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RESEARCH ARTICLE

DNA methylation and gene expression changes in mouse mammary tissue 
during successive lactations: part I – the impact of inflammation
E. Ivanova a, C. Hue-Beauvaisa, A. Chaulot-Talmonb,c, J. Castillea, J Laubiera, C De Casanovea, A. Aubert- 
Frambourg b,c, P. Germon d, H. Jammesb,c, and F. Le Provost a

aUniversité Paris-Saclay, INRAE, AgroParistech, GABI, France; bUniversité Paris-Saclay, UVSQ, INRAE, BREED, Jouy-En-Josas, France; cEcole 
Nationale Vétérinaire d’Alfort, BREED, Maisons-Alfort, France; dINRAE, Université de Tours, ISP, Nouzilly, France

ABSTRACT
Mastitis is among the main reasons women cease breastfeeding, which leads to them supple-
menting breast milk with artificial formula. In farm animals, mastitis results in significant economic 
losses and the premature culling of some animals. Nevertheless, researchers do not know enough 
about the effect of inflammation on the mammary gland. This article discusses the changes to 
DNA methylation in mouse mammary tissue caused by lipopolysaccharide-induced inflammation 
(4 h post-injection of lipopolysaccharide). We analysed the expression of some genes related to 
mammary gland function, epigenetic regulation, and the immune response. The analysis focused 
on three comparisons: inflammation during the first lactation, inflammation during second lacta-
tion with no history of inflammation, and inflammation during second lactation with previous 
inflammation. We identified differentially methylated cytosines (DMCs), differentially methylated 
regions (DMRs), and some differentially expressed genes (DEGs) for each comparison. The three 
comparisons shared some DEGs; however, few DMCs and only one DMR were shared. These 
observations suggest that inflammation is one of several factors affecting epigenetic regulation 
during successive lactations. Furthermore, the comparison between animals in second lactation 
with and without inflammation, with no inflammation history during first lactation showed 
a different pattern compared to the other conditions in this experiment. This indicates that 
inflammation history plays an important role in determining epigenetic changes. The data pre-
sented in this study suggest that lactation rank and previous inflammation history are equally 
important when explaining mammary tissue gene expression and DNA methylation changes.
Abbreviations: RRBS, reduced representation bisulfite sequencing; RT–qPCR, real-time quantita-
tive polymerase chain reaction; MEC, mammary epithelial cells; TSS, transcription start site; TTS, 
transcription termination site; UTR, untranslated region; SINE, short interspersed nuclear element; 
LINE, long interspersed nuclear element; CGI, CpG island; DEG, differentially expressed gene; DMC, 
differentially methylated cytosine; DMR, differentially methylated region; GO term, gene ontology 
term; MF, molecular function; BP, biological process
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Introduction

The mammary gland is a complex organ that 
undergoes significant modifications during its 
development and at each reproduction cycle. It 
is a unique glandular organ in that it reaches full 
development only after birth. Scholars have 
extensively studied the precise and complex reg-
ulation of mammary development at the genetic, 
physiological, and morphological levels. Studies 
focused on mammary development and function 
traditionally use mice as model subjects, as they 

have short periods of gestational and postnatal 
development and are easy to genetically modify 
in experiments [1,2].

The adult mammary gland comprises multiple 
cell types, such as epithelial, adipose, fibroblast, 
immune, lymphatic, and vascular cells, that work 
together to maintain a functional organ [1]. The 
mammary epithelium itself is composed of two 
main cell lineages, luminal and basal cells, which 
form an epithelial bilayer [3]. The basal cell popula-
tion contains progenitor cells [4,5]. During the
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different stages of mammary development, luminal 
cells restructure mammary architecture by giving 
rise to the ductal epithelium. During pregnancy, 
luminal cells differentiate into alveolar cells that 
then produce milk at parturition [1]. Alternatively, 
some basal cells differentiate into myoepithelial cells 
that line mammary ducts and alveoli [1].

The inflammatory response is intrinsic and uni-
versal to all cells. Infection or tissue damage activates 
the immune response, which serves to eliminate the 
initial cause of cell injury, clear damaged cells and 
tissue, and initiate tissue repair [6]. Maintaining 
a balance in inflammatory response activation is 
crucial for homoeostasis. An insufficient response 
leads to susceptibility to infections or tumour devel-
opment, whereas an excessive response leads to aller-
gies or autoimmune diseases. Therefore, a signal that 
activates the immune response is necessary. Most 
likely, the host cells recognize foreign features in 
infectious agents [6,7] through sensor proteins that 
detect the presence of pathogens via pattern recogni-
tion receptors (PRRs) and trigger the inflammatory 
response upon activation [6,8]. The receptors detect 
pathogen-associated molecular patterns (PAMPs), 
such as microbial nucleic acids, lipoproteins, carbo-
hydrates, and damage-associated molecular patterns 
(DAMPs), from injured cells [9].

The expression of serum cytokines, such as 
interleukins (IL) 1, 6, and 8 and tumour necrosis 
factor-alpha (TNFα), increases during inflamma-
tion and, therefore, during mastitis [10,11]. Some 
cytokines, such as IL-6, are produced not only by 
immune cells but also by mammary epithelial cells 
(MECs) [12]. TNFα and IL-1β are expressed 
quickly during the initial stages of infection, as 
they have powerful proinflammatory functions 
[13]. Other interleukins, IL-4, IL-6, IL-10, and 
IL-17, promote the resolution of the inflammatory 
cascade [13]. Thus, cytokines regulate the intensity 
and duration of the immune response by enhan-
cing or inhibiting the activation, proliferation, and 
differentiation of cells involved in it. In this paper, 
we study the early stages of the immune response, 
that is, changes induced four hours after the intro-
duction of a pathogen, and we refer to this as 
inflammation.

Recent reports have assessed the potential 
implications of epigenetic control of inflammatory 
responses. In inflammation caused by bovine 

mastitis, cytokines are released that change gene 
expression regulation [14]. Epigenetic mechanisms 
modulate chromatin structure and can either 
repress or enhance gene expression. These 
mechanisms include DNA methylation [15,16], 
histone modifications such as acetylation, ubiqui-
tination, methylation, phosphorylation [17], and 
microRNAs [18]. DNA methylation is extensively 
studied and predominantly occurs at the 5’- 
position of cytosine in cytosine-phosphate- 
guanine (CpG) dinucleotides [19]. In rare cases, 
methylation may also occur at isolated CpG dinu-
cleotides in proximity to functional transcription 
factor-binding sites [20] or even non-CpG cyto-
sines [21].

A better understanding of the epigenetic regula-
tion of inflammation is necessary. Doing so would 
likely lead to earlier diagnosis and treatment, pre-
venting the onset of potentially debilitating symp-
toms. In the mammary gland, the inflammatory 
response to infection leads to mastitis [22,23], 
a commonly occurring breast disease in lactating 
women and animals that causes pain, reduced milk 
synthesis, and the rapid onset of systemic symptoms 
such as fever, flu-like aches, chills, and fatigue 
[24,25]. Mastitis does not have a high mortality 
rate; however, in women, the symptoms lead to 
supplementation with formula to feed infants or 
cessation of breastfeeding altogether [26–28]. In 
farm animals, the economic losses related to clinical 
mastitis are substantial due to multiple factors, such 
as decreased milk production, diagnostic tests, drug 
treatments, discarded milk, veterinary services, 
treatment labour, declines in product quality, and 
premature culling [29,30].

This article studies the effect of lipopolysacchar-
ide (LPS)-induced inflammation on genome-wide 
DNA methylation and transcription patterns in 
the lactating mouse mammary gland. The focus 
on lactation, when the gland is fully developed, 
and early-stage inflammation allowed us to obtain 
results from mammary tissue mostly composed of 
MECs. To do this, we developed a mouse model of 
mammary gland inflammation. We then used the 
model to compare data from the 1st or 2nd lacta-
tion. The groups obtained formed three compar-
isons: inflammation during first lactation, 
inflammation during second lactation with no his-
tory of inflammation, and inflammation
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during second lactation with previous inflamma-
tion (Fig. S1).

Materials and methods

Animals and sample collection

This study was performed in compliance with 
the French regulations on animal experimenta-
tion and with the authorization of the French 
Ministry of Agriculture. All protocols were 
approved by an Ethics Committee registered 
within the French Comité National de 
Réflexion Ethique sur l’Expérimentation 
Animale. The protocol is referenced here (visa 
APAFIS#12809–2017112817204811 v4) by the 
Comité d’éthique appliqué à l’Expérimentation 
Animale (COMETHEA Ethics Committee).

FVB/N mice from Janvier Labs, Le Genet-Saint 
-Isle, France, were housed in a specific pathogen- 
free (SPF) environment. Mice were allowed to 
mate naturally and were isolated when pregnancy 
was visible (~14 days). Once a female mouse 
reached lactation Day 7 (L7), its pups were 
removed 3 h before administering an analgesic 
(Fynadine, 10 µg/g body weight) to the mother 
via intraperitoneal injection. Gaseous anaesthetic 
(isoflurane, rate of flow 0.8 L/min O2 comple-
mented with 1.5–2% isoflurane) was then admi-
nistered to the female mouse for the length of the 
following procedure: intramammary injection of 
either 10 µL of LPS (LPS-EB Ultrapure 
InvivoGen, San Diego, CA, USA) at 1 mg/mL to 
induce inflammation or 10 µL of PBS (phos-
phate-buffered saline) at 1× as a control. 
A Hamilton syringe equipped with a metal 
Nanofil 100 µL tip was used to administer LPS 
or PBS in the inguinal mammary gland. After 
intramammary injection, the mouse was woken 
and placed in its cage. The pups were reunited 
with their mother 1 h postinjection (hpi) to allow 
the LPS or PBS to diffuse in the gland before the 
pups started to suck milk. Mice were observed to 
ensure that the injected mammary glands were 
suckled before sampling.

Mammary glands were removed at 4 hpi. For 
the first lactation, the right mammary gland was 
removed via surgical biopsy under gas anaesthesia, 
and the animal was then returned to its cage. After 
30 days, the mice were mated once again. At L7 of 

the second lactation, LPS was injected into the left 
inguinal mammary gland. After 4 h, the mice were 
euthanized, and the glands were removed (Figure 
S1A). This allowed us to obtain samples from first 
or second lactation, with or without inflammation 
(Figure S1B). All cases of inflammation discussed 
in this article correspond to this 4-h exposure of 
the mammary gland to LPS.

The lymphatic ganglion was removed from each 
mammary gland. For histology, the collected tis-
sues were fixed in RCl2 (Alphelys, Plaisir, France) 
overnight at 4°C before being placed in 70% etha-
nol, dehydrated, and embedded in paraffin. This 
paraffin block was then sectioned via a microtome 
and stained using haematoxylin and eosin. For 
immunohistological staining, tissues were fixed 
for 10 min in paraformaldehyde (PFA) 4% and 
then cryopreserved in 40% sucrose for at least 12 
h at 4°C. The tissues were then embedded in 
Tissue-Tek O.C.T. for frozen sections using 
a cryostat. For nucleotide extraction, tissues were 
frozen in liquid nitrogen and stored at −80°C.

Genomic DNA extraction

Totally, 30 to 40 mg of frozen mammary tissue 
was ground using a mortar and pestle. The powder 
was then transferred to Eppendorf tubes and 
stored at −80°C until DNA extraction. On 
the day of the extraction, the entirety of the pow-
dered mammary tissue was transferred to a 5 mL 
Eppendorf tube and incubated overnight at 55°C 
in 1 mL lysis buffer (10 mM Tris-HCl, pH 7.4, 
0.2% SDS, 10 mM EDTA, 50 mM NaCl) in the 
presence of 200 µg/mL proteinase K. After incuba-
tion with 25 µg/mL RNase A for 1 h at 37°C, 200  
µg/mL proteinase K was added for 90 min at 42°C 
to inactivate RNase A. DNA was then extracted 
using 1 volume (vol) of phenol:chloroform:isoamyl 
alcohol (50:49:1) for every volume of lysis buffer. 
The aqueous phase was recovered after centrifuga-
tion for 5 min at 12 000 g and at room temperature 
(RT). One volume of chloroform was added to 
every 1 vol of lysis buffer, and the liquid phase 
was again recovered after centrifugation for 5 min 
at 12 000 g and RT. Then, 0.2 M NaCl was added, 
followed by 2.5 vol of cold 100% ethanol. The 
precipitated gDNA was recovered using the tip of 
a Pasteur pipette and dried; it was then placed into
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a new tube containing 150 µL of sterile water, and 
the gDNA was left to dissolve for 24 to 48 h at 4°C. 
DNA concentration was measured using 
Nanodrop and Qubit (dsDNA BR assay kit, 
Invitrogen, Waltham, MA, USA) according to the 
manufacturer’s instructions. The integrity of the 
extracted DNA was verified using 0.7% agarose 
gel electrophoresis in 1× TBE and migration for 
1 h at 100 V. Genomic DNA was stored at 4°C in 
the short term and −20°C in the long term.

RNA extraction

Two hundred milligrams of frozen mammary 
tissue was placed in a tube containing 1 mL of 
RNA NOW and then homogenized using an 
Ultra-Turrax® (IKA, Staufen, Germany) to lyse 
the cells. This solution was transferred to 
a different tube containing 200 µL of chloroform, 
mixed gently, and incubated for 5 min on ice. 
The samples were then centrifuged for 10 min at 
15 000 g, and the liquid phases were transferred 
to tubes containing 1 mL of isopropanol and 
then mixed gently. Samples were then incubated 
overnight at −20°C before a second centrifuga-
tion for 10 min at 15 000 g and 4°C. The super-
natant was eliminated, and 1 mL of 75% ethanol 
was added to wash the RNA pellet. The tubes 
were vortexed and centrifuged for 5 min at 5 
000 g and 4°C. The supernatant was removed, 
and the pellet was dried for 10–15 min at RT. 
The RNA pellet was dissolved in 100 µL of sterile 
water. The RNA concentration was measured 
using a NanoDropTM OneTM (Thermo 
Scientific, Waltham, MA, USA).

Extracted RNA was treated with DNase using 
the rDNase set kit (Macherey-Nagel, Düren, 
Germany) according to the manufacturer’s 
instructions. Treated RNA was then purified 
using the NucleoSpin RNA Clean-up kit 
(Macherey-Nagel, Düren, Germany) according to 
the manufacturer’s instructions. RINs were calcu-
lated for each sample using the RNA 6000 Nano 
kit (Agilent, Santa Clara, CA, USA) and the 2100 
Bioanalyzer (Agilent, Santa Clara, CA, USA) 
according to the manufacturer’s instructions. 
Samples with RIN higher than 8 were used for 
further experiments [31].

Reverse transcription and real-time quantitative 
PCR

One microgram of extracted RNA was retrotran-
scribed using the SuperScriptTM VILOTM cDNA 
synthesis kit (Thermo Fisher, Waltham, MA, 
USA) according to the manufacturer’s instruc-
tions. Quantitative PCR (qPCR) was performed 
on retrotranscribed products using the 
Mastercycler ep Realplex (Eppendorf, Hamburg, 
Germany). The reaction conditions consisted of 
15 min at 95°C (1 cycle), 15 s at 95°C and 60 s at 
60°C (45 cycles) with primers using ABsolute 
QPCR SYBR Green (Thermo Fisher, Waltham, 
MA, USA). Samples were analysed in triplicate 
using GAPDH and CPR2 as housekeeping genes.

The primers used in this study as well as restric-
tion efficiencies are listed in Table S1. PCR-primer 
pairs were designed from mRNA sequences of the 
studied genes provided by the National Center for 
Biotechnology Information (NCBI) gene database 
using PrimerBlast. Their reaction efficiencies were 
between 80 and 110%. The optimal Tm at 60°C 
and exon junction span were selected. Primers 
were ordered at 100 µM concentration from 
Eurofins Genomics, Ebersberg, Germany.

For Fluidigm PCR, cDNA was preamplified 
according to Fluidigm’s protocol (quick reference 
PN 100–5875 B1). Preamplified cDNA was then 
diluted fivefold with Tris-EDTA buffer. Gene 
expression levels were measured on a 48 × 48 GE 
Dynamic Array IFC using the Fluidigm 
BioMarkTM HD System. Fold changes were calcu-
lated by the ∆∆Ct method using ‘Fluidigm Real- 
Time PCR Analysis’ software. The reference genes 
used were GAPDH, CPR2, and HPRT1 [32]. Each 
expression value was normalized to one reference 
sample – mammary tissue from first lactation with 
inflammation. This allowed for a more reliable 
reference for genes whose expression is activated 
by inflammation.

Immunohistochemistry

Five-micrometre frozen cryosections from mam-
mary samples were left at RT for several minutes 
before incubation for 30 min at RT with 50 mM 
NH4Cl in 1× PBS. The sections were then washed 
in PBS 1× before incubation for 1 h at RT with PBS
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1×, pH 7, 1% bovine serum albumin (BSA), 0.5% 
Triton X-100, and 0.05% sodium azide. Primary 
antibodies Ly-6 G (STEMCELL Technologies Cat# 
60031, RRID:AB_2877150) to detect polynuclear 
neutrophils and F4/80 (Thermo Fisher Scientific 
Cat# MA1–91124, RRID:AB_2277854) to detect 
macrophages were diluted to 1/200 in the pre-
viously described solution and incubated with the 
sections overnight at 4°C. Slides were then washed 
four times for 5–10 min at RT in 1× PBS. The 
secondary antibody, anti-rat IgG coupled with 
FITC (Jackson ImmunoResearch Labs Cat# 712- 
095-153, RRID:AB_2340652), was diluted to 1/200 
in a PBS 1X–1% BSA solution and incubated with 
the sections for 1 h at RT. A negative control was 
present on each slide with secondary antibody only. 
Slides were washed as previously described and 
mounted using Vectashield + DAPI to stain nuclei 
blue. Slides were observed on an epifluorescence 
microscope, x40 magnification, with a DAPI filter 
to visualize nuclei and a FITC filter to visualize 
potential infiltrating immune cells. The infiltrating 
cell rate was measured by cell counting using 
ImageJ software [33].

Reduced Representation Bisulfite Sequencing 
(RRBS)

RRBS libraries were prepared according to [34] 
modified by [34,35]. Briefly, RRBS libraries were 
prepared using an RRBS-adapted protocol for 
which all the steps were automated on a robot 
(NGS STARlet, Hamilton, Bonaduz, Switzerland) 
as previously described [36]. After MspI cleavage 
of gDNA (200 ng), end repair and ligation to 55 bp 
Illumina adapters for subsequent PCR amplifica-
tion and paired-end sequencing, size selection was 
performed using SPRIselect magnetic beads 
(Beckman Coulter Life Sciences, Villepinte, 
France). Fragments ranging from 150 to 400 bp 
(genomic fragments of 40–290 bp with adapters) 
were selected and submitted to two consecutive 
bisulphite conversions with the EpiTect bisulphite 
kit (Qiagen, Les Ulis, France) following the man-
ufacturer’s instructions. The libraries were pro-
duced by amplification with Pfu Turbo Cx 
hotstart DNA polymerase (Agilent Technologies, 
Les Ulis, France) using 14 PCR cycles and purified 
using AMPure XP beads (Beckman Coulter Life 

Sciences, Villepinte, France). All libraries were 
sequenced on an Illumina HiSeq4000 sequencer 
to produce 75 bp paired-end reads (Integragen 
SA, Evry, France).

Bioinformatics and statistical analyses

Bioinformatics and statistical analyses were per-
formed using a home-made pipeline according to 
[35] and [35,37,37]. Quality checks and trimming 
were performed using TrimGalore v0.4.5, which 
removed adapter sequences, poor quality bases 
and reads (Phred score below 20), and reads 
shorter than 20 nucleotides. High-quality reads 
were aligned to the mouse reference genome 
GRCm38 primary assembly (Ensembl 100) using 
Bismark_v0.20.0 [38], which uses Bowtie 1.2.1.1 
alignment software [39]. The bisulphite conversion 
rate was estimated from the unmethylated cytosine 
added in vitro during the end-repair step and 
was ≥ 99.5%. The CpGs were then selected based 
on their coverage by uniquely mapped reads. 
Around 1,273,950 CpGs covered by at least 10 
uniquely mapped reads (CpG10) were retained 
for subsequent analyses. The total of these CpGs 
was named ‘background.’ Each CpG10 was 
assigned a methylation percentage per sample cal-
culated from Bismark methylation calling 
(Bismark v0.20.0). Quality control values (map-
ping efficiency, coverage, and average methylation 
at CpG10) were analysed for each library group: 
L1-I, L1-NI, L2-I (L1-NI), L2-NI (L1-NI), L2-I 
(L1-I), and L2-NI (L1-I), summed up in Table 
S1B. Correlation hierarchical clustering was com-
puted on the matrix of methylation percentages 
for each CpG10 covered in at least four mice per 
group. Only CpGs with at least 20 uniquely 
mapped reads (CpG20) in at least four mice per 
group were retained for differential methylation 
analysis using methylKit [40]. A CpG20 was con-
sidered a DMC when the adjusted p value was less 
than 0.1 and the methylation difference between 
two groups was at least 15%. A DMR was consti-
tuted by a minimum of three DMCs with 
a maximum inter-DMC distance of 100 bp.

The annotation of the DMCs, DMRs, and the 
‘background’ was performed as described in 
[36,36] relative to gene features, CpG density, 
and repetitive elements using an in-house pipeline.

EPIGENETICS 5



The reference files were downloaded at the follow-
ing sites: http://ftp.ensembl.org/pub/release-100/ 
gtf/mus_musculus/Mus_musculus.GRCm38.100. 
gtf.gz, http://apr2020.archive.ensembl.org/bio 
mart/martview/db614f58c20a42c0d2cb13b 
cedf364f8 [Ensembl Genes 100, Mouse genes 
(GRCm38.p6)], http://hgdownload.soe.ucsc.edu/ 
goldenPath/mm10/database/cpgIslandExt.txt.gz 
and http://hgdownload.soe.ucsc.edu/goldenPath/ 
mm10/database/rmsk.txt.gz. The following criteria 
were applied: transcription start site (TSS), −100 
to + 100 bp relative to the TSS; promoter, −2000 
to + 100 bp relative to the TSS; transcription ter-
mination site (TTS): −100 to + 100 bp relative to 
the TTS; shore, up to 2000 bp from a CpG island 
(CGI); and shelf, up to 2000 bp from a shore. 
A site/fragment was considered to belong to 
a CGI (respective shore and shelf) if an overlap 
of at least 75% was observed between the site/ 
fragment and the CGI (respective shore and 
shelf). A site/fragment was considered overlapped 
by a repetitive element, regardless of the extent of 
this overlap. DMCs were subjected to enrichment 
analyses with the Database for Annotation, 
Visualization, and Integrated Discovery (DAVID) 
using the ‘background’ as a reference genome 
[41,42].

Results

Mouse model to study mammary inflammation

We developed a mouse model of mammary 
inflammation using intramammary LPS injection 
to examine the effects of inflammation on the 
mammary gland. Mammary glands were recovered 
4 hpi, and multiple experiments were performed to 
confirm the presence of signs of inflammation in 
samples that received LPS.

To determine the effects of intramammary 
injection (LPS or PBS) on gland morphology, 
H&E-stained mammary sections from lactating 
mice at Day 7 (L7) were analysed. We compared 
mammary glands injected with either LPS or PBS 
to a control mammary gland that had not received 
any injections. Histological analyses of mammary 
glands injected with PBS showed no degradation 
of mammary tissue or other morphological 
changes and were indistinguishable from control 

mammary glands (Figure S2A-F). No apoptotic 
MECs were observed. The same was true for 
glands injected with LPS. Therefore, neither the 
intramammary injection itself nor 4 hpi of LPS 
causes morphological changes or apoptosis in the 
mammary gland.

To determine the inflammation status, we evalu-
ated the rate of infiltrating immune cells, neutrophils 
and macrophages in the mammary gland by IHC. In 
mammary glands injected with LPS, neutrophils 
were found in 38% of slides (5 out of 13) compared 
to no neutrophils in glands injected with PBS (0 out 
of 9) (Fig. S2G-L). Mammary glands injected with 
LPS presented macrophages in 69% of slides (9 out 
of 13) compared to only 22% in glands injected with 
PBS (2 out of 9). The number of infiltrating immune 
cells is much higher in glands injected with LPS, 
demonstrating that LPS is responsible for the recruit-
ment of immune cells and the onset of inflammation. 
The lack of infiltrating cells in mammary glands 
injected with PBS shows that the injection itself is 
insufficient to provoke inflammation. As expected, 
LPS injection caused immune cells to infiltrate the 
mammary gland. In the most extreme case observed, 
the immune cells only accounted for < 4% of all cells 
(360 MECs and 14 infiltrating cells). Therefore, 
while LPS induces sufficient infiltration from 
immune cells to determine inflammation is present 
4 hpi, the number of infiltrating cells remains suffi-
ciently low that analysis of DNA methylation 
changes in these samples would mostly reflect 
changes in MECs, not immune cells.

To confirm the presence of inflammation, we 
analysed the expression of IL-6 and TNFα, inflam-
matory cytokines expressed by both MECs [12] and 
immune cells. qPCR results showed that the fold 
change of IL-6 in the mammary gland was on aver-
age 28 (±49) (n = 6) in the case of a PBS injection and 
2587 (±1276) (n = 7) in the case of an LPS injection 
(Fig. S2 M-O). The average fold change of TNFα was 
669 (±885) (n = 6) in the case of PBS injection com-
pared to 2426 (±1798) (n = 7) in the case of LPS 
injection (Fig. S2 M-O). Therefore, the expression 
of these two inflammatory cytokines in the mam-
mary gland is significantly higher, by a factor of 92 in 
the case of IL-6 and a factor of 3 in the case of TNFα, 
in tissue injected with LPS, confirming the presence 
of inflammation 4 hpi and validating the use of this 
inflammation mouse model.

6 E. IVANOVA ET AL.
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Inflammation induces gene expression changes 
in mammary tissue

To determine the effect of inflammation on 
mammary gland function, we analysed the 
expression of 63 genes via RT – qPCR. In 
total, there were four differentially expressed 
genes (DEGs) out of 20 genes involved in mam-
mary gland development and function, 5 DEGs 
out of 13 genes involved in epigenetic regula-
tion, 11 DEGs out of 27 genes involved in the 
immune response, and 3 housekeeping genes 
(Figure 1). The abundance of the housekeeping 
genes was similar across all samples and did not 
vary with lactation rank and the presence of 
inflammation (data not shown). DEGs were 
identified by pairwise comparisons between 
inflammation during first lactation (L1-I vs. L1- 
NI), inflammation during second lactation with 
no history of inflammation (L2-I (L1-NI) vs. 
L2-NI (L1-NI)), and inflammation 
during second lactation with previous inflam-
mation (L2-I (L1-I) vs. L2-NI (L1-I)). We found 
the most DEGs in the first comparison, inflam-
mation during first lactation (L1-I vs. L1-NI). 
Only two genes, HMTset7 and CXCL1, were 

differentially expressed in two comparisons, 
inflammation during first lactation (L1-I vs. L1- 
NI) and inflammation during second lactation 
with previous inflammation (L2-I (L1-I) vs. L2- 
NI (L1-I)). For HMTset7, the average fold 
change was 5.24 (±2.73) in L1-NI, 2.05 (±0.77) 
in L1-I, 9.24 (±2.97) in L2-NI (L1-I), and 5.42 
(±1.94) in L2-I (L1-I). For CXCL1, the average 
fold change was 0.25 (±0.61) in L1-NI, 2.95 
(±5.09) in L1-I, 1.64 (±3.66) in L2-NI (L1-I), 
and 3.93 (±4.49) in L2-I (L1-I). Interestingly, 
the remaining comparison, inflammation 
during second lactation with no previous 
inflammation (L2-I (L1-NI) vs. L2-NI (L1-NI) 
), had no DEGs in common with the other two 
but did have two DEGs not found in the other 
two, Wnt4 and TLR2. For Wnt4, the average 
fold change was 0.86 (±0.74) in L2-I (L1-NI) 
and 6.2 (±8.7) in L2-NI (L1-NI). For TLR2, the 
average fold change was 0.82 (±0.5) in L2-I (L1- 
NI) and 0.24 (±0.14) in L2-NI (L1-NI). Overall, 
comparisons of samples from the second lacta-
tion presented only four DEGs - HMTset7, 
CXCL1, Wnt4, and TLR2. All ΔΔCt values for 
DEGs are available in Table S2.

Figure 1. Gene expression (∆∆Ct) in three comparisons: inflammation during 1st lactation (L1-I, n = 5; L1-NI, n = 7) (orange), 
inflammation during 2nd lactation after inflammation in 1st (L2-I (L1-I), n = 7; L2-NI (L1-I), n = 5) (green), and inflammation during 
2nd lactation with no prior inflammation (L2-I (L1-NI), n = 5; L2-NI (L1-NI), n = 7) (purple). The genes listed are differentially expressed 
(p < 0.05) in at least one comparison (colour-coded circles). Each column represents one individual. Lowest gene expression is 
represented in blue (highest ∆∆Ct values), highest – in red (lowest ∆∆Ct values), no data available – in black.
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Inflammation induces mammary gland DNA 
methylation changes

To examine the effects of inflammation on mam-
mary gland DNA methylation patterns, we ana-
lysed 24 samples with or without inflammation 
from first or second lactation using RRBS.

Quality control of RRBS libraries
Sequencing the RRBS libraries generated an aver-
age of 35.7 (±7) million reads per sample 
(Table 1). The percentage of unique mapping effi-
ciency was on average 68.3 (±0.8)%, which is con-
sistent with previous mouse studies [43]. We used 
the conversion rate of unmethylated cytosine 
added in vitro during the end-repair step of library 
preparation to estimate the bisulphite conversion 
rate. On average that rate was 99.8 ± 0.1%. We 
found no significant difference when comparing 
the different groups of mice, thereby eliminating 
the possibility of technical bias during RRBS 
library preparation or sequencing and indicating 
that the data obtained were of good quality. We 
focused on the 70 ± 3.8% CpGs covered by at least 
10 uniquely mapped reads, referred to as CpGs10 
in this article. No statistically significant differ-
ences between experimental groups were found 
for the percentages of hypermethylated (DNA 
methylation > 80%), intermediate (DNA methyla-
tion [20–80%]), and hypomethylated (DNA 
methylation < 20%) CpGs10. The same was true 
for the number of covered CpGs and the average 
DNA methylation at CpGs10. This finding indi-
cates that neither the presence of inflammation 
nor lactation rank induces global DNA methyla-
tion changes.

Intersample variability is unrelated to the presence 
of inflammation
The next step was to determine the similarities and 
differences between samples. Hierarchical cluster-
ing and principal component analysis of the RRBS 
libraries revealed no discernible clusters when ana-
lysing samples from first lactation, with or without 
inflammation (Figure 2). The same was true when 
we analysed samples from the second lactation, 
with or without inflammation (Fig. S3). 
Therefore, this analysis did not discriminate sam-
ples with inflammation.

Inflammation induces differential methylation of 
cytosines in the mammary gland
We then analysed the effect of inflammation asso-
ciated with first or second lactation on DNA 
methylation profiles. We identified inflammation- 
related DMCs and DMRs by pairwise comparisons 
between L1-I vs. L1-NI, L2-I (L1-NI) vs. L2-NI 
(L1-NI), and L2-I (L1-I) vs. L2-NI (L1-I) and 
looked at the overall methylation levels in each 
condition (Figure 3).

Inflammation during the first lactation (L1-I vs. 
L1-NI) comparison resulted in the identification of 
508 DMCs and 30 DMRs, of which 70% and 67%, 
respectively, were upmethylated for the L1-I group. 
Inflammation during second lactation with no pre-
vious inflammation (L2-I (L1-NI) vs. L2-NI (L1-NI) 
) resulted in the identification of 412 DMCs and 13 
DMRs, from which only 14% of the DMCs were 
upmethylated and all of the DMRs were down-
methylated, for the L2-I (L1-NI) group. 
Inflammation during second lactation with pre-
vious inflammation (L2-I (L1-I) vs. L2-NI (L1-I)) 
resulted in the identification of 378 DMCs and 17 
DMRs, of which 76% and 88%, respectively, were 
upmethylated for the L2-I (L1-I) group. Even 
though the number of DMCs and DMRs in all 
three comparisons was of the same order of mag-
nitude, most DMCs and twice as many DMRs were 
identified in L1-I vs. L1-NI compared to the other 
two. Interestingly, the DMCs and DMRs do not 
exhibit the same pattern, i.e., the majority are 
upmethylated in L1-I and L2-I (L1-I) and down-
methylated in L2-I (L1-NI). Venn diagrams were 
used to show any shared DMCs (Figure 4a) and 
DMRs (Figure 4b) between the three comparisons.

To characterize whether specific genomic fea-
tures are enriched in DMCs, we annotated the 
DMCs found for each of the comparisons 
(Figure 5a). The background is the set of CpGs20 
analysed by RRBS (total number of CpGs20) and 
serves as a control to research enrichment in geno-
mic regions targeted by DMCs. Compared to the 
genomic distribution of the background CpGs20, 
DMCs observed from the three comparisons more 
often targeted the exons and introns. The promo-
ters, TSSs, and UTRs of genes, on the other hand, 
were targeted less. Interestingly, the L2-I (L1-NI) 
vs. L2-NI (L1-NI) comparison displayed more 
DMCs in TSS compared to the other two

8 E. IVANOVA ET AL.
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comparisons (5.1% vs. 1.3% or 2.6%) but remained 
lower than the background (12.1%). Furthermore, 
there was a depletion in CGIs accompanied by an 
enrichment in the open sea (DNA methylation 
sites outside the CpG island regions) (Figure 5b). 
These results are consistent with the fact that only 
31% of L1-I vs. L1-NI and 29% of L2-I (L1-I) vs. 
L2-NI (L1-I) DMCs participate in the formation of 
DMRs. In the remaining comparison, only 13% of 
L2-I (L1-NI) vs. L2-NI (L1-NI) DMCs participate 
in the formation of DMRs. Thus, the majority of 
identified DMCs are dispersed over the genome 
outside CpG islands. DMCs were depleted in low 
complexity repeats and enriched in SINEs and 
simple repeats (Figure 5c). As previously observed, 
DMCs obtained from the two comparisons, L1-I 
vs. L1-NI and L2-I (L1-I) vs. L2-NI (L1-I), as well 
as the background, targeted the repeat sequences 
more than the comparison L2-I (L1-NI) vs. L2-NI 
(L1-NI). The list of annotated DMCs and DMRs in 
the three comparisons is available in Table S3.

To investigate whether specific gene ontology 
(GO) terms or signalling pathways were enriched 
because of inflammation status and history, we 
used DAVID functional clustering on DMCs 
from all three comparisons (Table 2). In terms of 
gene ontology, we focused on molecular function 
(MF) and biological process (BP). DMCs from the 

L1-I vs. L1-NI comparison were significantly 
enriched for the MFs DNA binding, transcription 
factor activity and transcriptional repressor activ-
ity. DNA binding and transcriptional repressor 
activity were also enriched in DMCs from the 
comparison of inflammation in second lactation, 
with inflammation in 1st (L2-I (L1-I) vs. L2-NI 
(L1-I)). When focusing on DMCs from second 
lactation with no inflammation in 1st (L2-I (L1- 
NI) vs. L2-NI (L1-NI)), none of these MFs were 
significantly enriched. When it comes to BPs, all 
three comparisons were significantly enriched for 
negative regulation of transcription but not posi-
tive regulation of transcription. Cell-cell adhesion 
and cell junction organization were specifically 
enriched in DMCs from inflammation during 
first lactation (L1-I vs. L1-NI). A methylation clus-
ter was found for all three comparisons; however, 
it was not significantly enriched in any compari-
son. No comparisons were significantly enriched 
for signalling pathways with a role in mammary 
gland function such as Wnt or PI3K-Akt signalling 
[44]. Only one comparison, L2-I (L1-I) vs. L2-NI 
(L1-I), showed a significant enrichment for the IL- 
6 signalling pathway, suggesting inflammation 
during first lactation can affect methylation in 
genes related to the immune response in second 
lactation.

Figure 2. Hierarchical clustering and principal component analysis of samples from 1st lactation, with (orange) or without 
inflammation (black).
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Finally, to determine whether differential 
methylation resulted in gene expression changes, 
we studied the expression of four genes upmethy-
lated in first lactation with inflammation (L1-I) 
compared to first lactation without inflammation 
(L1-NI) using RT – qPCR. These four genes, 
Paqr3, H3f4, Fignl2, and Fam110A, were chosen 
because they corresponded to DMRs composed of 
multiple DMCs − 11, 12, 33, and 10, respectively 

(Table S3). Ultimately, none of the four genes was 
differentially expressed between the two condi-
tions (L1-I vs. L1-NI) (Figure S4).

Discussion

Saccani et al. was one of the first articles to link 
LPS-induced inflammation and modification of 
epigenetic regulation of inducible inflammatory

Figure 3. Violin plots of the overall distribution of methylation levels in all three comparisons: inflammation during 1st lactation (L1-I, 
n = 5; L1-NI, n = 7) (orange), inflammation during 2nd lactation after inflammation in 1st (L2-I (L1-I), n = 7; L2-NI (L1-I), n = 5) (green), 
inflammation during 2nd lactation with no prior inflammation (L2-I (L1-NI), n = 5; L2-NI (L1-NI), n = 7) (purple). The abscissa 
represents the different conditions in each comparison, the ordinate represents the level of methylation of the DMCs in that 
condition, and each violin represents the density of the point at that methylation level.
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genes in human dendritic cells [45]. Since then, 
multiple studies have shown that inflammation 
affects epigenetic regulation. At the same time, 
various works have described how MEC differen-
tiation and activity is partly controlled by DNA 
methylation and how some epigenetic changes 
persist in MECs [20,46–48]. This article aims to 
further the knowledge on this topic by focusing on 
DNA methylation changes in mammary tissue 
caused by inflammation.

This study demonstrates how intramammary 
injection of LPS can induce inflammation in the 
mouse mammary gland during successive lacta-
tions. Detection of inflammation before the onset 
of clinical signs would allow faster and less aggres-
sive treatment, yet little research exists on the early 
changes in DNA methylation and gene expression 
that occur at the beginning of inflammation in 
mammary tissue.

Here, fewer DMCs and DMRs were found in 
the three comparisons presented: inflammation 
during first lactation (L1-I vs. L1-NI), inflamma-
tion during second lactation with no history of 
inflammation (L2-I (L1-NI) vs. L2-NI (L1-NI)), 
and inflammation during second lactation with 
previous inflammation (L2-I (L1-I) vs. L2-NI (L1- 
I)), relative to RRBS results in other tissues, such 
as blood [49]. Kochmanski et al. found 28 196 
unique DMCs and 8 613 DMRs, whereas the com-
parisons here resulted on average in 432 DMCs 
and 20 DMRs [49]. However, this is most likely 

due to the focus on asymptomatic inflammation in 
this model. The methylation levels of the majority 
of DMCs from each condition were evenly distrib-
uted, showing that the mammary tissue DNA is 
neither hypomethylated (DMCs at < 20% methyla-
tion) nor hypermethylayed (DMCs at > 80% 
methylation).

In both first lactation (L1-I vs. L1-NI) and second 
lactation (L2-I (L1-I) vs. L2-NI (L1-I)), DMCs and 
DMRs were mostly upmethylated when inflamma-
tion was present. Our findings of the effects of 
inflammation are consistent with those of estab-
lished inflammation. Studied show that inflamma-
tion is known to increase DNA methylation in 
multiple cases, such as chronic gastritis [50], insulin 
resistance [51], and LPS-induced inflammation. 
However, notably, our results show this change in 
methylation occurs as early as 4 h after introducing 
LPS in the mammary gland. Unexpectedly, second 
lactation with no previous inflammation (L2-I (L1- 
NI) vs. L2-NI (L1-NI)) did not follow the same 
pattern, suggesting inflammation history affects 
future DNA methylation changes. DMCs and 
DMRs in that comparison were mostly downmethy-
lated when inflammation was present. Some pre-
vious studies have shown a decrease in methylation 
in the global genomic landscape due to inflammation 
caused by ischaemic stroke [52] or other neurode-
generative diseases [53]; however, this finding has 
not been previously reported in articles discussing 
mammary gland inflammation.

Figure 4. Venn diagrams of the total number of differentially methylated cytosines (DMCs) as well as shared DMCs in all three 
comparisons: inflammation during 1st lactation (L1-I, n = 5; L1-NI, n = 7) (orange), inflammation during 2nd lactation after inflamma-
tion in 1st (L2-I (L1-I), n = 7; L2-NI (L1-I), n = 5) (green), inflammation during 2nd lactation with no prior inflammation (L2-I (L1-NI), n  
= 5; L2-NI (L1-NI), n = 7) (purple) (A) and of the total number of differentially methylated regions (DMRs) as well as shared DMRs in 
all three comparisons (B).
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Enrichment analysis showed that DMCs found 
in all three comparisons are significantly enriched 
for negative but not positive transcriptional regu-
lation. This suggests a role for DNA methylation 
in the regulation of transcription in response to 
inflammation in the lactating mammary gland. 

Cell-cell adhesion and cell-cell junction organiza-
tion, which are necessary in the mammary gland 
function in that they ensure milk secretion takes 
place in the mammary ducts, were only signifi-
cantly enriched in first lactation (L1-I vs. L1-NI). 
This could be due to the fact that MECs, which are

Figure 5. Pie charts showing the distribution of DMCs for all three comparisons: inflammation during 1st lactation (L1-I, n = 5; L1-NI, 
n = 7) (orange), inflammation during 2nd lactation after inflammation in 1st (L2-I (L1-I), n = 7; L2-NI (L1-I), n = 5) (green), inflammation 
during 2nd lactation with no prior inflammation (L2-I (L1-NI), n = 5; L2-NI (L1-NI), n = 7) (purple). Distribution is shown according to 
gene regions (A), CpG density (B), and repeats (C). All three comparisons are discussed in comparison to the background (control 
comprised of all CpGs found after RRBS analysis). 
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the majority of the cells in the lactating mammary 
gland, differ depending on lactation rank and 
shows that MECs in a second lactation are not 
identical in terms of DNA methylation changes. 
The epigenetic changes between lactation ranks 
are not well understood and should be studied 
further.

Looking at which genes were differentially 
methylated showed an interesting signalling 
pathway in first lactation (L1-I vs. L1-NI) – 
PPAR. The PPAR signalling pathway modulates 
lipid metabolism, adipogenesis, maintenance of 
metabolic homoeostasis, and inflammation [54]. 
Two genes from this pathway are upmethylated 
in L1-I vs. L1-NI, Slc27a1 and PPARδ. Both of 
these genes are involved in the regulation of 
lipid metabolism, which is critically important 
during lactation [55,56]. Other studies have 
found that PPAR signalling is inhibited in 
bovine mammary tissue following Streptococcus 
uberis infection, leading to inhibition of milk fat 
synthesis [57]. The findings here suggest that 
epigenetic regulation may play a part in that 
process.

Slc27a1 was also upmethylated in L2-I (L1-I) vs. 
L2-NI (L1-I); this is the only DMR that the two 
comparisons share. The only difference is the 
number of DMCs present for each comparison; it 
took five DMCs to determine Slc27a1 as 
a differentially methylated gene in L1-I vs. L1-NI 
versus three DMCs in L2-I (L1-I) vs. L2-NI (L1-I). 
We found two other DMCs in common between 
the two comparisons, both in the exons of JDP2. 
JDP2 (Jun dimerization protein 2) is 
a progesterone receptor coactivator [58,59] and 
has also been shown to act as a cofactor in NF-κβ- 
mediated gene repression, as its upregulation was 
associated with the downregulation of TNF- 
suppressed genes in human endothelial cells [60]. 
Therefore, while JDP2 likely plays a role as 
a coregulator of the inflammatory cascade, the 
results here suggest that it is itself under the con-
trol of epigenetic regulators.

When comparing inflammation during first lacta-
tion (L1-I vs. L1-NI) and inflammation 
during second lactation with no history of inflam-
mation (L2-I (L1-NI) vs. L2-NI (L1-NI)), we found 
two DMCs in common, corresponding to the Egr3

Table 2. GO (gene ontology) terms (MF: molecular function; BP: biological process) and signalling pathways enriched by DAVID 
analysis for all three comparisons: inflammation during 1st lactation (L1-I, n = 5; L1-NI, n = 7) (orange), inflammation during second 
lactation after inflammation in 1st (L2-I (L1-I), n = 7; L2-NI (L1-I), n = 5) (green), inflammation during second lactation with no prior 
inflammation (L2-I (L1-NI), n = 5; L2-NI (L1-NI), n = 7) (purple).

L1-I vs. L1-NI L2-I (L1-I) vs. L2-NI (L1-I) L2-I (L1-NI) vs. L2-NI (L1-NI)

p value
Number of unique genes 

targeted by DMCs p value
Number of unique genes 

targeted by DMCs p value
Number of unique genes 

targeted by DMCs

GO: MF
DNA binding 2.1×10−3 32 4.5×10−2 21 0.17 23
Transcription factor 

activity
7.0×10−3 21 0.12 9 0.2 10

Transcriptional 
repressor activity

3.1×10−2 9 1.6×10−3 10 0.068 8

Methyltransferase 
activity

0.6 3 1.0 0 0.31 4

GO: BP
Negative regulation of 

transcription
6.2×10−3 20 1.2×10−2 15 2.3×10−2 17

Positive regulation of 
transcription

0.078 20 0.15 14 0.3 10

Methylation 0.61 3 0.12 13 0.56 3
Canonical Wnt 

signalling
0.32 3 1.0 0 0.087 4

Cell-cell adhesion 4.2×10−2 3 0.26 7 0.6 3
Signaling pathways
Cell junction 

organization
3.2×10−2 4 1.0 0 1.0 0

Wnt signalling 
pathway

0.1 5 0.55 3 0.24 4

PI3K-Akt signalling 
pathway

0.69 4 1.0 0 0.66 4

IL-6 signalling pathway 1.0 0 4.5×10−2 4 1.0 0
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gene. Egr3 plays a role in cell proliferation and is 
upregulated by prolactin, an essential hormone dur-
ing lactation, in breast cancer cells [61].

For the comparisons of inflammation 
during second lactation with previous inflamma-
tion (L2-I (L1-I) vs. L2-NI (L1-I)) and inflamma-
tion during second lactation with no history of 
inflammation (L1-NI and L2-I (L1-NI) vs. L2-NI 
(L1-NI)), we found several DMCs in common that 
did not correspond to any known genes.

We found no epigenetic marks in common 
between all three comparisons, and few marks 
were present in more than one comparison. This 
finding suggests that differential methylation in 
mammary tissue is dependent not only on the 
presence of inflammation but also lactation rank 
and even the inflammation history of the tissue 
(whether inflammation occurred previously). This 
would also mean that diagnosing mastitis at an 
early stage would necessitate targeting different 
epigenetic marks for each lactation.

These data also show changes observed during 
LPS-induced inflammation (4 h) in genes impor-
tant for epigenetic regulation and the immune 
response. In both first lactation (L1-I vs. L1-NI) 
and second lactation (L2-I (L1-I) vs. L2-NI (L1- 
I)), two genes were found to be differentially 
expressed: Set7 and CXCL1. SET7/9 is known 
to catalyse H3K4me1 [55,57] specifically; how-
ever, it is also involved in the methylation of 
nonhistone proteins such as P53, DNMT1 [62], 
and P65 [63]. SET7/9 regulates high glycaemia- 
induced inflammatory gene expression in 
endothelial cells [64]. Monocytes are involved 
in TNFα-induced target inflammatory gene 
expression of the NF-κβ pathway [65]. In 
MCF7 cells (human breast cancer cell line), 
SET7/9 appears to directly methylate oestrogen 
receptor α (ER), thereby increasing its stability 
and resulting in downstream oestrogen- 
responsive gene expression changes [66]. 
Notably, ER is downregulated during galactopo-
esis [67]. The findings of this study show that 
Set7 was overexpressed in mammary tissue when 
inflammation was present. Further study is 
required to establish whether this results in 
inflammatory gene expression changes.

The chemokine CXCL1 regulates immune 
responses through the activation and recruitment 

of neutrophils [68]. In our study, CXCL1 was
overexpressed in mammary tissue during inflam-
mation, confirming previous observations [69].

Furthermore, the study focused on the expres-
sion of genes essential in mammary gland func-
tion. Only four out of 20 genes whose expression 
we studied were differentially expressed; therefore, 
the expression of 16 genes related to mammary 
gland and function remained unchanged 4 h after 
the introduction of LPS. This strongly suggests 
that MECs continue to function despite the begin-
ning of the immune response and the occurring 
changes in epigenetic regulation.

In the second lactation with no previous inflam-
mation (L2-I (L1-NI) vs. L2-NI (L1-NI)), no DEGs 
in common with the other two comparisons were 
found. Instead, Wnt4 was underexpressed and 
TLR2 overexpressed in mammary tissue when 
inflammation was present. Wnt4 has an essential 
role in epithelial branching in early pregnancy and 
mediates progesterone function during mammary 
gland morphogenesis [70]. TLRs signal the pre-
sence of pathogens to the host [71]; TLR2 is 
known to be overexpressed during mastitis [72]; 
the results presented here show that this overex-
pression starts before the appearance of clinical 
signs.

The lack of identical results between the three 
comparisons discussed in this study strongly sug-
gests that inflammation is not the only factor 
affecting mammary tissue. Lactation rank and pre-
vious inflammation history appear to be just as, if 
not more important, when explaining mammary 
tissue gene expression and DNA methylation 
changes. Further study of the differences between 
two successive lactations on mammary cells is 
necessary, as little research exists on base-level 
epigenetic regulation in lactating mammary tissue. 
Moreover, in-depth analysis of changes in promo-
ter regions, closely related to gene expression, and 
a functional validation of the DMRs mentioned 
here would expand on this topic. Long-term, this 
information could lead to identifying new epige-
netic markers for early mastitis diagnosis [73–76]
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