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Background:miR-29 is amaster regulator of extracellular matrix genes, but conflicting data on its anti-fibrotic ef-
fect have been reported.miR-29 improves nitric oxide (NO) production in arterioles by targeting Lypla1.Mir29b1
targeted mutation exacerbates hypertension in a model derived from the Dahl salt-sensitive rat. We examined
the effect ofMir29b1mutation on tissue fibrosis and NO levels with a focus on kidney regions.
Methods: Mir29b1 targeted mutant rats on the genetic background of SS-Chr13BN rats were studied. Masson
trichrome staining, molecular and biochemical assays, metabolic cage studies, and bioinformatic analysis of
human genomic data were performed.
Findings: The abundance of miR-29b and the co-transcribedmiR-29awas substantially lower inmutant rats. Tis-
suefibrosiswas significantly increased in the renal outermedulla, but not in the renal cortex, heart or liver inmu-
tant rats on a 0.4% NaCl diet. Lypla1 protein abundance was significantly higher and NO levels lower in the renal
outer medulla, but not in the renal cortex. After 14 days of a 4% NaCl diet, 24 h urine volume and urinary sodium
excretion was significantly lower in mutant rats, and tissue fibrosis became higher in the heart. NO levels were
lower in the renal outermedulla and heart, but not in the renal cortex. HumanmiR-29 genes are located in prox-
imity with blood pressure-associated single nucleotide polymorphisms.
Interpretation: The renal outer medulla might be particularly susceptible to the injurious effects of a miR-29 in-
sufficiency, which might contribute to the development of hypertension inMir29b1mutant rats.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

MicroRNAs are endogenous, conserved, small non-coding RNAs that
block translation or induce degradation of target mRNA. The miR-29
family is highly conserved among mammalian species [1]. The family
comprises of three variants, miR-29a, miR-29b and miR-29c. The gene
encoding the co-transcribed precursors ofmiR-29b-1 andmiR-29a is lo-
cated on chromosome 7q32.3 in the human genome, while the gene
encoding the precursors of miR-29b-2 and miR-29c is located on chro-
mosome 1q32.2. In rat, miR-29b-1 and miR-29a are clustered on chr. 4
and miR-29b-2 and miR-29c on chr. 13.

Strong antifibrotic effects of miR-29s have been demonstrated in
multiple organs [2], including heart [3, 4], liver [5, 6] and kidney [7, 8].
Antagonism of miR-29 in vivo resulted in increased collagen in the car-
diac tissue, whereas introduction of miR-29 mimics after heart damage
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reduced the collagen content [3]. Upregulation of miRNA-29a either by
enforced overexpression or by the use of carvedilol, a beta-
adrenoreceptor antagonist, was shown to reduce myocardial fibrosis
mediated by experimental myocardial infarction in rat [9]. In the liver,
overexpression ofmiR29a through systemic adenoviral delivery amelio-
rated hepatic fibrosis induced by carbon tetrachloride [10].

In the kidney, our previous study demonstrated that miR-29 regu-
lated a large number of collagens and other genes related to the extra-
cellular matrix in Dahl salt-sensitive (SS) rats [11], the most widely
used polygenetic model of human salt-sensitive forms of hypertension
and renal injury [12, 13]. miR-29b was elevated in the renal medulla
of the consomic SS-Chr13BN rats in response to a high-salt diet, but
not in SS rats. The SS-Chr13BN rat is a consomic strain derived from
the SS rat, inwhich chromosome13 of the SS genome has been replaced
by chromosome 13 from the Brown Norway (BN) rat, and exhibits sub-
stantially attenuated hypertension and renal injury [14]. We recently
developed Mir29b1 mutant rats (Mir29b-1/a−/−) on the background
of the SS-Chr13BN rat by deleting four base pairs in the genomic seg-
ment of the Mir29b-1/a gene that encodes nucleotides 6–9 in the se-
quence of mature miR-29b-3p [15]. This was the first targeted
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Research in context

MicroRNAs are endogenous non-coding RNAs that regulate,
mainly suppress, the expression of target genes. miR-29 targets
approximately 20 genes related to extracellular matrix, which is
one of the most dramatic examples of a miRNA coordinately
targeting a large number of genes that belong to a single pathway.
Exciting progress is being made in the development of miR-29-
based therapeutic approaches. For instance,miR-29bmimic treat-
ment blunts bleomycin-induced pulmonary fibrosis. However,
conflicting data on whether miR-29 is anti-fibrotic have been
reported.

We recently developed amiR-29b1 targetedmutant rat strain,
which was the first reported microRNA mutant rat strain to our
knowledge. This unique model enabled us to examine the role of
miR-29 in various tissues under normal and disease conditions.
We found the renal outer medulla was particularly sensitive to
the injurious effects of the miR-29 insufficiency. Decreased nitric
oxide via the miR-29/Lypla1 pathway provides a possible expla-
nation for the tissue-specific effect of miR-29 and new insights
into howmiR-29might contribute to the regulation of blood pres-
sure response to dietary salt intake. Human miR-29 genes are
among a small number of microRNA genes that are located in
proximity with blood pressure-associated single nucleotide poly-
morphisms, suggesting potential relevance of miR-29 to the ge-
netic determinants of human blood pressure. The study
significantly advances the understanding of the tissue- and dis-
ease context-specificity of the effect of miR-29. It also highlights
the importance of considering such specificity for therapeutic
purposes.
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microRNA mutant rat ever reported to our knowledge. Mir29b-1/a−/−

rats on a high-salt diet developed significantly exacerbated hyperten-
sion compared to Mir29b-1/a+/+ littermates. Using arterioles from
Mir29b-1/a−/− rats as well as humans, we showed miR-29 increased
NO production by targeting lysophospholipase I (Lypla1). Lypla1
would otherwise de-palmitoylate endothelial nitric oxide synthase
(eNOS) and inhibit eNOS activities [15].

The kidney, particularly the renal outer medulla, plays a key role in
the development of salt-sensitive hypertension [16–19]. Renal injury
precedes overt hypertension in the SS rats [20, 21]. NOhas protective ef-
fects against tissue injury and fibrosis [22–24]. Renal NO inhibits tubular
reabsorption of fluid and sodium, which may contribute to the anti-
hypertensive effect of NO [25–27]. To further understand the role of
miR-29 in the development of tissue fibrosis and salt-sensitive hyper-
tension, we examined changes in tissue fibrosis and NO levels in
Mir29b-1/a−/− rats with a focus on kidney regions in the present
study. Bioinformatic analysis was performed to examine the potential
relevance of miR-29 to genetic determinants of blood pressure varia-
tions in humans.
2. Methods

2.1. Mir29b-1 mutant rats

A custom-made Transcriptional Activator-Like Effector Nucleases
(TALENs) method was used to target theMir29b-1 gene on the genetic
background of SS-Chr13BN rats [28]. The protocol has been described
in detail in our previous study [15]. Briefly, four nucleotides overlapping
the seed region,which is critical for the function ofmiR-29b,were delet-
ed in Mir29b-1/a mutant rat. Heterozygous breeder pairs were setup,
giving rise to litters containing wild-type (Mir29b-1/a+/+), heterozy-
gous (Mir29b-1/a+/−), and homozygous (Mir29b-1/a−/−) mutant rats.
Rats were maintained on the AIN-76A diet containing 0.4% NaCl
(Dyets). Male rats were used for experiments at 8 weeks of age. The an-
imal studywas approved by the Institutional Animal Care and Use Com-
mittee at the Medical College of Wisconsin.

2.2. Tissue and urine collection

On the day of tissue harvest, rats were anesthetized with intramus-
cular injection of a mixture of ketamine (75 mg/kg), xylazine (10
mg/kg), and acepromazine (2.5 mg/kg). Liver, heart and kidneys were
removed quickly. Half of right kidney was fixed in neutral formalin.
Renal cortex, outer medulla and inner medulla were selectively dissect-
ed using the remaining kidney tissue, snap frozen in liquid nitrogen, and
stored at −80 °C. For urine collection, animals were moved into meta-
bolic cages for 24 h. Urine volume was recorded and urine samples
were stored at −80 °C until analysis.

2.3. Renal morphological analyses

Analysis of tissue fibrosis was performed with 3 μm paraffin-
embedded sections stained byMasson trichrome aswe described previ-
ously [29]. The positive-stained area of collagens was quantitatively
measured using a computer-aided image system on digitized images
that were transformed from analog images taken by a camera.

2.4. RNA isolation

Total RNA was extracted from tissues with Trizol reagent
(Invitrogen, USA). RNA concentration was measured using a NanoDrop
spectrophotometer (NanoDrop Technologies, USA).

2.5. Measurement of miR-29s using TaqMan real-time PCR

Total RNA samples were used to measure abundance of miR-29a, b
and c using modified real-time PCR with TaqMan (Applied Biosystems)
chemistry, as described previously [15, 30]. 5S rRNA was used as an in-
ternal normalizer.

2.6. Western blot for Lypla1

Western blot was performed as we described previously [14, 31].
Primary antibody for LYPLA1 was from Sigma Aldrich (SAB2101408,
rabbit polyclonal), and used at 1:500 dilution. The density of a specific
band was normalized by Coomassie blue staining of the entire lane 15,

31 [32],.

2.7. Nitrite measurement

Renal outer medulla, renal cortex and heart on 0.4% and 4%NaCl diet
were extracted. The concentrations of nitrite (NO2−), stable end prod-
ucts of NO, were determined using a Nitrate/Nitrite Colorimetric Assay
Kit (Cayman Chemical, USA).

2.8. Urinary analysis

Urinary sodium, potassium, albumin and protein were analyzed as
we described previously [33, 34].

2.9. Analysis and visualization of human genomic features

The linkage disequilibrium (LD) regions for blood pressure-
associated single nucleotide polymorphisms (SNPs) were defined by
HaploReg v4.1 with default settings [35]. Custom Tracks of UCSC ge-
nome browser (https://genome.ucsc.edu/cgi-bin/hgCustom; hg38
human genome assembly) were used to visualize several genomic fea-
tures including defined chromosome regions, chromosome positions
of microRNA genes of interest, chromosome potions of LD regions,

https://genome.ucsc.edu/cgi-bin/hgCustom
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SNPs in an LD region, any protein coding genes in the region, and the
available H3K4Me1, H3K4Me3 and H3K27Ac histonemark information.

2.10. Statistics

Data were analyzed using Student t-test or multiple-group ANOVA.
P b 0.05 was considered significant unless otherwise indicated. Data
are shown as mean± SEM.

3. Results

3.1. The abundance of miR-29b and the co-transcribed miR-29a was de-
creased in multiple tissues in Mir29b-1/a−/− rats

Wefirst examined the abundance ofmiR-29a andmiR-29b in kidney
regions, heart and liver in wild-type rats. The abundance of miR-29a in
Fig. 1. The abundance of miR-29a and miR-29b is decreased in multiple tissues inMir29b-1/a−

cortex, heart and liver fromMir29b-1/a+/+ wild-type rats. C to F, Abundance of miR-29a, b and
wild-type,Mir29b-1/a+/− heterozygous andMir29b-1/a−/− homozygous mutant rats. n=6 fo
way ANOVA.
the renal outer medulla was significantly higher than the level in the
renal cortex, heart and liver, while the abundance in liver was lower
than that in the other tissues (Fig. 1A). For miR-29b, no difference of
the abundance was observed among renal outer medulla, renal cortex
and heart, while the level of liver was lower (Fig. 1B).

The abundance of miR-29b and the co-transcribed miR-29a were
substantially and similarly decreased in the renal outer medulla,
renal cortex, heart and liver of Mir29b-1/a−/− rats (Fig. 1C-F). In
Mir29b-1/a+/− heterozygous mutant rats, the abundance of miR-
29b tended to be lower compared to Mir29b-1/a+/+ littermates,
but did not reach statistical significance. The abundance of miR-
29a from the heterozygous mutant rats was significantly lower in
the renal outer medulla than Mir29b-1/a+/+ littermates. The abun-
dance of miR-29c, which is transcribed from a separate gene
miR29b-2/c, was unchanged in mutant rats compared to wild-type
littermates.
/− rats. A and B, Abundance of (A) miR-29a and (B) miR-29b in renal outer medulla, renal
c in (C) renal outer medulla, (D) renal cortex, (E) heart and (F) liver fromMir29b-1/a+/+

r each group, * P b 0.05, ** P b 0.01 vsMir29b-1/a+/+, # P b 0.05 vsMir29b-1/a+/−, by one-
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These data suggest themiR-29b1mutation in theMir29b-1/a−/− rat
leads to a decrease in miR-29a abundance probably because of destabi-
lization of themiR-29b1/a primary transcript, and the residual miR-29b
expression likely comes from the miR-29b2 gene. These findings are
consistent with our previous findings in arterioles [15] and indicate
theMir29b-1/a−/− rat is amodel of robustmiR-29a andmiR-29b knock-
down in multiple tissues.

3.2. Tissue fibrosis was increased in the renal outer medulla, but not in the
renal cortex, heart or liver, of Mir29b-1/a−/− rats on 0.4% NaCl diet

Fibrosis area in kidney regions, heart and liver was assessed byMas-
son Trichrome staining. The rats were fed with a 0.4% NaCl diet and eu-
thanized when they were eight weeks old, which was prior to the
development of overt hypertension. In the renal outer medulla, fibrosis
area was significantly increased in Mir29b-1/a−/− rats compared to
Mir29b-1/a+/+ littermates (Fig. 2A and B). No difference was observed
between the heterozygous mutant rats and Mir29b-1/a+/+ littermates.
Fig. 2. Fibrosis area specifically in the renal outer medulla is significantly increased inMir29b-1
Mir29b-1/a+/+ wild-type, Mir29b-1/a+/− heterozygous and Mir29b-1/a−/− homozygous muta
staining in (B) renal outer medulla, (C) renal cortex, (D) heart and (E) liver from Mir29b-1/a+

on 0.4% NaCl diet. n=7 or 8 for each group, * P b 0.05 vsMir29b-1/a+/+, by one-way ANOVA.
In the renal cortex, heart or liver, fibrosis area tended to be slightly
higher in Mir29b-1/a−/− rats compared to Mir29b-1/a+/+ littermates,
but the difference did not reach statistical significance in any of these
tissues (Fig. 2C-E). These data suggest that the renal outer medulla
might be particularly sensitive to the fibrotic effect of miR-29
insufficiencies.

3.3. Increased level of Lypla1 and reduced nitrite level in the renal outerme-
dulla of Mir29b-1/a−/− rats

In arterioles and endothelial cells, miR-29 increases NO by targeting
Lypla1 [15]. The protein level of Lypla1 in the renal outer medulla of
Mir29b-1/a−/−rats on 0.4% NaCl diet was significantly increased com-
pared to Mir29b-1/a+/+ littermates (Fig. 3A). Levels of the stable NO
metabolite nitrite in the renal outer medulla of Mir29b-1/a−/− rats on
0.4% NaCl diet were significantly lower compared toMir29b-1/a+/+ lit-
termates (Fig. 3B). No difference in either Lypla1 abundance or nitrite
level was observed in the renal cortex between Mir29b-1/a−/− rats
/a−/− rats. A, Representative kidney sections illustrating renal outer medulla fibrosis from
nt rats, magnification, ×200. B to E, Quantification of fibrosis area by Masson Trichrome
/+ wild-type, Mir29b-1/a+/− heterozygous and Mir29b-1/a−/− homozygous mutant rats



Fig. 3. Lypla1 protein level is up-regulated and NO level reduced in the renal outermedulla ofMir29b-1/a−/−rats. A and B, Quantification of (A) Lypla1 protein level on 0.4% NaCl diet and
(B) level of nitrite, a stable NOmetabolites, on 0.4% and 4% NaCl diet in renal outermedulla fromMir29b-1/a+/+ andMir29b-1/a−/− rats. C andD, (C) Quantification of Lypla1 protein level
on 0.4% NaCl and (D) level of nitrite on 0.4% and 4% NaCl diet in renal cortex. E, Level of nitrite in the heart. n=5 or 6 for each group, *P b 0.05, ** P b 0.01 vsMir29b-1/a+/+ on 0.4% NaCl
diet, by t-test. #P b 0.05, ##P b 0.01 vsMir29b-1/a+/+ on 0.4% NaCl diet, &&P b 0.01 vsMir29b-1/a+/+ on 4% NaCl diet by one way ANOVA.
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and Mir29b-1/a+/+ littermates on 0.4% NaCl diet (Fig. 3C and D). After
14 days of a 4% NaCl diet, nitrite levels in the renal outer medulla of
Mir29b-1/a+/+ were increased compared with the level on the 0.4%
NaCl diet, while in Mir29b-1/a−/− rats, nitrite levels remained lower
compared with Mir29b-1/a+/+ littermates. Furthermore, nitrite levels
in the heart of Mir29b-1/a+/+ rats were significantly increased after
the diet switch. Nitrite levels in Mir29b-1/a−/− rats on the 4% NaCl
diet were significantly lower than those in Mir29b-1/a+/+ littermates
(Fig. 3E).

3.4. Fibrosis remained higher in the renal outer medulla and became higher
in the heart in Mir29b-1/a−/− rats on 4% NaCl diet

TheMir29b-1/a−/− rat was developed on the genetic background of
the SS-Chr13BN rat. SS-Chr13BN rats are consomic rats derived from the
SS rats and exhibit attenuated salt-induced hypertension and renal inju-
ry compared to SS rats. Mir29b-1/a−/− rats on a 4% NaCl diet exhibited
exacerbated hypertension compared to Mir29b-1/a+/+ littermates,
which were essentially SS-Chr13BNrats [15]. We assessed tissue fibrosis
in Mir29b-1/a−/− rats two weeks after switching the rat diet from one
containing 0.4% NaCl to 4% NaCl. Masson Trichrome staining showed fi-
brosis area in Mir29b-1/a−/− rats was significantly higher in the renal
outer medulla compared toMir29b-1/a+/+ littermates or heterozygous
mutant rats after two weeks of the 4% NaCl diet (Fig. 4A and B). In the
renal cortex, no difference was observed between Mir29b-1/a−/− rats
and Mir29b-1/a+/+ littermates (Fig. 4C). While no changes of fibrosis
were observed in the heart of Mir29b-1/a−/− rats on the 0.4% NaCl
diet, fibrosis area in the heart of Mir29b-1/a−/− rats was greatly in-
creased compared to Mir29b-1/a+/+ littermates after two weeks on
the 4% NaCl diet (Fig. 4D and E).



Fig. 4. Fibrosis area in the renal outermedulla andheart is increased inMir29b-1/a−/− rats fed a 4%NaCl diet. A, Representative kidney sections illustrating renal outermedullafibrosis from
Mir29b-1/a+/+ wild-type,Mir29b-1/a+/− heterozygous and Mir29b-1/a−/− homozygous mutant rats, magnification, ×200. B and C, Quantification of fibrosis area by Masson Trichrome
staining in (B) renal outer medulla and (C) renal cortex from Mir29b-1/a+/+, Mir29b-1/a+/− and Mir29b-1/a−/− rats fed a 4% NaCl diet for two weeks. D and E, (D) Representative
heart sections and (E) Quantification by Masson Trichrome staining illustrating heart fibrosis from Mir29b-1/a+/+, Mir29b-1/a+/− and Mir29b-1/a−/− rats fed a 4% NaCl diet for two
weeks. n = 7 or 8 for each group, * P b 0.05 vsMir29b-1/a+/+, # P b 0.05, ## P b 0.01 vsMir29b-1/a+/−, by one-way ANOVA.
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3.5. 24 h urine volume and urinary sodium excretion are decreased by the
Mir29b1 mutation

Urine samples were collected in metabolic cages from rats either on
0.4% NaCl or after two weeks of 4% NaCl diet. 24 h urine volume on 0.4%
NaCl diet was 6.8 ± 0.2 ml, 5.3 ± 0.2 ml and 3.0 ± 0.8 ml forMir29b-1/
a+/+, Mir29b-1/a+/− and Mir29b-1/a−/− rat respectively (Fig. 5A). Al-
though the difference between genotypes did not reach statistical sig-
nificance, the result showed a trend of reduced urine volume in rats
withMir29b1mutation. After twoweeks of 4% NaCl diet, 24 h urine vol-
ume in Mir29b-1/a+/− and Mir29b-1/a−/− rats was significantly lower
compared with Mir29b-1/a+/+ littermates. Rat body weight increased
during the experimental period. No difference was observed between
genotypes on 0.4% NaCl diet, but body weight of Mir29b-1/a−/− rats
were significantly lower compared with Mir29b-1/a+/+ or Mir29b-1/
a+/− rats (Fig. 5B). After being normalized by body weight, urine vol-
ume remains significantly lower in Mir29b-1/a−/− and Mir29b-1/a+/−

rats compared withMir29b-1/a+/+ rats. Urinary sodium excretion was
not significantly different between genotypes on 0.4%NaCl diet. Howev-
er, on 4% NaCl diet, it was significantly lower in Mir29b-1/a−/− and
Mir29b-1/a+/− rats compared with wild-type littermates (Fig. 5C). On
the 0.4% NaCl diet, urinary excretion of potassium was lower in



Fig. 5.Urinary analysis ofMir29b-1/a−/− rats on 0.4%NaCl or 4%NaCl diet. 24 h urinewas collected inmetabolic cages from individual rats on 0.4%NaCl diet. After a switch to a 4%NaCl diet
for two weeks, 24 h urine was collected again. Urine volume and bodyweight were recorded, and urinemicroalbumin, protein, creatinine, sodium and potassiumweremeasured. A, 24 h
urine volume. B, Bodyweight of rats. C, Urine Sodium. D,Urine potassium. E, Urinemicroalbumin. F,Microalbumin/Creatinine ratios. G, Urine protein. H, Protein/Creatinine ratios. n = 6 for
Mir29b-1/a+/+ orMir29b-1/a−/− rats, and n=9 forMir29b-1/a+/− rats. * P b 0.05 vsMir29b-1/a+/+ on 0.4% NaCl diet, && P b 0.01 vsMir29b-1/a+/+ on 4%NaCl diet, ## P b 0.01 vsMir29b-
1/a+/− on 4% NaCl diet, by two-way repeated measures ANOVA.
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Mir29b-1/a−/− rats. After diet switch, urinary excretion of potassium
was unchanged in Mir29b-1/a+/+ and Mir29b-1/a+/− rats, but it was
significantly increased in Mir29b-1/a−/− rats (comparing the red bar
on 4% to the red bar on 0.4% in Fig. 5D). No statistic difference was ob-
served between genotypes on 4% NaCl diet (Fig. 5D).

The presence of albuminuria or proteinuria is a sign of kidney dam-
age [36]. Microalbuminuria was significantly exacerbated in rats after
two weeks of the 4% NaCl diet. However, no significant difference was
observed betweenMir29b-1/a+/+ andmutant rats (Fig. 5E, F). Total uri-
nary protein was not significantly different between diets or genotypes
(Fig. 5G, H).
3.6. Human miR-29 genes are located in proximity with blood pressure-
associated SNPs

An analysis of 283 human blood pressure-associated SNPs identified
by genome-wide association studies and 1870 known human
microRNAprecursors identified 16microRNAs locatedwithin the LD re-
gions of blood pressure-associated SNPs [35]. The mir-29b-2 gene and
miR-29c gene, which form a gene cluster, were located within the
97,745 bp LD region of the blood pressure-associated SNP rs12731740
(Fig. 6). The LD region contained several peaks of enhancer marks
H3K4Me1 and H3K27Ac (Fig. 6). miR-29b1/a gene did not overlap



Fig. 6.HumanmiR-29b2/c gene overlapswith the linkage disequilibrium (LD) region of a blood pressure-associated SNP, rs12731740. Custom tracks built from the UCSC genome browser
are shown. The chromosome region of the LD block is shown, together with the locations of miR-29b-2 andmiR-29c, all SNPs in LDwith rs12731740, and known peaks of histone marks
H3K4Me1 (enhancer), H3K4Me3 (promoter) and H3K27Ac (enhancer).
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with a blood pressure-associated LD region but is located approximately
454 kb and 853 kb from the LD regions of blood pressure-associated
SNPs rs13238550 and rs11556924, respectively.

4. Discussion

AlthoughmiR-29has beenproven to target several extracellularma-
trix genes [1], the effect ofmiR-29 on tissue fibrosis has been somewhat
controversial. Several groups have used genetic depletion of miR-29 to
evaluate its role in tissue fibrosis and other physiological processes
and diseases. No overt lesions were noted in the liver of liver-specific
miR29ab1 knockoutmice under normal conditions [37]. After liver inju-
ry was induced by carbon tetrachloride, increased hepatic fibrosis and
carcinogenesiswas observed in themiR29ab1knockoutmice compared
with their wild-type controls. In a study by Sassi, et al., mouse lineswith
partial deficiency of miR-29 variants, miR-29 ab1−/− b2c +/− or ab1 +/+

b2c −/− genotype was generated due to high mortality induced by com-
plete genetic loss of both miR-29 clusters (miR-29, a/b1, and b2/c) [38].
The knockoutmice did not show any cardiac phenotype under basal con-
ditions. In a left ventricular pressure overload model induced by trans-
verse aortic constriction, miR-29 was shown to promote hypertrophic
growth of cardiac myocytes in vivo, together with an increase, rather
than a reduction, of cardiac fibrosis [38]. In addition, the authors did not
observe an increase of Sirius Red staining for extracellular matrix in
miR-29 ab1 −/− b2c +/− mice in liver, kidney or lung [38].

In the present study,Mir29b1 homozygous mutation in rats induced
significantly increased fibrosis only in the renal outer medulla for rats
on a 0.4% NaCl diet, not in the renal cortex, liver, or heart. An increased
fibrosiswas observed in theheart ofMir29b-1/a−/− rats after twoweeks
of a 4% NaCl diet, which might be the result of the exacerbated hyper-
tension in Mir29b-1/a−/− rats [15] or the hypertension in combination
with the loss of miR-29. Fibrosis in the renal cortex and liver remain
similar across genotypes on the high-salt diet. Consistent with a partic-
ularly important role for miR-29 in the regulation of fibrosis in the renal
medulla, miR-29 was elevated only in renal medulla in SS-Chr13BN rats,
but not in renal cortex, after a switch to a high salt diet [11].

Together, these studies suggest the effect of miR-29 on fibrosis
might be dependent on tissue type and disease context.

miR-29 increases NO in arterioles and endothelial cells by targeting
Lypla1 [15]. In the present study, Lypla1 was up-regulated and nitrite
decreased in the renal outer medulla of Mir29b-1/a−/−rats, but not in
the renal cortex. It suggests the miR-29/Lypla1/NO pathway might be
involved in the functional role of miR-29 in the renal outer medulla. In
the heart, no difference of nitrite levelwas observed between genotypes
on the 0.4% NaCl diet, but on the 4% NaCl diet, nitrite level was lower in
Mir29b-1/a−/− rats. It suggests the miR-29/NO pathway might also be
involved in the development offibrosis in the heart after the diet switch.
Tissue NO has been shown to have protective effect on tissue injury and
fibrosis in previous studies. For example, in the liver, NO plays a prom-
inent role in the protective effect in bile duct ligation-induced liver fi-
brosis in rats [22]. In addition, a marked decrease in eNOS
phosphorylation and NO level was involved in development of isopro-
terenol induced myocardial fibrosis [23].

In kidney, NO participates in several vital processes, including the
regulation of glomerular and medullary hemodynamics, the
tubuloglomerular feedback response, renin release, and the extracellu-
lar fluid volume [24]. In addition, thick ascending limb (TAL) and the
connecting tubules (CDs) are rich sources of NO and the primary site
of NO-mediated inhibition of tubular reabsorption during increased
renal perfusion pressure [39]. Blockade of NO attenuated the increases
in renal medullary blood flow and Na+ excretion during increased
renal perfusion pressure. Renal medullary blood flow is a major deter-
minant of Na+ excretion and blood pressure [40, 41]. Proximal tubule
is the primary site in the kidney that synthesizes arginine from
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citrulline, suggesting that the substrate of NO synthesis is abundant
[25]. However, the effects of NO in the proximal tubule aremore contro-
versial, with reports of inhibiting or stimulating Na+ reabsorption [25,
39]. It appears that the reduced NO level in the renal outer medulla in-
duced byMir29b1mutationmight play a role in the lower urine volume
and urinary sodium excretion observed in the present study. Other
mechanisms might also be involved. For example, in the intestines,
miR-29 was shown to increase intestinal permeability by targeting nu-
clear factor-κB-repressing factor and Claudin 1 [42]. Paracellular perme-
ability plays significant role in the regulation of renal tubular
reabsorption of sodium and fluid [43, 44],.

The overlap of miR-29b2/c with the LD region of a blood pressure-
associated SNP suggestsmiR-29b2/cmight be regulated by common ge-
netic variants associated with blood pressure. The presence of histone
marks of enhancers in the LD region further supports this possibility. Al-
though less certain, miR-29b1/a could also be regulated by blood
pressure-associated genetic variants since it is located b1 Mb from LD
regions of two blood pressure-associated SNPs [35]. Even if miR-29b2/
c is regulated by blood pressure-associated SNPs and miR-29b1/a is
not, it would still support the human relevance of the findings we
made using Mir29b-1/a−/− rats. That is because the effect of miR-29
on NO and tissue fibrosis is a common effect of all miR-29 isomers.

Exciting progress is being made in the development of miR-29-
based therapeutic approaches [45]. The present study highlights the im-
portance of considering the tissue- and disease context-specificity of the
effect of miR-29 as well as miR-29 effects that are not yet well-
understood, such as effects on fluid and electrolyte balance.
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