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Original Article

Hypertension affects over 1 billion people worldwide. 
Chronic high blood pressure becomes a major risk factor 
for coronary artery disease, stroke, heart failure, peripheral 
vascular disease, vision loss, and chronic kidney disease.1,2 
High blood pressure has been classified as either primary or 
secondary hypertension.3

Primary hypertension results from complex interactions 
of genes and environmental factors. Environmental factors 
include excess salt and body weight, smoking, and alcohol 
consumption.4 In addition to environment risk factors, genetic 
factors also play a major role in the pathogenesis of hyperten-
sion.5,6 Numerous common genetic variants with effects on 
blood pressure have been identified by genome-wide asso-
ciation studies (GWAS),7,8 a comprehensive examination of 
many common genetic variants in different individuals to 
ascertain if any specific variant(s) is associated with a trait. 
Human GWAS have successfully identified many genetic vari-
ants underlying susceptibility to complex diseases.9–12 The use 
of GWAS, which examine hundreds of thousands of single-
nucleotide polymorphisms in large cohorts, has improved our 

understanding of blood pressure genomics and has demon-
strated the presence of clearly reproducible blood pressure 
loci. However, these loci have so far been only effective in 
explaining a small proportion of the total blood pressure her-
itability. Hence, much of the genetic contribution to BP vari-
ability is still remained to be explored.

Even though large GWAS studies are feasible, but it is 
generally not possible to tightly control environmental vari-
ables.13 Large murine genetic reference populations provide 
a new solution to this challenge. The BXD family, currently 
the largest and best characterized mouse genetic reference 
population, is composed of 160 highly diverse lines of mice 
that descend from B6 and D2 parental strains.14 The BXDs 
have been bred specifically for systems genetics studies using 
both classic forward genetic methods, as well as reverse gen-
etic studies that unravel candidate genes and their modulat-
ing effects on phenotype at the full genome level. As a group, 
the BXD cohort is therefore a unique and powerful model 
to investigate the genetic basis of diseases. The BXD family 
has been used to study the genetics of multiple diseases.15–18
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BACKGROUND
Besides environmental risk factors, genetic factors play a crucial role 
in the pathogenesis of primary hypertension. The current study is to 
unravel whether hypertensive phenotypes vary in mice with different 
genetic background.

METHODS
Hypertension was induced in C57BL/6J (B6), DBA/2J (D2), and 25 BXD 
strains by administrating angiotensin (Ang)II (2.5  mg/kg/day infused 
by osmotic minipump) for 4 weeks. Systolic blood pressure was moni-
tored before (baseline) and after 4 weeks of AngII treatment by tail 
cuff. Cardiac and renal fibrosis was evaluated by picrosirius red stain-
ing and collagen volume fraction (CVF) was quantitated using imag-
ing analyzing system; cardiac transforming growth factor (TGF)-β gene 
expression was monitored by RT-PCR, and inflammatory response was 
detected by immunohistochemical ED-1 staining.

RESULTS
AngII infusion caused hypertension in all strains. However, blood pres-
sure elevation was more evident in the D2 strain than the B6 group, 

while it was widely variable among BXD strains. Furthermore, chronic 
AngII treatment lead to development of hypertensive cardiac and renal 
diseases. Cardiac and renal CVF levels in the D2 strain was significantly 
higher than the B6 cohort, whereas these varied vastly across BXD 
strains. Moreover, cardiac TGF-β mRNA levels were markedly diverse 
among various mouse strains.

CONCLUSION
Our study unequivocally demonstrates that in response to AngII, 
BXDs with different genetic background expressed hypertension 
phenotypes with varied degree in severity. It implicates that genom-
ics contribute to pathogenesis of primary hypertension. Building 
upon the genotype and hypertensive phenotypes, the BXD cohort 
can be further exploited experimentally to identify genes that influ-
ence blood pressure.
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Ang II, the central product of the renin–angiotensin sys-
tem, plays a key role not only in the etiology of hypertension 
but also in the pathophysiology of cardiovascular and renal 
diseases in humans.19 Chronic AngII infusion to mice results 
in hypertension, leading to hypertensive heart and renal dis-
eases and is widely used as an experimental hypertension 
model.20,21 Herein by using AngII infusion mouse model, we 
examined whether the B6, D2, and BXD strains with var-
ied genetic background is associated with differential sus-
ceptibility of hypertensive phenotypes and are suitable for 
the future study to identify candidate genes that affect blood 
pressure. In the current study, we identified clinical and 
diagnostic hypertensive phenotype (high blood pressure), 
structural, cellular and extracellular phenotype (cardiac and 
renal damage and fibrosis), and molecular phenotype (bio-
marker of fibrosis).

MATERIAL AND METHOD

Animal model

Four- and five-month-old male B6, D2, and 25 BXD 
strains (n = 4–5/strain) were used in this study. Mice were 
treated with AngII (2.5 mg/kg/day infused by osmotic min-
ipump) for 4 weeks.22 Systolic blood pressure was monitored 
before and after 4 weeks of AngII treatment by tail-cuff tech-
nique method.23 Untreated B6 and D2 cohorts served as con-
trols. After 4 weeks of AngII treatment, the heart and kidney 
were removed, frozen in isopentane with dry ice, and kept at 
−80 °C for the following studies. This study was approved by 
the University of Tennessee Health Science Center Animal 
Care and Use Committee.

Morphology

Cryostat sections (6  µm) of frozen heart and kidney 
were prepared to determine the fibrillar collagen accumu-
lation (fibrosis) by collagen-specific picrosirius red staining 
and examined by light microscopy as previously reported.23 
Collagen volume fraction (CVF) was quantitated using a 
computer image analysis system (NIH image, 1.60) and was 
calculated as the sum of connective tissue areas, divided by 
the sum of connective tissue area and nonconnective tissue 
area in all fields of the heart or kidney section (3 sections/
heart or kidney).23

Immunohistochemistry

Inflammatory response in the heart were detected by 
immunohistochemical ED-1 staining, a marker of mac-
rophages. Cryostat heart sections (6  µm) were air-dried, 
fixed in 10% buffered formalin for 5 minutes, and washed 
in PBS for 10 minutes. Sections were then incubated with 
the primary antibody against ED-1 (Sigma, St Louis, MO) 
for 1 hour at room temperature. Sections were then incu-
bated with IgG peroxidase-conjugated secondary antibody 
(Sigma) for 1 hour at room temperature, washed in PBS for 
10 minutes, and incubated with 0.5  mg/ml diaminoben-
zidine tetrahydrochloride 2-hydrate + 0.05% H2O2 for 2 

minutes. Negative control sections were incubated with sec-
ondary antibody alone. All sections were counterstained 
with hematoxylin, dehydrated, mounted, and examined by 
light microscopy.24

RT-PCR

Trizol Reagent (Invitrogen, Carlsbad, CA) was used to 
extract total RNA from cardiac tissue reserved. To prevent 
contamination of genome DNA, the RNA was treated with 
DNase by using TURBO DNA-free kit (Ambion, Austin, 
TX), and then purified with RNeasy Mini Kit (Qiagen, 
Valencia, CA). The purification and concentration of the 
RNA were examined with NanoDrop spectrophotometer 
(Thermo Scientific, Wilmington, DE), and the integrity 
was verified by Agilent Bioanalyzer (Agilent Technologies, 
Foster City, CA). cDNA was prepared from 500  ng total 
RNA using a high capacity cDNA reverse transcription kit 
(Applied Biosystems, Foster City, CA). The gene-specific 
primer sets for transforming growth factor (TGF)-β1 and 
endogenous quantity control TBP (TATA box-binding pro-
tein) were deduced using Universal ProbeLibrary Assay 
Design software (https://www.roche-applied-science.com), 
and corresponding probe was selected accordingly. TGF-
β1 and TBP mRNA levels were detected and analyzed on 
an LightCycler 480 System (Roche, Indianapolis, IN) under 
the following cycling conditions: 1 cycle at 95 °C for 5 min-
utes and then 45 cycles at 95 °C for 10 seconds, 60 °C for 
30 seconds, and 72 °C for 10 seconds. The PCR mix con-
tained 0.2 µl of 10 µM primers, 0.1 µl of 10 µM Universal 
library probe, 5 µl of LC 480 master mix (2X), 2 µl of tem-
plate cDNA and RNase-free water to 10  µl. B6, D2, and 
randomly selected 8 BXD strains were used for the RNA 
isolation and profiling.25

Statistical analysis

Statistical analysis of systolic blood pressure, CVF, and 
TGF-β gene expression data between controls and B6 or D2 
strains and between B6 and D2 strains treated by AngII was 
performed using student t test. Values are expressed as mean 
± SEM with P <0.05 considered significant.

RESULTS

Blood pressure

Compared to untreated B6 and D2 mice, systolic blood 
pressure was significantly increased in B6 and D2 strains in 
response to AngII treatment. However, the elevation of sys-
tolic blood pressure was significantly greater in the D2 strain 
than in the B6 cohort (Figure 1a).

Systolic blood pressure in 25 BXD strains was measured 
before and after 4 weeks of AngII treatment. The elevation of 
systolic blood pressure in response to AngII infusion in each 
strain was adjusted to its relative baseline. Our data revealed 
that AngII treatment lead to elevated blood pressure in all 
BXD strains. However, blood pressure elevation was widely 
variable among BXD strains (Figure 1b).

https://www.roche-applied-science.com
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Hypertensive heart disease

Hypertensive heart disease is a major hypertension pheno-
type. Cardiac and vascular injury manifested with fibrosis is 
a major feature of hypertensive heart disease.26,27 Our study 
revealed that chronic AngII infusion resulted in hyperten-
sive heart disease in B6, D2, and BXD strains. Compared to 
the normal myocardium, macrophage infiltration became 
evident in the interstitial and perivascular space after 4 
weeks of AngII treatment (Figure 2b and c). Furthermore, 
collagen was accumulated within the adversely remodeled 
myocardium and perivascular space in response to AngII 
infusion (Figure 2e and f). Myocardial fibrosis was coinci-
dent with the inflammatory response.

Quantitative CVF showed that cardiac collagen was 
increased in B6 and D2 strains, while the increase in cardiac 
CVF was significantly greater in the D2 strain than in the B6 
strain (Figure  3a). Cardiac collagen volume, however, was 
remarkably varied across BXD strains (Figure 3b).

TGF-β is a key modulator of tissue fibrosis. Our data 
revealed that compared to controls, gene expression of 

cardiac TGF-β1 was significantly increased in both B6 and 
D2 strains, while it was more intense in D2 mice (Figure 3c). 
Our data further demonstrated that cardiac TGF-β1 mRNA 
levels were widely different among AngII-infused BXD 
strains (Figure 3d).

Hypertensive kidney disease

Hypertensive kidney disease is another important rele-
vant phenotype of chronic hypertension, characterized as 
glomerular alterations (from mild to severe sclerosis of glo-
meruli), as well as periglomerular and interstitial fibrosis.2 
As illustrated in Figure 4, periglomerular/interstitial fibrosis 
(panel B) was evident in mice receiving AngII for 4 weeks as 
detected by picrosirius staining.

Quantitative data further revealed that renal CVF was sig-
nificantly increased in both B6 and D2 strains, whereas renal 
fibrosis was more evident in the D2 strain compared to B6 
strain (Figure 4c). Renal CVF was, however, widely differed 
among BXD strains (Figure 4d).

Figure 1.  Systolic blood pressure in B6, D2, and BXD strains in response to chronic AngII treatment. AngII infusion lead to increased blood pressure in 
all strains. However, systolic blood pressure elevation was significantly higher in the D2 strain than in the B6 strain (a). Elevation in blood pressure was 
widely variable across the AngII-treated BXD strains, compared to the respective baseline values (b). *P < 0.05: untreated vs. AngII-treated B6 or D2 strain; 
#P < 0.05: AngII-treated B6 vs. AngII-treated D2 strain. Abbreviation: CTL, untreated controls.



American Journal of Hypertension  31(1)  January 2018  111

Genetic Background and Hypertensive Phenotypes

DISCUSSION

Primary hypertension reveals a broad spectrum of clinical 
manifestations, which differ from individual to individual. 
Moreover, the disorder also displays different severity of pheno-
types among diverse racial/ethnic groups. African Americans 
have the excess prevalence and severity of hypertension than 
Caucasians.28 These racial and ethnic differences have been 
identified in the renin–angiotensin system, prevalence of salt 
sensitivity, ion-transport mechanisms, and calcium homeosta-
sis.29 Genetic factors are primarily responsible for the differ-
ences in the prevalence of primary hypertension. It is known 
that the genetic origins of primary hypertension involve a large 
number of genetic variants. However, only a small fraction of 
the blood heritability has so far been elucidated and further 
experiments are needed to capture additional trait variability. 
Discovering of the genetic basis of differential vulnerability to 
hypertension is critical in predicting and developing personal-
ized care for patients and will provide the underlying genetic 
determinants of the hypertensive phenotypes.

A number of genetic determinants that explain a small 
proportion of the genetic variance have been identified by 
human hypertension GWAS. Even though human GWAS 
are feasible, the power of these studies has been modest and 
difficult to tightly control the environmental variables, such 
as age, sex, body weight, life style, medications, severity and 
timeline of hypertension, etc. Animal study can overcome 
many of these limitations of human research and create 

opportunities to investigate both the mechanisms of diseases 
and the potential therapies.

Recombinant inbred strains are an important resource for 
mapping complex traits. The combined BXD strain set is the 
largest mouse recombinant inbred mapping panel. It is com-
posed of over 100 lines that descend from crosses between 
B6 and D2 parents and inbreeding progeny for 20 or more 
generations.14 B6 and D2 strains are 2 of the most commonly 
used inbred mice in medical research and both strains have 
been fully sequenced. The characteristics of the D2 strain 
are often contrasted with those of the B6 strain. Studies 
have shown that the D2 strain has a greater susceptibility to 
certain diseases, such as the age-related hearing loss, glau-
coma, audiogenic seizures, and calcified lesions of the testes, 
tongue, skeletal muscle, etc.30–32 The BXD strains are now 
fully inbred, which provides accurate data on the genotypes 
of all strains and, therefore, a powerful tool for collaborative 
analysis of quantitative traits and gene function.

Using a well-established experimental hypertension 
mouse model, we examined variability of hypertensive 
phenotypes among B6, D2, and BXD strains with different 
genetic background. Firstly, we evaluated the systolic blood 
pressure across B6, D2, and BXD strains in response to AngII 
infusion. AngII treatment used in the study was a presser 
dose, which lead to blood pressure elevation in all of these 
strains. However, our data further revealed that blood pres-
sure elevation in the D2 strain was significantly greater rela-
tive to the B6 strain, whereas blood pressure levels markedly 

Figure 2.  Cardiac inflammatory and fibrotic responses in B6 mice in response to 4 weeks of AngII infusion. ED-1 positive macrophages (arrow) were 
accumulated in the damaged myocardium (b) and perivascular space (c), which were accompanied by interstitial (e) and perivascular fibrosis (arrow) (f). 
(a) and (d) cardiac ED1 and PSR staining in untreated control B6 mouse, respectively. ×200.
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varied among BXD strains. These observations implicate 
that different genetic background in BXD strains results in 
the variable degree of elevation of blood pressure in response 
to AngII treatment.

Uncontrolled and prolonged elevation of blood pressure 
can lead to a variety of changes in the myocardial structure, 
coronary vasculature, and conduction system of the heart. 
These changes, in turn, lead to the development of left ven-
tricular hypertrophy, coronary artery disease, cardiac injury/
fibrosis, various conduction system diseases, and systolic 
and diastolic dysfunction.33 Our study revealed that AngII 
treatment resulted in varied degree of severity of cardiac 
interstitial and perivascular fibrosis in B6, D2, and BXD 
strains. Furthermore, the gene expression of cardiac TGF-β, 
a marker of tissue fibrosis, also differed greatly across these 
strains, which was also coincident with the severity of car-
diac fibrosis. Thus, the severity of hypertensive heart disease 
is distinct among the BXD strains.

In addition to hypertensive cardiac disease, renal fibrosis 
was evaluated in B6, D2, and BXD in response to chronic 
AngII infusion. Hypertensive kidney disease is another 
major hypertensive phenotype, expressed as renal injury 
with fibrosis in the small blood vessels, glomeruli, renal 
tubules, and interstitial tissues.2 As observed in the heart, 
different severity of renal fibrosis was developed among 
BXD strains. Taken together, the different genetic back-
ground in BXD strains is associated with the variability of 

blood pressure, hypertensive heart, and kidney diseases. The 
variability in cardiac and renal fibrosis might be associated 
to different levels of hypertension in response to AngII and/
or genetic modulation on cardiac and renal fibrosis.

The heterogeneity of the hypertensive phenotypes in BXD 
strains indicates that the BXD cohort is suitable to map loci 
and gene variants that affect complex hypertensive pheno-
types. However, the main historical problem to identify loci 
and genes using BXD mice is too few strains (26 to 32 strains 
in most prior work) to obtain sufficient statistical power. 
Large panel of BXDs offers significantly enhanced mapping 
precision and extraordinary statistical power in determin-
ing gene loci and genes that control diseases. Our findings in 
25 BXD strains have laid a solid foundation for the purpose 
and more BXD strains are needed to determine hypertensive 
phenotypes using AngII model for identification of candi-
date genes that impact hypertension in the future study.

In summary, the study examined hypertensive pheno-
types in BXD strains in response to AngII infusion. Our data 
demonstrate that BXDs with different genetic background 
developed varied severity of hypertension phenotypes. It 
implicates that genomics contribute to pathogenesis of pri-
mary hypertension. The current study also indicates that 
building upon the genotypes and hypertensive phenotypes 
in BXD strains, the mouse cohort can be exploited experi-
mentally to identify genes that influence blood pressure for 
the future study.

Figure 3.  Quantitative changes in cardiac CVF and TGF-β gene expression in B6, D2, and BXD strains in response to AngII infusion. Cardiac CVF occupied 
approximately 2% of total myocardial volume in the normal heart. Following AngII infusion, cardiac CVF was more evident in the D2 strain compared 
to the B6 strain (a), while cardiac CVF levels were greatly varied cross BXD strains (b). Cardiac TGF-β mRNA levels were significantly increased in both B6 
and D2 strains in response to AngII infusion (c), but the increase in TGF-β mRNA was more evident in D2 than B6. Cardiac TGF-β mRNA levels were greatly 
different across the BXD strains (d). *P < 0.05: untreated (CTL) vs. AngII-treated B6 or D2 strain; #P < 0.05: AngII-treated B6 vs. AngII-treated D2 strain. 
Abbreviations: CVF, collagen volume fraction; TBP, TATA box-binding protein; TGF, transforming growth factor.
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