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ABSTRACT

Subclinical endometritis (SCE) is an unresolved in-
flammation of the endometrium of postpartum dairy 
cows, seriously affecting fertility. Current diagnosis, 
which relies on uterine cytology or even more invasive 
biopsy sampling, would benefit from the identifica-
tion of blood-based diagnostic biomarkers. Due to the 
known role of microRNAs (miRNAs) in other diseases, 
this case-control study evaluated the cell-free circulat-
ing miRNA profiles of SCE cows, and the network of 
transcripts predicted to interact with those miRNAs, 
previously identified as differentially expressed genes 
(DEG) in the endometrium of the same cows. Healthy 
(H, n = 6) and persistent SCE (n = 11) cows character-
ized by endometrial cytology and biopsy were blood 
sampled at 21 and 44 d postpartum (DPP). Following 
extraction of cell-free plasma miRNAs and RNA-seq 
analysis, differential abundance analysis of miRNAs 
was performed with the DESeq2 R package (adjusted 
p-value of 0.05), and in silico prediction of miRNA-
interacting genes on a sequence complementary basis 
was conducted using the miRWalk database. The 
principal component analysis showed a clear cluster-
ing between groups of uterine health phenotypes (H vs. 
SCE), although the clustering between groups was less 
pronounced at 44 DPP than at 21 DPP. No effect of 
the stage (21 vs. 44 DPP) was observed. A total of 799 
known circulating miRNAs were identified, from which 
34 demonstrated differential abundance between H and 
SCE cows (12 less abundant and 22 more abundant in 
SCE than in H cows). These 34 miRNAs are predicted 
to interact with 10,104 transcripts, among which 43, 

81, and 147 were previously identified as differentially 
expressed in, respectively, endometrial luminal epithe-
lial, glandular epithelial, and stromal cells of the same 
cows. This accounts for approximately half of the DEG 
identified between those H and SCE cows, including 
genes involved in endometrial cell proliferation, angio-
genesis and immune response, whose dysregulation in 
SCE cows may impair pregnancy establishment. From 
219 miRNAs with mean normalized read counts above 
100, the presence and abundance of miR-425–3p and 
miR-2285z had the highest discriminatory level to dif-
ferentiate SCE from H cows. In conclusion, despite ap-
parent confinement to the endometrium, SCE is associ-
ated with a distinct circulating miRNA profile, which 
may represent a link between the systemic changes 
associated with disease and the endometrial immune 
response. The validation of a miRNA panel consist-
ing of circulating cell-free miR-425–3p and miR-2285z 
may prove a relevant advancement for the noninvasive 
diagnosis of persistent SCE.
Key words: blood microRNAs, subclinical 
endometritis, dairy cow

INTRODUCTION

During the postpartum period of dairy cows, one 
of the most prevalent diseases, often underdiagnosed 
due to lack of clinical signs, is subclinical endometritis 
(SCE; Sheldon et al., 2006). Subclinical endometritis is 
an inflammatory process in the endometrial lining of the 
uterus, characterized by increased infiltration of PMN, 
for which current diagnosis relies on uterine cytology 
or even more invasive biopsy sampling (Sheldon et al., 
2006; Pascottini et al., 2016). Subclinical endometritis 
affects the expression of genes involved in inflammatory 
response, tissue remodeling and immune tolerance in 
the uterus (Kasimanickam et al., 2014; Salilew-Wondim 
et al., 2016; Raliou et al., 2019; Pereira et al., 2022). The 
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comparison from full transcriptomes of laser microdis-
sected endometrial compartments from cows suffering 
from persistent SCE or recovering from SCE with those 
from healthy ones revealed cell type-specific changes of 
the above genes and pathways that may subsequently 
affect mechanisms of pregnancy establishment (Pereira 
et al., 2022).

Epigenetic processes can alter gene expression pat-
terns. Namely, numerous RNA-based mechanisms are 
responsible for the post-transcriptional control of gene 
expression involved in innate immunity (Carpenter 
et al., 2014). Among these, microRNAs (miRNAs) 
have emerged as key modulators of mRNA decay and 
translation (Filipowicz et al., 2008; Carpenter et al., 
2014; Oladejo et al., 2020). These modulators are non-
coding RNAs with 21 to 24 nucleotides that, coupled 
with argonaute proteins, form RNA-induced silencing 
complexes (Hutvagner and Simard, 2008) and hybridize 
with their interacting mRNAs (Filipowicz et al., 2008). 
Depending on the interacting mRNA-specific binding 
sequence’s location at the 3′ UTR, 5′ UTR, or promoter 
regions, miRNAs can induce translational repression, 
silencing effects on gene expression, or alternatively 
induce transcription (O’Brien et al., 2018).

There is increasing evidence that miRNAs have a 
role in host defense response to bacterial infections 
by modulating inflammation, cell penetration, tissue 
remodeling, and innate and adaptive immunity (Zhou 
et al., 2018). The endometrial miRNA profile changes 
associated with postpartum SCE were investigated in 
uterine full tissue (Salilew-Wondim et al., 2016) and 
cytobrush samples (Hailemariam et al., 2014), unveil-
ing a putative regulatory role of uterine miRNAs in the 
development and progression of SCE. The miRNAs can 
be secreted into extracellular fluids, thus functioning as 
chemical messengers to mediate cell-cell communica-
tion (O’Brien et al., 2018), and circulating miRNAs 
were described as highly stable, convenient (collection 
of samples from blood), and useful biomarkers of tissue 
function for a variety of diseases in cattle (Kasiman-
ickam and Kastelic, 2016; Gupta et al., 2018; Miretti 
et al., 2020; Luoreng et al., 2021). However, to the best 
of our knowledge, the circulating miRNA profiles of 
postpartum dairy cows with persistent SCE have not 
been characterized to date. Following a former study 
describing the effect of SCE on gene expression in the 
main 3 endometrial cell types (Pereira et al., 2022), 
the objective of this study was to evaluate the effect 
of SCE on circulating miRNAs of postpartum dairy 
cows. In addition, the lists of differentially abundant 
miRNAs and their potentially interacting mRNAs were 
compared with the lists of differentially expressed genes 
(DEG) previously identified in the 3 endometrial com-

partments of the same cows and at the same moments 
(Pereira et al., 2022). The findings of the present study 
enlighten the changes in post-transcriptional epigenetic 
regulation associated with SCE and may provide novel 
biomarkers for the diagnosis and prognosis of SCE in 
postpartum dairy cows.

MATERIALS AND METHODS

Ethics Statement

The project was approved by the Institutional Animal 
Care and Use Committee (reference CEIE nº37/2019). 
All clinical procedures were conducted in compliance 
with the European Union legislation on the protec-
tion of animals used for scientific purposes (Directive 
2010/63/EU).

Animals

Animals included in this study correspond to a sub-
set of those enrolled in Pereira et al. (2022), where the 
experimental design, animal handling, and sampling 
procedures are fully described. Briefly, the study took 
place on a dairy herd in Benavente (Portugal), where 
postpartum Holstein dairy cows (n = 17), without signs 
of puerperal disease (either uterine or extrauterine) and 
antibiotic or anti-inflammatory therapy, were enrolled 
in the study. Due to the strict inclusion criteria, the en-
rolled animals had no signs of clinical metritis (up to 21 
d postpartum [DPP]) or clinical endometritis (from 21 
to 44 DPP), nor any clinical extrauterine disease (e.g., 
mastitis, metabolic, lamness, pneumonia) throughout 
the sampling period.

Genital Tract Evaluation and Endometrial Cytology

Cows were submitted to a gynecological examina-
tion, endometrial cytology, and blood sampling at 21 
± 0.4 and 44 ± 0.8 DPP. Following collection with a 
Metricheck device (EndoControl Sampler, Minitube, La 
Selva del Camp, Spain), vaginal discharge was graded 
according to Williams et al. (2005), and the genital 
tract was evaluated by transrectal palpation and ul-
trasonography. Animals with signs of clinical uterine 
disease (e.g., vaginal discharge score ≥1) were excluded 
from further exploration. Next, endometrial cytology 
was performed with the cytobrush technique, and the 
percentage of PMN was assessed by counting 400 cells. 
Cows were considered healthy when PMN percentage 
was <18% and <5% at 21 and 44 DPP, respectively 
(Pereira et al., 2020, 2022). Cows from the healthy 
group (H, n = 6) had a healthy uterus at both exami-
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nations and subsequently became pregnant at the first 
insemination, whereas persistent SCE (n = 11) pre-
sented PMN percentages higher than the above cut-offs 
at 21 and 44 DPP, and did not become pregnant at the 
first insemination. This classification, initially based on 
cytology results, was confirmed by retrospective histo-
logical analysis. Details for the characterization of these 
cows were previously published (Pereira et al., 2022).

Blood Sampling and Small RNA Extraction

Blood samples were aseptically collected by veni-
puncture of the coccygeal vein into 10 mL dry tubes 
with K3 EDTA (13060, Vacutest KIMA, Arzegrande, 
Italy). Tubes were immediately centrifuged (2,000 × 
g for 15 min), and the resulting cell-free plasma was 
aliquoted into 1.5-mL tubes and stored at −20°C until 
further processing. Cell-free circulating small RNAs 
were extracted from the plasma aliquots (n = 34) using 
the miRNeasy Mini Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. The miRNA 
percentage and concentration were analyzed using a 
Bioanalyzer 2100 and a small RNA chip kit (Agilent 
Technologies) according to the manufacturer’s instruc-
tions and stored at −80°C until further processing 
(Supplemental File S1, https: / / figshare .com/ articles/ 
dataset/ Supplemental _File _1 _xlsx/ 24082338; Pereira 
et al., 2023a).

RNA-Seq Analysis

The RNA-seq analyses were performed by the Ge-
nomEast platform (Strasbourg, France). Briefly, small 
RNA-seq libraries from both stages (H samples = 12, 6 
cows, 2 samples per cow; SCE samples = 22, 11 cows, 2 
samples per cow), were generated from 10 to 20 ng of pu-
rified small RNA fraction (acrylamide gel purification) 
using the TruSeq Small RNA Library Prep Kit (Illu-
mina, San Diego, CA) according to the manufacturer’s 
instructions. Specific miRNA and small RNA adapters 
were added to each end of the miRNA, followed by 
reverse transcription and PCR amplification to obtain 
cDNA, and the final cDNA libraries were sequenced 
on HiSeq 4000 (Illumina) as single-end 50 base reads 
according to the manufacturer’s instructions. Adap-
tor sequences and reads with undetected bases were 
removed (FASTX-Toolkit, http: / / hannonlab .cshl .edu/ 
fastx _toolkit/ index .html), and all remaining reads were 
filtered according to their size. Read quantification 
and annotation were performed using the ncPRO-seq 
pipeline (Chen et al., 2012). The sequence reads were 
aligned against the Bos taurus btau5.0.1 genome as 
miRBase_v22.1 using the bowtie v1.0.0 software (Lang-

mead et al., 2009). The normalization and differential 
expression analyses of miRNAs were conducted using 
the DESeq2 R package v1.18.1. The following terms for 
main effects and interaction were added in the GLM 
model (stage (21DPP, 44DPP) + cow_group (H, SCE) 
+ stage: cow _group). Significance was considered at 
Padj ≤0.05, and only known mature miRNAs with a 
mean read count ≥100 normalized reads were consid-
ered to increase confidence in subsequent analysis and 
reduce technical noise. Power analysis was performed 
using the method described by Bi and Liu (2016) and 
compiled in the R package ssizeRNA (version 1.3.2). 
Calculated at a false discovery rate (FDR) of 0.05, 
power was 32%, 71%, and 93% to detect 1.5, 2, and 3 
log2 fold change respectively. Data were deposited in 
NCBI’s Gene Expression Omnibus and are accessible 
through GEO Series accession number GSE225913 
(https: / / www .ncbi .nlm .nih .gov/ geo/ query/ acc .cgi ?acc 
= GSE225913).

Bioinformatic Analyses

Principal component analysis (PCA) was performed 
with FactoMineR (R package, version 1.4.1) using the 
variance stabilizing transformation output files from 
DESeq2. In silico prediction of miRNA-interacting 
genes on a sequence complementary basis was con-
ducted using the miRWalk database (http: / / mirwalk 
.umm .uni -heidelberg .de/ ). Only possibly interacting 
genes possessing sequence complementary sites with 
miRNAs within the 3UTR region with a binding prob-
ability >0.95 were kept in the analysis. The lists of 
DEG identified in the 3 main endometrial cell types, 
luminal epithelial (LE), glandular epithelial (GE), 
and stromal (ST) cells were retrieved from Pereira et 
al. (2022), and the Venn diagrams of common genes 
between miRNA-interacting genes and DEG identified 
were obtained with Venny 2.1 (http: / / bioinfogp .cnb 
.csic .es/ tools/ venny/ ).

Significant gene ontology (GO) terms of the GO-slim 
Biological Process domain enriched in the lists of com-
mon genes between miRNA-interacting genes and DEG 
were found using the PANTHER classification system 
(Protein ANalysis THrough Evolutionary Relation-
ships version 16.0, http: / / pantherdb .org). Identified 
GO terms were summarized by removing redundant 
GO terms with dispensability at a tiny level, using RE-
VIGO (http: / / revigo .irb .hr/ ; Supek et al., 2011).

The miRNA-mRNA interaction subnetworks were 
created with Cytoscape (version 3.8.2) comprising dif-
ferentially abundant miRNA and common genes be-
tween miRNA-interacting genes and DEG identified in 
LE, GE and stromal cells.
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Approach for Biomarker Selection

To select the most predictive miRNA sets to discrimi-
nate H versus SCE cows we performed a sparse partial 
least squares–discriminant analysis (sPLS-DA) using 
the mixOmics R package (version 6.10.8; Lê Cao et al., 
2011). The sPLS-DA included only miRNAs with mean 
of normalized read counts above 100. The number of 
components and variables to select were tuned at 2 and 
9, respectively, by using the perf() and tune.splsda() 
functions to get the better performance of the sPLS-DA 
model.

RESULTS

Cell-Free Plasma Circulating miRNAs

From the 34 cow libraries (2 postpartum stages for 
each cow of the H and SCE groups), 799 known circu-
lating miRNAs were identified (Supplemental File S2, 
https: / / figshare .com/ articles/ dataset/ Supplemental 
_File _2 _xlsx/ 24082356; Pereira et al., 2023b). The 
mean of normalized read counts of these 799 miRNAs, 
were ≥1,000 for 129 (16.1%), <1,000, and ≥100 for 
90 (11.3%), and <100 for 580 (72.6%). The top5 most 

abundant miRNAs, averaging more than 300,000 reads, 
were miR-486, miR-191, miR-3600, miR-22–3p, and 
miR-192.

Differential Abundance of Circulating miRNAs  
in SCE Versus H Cows

The generalized linear model used in DESEq2 for 
differential expression analysis of individual miRNAs 
indicated that the effect of group (H vs. SCE) was 
significant (P < 0.05) whereas the effect of stage and 
the interaction between group and stage were not sig-
nificant. This is illustrated by the PCA, which showed 
a clear clustering of individuals associated with group 
(H vs. SCE; Figure 1a), whereas there was no clear dis-
tinction for the effect of stage (21 vs. 44 DPP; Figure 
1c). However, despite differences remaining at 44 DPP, 
the miRNA profiles of H and SCE cows became more 
similar than at 21 DPP (Figure 1b).

Due to the absence of a significant effect of stage, the 
following part of the results focuses on the main effect of 
group (H vs. SCE). The analysis identified 46 circulat-
ing known mature miRNAs with differential abundance 
between H and SCE cows (Supplemental File S3, https: 

Pereira et al.: BLOOD microRNA IN SUBCLINICAL ENDOMETRITIS

Figure 1. Principal component analysis of circulating miRNA data from postpartum dairy cows classified as Healthy (H) or Persistent 
Subclinical Endometritis (SCE) at 21 and 44 d postpartum (DPP). (a) Main effect of endometrial health status; (b) interaction between en-
dometrial health status and postpartum stage; (c) main effect of postpartum stage. The projection of data on the first 2 principal components 
explains 37% of the variance.
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/ / figshare .com/ articles/ dataset/ Supplemental _File 
_3 _xlsx/ 24082371; Pereira et al., 2023c). However, 12 
of these miRNAs had an average number of normal-
ized read counts under 100 and were excluded from 
further analysis and discussion, due to their probable 
low biological relevance. The remaining 34 circulating 
miRNAs with differential abundance in SCE compared 
with H cows are represented in Figure 2. From these, 
12 were less abundant (miR-10b; miR-148a; miR-148d; 
miR-151–3p; miR-103; miR-107; miR-30a-5p; miR-99b; 
miR-1839; miR-10225a; miR-182; miR-11971) and 22 
were more abundant (miR-26a; miR-26c; miR-27a-3p; 
miR-150; miR-30b-5p; miR-30c; miR-16a; miR-361; 
miR-29c; miR-339a; miR-28; miR-222; miR-425–3p; 
miR-145; miR-374b; miR-497; miR-138; miR-505; miR-
195; miR-6119–3p; let-7a-3p; miR-345–5p) in SCE cows 
when compared with H cows. The 2 miRNAs with the 
lowest adjusted p-values (6.05 × 10−9 and 2.99 × 10−5) 
and the highest log2 fold changes (1.93 and 2.16) were 
miR-425–3p and miR-30b-5p, respectively, both more 
abundant in SCE cows. Among SCE less abundant 
miRNAs, miR-10b had the highest mean of normal-
ized read counts and the lowest adjusted p-value (2.8 × 
10−3) and log2 fold change (−1.76). Among the 10 miR-
NAs with the lowest adjusted p-values, 9 had a positive 
log2 fold change, and only miR-10b had a negative log2 
fold change.

Comparison of Circulating miRNA-Associated Genes 
with DEG identified in Endometrial Cells

The 22 more abundant miRNAs in SCE cows are 
predicted to interact with 8,143 transcripts, whereas 
the 12 less abundant miRNAs are predicted to interact 
with 6,905 transcripts. Overall, the 34 miRNAs with 
differential abundance are predicted to interact with 
10,104 transcripts, and a high proportion of these tran-
scripts (4,944/10,104; 48.9%) relates to both more and 
less abundant miRNAs. In previous work (Pereira et al., 
2022), the comparison of the transcriptome of LE, GE, 
and ST endometrial cells of SCE and H cows identified 
84, 194, and 251 DEG, respectively. From these DEG, 
43/84 (51.2%), 81/194 (41.8%), and 147/251 (58.6%) 
in LE, GE, and ST cells, respectively, are predicted to 
interact on a sequence complementary basis with the 
circulating miRNAs with differential abundance found 
here (Table 1).

miRNA-mRNA Interaction Networks

Full miRNA-mRNA interaction networks were con-
structed based on the comparison between the lists of 
predicted interacting genes of miRNAs with differential 

abundance and the DEG previously identified in the 
LE, GE, and ST endometrial cells of the same cows; see 
Supplemental Figure S1 (https: / / figshare .com/ articles/ 
figure/ Supplemental _Fig _S1/ 24082377; Pereira et 
al., 2023d), Supplemental Figure S2 (https: / / figshare 
.com/ articles/ figure/ Supplemental _Fig _S2/ 24082383; 
Pereira et al., 2023e), and Supplemental Figure S3 
(https: / / figshare .com/ articles/ figure/ Supplemental 
_Fig _S3/ 24082389; Pereira et al., 2023f), respectively.

Due to the large size of these interaction networks (66 
nodes in LE cells, 110 nodes in GE cells, and 180 nodes 
in ST cells), subnetworks from enriched GO terms were 
selected for discussion of the miRNA-mRNA regula-
tory associations. The enriched GO terms identified in 
the lists of common genes between miRNA-interacting 
genes and DEG identified in each cell type (LE, GE, 
ST) are presented in Supplemental Figure S4 (https: 
/ / figshare .com/ articles/ figure/ Supplemental _Fig _S4/ 
24082395; Pereira et al., 2023g), Supplemental Figure 
S5 (https: / / figshare .com/ articles/ figure/ Supplemental 
_Fig _S5/ 24082401; Pereira et al., 2023h), and Supple-
mental Figure S6 (https: / / figshare .com/ articles/ figure/ 
Supplemental _Fig _S6/ 24082407; Pereira et al., 2023i), 
respectively.

In LE cells, the over-represented biological processes 
of cell population proliferation and negative regula-
tion of epithelial to mesenchymal transition included 
DEG forming 2 subnetworks (Figure 3A). In GE cells, 
a subnetwork included DEG involved in the processes 
of angiogenesis, extracellular matrix organization, 
and positive regulation of cell migration (Figure 3B) 
and another subnetwork included DEG involved in 
defense response to virus and negative regulation of 
viral genome replication (Figure 3C). In ST cells, one 
large subnetwork comprised DEG involved in immune 
response (Figure 3D).

The Ability of Different miRNAs to Serve  
as SCE Biomarkers

The MixOmics' PLS-DA approach was used to iden-
tify the miRNAs that were specifically associated with 
SCE and H cows. In the first component, miR-425–3p 
showed a significant association to SCE cows. In the 
second component, miR-2285z, miR-2285q, miR-6529b, 
miR-6529a, miR-1468, miR-2419–5p, miR-182, miR-
107, and miR-455–5p, in this descending order, were 
significantly associated with H cows (Figure 4). Fol-
lowing receiver operating characteristic curve analysis 
the first component displayed an area under the curve 
(AUC) of 0.8182 whereas the second component ex-
hibited an AUC of 0.9394. The first component miR-
425–3p and the second component miR-2285z were used 
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to construct a 2-miRNA model. In this model, the first 
dimension AUC remained unchanged, while the second 
dimension AUC only slightly decreased to 0.9318.

DISCUSSION

Following the role played by miRNAs in bovine im-
mune responses (Lawless et al., 2014; Do et al., 2021), 
and the evidence that altered circulating miRNA 
profiles are associated with various inflammatory dis-
eases in dairy cattle (Kasimanickam and Kastelic, 2016; 

Gupta et al., 2018; Miretti et al., 2020; Luoreng et al., 
2021), the present study aimed to describe the circulat-
ing miRNA profiles associated with persistent SCE in 
postpartum dairy cows. Primarily, the present study 
substantiated which miRNAs are circulating in higher 
abundance in postpartum dairy cows (both H and SCE 
cows), with miR-486, miR-191, miR-3600, miR-22–3p, 
miR-192, miR-423–5p, miR-10b, miR-21–5p, miR-27b, 
and miR-142–5p entering the list of top10 most abun-
dant. In 3 previous studies, 8 (Ioannidis and Donadeu, 
2018), 6 (Webb et al., 2020), and 5 (Veshkini et al., 

Pereira et al.: BLOOD microRNA IN SUBCLINICAL ENDOMETRITIS

Figure 2. Volcano plot representing the data distribution of circulating miRNAs with differential abundance between healthy (H) and per-
sistent subclinical endometritis (SCE) cows. The miRNAs more abundant in SCE cows are represented in red, and miRNAs less abundant in 
SCE cows are represented in blue.
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2022) of these, were identified also as the most abun-
dant miRNAs. The postpartum stage (21 vs. 44 DPP) 
had no significant effect on the differential abundance 
of circulating miRNAs. This was especially true for 
H cows, for which miRNA profiles from the 2 stages 
appeared remarkably stable, whereas miRNA profiles 
from SCE cows approached those from H cows at the 
second stage.

There was a limited correspondence between the dif-
ferentially abundant circulating miRNAs of the present 
study and those previously identified in endometrial 
samples of dairy cows with SCE (Hailemariam et al., 
2014; Salilew-Wondim et al., 2016). From the 34 dif-
ferentially abundant circulating miRNAs found here, 
11 were also dysregulated in endometrial samples in the 
study by Salilew-Wondim et al. (2016), and of these, 
only miR-361, miR-99b, miR-148a, and miR-151–3p 
exhibited the same sense of variation. In the study 
by Hailemariam et al. (2014), the low correspondence 
was more evident, as only 3 miRNAs were also dys-
regulated in endometrial samples, and only miR-16a 
and miR-27a-3p displayed the same sense of variation. 
Although not fully inconsistent when compared with 
former studies, the differences in the amount and type 
of differentially abundant miRNAs may result from 
the advantage, in this study, of sampling the same 
cows at 2 different postpartum stages, thus increas-
ing the power of analysis. In addition, results from 
the above studies are based on endometrial samples, 
with miRNAs arising mainly from stromal, epithelial 
and immune cells. While it cannot be ruled out that 
endometrial-produced miRNAs may reach the blood-
stream, we consider it is more likely that the circulating 
miRNAs in this study originated from other sources, 
considering the subclinical and localized nature of the 
condition. Effectively, contradictory to the initial belief 
that circulating cell-free miRNAs originate from local 
tissue injury, it has been shown that massive amounts 
of extracellular circulating miRNAs conveyed within 
microvesicles, exosomes, or bound to proteins, originate 
also from other organs such as the liver, muscle, heart, 
or brain (Turchinovich et al., 2012; Benmoussa and 
Provost, 2019), and blood cells (Turchinovich et al., 
2012; Sunderland et al., 2017).

The present study demonstrates that, despite the 
subclinical character of the disease and the apparent 
confinement to the endometrium, SCE is associated 
with distinct circulating miRNA profiles. These may 
represent a link between the systemic and endometrial 
compartments and function as a noninvasive diagnostic 
biomarker. The circulating miRNAs with differential 
abundance between SCE and H cows were predicted 
to interact with half of the DEG identified in the en-
dometrial cells of the same cows (Pereira et al., 2022). 
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Therefore, it is hypothesized that if these circulating 
miRNAs reach endometrial cells, they may regulate 
post-transcriptional gene expression at the endometrial 
level. However, how extracellular vesicle-free miRNAs 
can be delivered into recipient cells and exert cell-cell 
communication effects remains unknown (Turchinovich 
et al., 2016; Park, 2017; Zhao et al., 2019). Unraveling 
these mechanisms would be of great relevance, as in 
plasma >90% of extracellular miRNAs are vesicle-free 
(Turchinovich et al., 2016; Park, 2017). In the present 
work, the extracellular miRNAs’ packaging was not 
characterized. Therefore, the discussion below will only 
address the functional roles of differentially abundant 
miRNAs, based on sequence complementarity and pub-
lished data.

Persistent SCE cows were mainly characterized by 
an overabundance of known miRNAs compared with 
H cows. Among the overabundant miRNAs in SCE 
cows, miR-26a was the most abundant. This miRNA 
is upregulated by IFN-τ and inhibits the inflammatory 

damage to bovine endometrial epithelial cells by reduc-
ing the secretion of IL-1β, IL-6, and TNF-α (Liu et al., 
2022). In mice models, miR-26a is a determinant of 
M1/M2 macrophage balance (Sahu et al., 2017; Xu et 
al., 2019), with increased abundance of miR-26a tilting 
the polarization toward M1 phenotype and production 
of proinflammatory cytokines. However, miR-26a was 
also suggested to function as a negative regulator of the 
hyperinflammatory response via inhibition of PGE2 
production (Yu et al., 2022). Although in need of clari-
fication, the role of increased abundance of miR-26a 
in SCE cows is probably linked to the regulation of 
inflammation, acting as an anti- or proinflammatory 
agent.

Persistent SCE cows had increased abundance of miR-
145. In dairy cows, miR-145 is upregulated at calving 
and downregulated in the following 28 d (Veshkini et 
al., 2022), also being found in metritic cows (Kasiman-
ickam and Kastelic, 2016). This miRNA is known to 
regulate the proliferation of bovine epithelial cells (Li 
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Figure 3. The miRNA-mRNA interaction subnetworks comprising enriched gene ontology (GO) terms in the lists of common genes between 
miRNA-interacting genes and differentially expressed genes (DEG) identified in luminal epithelial (A), glandular epithelial (B and C), and 
stromal cells (D).
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et al., 2020) and the inflammatory response of human 
endometrial cells (Wang et al., 2021), and to interact 
with insulin receptor substrate 1 (IRS1) in human he-
patocytes contributing to insulin resistance (Wang et 
al., 2014; Wen et al., 2014). Also, miR-195 is highly 
abundant before calving in dairy cows (Veshkini et al., 
2022), and interacts with the insulin receptor (INSR) 
to contribute to a state of insulin resistance (Nigi et al., 
2018). The fact that both miR-145 and miR-195 had 
increased abundance in SCE cows supports the concept 

that these cows, may also be affected by a metabolic 
imbalance, as evidenced by a state of increased insulin 
resistance and further mobilization of body fat. The 
above information may be consistent with results from 
former work showing differences in the levels of some 
of the markers of fat mobilization (Pereira et al., 2020).

Persistent SCE cows had an increased abundance 
of miR-30b-5p, which contrasts with the decreased 
abundance identified by Kasimanickam and Kastelic 
(2016) in metritic cows. A clue for this discrepancy 

Pereira et al.: BLOOD microRNA IN SUBCLINICAL ENDOMETRITIS

Figure 4. The sPLS-DA performed on the miRNAs data set associated with healthy and subclinical endometritis (SCE) groups. (A) Sample 
plot including 95% confidence ellipses. (B) The miRNA contribution to component 1. (C) The miRNA contribution to component 2. Colors 
indicate the animal group in which the median is maximum for each miRNA, blue for healthy and orange for SCE.
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may arise from the work of Luoreng et al. (2021), who 
showed that circulating miR-30b-5p was decreased at 
3 d postinduced mammary infection but increased at 
5 d postinduced infection. This profile may indicate 
that circulating miR-30b-5p is decreased in the acute 
inflammatory response but increased on the way to a 
subacute or chronic inflammatory response, such as in 
persistent SCE. Interestingly, miR-30b-5p was shown 
to suppress lysosomal biogenesis and autophagy (Guo 
et al., 2021), suggesting that SCE cows may have 
compromised autophagy processes. Active autophagy 
can be protective by preventing an excessive inflam-
matory response through inflammasome activation, the 
clearance of DAMPs and damaged mitochondria, and 
degrading inflammatory mediators (Gong et al., 2020).

The abundance of miR-138 was higher in SCE than 
in H cows. In clinically healthy dairy cows, Veshkini 
et al. (2022) showed that circulating miR-138 is less 
abundant at calving but returns to antepartum levels 
by 28 DPP, regulating key signal transduction path-
ways associated with energy homeostasis and immune 
response, contributing to the metabolic adaptation to 
lactation. In SCE cows, the increased abundance of 
miR-138 may reflect an impaired or late adaptation of 
those processes, as miR-138 also stimulates the macro-
phage inflammatory response, possibly contributing to 
tissue damage (Bai et al., 2018).

Both miR-26a and miR-150 were in higher abundance 
in SCE than in H cows. These 2 miRNAs are down-
regulated upon T-cell activation (Rodríguez-Galán et 
al., 2018). In particular, miR-150 reduces proliferation, 
increases apoptosis, and lowers T-cell activation in hu-
mans (Sang et al., 2016), suggesting that the peripheral 
T-cell function may be impaired in SCE cows, contrib-
uting to the persistence of inflammation.

The pattern of higher abundance in SCE cows was 
also observed for miR-222. This miRNA was upregulat-
ed by TNF-α and negatively correlated with adiponec-
tin, while dysregulated in adipose and vascular tissues 
(reviewed by Hulsmans et al., 2011). These authors 
summarize how miR-222 is associated with endothelial 
dysfunction, adhesion and infiltration of inflammatory 
cells into the endothelial space, monocytic differentia-
tion, and regulation of angiogenesis. The abundance of 
miR-222 was related to body condition, being upregu-
lated during obesity in mice (Xie et al., 2009). There-
fore, differences in the abundance of miR-222 between 
SCE and H cows may reflect TNF-α stimulation levels 
or adipose tissue metabolism, including the previously 
reported (Pereira et al., 2020) differences in blood and 
uterine fluid concentrations of adiponectin.

Several other miRNAs were significantly more abun-
dant in SCE than in H cows. Circulating miR-505 is an 
anti-inflammatory regulator of LPS-mediated endome-

tritis due to the suppression of proinflammatory cyto-
kines (IL-1β, IL-6, and TNF-α) and the inhibition of 
HMGB1/NF-κB signaling (Liu et al., 2020). Its higher 
abundance in SCE cows may represent a response to 
limit persistent endometrial inflammation. Increased in 
SCE cows, miR-425–3p was also increased in bovine 
infected mammary glands (Li et al., 2015). Despite 
its relatively lower base level, the higher abundance of 
miR-193a-3p is consistent with its reported role in bo-
vine endometritis, markedly increasing the expression 
of proinflammatory cytokines induced by LPS, such as 
IL-1β, IL-6, and TNF-α (Yin et al., 2021).

Although to a lesser extent, some miRNAs had a sig-
nificantly lower abundance in SCE than H cows. This 
was the case of miR-148a, contrary to that observed 
in metritic cows (Kasimanickam and Kastelic, 2016). 
This miRNA, a member of the miR-148/-152 family, 
was proposed as a potential therapeutic target for hu-
man chronic inflammatory diseases due to its regula-
tory role in T and B lymphocyte function (Friedrich et 
al., 2017). Although there is limited knowledge on the 
participation of miR-148a in the cow uterus immune 
system, Jiang et al. (2020) and Umar et al. (2021) sug-
gested its potential value as a therapeutic target due to 
effects on NF-κB activation and decreased production 
of proinflammatory cytokines such as IL1β and TNFα. 
Also, Oladejo et al. (2020) hypothesized that miR-148a, 
through its regulatory effects on tumor growth and im-
munity, may play a significant role in the pathogenesis 
of dairy cow endometritis. This may also occur through 
miR-148a influence in adipose metabolism. In mouse 
pre-adipocyte cell lines miR-148a promotes adipogen-
esis by repressing Wnt signaling (Qin et al., 2010). In 
this context, by displaying a decreased abundance of 
miR-148a, SCE cows may exhibit impaired adipogen-
esis, thus extending the negative effects of lipid mobili-
zation in the postpartum period.

In the mice model, the downregulation of proin-
flammatory cytokines such as IL-6, IL-12, IL-1β, 
and TNF-α, which are responsible for the activation 
of dendritic cells to clear the engulfed bacteria, was 
reported to be modulated by miR-99b (Singh et al., 
2013). In persistent SCE cows the underabundance of 
miR-99b may be associated with the upregulation of 
these cytokines whose concentrations correlate with the 
adipokine chemerin, reported earlier to be increased in 
these animals (Pereira et al., 2020). Thus, it may be 
speculated that the decreased abundance of miR-99b 
exerts a positive regulatory effect on the secretion of 
chemerin and proinflammatory cytokines during the 
course of endometritis pathogenesis.

The subnetworks of miRNA-mRNA interactions re-
veal that the disrupted profiles of circulating miRNAs 
in SCE cows can potentially dysregulate specific endo-
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metrial functions, such as cell proliferation, angiogen-
esis, and immune response, which are also affected in 
the endometrium of these cows (Pereira et al., 2022). In 
LE cells, dysregulation of DEG involved in processes of 
cell proliferation may impair epithelial repair, because 
signals triggered by tissue damage promote epithelial 
cell migration and proliferation to replace damaged epi-
thelial cells and restore tissue homeostasis (Lara et al., 
2017; Brazil et al., 2019). In particular, EFNA1, which 
can interact with miR-11971, miR-27a-3p, and miR-
425–3p, regulates ephrin signaling which is involved in 
proliferation, protection against endoplasmic reticulum 
stress, and inflammatory responses in bovine endome-
trial and mammary epithelial cells (Kang et al., 2018; 
Lim et al., 2019).

In GE cells, among DEG related to angiogenesis, 
ITGAV can interact with miR-222, ITGA5 can interact 
with miR-222, miR-145 and miR-425–3p, and TGFBR2 
can interact with miR-339a. These DEG are involved in 
the regulation of inflammation in epithelial cells (Mu 
et al., 2002), suggesting another miRNA-driven mecha-
nism of endometrial function dysregulation in SCE 
cows. This latter miRNA (miR-339a) can also interact 
with MMP19, which encodes a basement membrane-de-
grading protease responsible for maintaining epithelial 
barrier function and for regulating immune response 
(Brauer et al., 2016).

In both GE and ST cells, DEG included in biologi-
cal processes of defense response to virus and immune 
response include IFN-dependent and IFN-stimulated 
genes such as RSAD2, MX2, OAS1Y and IFIT3, which 
are involved in the maternal recognition of pregnancy 
(Forde et al., 2011). These genes have the potential 
to interact with the overabundant miR-339a, miR-195, 
miR-145, and miR-27a-3p identified in SCE cows, lead-
ing to the hypothesis that this dysregulation is detri-
mental for embryo–maternal crosstalk and contributes 
to the known lower fertility of SCE cows.

In addition to explaining how disturbed circulating 
miRNA profiles of persistent SCE cows have the poten-
tial to dysregulate specific endometrial functions, this 
study also demonstrates the possible use of convenient 
samples (blood) as a source of biomarkers to diagnose 
SCE and evaluate the likelihood of persistency of the 
inflammation. Once the emerged biomarker panel with 
miR-425–3p and miR-2285z is validated/improved in 
a larger data set, it is feasible to design a diagnostic 
tool for SCE based on circulating miRNAs. Given the 
stability of circulating miRNAs (Mi et al., 2013), it is 
reasonable to assume that a blood sample collected at 
the farm can be sent to a laboratory in time to accu-
rately analyze miRNAs and identify animals at greater 
risk of persistent SCE.

CONCLUSIONS

In conclusion, this study first characterized the 
circulating miRNA profiles of postpartum dairy cows 
with persistent SCE. Despite the subclinical pattern 
and apparent confinement to the endometrium, SCE is 
associated with a distinct circulating miRNA profile, 
and these distinct miRNA profiles may represent a link 
between the systemic and endometrial compartments. 
Cows with SCE show 22 overabundant and 12 less 
abundant known circulating miRNAs compared with H 
cows. These dysregulated circulating miRNAs are pre-
dicted to interact with transcripts which are differen-
tially expressed in the endometrium of SCE cows. The 
identified miRNA-mRNA networks have the potential 
to dysregulate endometrial function and be related to 
the known negative effect on pregnancy establishment 
in SCE dairy cows. The emerged miRNA panel, once 
validated, has the potential to function as noninvasive 
diagnostic biomarker, a valuable tool to improve the 
ability to diagnose and predict the persistence of SCE 
and initiate appropriate early therapy and management 
policies.

ACKNOWLEDGMENTS

This work was supported by Fundação para a Ciência 
e a Tecnologia (FCT; Project UIDB/00276/2020 and 
PTDC/CVT-CVT/6932/2020), FORMAS (Stockholm, 
Sweden; grant no. 2015-00888), and LA/P/0059/2020–
AL4AnimalS (Lisboa, Portugal). The authors thank 
Barão and Barão Lda (Benavente, Portugal) for pro-
viding the facilities for this study and their assistance 
with animal care. Authors also acknowledge Sébastien 
Déjean at Institut de Mathématiques, Université Paul 
Sabatier, Toulouse for his invaluable assistance and 
expertise in statistical analysis. Sequencing was per-
formed by the GenomEast platform, a member of the 
'France Génomique' consortium (ANR-10-INBS-0009). 
The authors have not stated any conflicts of interest.

REFERENCES

Bai, X. Z., J. L. Zhang, Y. Liu, W. Zhang, X. Q. Li, K. J. Wang, 
M. Y. Cao, J. N. Zhang, F. Han, J. H. Shi, and D. H. Hu. 2018. 
MicroRNA-138 aggravates inflammatory responses of macro-
phages by targeting SIRT1 and regulating the NF-κB and AKT 
pathways. Cell. Physiol. Biochem. 49:489–500. https: / / doi .org/ 10 
.1159/ 000492988.

Benmoussa, A., and P. Provost. 2019. Milk MicroRNAs in health and 
disease. Compr. Rev. Food Sci. Food Saf. 18:703–722. https: / / doi 
.org/ 10 .1111/ 1541 -4337 .12424.

Bi, R., and P. Liu. 2016. Sample size calculation while controlling 
false discovery rate for differential expression analysis with RNA-
sequencing experiments. BMC Bioinformatics 17:146. https: / / doi 
.org/ 10 .1186/ s12859 -016 -0994 -9.

Pereira et al.: BLOOD microRNA IN SUBCLINICAL ENDOMETRITIS

https://doi.org/10.1159/000492988
https://doi.org/10.1159/000492988
https://doi.org/10.1111/1541-4337.12424
https://doi.org/10.1111/1541-4337.12424
https://doi.org/10.1186/s12859-016-0994-9
https://doi.org/10.1186/s12859-016-0994-9


9715

Journal of Dairy Science Vol. 106 No. 12, 2023

Brauer, R., J. Tureckova, I. Kanchev, M. Khoylou, J. Skarda, J. Pro-
chazka, F. Spoutil, I. M. Beck, O. Zbodakova, P. Kasparek, V. 
Korinek, K. Chalupsky, T. Karhu, K. H. Herzig, M. Hajduch, M. 
Gregor, and R. Sedlacek. 2016. MMP-19 deficiency causes aggra-
vation of colitis due to defects in innate immune cell function. Mu-
cosal Immunol. 9:974–985. https: / / doi .org/ 10 .1038/ mi .2015 .117.

Brazil, J. C., M. Quiros, A. Nusrat, and C. A. Parkos. 2019. Innate im-
mune cell-epithelial crosstalk during wound repair. J. Clin. Invest. 
129:2983–2993. https: / / doi .org/ 10 .1172/ JCI124618.

Carpenter, S., E. P. Ricci, B. C. Mercier, M. J. Moore, and K. A. 
Fitzgerald. 2014. Post-transcriptional regulation of gene expres-
sion in innate immunity. Nat. Rev. Immunol. 14:361–376. https: / / 
doi .org/ 10 .1038/ nri3682.

Chen, C.-J., N. Servant, J. Toedling, A. Sarazin, A. Marchais, E. 
Duvernois-Berthet, V. Cognat, V. Colot, O. Voinnet, E. Heard, 
C. Ciaudo, and E. Barillot. 2012. ncPRO-seq: A tool for annota-
tion and profiling of ncRNAs in sRNA-seq data. Bioinformatics 
28:3147–3149. https: / / doi .org/ 10 .1093/ bioinformatics/ bts587.

Do, D. N., P. L. Dudemaine, M. Mathur, P. Suravajhala, X. Zhao, and 
E. M. Ibeagha-Awemu. 2021. miRNA regulatory functions in farm 
animal diseases, and biomarker potentials for effective therapies. 
Int. J. Mol. Sci. 22:3080. https: / / doi .org/ 10 .3390/ ijms22063080.

Filipowicz, W., S. N. Bhattacharyya, and N. Sonenberg. 2008. Mecha-
nisms of post-transcriptional regulation by microRNAs: Are the 
answers in sight? Nat. Rev. Genet. 9:102–114. https: / / doi .org/ 10 
.1038/ nrg2290.

Forde, N., F. Carter, T. E. Spencer, F. W. Bazer, O. Sandra, N. Man-
souri-Attia, L. A. Okumu, P. A. McGettigan, J. P. Mehta, R. Mc-
Bride, P. O’Gaora, J. F. Roche, and P. Lonergan. 2011. Conceptus 
induced changes in the endometrial transcriptome: How soon does 
the cow know she is pregnant? Biol. Reprod. 85:144–156. https: / / 
doi .org/ 10 .1095/ biolreprod .110 .090019.

Friedrich, M., K. Pracht, M. F. Mashreghi, H. M. Jäck, A. Radbruch, 
and B. Seliger. 2017. The role of the miR-148/-152 family in phys-
iology and disease. Eur. J. Immunol. 47:2026–2038. https: / / doi 
.org/ 10 .1002/ eji .201747132.

Gong, L., Q. Pan, and N. Yang. 2020. Autophagy and inflammation 
regulation in acute kidney injury. Front. Physiol. 11:576463. https: 
/ / doi .org/ 10 .3389/ fphys .2020 .576463.

Guo, H., M. Pu, Y. Tai, Y. Chen, H. Lu, J. Qiao, G. Wang, J. Chen, 
X. Qi, R. Huang, Z. Tao, and J. Ren. 2021. Nuclear miR-30b-5p 
suppresses TFEB-mediated lysosomal biogenesis and autophagy. 
Cell Death Differ. 28:320–336. https: / / doi .org/ 10 .1038/ s41418 -020 
-0602 -4.

Gupta, S. K., P. H. Maclean, S. Ganesh, D. Shu, B. M. Buddle, D. N. 
Wedlock, and A. Heiser. 2018. Detection of microRNA in cattle 
serum and their potential use to diagnose severity of Johne’s dis-
ease. J. Dairy Sci. 101:10259–10270. https: / / doi .org/ 10 .3168/ jds 
.2018 -14785.

Hailemariam, D., S. Ibrahim, M. Hoelker, M. Drillich, W. Heuwieser, 
C. Looft, M. U. Cinar, E. Tholen, K. Schellander, and D. Tes-
faye. 2014. MicroRNA-regulated molecular mechanism underlying 
bovine subclinical endometritis. Reprod. Fertil. Dev. 26:898–913. 
https: / / doi .org/ 10 .1071/ RD13027.

Hulsmans, M., D. D. Keyzer, and P. Holvoet. 2011. MicroRNAs regu-
lating oxidative stress and inflammation in relation to obesity and 
atherosclerosis. FASEB J. 25:2515–2527. https: / / doi .org/ 10 .1096/ 
fj .11 -181149.

Hutvagner, G., and M. J. Simard. 2008. Argonaute proteins: Key play-
ers in RNA silencing. Nat. Rev. Mol. Cell Biol. 9:22–32. https: / / 
doi .org/ 10 .1038/ nrm2321.

Ioannidis, J., and F. X. Donadeu. 2018. Comprehensive analysis of 
blood cells and plasma identifies tissue-specific miRNAs as poten-
tial novel circulating biomarkers in cattle. BMC Genomics 19:243. 
https: / / doi .org/ 10 .1186/ s12864 -018 -4646 -5.

Jiang, K., J. Yang, C. Yang, T. Zhang, A. Shaukat, X. Yang, A. Dai, 
H. Wu, and G. Deng. 2020. miR-148a suppresses inflammation 
in lipopolysaccharide-induced endometritis. J. Cell. Mol. Med. 
24:405–417. https: / / doi .org/ 10 .1111/ jcmm .14744.

Kang, M., W. Jeong, H. Bae, W. Lim, F. W. Bazer, and G. Song. 
2018. Bifunctional role of ephrin A1-Eph system in stimulating 

cell proliferation and protecting cells from cell death through the 
attenuation of ER stress and inflammatory responses in bovine 
mammary epithelial cells. J. Cell. Physiol. 233:2560–2571. https: / 
/ doi .org/ 10 .1002/ jcp .26131.

Kasimanickam, R., V. Kasimanickam, and J. P. Kastelic. 2014. Mucin 
1 and cytokines mRNA in endometrium of dairy cows with post-
partum uterine disease or repeat breeding. Theriogenology 81:952–
958.e2. https: / / doi .org/ 10 .1016/ j .theriogenology .2014 .01 .018.

Kasimanickam, V., and J. Kastelic. 2016. Circulating cell-free mature 
microRNAs and their target gene prediction in bovine metritis. 
Sci. Rep. 6:29509. https: / / doi .org/ 10 .1038/ srep29509.

Langmead, B., C. Trapnell, M. Pop, and S. L. Salzberg. 2009. Ul-
trafast and memory-efficient alignment of short DNA sequences 
to the human genome. Genome Biol. 10:R25. https: / / doi .org/ 10 
.1186/ gb -2009 -10 -3 -r25.

Lara, E., A. Velásquez, J. Cabezas, N. Rivera, P. Pacha, L. Rodríguez-
Alvarez, F. Saravia, and F. O. Castro. 2017. Endometritis and in 
vitro PGE2 challenge modify properties of cattle endometrial mes-
enchymal stem cells and their transcriptomic profile. Stem Cells 
Int. 2017:4297639. https: / / doi .org/ 10 .1155/ 2017/ 4297639.

Lawless, N., T. A. Reinhardt, K. Bryan, M. Baker, B. Pesch, D. Zim-
merman, K. Zuelke, T. Sonstegard, C. O’Farrelly, J. D. Lippolis, 
and D. J. Lynn. 2014. MicroRNA regulation of bovine monocyte 
inflammatory and metabolic networks in an in vivo infection 
model. G3 (Bethesda) 4:957–971. https: / / doi .org/ 10 .1534/ g3 .113 
.009936.

Lê Cao, K. A., S. Boitard, and P. Besse. 2011. Sparse PLS discrimi-
nant analysis: Biologically relevant feature selection and graphi-
cal displays for multiclass problems. BMC Bioinformatics 12:253. 
https: / / doi .org/ 10 .1186/ 1471 -2105 -12 -253.

Li, R., C. L. Zhang, X. X. Liao, D. Chen, W. Q. Wang, Y. H. Zhu, X. 
H. Geng, D. J. Ji, Y. J. Mao, Y. C. Gong, and Z. P. Yang. 2015. 
Transcriptome microRNA profiling of bovine mammary glands in-
fected with Staphylococcus aureus. Int. J. Mol. Sci. 16:4997–5013. 
https: / / doi .org/ 10 .3390/ ijms16034997.

Li, W., C. Li, J. Lu, and Y. Zhao. 2020. MiR-145 is involved in the 
proliferation of bovine mammary epithelial cells and regulates bo-
vine insulin receptor substrate 1. Ital. J. Anim. Sci. 19:536–543. 
https: / / doi .org/ 10 .1080/ 1828051X .2020 .1732234.

Lim, W., H. Bae, F. W. Bazer, and G. Song. 2019. Ephrin A1 promotes 
proliferation of bovine endometrial cells with abundant expression 
of proliferating cell nuclear antigen and cyclin D1 changing the 
cell population at each stage of the cell cycle. J. Cell. Physiol. 
234:4864–4873. https: / / doi .org/ 10 .1002/ jcp .27275.

Liu, J., S. Guo, T. Zhang, X. Ma, Z. Wu, K. Jiang, X. Zhang, X. Guo, 
and G. Deng. 2020. MiR-505 as an anti-inflammatory regulator 
suppresses HMGB1/Nf-κB pathway in lipopolysaccharide-medi-
ated endometritis by targeting HMGB1. Int. Immunopharmacol. 
88:106912. https: / / doi .org/ 10 .1016/ j .intimp .2020 .106912.

Liu, J., Q. Liang, T. Wang, B. Ma, X. Wang, P. Li, A. Shaukat, 
X. Guo, and G. Deng. 2022. IFN-τ mediated miR-26a targeting 
PTEN to activate PI3K/AKT signalling to alleviate the inflam-
matory damage of bEECs. Sci. Rep. 12:9410. https: / / doi .org/ 10 
.1038/ s41598 -022 -12681 -9.

Luoreng, Z. M., J. Yang, X. P. Wang, D. W. Wei, and L. S. Zan. 2021. 
Expression Profiling of microRNA from peripheral blood of dairy 
cows in response to Staphylococcus aureus-infected mastitis. Front. 
Vet. Sci. 8:691196. https: / / doi .org/ 10 .3389/ fvets .2021 .691196.

Mi, S., J. Zhang, W. Zhang, and R. S. Huang. 2013. Circulating mi-
croRNAs as biomarkers for inflammatory diseases. MicroRNA 
2:64–71. https: / / doi .org/ 10 .2174/ 2211536611302010007.

Miretti, S., C. Lecchi, F. Ceciliani, and M. Baratta. 2020. MicroRNAs 
as biomarkers for animal health and welfare in livestock. Front. 
Vet. Sci. 7:578193. https: / / doi .org/ 10 .3389/ fvets .2020 .578193.

Mu, D., S. Cambier, L. Fjellbirkeland, J. L. Baron, J. S. Munger, H. 
Kawakatsu, D. Sheppard, V. C. Broaddus, and S. L. Nishimura. 
2002. The integrin αvβ8 mediates epithelial homeostasis through 
MT1-MMP-dependent activation of TGF-β1. J. Cell Biol. 157:493–
507. https: / / doi .org/ 10 .1083/ jcb .200109100.

Nigi, L., G. E. Grieco, G. Ventriglia, N. Brusco, F. Mancarella, C. 
Formichi, F. Dotta, and G. Sebastiani. 2018. MicroRNAs as regu-

Pereira et al.: BLOOD microRNA IN SUBCLINICAL ENDOMETRITIS

https://doi.org/10.1038/mi.2015.117
https://doi.org/10.1172/JCI124618
https://doi.org/10.1038/nri3682
https://doi.org/10.1038/nri3682
https://doi.org/10.1093/bioinformatics/bts587
https://doi.org/10.3390/ijms22063080
https://doi.org/10.1038/nrg2290
https://doi.org/10.1038/nrg2290
https://doi.org/10.1095/biolreprod.110.090019
https://doi.org/10.1095/biolreprod.110.090019
https://doi.org/10.1002/eji.201747132
https://doi.org/10.1002/eji.201747132
https://doi.org/10.3389/fphys.2020.576463
https://doi.org/10.3389/fphys.2020.576463
https://doi.org/10.1038/s41418-020-0602-4
https://doi.org/10.1038/s41418-020-0602-4
https://doi.org/10.3168/jds.2018-14785
https://doi.org/10.3168/jds.2018-14785
https://doi.org/10.1071/RD13027
https://doi.org/10.1096/fj.11-181149
https://doi.org/10.1096/fj.11-181149
https://doi.org/10.1038/nrm2321
https://doi.org/10.1038/nrm2321
https://doi.org/10.1186/s12864-018-4646-5
https://doi.org/10.1111/jcmm.14744
https://doi.org/10.1002/jcp.26131
https://doi.org/10.1002/jcp.26131
https://doi.org/10.1016/j.theriogenology.2014.01.018
https://doi.org/10.1038/srep29509
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1155/2017/4297639
https://doi.org/10.1534/g3.113.009936
https://doi.org/10.1534/g3.113.009936
https://doi.org/10.1186/1471-2105-12-253
https://doi.org/10.3390/ijms16034997
https://doi.org/10.1080/1828051X.2020.1732234
https://doi.org/10.1002/jcp.27275
https://doi.org/10.1016/j.intimp.2020.106912
https://doi.org/10.1038/s41598-022-12681-9
https://doi.org/10.1038/s41598-022-12681-9
https://doi.org/10.3389/fvets.2021.691196
https://doi.org/10.2174/2211536611302010007
https://doi.org/10.3389/fvets.2020.578193
https://doi.org/10.1083/jcb.200109100


Journal of Dairy Science Vol. 106 No. 12, 2023

9716

lators of insulin signaling: Research updates and potential thera-
peutic perspectives in type 2 diabetes. Int. J. Mol. Sci. 19:3705. 
https: / / doi .org/ 10 .3390/ ijms19123705.

O’Brien, J., H. Hayder, Y. Zayed, and C. Peng. 2018. Overview of Mi-
croRNA biogenesis, mechanisms of actions, and circulation. Front. 
Endocrinol. (Lausanne) 9:402. https: / / doi .org/ 10 .3389/ fendo .2018 
.00402.

Oladejo, A. O., Y. Li, X. Wu, B. H. Imam, W. Shen, X. Z. Ding, S. 
Wang, and Z. Yan. 2020. MicroRNAome: Potential and veritable 
immunomolecular therapeutic and diagnostic baseline for lingering 
bovine endometritis. Front. Vet. Sci. 7:614054. https: / / doi .org/ 10 
.3389/ fvets .2020 .614054.

Park, Y. 2017. MicroRNA exocytosis by vesicle fusion in neuroendo-
crine cells. Front. Endocrinol. (Lausanne) 8:355. https: / / doi .org/ 
10 .3389/ fendo .2017 .00355.

Pascottini, O. B., M. Hostens, P. Dini, J. Vandepitte, R. Ducatelle, 
and G. Opsomer. 2016. Comparison between cytology and histopa-
thology to evaluate subclinical endometritis in dairy cows. Therio-
genology 86:1550–1556. https: / / doi .org/ 10 .1016/ j .theriogenology 
.2016 .05 .014.

Pereira, G., R. Bexiga, J. Chagas e Silva, E. Silva, C. Ramé, J. Du-
pont, Y. Guo, P. Humblot, and L. Lopes-da-Costa. 2020. Adi-
pokines as biomarkers of postpartum subclinical endometritis in 
dairy cows. Reproduction 160:417–430. https: / / doi .org/ 10 .1530/ 
REP -20 -0183.

Pereira, G., Y. Guo, E. Silva, M. F. Silva, C. Bevilacqua, G. Charpigny, 
L. Lopes-da-Costa, and P. Humblot. 2022. Subclinical endometri-
tis differentially affects the transcriptomic profiles of endometrial 
glandular, luminal, and stromal cells of postpartum dairy cows. J. 
Dairy Sci. 105:6125–6143. https: / / doi .org/ 10 .3168/ jds .2022 -21811.

Pereira, P., G. Charpigny, Y. Guo, E. Silva, M. F. Silva, T. Ye, L. 
Lopes-da-Costa, and P. Humblot. 2023a. Supplemental File 1.xlsx. 
figshare. https: / / doi .org/ 10 .6084/ m9 .figshare .24082338.

Pereira, P., G. Charpigny, Y. Guo, E. Silva, M. F. Silva, T. Ye, L. 
Lopes-da-Costa, and P. Humblot. 2023b. Supplemental File 2.xlsx. 
figshare. https: / / doi .org/ 10 .6084/ m9 .figshare .24082356.

Pereira, P., G. Charpigny, Y. Guo, E. Silva, M. F. Silva, T. Ye, L. 
Lopes-da-Costa, and P. Humblot. 2023c. Supplemental File 3.xlsx. 
figshare.  https: / / doi .org/ 10 .6084/ m9 .figshare .24082371.

Pereira, P., G. Charpigny, Y. Guo, E. Silva, M. F. Silva, T. Ye, L. 
Lopes-da-Costa, and P. Humblot. 2023d. Supplemental Figure S1. 
figshare.  https: / / doi .org/ 10 .6084/ m9 .figshare .24082377.

Pereira, P., G. Charpigny, Y. Guo, E. Silva, M. F. Silva, T. Ye, L. 
Lopes-da-Costa, and P. Humblot. 2023e. Supplemental Figure S2. 
figshare.  https: / / doi .org/ 10 .6084/ m9 .figshare .24082383.

Pereira, P., G. Charpigny, Y. Guo, E. Silva, M. F. Silva, T. Ye, L. 
Lopes-da-Costa, and P. Humblot. 2023f. Supplemental Figure S3. 
figshare.  https: / / doi .org/ 10 .6084/ m9 .figshare .24082389.

Pereira, P., G. Charpigny, Y. Guo, E. Silva, M. F. Silva, T. Ye, L. 
Lopes-da-Costa, and P. Humblot. 2023g. Supplemental Figure S4. 
figshare.  https: / / doi .org/ 10 .6084/ m9 .figshare .24082395.

Pereira, P., G. Charpigny, Y. Guo, E. Silva, M. F. Silva, T. Ye, L. 
Lopes-da-Costa, and P. Humblot. 2023h. Supplemental Figure S5. 
figshare.  https: / / doi .org/ 10 .6084/ m9 .figshare .24082401.

Pereira, P., G. Charpigny, Y. Guo, E. Silva, M. F. Silva, T. Ye, L. 
Lopes-da-Costa, and P. Humblot. 2023i. Supplemental Figure S6. 
figshare.  https: / / doi .org/ 10 .6084/ m9 .figshare .24082407.

Qin, L., Y. Chen, Y. Niu, W. Chen, Q. Wang, S. Xiao, A. Li, Y. Xie, 
J. Li, X. Zhao, Z. He, and D. Mo. 2010. A deep investigation 
into the adipogenesis mechanism: Profile of microRNAs regulating 
adipogenesis by modulating the canonical Wnt/beta-catenin sig-
naling pathway. BMC Genomics 11:320. https: / / doi .org/ 10 .1186/ 
1471 -2164 -11 -320.

Raliou, M., D. Dembélé, A. Düvel, P. Bolifraud, J. Aubert, T. Mary-
Huard, D. Rocha, F. Piumi, S. Mockly, M. Heppelmann, I. Dieuzy-
Labaye, P. Zieger, D. G. E. Smith, H.-J. Schuberth, I. M. Sheldon, 
and O. Sandra. 2019. Subclinical endometritis in dairy cattle is 
associated with distinct mRNA expression patterns in blood and 
endometrium. PLoS One 14:e0220244. https: / / doi .org/ 10 .1371/ 
journal .pone .0220244.

Rodríguez-Galán, A., L. Fernández-Messina, and F. Sánchez-Madrid. 
2018. Control of immunoregulatory molecules by miRNAs in T 
cell activation. Front. Immunol. 9:2148. https: / / doi .org/ 10 .3389/ 
fimmu .2018 .02148.

Sahu, S. K., M. Kumar, S. Chakraborty, S. K. Banerjee, R. Kumar, P. 
Gupta, K. Jana, U. D. Gupta, Z. Ghosh, M. Kundu, and J. Basu. 
2017. MicroRNA 26a (miR-26a)/KLF4 and CREB-C/EBPβ regu-
late innate immune signaling, the polarization of macrophages, 
and the trafficking of Mycobacterium tuberculosis to lysosomes 
during infection. PLoS Pathog. 13:e1006410. https: / / doi .org/ 10 
.1371/ journal .ppat .1006410.

Salilew-Wondim, D., S. Ibrahim, S. Gebremedhn, D. Tesfaye, M. 
Heppelmann, H. Bollwein, C. Pfarrer, E. Tholen, C. Neuhoff, K. 
Schellander, and M. Hoelker. 2016. Clinical and subclinical endo-
metritis induced alterations in bovine endometrial transcriptome 
and miRNome profile. BMC Genomics 17:218. https: / / doi .org/ 10 
.1186/ s12864 -016 -2513 -9.

Sang, W., C. Sun, C. Zhang, D. Zhang, Y. Wang, L. Xu, Z. Zhang, X. 
Wei, B. Pan, D. Yan, F. Zhu, Z. Yan, J. Cao, T. P. Loughran Jr., 
and K. Xu. 2016. MicroRNA-150 negatively regulates the function 
of CD4(+) T cells through AKT3/Bim signaling pathway. Cell. 
Immunol. 306–307:35–40. https: / / doi .org/ 10 .1016/ j .cellimm .2016 
.05 .007.

Sheldon, I. M., G. S. Lewis, S. LeBlanc, and R. O. Gilbert. 2006. 
Defining postpartum uterine disease in cattle. Theriogenology 
65:1516–1530. https: / / doi .org/ 10 .1016/ j .theriogenology .2005 .08 
.021.

Singh, Y., V. Kaul, A. Mehra, S. Chatterjee, S. Tousif, V. P. Dwivedi, 
M. Suar, L. Van Kaer, W. R. Bishai, and G. Das. 2013. Mycobacte-
rium tuberculosis controls microRNA-99b (miR-99b) expression in 
infected murine dendritic cells to modulate host immunity. J. Biol. 
Chem. 288:5056–5061. https: / / doi .org/ 10 .1074/ jbc .C112 .439778.

Sunderland, N., P. Skroblin, T. Barwari, R. P. Huntley, R. Lu, A. 
Joshi, R. C. Lovering, and M. Mayr. 2017. MicroRNA biomarkers 
and platelet reactivity: The clot thickens. Circ. Res. 120:418–435. 
https: / / doi .org/ 10 .1161/ CIRCRESAHA .116 .309303.

Supek, F., M. Bošnjak, N. Škunca, and T. Šmuc. 2011. REVIGO sum-
marizes and visualizes long lists of gene ontology terms. PLoS One 
6:e21800. https: / / doi .org/ 10 .1371/ journal .pone .0021800.

Turchinovich, A., A. G. Tonevitsky, and B. Burwinkel. 2016. Extracel-
lular miRNA: A collision of two paradigms. Trends Biochem. Sci. 
41:883–892. https: / / doi .org/ 10 .1016/ j .tibs .2016 .08 .004.

Turchinovich, A., L. Weiz, and B. Burwinkel. 2012. Extracellular miR-
NAs: The mystery of their origin and function. Trends Biochem. 
Sci. 37:460–465. https: / / doi .org/ 10 .1016/ j .tibs .2012 .08 .003.

Umar, T., B. Yin, S. Umer, X. Ma, K. Jiang, Z. Umar, M. Akhtar, A. 
Shaukat, and G. Deng. 2021. MicroRNA: Could it play a role in 
bovine endometritis? Inflammation 44:1683–1695. https: / / doi .org/ 
10 .1007/ s10753 -021 -01458 -3.

Veshkini, A., H. M. Hammon, B. Lazzari, L. Vogel, M. Gnott, A. 
Tröscher, V. Vendramin, H. Sadri, H. Sauerwein, and F. Ceci-
liani. 2022. Investigating circulating miRNA in transition dairy 
cows: What miRNAomics tells about metabolic adaptation. Front. 
Genet. 13:946211. https: / / doi .org/ 10 .3389/ fgene .2022 .946211.

Wang, Q., H. Ai, X. Li, H. Tian, B. Ning, M. Zhang, and X. La. 2021. 
Association of miRNA-145 with the occurrence and prognosis of 
hydrosalpinx-induced defective endometrial receptivity. Bosn. J. 
Basic Med. Sci. 21:81–92. 10.17305%2Fbjbms.2020.4538.

Wang, Y., C. Hu, J. Cheng, B. Chen, Q. Ke, Z. Lv, J. Wu, and Y. 
Zhou. 2014. MicroRNA-145 suppresses hepatocellular carcinoma 
by targeting IRS1 and its downstream Akt signaling. Biochem. 
Biophys. Res. Commun. 446:1255–1260. https: / / doi .org/ 10 .1016/ 
j .bbrc .2014 .03 .107.

Webb, L. A., M. H. Ghaffari, H. Sadri, K. Schuh, V. Zamarian, C. 
Koch, N. Trakooljul, K. Wimmers, C. Lecchi, F. Ceciliani, and H. 
Sauerwein. 2020. Profiling of circulating microRNA and pathway 
analysis in normal- versus over-conditioned dairy cows during the 
dry period and early lactation. J. Dairy Sci. 103:9534–9547. https: 
/ / doi .org/ 10 .3168/ jds .2020 -18283.

Wen, F., Y. Yang, D. Jin, J. Sun, X. Yu, and Z. Yang. 2014. MiR-
NA-145 is involved in the development of resistin-induced insu-

Pereira et al.: BLOOD microRNA IN SUBCLINICAL ENDOMETRITIS

https://doi.org/10.3390/ijms19123705
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.3389/fvets.2020.614054
https://doi.org/10.3389/fvets.2020.614054
https://doi.org/10.3389/fendo.2017.00355
https://doi.org/10.3389/fendo.2017.00355
https://doi.org/10.1016/j.theriogenology.2016.05.014
https://doi.org/10.1016/j.theriogenology.2016.05.014
https://doi.org/10.1530/REP-20-0183
https://doi.org/10.1530/REP-20-0183
https://doi.org/10.3168/jds.2022-21811
https://doi.org/10.6084/m9.figshare.24082338
https://doi.org/10.6084/m9.figshare.24082356
https://doi.org/10.6084/m9.figshare.24082371
https://doi.org/10.6084/m9.figshare.24082377
https://doi.org/10.6084/m9.figshare.24082383
https://doi.org/10.6084/m9.figshare.24082389
https://doi.org/10.6084/m9.figshare.24082395
https://doi.org/10.6084/m9.figshare.24082401
https://doi.org/10.6084/m9.figshare.24082407
https://doi.org/10.1186/1471-2164-11-320
https://doi.org/10.1186/1471-2164-11-320
https://doi.org/10.1371/journal.pone.0220244
https://doi.org/10.1371/journal.pone.0220244
https://doi.org/10.3389/fimmu.2018.02148
https://doi.org/10.3389/fimmu.2018.02148
https://doi.org/10.1371/journal.ppat.1006410
https://doi.org/10.1371/journal.ppat.1006410
https://doi.org/10.1186/s12864-016-2513-9
https://doi.org/10.1186/s12864-016-2513-9
https://doi.org/10.1016/j.cellimm.2016.05.007
https://doi.org/10.1016/j.cellimm.2016.05.007
https://doi.org/10.1016/j.theriogenology.2005.08.021
https://doi.org/10.1016/j.theriogenology.2005.08.021
https://doi.org/10.1074/jbc.C112.439778
https://doi.org/10.1161/CIRCRESAHA.116.309303
https://doi.org/10.1371/journal.pone.0021800
https://doi.org/10.1016/j.tibs.2016.08.004
https://doi.org/10.1016/j.tibs.2012.08.003
https://doi.org/10.1007/s10753-021-01458-3
https://doi.org/10.1007/s10753-021-01458-3
https://doi.org/10.3389/fgene.2022.946211
https://doi.org/10.1016/j.bbrc.2014.03.107
https://doi.org/10.1016/j.bbrc.2014.03.107
https://doi.org/10.3168/jds.2020-18283
https://doi.org/10.3168/jds.2020-18283


9717

Journal of Dairy Science Vol. 106 No. 12, 2023

lin resistance in HepG2 cells. Biochem. Biophys. Res. Commun. 
445:517–523. https: / / doi .org/ 10 .1016/ j .bbrc .2014 .02 .034.

Williams, E. J., D. P. Fischer, D. U. Pfeiffer, G. C. England, D. E. 
Noakes, H. Dobson, and I. M. Sheldon. 2005. Clinical evaluation of 
postpartum vaginal mucus reflects uterine bacterial infection and 
the immune response in cattle. Theriogenology 63:102–117. https: 
/ / doi .org/ 10 .1016/ j .theriogenology .2004 .03 .017.

Xie, H., B. Lim, and H. F. Lodish. 2009. MicroRNAs induced during 
adipogenesis that accelerate fat cell development are downregu-
lated in obesity. Diabetes 58:1050–1057. https: / / doi .org/ 10 .2337/ 
db08 -1299.

Xu, X., X. Wang, Y. Guo, Y. Bai, S. He, N. Wang, Y. Lin, M. Fisher, 
Q. Liu, and Y. Yao. 2019. Inhibition of PTP1B promotes M2 po-
larization via MicroRNA-26a/MKP1 signaling pathway in murine 
macrophages. Front. Immunol. 10:1930. https: / / doi .org/ 10 .3389/ 
fimmu .2019 .01930.

Yin, B., T. Umar, X. Ma, Y. Chen, N. Chen, Z. Wu, and G. Deng. 
2021. MiR-193a-3p targets LGR4 to promote the inflammatory re-
sponse in endometritis. Int. Immunopharmacol. 98:107718. https: / 
/ doi .org/ 10 .1016/ j .intimp .2021 .107718.

Yu, T., P. Wang, Y. Wu, J. Zhong, Q. Chen, D. Wang, H. Chen, S. Hu, 
and Q. Wu. 2022. MiR-26a reduces inflammatory responses via 
inhibition of PGE2 production by targeting COX-2. Inflammation 
45:1484–1495. https: / / doi .org/ 10 .1007/ s10753 -022 -01631 -2.

Zhao, C., X. Sun, and L. Li. 2019. Biogenesis and function of extracel-
lular miRNAs. ExRNA 1:38. https: / / doi .org/ 10 .1186/ s41544 -019 
-0039 -4.

Zhou, X., X. Li, and M. Wu. 2018. miRNAs reshape immunity and 
inflammatory responses in bacterial infection. Signal Transduct. 
Target. Ther. 3:14. https: / / doi .org/ 10 .1038/ s41392 -018 -0006 -9.

ORCIDS

Gonçalo Pereira  https: / / orcid .org/ 0000 -0003 -3533 -6893
Gilles Charpigny  https: / / orcid .org/ 0000 -0003 -3954 -7663
Yongzhi Guo  https: / / orcid .org/ 0000 -0002 -5057 -9095
Elisabete Silva  https: / / orcid .org/ 0000 -0002 -2332 -7642
Marta Filipa Silva  https: / / orcid .org/ 0000 -0002 -0299 -4825
Tao Ye  https: / / orcid .org/ 0000 -0002 -3394 -2083
Luís Lopes-da-Costa  https: / / orcid .org/ 0000 -0001 -5165 -3034

Pereira et al.: BLOOD microRNA IN SUBCLINICAL ENDOMETRITIS

https://doi.org/10.1016/j.bbrc.2014.02.034
https://doi.org/10.1016/j.theriogenology.2004.03.017
https://doi.org/10.1016/j.theriogenology.2004.03.017
https://doi.org/10.2337/db08-1299
https://doi.org/10.2337/db08-1299
https://doi.org/10.3389/fimmu.2019.01930
https://doi.org/10.3389/fimmu.2019.01930
https://doi.org/10.1016/j.intimp.2021.107718
https://doi.org/10.1016/j.intimp.2021.107718
https://doi.org/10.1007/s10753-022-01631-2
https://doi.org/10.1186/s41544-019-0039-4
https://doi.org/10.1186/s41544-019-0039-4
https://doi.org/10.1038/s41392-018-0006-9
https://orcid.org/0000-0003-3533-6893
https://orcid.org/0000-0003-3954-7663
https://orcid.org/0000-0002-5057-9095
https://orcid.org/0000-0002-2332-7642
https://orcid.org/0000-0002-0299-4825
https://orcid.org/0000-0002-3394-2083
https://orcid.org/0000-0001-5165-3034

	Characterization of circulating microRNA profiles of postpartum
dairy cows with persistent subclinical endometritis
	INTRODUCTION
	MATERIALS AND METHODS
	Ethics Statement
	Animals
	Genital Tract Evaluation and Endometrial Cytology
	Blood Sampling and Small RNA Extraction
	RNA-Seq Analysis
	Bioinformatic Analyses
	Approach for Biomarker Selection

	RESULTS
	Cell-Free Plasma Circulating miRNAs
	Differential Abundance of Circulating miRNAs
in SCE Versus H Cows
	Comparison of Circulating miRNA-Associated Genes
with DEG identified in Endometrial Cells
	miRNA-mRNA Interaction Networks
	The Ability of Different miRNAs to Serve
as SCE Biomarkers

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


