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Purpose. Macrophage aging is involved with the occurrence and progression of age-related macular degeneration (AMD). The
purpose of this study was to identify the specific microRNAs (miRNA), mRNAs, and their interactions underlying macrophage
aging and response to cholesterol through bioinformatical analysis in order to get a better understanding of the mechanism of
AMD. Methods. The microarray data were obtained from Gene Expression Omnibus (accession GSE111304 and GSE111382).
The age-related differentially expressed genes in macrophages were identified using R software. Further miRNA-mRNA
interactions were analyzed through miRWalk, mirTarBase, starBase, and then produced by Cytoscape. The functional
annotations including Gene Ontology and KEGG pathways of the miRNA target genes were performed by the DAVID and the
STRING database. In addition, protein-protein interaction network was constructed to identify the key genes in response to
exogenous cholesterol. Results. When comparing aged and young macrophages, a total of 14 miRNAs and 101 mRNAs were
detected as differentially expressed. Besides, 19 validated and 544 predicted miRNA-mRNA interactions were detected. Lipid
metabolic process was found to be associated with macrophage aging through functional annotations of the miRNA targets.
After being treated with oxidized and acetylated low-density lipoprotein, miR-714 and 16 mRNAs differentially expressed in
response to both kinds of cholesterol between aged and young macrophages. Among them, 6 miRNA-mRNA predicted pairs
were detected. The functional annotations were mainly related to lipid metabolism process and farnesyl diphosphate farnesyl
transferase 1 (FDFT1) was identified to be the key gene in the difference of response to cholesterol between aged and young
macrophages. Conclusions. Lipid metabolic process was critical in both macrophage aging and response to cholesterol thus was
regarded to be associated with the occurrence and progression of AMD. Moreover, miR-714-FDFT1 may modulate cholesterol
homeostasis in aged macrophages and have the potential to be a novel therapeutic target for AMD.

1. Introduction

Macrophages, being critical cells of the innate immune sys-
tem, play significant roles in development, homeostasis,
immunity, and tissue repair [1]. Nevertheless, aged macro-
phages have been generally reported to exhibit functional
changes such as reduced phagocytosis [2], increased angio-
genesis [3], and impaired cholesterol metabolism [4]. Impair-
ment in cholesterol homeostatic mechanism has been
regarded to be associated with some diseases of the elderly,
such as atherosclerosis [5] and age-related macular degener-
ation (AMD) [6].

AMD is a progressive disease of the central retina and a
leading cause of vision loss worldwide [7]. AMD is initially
characterized by accumulation of lipid-rich deposits known
as drusen, which is a risk factor of the disease progression
into late AMD [8]. However, the role of macrophages in cho-
lesterol homeostasis in the pathogenesis of AMD remains
elusive. With the development of anti-VEGF therapies [9],
treatments for wet AMD have been largely evolved. However,
because anti-VEGF agents have some adverse events [10] and
do not address early AMD and the process of progression to
late AMD [11], there is an urgent need for new therapeutic
options for AMD. Therefore, a better understanding of the
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pathological mechanism of the disease development and pro-
gression is required for the development of new treatments.

MicroRNAs (miRNAs) are small noncoding RNAs that
can regulate the expression of multiple mRNAs [12]. Identi-
fication of miRNA-mRNA interactions can be performed
through computational methods [13, 14] and is beneficial
to the understanding of the gene-regulatory role of miRNAs
in the therapeutic role of mRNAs.

In this study, we identified the impact of senescence on
macrophages as well as the difference in cholesterol response
between aged and young macrophages regarding the differ-
ential expression of miRNAs, mRNAs. Further analysis of
miRNA-mRNA interactions and functional annotation of
the miRNA target genes were performed to understand the
molecular basis and the related pathways. At last, protein-
protein interaction (PPI) network was analyzed to identify
the key genes in response to exogenous cholesterol. We
sought to study the roles of macrophages in cholesterol mod-
ulation in order to find a potential therapeutic method for
AMD.

2. Methods

2.1. Datasets. The miRNA expression dataset GSE111304
[15] and the mRNA expression dataset GSE11382 [16] were
obtained from the Gene Expression Omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo/). The profile of GSE111304 was
based on the platform of GPL16384 [miRNA-3] Affymetrix
Multispecies miRNA-3 Array, and the platform of
GSE111382 was GPL6246 [MoGene-1_0-st] Affymetrix
Mouse Gene 1.0 ST Array [transcript (gene) version]. The
miRNA and mRNA expressions were profiled on aged (18-
month-old) and young (2- to 3-month-old) peritoneal mac-
rophages, which were obtained from wild type C57BL/6J
mice and then left untreated, treated with 25μg/ml oxidized
low-density lipoprotein (ox-LDL) for 24 hours or treated
with 25μg/ml acetylated low-density lipoprotein (ac-LDL)
for 24 hours.

2.2. Identify Differentially Expressed miRNAs and mRNAs.
The raw data of miRNA and mRNA microarray were inter-
preted by limma package (limma, http://www.bioconductor
.org/packages/release/bioc/html/limma.html) of R software
(version 3.5.1) [17] to identify the differentially expressed
miRNAs and mRNAs. Expression comparison was conducted
by Student’s t-test and the thresholds were ∣log ðfold changeÞ
∣ >1 and p value <0.05.

2.3. miRNA-mRNA Interaction Analysis. We applied miR-
Walk (http://mirwalk.umm.uni-heidelberg.de/) [18], miR-
TarBase (http://miRTarBase.mbc.nctu.edu.tw/) [19] and
starBase (http://starbase.sysu.edu.cn/starbase2/) [20, 21] to
conduct in silico prediction of miRNA targets and visualize
the interaction data through Cytoscape [22].

The first step was to identify miRNA targets that have
previously been validated by experimental approaches
through these three data resources.

Next, predicted miRNA-mRNA targets were detected by
miRWalk and the other tools available in that website,

including TargetScan [23], miRanda [24], and RNA22 [25].
mRNAs that could be predicted in all four databases were
defined as highly predicted miRNA targets.

2.4. Functional Annotations of miRNA Target Genes. For
those mRNA targets, Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis
were conducted through the Database for Annotation, Visu-
alization, and Integrated Discovery (DAVID) (https://david
.ncifcrf.gov/) [26, 27].

2.5. PPI Network Construction. For cholesterol-responsive
miRNA targets, PPI analysis was performed through the
Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) database (http://www.string-db.org) and pro-
duced by Cytoscape [22].

3. Results

3.1. Differentially Expressed miRNAs and mRNAs in
Macrophage Aging. To determine the differentially expressed
miRNAs and mRNAs in aged macrophage, we compared the
profiles of aged and young macrophages that were remained
untreated. A total of 14 miRNAs and 101 mRNAs were
detected as differentially expressed. The volcano plots and
heat maps were displayed in Figure 1.

3.2. miRNA-mRNA Interactions Underlying Macrophage
Aging. Among these differentially expressed miRNAs and
mRNAs, a total of 19 validated miRNA-mRNA interactions
were identified (Figure 2(a)). In addition, 544 predicted inter-
actions were detected, involving 13 miRNAs and 84 mRNAs
(Figure 2(b)). When it comes to the highly predicted miRNA
targets, 83 miRNA-mRNA interactions were obtained
(Figure 2(c)), which involves 12 miRNAs and 37 mRNAs.

3.3. Functional Annotations of Age-Related miRNA Target
Genes. GO analysis of the validated and predicted miRNA
targets was conducted, and a total of 65 biological processes
(BP), 14 molecular functionings (MF), and 9 cellular compo-
nents (CC) were identified in DAVID. In addition, 7 KEGG
pathways were detected. The top 9 GO and the KEGG path-
ways were displayed in Table 1. Lipid metabolic process is
one of the top 9 BP, and the rest were immune response,
inflammatory response, chemotaxis, positive regulation of
angiogenesis, oxidation-reduction process, chemokine-
mediated signaling pathway, cellular response to interleu-
kin-1, and positive regulation of cell proliferation.

3.4. Cholesterol-Responsive Differentially Expressed miRNAs
and mRNAs. We separately analyzed differentially expressed
miRNAs and mRNAs in young and aged macrophages when
treated with oxLDL or acLDL to study the different response
of these cells to exogenous cholesterol.

In young macrophages, only miR-714 was downregu-
lated in response to both acLDL and oxLDL, though 6 and
8 miRNAs were differentially expressed in response to
oxLDL (Figure 3(a)) and acLDL (Figure 3(b)), respectively.
In aged macrophages, no differentially expressed miRNA
was identified in response to oxLDL, and miR-5129 was the
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only differentially upregulated miRNA in response to acLDL
(Figure 3(c)). Hence, the differentially expressed miRNAs
between young and aged macrophage’s response to exoge-
nous cholesterol were miR-714.

47 differentially expressed mRNAs were detected in
response to exogenous oxLDL in young macrophages
(Figure 3(d)), and 39 were found differentially expressed in
response to acLDL (Figure 3(e)). Among them, 25 mRNAs
were identified differentially expressed in response to both

oxLDL and acLDL, with 21 mRNAs downregulated and 4
upregulated (Figure 3(f)). In aged macrophages, 30 mRNAs
expressed differentially in response to oxLDL (Figure 3(g)),
and 16 mRNAs expressed differentially in response to acLDL
(Figure 3(h)). A total of 13 mRNAs were identified differen-
tially expressed in response to both kinds of exogenous cho-
lesterol, 9 and 4 being down- and upexpressed, respectively
(Figure 3(i)). By comparing the 25 cholesterol-responsive
mRNAs in young macrophages and the 13 mRNAs in aged
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Figure 1: Differentially expressed miRNAs and mRNAs in macrophage aging. The volcano plot (a) and the heat map (b) showed that a total
of 14miRNAs were detected to be differentially expressed; 7 were upregulated and 7 downregulated. The volcano plot (c) and the heat map (d)
displayed that 101 miRNAs expressed differentially between aged and young macrophages, and 7 of them were upregulated.
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Figure 2: miRNA-mRNA interactions underlying macrophage aging. miRNA-mRNA interaction analysis was conducted on the
differentially expressed miRNAs and mRNAs in macrophage aging and 19 validated (a) and 544 predicted pairs (b) were identified. In
addition, 83 highly predicted miRNA-mRNA pairs (c) were found which could be detected by four prediction databases.
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Figure 3: Continued.
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ones, a total of 16 mRNAs were found to differentially
expressed between young and aged macrophages in response
to exogenous cholesterol.

3.5. miRNA-mRNA Interactions of Cholesterol-Responsive
Difference between Young and Aged Macrophages. Identifica-
tion of miRNA-mRNA interactions was conducted on the
differentially expressed miRNA and mRNAs between young
and aged macrophage’s response to exogenous cholesterol.
No validated interaction was found; nevertheless, 6
miRNA-mRNA predicted pairs were detected, and they were
all predicted by one or two databases (Figure 4).

3.6. Functional Annotations of Age-Related miRNA Target
Genes in Response to Cholesterol. GO analysis of the
cholesterol-responsive miRNA targets was conducted. In
all, 12 BP and 2 MF were found through the String online
database and were mainly lipid metabolism associate, includ-
ing lipid metabolic process, cellular lipid metabolic process,
small molecule metabolic process, steroid metabolic process,
lipid biosynthetic process, small molecule biosynthetic pro-
cess, oxidation-reduction process, cellular lipid biosynthetic
process, cholesterol biosynthetic process, cholesterol meta-
bolic process, lipid modification, fatty acid metabolic process,
acetyltransferase activity, oxidoreductase activity, and acting
on the CH-OH group of donors. In addition, the detected 3
KEGG pathways were all about lipid metabolism, including

metabolic pathways, fatty acid metabolism, and steroid bio-
synthesis (shown in Table 2).

3.7. PPI Analysis of Age-Related miRNA Target Genes in
Response to Cholesterol. PPI analysis was performed on the
6 miRNA targets which included farnesyl diphosphate
farnesyl transferase 1 (FDFT1), hydroxysteroid 17-beta

4

2

–l
og

10
 (P

 V
al

ue
)

log2 (fold change)

0
–1–2 0 1

Significant
False
True

6

8

(g)

4

2

–l
og

10
 (P

 V
al

ue
)

log2 (fold change)

0
–1 0 1

Significant
False
True

6

(h)

Class
ACAT2 2

G
SM

30
29

81
2

3M acLDL
Class

3M oxLDL
3M untreated

G
SM

30
29

80
9

G
SM

30
29

80
6

G
SM

30
29

81
1

G
SM

30
29

80
8

G
SM

30
29

80
5

G
SM

30
29

80
3

G
SM

30
29

81
0

G
SM

30
29

80
7

G
SM

30
29

80
4

1

0

–1

–2

UTP14B
FASN
DPYSL2
ALDOC
HSD17B7
SREBF2
LDLR
MSMO1
HMGCR
LSS
STARD4
SQLE
FDPS
SC5D
IDI1
DHCR24
CYP51
FDFT1
INSIG1
HMGCS1
IL18BP
CD38
CD5L
ABCA1

(i)

Figure 3: Cholesterol-responsive differentially expressed miRNAs and mRNAs between aged and young macrophages. In young
macrophages, 6 miRNAs were differentially expressed in response to (oxLDL) (a) and 8 miRNAs in response to (acLDL) (b). Altogether,
only miR-714 was downregulated in response to both acLDL and oxLDL. In aged macrophages, no differentially expressed miRNA was
identified in response to oxLDL, and miR-5129 was the only differentially upregulated miRNA in response to acLDL (c). Therefore, miR-
714 was the differentially expressed miRNAs between young and aged macrophage’s response to cholesterol. With regards to differentially
expressed mRNAs, 47 were detected when treated with oxLDL (d) and 39 with acLDL (e) in young macrophages and 25 mRNAs
expressed differentially in response to both oxLDL and acLDL (f). In aged macrophages, 30 and 16 mRNAs expressed differentially in
response to oxLDL (g) and acLDL (h), respectively, and 13 mRNAs in response to both (i).
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Figure 4: miRNA-mRNA interactions of cholesterol-responsive
difference between aged and young macrophages. miRNA-mRNA
interaction identification was conducted on cholesterol-responsive
differentially expressed miRNAs and mRNAs between aged and
young macrophages, and 6 predicted pairs were identified.
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dehydrogenase 7 (HSD17B7), steroidogenic acute regulatory
protein-related lipid transfer domain-4 (STARD4), acetyl-
CoA acetyltransferase 2 (ACAT2), fatty acid synthase (FASN),
and CD5 antigen-like (CD5L). The interactions were visual-
ized by the Cytoscape software, and the style of the figure
was generated from statistics; to be specific, the size and color
were influenced by the degree and the combined score dictated
the edge size. It was designed so that low value led to small
sizes and light colors. As is displayed in Figure 5, FDFT1 was
identified as the key mRNA in the difference of response to
cholesterol between aged and young macrophages.

4. Discussion

Impaired cholesterol metabolism has been discovered in
senescent macrophages [4]. Although several studies have
confirmed the relationship between altered cholesterol
homeostasis in aged macrophages and AMD [4, 28], the
miRNA-mRNA regulatory network is far from being fully
understood. In this study, we sought to identify miRNA-
mRNA interactions of macrophage aging and cholesterol-
responsive difference between aged and young macrophages
and then further analyzed the functional annotation and
PPI of the miRNA targets. To the best of our knowledge, this
is the first study to explore the miRNA-mRNA interactions
aiming to get a better understanding of the pathological
mechanism of AMD. Besides, our study is of significance
for other lipid-related diseases of the elderly such as type 2
diabetes, cardiovascular disease.

Numerous mechanisms were found to be associated with
macrophage aging through functional annotation of the dif-
ferentially expressed miRNA targets. Among them, some
have been reported to be related to AMD, including immu-
nity [29, 30], inflammation [31, 32], chemotaxis [33, 34],
angiogenesis [35, 36], oxidative stress [31, 37], and lipid

Table 2: Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of the differentially expressed miRNAs
targets in response to cholesterol between aged and young macrophages.

Category GO term Description Count Genes

BP

GO:0006629 Lipid metabolic process 5
Stard4, Fdft1, Hsd17b7,

Fasn, Acat2

GO:0044255 Cellular lipid metabolic process 4 Stard4, Fdft1, Fasn, Acat2

GO:0044281 Small molecule metabolic process 4 Fdft1, Hsd17b7, Fasn, Acat2

GO:0008202 Steroid metabolic process 3 Stard4, Fdft1, Hsd17b7

GO:0008610 Lipid biosynthetic process 3 Fdft1, Hsd17b7, Fasn

GO:0044283 Small molecule biosynthetic process 3 Fdft1, Hsd17b7, Fasn

GO:0055114 Oxidation-reduction process 3 Hsd17b7, Fasn, Acat2

GO:0097384 Cellular lipid biosynthetic process 2 Fdft1, Fasn

GO:0006695 Cholesterol biosynthetic process 2 Stard4, Fdft1

GO:0008203 Cholesterol metabolic process 2 Fdft1, Hsd17b7

GO:0030258 Lipid modification 2 Stard4, Acat2

GO:0006631 Fatty acid metabolic process 2 Fasn, Acat2

MF
GO:0016407 Acetyltransferase activity 2 Fasn, Acat2

GO:0016616
Oxidoreductase activity, acting on the CH-OH group of donors, NAD or

NADP as acceptor
2 Hsd17b7, Fasn

KEGG
pathways

mmu01100 Metabolic pathways 4 Fdft1, Hsd17b7, Fasn, Acat2

mmu01212 Fatty acid metabolism 2 Fasn, Acat2

mmu00100 Steroid biosynthesis 2 Fdft1, Hsd17b7

Abbreviations: GO: gene ontology; BP: biological process; MF: molecular functioning; KEGG pathways: Kyoto Encyclopedia of Genes and Genomes pathways;
NAD: nicotinamide adenine dinucleotide; NADP: nicotinamide adenine dinucleotide phosphate.

HSD17B7

ACAT2

FDFT1

STARD4

FASN

CD5L

Figure 5: Protein-protein interaction analysis of age-related miRNA
target genes in response to cholesterol and farnesyl diphosphate
farnesyl transferase 1 (FDFT1) was identified as the key mRNA.

9BioMed Research International



metabolism [4, 28]. We further analyzed the impact of lipid
dysregulation on aged macrophages by comparing aged and
young macrophages which were treated with oxLDL or
acLDL, because exogenous cholesterol plays a pathogenic
role in promoting cholesterol dysregulation. In early AMD,
lipid-rich drusen is a risk factor of disease progression; thus,
our study on the influence of cholesterol on aged macro-
phages is significant to understand the lipid modulation role
of macrophages in AMD progression.

We found that miR-714 was upregulated in aged murine
peritoneal macrophages in response to cholesterol, and 6
miRNA-mRNA pairs were detected to play the role of skew-
ing aged macrophages into a disease-promoting phenotype
through abnormal lipid metabolism. MiR-714 has been
reported to be upregulated in radiation-induced thymic lym-
phoma [38] and ischemia-reperfusion kidney injury [39] in
mice. Besides, it has been reported that miR-714 is involved
with vascular smooth muscle cell calcification by disrupting
Ca2+ efflux proteins [40], suggesting that miR-714 may have
a role in vascular homeostasis. According to miRTarBase
[19], which is a database for experimentally validated
microRNA-target interactions, it is currently known that
miR-714 has less strong evidence pointing to Slc5a3,
Wdr26, Ddr2, and Gprc5b through next-generation sequenc-
ing method. However, the role of miR-714 in macrophage
aging or AMD pathogenesis has never been reported.

Among the 6 miRNA target genes, FDFT1, interacting
with the other four genes, was the most significant one.
FDFT1 encodes squalene synthase, which catalyzes the first
committed step in cholesterol biosynthesis [41]. Biallelic
pathogenic variants in FDFT1 will lead to squalene synthase
deficiency, which is a rare inborn error of cholesterol biosyn-
thesis with multisystem clinical manifestations including
facial dysmorphism, nonspecific structural brain malforma-
tions, cortical visual impairment, and optic nerve hypoplasia
[42]. FDFT1 has been reported to be related to sterol synthe-
sis, which is expected to increase intracellular cholesterol and
is associated with type 2 diabetes and coronary artery calcium
[43]. FDFT1 has been found to be enriched in steroid biosyn-
thesis pathway and upregulated in AMD by Zhao et al. [44].
They infer that FDFT1 may induce AMD by elevating the
expression of cholesterol, which coincides with our results.
Further studies should be conducted on miR-714-FDFT1,
since modulation of cholesterol homeostasis may be a novel
strategy for treating AMD.

5. Conclusion

Lipid metabolic process was found to play a significant role in
both macrophage aging and response to cholesterol thus was
regarded to be associated with the occurrence and progres-
sion of AMD. In addition, miR-714-FDFT1 may modulate
cholesterol homeostasis in aged macrophages and have the
potential to be a novel therapeutic target for AMD.

Data Availability

All raw data in this article can be obtained by emailing the
corresponding author.

Conflicts of Interest

All authors have no conflicts of interest.

Acknowledgments

The authors report receiving funding from the National Nat-
ural Science Foundation of China (NSFC no. 81671641),
Jiangsu Provincial Medical Innovation Team (no.
CXTDA2017039), Jiangsu Provincial Natural Science Foun-
dation (no. BK20151208), Postgraduate Research & Practice
Innovation Program of Jiangsu Province (KYCX18_2528),
and the Soochow Scholar Project of Soochow University
(no. R5122001).

References

[1] T. A. Wynn, A. Chawla, and J. W. Pollard, “Macrophage biol-
ogy in development, homeostasis and disease,” Nature,
vol. 496, no. 7446, pp. 445–455, 2013.

[2] C. K. Wong, C. A. Smith, K. Sakamoto, N. Kaminski, J. L. Koff,
and D. R. Goldstein, “Aging impairs alveolar macrophage
phagocytosis and increases influenza-induced mortality in
mice,” Journal of Immunology, vol. 199, no. 3, pp. 1060–
1068, 2017.

[3] J. Kelly, A. Ali Khan, J. Yin, T. A. Ferguson, and R. S. Apte,
“Senescence regulates macrophage activation and angiogenic
fate at sites of tissue injury in mice,” The Journal of Clinical
Investigation, vol. 117, no. 11, pp. 3421–3426, 2007.

[4] A. Sene, A. A. Khan, D. Cox et al., “Impaired cholesterol efflux
in senescent macrophages promotes age-related macular
degeneration,” Cell Metabolism, vol. 17, no. 4, pp. 549–561,
2013.

[5] R. G. Gerrity, “The role of the monocyte in atherogenesis: I.
transition of blood-borne monocytes into foam cells in fatty
lesions,” The American Journal of Pathology, vol. 103, no. 2,
pp. 181–190, 1981.

[6] K. Sharma, N. K. Sharma, and A. Anand, “Why AMD is a dis-
ease of ageing and not of development: mechanisms and
insights,” Frontiers in Aging Neuroscience, vol. 6, p. 151, 2014.

[7] L. S. Lim, P. Mitchell, J. M. Seddon, F. G. Holz, and T. Y.
Wong, “Age-related macular degeneration,” The Lancet,
vol. 379, no. 9827, pp. 1728–1738, 2012.

[8] K. U. Shin, S. J. Song, J. H. Bae, and M. Y. Lee, “Risk prediction
model for progression of age-related macular degeneration,”
Ophthalmic Research, vol. 57, no. 1, pp. 32–36, 2016.

[9] Q. Lu, L. Lu, B. Chen, W. Chen, and P. Lu, “Efficacy compar-
ison of intravitreal injections of conbercept and ranibizumab
for severe proliferative diabetic retinopathy,” Canadian Jour-
nal of Ophthalmology, vol. 54, no. 3, pp. 291–296, 2019.

[10] M. K. Schmid, L. M. Bachmann, L. Fas, A. G. Kessels, O. M.
Job, and M. A. Thiel, “Efficacy and adverse events of afliber-
cept, ranibizumab and bevacizumab in age-related macular
degeneration: a trade-off analysis,” The British Journal of Oph-
thalmology, vol. 99, no. 2, pp. 141–146, 2015.

[11] A. Sene, D. Chin-Yee, and R. S. Apte, “Seeing through VEGF:
innate and adaptive immunity in pathological angiogenesis in
the eye,” Trends in Molecular Medicine, vol. 21, no. 1, pp. 43–
51, 2015.

[12] V. Ambros, “The functions of animal microRNAs,” Nature,
vol. 431, no. 7006, pp. 350–355, 2004.

10 BioMed Research International



[13] M. D. Sacar Demirci, M. Yousef, and J. Allmer, “Computa-
tional prediction of functional microRNA–mRNA interac-
tions,” Methods in Molecular Biology, vol. 1912, pp. 175–196,
2019.

[14] L. E. Leon and S. D. Calligaris, “Visualization and analysis of
miRNA-targets interactions networks,” Methods in Molecular
Biology, vol. 1509, pp. 209–220, 2017.

[15] J. B. Lin, H. V. Moolani, A. Sene et al., “Macrophage
microRNA-150 promotes pathological angiogenesis as seen
in age-related macular degeneration,” JCI Insight, vol. 3,
no. 7, article e120157, 2018.

[16] J. B. Lin, A. Sene, A. Santeford et al., “Oxysterol signatures dis-
tinguish age-related macular degeneration from physiologic
aging,” eBioMedicine, vol. 32, pp. 9–20, 2018.

[17] M. E. Ritchie, B. Phipson, D. Wu et al., “Limma powers differ-
ential expression analyses for RNA-sequencing and microar-
ray studies,” Nucleic Acids Research, vol. 43, no. 7, article e47,
2015.

[18] H. Dweep, C. Sticht, P. Pandey, and N. Gretz, “miRWalk –
database: prediction of possible miRNA binding sites by
“walking” the genes of three genomes,” Journal of Biomedical
Informatics, vol. 44, no. 5, pp. 839–847, 2011.

[19] C. H. Chou, S. Shrestha, C. D. Yang et al., “miRTarBase update
2018: a resource for experimentally validated microRNA-
target interactions,” Nucleic Acids Research, vol. 46, no. D1,
pp. D296–D302, 2018.

[20] J. H. Yang, J. H. Li, P. Shao, H. Zhou, Y. Q. Chen, and L. H. Qu,
“starBase: a database for exploring microRNA–mRNA interac-
tion maps from Argonaute CLIP-Seq and Degradome-Seq data,”
Nucleic Acids Research, vol. 39, suppl_1, pp. D202–D209, 2011.

[21] J. H. Li, S. Liu, H. Zhou, L. H. Qu, and J. H. Yang, “starBase
v2.0: decoding miRNA-ceRNA, miRNA-ncRNA and protein-
RNA interaction networks from large-scale CLIP-Seq data,”
Nucleic Acids Research, vol. 42, pp. D92–D97, 2013.

[22] P. Shannon, A. Markiel, O. Ozier et al., “Cytoscape: a software
environment for integrated models of biomolecular interac-
tion networks,” Genome Research, vol. 13, no. 11, pp. 2498–
2504, 2003.

[23] V. Agarwal, G. W. Bell, J. W. Nam, and D. P. Bartel, “Predict-
ing effective microRNA target sites in mammalian mRNAs,”
eLife, vol. 4, article e05005, 2015.

[24] B. John, A. J. Enright, A. Aravin, T. Tuschl, C. Sander, and
D. S. Marks, “Human MicroRNA targets,” PLoS Biology,
vol. 2, no. 11, article e363, 2004.

[25] K. C. Miranda, T. Huynh, Y. Tay et al., “A pattern-based
method for the identification of MicroRNA binding sites and
their corresponding heteroduplexes,” Cell, vol. 126, no. 6,
pp. 1203–1217, 2006.

[26] W. D. Huang, B. T. Sherman, and R. A. Lempicki, “Systematic
and integrative analysis of large gene lists using DAVID bioin-
formatics resources,” Nature Protocols, vol. 4, no. 1, pp. 44–57,
2009.

[27] W. D. Huang, B. T. Sherman, and R. A. Lempicki, “Bioinfor-
matics enrichment tools: paths toward the comprehensive
functional analysis of large gene lists,” Nucleic Acids Research,
vol. 37, no. 1, pp. 1–13, 2009.

[28] J. Chen and L. E. H. Smith, “Altered cholesterol homeostasis in
aged macrophages linked to neovascular macular degenera-
tion,” Cell Metabolism, vol. 17, no. 4, pp. 471-472, 2013.

[29] P. L. Penfold, M. C. Madigan, M. C. Gillies, and J. M. Provis,
“Immunological and aetiological aspects of macular degenera-

tion,” Progress in Retinal and Eye Research, vol. 20, no. 3,
pp. 385–414, 2001.

[30] J. Ambati, J. P. Atkinson, and B. D. Gelfand, “Immunology of
age-related macular degeneration,” Nature Reviews Immunol-
ogy, vol. 13, no. 6, pp. 438–451, 2013.

[31] S. Datta, M. Cano, K. Ebrahimi, L. Wang, and J. T. Handa,
“The impact of oxidative stress and inflammation on RPE
degeneration in non-neovascular AMD,” Progress in Retinal
and Eye Research, vol. 60, pp. 201–218, 2017.

[32] M. Chen and H. Xu, “Parainflammation, chronic inflamma-
tion, and age-related macular degeneration,” Journal of Leuko-
cyte Biology, vol. 98, no. 5, pp. 713–725, 2015.

[33] J. Tuo, B. C. Smith, C. M. Bojanowski et al., “The involvement
of sequence variation and expression of CX3CR1 in the path-
ogenesis of age-related macular degeneration,” The FASEB
Journal, vol. 18, no. 11, pp. 1297–1299, 2004.

[34] A. Takeda, J. Z. Baffi, M. E. Kleinman et al., “CCR3 is a target
for age-related macular degeneration diagnosis and therapy,”
Nature, vol. 460, no. 7252, pp. 225–230, 2009.

[35] S. Hagbi-Levi, M. Grunin, T. Jaouni et al., “Proangiogenic
characteristics of activated macrophages from patients with
age-related macular degeneration,” Neurobiology of Aging,
vol. 51, pp. 71–82, 2017.

[36] N. Ferrara, R. D.Mass, C. Campa, and R. Kim, “Targeting VEGF-
A to treat cancer and age-related macular degeneration,” Annual
Review of Medicine, vol. 58, no. 1, pp. 491–504, 2007.

[37] J. G. Hollyfield, V. L. Bonilha, M. E. Rayborn et al., “Oxidative
damage-induced inflammation initiates age-related macular
degeneration,” Nature Medicine, vol. 14, no. 2, pp. 194–198,
2008.

[38] F. Gao, S. Chen, M. Sun et al., “MiR-467a is upregulated in
radiation-induced mouse thymic lymphomas and regulates
apoptosis by targeting Fas and Bax,” International Journal of
Biological Sciences, vol. 11, no. 1, pp. 109–121, 2015.

[39] M. A. Bellinger, J. S. Bean, M. A. Rader et al., “Concordant
changes of plasma and kidney MicroRNA in the early stages
of acute kidney injury: time course in a mouse model of bilat-
eral renal ischemia-reperfusion,” PLoS One, vol. 9, no. 4, article
e93297, 2014.

[40] T. Gui, G. Zhou, Y. Sun et al., “MicroRNAs that target Ca2+

transporters are involved in vascular smooth muscle cell calci-
fication,” Laboratory Investigation, vol. 92, no. 9, pp. 1250–
1259, 2012.

[41] G. C. Ness, Z. H. Zhao, and R. K. Keller, “Effect of squalene
synthase inhibition on the expression of hepatic cholesterol
biosynthetic-enzymes, LDL receptor, and cholesterol 7α
hydroxylase,” Archives of Biochemistry and Biophysics,
vol. 311, no. 2, pp. 277–285, 1994.

[42] S. A. Apryatin, N. V. Trusov, A. Y. Gorbachev et al., “Compar-
ative whole-transcriptome profiling of liver tissue fromWistar
rats fed with diets containing different amounts of fat, fructose,
and cholesterol,” Biochemistry, vol. 84, no. 9, pp. 1093–1106,
2019.

[43] J. Ding, L. M. Reynolds, T. Zeller et al., “Alterations of a cellu-
lar cholesterol metabolism network are a molecular feature of
obesity-related type 2 diabetes and cardiovascular disease,”
Diabetes, vol. 64, no. 10, pp. 3464–3474, 2015.

[44] B. Zhao, M. Wang, J. Xu, M. Li, and Y. Yu, “Identification of
pathogenic genes and upstream regulators in age-related mac-
ular degeneration,” BMC Ophthalmology, vol. 17, no. 1, p. 102,
2017.

11BioMed Research International


	Bioinformatical Analysis of miRNA-mRNA Interaction Network Underlying Macrophage Aging and Cholesterol-Responsive Difference between Young and Aged Macrophages
	1. Introduction
	2. Methods
	2.1. Datasets
	2.2. Identify Differentially Expressed miRNAs and mRNAs
	2.3. miRNA-mRNA Interaction Analysis
	2.4. Functional Annotations of miRNA Target Genes
	2.5. PPI Network Construction

	3. Results
	3.1. Differentially Expressed miRNAs and mRNAs in Macrophage Aging
	3.2. miRNA-mRNA Interactions Underlying Macrophage Aging
	3.3. Functional Annotations of Age-Related miRNA Target Genes
	3.4. Cholesterol-Responsive Differentially Expressed miRNAs and mRNAs
	3.5. miRNA-mRNA Interactions of Cholesterol-Responsive Difference between Young and Aged Macrophages
	3.6. Functional Annotations of Age-Related miRNA Target Genes in Response to Cholesterol
	3.7. PPI Analysis of Age-Related miRNA Target Genes in Response to Cholesterol

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments

