboxane

A, (TXA,) by respective synthases. Each prostaglandin binds to specific receptors, which are members of

the G protein-coupled receptor (GCPR) superfamily of seven transmembrane proteins, activating different
downstream signaling pathways. cAMP cyclic adenosine monophosphate, IP3 inositol triphosphate.
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of IP3, DAG, calcium, and rho activity'®. PGF,, has pro-inflammatory effects in arthritic conditions and can
induce inflammation, but the mechanisms are unclear'®. Finally, an additional prostanoid, thromboxane A2 acts
on TP, and TP, GPCRs to increase IP3, DAG, calcium, and activity of RhoGEF in cells'®.

Nonsteroidal anti-inflammatory drugs (NSAIDs) reduce inflammation and its symptoms through either
nonselective inhibition of both COX isoforms or selective inhibition of COX2. COX inhibition then reduces the
production of PGs. COX1 is ubiquitously expressed and plays a key role in maintenance of mucosal tissues, and
COX2 is upregulated by injury and contributes to inflammation'®. NSAIDs were first used in the form of myrtle
and willow tree bark by the Egyptian civilization around 1500 BC for their analgesic and antipyretic functions,
and salacin was first isolated from the willow bark in 1828%. Salicylic acid (aspirin) was subsequently synthesized
and marketed, followed by ibuprofen and around 50 other NSAIDs. Globally, NSAIDs are some of the most
widely used and prescribed drugs®. While aspirin is a noncompetitive COX inhibitor, non-aspirin NSAIDs
competitively inhibit active sites on COX enzymes®. In an attempt to eliminate the gastrointestinal complications
of COX1 inhibition, COX2 selective inhibitors, also known as coxibs, were developed in the 1990s%.

The primary goal of our semi-systematic review was to first identify if males, females or both sexes have been
used in studies investigating PGs in pain and inflammation. Second, we aimed to identify any reports of sex-
differences in PG signaling in the preclinical literature (studies using non-human subjects) and at the clinical
level. Our semi-systematic review found that there is a large bias towards using male animals in prostaglandin
preclinical studies. While most clinical studies include both male and female subjects, only a small proportion
of studies reported data separated by sex. To provide further evidence of the need to look at the impact of sex
differences in studies on prostaglandins and pain, we characterized the expression of PTGDS, an enzyme that
converts PGH, to PGD,, in human DRG neurons. We found that PTGDS protein expression is higher in DRG
neurons recovered from female organ donors compared to male organ donors. We conclude that potential sex
differences in the action of prostaglandins should be studied more carefully in preclinical and clinical studies
moving forward.

Results

We conducted a semi-systematic review of the literature on prostaglandins (PGs), inflammation and pain. Papers
were categorized as preclinical studies, which included animal models and/or human tissues, and as clinical
studies, which included human subjects in clinical or experimental settings.

Preclinical studies. Details on the preclinical studies included in our semi-systematic review can be found
in Supplementary Files 1 and 2. Here we summarize the articles that report results separated by sex.

In several studies, male and female animals demonstrated differences in response to noxious substance
exposure related to prostaglandins. In a model of IL-1b induced temporomandibular joint (TM]) inflammation,
female rats showed greater sensitivity in the TMJ region than male rats before and after implantation of a cannula.
Female rats also had a lower head withdrawal threshold after intratrigeminal ganglionic IL-1b injection but this
difference was not statistically significant. IL-1b upregulates COX2 mRNA and protein, resulting in upregulation
of PGE,, increased EP2 activation, and increased Nav1.7 expression. No significant differences were observed in
expression fold change for Nav1l.7 and COX2 mRNA and protein between males and females?®. While there is
inconclusive evidence on sex differences in the endogenous production of PGE, in response to introduction of
IL-1b, application of exogenous PGE, as a component of a combination of inflammatory mediators in another
study caused sex-dependent sensitization of neurons. In this study, the proportion of dural afferents sensitized
by an inflammatory mediator solution of bradykinin, histamine, and PGE, was significantly greater in female
rats than male rats. The investigators suggest this may be caused by different changes in TTX-R sodium current
of males and females?. Since three different inflammatory mediators were used in the study, it is not possible to
know whether sex-differences are solely caused by PGE,.

Sex differences in the translatomes (RNAs bound to ribosomes) and transcriptomes of male and female mice
DRG have been reported. In the prostaglandin pathway, prostaglandin D2 synthase (Ptgds) was found to be
upregulated in female DRG neurons. Female mice also exhibited higher levels of PTGDS protein and PGD,".
PTGDS blockade produced more intense grimacing in male compared to female mice, suggesting that endog-
enous PGD, might reduce nociception in the absence of injury’. In the same study, it was also observed that
female mice displayed more mechanical allodynia and grimacing after PGE, injection than male mice'®. This
study highlights the need to investigate sex-differences in the context of the unique function and expression of
individual prostaglandins, as well as their interactions.

In studies investigating COX enzymes, female COX1 knockout mice and female COX2 knockout mice showed
reduced edema and joint destruction in a model of Freund’s adjuvant-induced arthritis compared to male mice.
Female COX1 knockout mice also showed reduced contralateral allodynia compared with males?. Similarly,
another study demonstrated a reduced writhing response to acetic acid in COX2 deficient female mice. However,
the anti-nociceptive effect was not seen in COX2 deficient male mice?. On the other hand, NSAIDs that antago-
nize COX action appear to be less effective in females. The COX2 inhibitor celecoxib generated shorter and less
prominent effects in female than male mice, when administered after Complete Freund’s Adjuvant injection.
COX inhibitors may also have different anti-inflammatory effects in males and females. In rats, indomethacin,
a COX inhibitor, administered after experimental surgery decreased the elevated interleukin-6 levels in males
only®. These seemingly conflicting results present an interesting paradox: while reduction/ablation of COX2
expression through genetic manipulation may be more effective in preventing nociceptive effects in females,
reduction of COX2 through pharmacological inhibitors, such as NSAIDs, may be more effective in males. Several
factors may contribute to this effect, including sex-differences in expression of genes related to drug metabolism
and drug transporter expression®. In fact, the activity level of cytochrome p450 34A, an enzyme involved in
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drug metabolism, is higher in females®*. This could be consistent with lower COX-inhibitor efficacy in females,
but the effects may also be mediated by differences in signaling at the level of the DRG nociceptor, as suggested
by other studies described above.

Clinical studies. Clinical trials were subdivided in two ways. First, studies were categorized by how the pain
conditions occurred: experimentally in the laboratory (n=26) or clinically due to a disease process and/or pro-
cedural intervention (n=74). Second, they were categorized by clinical model of disease and compared within
these groups. Clinical trials were grouped by clinical model as follows: oral health (n=10), surgical extraction
of third molars (n=14), hip and knee surgeries (n=14), general surgeries (n=13), tendon and joint disorders
(n=7), muscle pain (n="7), experimentally induced skin hyperalgesia (n=20), vascular system diseases (n=5),
experimental models of sleep deprivation (n=2), headache (n=2), and general studies of NSAIDs (n=6). This
grouping scheme allowed us to compare and contrast conclusions derived from relatively uniform settings. More
details on the included clinical studies can be found in Supplementary Files 3 and 4.

Most clinical studies using the oral health model investigated whether levels of PGE, can be correlated with
severity of gum disease and patient-reported pain. Other studies focused on the efficacy of COX inhibitors.
However, no studies reported data separated by sex. One study found that there is variability in response to
COX inhibitors. In third molar extraction surgery, some participants are partial responders to ibuprofen (4
men, 5 women), and others are complete responders (7 men, 3 women)**. While the ratio of men to women
in the complete responder group is greater than in the partial responder group to ibuprofen, the study did not
analyze the difference in complete and partial responders in terms of potential sex differences, discussing only
differences in levels of PG metabolites, cytokines, peripheral blood mononuclear cells gene expression between
the two groups (Suppl. File 3)*.

The analgesic and anti-inflammatory effects of various coxibs and nonselective COX inhibitors were com-
pared in patients undergoing hip and knee treatment, e.g. total knee arthroplasty and hip replacement due to
osteoarthritis. Only one study on knee arthroscopy observed that the women were at greater risk of developing
moderate or severe pain®. Other studies involving patients undergoing hip and knee procedures included both
men and women but did not analyze data separated by sex or report sex-differences.

Experimental skin hyperalgesia was induced in several studies by injections of PGE, or low pH solutions
into the muscle and skin, potentiating nociceptor activation®. In a model of experimentally induced sunburn
(UVB-induced erythema), ibuprofen (COX inhibitor) increased heat pain threshold and heat pain tolerance
overall””. However, the authors noted that men were more responsive to ibuprofen compared to women. Simi-
larly, in a model of electrically induced pain, only men showed response to ibuprofen treatment and had higher
pain tolerance®*.

Two studies on headache investigated whether headache is induced by inflammatory mediators***!. The
authors did not report data separated by sex.

Subject selection and data analysis separated by sex. Approximately 17% of preclinical studies ex-
amined included both sexes in subject selection and, out of those, 19% analyzed data separated by sex. Preclinical
studies analyzed in this semi-systematic review were published in years ranging from 1973 to November 2020.
Among the 369 total studies analyzed, 202 studies involved the use of male animals only, 38 studies involved the
use of female animals only, and 64 studies included the use of both male and female animals (Fig. 2A,B; Suppl.
File 3). Several of these studies included both males and females, but in different experiments within the study,
resulting in no direct comparisons. Additionally, 43 studies contained unclear information on the sex of the ex-
perimental animals, and 22 studies involved experimental setups where the sex information was not applicable,
such as cell cultures (Suppl. File 3).

Out of the 369 total studies analyzed, only 64 studies were conducted using both male and female experimen-
tal animals. Out of the 64 studies that included male and female subjects, only 15 studies analyzed data separated
by sex, regardless of whether they found significant sex differences or not. While 14 of these 15 studies included
comments comparing prostaglandin-related action in males and females, one study presented data from each
human tissue donor separately without further analyses*>. We note that although studies in our analysis ranged
from 1973-2020, all 15 studies that analyzed data separated by sex were published after 2000 (one in 2001, one
in 2002, two in 2003, one in 2005, one in 2006, one in 2008, one in 2011, one in 2017, three in 2018, and three
before our cutoff date in 2020). This suggests that the relevance of sex as a biological variable in data analysis is
becoming more widely recognized. In addition, 12 out of the 15 studies that had sex as a biological variable in
data analysis included animals only, and the remaining 3 out of these 15 studies included human tissues only.
However, a much larger proportion of the studies that included both male and female subjects made at least
some use of human tissues, at 25 out of 64 studies. The inclusion of human tissues from both male and female
donors did not necessarily translate into greater data analysis with sex as a biological variable. An alternative
interpretation is that there were no sex differences, but the authors did not report their negative findings on the
lack of sex difference. Fourteen out of the 15 preclinical studies that analyzed data separated by sex found many
differences between male and female animals in the prostaglandin pathways, behavior in response to noxious
stimuli, etc. which we described in the first part of our results.

79% of clinical studies examined included both sexes and, out of those, approximately 7% analyzed data separated by
sex. Contrary to preclinical studies, most clinical trials include both male and female participants (Fig. 2C,D;
Suppl. File 4). However, few studies reported results separately for men and women. It is unclear whether the
data from men and women were merged because no sex differences were found or if potential sex differences
were not assessed at all. Some studies included subjects of only one biological sex. Similar to preclinical studies,
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Figure 2. Most prostaglandin studies have not been analyzed with sex as a biological variable. (A) Line plot
showing the inclusion of male, female or both sexes in pre-clinical studies from 1973 to 2020 and the number of
studies that have been analyzed separated by sex (red line). (B) Pie charts showing the overall percentage of pre-
clinical studies that include male, female or both sexes from 1973 to 2020. (C) Line plot showing the inclusion
of male, female or both sexes in clinical studies from 1969 to 2020, including the studies that have analyzed the
data separated by sex (red line). (D) Pie charts showing the overall percentage of clinical studies that include
male, female or both sexes from 1969 to 2020. Note: studies where the sex of animals/subjects is not clear or
specified are not shown in the line plots, please refer to supplementary files 1-4.

these single-sex studies in the experimental pain category showed a bias towards using male subjects (six stud-
ies involved men only, and none involved women only). In clinical pain conditions, the 71 studies that included
both male and female subjects showed highly variable proportions of male to female participants. Numbers
range from 187 men: 9 women (95.4% male)*®* to an equal split (10 men: 10 women)** to 3 men: 25 women™.
Additionally, only one study using a clinical pain model analyzed data separated by sex. This single study noted
that female biological sex was a risk factor for moderate/severe postoperative pain after minor arthroscopic
knee surgery®. Another study focusing on the investigation of NSAID use found that women report using more
over the counter pain medications*. The remaining studies analyzed data from male and female participants
together. In models of experimentally induced pain, the number of single-sex studies including male subjects
only (n=13) and female subjects only (n=3) were also biased toward males only. Among the 4 experimental
pain studies that analyzed data separated by sex, there were some findings that appeared to be contradictory. In
an eccentric exercise model, no sex differences were noted in changes in muscle function, muscle soreness, or
histological data®, even though serum creatine kinase pre-values and change after the first bout of exercise were
lower in females*’. On the other hand, a sunburn model showed that ibuprofen had a significantly greater effect
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on lowering skin temperature in men compared with women?’. This finding in an inflammatory model agrees
with similar conclusions made from two electrically-induced pain models. In these two electrical pain studies,
ibuprofen had an analgesic effect only in males®*.

PTGDS is expressed in human DRG neurons and is enriched in neurons from female organ
donors. Prostaglandin-D2 synthase (PTGDS) catalyzes the synthesis of prostaglandin D, (PGD,), which is
the most abundant prostaglandin in the brain*®*. PGD, controls nociception, sleep and temperature?"-*»°0-8,
Previous research in our lab showed that PTGDS is enriched in female mouse DRG neurons'>. We sought to
investigate PTGDS expression in human DRG of age- and sex-matched donors using immunohistochemistry
(IHC). We found that PTGDS is colocalized with the neuronal marker peripherin and is expressed in human
DRG neurons (Fig. 3A). Next, we quantified PTGDS expression in human DRG from 12 organ donors (Table 1).

A

Female Male
PRPH

C
Males‘F

Females-

ﬁ

normalized PTGDS signal intensity per neuron

Figure 3. PTGDS is expressed in human DRG neurons. (A) Confocal images show co-localization of
PTGDS (red) and neuronal marker peripherin (PRPH, green). Cell nuclei are labelled with DAPI (blue). Scale
bar=50 um. (B) Expression of PTGDS in female (left) and male (right) DRG neurons. Scale bar =200 um. (C)
PTGDS has higher expression in female DRG neurons compared to male DRGs (Unpaired ¢ test with Welch’s
correction, t=11.08, df=4299, p-value <0.0001). ***p-value < 0.0001. Signal intensity was normalized by the
area of the neurons. Data from donor #12 was excluded (post-menopause, 61-year-old female). In total 6813
neurons were analyzed (2920 from 5 female DRG samples and 3893 from 6 male DRG samples).
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Donor number | Sex | Age | Cause of death

1 M 29 Head trauma/blunt injury

2 M 29 Head trauma/Gun shot wound

3 M 34 cerebral vascular accident/stroke

4 M 51 CVA/stroke

5 M 53 Anoxia/cardiac arrest

6 M 56 Anoxia/cardiac arrest

7 F 29 Anoxia/drug overdose

8 F 34 Anoxia/overdose

9 F 36 Hea'd traurpa/b]unt injury/motor
vehicle accident

10 F 44 CVA/stroke

11 F 53 CVA/stroke

12 F 61 Anoxia/cardiac arrest

Table 1. Donor information.

We observed that PTGDS expression is higher in sensory neurons from female organ donors when compared to
male organ donors (Fig. 3B,C).

DP1 receptor expression in human DRG. PGD, acts through two receptors, DP1 and DP2. Previous
transcriptomic studies demonstrate that the gene that encodes DP2, PTGDR?, is scarcely detected in human
DRG!**-61_ Therefore, we decided to focus on characterizing the expression of DP1 in human DRG. Transcrip-
tomic studies on human DRG do not suggest sex differences in PTGDRI expression, but the cell type expressing
the gene is not clear from these studies'*'*%. Using IHC on both male and female DRG samples, our results sug-
gest that DP1 is expressed mostly in glial cells surrounding neurons in human DRG, as it is highly colocalized

Figure 4. PGD2 receptor, DP1, is expressed in cells surrounding human DRG neurons. DP1 (red) is
co-localized with SOX10+ (green) cells in human DRG. Cell nuclei are labelled with DAPI (blue). Scale
bar=50 um.

Scientific Reports |

(2023) 13:4670 | https://doi.org/10.1038/s41598-023-31603-x nature portfolio



www.nature.com/scientificreports/

with SOX10, a glial cell marker (Fig. 4). These results suggest that PGD, may be released by neurons and acts via
DP1 that is expressed in glial cells surrounding neurons. Glial cells and their inter-communication with neurons
have been previously reported to have a role in pain processing®-.

Discussion

Our semi-systematic review reveals that although there are a small number of studies that either used both sexes
or reported data analysis separated by sex, there is evidence for sex differences in prostaglandin-mediated effects
in both animals and humans. A previous study has shown that PGE, signaling promotes pain more efficaciously
in female mice'®. There are also reports that COX inhibitors are more effective in men than in women in experi-
mental pain models*’-*. Our experimental data confirms a finding from the rodent literature in humans where
we observed that the expression of PTGDS is higher in female human DRG neurons from organ donors. Our
findings highlight that there are likely important sex differences in signaling for one of the most widely studied
classes of inflammatory mediators, the PGs.

In this review, we analyzed 100 clinical trial studies on the role of PGs and COX inhibitors in pain and inflam-
mation. Most of these studies demonstrated the analgesic efficacy of selective and/or nonselective COX inhibi-
tors. Patient PG levels were often compared with healthy controls, and changes in PG levels were tracked after
administering COX inhibitors. Overall, both selective and nonselective COX inhibitors appear to be effective in
treating inflammatory pain. However, it is not clear if no sex-differences were found or if the data was simply not
analyzed with sex as a biological variable. In a study of NSAID prescriptions in the Danish population, women
received more prescriptions for every NSAID than men®. Additionally, a study included in our semi-systematic
review found that women report more the use NSAIDs than men®. In another study of patients receiving oxy-
codone, females received higher morphine equivalent daily dose of opioid than men®’. However, a study on
postoperative opioid prescriptions after surgery showed that patient and provider demographic characteristics
influenced doses prescribed, with males prescribed higher morphine milligram equivalents®. Thus, from the data
on prescriptions of analgesics, from NSAIDs to opioids, it is unclear whether women require greater amounts
of painkillers to achieve equal relief as men, reflecting sex-differences in drug efficacy, or whether prescribing
differences are influenced by social factors.

In addition to clinical pain studies, we analyzed 26 experimental pain studies. While two electrically-induced
pain models showed a significant difference in ibuprofen efficacy between men and women®*, no difference
was seen in a sunburn model of inflammatory pain®’. Some studies in both the experimental and clinical pain
categories involved participants of only one sex. Interestingly, all the experimental pain studies using only one sex
in this analysis happened to include male participants only. While less than a fifth of experimental pain studies
analyzed data with sex as a biological variable, almost no clinical pain studies did so. As mentioned above, the
experimental pain studies found sex differences in COX action with a greater effect in men. The single clinical
pain study that reported data separated by sex found a difference in pain levels between men and women but did
not report any difference in NSAID efficacy. This study on arthroscopic knee surgery observed that the women
were at greater risk of developing moderate or severe pain®. It is unclear whether the remaining papers did not
report sex as a biological variable for data analysis because investigators determined there were no differences
in the data from male and female participants, or simply because no analyses separated by sex were attempted.

In light of the evidence we present here for sex differences in PG action and COX inhibitor efficacy, we
propose that clinical pain studies in this area should analyze and report data with sex as a biological variable.
While most published clinical pain studies do not present data separated by sex, these studies often involve a
large number of participants allowing for exploratory analyses that can form new hypotheses for further test-
ing. If re-analyzed with sex as a biological variable, this trove of data could yield significant findings on whether
COX inhibitors have a different efficacy between men and women. The findings of our review would lead us to
hypothesize greater efficacy in men.

Functional differences in pain and COX-inhibitor efficacy may be at least partially explained by molecular
differences in PG pathway receptor and enzyme gene expression. Previous work demonstrates that PTGDS is
expressed more highly in female than male mouse DRG, so we evaluated whether this difference is conserved in
humans". Our findings show that in human DRG, PTGDS is localized within neurons, and expression is higher
in female DRG neurons. Interestingly, among human donors of the same sex, there was some variation in DRG
neuron PTGDS expression. Age of the donors, especially in females, as well as disease conditions, could poten-
tially contribute to the variation. In our study, neuronal PTGDS expression in donor #12, a 61-year-old female,
was nearly two times lower than that in the five other female donors, whose ages were in the pre-menopausal
range. While it is difficult to reach firm conclusions from one donor, the finding could suggest that female sex
hormones regulate PTGDS protein expression, a hypothesis that can be tested in future experiments. We also
show that DP1 protein is highly colocalized in glial cells surrounding neurons in human DRG. This localiza-
tion suggests that glial cells, likely satellite glial cells, may have an important role in mediating the functions of
PGD, and regulating signaling effects by this prostaglandin within the DRG, and further studies are required to
elucidate the exact mechanisms.

Reviews in other areas of biomedical research reported that there is a disconnect between the sex of study
subjects and the respective disease prevalence rates®®~’!. For instance, reviews of the pre-clinical’? and clinical”
literature on depression have not only identified potential sex-differences but also noted the lack of inclusion
of female subjects and analysis of data separated by sex. These examples show that a lack of sex-specific data
analysis despite inclusion of both men and women subjects, is not limited to the prostaglandin signaling field.

Our findings highlight sex differences in prostaglandin effects on pain in both the preclinical and clinical
literature that may have implications for development of future pain therapeutics targeting the prostaglandin
system. Our work also points to the possibility that commonly used NSAIDs may have less efficacy in women
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than in men, an effect that may also apply to other pain medications like opioids. Finally, our work validates a
sex difference observed in PTGDS expression in rodent DRG in the human DRG. Collectively, this mix of semi-
systematic review and experimental data points to shortcomings in our understanding of basic pain mechanisms
in women. More emphasis is needed on understanding pain mechanisms in women if we are to adequately treat
pain in the population that most frequently suffers from chronic pain disorders.

Materials and methods

This work was approved by the University of Texas at Dallas (UTD) Institutional Review Board (IRB). This is
classified as IRB exempt research and the UTD IRB approval for this exemption is protocol #15-237 (The Human
Dorsal Root Ganglion Transcriptome). Informed written consent for recovery of sensory tissue for research
purposes was obtained from next to kin at Southwest Transplant Alliance.

Preclinical studies. PubMed search. A total of 1825 articles were retrieved from PubMed on November
20, 2020 using the following keywords: “prostaglandins, inflammation, and pain”. 369 papers were included for
analysis (Fig. 5A).

Inclusion criteria.  Articles of preclinical studies were found using the keywords mentioned above. Only papers
that involved animal models and/or the use of human tissues were included. Only articles with PMID were
included. A total of 369 papers were included.

Exclusion criteria. Papers were excluded if they were reviews (n=488), not written in English (n=94), had
no full text available (n=38), studied plant extracts, alternative medicines, and other non-NSAID compounds
(n=337), focused on pathways unrelated to PGs or COXs (n=168), studied drug dosing, delivery, or pharma-
cokinetics only (n=99), presented models or procedures only (n=59), or were clinical trials (n=173).

Data collection. A semi-systematic analysis was conducted for papers that analyzed data separated by sex.
Information such as the specific PGs, COX enzymes, NSAIDs, and receptors investigated in each study were
recorded.

Data analysis. The number of studies conducted each year with males, females, or both was recorded. For
papers that included both male and female subjects, we also noted whether data was analyzed separated by sex.
Finally, we examined any sex differences in PG or COX inhibitor actions (Suppl. Files 1 and 2).

Clinical Trials. PubMed search. A total of 104 papers on prostaglandins, inflammation, and pain were re-
trieved from PubMed on Feb 2, 2021. Papers were clinical trials, clinical trial protocols, clinical trial phases I-IV,
and randomized controlled trials (Fig. 5B). An additional 34 papers on the same topic were retrieved from a
PubMed search on November 20, 2020, without the above filters.

A B Articlhes idengiﬁedthrou hl?ubMed Ao tadith b BubMad
5 5 : search on February 2, 2027 (n=104) rticles identified through PubMe
é—Amdesﬁde";\"ﬁEd lhtr)ouzg ';'Bbzt‘ged search on November 20, 2020
search on November Keywords: prostaglandin AND
inflammation AND pain Keywords: prostaglandin AND
inflammation AND pain

Keywords: prostaglandin AND

inflammation AND pain Filters: clinical trial, clinical trial

protocol, clinical trial phases I-1V, Filters: none
and randomized controlled trial

Articles retrieved (n=1825)
Articles retrieved (n=138)

Articles excluded:

Reviews (n=488)

Non-English (n=94)

No full text available (n=38)
Studies of plant extracts,
alternative medicines, and non-
> NSAID compounds (n=337)
Focus on pathways unrelated to
PGs or COXs (n=168)

Studies of drug dosing, delivery,
and pharmacokinetics (n=99)
Models or procedures (n=59)
Clinical trials (n=173)

Articles excluded:

Reviews (n=2)

Non-English (n=5)

No full text available (n=2)
Study protocols (n=2)

Did not study prostaglandins
(n=3)

Studies of plant extracts and
alternative medicines (n=22)
Veterinary clinical trials (n=2)

Preclinical studies included in semi-systematic review Clinical studies included in semi-systematic review
analysis (n=369) analysis (n=100)

Figure 5. Semi-systematic review of articles retrieved on PubMed. (A) Workflow of pre-clinical studies
identified through PubMed. (B) Workflow of clinical studies identified through PubMed.
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Inclusion criteria. ~ Clinical trial articles were included upon mention of all three search criteria, prostaglandins,
inflammation, and pain. Included studies must also involve human subjects. Only articles with PMID were
included. A total of 100 papers were included.

Exclusion criteria.  Papers were excluded if they were reviews (n=2), not written in English (n=5), had no full
text available (n=2), described study protocols only (n=2), did not study prostaglandins (n=3), studied plant
extracts or alternative medicine treatments (n=22), or were veterinary clinical trials (n=2).

Data collection. A semi-systematic analysis was conducted for all articles regardless of whether analysis
included sex as a biological variable. We recorded the specific PGs, COX enzymes, NSAIDs, and receptors inves-
tigated. We also identified the purpose, experimental design, model, sex, number, group design, doses, injection
type, measurements and tissues collected.

The papers analyzed include either clinical pain models (studies involving patients diagnosed with a pain
condition, n=74) or experimental pain conditions (n=26). Experimental pain conditions include eccentric
exercise-induced muscle pain (n=4), experimentally induced skin hyperalgesia (n=20), and experimental mod-
els of sleep deprivation (n=2). All other studies involve clinical pain conditions, such as surgeries, joint pain,
and painful dental conditions.

Data analysis. We categorized papers by clinical model and compared the main findings. Any discrepancies
and/or agreements between studies were investigated in terms of divergent experimental methodology. We also
recorded the number of clinical trials conducted each year with males, females, or both. Finally, we examined
any sex differences in PG or COX inhibitor action (Suppl. Files 3 and 4).

Immunohistochemistry. Human dorsal root ganglia (DRG) from the L4 and L5 levels were recovered from
organ donors, frozen immediately on crushed dry ice, and stored in a -80 C freezer as previously described’*. The
DRGs were embedded in OCT by gradually adding layers of OCT on the tissue, which was kept frozen over dry
ice. Tissues were sectioned in the cryostat at 20 um and adhered onto SuperFrost Plus charged slides (Thermo
Fisher Scientific). Slides were kept in the —20 °C cryostat chamber for 15 min following completion of section-
ing. The slides were then immediately fixed in ice-cold formalin (10%) for 1 min followed by dehydration in 50%
ethanol (1 min), 70% ethanol (1 min), and 100% ethanol (2 min) at room temperature. The slides were briefly
air dried. A hydrophobic pen (ImmEdge PAP Pen; Vector Labs) was used to draw boundaries around each tissue
section, and boundaries were allowed to air dry.

Slides were incubated with blocking buffer (10% Normal Goat Serum, Atlanta Biologicals, Cat #513150h,
0.3% Triton X-100 in 0.1 M PB) for 1 h at room temperature. Sections were then incubated overnight with a
primary antibody cocktail. Following primary antibody incubation, sections were washed with 0.1 M phosphate
buffer and incubated with Alexa Fluor secondary antibodies (Fisher Scientific/Invitrogen, dilutions 1:1000) for
1 h at room temperature. Sections were washed in 0.1 M phosphate buffer. To remove lipofuscin signal, Trub-
lack (1:20 in 70% ethanol; Biotium #23007) was pipetted to cover each section for 1 min before being rinsed off.
Finally, slides were air dried and cover slipped with Prolong Gold Antifade reagent (Fisher Scientific; P36930).
The PTGDS antibody (ab18214, dilution 1:100) was obtained from Abcam and the peripherin antibody (P5117,
dilution 1:500) was obtained from Sigma-Aldrich. The DP1 antibody (101640, dilution 1:200) was obtained from
Cayman Chemicals and the SOX10 antibody (ab216020, dilution 1:40) was obtained from Abcam.

Image acquisition and PTGDS quantification. DRG sections with PTGDS staining (n=12) were
imaged on an Olympus VS120 Virtual Slide Microscope and Olympus FluoView 1200 confocal microscope,
using the same settings for all images. Images were analyzed using Olympus CellSens software. The mean gray
intensity of all neurons in a full DRG section from each donor was quantified (on average, we quantified 619
neurons per DRG section; the lowest number of neurons per DRG was 268). DRG sections with DP1 staining
were imaged on an Olympus FV3000RS Confocal Laser Scanning Microscope.

Statistics. Statistical analysis for PTGDS quantification was done in GraphPad Prism 9.3.1. The mean gray
intensity values were normalized by the area of the neurons. Single comparisons were performed on all neurons
using Student’s ¢ test with Welch’s correction (which accounts for the inequal variances per group). For statistical
analysis, data from the 61-year-old female (donor #12) was excluded (post-menopause). In total 6813 neurons
were analyzed (2920 from 5 female DRG samples and 3893 from 6 male DRG samples). Statistical results can be
found in Fig. 3 legend.

Data visualization for Fig. 2 was done in Python (version 3.8.5 with Anaconda distribution). Figures 1 and 5
were generated using Biorender (BioRender.com).

Ethics approval. This work was approved by the University of Texas at Dallas (UTD) Institutional Review
Board (IRB). This is classified as IRB exempt research and the UTD IRB approval for this exemption is protocol
#15-237 (The Human Dorsal Root Ganglion Transcriptome). Informed written consent for recovery of sensory
tissue for research purposes was obtained from next to kin at Southwest Transplant Alliance.

Data availability

Data is available from corresponding authors upon request.
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