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Preservation of peritoneal cavity homeostasis and peritoneal membrane function is critical for long-term peritoneal dialysis (PD)
treatment. Several microRNAs (miRNAs) have been implicated in the regulation of key molecular pathways driving peritoneal
membrane alterations leading to PD failure. miRNAs regulate the expression of the majority of protein coding genes in the human
genome, thereby affecting most biochemical pathways implicated in cellular homeostasis. In this review, we report published
findings on miRNAs and PD therapy, with emphasis on evidence for changes in peritoneal miRNA expression during long-term
PD treatment. Recent work indicates that PD effluent- (PDE-) derived cells change their miRNA expression throughout the course
of PD therapy, contributing to the loss of peritoneal cavity homeostasis and peritoneal membrane function. Changes in miRNA
expression profiles will alter regulation of key molecular pathways, with the potential to cause profound effects on peritoneal cavity
homeostasis during PD treatment. However, research to date has mainly adopted a literature-based miRNA-candidate methodology
drawing conclusions from modest numbers of patient-derived samples. Therefore, the study of miRNA expression during PD
therapy remains a promising field of research to understand the mechanisms involved in basic peritoneal cell homeostasis and
PD failure.

1. Introduction
Peritoneal dialysis (PD) therapy involves constant exposure
of the peritoneal membrane to bioincompatible PD solutions
and a high basal inflammatory state. This results in an alteration of the peritoneal cavity homeostasis characterized by
progressive fibrosis, angiogenesis, and ultrafiltration failure
[1]. The success of long-term PD therapy depends on the
maintenance of the structural and functional integrity of the
peritoneal membrane, across which solute transfer occurs.
Although different cell types are involved in the loss of peritoneal membrane homeostasis there is particular interest in
peritoneal mesothelial cells (MCs), one of the most numerous
cell types of the peritoneal cavity, 1 × 109 cells. PD failure
has been largely associated with the conversion of MCs to
myofibroblasts, via mesothelial-to-mesenchymal transition
(MMT) and mesothelial cell loss [2]. This phenotypic conversion leads to increased synthesis of extracellular matrix components and release of proinflammatory and proangiogenic

factors [3] (Figure 1(b)). Therefore, PD treatment directs the
fate of peritoneal homeostasis through the modulation of cell
type specific signal transduction networks. The dysregulation
of different molecules has been observed to play a causative
role in the etiology of PD therapy. Accordingly, the determination of the upstream pathways that control the expression
and/or activity of specific peritoneal cell types has turned into
an important field of research.
microRNAs (miRNAs) were initially discovered in C.
elegans as critical developmental regulators over a decade ago
[4, 5]. Alterations in miRNA expression have been described
in a wide range of in vitro and in vivo disease models [6]. miRNAs are short noncoding RNAs that regulate gene expression at the posttranscriptional level. Broadly, miRNAs are
transcribed by RNA polymerase (Pol II) or Pol III enzymes
[7, 8] as long, polyadenylated primary miRNA (pri-miRNA)
molecules [9]. The pri-miRNA transcripts are processed
by Drosha, a nuclear RNase III endonuclease, generating
precursor miRNAs (pre-miRNA) [10]. Pre-miRNAs are
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Figure 1: miRNA dysregulation in peritoneal dialysis. (a) miRNA biogenesis pathway. miRNAs are transcribed by RNA polymerase (Pol
II) or Pol III as primary miRNA (pri-miRNA) transcripts that are processed by Drosha to generate precursor miRNAs (pre-miRNAs). PremiRNA hairpins are transported by Exportin-5 to the cytoplasm, where mature miRNAs are generated by Dicer, and incorporated into the
RNA-induced silencing complex (RISC). miRNA-RISC complexes bind to the 3 untranslated regions (3 UTRs) of target mRNAs by partial
complementarity, resulting in repression of translation and/or mRNA degradation. (b) Peritoneal mesothelial-to-mesenchymal transition
(MMT) is associated with PD therapy. Healthy peritoneal mesothelial cells (PMCs; left hand side) undergo morphological changes during
PD-driven MMT, invading the submesothelium where they contribute to angiogenesis and fibrosis and increase extracellular matrix (ECM)
components deposition during PD therapy (right hand side). (c) Dysregulated miRNA expression resulting from PD therapy. Only miRNAs
for which specific evidence in HPMCs exists are shown.

60–70 nt stem-loop hairpin molecules that are transported
to the cytoplasm by Exportin-5 [11, 12]. Mature miRNAs
(22–25 nt) are generated by Dicer, a cytoplasmic RNase III,
and incorporated into the RNA-induced silencing complex
(RISC) [13]. miRNA-RISC complex binds to 3 untranslated regions (3 UTRs) of specific target genes by partial
complementarity, which results in repression of translation
and/or degradation of the target mRNA [14]. miRNAs control
the expression of the majority of protein coding genes in
the human genome, thereby affecting most biochemical
pathways implicated in cellular homeostasis. Additionally,
one miRNA may regulate the expression of hundreds of target
mRNAs, profoundly affecting cell phenotype and function.
Studies on miRNA expression in different model systems and
body fluids have also emphasized their potential as therapeutic targets and disease biomarkers [15–18] (Figure 1(a)).
Aberrant miRNA levels associated with PD therapy may
affect the regulation of a multitude of mRNA species resulting
in significant cellular effects. In the context of PD, continuous dialysis fluid exchange allows easy access to monitor
peritoneal cells and miRNA expression in PD effluent (PDE),
presenting the enticing possibility of monitoring peritoneal
cavity homeostasis during PD treatment. In this review,
we comment on published findings describing miRNAs in
PD therapy, with emphasis on evidence for changes in
peritoneal miRNA expression during long-term PD treatment. Compelling data suggest that miRNAs are implicated
in the regulation of key molecular pathways driving peritoneal membrane alterations leading to PD failure. Additionally, miRNAs implicated in epithelial-to-mesenchymal

transition (EMT) in other contexts have been associated with
MCs MMT during PD therapy [19, 20]. These results have
important implications for understanding peritoneal cavity
alterations associated with PD therapy. However, research to
date has mainly adopted a literature-based miRNA-candidate
methodology drawing conclusions from modest numbers
of patient-derived samples. Therefore, the study of miRNA
expression during PD therapy remains a promising field of
research to understand the mechanisms involved in basic
peritoneal cell homeostasis and PD failure (Figure 1(c)).

2. miRNA-Changes during PD Therapy
miRNAs are dysregulated in a broad range of diseases. The
cellular homeostasis of the peritoneal cavity is dramatically
affected during long-term peritoneal dialysis (PD) therapy
[21, 22]. PD treatment induces several structural and functional changes in the peritoneal cavity including cellular
percentage [21, 22] and phenotypic [23] changes that may
potentially be controlled by specific miRNA expression profiles. The development of micro-sample analysis techniques,
together with structural and functional similarities of human
peritoneal physiology compared with mouse and rat models,
allowed the development of PD in vivo studies [24]. The
establishment of competent animal models has been decisive
for in vivo scrutiny of PD characteristics that cannot be
appraised by in vitro models [25].
Rat PD models allow the study of long-term PD effects
while being relatively economical and easy to maintain.
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Models based on daily intraperitoneal injections of 4.25%
dextrose PD solution showed impaired peritoneal function
accompanied by morphological peritoneal changes characterized by a fibroblast-like phenotype acquisition of mesothelial cells after 4 weeks [19, 26]. Total rat peritoneal RNA
from this model has been analyzed by miRNA array [19,
26]. Lin et al. found robust and significant downregulation of 8 miRNAs in the hypertonic dialysate group (miR31, miR-93, miR-100, miR-152, miR-497, miR-192, miR-194,
and miR-200b) and increased expression of miR-122 was
observed in the hypertonic dialysate group compared with
the saline and control groups [26]. All results were RTqPCR confirmed [26]. When the same model was analyzed
by Zhou et al. [19], peritoneal fibrotic tissues displayed
upregulation in 8 miRNAs (miR-205, miR-664, miR-352,
miR-146b-5p, predicted miR-160, miR-132, miR-15b, and let7d) while 15 were downregulated (miR-335, miR-923, miR801, miR-200a, miR-801, miR-30a, miR-193a-3p, miR-193b,
miR-29b, miR-203, miR-148a, miR-709, miR-192, miR-15a,
and miR-26b) [19]. Among them, only miR-192 overlapped
with the miRNAs described by Lin et al. [19, 26]. The authors
found miR-30a downregulation particularly interesting as it
is known to target EMT-related genes, such as Snail and
vimentin [19, 27, 28]. Using RT-qPCR, Zhou et al. [19]
validated miR-30a downregulation in total peritoneum from
the rat PD model, in PD patients undergoing therapy for
3.5–66 months and following addition of TGF-𝛽1 to rat
primary peritoneal mesothelial cells and to human peritoneal
mesothelial cell line HMrSV5 [19]. miR-30a downregulation
was associated with Snail upregulation in HMrSV5 cells,
in which miR-30a stable overexpression blocked TGF-𝛽1induced Snail expression resulting in inhibition of EMT
[19].
A rat EMT model based on repeated exposure to glucose degradation products (GDPs) during 1-2 weeks, using
methylglyoxal (MGO), has been investigated by Liu et al.
[29]. Total RNA from the peritoneum of rats subjected to
this model was analyzed by miRNA array [29]. Liu et al. [29]
found that expression of 4 miRNAs was significantly upregulated (miR-136, miR-703, miR-30b, and miR-107), while miR653 and miR-598 were significantly downregulated. None of
these findings overlapped with the miRNAs identified by Lin
et al. and Zhou et al. [19, 26, 29]. All array data were confirmed
by RT-qPCR analysis, with miR-30b showing the greatest
increase in the PMs of rats injected with MGO [29]. Intraperitoneal injection of miR-30b chemically modified antisense
RNA oligonucleotide (ASO) in week 2 counteracted MGOinduced EMT of PMCs in rats [29]. This effect was associated
with bone morphogenetic protein-7 (BMP-7), a member of
the transforming growth factor-𝛽1 (TGF-𝛽1) superfamily that
negatively regulates EMT and prevents fibrosis [30, 31]. BMP7 was significantly downregulated after 4 weeks of MGO
injection and this effect was reversed by intraperitoneal miR30b ASO injection [29]. Finally, this group demonstrated that
miR-30b directly targets BMP-7 in PMs of rats, which could
antagonize the effects of TGF-𝛽1 [29].
Due to significant benefits such as low cost, quick
turnover, simple breeding, and multiple potential genetic
manipulations, mouse PD models have become increasingly
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popular. Liu et al. [32] studied the expression profiles of
long noncoding RNA (lncRNAs), miRNAs, and mRNAs
comparing total peritoneal tissue from a mouse model of
peritoneal fibrosis induced by daily intraperitoneal injection
of 4.25% dextrose PD fluid (PDF) or saline solution for
4 weeks [32]. Array data showed that 14 miRNAs were
upregulated and 1 miRNA was downregulated compared
to normal peritoneal tissue [32]. Subsequent RT-qPCR validated upregulated expression of miR-182, miR-488, miR292, and miR-296, while miR-200a was downregulated in
the model group compared to controls [32]. Despite use of
integrative pathway and coexpression network analyses, the
mechanisms and functions of these miRNAs remain unclear
[32].
Continuous dialysis fluid exchange offers the possibility
to assess the integrity of the peritoneal membrane and characterize the functionality of the cellular components derived
from PDE of patients [33, 34]. Analysis of miRNA expression
profiles in total PDE cells from patients having undergone
PD therapy for less than 6 months versus long-term PD
patients identified downregulation of miR-129-5p, a potent
downstream inhibitor of TGF-𝛽1 in renal fibrosis [33]. The
authors confirmed miR-129-5p downregulation by RT-qPCR
and northern blot analysis and found that miR-129-5p modulated E-cadherin and vimentin expression by targeting SIP1
and SOX4 3 UTRs and modulating E-cadherin and vimentin
promoter activity via the TGF-𝛽1/SIP1 pathway [33]. These
data suggest that miR-129-5p protects MCs undergoing MMT
transformation induced by TGF-𝛽1 during PD through direct
targeting of SIP1 and SOX4 [33]. By contrast, Zhang et al. [34]
used their unpublished data of miRNA expression profiles in
HPMCs of PD patients and HMrSV5 cells treated with TGF𝛽1 to focus their studies on miR-589 [34]. miR-589 downregulation was confirmed in HPMCs from PD patients and
HMrSV5 cells treated with TGF-𝛽1, in which overexpression
of miR-589 attenuated the EMT changes induced by TGF-𝛽1
[34].
Most PD-related miRNA studies have taken a literaturebased approach to the identification of candidate miRNAs
for further analysis [20, 35–37]. The miR-29 family is known
to be a potent downstream inhibitor of TGF-𝛽1/Smad3 in
heart, liver, lung, and kidney fibrosis [38–41]. Yu et al.
[20] examined the therapeutic potential of miR-29b in a
mouse model of PD induced fibrosis by daily infusion of
4.25% dextrose solution by miR-29b delivery before and at
day 14 of therapy [20]. miR-29b overexpression showed a
protective effect on peritoneal fibrosis including EMT and
not only prevented peritoneal dysfunction when delivered
before starting the therapy, but also altered the progression
of the fibrosis when delivered after fibrosis establishment
(day 14) [20]. Although there are several mechanisms by
which miR-29b might inhibit peritoneal fibrosis, the authors
focused on the transcription factor specificity protein 1
(Sp1), which is a putative target of miR-29b that plays an
important role in TGF-𝛽1/Smad3 pathway and may be a
mechanism by which miR-29b inhibited peritoneal fibrosis
[20, 42, 43].
The miR-200 family of miRNAs has been closely associated with a variety of fibrotic diseases including lung
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and kidney fibrosis [44, 45]. Zhang et al. [35] showed miRNA200c downregulation when comparing PDE-derived MCs
from patients that had recently started PD therapy with
those undergoing PD for more than 6 months [35]. miR200c expression also correlated with morphological changes
in HPMCs suggesting that it may be associated with the EMT
process [35]. Chen et al. [36] selected the following candidate
miRNAs based on a report on EMT and kidney disease [46]:
miR-15a, miR-17-92, miR-21, miR-30, miR-192, miR-216a,
miR-217, and miR-377 [36]. Total PDE-derived cells from 110
PD patients (82 new, 28 prevalent) showed significant miRNA
upregulation of miR-15a, miR-21, and miR-192 when comparing new, prevalent and UF groups, while miR-17, miR-30, and
miR-377 expression was similar between groups [36]. miR-30
significantly correlated with GFR and no detectable expression of miR-216a and miR-217 was found in patient samples
[36].
Bao et al. [37] studied a set of miRNAs related to
kidney development and diseases (miR-193a, miR-21, miR15a, miR-16, and let-7e) in a model of high-glucose EMT in
HPMCs and found miR-193 upregulation, miR-15a and let7e downregulation, and no significant changes for miR-16
and miR-21 [37]. miR-193a increase correlated with stimulus
duration, suggesting to the authors that miR-193a may play
an important role in the EMT of the PMCs and regulate
peritoneal fibrosis [37].

3. Relevance of miRNA-Mediated Regulation
of Peritoneal Cell Maintenance and
Characteristics during PD Therapy
Several risk factors for PD therapy failure and/or the
development of peritoneal fibrosis in PD patients have
been described including biocompatibility of PD solutions,
repeat peritonitis, and elevated expression of growth factors
[26]. There is a continuous need to improve and promote
large and well-documented multinational and multicenter
PD registries which would allow research of appropriately
sized cohort studies like the Global Fluid Study (GFS) and
the balANZ study to overcome control group limitations
[47, 48].
Animal models offer an accurate replication of PD
therapy but may also increase the complexity of the study
[24, 25]. The use of intraperitoneal injection of dialysate
as PD model has many advantages including low cost,
high practicality, and low infection risk [19, 20, 26, 29,
32]. Nevertheless, better PD models, in which a catheter
is permanently inserted into the peritoneal cavity of the
animals, have been already described with a minimum risk
of developing exit site infection [25]. It is also important to
remember that miRNA sequences are not always conserved
between humans and animals [49], and analyzing their
relevance in humans is, therefore, highly important (Table 1,
[26, 29, 32]).
Several articles have based their miRNA microarray analysis on total peritoneal RNA samples (Table 1 [19, 26, 29, 32]).
Nevertheless, it is well accepted that PD treatment induces
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several structural and functional changes in the peritoneal
cavity including changes in the percentages of constituent
cell types and phenotype [22]. miRNA expression profiles
will change with each defined cell phenotype and context.
Therefore, the study of miRNAs from total peritoneal samples
has important associated challenges defining the specific
cell type contribution and validating the changes in different, cell-specific models where mechanistic studies can be
performed.
Indeed, CAPD patient PDE cell populations have
been previously described as composed principally of
macrophages (78%), followed by lymphocytes (12.3%),
neutrophils (4.9%), eosinophils (2.6%), mesothelial cells
(1.9%), and mast cells (0.3%) [21]. Therefore, although the
study patients would be free of peritonitis, macrophages
will still have an important contribution to the miRNA
profile measured by total PDE-derived cells miRNA array.
Consequently, miRNA arrays based on all PDE-derived
cells and/or full membrane digests [19, 26, 29, 32] may not
be a good model for mesothelial cell changes associated
with PD therapy as suggested by some of the reviewed
articles. Similarly, when the studied miRNAs are chosen
from the existing literature, the choice of an appropriate
model of study remains essential [20, 36, 37]. In vitro models,
although more simplistic, may be critical to understand
the specific pattern of miRNA expression in response to a
known stimulus in a specific cell type where mechanistic
research can be pursued. Further in vitro research is
required to elucidate specific changes in cellular miRNA
expression and their downstream mechanistic events
(Figure 1(c)).
Under normal conditions basal peritoneal fluid (PF) is
maintained within the body to serve as a lubricant and a
protective barrier between organs. The median total RNA
concentration of PF was 775 𝜇g/L and 345 𝜇g/L interquartile
range, and the number of detectable miRNAs was 397 [50].
When compared with other 11 body fluids (amniotic fluid,
breast milk, bronchial lavage, cerebrospinal fluid, colostrum,
plasma, pleural fluid, saliva, seminal fluid, tears, and urine),
PF had the fifth highest RNA content and the fourth highest
miRNAs content [50]. The 20 miRNAs with the highest
concentrations in PF were miR-515-3p, miR-892a, miR-518e,
miR-134, miR-509-5p, miR-223∗ , miR-515-5p, miR-616, miR302d, miR-873, miR-483-5p, miR-923, miR-374a, miR-598,
miR-548b-3p, miR-1238, miR-92b, miR-498, miR-937, and
miR-377∗ , while those uniquely detected in peritoneal fluid
were miR-129∗ , miR-583, miR-223, miR-627, and miR-29b1∗ [50]. Of the above, only miR-598 has been described to be
downregulated by miRNA array data from total peritoneum
in a rat model of MGO-induced EMT [29]. The authors
measured miRNAs from PF supernatant for the first time,
raising the possibility of using PDE from PD patients as a
source of miRNAs that could be used as biomarkers to monitor PD therapy [50]. Of note, the measurement of miRNAs
from patient PDE supernatant may be an important challenge
due to the relatively short duration of the PD exchanges (4 h
peritoneal equilibration test, PET) and the large fluid volume
involved.
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Table 1: miRNAs implicated in the regulation of peritoneal cavity homeostasis during peritoneal dialysis therapy.
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4. miRNAs as Biomarkers of the PD
Cavity during PD Therapy
The National Institutes of Health (NIH) defines a biomarker
as “a characteristic that is objectively measured and evaluated
as an indication of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention” [51]. The prototypical biomarker must be well
characterized and easily and effectively translated from
basic research to routine clinical laboratories or point-ofcare test. The best biomarker development practice can
be achieved by the use of the Bradford Hill criteria: (A)
strength, robust biomarker-outcome association; (B) consistency, persistence in different individuals, places, circumstances, and times; (C) specificity, diseases-explicit association; (D) temporality, the time course of changes in the
biomarker and outcome occurring in parallel; (E) plausibility,
reliable biomarker-pathogen connection; and (F) experimental evidence, biological biomarker understanding [51–
53]. The evaluation of biomarker consistency is especially
challenging as it requires the collection of large number of
well-characterized clinical samples, and PD multinational
and multicenter collections include the GFS and balANZ
[47, 48].
Long-term PD therapy is characterized by the loss of
the structural and functional integrity of the peritoneal
membrane which leads to a progressive fibrosis, angiogenesis,
and ultrafiltration failure resulting in a discontinuation of
the therapy and, ultimately, transition to hemodialysis [1,
54, 55]. PET can provide therapy functional information
but continuous morphological biopsy analysis is impractical.
In PD patients, continuous dialysis fluid exchanges allow
easy access to monitor potential peritoneal biomarkers for
structural and functional peritoneal membrane changes.
PDE contains several intraperitoneal and leukocyte-derived
macromolecules, proteins, and RNA species, which may
serve as potential biomarkers.
Cancer antigen 125 (CA-125) and interleukin-6 (IL-6)
are the most highly studied PDE biomarkers. CA-125 is a
high molecular weight glycoprotein and a significant body of
work hypothesizes that the level of CA-125 in PDE correlates
with mesothelial cell mass and a decline is indicative of
mesothelial cell damage, EMT, and fibrosis [56–58]. However,
recent evidence challenges this view and rather PDE CA125 may instead reflect mesothelial cell damage, death, and
detachment [59, 60]. Therefore, further research is needed to
clarify CA-125 function, regulation of expression, and secretion/shedding. Pleiotropic cytokine IL-6 has essential roles
in homeostasis including glucose metabolism, hypothalamicpituitary-adrenal axis, acute inflammation, and wound healing [61]. IL-6 has been implicated in bacterial clearance
during peritonitis and development of peritoneal fibrosis
[61]. Plasma IL-6 correlates with comorbidity and survival of
hemodialysis and PD patients while PDE IL-6 associates with
peritoneal solute transport rate (PSTR) [47, 62]. However, the
potential of IL-6 as a biomarker is hindered by intra- and
interindividual variability [63]. No PDE-derived biomarker is
currently used in clinical routine to monitor the homeostatic
maintenance of the peritoneal cavity. Further research to
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identify PDE-miRNAs as biomarkers may contribute to
individualizing PD therapy by indicating the adequacy of
switching therapy, interrogating and discriminating clinical
trials competence, and guiding the development of therapy
innovations.
miRNAs have shown a sound potential as biomarkers in
several fields and are easy to detect in different body fluids
in which they may associate with proteins, microvesicles,
exosomes, or necrotic bodies [64]. PDE-derived miRNAs
may be particularly suitable as biomarkers due to their
specific pattern of expression, easy detection, stability, and
reliability [65–68]. PD-miRNA research is in early stage
but there is a particular interest regarding miRNA as
biomarkers to help individualizing PD treatment. Several
studies have investigated the role of specific microRNAs in
the peritoneum as discussed previously (Table 1), primarily associated with mesothelial EMT. These in vitro and
murine models provide some association [26, 32, 34–37] and
functional data [19, 20, 29, 33], but their utility as PDE
biomarkers has yet to be established. Ultimately, unbiased
multicenter miRNA expression analysis of PDE samples
combined with robust function data would be essential for
the establishment of miRNA-biomarkers associated with PD
therapy.
The development of biomarkers in complex multifactorial
disease, such as PD therapy, is especially challenging. Peritoneal therapy may require multiple biomarkers to achieve
the degree of accuracy needed and different biomarkers may
be required to address distinct specific questions. In this
respect miRNAs are convenient as biomarkers due to easy,
cost-effective, multiple-detection methods that have been
recently developed.

5. Conclusion
Collectively, these studies suggest that miRNAs are likely to
be important in the regulation of mesothelial cell phenotype
and homeostasis in the peritoneal cavity during PD therapy.
Measurement of miRNAs in PDE may therefore be valuable
in predicting the clinical course of PD patients. However,
previous studies have had significant design weaknesses.
To maximize the success of identifying miRNA biomarkers
for PD therapy it is important to adhere to the Bradford
Hill criteria, develop a thorough mechanistic understanding
of the biomarker, and ensure the clinical evaluation of
independent cohorts is sufficiently powered. Collaboration
between basic and clinical researchers is essential to develop
robust data that can be transferred into diagnostics for clinical
laboratories. Further research to identify PDE-miRNAs as
biomarkers may contribute to individualizing PD therapy by
indicating the adequacy of switching therapy, interrogating
and discriminating clinical trial competence, and guiding the
development of therapeutic innovations.
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