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Abstract

Both early (ELA) and recent life adversity (RLA) have been linked with chronic pain conditions
and persistent alterations of neuroendocrine and inflammatory responses. Interstitial Cystitis/
Bladder Pain Syndrome (IC/BPS) is a chronic urologic disorder characterized by bladder and/or
pelvic pain, and excessive urinary frequency and/or urgency. IC/BPS has been associated with
high levels of ELA as well as a distinct inflammatory signature. However, associations between
ELA and RLA with inflammatory mechanisms in IC/BPS that might underlie the link between
adversity and symptoms have not been examined. Here we investigated ELA and RLA in women
with IC/BPS as potential risk factors for inflammatory processes and hypothalamic-pituitary-
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adrenal (HPA) abnormalities using data from the Multidisciplinary Approach to the Study of
Chronic Pelvic Pain (MAPP) Research Network. Women with IC/BPS and healthy controls
(n=154 and 32, respectively) completed surveys, collected salivary cortisol at awakening and
bedtime for 3 days, and gave a blood sample which was analyzed for 7 LPS-stimulated cytokines
and chemokines (IL-6, TNFa, IL-1p MIP1a, MCP1, IL-8, and IL-10). Two cytokine/chemokine
composites were identified using principal components analysis. Patients with greater exposure
to RLA or cumulative ELA and RLA of at least moderate severity showed elevated levels of a
composite of all cytokines, adjusting for age, body mass index, and study site. Furthermore, there
was a trending relationship between ELA and the pro-inflammatory composite score. Nocturnal
cortisol and cortisol slope were not associated with ELA, RLA, or inflammation. The present
findings support the importance of adverse events in IC/BPS via a biological mechanism and
suggest that ELA and RLA should be assessed as risk factors for inflammation as part of a clinical
workup for IC/BPS.

Keywords
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INTRODUCTION

Early life adversity (ELA) has been associated with multiple chronic pain conditions

and ongoing alterations of neuroendocrine and inflammatory responses that persist into
adulthood (Baumeister et al., 2016; Finegood and Miller, 2022; Nusslock and Miller, 2016;
Schrepf et al., 2018). Recent life adversity (RLA) and ongoing chronic stressors have also
been associated with neuroendocrine and inflammatory alterations (Kiecolt-Glaser et al.,
1998; Sun et al., 2021; Tursich et al., 2014), chronic pain (Hannibal and Bishop, 2014;
Timmers et al., 2019) and other disease syndromes (Slavich, 2016). Interstitial Cystitis/
Bladder Pain Syndrome (IC/BPS) is a chronic debilitating urologic disorder primarily
diagnosed in women, characterized by bladder and/or pelvic pain, excessive urinary
frequency, and/or urgency (Clemens et al., 2019). IC/BPS affects approximately 1.08%

(CI: 0.03, 2.13) of the adult US female population (Anger et al., 2022) and thus is a
prevalent healthcare issue (Konkle et al., 2012). Previous findings from the NIDDK-funded
Multidisciplinary Approach to the Study of Chronic Pelvic Pain (MAPP) Research Network
indicated that study participants with IC/BPS have higher reported levels of ELA than
healthy controls (Gupta et al., 2019; Schrepf et al., 2018). Additionally, in IC/BPS, higher
levels of ELA were related to worse symptom levels and prognosis, including complex
chronic pain, less likelihood of improvement in pain over time, worse overall functioning,
greater sensitivity to local but not distal pain, and alterations in brain connectivity (Gupta et
al., 2019; Pierce et al, 2023.; Schrepf et al., 2018).

ELA has been shown to induce a host of changes that ultimately impact the development of
the organism’s neurobiological stress response and shape the development of immune and
inflammatory responses, particularly in monocytes (Finegood and Miller, 2022; Nusslock
and Miller, 2016). Stress has a priming effect on monocytes in the brain such that
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subsequent encounters with a pathogen will induce an enhanced inflammatory response
(Frank et al., 2007; Frank et al., 2011). ELA is also thought to amplify crosstalk between
threat-related neural circuitries and peripheral inflammation resulting in chronic low-grade
inflammation (Nusslock and Miller, 2016). Additionally, ELA has been associated with
reductions in the number of glucocorticoid receptors (GR), thus dampening the ability of
GRs to respond to cortisol and regulate inflammation, resulting in elevated cortisol levels

in response to stress along with chronic HPA dysregulation (Liu and Nusslock, 2018). RLA
events have also been associated with immune and neuroendocrine alterations including
elevations in circulating catecholamines and glucocorticoids (Chen and Miller, 2012; Héansel
et al., 2010; Karlamangla et al., 2019), decreases in glucocorticoid sensitivity (Cohen et al.,
2012), and changes in inflammatory biology (Hansel et al., 2010; Sun et al., 2021). The
cumulative contribution of ELA and RLA has also been recognized (Hostinar et al, 2015).
Taken together, these pathways point to persistent dysregulations in the stress response,
heightened inflammation and impaired glucocorticoid inflammatory control from both ELA
and RLA, along with potentially enhanced inflammatory responsivity when someone with
ELA also encounters a subsequent life stressor.

We have previously reported that patients with IC/BPS have a distinctive inflammatory
physiology, including a greater ex-vivo inflammatory responsivity to stimulation by Toll-
like Receptor-2 (TLR-2) ligands than healthy controls, and greater Toll-like Receptor-4
(TLR-4) responsivity to stimulation with lipopolysaccharide (LPS) (Schrepf et al., 2014).
This inflammatory sensitivity in IC/BPS is associated with more widespread pain symptoms
(Schrepf et al., 2014), and less improvement in genitourinary symptoms and urinary pain
over time (Schrepf et al., 2016). The TLR-4 response particularly has shown relationships
with the presence/degree of comorbid pain in both MAPP Network cohort studies,
representing one of the first replicable biological markers of disease patterns in IC/BPS
(Schrepf et al., 2015; Schrepf et al., 2022).

Compared to healthy controls, female IC/BPS patients also have higher levels of nocturnal
cortisol and flatter cortisol slopes, indicative of a blunted diurnal cortisol rhythm and
suggestive of poorer inflammatory control (Schrepf et al., 2014). Higher nocturnal cortisol
was associated with greater pain in women with IC/BPS (Lutgendorf et al., 2002) and

flatter cortisol slopes were associated with less improvement in pain over time (Schrepf et
al., 2016). Additionally, a synergistic relationship between cortisol, inflammation, and pain
was observed, such that female IC/BPS patients with the highest levels of inflammation
combined with the flattest cortisol slopes had the highest level of painful symptoms (Schrepf
etal., 2014).

Associations between ELA and RLA with inflammatory mechanisms that might be
responsible for the link between adversity and symptoms shown in the literature have

not been examined in IC/BPS. Following our recent publication showing relationships
between widespread pain, chronic overlapping pain conditions, and TLR-4 inflammatory
responses (Schrepf et al., 2022), we focus here on the relationship between life adversity
and these TLR-4 stimulated inflammatory markers. We examined whether ELA and/or
RLA in women with IC/BPS serve as potential risk factors for enhanced inflammatory
responsivity and HPA abnormalities. We examined history of ELA and RLA in a population
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of women presenting with IC/BPS in conjunction with a panel of TLR-4 ex-vivo stimulated
inflammatory cytokines and diurnal cortisol levels to determine whether a link between
adversity, inflammation, and cortisol regulation would be observed. The relationship
between trauma and ex-vivo inflammatory responses in healthy control women was also
examined for comparison. Further delineation of these underlying processes is important for
understanding risk factors for inflammation, symptoms, and prognosis and for developing
targeted clinical interventions.

2. METHODS

2.1 MAPP Network Study and Participant Characteristics

Patients and healthy controls were recruited as part of the second phase study of the multi-
site MAPP Research Network (MAPP II; ClinicalTrials.gov Identifier: NCT02514265-
MAPP Research Network: The Trans-MAPP Symptom Patterns Study [SPS]) that examined
symptoms, clinical variables, and psychosocial factors prospectively and longitudinally
(Clemens et al., 2020). A detailed description of the MAPP protocol is available (Clemens et
al., 2020). The protocol was approved by the institutional review boards of all participating
sites. At the week 4 “baseline” phenotyping visit, we evaluated a subset of female IC/BPS
patients (n=155) and healthy female controls (n=32). These patients fulfilled inclusion
criteria to participate in the SPS protocol (described in Clemens et al., 2020) and had
completed collection of blood for assessment of inflammatory markers; most had also
completed collection of salivettes for measurement of diurnal cortisol. Funding limitations
precluded analysis of all collected samples in MAPP II. For one IC/BPS participant,
inflammatory markers were not viable, leaving a final sample of 154 patients. We have
previously reported that there were no clinical or demographic differences between the
biomarker sample and the rest of the MAPP SPS baseline cohort (Schrepf et al., 2022).

2.2. Early and Recent Life Adversity

Early and Recent Life Adversity were assessed using the Childhood Traumatic Events Scale
(CTES) and the Recent Traumatic Events Scale (RTES) (Pennebaker and Susman, 1988).
Respondents are asked to indicate whether any of 6 types of adversity occurred before age
17 (death of friend or family, parental divorce or separation, traumatic sexual experience,
victim of violence, extremely ill or injured, and other major upheaval), age at the time of
the event, whether they confided in anyone, and subjective experience of how traumatic

it was from 1 (not at all) to 7 (extremely traumatic). Recent life adversity (within the

last 3 years) was assessed by asking whether an event occurred, how traumatic it was,

and extent of confiding in others. Categories of recent adversity include death of friend or
family member, divorce or separation or major upheaval in intimate relationship, traumatic
sexual experience, victim of violence, extremely ill or injured, major change in work, and
other major upheaval. There is no standardized scoring for the CTES. Traumatic events
have been examined using either number of different types of trauma events or severity of
events, or both. (e.g., Schrepf et al., 2018; Hostinar et al, 2015). Because of the literature
on the effects of repeated traumatic events on inflammation and on neural circuitry (Frank
etal., 2010; Frank et al., 2011; Nusslock and Miller, 2016) and findings indicating effects
of cumulative trauma at moderate to severe levels (Steine et al, 2017) we implemented a
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measure that included both number and severity. We focused on number of events rated
as at least moderately traumatic as our primary independent variable, reasoning that an
event needed to be rated as at least somewhat traumatic to have an impact on the relevant
biological systems. For both ELA and RLA, number of experiences rated = 4 (somewhat
traumatic) were summed to create an index of adverse events of at least moderate severity
for each domain (ELA or RLA) separately, and then total number of ELA and RLA rated
> 4 were summed to give a measure of cumulative adversity. The exposure variables used
in primary analyses were 1) number ELA of at least moderate severity, 2) number RLA of
at least moderate severity, and 3) combined number of ELA and RLA of at least moderate
severity.

For parsimony these are referred to as ELA, RLA, and cumulative adversity. To further
support our findings, we conducted supplemental analyses examining 1) total number of
traumatic experiences of any intensity and 2) total severity of trauma at each timepoint.
Severity was calculated as previously reported (Schrepf, 2018) by summing the severity
ratings for each category of trauma at each timepoint (early, recent, and cumulative). These
analyses are reported in the supplement and are designated as ELA, RLA, and cumulative
number of traumas of any severity, and ELA severity, RLA severity, and cumulative severity.

2.3 Inflammatory markers

The methods used to collect and analyze stimulated samples have been described in detail
elsewhere (Schrepf et al., 2022). In brief, whole blood was collected and stimulated using
the TruCulture system (Myriad RBM), an ex-vivo stimulation system. Vacutainers preloaded
with LPS were kept frozen at —20° C until use. Whole blood was drawn directly into

the tube and incubated at 37° for 24 hours. Following incubation, the supernatant was
isolated and stored at —80° C and later analyzed in batches by the MAPP Tissue Analysis
and Technology Core (TATC) at the University of Colorado Anschutz Medical Campus
Pathology Shared Resource. For analysis, the supernatant was thawed and analyzed for
seven cytokines using Luminex® Xmap technology with R&D systems high performance
assays. The cytokines included monocyte chemoattractant protein-1 (MCP-1), macrophage
inflammatory protein 1-a (MIP1a), tumor necrosis factor -a (TNF-a.), and interleukin
(IL)-1B, IL- 6, IL-8, IL-10 (Schrepf et al., 2022). Intra-assay coefficients of variability were
as follows: IL-10: 3.0%-3.9%; IL-1pB: 4.7%-5.4%; IL-6: 6.0%—-10.9%; IL-8: 3.1%-13.0%;
IFN~y: 3.0%-12.9%; MCP-1: 11.3%-4.3%; MIP-1a.: 2.4%-1.6%; TNF-a.: 5.5%~7.4%.
Inter-assay coefficients of variability were as follows: IL-10: 4.5%-8.2%; IL-1p: 5.0%
—7.0%; IL-6: 5.9%-12.5%; IL-8: 4.2%-19.2%; IFNvy: 4.9%-10.6%; MCP-1: 8.8%—15.0%;
MIP-1la: 1.6%-2.4%; TNF-a: 4.0%-17.1%. These specific cytokines and chemokines
represent various components of the inflammatory process that are part of the cellular
response to LPS stimulation and are upregulated by NFx-B, including pro-inflammatory
cytokines (i.e. TNF-a, IL-1, IL-6), chemotactic (MCP-1, MIP-1a., IL-8) and regulatory
(IL-10) (Lu et al., 2008).

To derive a composite measure of TLR-4 inflammation, we performed a principal
components analysis based on the correlation matrix between the seven transformed
(Box-Cox [Box and Cox, 1964]) cytokine/chemokine values, retaining components with
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an eigenvalue greater than one (Grice and Harris, 1998). Factor scores for the resulting
components were then extracted by the regression method.

2.4. Cortisol collection

Participants collected salivary cortisol using salivettes (Sarstedt) at two timepoints (upon
wakening: 4-9 am, and at bedtime: 8pm-12pm) for three consecutive days following the
baseline visit. To maintain homogeneity, samples collected outside this time frame were
excluded from analyses. Use of an individual’s own waking and bedtimes in sample
collection has been shown to better approximate diurnal cortisol rhythms than mandating

a scheduled time of collection for all participant (Kraemer et al., 2006). Participants were
instructed to avoid eating, exercise, or caffeine during the 30 minutes prior to sample
collection. Sample collection time was self-reported, a technique that has been shown to be
reliable in previous studies (Kraemer et al., 2006). Salivettes were collected from each site,
sent to the MAPP TATC, and analyzed in one batch by chemiluminescence immunoassay
(IBL, Hamburg, Germany) at the Technical University of Dresden. Inter-assay and intra-
assay coefficients of variance are less than 10% and the lower detection limit is 0.41 nmol/L.

2.5. Statistical Analyses

Analyses of Variance (ANOVASs) and Chi squared analyses were used to compare
demographic and trauma information of IC/BPS patients and healthy controls. Mann-
Whitney U tests were used to compare LPS-stimulated cytokines and cortisol measures
between IC/BPS patients and controls. Mixed-effects linear models were used to analyze
the relationship between the trauma variables and TLR-4 mediated inflammation in IC/BPS
patients and in healthy controls. The PCA factor scores were used as dependent variables

in models with ELA, RLA, and cumulative adversity scores as the independent variables.
For cortisol analyses, regressions of the cortisol variables with ELA, RLA, and cumulative
adversity, and with the two inflammatory composites were conducted. Age and body mass
index (BMI) are known to be associated with inflammatory and cortisol dynamics (Frasca
et al., 2017; Purnell et al., 2004; Yiallouris et al., 2019) and so were included as a priori
covariates in all regressions. A random intercept term was included for site of collection

in all analyses. Supplemental analyses examining the independent variables of total trauma
severity (early, recent, cumulative) and total number of traumas of any severity (early, recent,
both) were conducted and are reported in Supplemental Tables 1 and 2.

3. RESULTS

3.1. Demographic characteristics and adversity

As seen in Table 1, the mean age of women with IC/BPS was 43.4 years (range 18-78
years) and the majority (93.5%) were Non-Hispanic and White (89%). Over 70% of the
sample was college educated. There were no significant differences between women with
IC/BPS and healthy controls on demographic variables, with the exception of a significantly
greater proportion of non-white women (34.3%) in the control participants compared to

the IC/BPS participants (11%). Women with IC/BPS on average had been exposed to 1.63
ELA events of at least moderate severity and 1.37 RLA events of at least moderate severity,
with a cumulative exposure to a mean of 3 events of at least moderate severity (cumulative
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adversity). Overall, as reported previously (Gupta et al., 2019; Schrepf et al., 2018) healthy
controls had significantly less trauma exposure than women with IC/BPS (all p values

< 0.019). For example, the total trauma severity (ELA and RLA combined) in controls

(9.53 + 6.39) was approximately half that reported by women with IC/BPS 18.63 (+ 8.56).
Additionally, as seen in Table 2, levels of TLR4 immunoreactivity did not differ significantly
between patients and controls (all pvalues > .05).

3.2. Relationship between trauma and inflammation

Descriptive statistics for inflammatory markers and cortisol levels are shown in Table 2. The
PCA analysis identified two components of the inflammatory markers. The first had high
loadings on all seven cytokines and explained 61% of the variance in the cytokine values.
This was used as the “TLR-4 global inflammatory cytokine composite score” for further
analyses. A second factor, which showed a strong positive loading for IL-10 and strong
negative loadings for IL-1p, IL-6 and TNF-a explained an additional 19% of the variance
and was used in subsequent analyses as an additional outcome. It is described as the “TLR-4
anti-inflammatory/regulatory/chemotactic compaosite score”.

In models controlling for age, BMI, and site of collection, a greater number of ELA events
of moderate or greater severity showed a trending relationship to higher levels of the
TLR-4 inflammatory cytokine composite score (p = 0.067). In parallel models there was a
statistically significant relationship between a greater number of RLA events of moderate
or greater severity and a higher inflammatory cytokine composite score (p = 0.036), and
between cumulative adversity and a higher inflammatory cytokine composite score (o=
0.013). (See Table 3A for model parameters and Fig. 1).

In analogous models with the TLR-4 anti-inflammatory/regulatory/chemotactic score as the
dependent variable, there was no statistically significant relationship between ELA and

the chemotactic/regulator score (p=0.107). However, both RLA (£=0.029) and cumulative
adversity (0=0.018) were positively associated with the anti-inflammatory/regulatory/
chemotactic score. (See Table 3B).

3.3 Supplemental Analyses

3.3.1. Total number of traumas of any severity and inflammation.—To ascertain
whether total number of adverse events regardless of severity was a predictor of
inflammation, supplemental analyses were performed. For ELA, number of traumas of
any severity was not associated with either the inflammatory composite score or the
anti-inflammatory/regulatory score (p values > 0.10). For RLA, there was no relationship
between total number of traumas and the pro-inflammatory score (p > 0.10), but total
number of traumas trended towards a positive association with the TLR-4 regulatory

score (p=0.056). Moreover, a greater number of cumulative (ELA plus RLA) traumas of
any severity predicted significantly higher TLR-4 inflammatory cytokine composite scores
(0=0.043) and TLR-4 anti-inflammatory/regulatory chemotactic scores (p=0.034). (Table
S1A and S1B).
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3.3.2. Trauma severity and inflammation.—The association between trauma severity
and inflammation was similar but even more pronounced. Specifically, supplemental
analyses demonstrated that greater RLA severity (p=0.04) and greater combined severity

of ELA and RLA trauma (p=0.015) were related to significantly higher levels of both

the TLR-4 inflammatory cytokine composite score and the TLR-4 regulatory score (RLA
severity: p=0.021; combined ELA and RLA severity: p=0.028). ELA severity trended in the
same direction for the inflammatory composite (p=0.07) but was not significant and was not
significantly related to the regulatory composite. (Tables S2A and S2B).

3.4. Cortisol, Adversity, and Inflammation

There were no significant associations between exposure to ELA, RLA, or cumulative
adversity of at least moderate severity and either cortisol slope or night cortisol, adjusting
for age, BMI, and site of collection (all pvalues > 0.13). Supplemental analyses indicated
that there were no significant associations between total number of trauma exposures of any
severity and either cortisol slope (all pvalues > 0.31) or night cortisol (all pvalues > 0.65)
at any timepoint. Additionally, there were no significant associations between severity of
trauma exposure and cortisol slope (all p values > 0.20) or night cortisol (all pvalues > 0.62)
at any timepoint. Additionally, there was no relationship between cortisol measures and
either the global inflammatory cytokine composite score (p> 0.74) or the anti-inflammatory/
regulatory/chemotactic composite score (p > 0.058), adjusting for age, BMI, and site.

3.4 Trauma and Inflammation in Healthy Controls

In healthy controls, there was no relationship between trauma exposure at any timepoint
(early, recent, cumulative) and either inflammatory composite, adjusting for covariates as
above. This was true for the primary analyses examining number of traumas of at least
moderate severity (inflammatory composite: all p values > 0.83; regulatory composite:

all p> 0.25), as well as for supplemental analyses examining total number of traumas of
any severity, and total trauma severity (all supplemental p values > 0.31). There were too
few healthy controls with complete cortisol data to reliably calculate relationships between
trauma and cortisol variables.

4. DISCUSSION

The key results of this study were that among women with 1C/BPS, those with higher
levels of recent life adversity (RLA) of at least moderate intensity showed elevated levels
of a global TLR-4 inflammatory cytokine composite, adjusting for age, BMI, and site.
Additionally, greater cumulative adversity (levels of ELA and RLA of at least moderate
intensity combined) was also related to elevated levels of the inflammatory cytokine
composite, suggesting a cumulative effect of life stressors. There was an analogous
trending association between extent of early life events (ELA) and higher levels of this
inflammatory composite. Similar relationships were observed between life adversity and
the anti-inflammatory/regulatory/chemotactic composite, whereby higher levels of RLA or
of cumulative adversity were associated with significantly higher levels of this second
composite variable, but ELA was not. Supplemental analyses largely confirmed the
associations seen in our primary analyses, with severity of RLA and cumulative severity
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both showing relationships with composite inflammatory measures. There were also broadly
similar relationships between inflammatory composites and trauma of any severity. Levels
of nocturnal cortisol and cortisol slope were not associated with either ELA or RLA or their
combination, or with inflammation. These relationships were also not observed in healthy
controls.

Findings are consistent with data on elevated inflammation accompanying RLA and
repeated trauma (Hénsel et al., 2010; Sun et al., 2021) as well as with research documenting
relationships between ELA and higher levels of inflammation in adulthood (Baumeister et
al., 2016; Miller et al., 2011; Nusslock and Miller, 2016). Interestingly, the present findings
ascribed a stronger role for recent and cumulative life adversity in relation to inflammation
than to ELA in the context of women with IC/BPS. These findings are consistent with the
known effects of psychological stress in increasing the expression of NFxB in immune
cells, thereby leading to an increase in the level of pro-inflammatory cytokines (Gu

et al., 2012; Hansel et al., 2010). In animal models, social defeat, used as a proxy

for traumatic victimization, has been associated with mobilization of pro-inflammatory
monocytes into peripheral circulation (Engler et al., 2005; Wohleb et al., 2012); these cells
induce an exaggerated inflammatory cytokine response coupled with a blunted sensitivity
to inhibitory glucocorticoid signaling, resulting in an amplified inflammatory response (Liu
and Nusslock, 2018; Miller et al., 2011). Both acute and chronic stress have been shown

to sensitize neuroinflammatory responsivity to subsequent immune challenges (Frank et al.,
2010; Wohleb et al., 2012) and chronic stress has been shown to induce reprogramming

of the monocyte transcriptome, which primes myeloid cells to be hyperresponsive to
stimulation with ligands such as TLR4 (Barrett et al., 2021). Additionally, ELA is known

to modify threat- and reward- related neural circuitry to increase responsivity to subsequent
behavioral stressors (Finegood and Miller, 2022; Nusslock and Miller, 2016; Uchida et

al., 2010). This may explain not only the associations of RLA with inflammation, but the
elevations seen in women who had experienced both ELA and RLA. It is possible that ELA
may have provided an initial stimulus to modulate the neuroinflammatory system, but that a
second stimulus in adulthood from a chronic stressor, recent life event, or recent urinary tract
infection, served to stimulate an amplified or sustained inflammatory response in patients
with cumulative adversity.

The chemokines and regulatory cytokines in the second composite are NFxB responsive, as
well as stress responsive (Cohen et al., 2011; Madrigal et al., 2010; Marsland et al., 2017;
Shahzad et al., 2010) and thus serve as additional indicators of stress-induced responsivity.
Although IL-10 serves as a regulatory anti-inflammatory cytokine (Steen et al., 2020), its
levels are also increased by stress (Curtin et al., 2009; Marsland et al., 2017) and by IL-6
(Steensberg et al., 2003), and at the time-scale of the stimulation protocol (24 hours) is likely
reflective of the response to pro-inflammatory processes.

The role of these cytokines in relation to nociplastic pain in IC/BPS is important, as pro-
inflammatory cytokines, mediated by microglial and neural activity in the brain and spinal
cord, are known to exacerbate pain and hyperalgesia in both animal and human studies (Qi
et al., 2016; Zhao et al., 2019). The relationship between pro-inflammatory cytokines and
hyperalgesia has been documented for conditions like IBS and chronic prostatitis (Alexander
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et al., 1998; Choghakhori et al., 2017) and an inflammatory cytokine profile has been
previously implicated in IC/BPS pain in previous work from our group (Schrepf et al., 2015;
Schrepf et al., 2014; Schrepf et al., 2022). The current findings extend this previous work by
showing a potential mechanism underlying inflammation.

Levels of TLR-4 immunoreactivity did not differ between patients and controls, mirroring
the same findings in the MAPP Epidemiology and Phenotyping Study (EPS), where only
TLR-2 reactivity differentiated patients from controls (Schrepf et al., 2015, BBI). As we
have now shown in both the MAPP EPS and SPS, TLR-4 immunoreactivity appears to be
elevated in patients with chronic overlapping pain conditions and/or widespread pain when
compared to patients with localized pain (Schrepf et al., 2015, BBI; Schrepf et al., 2022,
PAIN). These findings suggest that TLR-4 immunoreactivity tracks with the development
of nociplastic pain symptoms in IC/BPS patients. The fact that there was no relationship in
healthy controls between trauma variables and TLR-4 immunoreactivity suggests that the
relationship between trauma and elevated TLR-4 response effect is likely limited to patients.
However, the relatively low levels of trauma in controls and the small sample size of controls
leave this to be determined definitively.

The lack of relationship between ELA or RLA and levels of diurnal cortisol was surprising
in light of previous findings of dysregulated cortisol secretion (Karlamangla et al., 2019)
and/or glucocorticoid resistance (Liu and Nusslock, 2018; Nusslock and Miller, 2016;
Ouellet-Morin et al., 2011; Slopen et al., 2013) related to ELA, RLA (Cohen et al., 2012)
and IC/BPS (Lutgendorf et al., 2002; Schrepf et al., 2014). Since this study only assessed
diurnal cortisol rhythms and not parameters such as glucocorticoid sensitivity, HPA recovery
from stress, or the response of the glucocorticoid system to acute stress, it is quite possible
that we may not have captured alterations in glucocorticoid signaling accompanying life
stress that would have been observed through other types of assessments.

4.1. Limitations

Assessment of the glucocorticoid system was limited by what could be readily completed
and replicated in a multisite setting, which precluded stress reactivity protocols or
assessment of glucocorticoid sensitivity which may have yielded more sensitive and
dynamic assessments of relevant aspects of the glucocorticoid system. There is no standard
scoring of the CTES, potentially limiting the reliability of our scoring. Our primary
adversity variable was a combination of number and severity, however the robustness of our
findings is supported by supplemental analyses examining both number of adverse events
of any severity and total severity at any timepoint (ELA, RLA, cumulative). Assessments
of adversity were limited, and subject to retrospective recall and subjective evaluations of
severity.

4.2. Clinical Implications

This study establishes a relationship between RLA and cumulative adversity and
inflammation in women with IC/BPS and notes a similar but less strong association
between ELA and inflammation. These findings strengthen the importance of adverse
events in IC/BPS through a biological mechanism. While there is extensive literature on
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ELA, inflammation, and pain in other contexts, the present findings indicate that levels of
current and chronic life stress should be assessed along with ELA as potential risk factors
for inflammation, widespread pain, and potentially poorer prognosis as part of a clinical
workup for IC/BPS. Future research should examine potential benefits for these patients
from anti-inflammatory therapy and therapy targeting central mechanisms.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. This study establishes a relationship between recent life adversity, cumulative
adversity, and inflammation in women with interstitial cystitis/bladder pain
syndrome (IC/BPS)

. A similar but less strong association was noted between early life adversity
and inflammation.

. Cortisol slopes and nocturnal cortisol levels were not associated with early or
recent life adversity.

. Recent and chronic life stress should be assessed along with early life
adversity as potential risk factors for inflammation, widespread pain, and
potentially poorer prognosis as part of a clinical workup for IC/BPS.
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Figure 1.

Relationship of TLR-4 composite inflammation score (derived using principal components
analysis) with number of recent traumatic events. Red lines represent 95% confidence
intervals.
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Table 1.

Demographic, Clinical, and Adversity Variables in Women with IC/BPS and Healthy Controls

Variable IC/BPS (n=154  Healthy Controls (n=32) pvalue
Age: years, Mean (SD) 43.4 (15.38) 40.86 (14.99) P=0.39
Body Mass Index: Mean (SD) 26.97 (5.63) 28.28 (5.99) P=0.24
Employment % , (n=154, 32) % (n) % (n) P=0.17

Employed 66.23 (102) 87.5 (28)

Unemployed 11.68 (18) 6.25 (2)

On Disability 13.64 (21) 3.12 (1)

Retired 3.90 (6) 3.12(1)

Full Time Homemaker 4.55 (7) 0 (0)
Family Income Level/$ % , (=154, 32) P=0.100

< $10,000 5.84 (9) 3.12(1)

$10,001-$25,000 10.39 (16) 3.12(1)

$25,001-$50,000 18.83 (29) 31.25 (10)

$50,001-$100,000 31.17 (48) 37.5(12)

>$100,000 20.13 (31) 21.88 (7)

Prefer not to answer 13.64 (21) 3.12(1)
Education Level % , (7=154, 32) P=0.177

High-School 5.84 (9) 3.12 (1)

Some College 20.78 (32) 18.75 (6)

College Degree 50.00 (77) 40.63 (13)

Graduate Degree 23.38 (36) 37.5(12)
Ethnicity %, (=153, 32) P=0.183

Hispanic 5.84 (9) 12.5(4)

Non-Hispanic 93.51 (144) 87.5 (28)
Race %, (n) P=0.012

White 88.96 (137) 65.63 (21)

Black 6.49 (10) 21.88 (7)

Native American 0.65 (1) 0 (0)

Asian 1.30 (2) 6.25 (2)

Multi-Racial 2.60 (4) 6.25 (2)
Number of ELA of = Moderate Severity Mean, (SD) 1.63 (140) 1.00 (113) P=0.018
Number RLA of = Moderate Severity Mean, (SD) 1.37 (114) 0.56 (0.67) P<.001
Cumulative Number ELA and RLA of Moderate Severity, Mean, (SD)  3.00 (2.00) 1.56 (1.43) P<.001
Total ELA Severity Mean, (SD) 9.89 (8.56) 5.81(6.39) P=0.012
Total RLA Severity Mean, (SD) 8.74 (6.80) 3.72(3.92) P<.001
Total Both Severity Mean, (SD) 18.63 (12.07) 9.53(8.13) P<.001
Number any severity ELA 1.90 (142) 1.22 (126) P <=.015
Mean, (SD)
Number any severity RLA 1.92(1.21) 1.06 (1.00) P<.001
Mean, (SD)
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Variable IC/BPS (n=154  Healthy Controls (n=32) pvalue
Cumulative Number ELA and RLA of any severity Mean, (SD) 3.82(2.10) 2.29 (1.75) P<.001
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LPS-stimulated cytokine and Cortisol values in female participants with IC/BPS and female healthy
community participants. There were no differences in levels of stimulated analytes or cortisol measures
between groups by Mann-Whitney U tests (all p>.05).

IC/PBS (n=154)

Healthy Controls

(N=32)

Cytokine (Stimulated: pg/ML) Median 25th _ 75th Percentile Median 25th _ 75th percentile
Monocyte chemoattractant protein-1 (MCP-1) 1524.65 985.18 — 2313.23 1520.90 1059.18-2143.93
Macrophage inflammatory protein 4444355 | 33012.63 - 67268.13 60742.80 35883.1077066.73
1-alpha (MIP1a)

Interleukin-1 beta (IL-1pB) 8311.30 4157.50 — 12244.05 7949.60 3419.35-11966.80
Interleukin-6 (IL-6) 19244.70 13294.00 — 24990.30 20156.00 14892.5023882.25
Interleukin-8 (IL-8) 12451.10 8926.20 — 19456.20 11846.30 8661.50-17428.55
Interleukin-10 (1L-10) 64.80 35.35-94.40 58.31 24.85-82.90
Tumor necrosis factor-alpha (TNF-a) 3910.10 2540.40 — 5480.30 4002.90 2778.70-5949.90
Cortisol

Morning mean nmol/L (/7=103) 7.55 5.11-9.86 7.75 5.22-9.98
Nocturnal nmol/L (/7=118) 0.92 .64 -1.55 111 .80-2.17
Slope (7=97) -0.148 -.18--0.09 -0.123 -0.185- -0.057

Note: All values are raw values.

pg/mL= picograms/liter nmol/L= nanamole/liter
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