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Abstract

Metabolic syndrome is a highly prevalent human disease with substantial genomic and
environmental components. Previous studies indicate the presence of significant genetic
determinants of several features of metabolic syndrome on rat chromosome 16 (RNO16)
and the syntenic regions of human genome. We derived the SHR.BN16 congenic strain by
introgression of a limited RNO16 region from the Brown Norway congenic strain (BN-Lx)
into the genomic background of the spontaneously hypertensive rat (SHR) strain. We com-
pared the morphometric, metabolic, and hemodynamic profiles of adult male SHR and
SHR.BN16 rats. We also compared in silico the DNA sequences for the differential segment
in the BN-Lx and SHR parental strains. SHR.BN16 congenic rats had significantly lower
weight, decreased concentrations of total triglycerides and cholesterol, and improved glu-
cose tolerance compared with SHR rats. The concentrations of insulin, free fatty acids, and
adiponectin were comparable between the two strains. SHR.BN16 rats had significantly
lower systolic (18—28 mmHg difference) and diastolic (10—15 mmHg difference) blood pres-
sure throughout the experiment (repeated-measures ANOVA, P <0.001). The differential
segment spans approximately 22 Mb of the telomeric part of the short arm of RNO16. The in
silico analyses revealed over 1200 DNA variants between the BN-Lx and SHR genomes in
the SHR.BN16 differential segment, 44 of which lead to missense mutations, and only eight
of which (in Asb14, lI17rd, Itih1, Syt15, Ercc6, RGD1564958, Tmem161a, and Gatad2a
genes) are predicted to be damaging to the protein product. Furthermore, a number of
genes within the RNO16 differential segment associated with metabolic syndrome compo-
nents in human studies showed polymorphisms between SHR and BN-Lx (including Lp/,
Nrg3, Pbx4, Cilp2, and Stab1). Our novel congenic rat model demonstrates that a limited
genomic region on RNO16 in the SHR significantly affects many of the features of metabolic
syndrome.
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Introduction

Metabolic syndrome is defined as the clustering of several conditions in one individual, includ-
ing obesity, hypertension, insulin resistance, and dyslipidemia. According to the consensus def-
inition reached in 2009 by several major professional bodies [1], the presence of any three of
the following criteria provides a basis for the clinical diagnosis of metabolic syndrome: waist
circumference surpassing a geoethnic- and sex-specific threshold, systolic blood pressure >135
mmHg and/or diastolic blood pressure >85 mmHg (or treatment with antihypertensive ther-
apy), triglyceride concentration >1.7 mmol/l, high-density lipoprotein cholesterol <1.0 or 1.3
mmol/l for men and women, respectively (or treatment with hypolipidemic therapy), and fast-
ing glucose >5.6 mmol/l (or treatment with glucose-lowering therapy). Obesity, hypertension,
insulin resistance, and dyslipidemia are all complex traits with substantial contributions from
genomic and environmental factors, and their interaction [2]. Metabolic syndrome is thus a
meta-complex trait. There is ample evidence both for genetically driven susceptibility to meta-
bolic syndrome [3] and for the importance of lifestyle, epigenetic, and developmental factors
[4]. It remains to be determined whether the hereditary component of metabolic syndrome is
represented simply by a supercritical sum of risk alleles for the individual features of the syn-
drome or whether there are particular variants within perturbed metabolic and signaling net-
works that are specific for the transition to metabolic syndrome as a whole.

As with other multifactorial diseases, detailed analysis of the genomic component of meta-
bolic syndrome within the general human population is complicated by numerous factors that
cannot be easily controlled [5]. The promise that genome-wide association studies could eluci-
date the genetic architecture of metabolic syndrome is slowly fading away despite a number of
reported significant associations. Currently, there are 1026 associations reaching genome-wide
significance (P < 5 x 10™®) for individual components of metabolic syndrome, bivariate traits,
or the complete metabolic syndrome, according to the NHGRI-EBI Catalog of Published
Genome-Wide Association Studies (http://www.ebi.ac.uk/gwas, accessed on Nov 26, 2015).
As the systems genetic-level analysis of complex diseases is still at a nascent stage [6], reduc-
tionist models represent a feasible option for genetic dissection of metabolic syndrome [7, 8].
In particular, we foresee that comprehensive models with extensive biological annotation will
be of major importance in the years to come.

The reference rat system for the genetics of metabolic syndrome is the HXB/BXH recombi-
nant inbred (RI) panel [6, 9], derived from the spontaneously hypertensive rat (SHR) strain
[10] and its normotensive counterpart, the Brown Norway BN-Lx congenic strain [11]. One of
the regions showing consistent linkage to blood pressure in segregating populations derived
from SHR and BN rats [12, 13], as well as other hypertensive strains [14-16], maps to the short
arm of rat chromosome 16 (RNO16). However, it is always necessary to validate the physiolog-
ical significance of identified loci, optimally in conjunction with a comparative genomic
approach to establish the potential relevance of the tested variation for the human condition
[17]. An established strategy for this is the construction of genetically designed congenic
strains, in which the extracted locus acts on the genomic background of the counterpart rat
strain. In the process of validating several quantitative trait loci (QTLs) for blood pressure iden-
tified in an F2 SHR/BN cross, Aneas et al. derived the SHR.BN-(D16Rat87-D16Mgh1)/Jk con-
genic strain. The transfer of an approximately 40 Mb BN segment into the SHR genomic
background did not result in significant lowering of basal blood pressure; nevertheless, it pre-
vented blood pressure from increasing on salt loading [13]. Moreover, RNO16 bears loci affect-
ing other components of metabolic syndrome [18-22]. The aim of the current study was to
validate and further explore the role of this QTL in hypertension and related metabolic distur-
bances, taking a comparative genomic approach.
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Materials and Methods
Ethics statement

This project was performed in conformity with the Animal Protection Law of the Czech
Republic. The experimental protocols and detailed procedures were evaluated and approved by
the Ethical Committee of the First Faculty of Medicine, Charles University in Prague and by
the Ministry of Education, Youth and Sports of the Czech Republic. The health of the rats was
examined daily, and the animals were monitored every hour during the experimental proce-
dures. There were no unexpected deaths during the experiment. Overdose of anesthetic (halo-
thane) was the method of euthanasia in this study. All efforts were made to minimize suffering
of the experimental animals.

Derivation of the SHR.BN16 congenic strain

The SHR/Olalpcv [SHR hereafter, Rat Genome Database (RGD) [23], http://rgd.mcw.edu, ID
no. 631848] and BN-Lx/Cub (BN-Lx hereafter, RGD ID no. 61117) [11] strains were main-
tained at the Institute of Medical Biology and Genetics, Charles University in Prague. To derive
the SHR.BN16 congenic strain, a marker-assisted backcross breeding approach was used, as
described previously [11, 24, 25]. In short, SHR rats were crossed with BN-Lx/Cub rats and the
subsequent F1 hybrids were repeatedly backcrossed to SHR/Olalpcv. The differential segment
was fixed by intercrossing heterozygotes and selecting the progeny with homozygous BN/Cub-
derived chromosome 16 segments. The congenic status of the new SHR.BN16 strain was vali-
dated with a whole-genome marker scan.

Experimental protocol

Adult male rats were housed under temperature- and humidity-controlled conditions with a

12 h/12 h light-dark cycle. Animals had free access to food (standard chow) and water at all
times. At 4 months of age, males from the SHR.BN16 congenic strain (n = 10) and the parental
SHR strain (n = 9) were subjected to an oral glucose tolerance test (OGTT) after overnight fast-
ing and blood samples were drawn. The animals were then sacrificed, and their total weight
and the weights of the heart, liver, kidneys, and adrenal glands, and the epididymal and retro-
peritoneal fat pads, were determined.

DNA extraction and genotyping

Rat DNA was isolated from tail samples by the modified phenol extraction method. Primer
nucleotide sequences were obtained from public databases [RGD (http://rgd.mcw.edu), the
Wellcome Trust Centre for Human Genetics, (http://www.well.ox.ac.uk), and the Whitehead
Institute/MIT Center for Genome Research (http://www-genome.wi.mit.edu)]. Polymerase
chain reaction (PCR) was used for genotyping markers polymorphic between progenitor
strains. We tested DNA from the congenic strain (SHR.BN16, n = 10) and the progenitor
strains SHR and BN-Lx/Cub. The PCR products were separated on polyacrylamide (7-10%)
gels and detected in UV light after ethidium bromide staining using Syngene G:Box (Synoptics,
Ltd., Cambridge, UK).

Metabolic measurements

The OGTT was performed after overnight fasting. Blood samples for glycemic assessment (Ascen-
sia Elite Blood Glucose Meter, Bayer HealthCare, Mishawaka, IN, USA; validated by the Institute
of Clinical Biochemistry and Laboratory Diagnostics of the First Faculty of Medicine, Charles Uni-
versity in Prague) were obtained from the tail vein at intervals of 0, 30, 60, 120, and 180 min after
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intragastric glucose administration to conscious rats (3 g/kg body weight, 30% aqueous solution).
Serum triglyceride and cholesterol concentrations were measured by standard enzymatic methods
(Erba-Lachema, Brno, Czech Republic). Serum free fatty-acid levels were measured with an acyl-
CoA oxidase-based colorimetric kit (Roche Diagnostics GmbH, Mannheim, Germany). Enzyme-
linked immunosorbent assay (ELISA) kits were used to determine the serum levels of insulin
(Mercodia, Uppsala, Sweden) and adiponectin (BioSource, San Diego, CA, USA).

Blood-pressure assessment

Blood-pressure assessment was performed on a separate group of animals than those used

in the metabolic studies. Male SHR and SHR.BN16 rats (n = 8 per strain) were surgically
implanted with radiotelemetry transducers under ketamine/xylazine anesthesia. After surgery,
the rats received postoperative analgesia (buprenorphine) and were allowed to recover for at
least 7 days. Starting at 10 weeks of age, arterial blood pressure was measured continuously by
radiotelemetry in the conscious, unrestrained, rats for 41 days. Rats had free access to water
and standard chow. Pulsatile pressure was recorded in 10 s bursts every 10 min throughout the
day and night, and 12 h averages for systolic and diastolic arterial blood pressure were calcu-
lated for each rat over the 41 day recording period. For 5 days (from day 28 to day 32), rats
were given 1% NaCl to drink instead of tap water.

Statistical analysis

All statistical analyses were performed using STATISTICA 12 CZ. Unpaired Student’s t-tests
were used to compare metabolic and morphometric traits in the SHR and SHR.BN16 strains.
Repeated-measures analyses of variance (ANOV As) were used to compare systolic and dia-
stolic blood pressure. The null hypothesis was rejected whenever P < 0.05.

In silico analyses

The Virtual Comparative Map software tool (http://www.animalgenome.org/VCmap) was
used to identify the regions of the human genome syntenic to the differential segment in the
SHR.BN16 congenic strain. These regions were then compared with the significant loci
reported in human genome-wide association studies (extracted from the Catalog of Published
Genome-Wide Association Studies, available at: http://www.ebi.ac.uk/gwas [26]). To compare
the publically available DNA sequences of SHR/OlaIpcv and BN-Lx/Cub, we used the Variant
Visualizer resource provided by the RGD (http://rgd.mcw.edu/rgdweb/front/select.html) with
high conservation settings (0.75-1) determined by PHAST (http://compgen.cshl.edu/phast)
[27], minimum read depth set to eight, and exclusion of variants found in fewer than 15% of
reads. The results were then verified in the relevant NCBI-based databases.

Results
Genomic characterization of the SHR.BN16 congenic strain

We used a genotyping scan with a set of 34 markers polymorphic between SHR and BN-Lx on
chromosome 16 to reveal the extent of the BN-Lx-origin differential segment in the SHR BN-
(D16Rat88-D16Rat9)/Cub congenic strain (SHR.BN16 hereafter). The differential segment
spans about 22 Mb at the telomeric end of the RNO16 short arm (Fig 1). Several total genome
scans conducted during derivation of the SHR.BN16 strain excluded the presence of non-SHR
alleles other than those fixed on RNO16, confirming the congenic status of the new strain. The
BN-Lx-derived RNO16 segment hence represents the only genomic difference between the
SHR and SHR.BN16 strains.
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Fig 1. The rat chromosome 16 (RNO16) differential segment in the SHR.BN-(D16Rat88-D16Rat9)/Cub
strain. The RNO16 differential segment in the SHR.BN-(D16Rat88-D16Rat9)/Cub strain compared with a
previously published congenic strain carrying Brown-Norway-origin RNO16 (SHR.BN-(D16Rat87-D16Mgh1)/
JK) [13]. The RNO16 markers genotyped in this study to determine the differential segment in the SHR.BN-
(D16Rat88-D16Rat9)/Cub strain are shown to the right of the chromosome. Chromosomal regions of SHR
origin are depicted by open bars; the BN-derived segment is shown as a solid bar. Genes with “probably
damaging” nonsynonymous mutations distinguishing SHR from BN-Lx are shown in bold. Genes that are
associated with features of metabolic syndrome in human genome-wide association studies and that show

variance between SHR and BN-Lx (in silico comparison) are shown in italics. Asb74—ankyrin repeat and
SOCS box-containing 14, l/17rd—interleukin 17 receptor D, Arhgef3— Rho guanine nucleotide exchange
factor 3, Wntba - wingless-type MMTYV integration site family, member 5A, Cacna2d3— calcium channel,
voltage-dependent, alpha2/delta subunit 3, Cacnad - calcium channel, voltage-dependent, L type, alpha 1D
subunit, Sfmbt1— Scm-like with four mbt domains 1, /tih 1 —inter-alpha-trypsin inhibitor heavy chain 1, Pbrm1
—polybromo 1, Stab1—stabilin 1, Nisch—nischarin, Btd—biotinidase, Syt15—synaptotagmin XV, Ercc6—
excision repair cross-complementing rodent repair deficiency, complementation group 6, Arhgap22—Rho
GTPase activating protein 22, Grid7—glutamate receptor, ionotropic, delta 1, Nrg3—neuregulin 3,

RGD1564958—similar to glyceraldehyde-3-phosphate dehydrogenase (phosphorylating) (EC 1.2.1.12),

Myo9b (myosin IXb), Comp—cartilage oligomeric matrix protein, Tmem161a (transmembrane protein 161A),

Gatad2a - GATA zinc finger domain containing 2A, Cilp2—cartilage intermediate layer protein 2, Pbx4—pre-

B-cell leukemia homeobox 4, Lpar2—lysophosphatidic acid receptor 2, Sic18a1—solute carrier family 18

(vesicular monoamine transporter), member 1, Lp/—lipoprotein lipase.

doi:10.1371/journal.pone.0152708.g001

Metabolic comparison of the SHR and SHR.BN16 strains

Adult SHR males were about 10% heavier than adult SHR.BN16 males. The relative weight of
the adipose tissue depots was decreased in the congenic strain, reaching statistical significance
for the retroperitoneal fat pad (Table 1). The levels of fasting insulin, adiponectin, and free
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Table 1. Morphometric and metabolic profiles of SHR and SHR.BN16 congenic rats fed a standard diet.

Trait SHR SHR.BN16 Pr.test
N 9 10

Body weight, g 2897 266 £5 0.017
Liver wt., g/100 g b.wt. 2.87 £0.04 2.92+0.03 0.37
Heart wt., g/100 g b.wt. 0.38 + 0.01 0.38 £ 0.01 0.98
Kidney wt., g/100 g b.wt. 0.72 £ 0.01 0.70 £ 0.01 0.07
Adrenals wt., mg/100 g b.wt. 12.3+0.9 15.4+£0.3 0.005
EFP wt., g/100 g b.wt. 0.84 £ 0.03 0.78 £ 0.02 0.08
RFP wt., g/100 g b.wt. 1.18 £ 0.05 0.92 £ 0.06 0.004
Insulin, nmol/l 0.05 £ 0.01 0.06 + 0.01 0.68
AUC g0, mmol/l/180 min 541 + 48 255 + 28 <0.0001
FFA, mmol/| 1.41 £ 0.08 1.32 £ 0.08 0.39
Adiponectin, pg/ml 8.59 + 0.63 9.60 + 0.54 0.24
Triglycerides, mmol/l 0.44 £+ 0.01 0.37 £ 0.01 0.0002
Total cholesterol, mmol/l 1.41 £0.05 1.28 £ 0.03 0.035

Values are shown as mean + S.E.M. The third column shows the significance levels of the pair-wise inter-strain comparisons. b.wt.—body weight; EFP—
epididymal fat pad; RFP—retroperitoneal fat pad; FFA—free fatty acids.

doi:10.1371/journal.pone.0152708.t001

fatty acids were comparable between the strains. SHR.BN16 rats showed substantially reduced
concentrations of serum triglycerides and cholesterol (Table 1) compared with SHR rats. The
strains showed sharply distinct glucose-concentration time courses during the OGTTs, indica-
tive of markedly improved glucose tolerance in the SHR.BN16 strain compared with the SHR
strain. This was reflected by a greater than 50% reduction in the area under the glycemic curve
for the SHR.BN16 strain (Table 1, Fig 2).

Hemodynamic comparison of the SHR and SHR.BN16 strains

Systolic and diastolic blood pressure were both significantly lower in the SHR.BN16 congenic
strain than the SHR strain (Fig 3) throughout the entire 41-day period of radiotelemetric
blood-pressure measurement (repeated-measures ANOVA, P < 0.001). The high-salt diet
caused a significant increase in systolic and diastolic blood pressure in both the SHR and SHR.
BN16 strains (P < 0.0001). This was calculated by comparing the systolic and diastolic blood-
pressure measurements from the week before administration of the high-salt diet (days 19 to
25) with the 5 day high-salt period (days 28 to 32). The effects of the high-salt diet were more
pronounced in the SHR strain than in the SHR.BN16 strain. The SHR strain showed signifi-
cantly greater increases in daytime systolic blood pressure (P < 0.0005), night-time systolic
blood pressure (P < 0.05), and daytime diastolic blood pressure (P < 0.05) than the SHR.BN16
strain. After cessation of the high-salt diet, systolic and diastolic blood pressure in both strains
returned to the pre-high-salt values; no significant differences were observed between the
mean systolic and diastolic blood-pressure measurements taken before and after administra-
tion of the high-salt diet.

Prioritization of candidate genes

The differential segment of the SHR.BN16 congenic strain harbors 418 annotated genes (NCBI
Rattus norvegicus Annotation Release 105, Rnor_6.0 assembly). The unaccounted region
between the border markers DI6Rat9 (SHR origin) and D16Rat6 (BN-Lx origin) is minute,
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Fig 2. The oral glucose tolerance test in SHR and SHR.BN-(D16Rat88-D16Rat9)/Cub strains. Glycemic time courses for adult male SHR (black
squares) and SHR.BN-(D16Rat88-D16Rat9)/Cub (white squares) rats fed a standard diet. * P <0.05; *** P < 0.001.

doi:10.1371/journal.pone.0152708.g002

spanning about 200 kb and containing only three annotated genes (integrator complex subunit
10, LOC102554585, and LOC102554803). We compared the genomic DNA sequences through-
out the SHR.BN16 differential segment between the two parental strains in silico [23] to iden-
tify variations that were highly conserved between SHR and BN-Lx. We identified 44 protein-
coding genes within the segment that were predicted to carry nonsynonymous mutations,
eight of which were predicted to be probably damaging by the PolyPhen prediction tool (Fig 1,
Table 2). There were 1262 identified variations between BN-Lx and SHR within the RNO16
segment (S1 Table). It is possible that DNA variations other than the nonsynonymous muta-
tions may be responsible for the observed phenotypic effects. We therefore compared the
SHR-BN-Lx sequence variations with results from human genome-wide studies. We identified
polymorphisms in 19 differential-segment genes that had previously been linked to features of
metabolic syndrome in humans (Table 3).

Discussion

The new SHR.BN16 congenic model shows that a limited genomic region of RNO16 in the
SHR is important for many features of metabolic syndrome. An existing study with the SHR.
BN-(D16Rat87-D16Mgh1)/Jk congenic strain [13] previously demonstrated the involvement
of SHR chromosome 16 in hypertension, but the differential segment in the current study was
approximately half the size. From the perspective of comparative genomics, the captured
region corresponds to segments of murine chromosomes 14 and 8 and to specific regions of
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el e
@ ' PLOS ‘ ONE Rat Chromosome 16 Congenic Model Showing Pleiotropy for Metabolic Syndrome

1 DAY A ™1 NIGHT c

1 Repeated measures ANOVA P < 0.001 ™1 Repeated measures ANOVA P < 0.001
180 180
175 175
170 170

165 165

160 160

155 155

150 150

145 145

Systolic blood pressure (mmHg)

140 140
135 SALT 135 SALT
h . —

1 3 L] 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41
"1 DAY B ] NIGHT D
1 Repeated measures ANOVA P < 0.001 ¥ 1 Repeated measures ANOVA P < 0.001

130

125

120

115

110

105

Diastolic blood pressure (mmHg)

[
100 I I 1 ....-I. I 1 Lo | 100
) bopobpr Py LI TYTY I TTT saLT 1T = SALT
» )
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 1 3 5 7 9 1 13 15 17 19 21 23 25 27 29 31 33 35 37 39 #1
Days of blood pressure measurement Days of blood pressure measurement

[l sHR [ SHR.BN-(D16Rat88-D16Rat9)/Cub

Fig 3. Radiotelemetric blood-pressure assessment in adult male SHR and SHR.BN16 rats. A significant reduction in systolic (Panels A, C) and diastolic
(Panels B, D) blood pressure was observed in the SHR.BN-(D16Rat88-D16Rat9)/Cub rats during both the daytime (Panels A, B) and the night-time (Panels
C, D), as well as under salt load (indicated by a full horizontal bar) (repeated-measures ANOVA, P < 0.001).

doi:10.1371/journal.pone.0152708.9003

human chromosomes 3, 8, 10, and 19 (S1 Fig). The differential segment overlaps with numer-
ous QTLs identified in studies in experimental models that focused on genetic mapping of
parameters related to metabolic syndrome (blood pressure QTL nos. 13, 23, 40, 75, 248, 321,
347, and 339; serum cholesterol level QTL no. 9; serum triglyceride QTL no. 23; insulin level
QTL nos. 8 and 16; body weight QTL nos. 90 and 95; non-insulin-dependent diabetes mellitus
QTL nos. 6 and 29; annotated in the RGD [23]). In addition, over 30 highly significant
genome-wide associations with features of metabolic syndrome have been reported in syntenic
regions of the human genome, and some of those regions show polymorphisms between the
parental strains in the new congenic model (Table 3). As noted above, individual metabolic dis-
turbances have previously been mapped to the region covered by the SHR.BN16 differential
segment. However, the current study shows the unique combination of reduced adiposity,
lower lipid levels, and improved glucose tolerance due to this limited genomic region.

Several previous studies implicated RNO16 in regulation of blood pressure; however, these
studies either assessed blood pressure only under a high-salt diet [12, 28] or observed effects
only after salt loading [13]. The distinct results of the current study may stem from several fac-
tors, including the age of the animals used (we used 4-month-old rats; most published studies
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Table 2. Gene variants within the SHR.BN16 differential segment predicted to be probably or possibly damaging.

Gene symbol SNP ID
Asb14 rs197424048
17rd rs197632365
Itih1 rs13447989
Syt15 rs105621823
Ercc6 rs198154872
RGD1564958 rs197197423
Tmem161a rs198810577
Gatad2a rs197313667

BN-Lx allele SHR allele BN-Lx AA SHR AA

G A Gly 124 Ser
C T Arg 534 Trp
A G Met 816 Thr
G A Val 236 lle

G A Gly 1215 Ser
G T Gly 10 Cys
C T Arg 98 His
A G Ser 235 Gly

DNA variants within the differential segment of the SHR.BN16 congenic strain leading to nonsynonymous mutations predicted to be probably or possibly
damaging by the PolyPhen prediction tool. SNP ID—identification of the single nucleotide polymorphism according to the NCBI dbSNP database. AA—the
amino acid for BN-Lx and SHR strains, together with its position; Asb74—ankyrin repeat and SOCS box-containing 14, //17rd—interleukin 17 receptor D,
Itih1—inter-alpha-trypsin inhibitor heavy chain 1, Syt15—synaptotagmin XV, Ercc6 —excision repair cross-complementing rodent repair deficiency,
complementation group 6, RGD1564958—similar to glyceraldehyde-3-phosphate dehydrogenase (phosphorylating) (EC 1.2.1.12), Tmem161a -
transmembrane protein 161A, Gatad2a—GATA zinc finger domain containing 2A.

doi:10.1371/journal.pone.0152708.1002

used younger rats), the SHR and BN substrains used, different methods of blood-pressure mea-
surement, and the extent of the differential segment. Here, we demonstrated robust lowering of
blood pressure under standard diet conditions with replacement of the smallest SHR-derived
RNO16 segment to date, and this effect was further potentiated by salt loading. The ameliora-
tion of the lipid profile in the SHR.BN16 congenic strain corroborates the findings from a dif-
ferent RNO16 rat model of metabolic syndrome, the WOKW (Wistar Ottawa Karlsburg W)
congenic strain [20]. The biphasic glucose curve in our SHR.BN16 strain is consistent with
observations from human studies showing that a biphasic glucose curve is related to more
favorable indices for obesity and insulin sensitivity [29]. One limitation of the current study
was the selective use of male rats: sex-specific genetic architecture for the traits defining meta-
bolic syndrome has been described both in man [2] and experimental models [30-32].
Information is scarce regarding several of the genes predicted to carry nonsynonymous
mutations impairing the function of the protein product, including synaptotagamin XV [33],
Asbl4, Tmeml6la [34], and RGD1564958. Both Il17rd and Itih1, which codes for one of the
heavy chains of the inter-alpha-trypsin protease inhibitor, are expressed in pancreatic beta-
cells [35]. Although no mechanism has yet been proposed to directly connect ITTH1 with beta-
cell-related functions, interleukin 17 receptor D is a candidate gene for type 1 diabetes and is
overexpressed in response to proinflammatory cytokines [36]. A recent large-scale gene-centric
meta-analysis of 39 multiethnic type 2 diabetes (T2D) association studies identified a region
near the CILP2 and GATAD2A genes as a European T2D risk locus [37]. We identified a single
nonsynonymous variant in Cilp2 (rs197094004 A/G), leading to an amino-acid change from
threonine in BN-Lx to alanine in SHR (predicted to be benign by PolyPhen). We identified six
variations in Gatad2a, including two nonsynonymous mutations, one of which is predicted to
be damaging. It is not currently possible to fully resolve the key gene(s) behind the alleviation
of metabolic syndrome in the SHR.BN16 congenic strain; nevertheless, the genes highlighted
in Tables 2 and 3 are prime candidates for future investigation. Although it can be deduced
that variations in genes present within the SHR.BN16 differential segment are responsible for
the observed phenotypic effects, it is also necessary to consider that their action may be nonlin-
ear in nature. Future studies should therefore seek to identify the specific networks perturbed,
including both the variant genes and their interactions with the genomic background. Further
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Table 3. Genome-wide association studies in human subjects: reported significant associations.

Gene/trait HSA Blood pressure Triglycerides  Cholesterol Insulin Obesity Other SHR/BN-Lx
sensitivity variants (exon/
intron/other)
ARHGEF3 3 Obesity-related glucose increase 14 (1/13/0)
WNT5A 8 Type 2 diabetes Coronary artery 2 (0111)
calcification
CACNA2D3 3 Coronary artery 99 (0/9/90)
calcification
CACNA1D 3 SBP, DBP; Insulin 41(8/33/0)
Hypertension resistance
SFMBT1 3 Hypertension 6 (0/1/5)
PBRM1 3 Adiponectin 4 (1/1/2)
STAB1 3 HDL-C Waist-hip ratio 5 (4/1/0)
NISCH 3 Waist-hip ratio 7 (4/3/0)
BTD 3 Coronary heart 4 (4/0/0)
disease
ARHGAP22 10 Diabetic 14 (3/9/2)
retinopathy
GRID1 10 LV wall thickness; 48 (1/3/44)
Stearic acid (18:0)
NRG3 10 Insulin Cardiac 67 (1/66/0)
resistance; hypertrophy
Fasting insulin
MYO9B 19 Glycated 4 (3/1/0)
hemoglobin
COMP 19  Hypertension (4 2 (2/0/0)
studies)
CILP2 19 TG (8 studies) LDL-C (2 1 (1/0/0)
studies)
PBX4 19 TG (8 studies) LDL-C (2 3 (0/3/0)
studies)
LPAR2 19 Sphingolipid levels 1 (1/0/0)
SLC18A1 8 TG (8 studies) 1 (1/0/0)
LPL 8 TG-BP bivariate TG (>20 HDL-C (>20 Waist Metabolic 4 (2/2/0)
studies) studies) circumference syndrome

Significant associations between features of metabolic syndrome and human genes, for genomic regions syntenic to the SHR.BN16 differential segment
and showing sequence variation between the SHR and BN-Lx parental strains. Data are based on the Catalog of Published Genome-Wide Association
Studies, available at: http://www.ebi.ac.uk/gwas/ (accessed on Nov 26, 2015). HSA—human chromosome, SBP—systolic blood pressure, DBP—diastolic
blood pressure, TG—triglycerides, LDL-C—low density lipoprotein cholesterol, HDL-C—high-density lipoprotein cholesterol, LV—Ieft ventricle. ARHGEF3
-Rho guanine nucleotide exchange factor 3, WNT5A—wingless-type MMTYV integration site family, member 5A, CACNA2D3—calcium channel, voltage-
dependent, alpha2/delta subunit 3, CACNA1D—calcium channel, voltage-dependent, L type, alpha 1D subunit, SFMBT1— Scm-like with four mbt domains
1, PBRM1—polybromo 1, STAB1—stabilin 1, NISCH—nischarin, BTD—Dbiotinidase, SYT15—synaptotagmin XV, ARHGAP22—Rho GTPase activating
protein 22, GRID1—glutamate receptor, ionotropic, delta 1, NRG3—neuregulin 3, MYO9B (myosin IXb), COMP—cartilage oligomeric matrix protein, CILP2
—cartilage intermediate layer protein 2, PBX4—pre-B-cell leukemia homeobox 4, LPAR2—lysophosphatidic acid receptor 2, SLC18A7—solute carrier
family 18 (vesicular monoamine transporter), member 1, LPL—lipoprotein lipase.

doi:10.1371/journal.pone.0152708.t003

research may provide insight into the underlying mechanisms by addressing the functional
consequences of the identified DNA-level variations, including in silico predictions of the
effects of the nonsynonymous mutations on the relevant organ systems and cell types. From
among the many possible candidate genes, the most promising ones may be identified by
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prioritizing approaches that combine prior results with assessment of RNA and protein expres-
sion levels, narrowing of the differential segment, and targeted mutagenesis [38].

Conclusions

Our new congenic model demonstrates that a limited genomic region of RNO16 in the SHR
significantly affects many components of metabolic syndrome. Comparison of the DNA
sequences in the two parental strains and virtual comparative mapping enabled us to identify
genetic variants that are potentially responsible for the observed metabolic and hemodynamic
differences between strains. These results may considerably streamline the path towards
unveiling of the networks perturbed by these genetic variations, and the role of those networks
in the transition to metabolic syndrome.

Supporting Information

S1 Fig. A comparative map of the SHR.BN16 differential segment showing the correspon-
dence between rat chromosome 16 (center) and the syntenic regions of the murine (left)
and human (right) genomes. The figure was generated with the Virtual Comparative Map
software tool (http://www.animalgenome.org/VCmap).
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S1 Table. Summary of DNA variations between BN-Lx and SHR within the RNO16 seg-
ment of SHR.BN16 rat. The table shows complete information on identified DNA variations
between BN-Lx and SHR rat strains within the RNO16 segment of SHR. BN16 rat using used
the Variant Visualizer resource provided by the RGD (http://rgd.mcw.edu/rgdweb/front/select.
html) with high conservation settings (0.75-1) determined by PHAST (http://compgen.cshl.
edu/phast), minimum read depth set to eight, and exclusion of variants found in fewer than
15% of reads.

(XLSX)

Acknowledgments

This work was supported by Projects LK11217 and LL1204 (within the ERC CZ program)
from the Ministry of Education, Youth and Sports of the Czech Republic; Charles University in
Prague [PRVOUK-P25/LF1/2, UNCE 204022], and by the project “BIOCEV—Biotechnology
and Biomedicine Centre of the Academy of Sciences and Charles University” (CZ.1.05/1.1.0/
02.0109), from the European Regional Development Fund. MP was supported by grants 301/
12/0696 from the Czech Science Foundation.

Author Contributions

Conceived and designed the experiments: OS LS VK DK MP. Performed the experiments: LS
VK DK MP LK VZ MK. Analyzed the data: LS FL MP OS. Wrote the paper: LS OS MP DK VK
LK VZ MK FL.

References

1. Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, et al. Harmonizing the meta-
bolic syndrome: a joint interim statement of the International Diabetes Federation Task Force on Epide-
miology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World
Heart Federation; International Atherosclerosis Society; and International Association for the Study of
Obesity. Circulation. 2009; 120(16):1640-5. doi: 10.1161/CIRCULATIONAHA.109.192644 PMID:
19805654.

PLOS ONE | DOI:10.1371/journal.pone.0152708 March 31,2016 11/183


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152708.s001
http://www.animalgenome.org/VCmap
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152708.s002
http://rgd.mcw.edu/rgdweb/front/select.html
http://rgd.mcw.edu/rgdweb/front/select.html
http://compgen.cshl.edu/phast
http://compgen.cshl.edu/phast
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.192644
http://www.ncbi.nlm.nih.gov/pubmed/19805654

@’PLOS ‘ ONE

Rat Chromosome 16 Congenic Model Showing Pleiotropy for Metabolic Syndrome

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Seda O, Tremblay J, Gaudet D, Brunelle PL, Gurau A, Merlo E, et al. Systematic, genome-wide, sex-
specific linkage of cardiovascular traits in French Canadians. Hypertension. 2008; 51(4):1156—62. doi:
10.1161/HYPERTENSIONAHA.107.105247 PMID: 18259002.

van Dongen J, Willemsen G, Chen WM, de Geus EJ, Boomsma DI. Heritability of metabolic syndrome
traits in a large population-based sample. J Lipid Res. 2013; 54(10):2914-23. doi: 10.1194/jlr.P041673
PMID: 23918046; PubMed Central PMCID: PMCPMC3770104.

Sedova L, Seda O, Kazdova L, Chylikova B, Hamet P, Tremblay J, et al. Sucrose feeding during preg-
nancy and lactation elicits distinct metabolic response in offspring of an inbred genetic model of meta-
bolic syndrome. American journal of physiology Endocrinology and metabolism. 2007; 292(5):E1318—
24. doi: 10.1152/ajpendo.00526.2006 PMID: 17213469.

Bureau A, Croteau J, Couture C, Vohl MC, Bouchard C, Perusse L. Estimating genetic effect sizes
under joint disease-endophenotype models in presence of gene-environment interactions. Front
Genet. 2015; 6:248. doi: 10.3389/fgene.2015.00248 PMID: 26284107; PubMed Central PMCID:
PMCPMC4516976.

Civelek M, Lusis AJ. Systems genetics approaches to understand complex traits. Nat Rev Genet.
2014;15(1):34-48. doi: 10.1038/nrg3575 PMID: 24296534

Pravenec M. Use of rat genomics for investigating the metabolic syndrome. Methods Mol Biol. 2010;
597:415-26. doi: 10.1007/978-1-60327-389-3_28 PMID: 20013249.

Wang J, Ma MCJ, Mennie AK, Pettus JM, Xu Y, Lin L, et al. Systems Biology with High-Throughput
Sequencing Reveals Genetic Mechanisms Underlying the Metabolic Syndrome in the Lyon Hyperten-
sive Rat. Circulation: Cardiovascular Genetics. 2015. doi: 10.1161/circgenetics.114.000520

Pravenec M, Klir P, Kren V, Zicha J, Kunes J. An analysis of spontaneous hypertension in spontane-
ously hypertensive rats by means of new recombinant inbred strains. J Hypertens. 1989; 7(3):217-21.
PMID: 2708818.

Okamoto K, Aoki K. Development of a strain of spontaneously hypertensive rats. Jpn Circ J. 1963;
27:282-93. PMID: 13939773.

Seda O, Sedova L, Kazdova L, Krenova D, Kren V. Metabolic characterization of insulin resistance syn-
drome feature loci in three brown Norway-derived congenic strains. Folia biologica. 2002; 48(3):81-8.
PMID: 12118727.

Schork NJ, Krieger JE, Trolliet MR, Franchini KG, Koike G, Krieger EM, et al. A biometrical genome
search in rats reveals the multigenic basis of blood pressure variation. Genome Res. 1995; 5(2):164—
72. PMID: 9132270.

Aneas |, Rodrigues MV, Pauletti BA, Silva GJ, Carmona R, Cardoso L, et al. Congenic strains provide
evidence that four mapped loci in chromosomes 2, 4, and 16 influence hypertension in the SHR. Physi-
ological genomics. 2009; 37(1):52—7. doi: 10.1152/physiolgenomics.90299.2008 PMID: 19126752.

Stoll M, Kwitek-Black AE, Cowley AW Jr., Harris EL, Harrap SB, Krieger JE, et al. New target regions
for human hypertension via comparative genomics. Genome Res. 2000; 10(4):473—-82. PMID:
10779487; PubMed Central PMCID: PMCPMC310887.

Chauvet C, Crespo K, Menard A, Roy J, Deng AY. Modularization and epistatic hierarchy determine
homeostatic actions of multiple blood pressure quantitative trait loci. Hum Mol Genet. 2013; 22
(22):4451-9. doi: 10.1093/hmg/ddt294 PMID: 23814039.

Kriegel AJ, Didier DN, Li P, Lazar J, Greene AS. Mechanisms of cardioprotection resulting from Brown
Norway chromosome 16 substitution in the salt-sensitive Dahl rat. Physiological genomics. 2012; 44
(16):819-27. doi: 10.1152/physiolgenomics.00175.2011 PMID: 22759922; PubMed Central PMCID:
PMCPMC3774569.

Langley SR, Bottolo L, Kunes J, Zicha J, Zidek V, Hubner N, et al. Systems-level approaches reveal
conservation of trans-regulated genes in the rat and genetic determinants of blood pressure in humans.
Cardiovasc Res. 2013; 97(4):653-65. doi: 10.1093/cvr/cvs329 PMID: 23118132; PubMed Central
PMCID: PMCPMC3583256.

Mashimo T, Ogawa H, Cui ZH, Harada Y, Kawakami K, Masuda J, et al. Comprehensive QTL analysis
of serum cholesterol levels before and after a high-cholesterol diet in SHRSP. Physiological genomics.
2007; 30(2):95-101. doi: 10.1152/physiolgenomics.00211.2006 PMID: 17356015.

Bonne AC, den Bieman MG, Gillissen GF, Lankhorst A, Kenyon CJ, van Zutphen BF, et al. Quantitative
trait loci influencing blood and liver cholesterol concentration in rats. Arterioscler Thromb Vasc Biol.
2002; 22(12):2072—-9. PMID: 12482837.

Baguhl R, Wilke B, Kloting N, Kloting I. Genes on rat chromosomes 3, 5, 10, and 16 are linked with fac-
ets of metabolic syndrome. Obesity (Silver Spring). 2009; 17(6):1215-9. doi: 10.1038/0by.2008.658
PMID: 19584880.

PLOS ONE | DOI:10.1371/journal.pone.0152708 March 31,2016 12/183


http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.105247
http://www.ncbi.nlm.nih.gov/pubmed/18259002
http://dx.doi.org/10.1194/jlr.P041673
http://www.ncbi.nlm.nih.gov/pubmed/23918046
http://dx.doi.org/10.1152/ajpendo.00526.2006
http://www.ncbi.nlm.nih.gov/pubmed/17213469
http://dx.doi.org/10.3389/fgene.2015.00248
http://www.ncbi.nlm.nih.gov/pubmed/26284107
http://dx.doi.org/10.1038/nrg3575
http://www.ncbi.nlm.nih.gov/pubmed/24296534
http://dx.doi.org/10.1007/978-1-60327-389-3_28
http://www.ncbi.nlm.nih.gov/pubmed/20013249
http://dx.doi.org/10.1161/circgenetics.114.000520
http://www.ncbi.nlm.nih.gov/pubmed/2708818
http://www.ncbi.nlm.nih.gov/pubmed/13939773
http://www.ncbi.nlm.nih.gov/pubmed/12118727
http://www.ncbi.nlm.nih.gov/pubmed/9132270
http://dx.doi.org/10.1152/physiolgenomics.90299.2008
http://www.ncbi.nlm.nih.gov/pubmed/19126752
http://www.ncbi.nlm.nih.gov/pubmed/10779487
http://dx.doi.org/10.1093/hmg/ddt294
http://www.ncbi.nlm.nih.gov/pubmed/23814039
http://dx.doi.org/10.1152/physiolgenomics.00175.2011
http://www.ncbi.nlm.nih.gov/pubmed/22759922
http://dx.doi.org/10.1093/cvr/cvs329
http://www.ncbi.nlm.nih.gov/pubmed/23118132
http://dx.doi.org/10.1152/physiolgenomics.00211.2006
http://www.ncbi.nlm.nih.gov/pubmed/17356015
http://www.ncbi.nlm.nih.gov/pubmed/12482837
http://dx.doi.org/10.1038/oby.2008.658
http://www.ncbi.nlm.nih.gov/pubmed/19584880

@’PLOS ‘ ONE

Rat Chromosome 16 Congenic Model Showing Pleiotropy for Metabolic Syndrome

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sugiura K, Miyake T, Taniguchi Y, Yamada T, Moralejo DH, Wei S, et al. Identification of novel non-
insulin-dependent diabetes mellitus susceptibility loci in the Otsuka Long-Evans Tokushima fatty rat by
MQM-mapping method. Mamm Genome. 1999; 10(12):1126-31. PMID: 10594234.

Ways JA, Smith BM, Barbato JC, Ramdath RS, Pettee KM, DeRaedt SJ, et al. Congenic strains confirm
aerobic running capacity quantitative trait loci on rat chromosome 16 and identify possible intermediate
phenotypes. Physiological genomics. 2007; 29(1):91-7. doi: 10.1152/physiolgenomics.00027.2006
PMID: 17179209.

Shimoyama M, De Pons J, Hayman GT, Laulederkind SJ, Liu W, Nigam R, et al. The Rat Genome
Database 2015: genomic, phenotypic and environmental variations and disease. Nucleic Acids Res.
2015; 43(Database issue):D743-50. doi: 10.1093/nar/gku1026 PMID: 25355511; PubMed Central
PMCID: PMCPMC4383884.

Seda O, Sedova L, Liska F, Krenova D, Prejzek V, Kazdova L, et al. Novel double-congenic strain
reveals effects of spontaneously hypertensive rat chromosome 2 on specific lipoprotein subfractions
and adiposity. Physiological genomics. 2006; 27(1):95-102. doi: 10.1152/physiolgenomics.00039.
2006 PMID: 16822831.

Sedova L, Liska F, Krenova D, Kazdova L, Tremblay J, Krupkova M, et al. CD36-deficient congenic
strains show improved glucose tolerance and distinct shifts in metabolic and transcriptomic profiles.
Heredity. 2012; 109(1):63—-70. doi: 10.1038/hdy.2012.14 PMID: 22473311; PubMed Central PMCID:
PMC3375406.

Welter D, MacArthur J, Morales J, Burdett T, Hall P, Junkins H, et al. The NHGRI GWAS Catalog, a
curated resource of SNP-trait associations. Nucleic Acids Res. 2014; 42(Database issue):D1001-6.
doi: 10.1093/nar/gkt1229 PMID: 24316577; PubMed Central PMCID: PMCPMC3965119.

Hubisz MJ, Pollard KS, Siepel A. PHAST and RPHAST: phylogenetic analysis with space/time models.
Brief Bioinform. 2011; 12(1):41-51. doi: 10.1093/bib/bbq072 PMID: 21278375; PubMed Central
PMCID: PMCPMC3030812.

Moujahidine M, Lambert R, Dutil J, Palijan A, Sivo Z, Ariyarajah A, et al. Combining congenic coverage
with gene profiling in search of candidates for blood pressure quantitative trait loci in Dahl rats. Hyper-
tension research: official journal of the Japanese Society of Hypertension. 2004; 27(3):203—12. PMID:
15080379.

Tschritter O, Fritsche A, Shirkavand F, Machicao F, Haring H, Stumvoll M. Assessing the shape of the
glucose curve during an oral glucose tolerance test. Diabetes Care. 2003; 26(4):1026—33. PMID:
12663568.

Hoffman MJ, Flister MJ, Nunez L, Xiao B, Greene AS, Jacob HJ, et al. Female-specific hypertension
loci on rat chromosome 13. Hypertension. 2013; 62(3):557—63. doi: 10.1161/HYPERTENSIONAHA.
113.01708 PMID: 23817491; PubMed Central PMCID: PMCPMC3870583.

Ueno T, Tremblay J, Kunes J, Zicha J, Dobesova Z, Pausova Z, et al. Gender-specific genetic determi-
nants of blood pressure and organ weight: pharmacogenetic approach. Physiological research / Acade-
mia Scientiarum Bohemoslovaca. 2003; 52(6):689-700. PMID: 14640890.

Moreno C, Dumas P, Kaldunski ML, Tonellato PJ, Greene AS, Roman RJ, et al. Genomic map of car-
diovascular phenotypes of hypertension in female Dahl S rats. Physiological genomics. 2003; 15
(3):243-57. doi: 10.1152/physiolgenomics.00105.2003 PMID: 14532335.

Fukuda M. Molecular cloning and characterization of human, rat, and mouse synaptotagmin XV. Bio-
chem Biophys Res Commun. 2003; 306(1):64—71. PMID: 12788067.

Montesano Gesualdi N, Chirico G, Catanese MT, Pirozzi G, Esposito F. AROS-29 is involved in adap-
tive response to oxidative stress. Free Radic Res. 2006; 40(5):467—-76. doi: 10.1080/
10715760600570547 PMID: 16551573.

Hull RL, Johnson PY, Braun KR, Day AJ, Wight TN. Hyaluronan and hyaluronan binding proteins are
normal components of mouse pancreatic islets and are differentially expressed by islet endocrine cell
types. J Histochem Cytochem. 2012; 60(10):749-60. doi: 10.1369/0022155412457048 PMID:
22821669; PubMed Central PMCID: PMCPMC3524560.

Bergholdt R, Brorsson C, Palleja A, Berchtold LA, Floyel T, Bang-Berthelsen CH, et al. Identification of
novel type 1 diabetes candidate genes by integrating genome-wide association data, protein-protein
interactions, and human pancreatic islet gene expression. Diabetes. 2012; 61(4):954—62. doi: 10.2337/
db11-1263 PMID: 22344559; PubMed Central PMCID: PMCPMC3314366.

Saxena R, Elbers CC, Guo Y, Peter |, Gaunt TR, Mega JL, et al. Large-scale gene-centric meta-analysis
across 39 studies identifies type 2 diabetes loci. American journal of human genetics. 2012; 90(3):410—
25. doi: 10.1016/j.ajhg.2011.12.022 PMID: 22325160; PubMed Central PMCID: PMCPMC3309185.

Geurts AM, Cost GJ, Freyvert Y, Zeitler B, Miller JC, Choi VM, et al. Knockout rats via embryo microin-
jection of zinc-finger nucleases. Science. 2009; 325(5939):433. doi: 10.1126/science.1172447 PMID:
19628861; PubMed Central PMCID: PMCPMC2831805.

PLOS ONE | DOI:10.1371/journal.pone.0152708 March 31,2016 13/13


http://www.ncbi.nlm.nih.gov/pubmed/10594234
http://dx.doi.org/10.1152/physiolgenomics.00027.2006
http://www.ncbi.nlm.nih.gov/pubmed/17179209
http://dx.doi.org/10.1093/nar/gku1026
http://www.ncbi.nlm.nih.gov/pubmed/25355511
http://dx.doi.org/10.1152/physiolgenomics.00039.2006
http://dx.doi.org/10.1152/physiolgenomics.00039.2006
http://www.ncbi.nlm.nih.gov/pubmed/16822831
http://dx.doi.org/10.1038/hdy.2012.14
http://www.ncbi.nlm.nih.gov/pubmed/22473311
http://dx.doi.org/10.1093/nar/gkt1229
http://www.ncbi.nlm.nih.gov/pubmed/24316577
http://dx.doi.org/10.1093/bib/bbq072
http://www.ncbi.nlm.nih.gov/pubmed/21278375
http://www.ncbi.nlm.nih.gov/pubmed/15080379
http://www.ncbi.nlm.nih.gov/pubmed/12663568
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01708
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01708
http://www.ncbi.nlm.nih.gov/pubmed/23817491
http://www.ncbi.nlm.nih.gov/pubmed/14640890
http://dx.doi.org/10.1152/physiolgenomics.00105.2003
http://www.ncbi.nlm.nih.gov/pubmed/14532335
http://www.ncbi.nlm.nih.gov/pubmed/12788067
http://dx.doi.org/10.1080/10715760600570547
http://dx.doi.org/10.1080/10715760600570547
http://www.ncbi.nlm.nih.gov/pubmed/16551573
http://dx.doi.org/10.1369/0022155412457048
http://www.ncbi.nlm.nih.gov/pubmed/22821669
http://dx.doi.org/10.2337/db11-1263
http://dx.doi.org/10.2337/db11-1263
http://www.ncbi.nlm.nih.gov/pubmed/22344559
http://dx.doi.org/10.1016/j.ajhg.2011.12.022
http://www.ncbi.nlm.nih.gov/pubmed/22325160
http://dx.doi.org/10.1126/science.1172447
http://www.ncbi.nlm.nih.gov/pubmed/19628861

