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Abstract: Overactivation of the renin–angiotensin system (RAS) during obesity disrupts adipocyte
metabolic homeostasis and induces endoplasmic reticulum (ER) stress and inflammation; however,
underlying mechanisms are not well known. We propose that overexpression of angiotensinogen
(Agt), the precursor protein of RAS in adipose tissue or treatment of adipocytes with Angiotensin
II (Ang II), RAS bioactive hormone, alters specific microRNAs (miRNA), that target ER stress and
inflammation leading to adipocyte dysfunction. Epididymal white adipose tissue (WAT) from B6 wild
type (Wt) and transgenic male mice overexpressing Agt (Agt-Tg) in adipose tissue and adipocytes
treated with Ang II were used. Small RNA sequencing and microarray in WAT identified differentially
expressed miRNAs and genes, out of which miR-690 and mitogen-activated protein kinase kinase 3
(MAP2K3) were validated as significantly up- and down-regulated, respectively, in Agt-Tg, and in
Ang II-treated adipocytes compared to respective controls. Additionally, the direct regulatory role
of miR-690 on MAP2K3 was confirmed using mimic, inhibitors and dual-luciferase reporter assay.
Downstream protein targets of MAP2K3 which include p38, NF-κB, IL-6 and CHOP were all reduced.
These results indicate a critical post-transcriptional role for miR-690 in inflammation and ER stress.
In conclusion, miR-690 plays a protective function and could be a useful target to reduce obesity.

Keywords: adipocytes; renin–angiotensin system (RAS); obesity; miR-690; endoplasmic reticulum
(ER) stress; inflammation

1. Introduction

Obesity is a complex disease where excess fat accumulation results in metabolic disruption in
adipocytes. This in turn leads to macrophage infiltration [1], which then induces pro-inflammatory
cytokine/adipokine secretion. Angiotensin II (Ang II) is one of the several pro-inflammatory adipokines
secreted by adipocytes and is elevated in obesity, as demonstrated in both in vivo and in vitro
studies [2,3]. Ang II is the key bioactive component of the renin–angiotensin system (RAS) and is
primarily involved in regulation of blood pressure and fluid balance. However, overactivation of RAS
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in adipose tissue interrupts adipose homeostasis, causing inflammation, insulin resistance and cell
stresses including oxidative and endoplasmic reticulum (ER) stress [2,3]. Nevertheless, underlying
molecular mechanism/s by which RAS overactivation contributes to obesity-associated co-morbidities
are yet to be elucidated.

MicroRNAs (miRNA) could be a possible mechanism by which RAS regulates molecular signaling
pathways. They are small, evolutionarily conserved, non-coding RNA molecules approximately
22 nucleotides in size [4,5]. They play a pivotal role in regulating genes at post-transcriptional level
either by cleaving messenger RNA (mRNA), or by translational repression or mRNA decay [6–9].
miRNA–mRNA interaction is broad and complex as a single miRNA could regulate hundreds of genes
and each mRNA may interact with several miRNAs [5,10,11]. Impairments in miRNA regulation
could be directly linked to diseases including obesity. Altered expression of miRNAs such as miR-143,
miR-708 and miR-132 during obesity induces adipogenesis, ER stress and inflammation [12–14].
Although there are several studies performed to recognize RAS–miRNA association [15–18], the
effect of RAS overactivation on miRNA expression in the adipose tissue during obesity remains to
be explored. Identifying such miRNAs and new druggable targets from the miR-690-regulated gene
networks would be a novel approach to manage RAS-mediated detrimental effects and could be used
as an effective therapeutic solution to alleviate obesity.

In vivo and in vitro studies show that RAS-activated inflammation and cell stresses are partly
mediated by mitogen-activated protein kinases (MAPKs) [19–22]. One of the MAPK pathways,
p38MAPK, plays a crucial role in activating several downstream inflammatory cytokines where
activation of p38 MAPK directly stimulates inflammatory markers such as interleukin-1 (IL-1), IL-6,
IL-12, tumor necrosis factor α (TNFα) and NF-κB and also induces cellular stresses [22–25]. Several
lines of evidence have shown that Ang II is involved in chronic disease progression by activating
MAPKs (e.g., MAP3K7 and MAPK14/p38) [25–27]. Identifying miRNAs which directly target MAPKs
could alleviate RAS-p38MAPKs-associated inflammation and cell stress.

Here we hypothesize that when RAS is overexpressed, miR-690 plays a protective role by targeting
MAPKs, thereby reducing downstream pathways including inflammation and ER stress. We used
epididymal white adipose tissue (WAT) from mice overexpressing angiotensinogen (Agt) specifically in
the adipose tissue to identify affected miRNAs. We performed microRNA-Seq to identify differentially
expressed miRNAs and identified miR-690 as the top candidate, based on its potential ability to regulate
genes in inflammatory and cell stress pathways. miR-690 has a role in myeloid cell and osteogenic
differentiation, but its role in RAS induced obesity is not yet known [28,29]. We demonstrated for the
first time that miR-690 regulates inflammation and ER stress by directly targeting MAP2K3 when RAS
is overexpressed in the adipose tissue. These findings confirm a probable protective role of miR-690 in
regulating inflammation and ER stress in adipocytes.

2. Materials and Methods

2.1. Mouse Study

We used epididymal WAT from male wild type (Wt) C57BL6/J and angiotensinogen transgenic
(Agt Tg) mice where the Agt gene was specifically overexpressed in the adipose tissue. These mice
were fed a low fat (LF) diet with 10% kcal from fat for 12 weeks [2]. WAT was collected after euthanasia
(CO2 inhalation) from mice and snap-frozen immediately in liquid nitrogen and stored at −80 ◦C for
further analyses. The above study was approved by the University of Tennessee, institutional animal
care and use committee (IACUC Protocol # 678 approved by TN: 1/6/2009 renewed every 3 years
through 2013), and adipose tissue collected from these mice was analyzed at Texas Tech University.

2.2. Cell Cultures

Mouse pre-adipocytes 3T3-L1 cells were purchased from American Type Culture Collection
(ATCC) (Manassas, VA, USA) and maintained at 37 ◦C in Dulbecco’s Modified Eagle’s Medium
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(DMEM) accompanied with fetal bovine serum (FBS 10%) (Thermo Fisher Scientific, Waltham, MA,
USA). Media were also supplemented with antibiotics (50 g/mL streptomycin and 50 U/mL penicillin;
Thermo Fisher Scientific, Waltham, MA, USA). 3T3-L1 pre-adipocytes were differentiated as previously
described [3]. Differentiated 3T3-L1 adipocytes were treated with 10 nM Ang II (Sigma-Aldrich,
St. Louis, MO, USA) [3], Ang II receptor blocker Telmisartan 1 mg/mL (Sigma-Aldrich, St. Louis, MO,
USA). After 24 h of treatment, media and cells (3T3-L1 cells) were collected and stored at −80 ◦C for
further analyses.

2.3. RNA and MicroRNA Isolation

Isolation of RNA was performed using RNeasy mini kit (Qiagen, Valencia, CA, USA). cDNA was
reverse transcribed using Maxima reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA)
followed by gene expression by real-time quantitative polymerase chain reaction (RT-qPCR) using Sybr
green master mix (Thermo Fisher Scientific, Waltham, MA, USA). Gene expression of individual genes
was normalized to housekeeping genes 18S ribosomal RNA or GAPDH (List of primers Tables S1 and
S2).

TaqMan™ Advanced miRNA cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA,
USA) was used to reverse-transcribe cDNA from RNA. Real-time quantitative polymerase chain
reaction (RT-qPCR) was used to test miRNA expression levels (TaqMan™ Fast advanced master mix by
Thermo Fisher Scientific, Waltham, MA, USA). All miRNA results were normalized to a housekeeping
miRNA miR-191-5p.

2.4. mRNA and miRNA Profiling

Transcriptome profiling was performed by Genome Quebec (Montreal, Canada) using the
Illumina Whole-Genome II Expression BeadChips (MouseRef-8 v2.0) GeneChip Mouse Genome Array
(San Diego, CA, USA). Illumina small RNA protocol (Illumina, Inc., San Diego, CA, USA) was used to
prepare miRNAs libraries at the Department of Molecular and Cell Biology, Baylor College of Medicine,
Houston. Sequencing was completed using the Illumina Genome Analyzer NextSeq 500 (Illumina,
Inc., San Diego, CA, USA).

2.5. Quality Control, Mapping and Assembly

The quality of raw sequence reads was checked using FastQC v0.10.1 High Throughput Sequence
QC Report (Version 0.11.2) [30] (Babraham Institute, Cambridge, UK). The reads from Agt Tg and Wt
mice were mapped to the Mus musculus genome GRCm38.p4 (NCBI mouse genome build 10) using
Qseq® software version 12 (DNASTAR Madison, WI). The Gunaratne Next Generation Pipeline was
used to extract miRNA expression profiles [31]. Raw data were analyzed by R Bioconductor package
lumi [32] followed by linear modeling framework in Bioconductor R Package limma for assessing
differentially expressed genes with p-value < 0.05 and absolute fold change >1 [33]. miRNA sequencing
reads were mapped against the miRbase [34] reference onto miRNA precursors, and reads mapped to
mature miRNAs were selected.

2.6. Data Availability

Microarray and small RNA-Seq data for Agt Tg and Wt mice were submitted to Gene
Expression Omnibus (GEO) data repository (http://www.ncbi.nlm.nih.gov/projects/geo/). Agt Tg
and Wt microarray and Small RNA-Seq data were approved under accession number GSE147935 and
GSE149231, respectively.

2.7. Differential Expression Analysis and Prediction of miRNA-mRNA Functional Interactions

We used R Bioconductor, package limma, to identify the differentially expressed genes and miRNAs.
We calculated fold change with respect to the Agt Tg mice (i.e., the upregulated genes/miRNAs are the
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genes/miRNAs with expression of the Agt Tg mice samples that are higher than the expression of these
genes/miRNAs in the Wt mice). Package anamiR was used to integrate and analyze mRNA data and
miRNA data [35]. Further, predicted algorithm TargetScan (release 7.2; http://www.targetscan.org/) was
used to identify predicted targets of miRNAs and vice versa [36]. Additionally, other algorithms such
as miRecords [37], DIANA-microT-CDS [38] and EIMMo [39], were used to identify target–miRNA
interactions. Selected possible targets as well as miRNAs were validated in both WAT from Agt Tg
and Wt mice and in 3T3-L1 cells treated with or without Ang II.

2.8. Cell Transfections (Using miRNAs Mimics and Inhibitors)

miR-690 mimic, inhibitor along with miRNA negative control/scramble (NC) (Applied Biological
Materials, British Columbia, Canada) were used. Three different concentrations of miR-690 mimic,
inhibitor and NC (20 nM, 40 nM, 80 nM) were used to identify optimal concentration. Differentiated
3T3-L1 adipocytes were transfected according to the manufacturer’s protocol in 6-well plates using
lipofectamine RNAi-max for 48 h. (Thermo Fisher Scientific, Waltham, MA, USA). Following
transfection, cells and media were collected.

2.9. Cloning, Construct Preparation and Luciferase Assay

Specific forward and reverse primers (using NEBuilder assembly tool) were used to synthesize a
400–300 base pair fragment of 3′ untranslated regions (UTRs) for each target gene including binding
sequence for miR-690. Synthesized 3′ UTR fragments were amplified by PCR using mouse DNA as a
template. The PCR products were subcloned into PSICheck2 vector (Promega, Madison, WI, USA) at
Xho1 and Not1 sites downstream of the Renilla luciferase reporter gene using Gibson assembly (New
England Biolabs, Ipswich, MA, USA). Constructs were then transformed into Escherichia coli competent
cells (Promega, Madison, WI, USA) and screened with ampicillin resistance plates. Colony PCR was
performed using PSICheck2 forward and reverse primer for the 3′ UTR of the target genes to confirm
cloning accuracy. Following this, sequence was verified to confirm that there were no mutations on the
cloned section (at the binding sequence for miR-690) before performing luciferase assay.

3T3-L1 preadipocytes were plated in 96-well plates. One hundred nanograms of DNA constructs
(PSICheck2 vector with 3′ UTRs fragments of target genes) along with 40 nM miR-690 mimic or
40 nM miRNA NC were co-transfected into 3T3-L1 cells using Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA). Luciferase activity was measured 48 h post-transfection with the Dual
Luciferase Reporter Assay System (Promega, Madison, WI, USA) as per the manufacturer’s protocol.
Luciferase activity was reported as relative luciferase units (firefly luciferase/Renilla luciferase). Based
on the luciferase assay results, miR-690 binding sequence on 3′UTR of MAP2K3 was mutated (with
“ATAAAAA”) using Q5® Site-Directed Mutagenesis kit (New England biolabs, Ipswich, MA, USA)
and mutants were sequence verified. 3T3-L1 cells were co-transfected with MAP2K3 construct and
mutated MAP2K3 construct with miR-690 or NC followed by Luciferase assay as described previously.

2.10. Western Blotting and ELISA

Bradford protein assay was used to measure total protein concentration (Bio-Rad, Hercules, CA,
USA). The separation of whole protein lysates was performed using SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore, Burlington, MA, USA). Following this, blots
were incubated with primary antibodies such as tubulin (Sigma-Aldrich, St. Louis, MO, USA), p38,
p65 (Cell Signaling Technology, Danvers, MA USA), GRP78 (BiP) and Gadd 153 (CHOP) (Santa Cruz
Biotechnology, Dallas, TX, USA) were used [40]. One-hour incubation of membranes with anti-mouse
or rabbit secondary antibodies was (Jackson Immuno Research Laboratories, West Grove, PA, USA)
conducted before detecting fluorescence using LI-COR Odyssey machine (LI-COR Odyssey CLX,
Lincoln, NE, USA).

Enzyme-linked immunosorbent assay (ELISA) kits (R&D Minneapolis, MN, USA) were used to
measure IL-6 levels in the supernatants according to the manufacturer’s protocol.

http://www.targetscan.org/
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2.11. Statistical Analyses

All results were presented as means± SEM, and one-way ANOVA was used with Tukey’s post-hoc
test (p < 0.05) for experiments with three or more groups. On the other hand, Student’s t test was
used to analyze data with two groups. CFX Manager software provided by Bio-Rad Laboratories, Inc.
and QuantStudioTM design and analysis software v1.5.1 were used to analyze qRT-PCR assays. All
mouse experiments had 6–8 replicates, while in vitro cell experiments had 3–5 replicates.

3. Results

Mice with Agt overexpression (Agt Tg) showed an obese phenotype characterized by adipocyte
hypertrophy and increased ER stress and adipose inflammation [2,3]. However, exact molecular
pathways and miRNAs involved in the upregulation of cell stresses and inflammation with RAS
overactivation remain unclear.

3.1. Genes and miRNAs are Differentially Expressed in White Adipose Tissue (WAT) When Renin Angiotensin
System (RAS) is Overexpressed

We used WAT from mice overexpressing Agt in the adipose tissue (Agt Tg) to identify differentially
expressed genes and miRNAs. A total of 9459 genes were expressed in Agt Tg and Wt groups, out of
which 895 genes were differentially expressed (based on absolute fold change ≥1 and p-value ≤0.05).
Between the two groups, 338 and 557 genes were up- and downregulated in Agt compared to Wt mice,
respectively. Micro-array results were then analyzed by Wiki-pathways [41] to identify top pathways
affected by RAS overactivation. There were several metabolic pathways significantly upregulated
in Agt Tg mice compared to Wt mice. These include several inflammatory, oxidative-stress and p38
MAPK-signaling pathways, and the top 10 significant pathways (p < 0.05) are listed in Table 1.

Table 1. Renin angiotensin system (RAS) overexpression affects inflammatory and cell-stress signaling
pathways. Top 10 significantly different signaling pathways in Agt Tg compared to Wt mice white
adipose tissue (WAT). Percentage represents the number of interested genes significantly regulated
(positive genes) out of total genes included in the pathway (measured gene).

Signaling Pathway Positive (Genes) Measured (Genes) Percentage (%) Z Score p-Value

IL-3 14 83 16.87 2.4 0.015
IL-6 12 72 16.67 2.18 0.028

Delta-Notch 10 53 18.87 2.42 0.015
IL-2 10 54 18.52 2.35 0.014
IL-5 9 52 17.31 2 0.024

Inflammatory Response 5 19 26.32 2.56 0.014
Oxidative Stress 5 20 25.00 2.42 0.019

Mitochondrial Gene Expression 4 16 25.00 2.17 0.032
p38 MAPK 5 24 20.83 1.95 0.047

IL-9 4 18 22.22 1.89 0.05

A similar approach was used to identify 31 differentially expressed miRNAs (based on absolute
fold change ≥1 and p-value ≤0.05) in WAT, out of which 23 and 8 miRNAs were upregulated and
downregulated, respectively, in Agt Tg compared with Wt mice (Figure 1B). Differential expression
of miRNAs and genes between Agt Tg and Wt mice were analyzed through hierarchical clustering
(Figure 1A,B).

3.2. Validation of miR-690 in White Adipose Tissue (WAT) and Identification of Potential Target Genes of
miR-690

Out of 31 differentially regulated miRNAs, we selected miR-690 as the top candidate for further
study for the following reasons. miR-690 was significantly upregulated by ~2.9-fold in Agt Tg compared
to Wt mice in sequencing data (Figure 1B). As expected, Agt Tg mice showed 3-fold higher (p < 0.001)
miR-690 expression in WAT compared to Wt mice (Figure 2A). Furthermore, 3T3-L1 cells treated with
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Ang II had 2-fold higher expression of miR-690 compared to control (Figure 2B). To further confirm the
involvement of RAS in upregulating miR-690 expression, we treated 3T3-L1 cells with telmisartan (Ang
II type 1 (AT1) receptor blocker), and miR-690 expression was considerably downregulated compared
to the Ang II-treated group (Figure 2B).
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Figure 1. Profiling of genes and miRNAs in epididymal white adipose tissue (WAT) of mice
overexpressing angiotensinogen (Agt Tg) compared to wild-type (Wt) mice. (A) Heat map representation
of transcripts overexpressed (blue) and underexpressed (red) in Agt Tg vs. Wt mice WAT (p < 0.05, fold
change >2). Rows represent transcripts while columns are samples. (B) Heat map representation of
miRNAs overexpressed (blue) and underexpressed (red) in Agt Tg vs. wild-type mice WAT (p < 0.05,
fold change >2). Rows indicate differentially expressed miRNAs, and columns are profiled samples.
One candidate miRNA, mir-690, is labeled, others not shown. (mRNA expression: n = 4 each group,
miRNA expression: n = 3 each group).
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Figure 2. Renin–angiotensin system (RAS) overexpression induces miR-690 expression in both
epididymal white adipose tissue (WAT) and adipocytes. (A) miR-690 expression is significantly higher
(3-fold) in WAT in mice overexpressing angiotensinogen (Agt Tg) compared to wild type (Wt) mice
(** p < 0.001) (n = 8). (B) Angiotensin treatment in 3T3-L1 adipocytes significantly increased miR-690
levels compared to control group, and miR-690 expression was reduced with RAS inhibitor telmisartan
(trending with p-value 0.09) compared Ang II treated group (C = control, A = Ang II, A+T = Ang II
+ Telmisartan). Common letters on the error bars indicate no significance (e.g., “a” is significantly
different from “b” and “ab” indicates no significance compared to “a” and “b”). Data is presented as
mean ± SEM (p < 0.05). (n = 4).

To determine the potential regulatory role of miR-690, micro-array results were integrated with
miRNA sequencing results to identify miR-690 target genes. Based on the results shown in Table 2,
miR-690 was predicted to regulate several pathways related to inflammation, cell stress and several
genes including MAPKs (Table 2). Hence, to elucidate whether miR-690 directly regulates genes in
above pathways, potential interactions were tested using target prediction algorithms TargetScan.
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Table 2. Renin angiotensin system (RAS) mediated miR-690 activation significantly affects inflammatory and cell-stress signaling pathways. Significantly affected
pathways in Agt Tg compared to Wt mice white adipose tissue (WAT) and potential gene targets of miR-690.

Signaling Pathway Hits Score Expected Score p-Value Genes

IL-3 39 39 23.98 0.0049
Atf2, Bcl2, Birc5, Bmx, Cdc42, Creb1, Crkl, Dnm1, Foxo1, Gab2, Grb2, Gsk3b, Inpp5d, Jak2,
Kcnip3, Kras, Mapk1, Mapk14, Mapk7, Mapk8, Mmp2, Mras, Pak1, Pik3ca, Pik3r1, Prkca,

Prkcb, Ptpn11, Rac1, Rapgef1, Rps6kb2, Rxra, Shc1, Socs2, Sos1, Src, Stat3

IL-5 25 25 16.54 0.0533
Atf2, Btk, Crkl, Ctnnb1, Dnm2, Foxo3, Grb2, Gsk3b, Il2rb, Jak2, Kras, Mapk1, Mapk14,
Pik3cg, Pik3r1, Prkcb, Ptpn11, Rac1, Rapgef1, Rps6ka1, Sdcbp, Shc1, Shc2, Stat3, Syk

IL-6 33 33 23.74 0.0711
Ar, Bmx, Btk, Cd40, Crebbp, Eif4e, Erbb3, Foxo1, Foxo3, Foxo4, Gab2, Grb2, Gsk3b, Il6st,
Inpp5d, Jak2, Map3k7, Mapk1, Mapk14, Mapk8, Mapt, Pik3r1, Plcg1, Ppp2r1b, Ppp2r2c,

Ptpn11, Rac1, Rb1, Rps6kb1, Sgk1, Shc1, Sos1, Stat3

IL-9 7 7 5.75 0.4644 Grb2, Irs1, Mapk1, Pik3r1, Ptpn11, Shc1, Stat3

Inflammatory Response 10 10 7.19 0.2825 Cd28, Cd40, Cd80, Fn1, Il2ra, Il2rb, Lamb2, Lamc1, Lamc2, Thbs1

Mitochondrial Gene Expression 10 10 4.55 0.0320 Camk4, Creb1, Gabpb2, Hcfc1, Nrf1, Ppargc1a, Ppargc1b, Ppp3ca, Sp1, Tfam

Oxidative Stress 6 6 6.71 0.5370 Maoa, Mapk14, Mgst1, Nqo1, Sod2, Sp1

p38 MAPK 14 14 8.63 0.0949
Atf2, Cdc42, Creb1, Grb2, Map3k1, Map3k5, Map3k7, Map3k9, Mapk14, Mknk1, Rac1,

Ripk1, Shc1, Tgfbr1
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3.3. Gene Validation of Predicted Targets of miR-690 in White Adipose Tissue (WAT) and Adipocytes

Several MAPKs with predicted binding site for miR-690 were identified and initially validated
in WAT from Agt Tg and Wt mice. Higher expression of mitogen-activated protein kinase kinase
kinase 7 (Map3k7) (p-value = 0.001) and Mapk14 (p-value = 0.058) was observed in Agt Tg mice
(Figure 3A,B); however, Map2k3 showed significantly reduced expression in Agt Tg compared to Wt
mice (Figure 3C). To further verify the potential regulatory role of miR-690 on metabolic pathways,
oxidative stress marker Hdac4 and ER stress associated gene activating transcription factor 6 (Atf6),
both predicted to be regulated by miR-690, were validated. Both Hdac4 and Atf6 showed significantly
higher mRNA levels in Agt Tg compared to Wt mice (Figure 3D,E). These predicted targets were
then validated in clonal mice 3T3-L1 adipocytes. Cells treated with Ang II demonstrated significantly
upregulated expression of Map3k7, Mapk14 and Hdac4 compared to control group, whereas AT1
antagonist telmisartan significantly reduced Ang II-induced gene expression of Map3k7, Mapk14 and
Hdac4 (Figure 4A,B,D). On the other hand, Map2k3 was significantly reduced with Ang II treatment
compared to control group; however, telmisartan did not fully recover Ang II effects, although it was
trending (p-value of 0.192) (Figure 4C). Moreover, Atf6 did not show significant changes in cells with
RAS overactivation, even though we observed changes in mice WAT (Figure 4E).
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Figure 3. Renin–angiotensin system (RAS) overexpression differentially regulates genes related to
inflammation and cell stress in mice epididymal white adipose tissue (WAT). (A,B) RAS overexpression
induces mitogen-activated protein kinase kinase kinase 7 (Map3k7) and mitogen activated protein
kinase 14 (Mapk14/p38) expression compared to wild type (Wt) mice. (C) However, RAS overexpression
significantly downregulated mitogen activated protein kinase kinase 3 (Map2k3) expression in Agt
Tg compared to Wt mice. (D,E) Similar to Map3k7, histone deacetylase 4 (Hdac4) and activating
transcription factor 6 (Atf6) were upregulated in Agt Tg group compared wild-type (Wt) mice WAT.
Data are presented as mean ± SEM (n = 8). (** p < 0.001, * p < 0.05, # p < 0.1).

3.4. Regulatory Effect of miR-690 on Potential Target Genes

Mouse adipocytes were treated with three different concentrations (20, 40 and 80 nM) of miR-690
mimic, inhibitor and NC to identify the optimal concentration. Transfection efficiency was initially
tested by analyzing the expression of miR-690 in mimic- and NC-treated cells. As anticipated, 150-fold
higher miRNA expression was observed in miR-690 mimic-treated cells compared to NC, confirming
that transfection was successful (Figure 5A). Following this, Map2k3, and C/EBP homologous protein
(Chop) expressions were tested, and a 40 nM concentration of miR-690 inhibitor showed significantly
higher expression for both Map2k3 and Chop compared to NC groups (Figure 5B,D), while significantly
reduced Map2k3/Chop levels were indicated in 40 nM mimic-treated groups (Figure 5C,E). Therefore,
cells were treated with 40 nM concentration of miR-690 mimic, inhibitor, NC (48 h transfection) for
future experiments and mRNA levels of predicted miR-690 targets were tested.

To confirm the regulatory effects of miR-690 on selected genes (Map2k3, Map3k7, Mapk14, Hdac4,
Atf6), differentiated 3T3-L1 adipocytes were transfected with miR-690 mimic, inhibitor and NC.
As indicated in Figure 6, miR-690 inhibitor significantly upregulated expression of Map3k7 and
Map2k3 compared to their respective NC groups (Figure 6A,B). In contrast, miR-690 mimic-treated
groups showed significantly reduced Map3k7 and Map2k3 expression (Figure 6A,B). Another MAPKs,
Mapk14/p38, did not show significant changes with either miR-690 mimic or inhibitor treatments
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compared to NC, although it was identified as a possible target of miR-690 from bioinformatic analysis.
However, Hdac4 and Atf6 exhibited significantly high mRNA levels in miR-690 inhibitor treated groups
(p < 0.05); however, miR-690 mimic did not show the expected reduction compared to the NC group
(Figure 6D,E). Cells 2020, 9, x FOR PEER REVIEW  10 of 22 
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Figure 4. Renin–angiotensin system (RAS) overexpression differentially regulates genes related to
inflammation and cell stress in 3T3-L1 adipocytes. (A,B) RAS overactivation induces mitogen-activated
protein kinase kinase kinase 7 (Map3k7), mitogen-activated protein kinase 14 (Mapk14/p38) in Ang II
treated group compared to control group, whereas Ang II treatment along with telmisartan significantly
reduced gene expression of respective markers. (C) RAS overactivation significantly downregulated
mitogen activated protein kinase kinase 3 (Map2k3) expression in Ang II treated group compared
control group. (D) Meanwhile, histone deacetylase 4 (Hdac4) showed a similar expression as observed
in Map3k7 (E) No changes were observed in activating transcription factor 6 (Atf6) expression with Ang
II or telmisartan in 3T3-L1 cells. (C = control, A = Ang II, A+T = Ang II + Telmisartan). Common letters
on the error bars indicate no significance (e.g., “a” is significantly different from “b” and “ab” indicates
no significance compared to “a” and “b”). Data are presented as mean ± SEM (p < 0.05). (n = 5).

3.5. Mouse miR-690 Targets MAPKs to Regulate Downstream Signaling Pathways

To determine whether miR-690 directly regulates the expression of target genes via 3′UTR binding,
we cloned a segment of 3′UTR containing the miR-690 binding sequence of respective targets into a
luciferase reporter. Out of the five targets we selected, only Map2k3 and Map3k7 were used for luciferase
reporter assays as they displayed best results with miR-690 mimic and inhibitor treatments. Both
Map2k3 and Map3k7 have a single potential binding site on 3′UTR at position 337-343 and 2083-2089,
respectively (Figure 7A,C). Differentiated 3T3-L1 cells were co-transfected with cloned PsiCheck2vector,
miR-690 mimic and NC. Based on luciferase assay results, miR-690 mimic-treated group showed
significantly reduced luciferase activity compared to NC for Map2k3 (~20% reduction) as well as Map3k7
(~10% reduction) (Figure 7B,D). Map2k3 was selected for further analysis as it showed significantly
better reduced luciferase activity compared to Map3k7. To further confirm direct inhibitor role of
miR-690, miRNA binding site on the 3′UTR of Map2k3 was mutated via site-directed mutagenesis
and luciferase activity was measured. When putative binding site on 3′UTR was mutated, inhibitory
activity of miR-690 on Map2k3 was abolished as shown by recovered luciferase activity in Figure 7B
(groups NC mut and Mimic mut). These results confirmed the direct regulatory role of miR-690 on
Map2k3 expression.
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Figure 5. Regulatory role of different concentrations of miR-690 on its targets. (A) miR-690 transfection
validation. All 3 different concentrations (20–80 nM) of miR-690 mimic-treated groups showed
significantly higher miR-690 expression compared to negative controls (NC). (B) Potential target of
miR-690, mitogen activated protein kinase kinase 3 (Map2k3) showed significantly higher expression
with 40nM inhibitor compared to NC groups. (C) The 40 nM mimic concentration showed significantly
reduced Map2k3 expression compared to 40 nM NC. (D) C/EBP homologous protein (Chop) showed
significantly higher expression with 40nM inhibitor compared to NC groups and (E) 40 nM mimic
concentration showed significantly reduced Chop expression compared to 40 nM NC. Data are presented
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Figure 6. miR-690 target validation with miRNA mimic and inhibitor treatments. (A,B) miR-690
inhibitor significantly induced expression of mitogen activated protein kinase kinase kinase 7 (Map3k7)
and mitogen activated protein kinase kinase 3 (Map2k3) expression, while, as expected, miR-690 mimic
significantly reduced their expression compared to negative control (NC). (C) No significant changes
were observed with miR-690 mimic or inhibitor treatments in mitogen activated protein kinase 14
(Mapk14/p38) expression in 3T3-L1 cells compared to NC groups. (D,E) Only miR-690 inhibitor was
able to increase expression of histone deacetylase 4 (Hdac4) and activating transcription factor 6 (Atf6)
expression but not mimic compared NC. Common letters on the error bars indicate no significance
(e.g., “a” is significantly different from “b” and “ab” indicates no significance compared to “a” and “b”).
Data are presented as mean ± SEM (p < 0.05). (n = 4).
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Figure 7. miR-690 directly regulates mitogen activated protein kinase kinase 3 (Map2k3) expression via
binding to 3′ untranslated region (3′UTR). (A) Representation Map2k3 with miR-690 at 3′UTR on the
reporter plasmid. Predicted binding sites (using computational tools) for miR-690 in the Map2k3 3′UTR
are indicated with red arrowhead. Complementary seed region for miR-690 was mutated to block
miRNA target binding (mutated nucleotides are indicated in red). (B) Luciferase reporter activity of the
Map2k3 3′UTR in 3T3-L1 cells treated with miR-690 mimic and negative control (NC). Reporter activity
decreases by 20% when cells are treated with mimic. Moreover, mimic did not reduce luciferase activity
in mutated 3′UTR group compared to NC. (C) Representation of mitogen activated protein kinase
kinase kinase 7 (Map3k7) by miR-690 at 3′UTR on the reporter plasmid and the predicted binding sites
for miR-690 in the Map3k7 3′UTR are in red arrowhead. (D) Luciferase reporter activity of the Map3k7
3′UTR in 3T3-L1 cells treated with miR-690mimic and NC. Reporter activity decreased only by 10%.
Each sample was normalized to Renilla luciferase activity. Common letters on the error bars indicate no
significance (e.g., “a” is significantly different from “b”). Data are presented as mean ± SEM (* p < 0.05).
(n = 4).

To investigate whether miR-690 regulates inflammation and ER stress via Map2k3 axis, we tested
several downstream targets at RNA and protein level. Since Map2k3 regulates inflammatory and
cell stress pathways by phosphorylated activation of Mapk14/p38, we initially tested the expression
of p38 at both gene and protein level in adipocytes treated with NC, miR-690 mimic and inhibitor
(co-transfected for 48 h). p38 and p65 production was reduced by miR-690 mimic treatment compared
to NC at protein level (Figure 8A–C). However, miR-690 inhibitor did not show changes in protein level
compared to both mimic and NC groups (Figure 8A–C). Gene expression analysis was followed by
protein experiments, and no significant differences were observed between NC/inhibitor or NC/mimic
for p38, yet mRNA levels were significantly different among miR-690 inhibitor and mimic-treated
groups (Figure 8D). To further understand the effects of miR-690 on inflammation, the mRNA level
of NF-κB subunit p65 was measured. Although there were significant changes at protein level for
p65, no changes were observed at mRNA levels among treatments (Figure 8E). Corroborating with
p65 protein data, ELISA results indicated a significant reduction of IL-6 protein level in miR-690
mimic-treated media compared to NC, but no differences were observed in inhibitor group compared
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to NC (Figure 8F). Finally, to demonstrate the potential effects of miR-690 on ER stress, we tested a few
ER stress markers such as CHOP and binding immunoglobulin protein (BIP). Protein amount of CHOP
was significantly reduced by miR-690 mimic-treated group compared to NC group (Figure 9A,B).
However, no changes were observed with miR-690 inhibitor (Figure 9A,B). Another ER stress marker
BIP did not show any differences among three groups, although the mimic-treated group showed a
reducing trend with p = 0.087 (Figure 9A–C). Interestingly, Chop and BiP showed a significantly higher
expression with inhibitor compared to NC-treated group at mRNA level (Figure 9D,E). Significantly
lower gene expression was only observed in Chop with mimic treatment compared to NC-treated
group; however, mimic was unable to reduce the expression of BiP, although it was trending in the
correct direction compared to NC (p-value = 0.0506) (Figure 9D,E). Activating transcription factor 4
(Atf4) is another ER stress marker which further activates Chop, and it did not show changes with
either miR-690 mimic or inhibitor compared to the NC group (Figure 9F). These results indicate that
miR-690 may be used as a target since it shows the potential ability to reduce inflammatory and ER
stress pathways directly targeting Map2k3.
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Figure 8. Targeting mitogen activated protein kinase kinase 3 (Map2k3) by miR-690 reduces downstream
inflammation and cell stress. (A) Western blot image of protein analysis. miR-690 mimic significantly
reduced the amount of phospho-p38 (P-p38) and phospho-p65 (P-p65) at protein level compared to
negative control (NC), whereas inhibitor-treated groups had no differences in the protein amount
compared to NC. (B) Quantification of P-p38 protein normalized to Tubulin. (C) Graphical interpretation
of P-p65 protein level normalized to Tubulin level. (D) Mapk14/p38 did not show any significant reduction
in messenger RNA (mRNA) level with miR-690 mimic or inhibitor treatments compared to NC.
(E) Similar to p38, p65 showed no changes at mRNA levels among treatment groups. (F) Enzyme-linked
immunosorbent assay (ELISA) results. miR-690 mimic significantly reduced interleukin 6 (IL-6) level in
media treated with miR-690 mimic compared to NC. Common letters on the error bars indicate no
significance (e.g., “a” is significantly different from “b” and “ab” indicates no significance compared to
“a” and “b”). Data are presented as mean ± SEM (p < 0.05) (n = 4).
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Figure 9. Effects of targeting mitogen-activated protein kinase kinase 3 (Map2k3) by miR-690 on ER
stress markers. (A) Western blot image of protein amounts of C/EBP homologous protein (CHOP)
and binding immunoglobulin protein (BIP). Mir-690 Mimic significantly reduced CHOP expression
compared to negative control (NC) group, but no changes were observed with inhibitor. BIP protein
amounts were unchanged among NC, miR-690 mimic and inhibitor groups. (B) Quantification of CHOP
protein normalized to Tubulin. (C) Quantification of BIP protein normalized to Tubulin. (D) Gene
expression of Chop. miR-690 inhibitor significantly induced Chop expression, whereas mimic treatment
reduced Chop expression as expected compared to NC group. (E) miR-690 inhibitor treated group
had significantly increased mRNA level of BiP compared to NC group, yet no changes were observed
among mimic and NC treated groups (F) No differences were observed in activating transcription
factor 4 (Aft4) gene expression with treatments of miR-690 inhibitor or mimic compared to NC group.
Common letters on the error bars indicate no significance (e.g., “a” is significantly different from “b”
and “ab” indicates no significance compared to “a” and “b”). Data are presented as mean ± SEM
(p < 0.05). (n = 4).

4. Discussion

Ang II is the main effector peptide of RAS and one of the major pro-inflammatory adipokines
produced by obese adipose tissue. Abnormalities of adipose RAS secretion could directly disrupt
metabolic homeostasis leading to obesity and related chronic diseases [42,43]. Although RAS
components are overexpressed in adipose tissue during obesity, mechanisms by which RAS disrupts
cellular homeostasis are not well understood. To dissect molecular mechanisms, we performed global
gene and miRNA profiling using WAT samples from Agt Tg and Wt mice. We identified 31 differentially
expressed miRNAs and numerous signaling pathways (inflammatory pathways, MAPK Signaling
Pathway, oxidative stress) upregulated with RAS overexpression in WAT (Figure 1B and Table 1).

Several lines of evidence show that RAS expression is widely regulated by miRNAs [15,44–47]
and vice versa [15,16,18,48]. However, no studies have been performed specifically in adipose tissue to
determine the role of miRNAs in RAS-linked obesity. Since adipose RAS contributes to approximately
one-third of total systemic RAS production, identifying potential miRNAs and miRNA-regulated
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target genes which are affected by RAS overactivation could be used as probable therapeutic targets to
alleviate RAS-associated metabolic disorders. The role of miRNAs may differ depending on the context
and cellular milieu [49–51]. In some situations, higher activity of a miRNA cause detrimental effects
and are involved in the progression of diseases [52]. In other conditions, miRNAs play a beneficial role
by providing a protective function [48]. In the current study, we showed for the first time that miR-690
provides a protective function against RAS-induced ER stress and inflammation by targeting MAP2K3
in WAT. Confirming miRNA profiling results, miR-690 was significantly upregulated with RAS in
both in vivo and in vitro experiments (Figure 2A,B), and computational analysis further confirmed the
potential ability of miR-690 to impact MAPK signaling through several predicted targets (TargetScan)
including MAPK14, MAP2K3 and MAP3K7.

Among genes which possess complementary binding site for miR-690 (in the 3′UTR), we identified
MAP2K3, a key component of p38MAPK signaling pathway, as a direct target of miR-690. A typical
MAPK signaling pathway comprises three different kinases (upstream Ser/Thr kinase, middle
dual-specificity kinases and downstream Ser/Thr kinase) [53]. MAP3K7 is one of the upmost kinases
of p38MAPK signaling pathway where it directly stimulates MAP2Ks (e.g., MAP2K3, MAP2K6) [54].
Activation of MAP2Ks further phosphorylates p38 kinases (MAPK14), a known regulator of several
downstream pathways associated with inflammation and cellular stresses. Induction of p38 kinases
(p38MAPKα (MAPK14), p38MAPKγ and p38MAPKδ) by MAP2K3 is directly involved in inflammation
by provoking IL-12 [55]. Some of the other pro-inflammatory cytokines activated by p38MAPK are
TNFα, NF-κB, IL-6 and IL-1 [56–59]. Interestingly, Ang II is involved in rapid activation of p38 via
phosphorylation in vascular smooth muscle cells [60,61]. Corroborating with these, we demonstrated
that RAS overactivation in WAT upregulates p38 and MAP3K7 expression. Additionally, research
conducted for the past few decades has shown that p38 MAPK also induces ER stress [21–23,62].
Luo et al. reported that induction of BiP requires the involvement of p38 MAPK signaling in
adipocytes [22]. Moreover, p38 activates CHOP, bypassing ER stress related to UPRs via direct
phosphorylation [21]. In our previous study, we revealed that adipose RAS overexpression drastically
activated ER stress and inflammation [3] via an unknown pathway. In the current study, we demonstrate
that RAS-associated ER stress and inflammation could be potentially mediated via activating p38MAPK
signaling axis. Therefore, selective regulation of p38MAPK signaling by directly targeting p38 (Mapk14)
or upstream targets such as MAP2K3/MAP3K7 would be a potential approach to reduce RAS induced
metabolic alterations.

Using miR-690 mimic and inhibitors, we confirmed that miR-690 directly targets and regulates
MAP2K3 expression by binding to complementary site at 337-343 position on 3′UTR of MAP2K3.
Interestingly, miR-690 mimic reduced MAP2K3 expression at mRNA levels (Figure 6B). While early
studies indicated that miRNAs-mediated gene regulation is due to translational repression [63,64],
subsequent studies have revealed alternate mechanisms for miRNA activity, which include degradation
of mRNA targets of miRNAs [6–9]. miRNA-mediated mRNA decay (via decapping and 5′–3′ mRNA
decay) contributes to lower mRNA levels, which is in line with the reduced MAP2K3 gene expression
we observed. Furthermore, Eichhorn et al. showed that when miRNAs are expressed at constant
levels (steady state), miRNA-mediated repression is mostly by mRNA decay (66%–90%), compared
to translational repression, which is roughly about 10%–25% [65]. These results further support
our in vivo and in vitro results for MAP2K3, where constant expression of miR-690 in mice by RAS
overexpression (steady state) resulted in 50% reduction of MAP2K3 expression compared to 10%
reduction in 3T3-L1 cells, which were incubated for a short (24 h) time with Ang II.

An interesting study performed in mice heart muscle identified by sequencing that miR-690
(along with other miRNAs) was enriched in mitochondria during early stages of failing heart [66].
Interestingly, miR-690 level was significantly increased only during early stage of heart failure but not at
a later stage [66]. A higher level of miR-690 during early stages of failing heart may indicate a protective
role of miR-690 to restore metabolic homeostasis in the heart. These findings are indeed consistent
with our data, in which we observed higher miR-690 in adipose tissue with RAS overactivation
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during early stages of obesity. However, the exact role of miR-690 in failing heart needs further
validation beyond its predicted functions based on bioinformatic tools. Moreover, Yu et al. reported
miR-690 as a positive regulator of Runx2-induced osteogenic differentiation of C2C12 myogenic
progenitor cells [29]. Conversely, in myeloid-derived suppressor cells (MDSCs: bone-marrow-derived
group of immune cells), miR-690 reduced MDSCs expansion and differentiation by directly targeting
CCAAT/enhancer-binding protein α (C/EBPα) [28]. Similarly, it is possible that miR-690 may reduce
adipose differentiation and play an important regulatory role in adipose functions. Proving the
above predictions, we demonstrated the involvement of miR-690 in regulating inflammation and
ER stress in adipocytes. Our results confirmed that miR-690 is capable of reducing inflammation
(e.g., NF-κB and IL-6) and ER stress markers (e.g., CHOP) in clonal mouse adipocytes, potentially
by targeting MAP2K3. Hence, significantly high miR-690 expression may be a positive feedback
mechanism to attenuate RAS-induced inflammation and ER stress. Biological systems and metabolic
pathways are regulated by internal and external stimuli. However, if these stimuli are involved in
disrupting cellular homeostasis (due to prolong or chronic activation/downregulation of signaling
pathways), biological systems are naturally designed to activate protective mechanisms to alleviate
harmful outcomes. For instance, increased IL-10 levels (anti-inflammatory cytokine) during infections
and lung inflammation provides protection against detrimental effects [67]. In line with this, our
observation of induced miR-690 expression due to RAS overactivation could be a potential defensive
process to indirectly regulate destructive involvement of RAS overexpression. A similar protective
function of a miRNA was demonstrated in a recent study conducted by He et al. where they showed
that miR-21 provides a protective role against coxsackievirus B3 infection by targeting MAP2K3 [68].
Thus, targeting MAP2K3 by miR-690 could be used as a potential remedial approach to mitigate RAS
associated metabolic disruptions.

Interestingly, miR-690 mimic did not lower levels some of the predicted targets (MAPK14, HDAC4
and ATF6) compared to the NC group. Although MAPK14, HDAC4 and ATF6 possess complementary
binding sites in 3′UTR, miR-690 may not have actually bound with their mRNAs to regulate these
genes. This may be due to the fact that these targets are false positives from TargetScan or that
secondary structures near miRNA binding site at 3′UTR of mRNA. If the target site is not accessible,
miRNA will not be able to regulate gene expression [69,70], and this could be the reason why we
did not observe expected reduced expression with miR-690 mimic treatment for the above genes.
Additionally, the plasmid vector used (psicheck2) has a strong promotor (T7) [71,72], and it may mask
the luciferase activity if the miRNA mimic/inhibitor effect is smaller. This could be a reason why we
observed relatively smaller or no differences in the luciferase activity for some of the predicted targets
of miR-690 (e.g., MAP3K7: Figure 7D). Moreover, miR-690 could have multiple targets, where it may
have more affinity towards some targets and less affinity for others. miRNA functions may also differ
across tissues as there could be several other factors affecting miRNA functions. These possibilities
may explain why miR-690 did not show the expected regulatory role on some of the predicted targets
in this study.

Although this study fills important knowledge gaps in the literature, a few limitations exist.
Changes in luciferase reporter with miRNA mimics and inhibitors are smaller than expected, possibly
due to using a strong promotor [73], which may mask differences. Additionally, the promoter (aP2) we
used to overexpress Agt, in the adipose tissue is also expressed in macrophages [74]. Whether the
RAS overexpression in macrophages also contributed to inflammation requires further investigation.
Moreover, as Ang II is also known to regulate inflammasomes by activating NLRP3, IL-1β and IL-18 in
other cell types, similar mechanisms in adipose tissue are worth investigating [75–77]. Furthermore,
reduced inflammation and ER stress by miR-690 (targeting MAP2K3) was demonstrated in in vitro
studies, but whether miR-690 provides similar protective functions in vivo needs to be confirmed.
Performing additional mice studies with miR-690 expression or to overexpress RAS in adipose
tissue-specific manner, using adiponectin promoter may help better delineate RAS functions in
metabolic tissues. Lastly, transfections (with negative controls, mimics and inhibitors) dampened
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the response of 3T3 L1 adipocytes to Ang II. Hence, it was difficult to perform simultaneous Ang II
treatments and miR-690 transfections.

In conclusion, adipose RAS overexpression differentially expresses miRNAs and affects signaling
pathways (inflammation and ER stress) which are hallmarks of obesity. This study is the first to
show the effects of adipose RAS overactivation on miR-690 regulation, whereas targeted inhibition of
MAP2K3 by miR-690 could be used as a novel therapeutic target to control inflammatory and cell stress
signals activated via p38MAPK pathway. Increased expression of miR-690 in adipose tissue could
act as a feedback mechanism to provide protection against detrimental effects of RAS overactivation.
Nevertheless, future studies are needed to further dissect mechanisms linking miR-690 mediated
effects (as there could be several other targets) in adipose tissue, and additional studies are warranted
to validate miR-690 role in in vivo animal models, yet these investigations are beyond the scope of
this manuscript.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/6/1327/s1,
Table S1: Primer list used for mRNA quantification, Table S2. The primers used for plasmid generation.

Author Contributions: Study was designed by N.M.-M., L.R., K.R.M. and N.S.K. Most experiments were
conducted by K.R.M. and N.S.K., and computational analysis was performed by M.M.A. and H.B. Data analysis
and interpretation was done by K.R.M., L.R., A.P., S.S., M.M.A. and N.M.-M. Original draft of the paper was
prepared by K.R.M., and it was revised and edited by L.R., P.G., N.S.K. and N.M.-M. All co-authors approved the
manuscript. N.M.-M. provided funding and resources for this research and is the primary one responsible for this
work. All authors have read and agreed to the published version of the manuscript.

Funding: This research was in part by the American Heart Association Grant in Aid # 13GRNT15690000 (N.M.-M.)
and startup funds from Texas Tech University (N.M.-M., L.R.).

Acknowledgments: We thank Hiram Gandara and members of the Nutrigenomics, Obesity and Inflammation lab.

Conflicts of Interest: The authors declare no conflicts of financial and non-financial interests. The funders had no
involvement in the design of the study; in collection, analyses, or interpretation of data or in the writing of the
manuscript, or in the decision to publish the results.

References

1. Kratz, M.; Coats, B.R.; Hisert, K.B.; Hagman, D.; Mutskov, V.; Peris, E.; Schoenfelt, K.Q.; Kuzma, J.N.;
Larson, I.; Billing, P.S.; et al. Metabolic dysfunction drives a mechanistically distinct proinflammatory
phenotype in adipose tissue macrophages. Cell Metab. 2014, 20, 614–625. [CrossRef]

2. Kalupahana, N.S.; Massiera, F.; Quignard-Boulange, A.; Ailhaud, G.; Voy, B.H.; Wasserman, D.H.;
Moustaid-Moussa, N. Overproduction of Angiotensinogen from Adipose Tissue Induces Adipose
Inflammation, Glucose Intolerance, and Insulin Resistance. Obesity 2012, 20, 48–56. [CrossRef]

3. Menikdiwela, K.R.; Ramalingam, L.; Allen, L.; Scoggin, S.; Kalupahana, N.S.; Moustaid-Moussa, N.
Angiotensin II Increases endoplasmic Reticulum stress in Adipose tissue and Adipocytes. Sci. Rep. 2019,
9, 8481. [CrossRef]

4. Friedman, R.C.; Farh, K.K.-H.; Burge, C.B.; Bartel, D.P. Most mammalian mRNAs are conserved targets of
microRNAs. Genome Res. 2009, 19, 92–105. [CrossRef]

5. Bartel, D.P. Metazoan micrornas. Cell 2018, 173, 20–51. [CrossRef]
6. Guo, H.; Ingolia, N.T.; Weissman, J.S.; Bartel, D.P. Mammalian microRNAs predominantly act to decrease

target mRNA levels. Nature 2010, 466, 835. [CrossRef]
7. Bagga, S.; Bracht, J.; Hunter, S.; Massirer, K.; Holtz, J.; Eachus, R.; Pasquinelli, A.E. Regulation by let-7 and

lin-4 miRNAs results in target mRNA degradation. Cell 2005, 122, 553–563. [CrossRef]
8. Lim, L.P.; Lau, N.C.; Garrett-Engele, P.; Grimson, A.; Schelter, J.M.; Castle, J.; Bartel, D.P.; Linsley, P.S.;

Johnson, J.M. Microarray analysis shows that some microRNAs downregulate large numbers of target
mRNAs. Nature 2005, 433, 769. [CrossRef]

9. Gebert, L.F.; MacRae, I.J. Regulation of microRNA function in animals. Nat. Rev. Mol. Cell Biol. 2019, 20,
21–37. [CrossRef]

10. Lewis, B.P.; Burge, C.B.; Bartel, D.P. Conserved seed pairing, often flanked by adenosines, indicates that
thousands of human genes are microRNA targets. Cell 2005, 120, 15–20. [CrossRef]

http://www.mdpi.com/2073-4409/9/6/1327/s1
http://dx.doi.org/10.1016/j.cmet.2014.08.010
http://dx.doi.org/10.1038/oby.2011.299
http://dx.doi.org/10.1038/s41598-019-44834-8
http://dx.doi.org/10.1101/gr.082701.108
http://dx.doi.org/10.1016/j.cell.2018.03.006
http://dx.doi.org/10.1038/nature09267
http://dx.doi.org/10.1016/j.cell.2005.07.031
http://dx.doi.org/10.1038/nature03315
http://dx.doi.org/10.1038/s41580-018-0045-7
http://dx.doi.org/10.1016/j.cell.2004.12.035


Cells 2020, 9, 1327 17 of 20

11. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]
[PubMed]

12. Takanabe, R.; Ono, K.; Abe, Y.; Takaya, T.; Horie, T.; Wada, H.; Kita, T.; Satoh, N.; Shimatsu, A.; Hasegawa, K.
Up-regulated expression of microRNA-143 in association with obesity in adipose tissue of mice fed high-fat
diet. Biochem. Biophys. Res. Commun. 2008, 376, 728–732. [CrossRef] [PubMed]

13. Rodriguez-Comas, J.; Moreno-Asso, A.; Moreno-Vedia, J.; Martin, M.; Castano, C.; Marza-Florensa, A.;
Bofill-De Ros, X.; Mir-Coll, J.; Montane, J.; Fillat, C.; et al. Stress-Induced MicroRNA-708 Impairs beta-Cell
Function and Growth. Diabetes 2017, 66, 3029–3040. [CrossRef]

14. Strum, J.C.; Johnson, J.H.; Ward, J.; Xie, H.; Feild, J.; Hester, A.; Alford, A.; Waters, K.M. MicroRNA 132
regulates nutritional stress-induced chemokine production through repression of SirT1. Mol. Endocrinol.
2009, 23, 1876–1884. [CrossRef]

15. Kemp, J.R.; Unal, H.; Desnoyer, R.; Yue, H.; Bhatnagar, A.; Karnik, S.S. Angiotensin II-regulated microRNA
483-3p directly targets multiple components of the renin–angiotensin system. J. Mol. Cell. Cardiol. 2014, 75,
25–39. [CrossRef]

16. Marques, F.Z.; Campain, A.E.; Tomaszewski, M.; Zukowska-Szczechowska, E.; Yang, Y.H.J.; Charchar, F.J.;
Morris, B.J. Gene expression profiling reveals renin mRNA overexpression in human hypertensive kidneys
and a role for microRNAs. Hypertension 2011, 58, 1093–1098. [CrossRef]

17. Min, X.-L.; Wang, T.-y.; Cao, Y.; Liu, J.; Li, J.-T.; Wang, T.-h. MicroRNAs: A novel promising therapeutic
target for cerebral ischemia/reperfusion injury? Neural Regen. Res. 2015, 10, 1799.

18. Jeppesen, P.L.; Christensen, G.L.; Schneider, M.; Nossent, A.Y.; Jensen, H.B.; Andersen, D.C.; Eskildsen, T.;
Gammeltoft, S.; Hansen, J.L.; Sheikh, S.P. Angiotensin II type 1 receptor signalling regulates microRNA
differentially in cardiac fibroblasts and myocytes. Br. J. Pharmacol. 2011, 164, 394–404. [CrossRef]

19. Liu, C.T.; Liu, M.Y. Daily sesame oil supplementation attenuates local renin-angiotensin system via inhibiting
MAPK activation and oxidative stress in cardiac hypertrophy. J. Nutr. Biochem. 2017, 42, 108–116. [CrossRef]

20. Min, L.J.; Mogi, M.; Li, J.M.; Iwanami, J.; Iwai, M.; Horiuchi, M. Aldosterone and angiotensin II synergistically
induce mitogenic response in vascular smooth muscle cells. Circ. Res. 2005, 97, 434–442. [CrossRef]

21. Wang, X.; Ron, D. Stress-induced phosphorylation and activation of the transcription factor CHOP (GADD153)
by p38 MAP kinase. Science 1996, 272, 1347–1349. [CrossRef]

22. Luo, S.; Lee, A.S. Requirement of the p38 mitogen-activated protein kinase signalling pathway for the
induction of the 78 kDa glucose-regulated protein/immunoglobulin heavy-chain binding protein by azetidine
stress: Activating transcription factor 6 as a target for stress-induced phosphorylation. Biochem. J. 2002, 366,
787–795. [PubMed]

23. Raingeaud, J.; Whitmarsh, A.J.; Barrett, T.; Derijard, B.; Davis, R.J. MKK3-and MKK6-regulated gene
expression is mediated by the p38 mitogen-activated protein kinase signal transduction pathway. Mol. Cell.
Biol. 1996, 16, 1247–1255. [CrossRef] [PubMed]

24. Ulivi, V.; Giannoni, P.; Gentili, C.; Cancedda, R.; Descalzi, F. p38/NF-kB-dependent expression of COX-2
during differentiation and inflammatory response of chondrocytes. J. Cell. Biochem. 2008, 104, 1393–1406.
[CrossRef] [PubMed]

25. Sano, M.; Fukuda, K.; Sato, T.; Kawaguchi, H.; Suematsu, M.; Matsuda, S.; Koyasu, S.; Matsui, H.;
Yamauchi-Takihara, K.; Harada, M. ERK and p38 MAPK, but not NF-κB, are critically involved in reactive
oxygen species–mediated induction of IL-6 by angiotensin II in cardiac fibroblasts. Circ. Res. 2001, 89,
661–669. [CrossRef]

26. Kiribayashi, K.; Masaki, T.; Naito, T.; Ogawa, T.; Ito, T.; Yorioka, N.; Kohno, N. Angiotensin II induces
fibronectin expression in human peritoneal mesothelial cells via ERK1/2 and p38 MAPK. Kidney Int. 2005, 67,
1126–1135. [CrossRef]

27. Watkins, S.J.; Borthwick, G.M.; Oakenfull, R.; Robson, A.; Arthur, H.M. Angiotensin II-induced cardiomyocyte
hypertrophy in vitro is TAK1-dependent and Smad2/3-independent. Hypertens. Res. 2012, 35, 393. [CrossRef]

28. Hegde, V.L.; Tomar, S.; Jackson, A.; Rao, R.; Yang, X.; Singh, U.P.; Singh, N.P.; Nagarkatti, P.S.; Nagarkatti, M.
Distinct microRNA expression profile and targeted biological pathways in functional myeloid-derived
suppressor cells induced by ∆9-tetrahydrocannabinol in vivo regulation of CCAAT/enhancer-binding protein
α by microRNA-690. J. Biol. Chem. 2013, 288, 36810–36826. [CrossRef]

http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://dx.doi.org/10.1016/j.bbrc.2008.09.050
http://www.ncbi.nlm.nih.gov/pubmed/18809385
http://dx.doi.org/10.2337/db16-1569
http://dx.doi.org/10.1210/me.2009-0117
http://dx.doi.org/10.1016/j.yjmcc.2014.06.008
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.180729
http://dx.doi.org/10.1111/j.1476-5381.2011.01375.x
http://dx.doi.org/10.1016/j.jnutbio.2016.05.006
http://dx.doi.org/10.1161/01.RES.0000180753.63183.95
http://dx.doi.org/10.1126/science.272.5266.1347
http://www.ncbi.nlm.nih.gov/pubmed/12076252
http://dx.doi.org/10.1128/MCB.16.3.1247
http://www.ncbi.nlm.nih.gov/pubmed/8622669
http://dx.doi.org/10.1002/jcb.21717
http://www.ncbi.nlm.nih.gov/pubmed/18286508
http://dx.doi.org/10.1161/hh2001.098873
http://dx.doi.org/10.1111/j.1523-1755.2005.00179.x
http://dx.doi.org/10.1038/hr.2011.196
http://dx.doi.org/10.1074/jbc.M113.503037


Cells 2020, 9, 1327 18 of 20

29. Yu, S.; Geng, Q.; Pan, Q.; Liu, Z.; Ding, S.; Xiang, Q.; Sun, F.; Wang, C.; Huang, Y.; Hong, A. MiR-690, a
Runx2-targeted miRNA, regulates osteogenic differentiation of C2C12 myogenic progenitor cells by targeting
NF-kappaB p65. Cell Biosci. 2016, 6, 10. [CrossRef]

30. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data; Babraham Bioinformatics:
Cambridge, UK, 2010; Available online: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed
on 6 October 2011).

31. Creighton, C.J.; Reid, J.G.; Gunaratne, P.H. Expression profiling of microRNAs by deep sequencing.
Brief. Bioinform. 2009, 10, 490–497. [CrossRef]

32. Du, P.; Kibbe, W.A.; Lin, S.M. Lumi: A pipeline for processing Illumina microarray. Bioinformatics 2008, 24,
1547–1548. [CrossRef]

33. Smyth, G. Linear models and empirical Bayes methods for assessing differential expression in microarray
experiments. Stat. Appl. Genet. Mol. Biol. 2004, 12, 3. [CrossRef]

34. Kozomara, A.; Griffiths-Jones, S. miRBase: Annotating high confidence microRNAs using deep sequencing
data. Nucleic Acids Res. 2014, 42, 68–73. [CrossRef] [PubMed]

35. Wang, T.-T.; Lee, C.-Y.; Lai, L.-C.; Tsai, M.-H.; Lu, T.-P.; Chuang, E.Y. anamiR: Integrated analysis of MicroRNA
and gene expression profiling. BMC Bioinform. 2019, 20, 239. [CrossRef] [PubMed]

36. Agarwal, V.; Bell, G.W.; Nam, J.-W.; Bartel, D.P. Predicting effective microRNA target sites in mammalian
mRNAs. Elife 2015, 4, e05005. [CrossRef] [PubMed]

37. Xiao, F.; Zuo, Z.; Cai, G.; Kang, S.; Gao, X.; Li, T. miRecords: An integrated resource for microRNA–target
interactions. Nucleic Acids Res. 2009, 37, D105–D110. [CrossRef]

38. Paraskevopoulou, M.D.; Georgakilas, G.; Kostoulas, N.; Vlachos, I.S.; Vergoulis, T.; Reczko, M.; Filippidis, C.;
Dalamagas, T.; Hatzigeorgiou, A.G. DIANA-microT web server v5. 0: Service integration into miRNA
functional analysis workflows. Nucleic Acids Res. 2013, 41, W169–W173. [CrossRef]

39. Gaidatzis, D.; Van Nimwegen, E.; Hausser, J.; Zavolan, M. Inference of miRNA targets using evolutionary
conservation and pathway analysis. BMC Bioinform. 2007, 8, 69. [CrossRef]

40. Basseri, S.; Lhoták, Š.; Sharma, A.M.; Austin, R.C. The chemical chaperone 4-phenylbutyrate inhibits
adipogenesis by modulating the unfolded protein response. J. Lipid Res. 2009, 50, 2486–2501. [CrossRef]

41. Kutmon, M.; Riutta, A.; Nunes, N.; Hanspers, K.; Willighagen, E.L.; Bohler, A.; Mélius, J.; Waagmeester, A.;
Sinha, S.R.; Miller, R. WikiPathways: Capturing the full diversity of pathway knowledge. Nucleic Acids Res.
2016, 44, D488–D494. [CrossRef]

42. Kalupahana, N.S.; Moustaid-Moussa, N. The renin-angiotensin system: A link between obesity, inflammation
and insulin resistance. Obes. Rev. 2012, 13, 136–149. [CrossRef] [PubMed]

43. Ramalingam, L.; Menikdiwela, K.; LeMieux, M.; Dufour, J.M.; Kaur, G.; Kalupahana, N.; Moustaid-Moussa, N.
The renin angiotensin system, oxidative stress and mitochondrial function in obesity and insulin resistance.
Biochim Biophys Acta 2017, 1863, 1106–1114. [CrossRef]

44. Wu, G.; Jose, P.A.; Zeng, C. Noncoding RNAs in the regulatory network of hypertension. Hypertension 2018,
72, 1047–1059. [CrossRef] [PubMed]

45. Robertson, S.; MacKenzie, S.M.; Alvarez-Madrazo, S.; Diver, L.A.; Lin, J.; Stewart, P.M.; Fraser, R.; Connell, J.M.;
Davies, E. MicroRNA-24 is a novel regulator of aldosterone and cortisol production in the human adrenal
cortex. Hypertension 2013, 62, 572–578. [CrossRef] [PubMed]

46. Sõber, S.; Laan, M.; Annilo, T. MicroRNAs miR-124 and miR-135a are potential regulators of the
mineralocorticoid receptor gene (NR3C2) expression. Biochem. Biophys. Res. Commun. 2010, 391, 727–732.
[CrossRef] [PubMed]

47. Ceolotto, G.; Papparella, I.; Bortoluzzi, A.; Strapazzon, G.; Ragazzo, F.; Bratti, P.; Fabricio, A.S.; Squarcina, E.;
Gion, M.; Palatini, P. Interplay between miR-155, AT1R A1166C polymorphism, and AT1R expression in
young untreated hypertensives. Am. J. Hypertens. 2011, 24, 241–246. [CrossRef]

48. Eskildsen, T.; Jeppesen, P.; Schneider, M.; Nossent, A.; Sandberg, M.; Hansen, P.; Jensen, C.; Hansen, M.;
Marcussen, N.; Rasmussen, L. Angiotensin II regulates microRNA-132/-212 in hypertensive rats and humans.
Int. J. Mol. Sci. 2013, 14, 11190–11207. [CrossRef] [PubMed]

49. Ambros, V.; Bartel, B.; Bartel, D.P.; Burge, C.B.; Carrington, J.C.; Chen, X.M.; Dreyfuss, G.; Eddy, S.R.;
Griffiths-Jones, S.; Marshall, M.; et al. A uniform system for microRNA annotation. RNA A Publ. RNA Soc.
2003, 9, 277–279. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s13578-016-0073-y
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://dx.doi.org/10.1093/bib/bbp019
http://dx.doi.org/10.1093/bioinformatics/btn224
http://dx.doi.org/10.2202/1544-6115.1027
http://dx.doi.org/10.1093/nar/gkt1181
http://www.ncbi.nlm.nih.gov/pubmed/24275495
http://dx.doi.org/10.1186/s12859-019-2870-x
http://www.ncbi.nlm.nih.gov/pubmed/31088348
http://dx.doi.org/10.7554/eLife.05005
http://www.ncbi.nlm.nih.gov/pubmed/26267216
http://dx.doi.org/10.1093/nar/gkn851
http://dx.doi.org/10.1093/nar/gkt393
http://dx.doi.org/10.1186/1471-2105-8-69
http://dx.doi.org/10.1194/jlr.M900216-JLR200
http://dx.doi.org/10.1093/nar/gkv1024
http://dx.doi.org/10.1111/j.1467-789X.2011.00942.x
http://www.ncbi.nlm.nih.gov/pubmed/22034852
http://dx.doi.org/10.1016/j.bbadis.2016.07.019
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.11126
http://www.ncbi.nlm.nih.gov/pubmed/30354825
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01102
http://www.ncbi.nlm.nih.gov/pubmed/23836801
http://dx.doi.org/10.1016/j.bbrc.2009.11.128
http://www.ncbi.nlm.nih.gov/pubmed/19944075
http://dx.doi.org/10.1038/ajh.2010.211
http://dx.doi.org/10.3390/ijms140611190
http://www.ncbi.nlm.nih.gov/pubmed/23712358
http://dx.doi.org/10.1261/rna.2183803
http://www.ncbi.nlm.nih.gov/pubmed/12592000


Cells 2020, 9, 1327 19 of 20

50. Lai, E.C.; Tomancak, P.; Williams, R.W.; Rubin, G.M. Computational identification of Drosophila microRNA
genes. Genome Biol. 2003, 4, 20. [CrossRef] [PubMed]

51. Nilsen, T.W. Mechanisms of microRNA-mediated gene regulation in animal cells. TRENDS Genet. 2007, 23,
243–249. [CrossRef]

52. Meerson, A.; Traurig, M.; Ossowski, V.; Fleming, J.; Mullins, M.; Baier, L. Human adipose microRNA-221 is
upregulated in obesity and affects fat metabolism downstream of leptin and TNF-α. Diabetologia 2013, 56,
1971–1979. [CrossRef] [PubMed]

53. Thiriet, M. Mitogen-Activated Protein Kinase Module. In Intracellular Signaling Mediators in the Circulatory
and Ventilatory Systems; Springer: New York, NY, USA, 2013; pp. 311–378.

54. Chang, L.; Karin, M. Mammalian MAP kinase signalling cascades. Nature 2001, 410, 37. [CrossRef] [PubMed]
55. Lu, H.T.; Yang, D.D.; Wysk, M.; Gatti, E.; Mellman, I.; Davis, R.J.; Flavell, R.A. Defective IL-12 production

in mitogen-activated protein (MAP) kinase kinase 3 (Mkk3)-deficient mice. EMBO J. 1999, 18, 1845–1857.
[CrossRef]

56. Yang, W.S.; Park, Y.C.; Kim, J.H.; Kim, H.R.; Yu, T.; Byeon, S.E.; Unsworth, L.D.; Lee, J.; Cho, J.Y.
Nanostructured, self-assembling peptide K5 blocks TNF-α and PGE2 production by suppression of the
AP-1/p38 pathway. Mediat. Inflamm. 2012, 2012, 489810. [CrossRef]

57. Saccani, S.; Pantano, S.; Natoli, G. p38-Dependent marking of inflammatory genes for increased NF-κB
recruitment. Nat. Immunol. 2002, 3, 69–75. [CrossRef]

58. Yang, Y.; Kim, S.C.; Yu, T.; Yi, Y.-S.; Rhee, M.H.; Sung, G.-H.; Yoo, B.C.; Cho, J.Y. Functional roles of p38
mitogen-activated protein kinase in macrophage-mediated inflammatory responses. Mediat. Inflamm. 2014,
2014, 352371. [CrossRef]

59. Yin, F.; Wang, Y.-Y.; Du, J.-H.; Li, C.; Lu, Z.-Z.; Han, C.; Zhang, Y.-Y. Noncanonical cAMP pathway and
p38 MAPK mediate β2-adrenergic receptor-induced IL-6 production in neonatal mouse cardiac fibroblasts.
J. Mol. Cell. Cardiol. 2006, 40, 384–393. [CrossRef]

60. Ushio-Fukai, M.; Alexander, R.W.; Akers, M.; Griendling, K.K. p38 Mitogen-activated protein kinase is a
critical component of the redox-sensitive signaling pathways activated by angiotensin II Role in vascular
smooth muscle cell hypertrophy. J. Biol. Chem. 1998, 273, 15022–15029. [CrossRef]

61. Ebrahimian, T.; Li, M.W.; Lemarié, C.A.; Simeone, S.M.C.; Pagano, P.J.; Gaestel, M.; Paradis, P.S.; Wassmann, S.;
Schiffrin, E.L. Mitogen-Activated Protein Kinase–Activated Protein Kinase 2 in Angiotensin II–Induced
Inflammation and Hypertension: Regulation of Oxidative Stress. Hypertension 2011, 57, 245–254. [CrossRef]
[PubMed]

62. Ranganathan, A.C.; Zhang, L.; Adam, A.P.; Aguirre-Ghiso, J.A. Functional coupling of p38-induced
up-regulation of BiP and activation of RNA-dependent protein kinase–like endoplasmic reticulum kinase to
drug resistance of dormant carcinoma cells. Cancer Res. 2006, 66, 1702–1711. [CrossRef]

63. Olsen, P.H.; Ambros, V. The lin-4 regulatory RNA controls developmental timing in Caenorhabditis elegans
by blocking LIN-14 protein synthesis after the initiation of translation. Dev. Biol. 1999, 216, 671–680.
[CrossRef] [PubMed]

64. Seggerson, K.; Tang, L.; Moss, E.G. Two genetic circuits repress the Caenorhabditis elegans heterochronic
gene lin-28 after translation initiation. Dev. Biol. 2002, 243, 215–225. [CrossRef] [PubMed]

65. Eichhorn, S.W.; Guo, H.; McGeary, S.E.; Rodriguez-Mias, R.A.; Shin, C.; Baek, D.; Hsu, S.-H.; Ghoshal, K.;
Villén, J.; Bartel, D.P. mRNA destabilization is the dominant effect of mammalian microRNAs by the time
substantial repression ensues. Mol. Cell 2014, 56, 104–115. [CrossRef]

66. Wang, X.; Song, C.; Zhou, X.; Han, X.; Li, J.; Wang, Z.; Shang, H.; Liu, Y.; Cao, H. Mitochondria associated
microRNA expression profiling of heart failure. BioMed Res. Int. 2017, 2017, 4042509. [CrossRef]

67. Sun, J.; Madan, R.; Karp, C.L.; Braciale, T.J. Effector T cells control lung inflammation during acute influenza
virus infection by producing IL-10. Nat. Med. 2009, 15, 277. [CrossRef]

68. He, F.; Xiao, Z.; Yao, H.; Li, S.; Feng, M.; Wang, W.; Liu, Z.; Liu, Z.; Wu, J. The protective role of
microRNA-21 against coxsackievirus B3 infection through targeting the MAP2K3/P38 MAPK signaling
pathway. J. Transl. Med. 2019, 17, 1–11. [CrossRef]

69. Felekkis, K.; Touvana, E.; Stefanou, C.; Deltas, C. microRNAs: A newly described class of encoded molecules
that play a role in health and disease. Hippokratia 2010, 14, 236.

70. Kertesz, M.N.; Iovino, U. Unnerstall, U. Gaul, and E. Segal. The role of site accessibility in microRNA target
recognition. Nat. Genet. 2007, 39, 1278. [CrossRef]

http://dx.doi.org/10.1186/gb-2003-4-7-r42
http://www.ncbi.nlm.nih.gov/pubmed/12844358
http://dx.doi.org/10.1016/j.tig.2007.02.011
http://dx.doi.org/10.1007/s00125-013-2950-9
http://www.ncbi.nlm.nih.gov/pubmed/23756832
http://dx.doi.org/10.1038/35065000
http://www.ncbi.nlm.nih.gov/pubmed/11242034
http://dx.doi.org/10.1093/emboj/18.7.1845
http://dx.doi.org/10.1155/2012/489810
http://dx.doi.org/10.1038/ni748
http://dx.doi.org/10.1155/2014/352371
http://dx.doi.org/10.1016/j.yjmcc.2005.12.005
http://dx.doi.org/10.1074/jbc.273.24.15022
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.159889
http://www.ncbi.nlm.nih.gov/pubmed/21173344
http://dx.doi.org/10.1158/0008-5472.CAN-05-3092
http://dx.doi.org/10.1006/dbio.1999.9523
http://www.ncbi.nlm.nih.gov/pubmed/10642801
http://dx.doi.org/10.1006/dbio.2001.0563
http://www.ncbi.nlm.nih.gov/pubmed/11884032
http://dx.doi.org/10.1016/j.molcel.2014.08.028
http://dx.doi.org/10.1155/2017/4042509
http://dx.doi.org/10.1038/nm.1929
http://dx.doi.org/10.1186/s12967-019-2077-y
http://dx.doi.org/10.1038/ng2135


Cells 2020, 9, 1327 20 of 20

71. Arvani, S.; Markert, A.; Loeschcke, A.; Jaeger, K.-E.; Drepper, T. A T7 RNA polymerase-based toolkit for the
concerted expression of clustered genes. J. Biotechnol. 2012, 159, 162–171. [CrossRef]

72. Studier, F.W.; Moffatt, B.A. Use of bacteriophage T7 RNA polymerase to direct selective high-level expression
of cloned genes. J. Mol. Biol. 1986, 189, 113–130. [CrossRef]

73. Chitnis, N.; Clark, P.M.; Kamoun, M.; Stolle, C.; Brad Johnson, F.; Monos, D.S. An expanded role for
HLA genes: HLA-B encodes a microRNA that regulates IgA and other immune response transcripts.
Front. Immunol. 2017, 8, 583. [CrossRef] [PubMed]

74. Makowski, L.; Brittingham, K.C.; Reynolds, J.M.; Suttles, J.; Hotamisligil, G.S. The fatty acid-binding protein,
aP2, coordinates macrophage cholesterol trafficking and inflammatory activity macrophage expression of
aP2 impacts peroxisome proliferator-activated receptor γ and IκB kinase activities. J. Biol. Chem. 2005, 280,
12888–12895. [CrossRef] [PubMed]

75. Wang, J.; Wen, Y.; Lv, L.-L.; Liu, H.; Tang, R.-N.; Ma, K.-L.; Liu, B.-C. Involvement of endoplasmic reticulum
stress in angiotensin II-induced NLRP3 inflammasome activation in human renal proximal tubular cells
in vitro. Acta Pharmacol. Sin. 2015, 36, 821–830. [CrossRef]

76. Sahar, S.; Dwarakanath, R.S.; Reddy, M.A.; Lanting, L.; Todorov, I.; Natarajan, R. Angiotensin II enhances
interleukin-18 mediated inflammatory gene expression in vascular smooth muscle cells: A novel cross-talk
in the pathogenesis of atherosclerosis. Circ. Res. 2005, 96, 1064–1071. [CrossRef] [PubMed]

77. Sauter, N.S.; Thienel, C.; Plutino, Y.; Kampe, K.; Dror, E.; Traub, S.; Timper, K.; Bédat, B.; Pattou, F.;
Kerr-Conte, J. Angiotensin II induces interleukin-1β–mediated islet inflammation and β-cell dysfunction
independently of vasoconstrictive effects. Diabetes 2015, 64, 1273–1283. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jbiotec.2012.01.004
http://dx.doi.org/10.1016/0022-2836(86)90385-2
http://dx.doi.org/10.3389/fimmu.2017.00583
http://www.ncbi.nlm.nih.gov/pubmed/28579988
http://dx.doi.org/10.1074/jbc.M413788200
http://www.ncbi.nlm.nih.gov/pubmed/15684432
http://dx.doi.org/10.1038/aps.2015.21
http://dx.doi.org/10.1161/01.RES.0000168210.10358.f4
http://www.ncbi.nlm.nih.gov/pubmed/15860756
http://dx.doi.org/10.2337/db14-1282
http://www.ncbi.nlm.nih.gov/pubmed/25352639
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Mouse Study 
	Cell Cultures 
	RNA and MicroRNA Isolation 
	mRNA and miRNA Profiling 
	Quality Control, Mapping and Assembly 
	Data Availability 
	Differential Expression Analysis and Prediction of miRNA-mRNA Functional Interactions 
	Cell Transfections (Using miRNAs Mimics and Inhibitors) 
	Cloning, Construct Preparation and Luciferase Assay 
	Western Blotting and ELISA 
	Statistical Analyses 

	Results 
	Genes and miRNAs are Differentially Expressed in White Adipose Tissue (WAT) When Renin Angiotensin System (RAS) is Overexpressed 
	Validation of miR-690 in White Adipose Tissue (WAT) and Identification of Potential Target Genes of miR-690 
	Gene Validation of Predicted Targets of miR-690 in White Adipose Tissue (WAT) and Adipocytes 
	Regulatory Effect of miR-690 on Potential Target Genes 
	Mouse miR-690 Targets MAPKs to Regulate Downstream Signaling Pathways 

	Discussion 
	References

