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A B S T R A C T   

Pain is known to reduce hemodialysis treatment adherence, reduce quality of life, and increase mortality. The 
absence of effective strategies to treat pain without medications has contributed to poor health outcomes for 
people with end-stage kidney disease (ESKD) on hemodialysis. It is now recognized that symbiotic microbiota in 
the gut play a critical role in health and disease, and new evidence sheds light on the role of the microbiome in 
chronic pain. The pilot study protocol presented here (BIOME-HDp) employs a longitudinal repeated measures 
design to interrogate the effects of a nonpharmacological pain intervention on the composition and function of 
the gut microbiome and circulating metabolites. This pilot study is an ancillary study of the HOPE Consortium 
Trial to reduce pain and opioid use in hemodialysis, which is part of the NIH’s Helping to End Addiction Long- 
term (HEAL) initiative. The BIOME-HDp pilot study will establish clinical microbiome research methods and 
determine the acceptability and feasibility of fecal microbiome and serum metabolite sample collection.   

1. Introduction 

1.1. Background 

Because most people with end-stage kidney disease (ESKD) prioritize 
how they feel and function over how long they live, there has been 
increasing effort to address the tremendous symptom burden that ac
companies ESKD [1]. Pain is among the most common symptoms, with 
approximately 60% of ESKD patients reporting pain of moderate or se
vere intensity [2]. Pain has been found to reduce hemodialysis treatment 
adherence, reduce quality of life, and increase mortality [2]. 

Some pain among people with ESKD who are being treated with 

hemodialysis may be temporary, due to the hemodialysis procedure it
self (e.g., needle insertions, fluid shifts, cramps, headaches). However, 
ESKD pain is often chronic and related to etiology (e.g., polycystic dis
ease), complications (e.g., bone disease, neuropathy), or comorbidities 
(e.g., osteoarthritis, vascular disease, diabetes) [3]. Depending on its 
etiology, the pain may be categorized as nociceptive, neuropathic, or 
both [4]. Musculoskeletal pain is most common in ESKD, accounting for 
up to 59% of ESKD-related chronic pain [4]. 

Reduced kidney function alters the pharmacokinetic and pharma
codynamic properties of various analgesic agents, and this complicates 
medical management of pain conditions in ESKD [5–7]. Due to the 
combination of high pain prevalence and limited options for pain 
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management, nearly 30% of US adults receiving maintenance hemodi
alysis are prescribed opioids for 90 days or more [3]. However, 
long-term opioid therapy is of questionable benefit for chronic pain [8], 
and long-term opioid use among maintenance hemodialysis patients is 
associated with increased rates of falls, hip fractures, hospitalizations, 
dialysis withdrawal, and death [3,9]. Nonpharmacologic approaches to 
pain such as cognitive behavioral therapy have demonstrated efficacy 
for chronic pain in the general population and are now being studied in 
adults with ESKD on hemodialysis. The HOPE consortium study is 
registered at ClinicalTrials.gov (NCT04571619). 

1.1.1. Microbiomics: The brain-gut-microbiome axis and chronic pain 
Research is emerging that symbiotic microbes in the gut (micro

biota), and the metabolites they produce (microbiota-derived signaling 
molecules), may underlie a wide range of debilitating symptoms such as 
fatigue, anxiety, depression, and chronic pain experienced across mul
tiple chronic diseases [10–13]. For example, Yang et al. (2019), 
observed a higher abundance of the phylum Firmicutes and lower Ver
rucomicrobiota and Bacteroides was associated with an anhedonia-like 
phenotype in rats with neuropathic pain [14]. Moreover, Guida, et al., 
2019, used a chronic pain model of vitamin D deficiency, and found 
higher abundance of Paracubacteria and lower Verrucomicrobiota was 
closely correlated with altered nociception and the endocannabinoid 
system among vitamin D deficient mice with neuropathic pain [15]. 
While less is known about these relationships in the specific context of 
ESKD, evidence is emerging that microbiota in the gut interact with the 
host via immune, endocrine, and inflammatory pathways in the central 
and peripheral nervous systems involved in the pain experience [16]. 
Communication along this pathway, known as the 
brain-gut-microbiome axis (BGMA), occurs through activation of the 
central and enteric nervous systems, where microbiota in the gut syn
thesize neuroactive molecules that mediate central nervous system ho
meostasis via the vagal pathway or by crossing the blood-brain barrier 
directly into the brain [17]. The BGMA may thus provide an underlying 
mechanism to explain part of the relationship between chronic kidney 
disease and chronic pain [18,19]. 

1.1.2. Metabolomics 
Microbiota in the gut are involved in regulating multiple metabolic 

pathways involved in chronic pain [20,21]. Tryptophan metabolites and 
short chain fatty acids are increasingly recognized as important 
signaling molecules involved in BGMA communication, and have been 
implicated in nociceptive and neuropathic pain [22]. Nociceptive and 
neuropathic pain are highly prevalent in people receiving hemodialysis, 
thus these relationships are explored in the BIOME-HDp study. 

1.1.2.1. The role of tryptophan metabolism in pain. Tryptophan (Trp), an 
essential amino acid acquired through diet, is engaged in multiple vital 
functions in human physiology, including structural and functional 
processes of the cell, protein biosynthesis, and immunoregulation [23], 
and is posited to play a critical role in nociceptive and neuropathic pain 
[22]. Historically, accelerated metabolism of Trp was associated with 
clinical factors such as infection, inflammation, and certain malig
nancies; however, researchers are now focusing on the role of nutrition 
and the gut microbiome in tryptophan catabolism [24]. Gut microbiota 
are able to change the tryptophan availability in their host directly [25]. 
Several gut bacteria including Clostridia, Bacteroides, and Escherichia 
produce neuroactive metabolites involved in pain through tryptophan 
metabolism [26]. Tryptophan catabolism may play an important role in 
pain associated with kidney diseases, as derangement of Trp metabolic 
pathways has previously been observed in chronic kidney disease [23, 
27,28]. 

Approximately 99% of dietary tryptophan not used for protein syn
thesis is catabolized along the kynurenine pathway [29]. Tryptophan 2, 
3-dioxygenase (TDO) and Indoleamine 2,3-dioxygenase (IDO) are the 

enzymes involved in the first rate-limiting step in tryptophan meta
bolism [16,30]. TDO is mainly expressed in the liver, while IDO is 
produced in tissues through the body [22]. Under physiological condi
tions, approximately 90% of tryptophan is degraded hepatically [22]. 
IDO is produced extrahepatically by the cells and tissues in response 
physiological or psychological stress, and has immunosuppressive 
properties through its ability to limit T-cell function [16]. Tryptophan 
(Trp) is a biochemical precursor to several critical neuroactive com
pounds involved in pain perception, including kynurenine (Kyn), 
kynurenic acid (KYNA), 3-hydroxykynurenine (3-HK), quinolinic acid 
(QUIN), 5-hydroxytryptamine (5-HT, serotonin), and melatonin [16, 
20]. The effect of Trp metabolism via the kynurenine pathway on 
chronic pain occurs as a result of two processes: (1) Under conditions of 
physiologic or psychological stress, IDO expression increases promoting 
accelerated Trp degradation, causing a shift away from the serotonin 
pathway to kynurenine pathway. This shift results in deprivation of Trp 
hydroxylase (a precursor of 5-HT, serotonin) available for 5-HT 
biosynthesis via the serotonin pathway. Overexpression of IDO is sys
temic and leads to reduced production of serotonin, a key mediator of 
pain and depression [23,27,31,32]; and, (2) Synthesis of neurotoxic 
metabolites (e.g., 3-HK, QUIN), which have been shown to be present in 
multiple neurodegenerative diseases, and can cross the blood-brain 
barrier [22]. Trp metabolites may directly regulate neuronal excit
ability of primary sensory neurons through activation of pain related 
receptors or ion channels, and their pro-and antioxidative properties 
make them a potential target for intervention [29]. 

1.1.2.2. The role of short chain fatty acids. Short-chain fatty acids 
(SCFAs) are products of gut microbial fermentation of dietary non
digestible carbohydrates and exhibit important anti-inflammatory ef
fects in the intestines that may protect against nociceptive and 
neuropathic pain [22]. SCFAs contribute to maintaining gut wall 
epithelium integrity by providing nutrients to colonocytes; they also 
demonstrate neuroactivity through action in the central and peripheral 
nervous systems [33,34]. SCFAs exhibit anti-inflammatory effects in the 
gut and enhance the production of IL-8, thereby improving epithelial 
barrier integrity and reducing translocation of proinflammatory mole
cules into the general circulation [20]. Recent evidence suggests that 
microbiota-derived SCFAs influence the development and function of 
the microglia, which are specialized immune cells of the central nervous 
system, and play an essential role in initiating and maintaining chronic 
pain [35,36]. A model of chemotherapy-induced peripheral neuropathy 
recently showed the gut microbiome to be the primary determinant of 
pain sensitivity, where pain sensitivity was significantly correlated with 
the degree of microglial proliferation in the spinal cord [37]. Moreover, 
SCFAs can active G protein-coupled receptors (e.g. fatty acid free re
ceptor 2 & 3 (FFAR2 & FFAR3), which are involved in regulation of 
leucocyte functions including the production of proinflammatory cyto
kines, eicosanoids, and chemokines involved in pain perception [36]. 
Studies have inferred SCFA exert analgesic effects by inhibition of his
tone deacetylases (HDACs) [38]. Epigenetic factors including chromatin 
remodeling via histone methylation and acetylation are known to play 
an important role in chronic pain [22]. 

Currently, there is a dearth of research exploring links between gut 
microbial community structure, SCFA production, and chronic pain in 
adults with chronic kidney disease. Microbiota involved in SCFA pro
duction may serve as targets for future randomized controlled trials. 
Notably, the microbiome is known to be amenable to patient-centered 
interventions, including plant-based nutrition, prebiotic and probiotic 
supplementation, physical activity, and stress reduction [39–41]. 

1.2. Objectives of the BIOME-HDp pilot study 

The BIOME-HDp pilot study’s immediate objective is to determine 
the acceptability and feasibility of collecting fecal microbiome and 
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microbiota–derived serum metabolite samples from people with ESKD- 
HD who experience chronic pain. A secondary aim is to interrogate 
the relationship between changes in fecal microbiome features, metab
olites of the gut microbiome, and pain interference before and after pain 
coping skills training (PCST). Thus the four specific aims for this study 
are as follows: 

Specific aim 1: Establish the feasibility and acceptability of collecting 
fecal samples for microbiome analysis in people with ESKD on 
hemodialysis. 

Specific aim 2: Identify longitudinal changes in microbial community 
structure, diversity, and functional gene content among adults with 
ESKD and chronic pain receiving maintenance hemodialysis before and 
after pain interventions. 

Specific aim 3: Interrogate changes in metabolic activity of the gut 
microbiome by directly measuring circulating SCFAs (acetic acid, pro
pionic acid, and butyric acid) and tryptophan metabolites. 

Specific aim 4: Determine if changes in gut microbiota are associated 
with patient-reported outcomes. 

2. Design of the BIOME-HDp 

2.1. The BIOME-HDp pilot study 

This pilot study is an ancillary study of the HOPE Consortium Trial to 
reduce pain and opioid use in hemodialysis, which is part of the NIH’s 
Helping to End Addiction Long-term (HEAL) initiative. The BIOME-HDp 
pilot study will establish clinical microbiome research methods and 
determine the acceptability and feasibility of fecal microbiome and 
serum metabolite sample collection. 

This report on the BIOME-HDp pilot study was guided by the Stan
dard Protocol Items: Recommendations for Interventional Trials 
(SPIRIT) extension for pilot studies [42]. The pilot study is being 

conducted in accordance with the International Council for Harmo
nisation of Technical Requirements for Pharmaceuticals for Human 
Use’s Good Clinical Practice international ethical and scientific quality 
standard for designing, conducting, recording, and reporting trials that 
involve the participation of human subjects. The study protocol has been 
approved by the Office for the Protection of Research Subjects (OPRS) at 
the University of Illinois Chicago (IRB 2020 0005). 

2.2. Design of the BIOME-HDp pilot study 

The BIOME-HDp study uses a prospective sequential multiple- 
assignment randomized trial design. Participants are ESKD patients 
undergoing treatment with maintenance hemodialysis who have chronic 
pain, a subset of whom use prescribed opioid medications, and they are 
randomized in equal proportions to the intervention (PCST or usual 
care). The primary outcome for the BIOME-HDp study, pain interfer
ence, will be ascertained at Week 12, coinciding with the end of the 
PCST weekly coaching sessions. Pain interference, a broad measure of 
pain’s influence on daily living, was selected as the outcome variable of 
interest. A timeline of events for the Biome-HDp pilot study is presented 
in Fig. 1. 

3. Methods: participants, interventions, and outcomes 

3.1. Study setting 

The BIOME-HDp pilot study will be conducted at the dialysis unit at 
UI Health. UI Health serves a diverse population in the Chicagoland area 
of the United States. The Division of Nephrology at UI Health has over 50 
years of experience treating people with kidney conditions and diseases, 
including ESKD, kidney transplantation, acute kidney failure, kidney 
stones, and immunological kidney diseases. The UI Health ESKD 

Fig. 1. Timeline of events for the Biome-HDp pilot study.  
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program’s 23-chair outpatient dialysis unit is where study participants 
will be recruited. 

3.2. Eligibility criteria 

Patients treated at the UI Health dialysis unit are invited to complete 
a brief screening survey for the HOPE consortium study; the survey in
cludes one item about the chronicity of pain plus the three-item Pain, 
Enjoyment of Life, and General Activity (PEG) scale. All people meeting 
the pain chronicity criterion (PEG ≥4) are approached for their will
ingness to participate in the HOPE consortium clinical trial. All HOPE 
trial participants enrolled at the UI Health dialysis unit are eligible for 
the BIOME-HDp pilot study, and are approached for the pilot study after 
they are randomized to the HOPE consortium trial. A list of inclusion 
and exclusion criteria for the BIOME-HDp study can be found in Table 1. 

3.3. Interventions, outcomes, and participant timeline 

Participants will collect fecal specimens for microbiome feature 
analysis and blood for targeted metabolomic analysis at two time points: 
prior to starting he PCST intervention (V1) and 3 months after initiation 
of the PCST intervention (V2). Once an individual signs the informed 
consent for the BIOME-HDp pilot study, they are given the fecal 
microbiome specimen collection kit and asked to collect a fecal sample 
at home before starting the PCST study intervention (V1). Generally, 
there is a 7-day window between the time of consent for the BIOME-HDp 
study and the start of the PCST intervention. Participants are encour
aged to collect the fecal sample several days prior to the start of the PCST 
intervention to allow adequate time for fecal specimen collection. The 
procedure is followed for the second fecal specimen collection at Week 
12, after the PCST intervention is completed (V2). Every pilot study 
participant receives training on the proper technique for sample 
collection and storage prior to each sample collection. Participants are 
provided with one fecal microbiome collection kit (Norgen Biotek Corp., 
ON, Canada) one week prior to each study visit; a list of the contents of 
this kit can be found in Table 2. Participants are contacted before their 

designated hemodialysis appointment and reminded to collect the fecal 
microbiome specimen and return the microbiome kit at that appoint
ment, via a drop box in the reception area of the UI Health dialysis unit. 
In addition, one tube of blood (10-ml red top serum tube) is collected at 
their regularly scheduled hemodialysis appointment, prior to initiation 
of the dialysis treatment, for analysis of serum SCFAs and tryptophan 
metabolites. A timeline of study procedures and collection of variables 
for analysis can be found in Table 3. 

Table 1 
Participant inclusion and exclusion criteria for the BIOME HDp study.  

Inclusion criteria 

1. Age >18 years 
2. Undergoing in-center maintenance hemodialysis for >90 days 
3. Able to speak and understand English 
4. Chronic pain defined as a response of “Most days” or “Every day” to the 

following question: “In the past 3 months, how often have you had pain?” 
(Answer options: Never, Some days, Most days, Every day) 

5. Current PEG score ≥4 
6. Willing to provide informed consent 
7. Willing to allow the research team to obtain opioid pharmacy refill data 
8. Willing to allow the research team to contact and work with their opioid 

prescriber 
Exclusion criteria 
1. Current opioid use disorder 
2. Current use of heroin 
3. Current non-opioid substance use disorder (except for tobacco use disorder) 
4. Current use of methadone, buprenorphine, or naltrexone for opioid use 

disorder 
5. Current receipt of hospice care 
6. Cognitive impairment that, in the judgment of the research team, precludes 

trial participation 
7. Active suicidal intent based on an initial screening with PHQ-9 question #9, 

followed by further assessment when indicated 
8. Unstable bipolar disorder, schizophrenia, post-traumatic stress disorder, or 

other psychiatric disorder 
9. Life expectancy <6 months 
10. Expected to receive a kidney transplant, transfer to another dialysis facility, or 

transition to home dialysis within 6 months 
11. Current incarceration 
12. Any other condition that the investigator considers precludes participation in 

the clinical trial  

Table 2 
Contents of the fecal microbiome collection kit.  

1 Fecal swab collection and preservation tube (tube only)a 

2 Sterile fecal specimen collection swabsa 

1 Shipping accessoriesa,b 

1 Feces catcherc 

1 Sample requisition formd 

1 Pair of latex-free gloves 
1 Written instructions with images for feces catcherc 

1 Written instructions with images for sample collectiona  

a Norgen Biotek Corp. ON, Canada: https://norgenbiotek.com/product/fecal- 
swab-collection-and-preservation-system. 

b Shipping accessories include: 1 biohazard specimen bag with absorbent pad; 
1 bubble envelope labeled “Exempt Human Specimen”; and 2 blank labels. 

c Zymo Research, Tusin, CA, USA: https://www.zymoresearch.com/product 
s/feces-catcher. 

d Sample requisition form includes: patient ID; investigator name and contact 
information; university IRB number; date and time of sample collection; quality 
of stool (hard, not too hard, not too soft, soft, liquid). 

Table 3 
Biome-HDp study enrollment and data collection timeline.   

HOPE Phase 1 (PCST or usual care) 

Study procedure Pre- 
screening 

Baseline 
(Week 0) 

Week 
12 

HOPE study screening X   
Confirmation of HOPE enrollment X   
Confirmation of HOPE randomization 

arm 
X   

Informed consent for Biome-HDp pilot 
study 

X X X 

Demographics X   
Medical history X   
Dialysis history X   
Opioid history X   
Patient-reported outcomes 
Brief Pain Index (BPI) Interference [55]  X X 
Brief Pain Index (BPI) Severity [55]  X X 
Pain Catastrophizing Scale (PCS) Short 

Form 6 [56]  
X X 

McGill Quality of Life (MQOL) [57]  X X 
Patient Health Questionnaire (PHQ-9) 

[58]  
X X 

Generalized Anxiety Disorder (GAD-7) 
[59]  

X X 

Coping Strategies Questionnaire 24 
(CSQ-24) [60]  

X X 

PROMIS Fatigue Short Form 6a [61,62]  X X 
Dialysis Symptom Index (DSI) [63]  X X 
Multidimensional Scale of Perceived 

Social Support (MSPSS) [64]  
X X 

Everyday Discrimination Scale [65]  X X 
Acceptability/feasibility   X 
Biospecimen collection 
Fecal microbiome swab  X X 
Serum samplesa  X X 

Abbreviations: HOPE, Hemodialysis Opioid Prescription Effort. PCST, pain 
coping skills training. 

a Serum metabolite analysis to include tryptophan (TRP); kynurenine (KYN); 
KYN/TRP ratio; kynurenic acid (KYNA)’ 3-hydroxykynurenine (3 HK); quino
linic acid (QA); serotonin (5-HT); neopterin; short-chain fatty acids (acetate, 
propionate, butyrate). 
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4. Methods: data collection, management, and analysis 

4.1. Fecal microbiome sample preservation 

Participants will collect fecal microbiome samples using the Norgen 
Fecal Swab Collection and Preservation System (Norgen Biotek Corp., 
ON, Canada) [43]. Fecal specimens will be collected at the participants 
home within 4 days of their scheduled study visit, and stored at room 
temperature. Upon delivery to the dialysis unit, fecal specimens will 
then be transferred to a − 80o Celsius freezer until DNA extraction and 
metagenomic sequencing is performed. Research has shown the Norgen 
Fecal Swab and Collection and Preservation System preserves fecal mi
croorganisms profile, up to 4 weeks at room temperature, with no sig
nificant changes in microbiome features (e.g., Simpson diversity index, 
differentially abundant features, and Bray-Curtis similarity index) when 
compared to immediate and rapid freezing to − 80 ◦C [44]. 

4.2. Survey data collection 

Participants’ patient-reported outcomes will be captured using 
computer-assisted telephone interviewing (CATI), administered by a 
centralized team who will be masked to participants’ treatment as
signments. CATI is a highly reproducible approach for patient-reported 
outcomes, with successful implementation in several multi-center clin
ical trials in hemodialysis including the Frequent Hemodialysis Network 
studies and ASCEND (A Study of Cardiovascular Events in Diabetes) 
[45]. CATI is currently being used for the SLEEP-HD trial 
(NCT03534284) and the Hemodialysis Novel Therapies ACTION trial 
(NCT03141983). This approach allows for study participation by people 
with wide ranges of health literacy and limitations in vision and manual 
dexterity; it also reduces bias in assessing patient-reported outcomes. 

An interviewer with no knowledge of participant treatment assign
ment will administer the English version of the study’s patient-reported 
outcome measures (made available to the interviewer through the web- 
based study portal in a fixed sequence of screens), starting with the Brief 
Pain Inventory interference scale. A study coordinator will schedule the 
dates and times for the participants to receive their phone calls for 
outcome assessment. Each participant will choose whether to receive the 
phone call at home on a non-dialysis day (preferred) or while at the 
dialysis unit. (The research team at the dialysis unit will be equipped 
with mobile phones that can be made available to participants for these 
calls as needed.) Efforts will be made to ensure that all subsequent calls 
to participants occur at the same site as their baseline assessment. Each 
call is expected to last approximately 45 min when collecting the full set 
of patient-reported outcomes, or 25 min for the partial list of patient- 
reported outcomes. Pain interference is the primary outcome of inter
est for the BIOME-HDp study. 

4.3. Data management 

Data to be extracted from the electronic medical record include pa
tient name, medical record number, and phone number; medical history; 
height, weight, and body mass index; hospitalizations; and concomitant 
medications. All fecal microbiome and serum for metabolite specimens 
will be stored in a − 80-degree Celsius freezer. Once microbial DNA is 
extracted from the samples, any additional material will continue to be 
held in a − 80-degree freezer for future research upon consent from the 
study participant. 

4.4. Microbiome analysis 

4.4.1. DNA extraction and library preparation 
Microbial DNA will be extracted using the Qiagen MagAttract Pow

erSoil DNA KF Kit (formerly, MOBio PowerSoil DNA Kit) using a King
Fisher robot. DNA quality will be evaluated visually via gel 
electrophoresis and will be quantified using a Qubit 3.0 fluorometer 

(Thermo Fisher Scientific, Waltham, MA, USA). Libraries will be pre
pared using a Nextera library preparation kit (Illumina, San Diego, CA, 
USA) with an in-house protocol. 

4.4.2. Sequencing, data curation, and sequence processing 
Paired-end sequencing (150 base pairs x 2) will be performed on an 

Illumina NextSeq500 DNA sequences. Shotgun metagenomic sequence 
reads will be processed with the Sunbeam pipeline. Initial quality 
evaluation will be performed using FastQC version 0.11.5. Processing 
will take place in four steps: adapter removal, read trimming, low- 
complexity-read removal, and host-sequence removal. Adapter 
removal will be performed using cutadapt version 2.6 [46], and trim
ming with Trimmomatic version 0.36 [47] using custom parameters 
(LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36). 
Low-complexity sequences will be detected with Complexity version 
0.3.6 [48]. High-quality reads will be mapped to the human genome 
(Genome Reference Consortium Human Reference 37), and mapped 
reads will be removed from the analysis. The remaining reads will be 
taxonomically classified using Kraken2 with the MiniKraken2_v1 data
base [49]. For functional profiling, high-quality (filtered) reads will be 
aligned against the SEED database via translated homology search and 
annotated to Subsystems, or functional levels, 1 through 3 using 
Super-Focus [50]. 

4.4.3. Quantification of serum SCFA and tryptophan metabolites 
Tryptophan metabolites will be extracted by protein precipitation 

protocol, followed by dryness under nitrogen and reconstitution in 
HPLC-grade water acetonitrile and formic acid before being subjected to 
LC/MS analysis. For SCFAs, the extracts will go through derivatization 
by 3-nitrophenylhydrazine before LC/MS analysis. The sample analysis 
will be carried out in the LC-MS/MS (Agilent 1290 UPLC coupled to AB 
Sciex QTRAP 6500). We will record the eluents’ positive or negative ion 
mass spectra by reversed-phase C18 column, using the multiple 
reaction-monitoring mode. This mode uses the mass spectrometers MS1 
and MS2 operated in static mode for single ions, which allows a higher 
sensitivity compared with the scan mode. The molecular and daughter 
ions for each target are selected for MS1 and MS2. Quantification will be 
done using Sciex Analyst software. 

4.5. Statistical analysis 

4.5.1. Descriptive analyses 
Descriptive statistics on participant recruitment, retention, and 

adherence to specimen collection protocols will be used to report the 
feasibility and acceptability of the fecal microbiome and serum metab
olite sample collection protocol used in the BIOME-HDp pilot study. To 
determine the overall longitudinal effects of the microbiome features 
and microbiota-derived metabolites on pain, we will employ longitudi
nal mixed-effects pain models on microbiome features and individual 
metabolites, with time variables. The time-specific longitudinal effects 
on pain of the microbiome features and microbiota-derived metabolites 
will be determined based on the interaction terms of time variables in 
the longitudinal mixed-effects models of pain. All longitudinal mixed- 
effects models will include potential covariates that may contribute to 
explaining the outcomes. Longitudinal structural equation modeling will 
be applied with different degrees of cross-lag structures to determine the 
dynamic temporal effect of microbiome features on pain over time. 

4.5.2. Differential analysis of microbial taxa 
Differential analyses of taxa as compared with experimental cova

riates are performed using the software package edgeR v3.28.1 on raw 
sequence counts [51]. Prior to analysis, the data are filtered to remove 
any sequence counts that were annotated as chloroplast or mitochondria 
in origin, as well as removing taxa that had less than 1000 total sequence 
counts, summed across all specimens, or were present in less than 30% 
of the specimens. Data are normalized as counts per million. TMM 
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normalized data are then fit using a negative binomial generalized linear 
model (GLM) using experimental covariates, and statistical tests are 
performed using a likelihood ratio test (i.e., glmFit and glmLRT func
tions in edgeR). Post-hoc pairwise tests are performed using the exact
Test function in edgeR. Adjusted p values (q values) are calculated using 
the Benjamini-Hochberg false discovery rate (FDR) correction [52]. 
Significant taxa are determined based on an FDR threshold of 5% (0.05). 

4.5.3. Alpha diversity analyses 
Shannon indices are calculated with default parameters in R using 

the vegan library v2.5-6 [53]. Prior to analysis, the data are rarefied to a 
depth of 100,000 counts per sample. The resulting Shannon indices are 
then modelled with the sample covariates using a GLM assuming a 
Gaussian distribution. Significance of the model (ANOVA) was tested 
using the F test. Post-hoc, pairwise tests are performed using 
Mann-Whitney test. Plots are generated in R using the ggplot2 library 
[54]. 

4.5.4. Beta diversity/dissimilarity analyses 
Bray-Curtis indices are calculated with default parameters in R using 

the vegan library v2.5-6 [53]. Prior to analysis, the normalized data are 
square root transformed. The resulting dissimilarity indices are 
modelled and tested for significance with the sample covariates using 
the PERMANOVA test (a.k.a. ADONIS). Additional comparisons of the 
individual covariates (e.g. age, race/ethnicity, body mass index, time on 
dialysis) are also performed using ANOSIM. Plots are generated in R 
using the ggplot2 library [54]. Additionally, since we utilized a repeated 
measures design, we will be explicitly controlling for individual differ
ences in all microbiome feature analyses. 

5. Conclusion 

People with ESKD receiving maintenance dialysis often prioritize 
symptom relief above all else due to the devastating effects of high 
symptom burden on every aspect of quality of life. Chronic, debilitating 
pain is among the most common symptoms experienced by people with 
ESKD. This chronic pain is associated with comorbidities and systemic 
inflammation resulting from the accumulation of uremic toxins and 
significantly impacts the ability of people with ESKD to participate in 
and enjoy usual physical and social activities. Moreover, pain has been 
shown to reduce hemodialysis treatment adherence, reduce quality of 
life, and increase risk of mortality. At the same time, the opioid epidemic 
in the United States has resulted in high social and economic costs and 
made it clear that novel solutions are needed for people suffering from 
chronic pain. The lack of effective strategies to treat pain without 
medications has contributed to poor health outcomes for people with 
ESKD on hemodialysis. 

Research on the connection between ESKD and its effects on micro
biome features and associated metabolites is now emerging. It is now 
recognized that the symbiotic microbiota that comprises the human 
microbiome play a critical role in health and disease. New evidence is 
shedding light on the role of the microbiome in mediating chronic pain. 
With the acknowledgment that causes of chronic pain are complex and 
multifactorial, we posit that (a) significant changes in microbiome 
structure and composition result from impaired kidney function, (b) the 
change in microbiome structure and composition results in a change in 
the metabolic function of the microbiome via microbiota derived me
tabolites, and (c) changes in microbiome composition and function 
exacerbate the perception of pain in people with ESKD on hemodialysis. 

The BIOME-HDp pilot study is an essential first step in understanding 
the relationships between renal function, microbiome features, associ
ated metabolites, and pain in people with ESKD on hemodialysis. The 
longitudinal, repeated measures design is robust enough to show spe
cific dynamic relationships between the structure and function of the 
microbiome, serum metabolites, and pain. Once we establish the 
acceptability and feasibility of sample collection protocols and identify 

fecal microbiome features and serum metabolites involved in chronic 
pain, we may be able to develop more extensive clinical trials that target 
nonpharmacological interventions—such as diet or lifestyle modifica
tions or use of pre- and/or probiotics—to treat the epidemic of chronic 
pain. 
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