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HDAC9 is an epigenetic repressor of kidney
angiotensinogen establishing a sex
difference
Camille T. Bourgeois, Ryousuke Satou* and Minolfa C. Prieto

Abstract

Background: Sexual difference has been shown in the pathogenesis of chronic kidney disease induced by
hypertension. Females are protected from hypertension and related end-organ damage. Augmentation of renal
proximal tubular angiotensinogen (AGT) expression can promote intrarenal angiotensin formation and the
development of associated hypertension and kidney injury. Female rodents exhibit lower intrarenal AGT levels
than males under normal conditions, suggesting that the suppressed intrarenal AGT production by programmed
mechanisms in females may provide protection from these diseases. This study was performed to examine whether
epigenetic mechanisms serve as repressors of AGT.

Methods: Male and female Sprague Dawley rats were used to investigate sex differences of systemic, hepatic, and
intrarenal AGT levels. All histone deacetylase (HDAC) mRNA levels in the kidneys were determined using a PCR
array. HDAC9 protein expression in the kidneys and cultured renal proximal tubular cells (PTC) was analyzed by
Western blot analysis and immunohistochemistry. The effects of HDAC9 on AGT expression were evaluated by
using an inhibitor and siRNA. ChIP assay was performed to investigate the interaction between the AGT promoter
and HDAC9.

Results: Plasma and liver AGT levels did not show differences between male and female Sprague-Dawley rats. In
contrast, females exhibited lower AGT levels than males in the renal cortex and urine. In the absence of
supplemented sex hormones, primary cultured renal cortical cells isolated from female rats sustained lower AGT
levels than those from males, suggesting that the kidneys have a unique mechanism of AGT regulation controlled
by epigenetic factors rather than sex hormones. HDAC9 mRNA and protein levels were higher in the renal cortex
of female rats versus male rats (7.09 ± 0.88, ratio to male) while other HDACs did not exhibit a sex difference.
HDAC9 expression was localized in PTC which are the primary source of intrarenal AGT. Importantly, HDAC9
knockdown augmented AGT mRNA (1.92 ± 0.35-fold) and protein (2.25 ± 0.50-fold) levels, similar to an HDAC9
inhibitor. Furthermore, an interaction between HDAC9 and a distal 5’ flanking region of AGT via a histone complex
containing H3 and H4 was demonstrated.

Conclusions: These results indicate that HDAC9 is a novel suppressing factor involved in AGT regulation in PTC,
leading to low levels of intrarenal AGT in females. These findings will help to delineate mechanisms underlying
sex differences in the development of hypertension and renin-angiotensin system (RAS) associated kidney injury.
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Background
Women and female rodents have significantly lower sys-
tolic and diastolic blood pressures (BP) than male coun-
terparts [1] and are protected from the development of
hypertension and related end-organ damage compared to
males [2–4]. The renin-angiotensin system (RAS) is crit-
ical in the control of BP and the regulation of electrolyte
and body fluid homeostasis [5]. In the systemic RAS,
angiotensinogen (AGT), the precursor of angiotensin II
(Ang II), is mainly produced in the liver and determines
levels of angiotensin formation in plasma and BP [6, 7].
Sex hormones influence both plasma and hepatic AGT
levels [8], and systemic AGT levels in females are thought
to be greater than males because of estrogen stimulation.
Estrogen-responsive elements are located on the AGT
promoter [9], and estrogen administration stimulates
AGT production in the liver of female rats [8]. Thus,
higher expression levels of liver AGT and concentration of
plasma AGT in females than males are expected. How-
ever, there are no differences in either plasma or hepatic
AGT levels between adult males and females under nor-
mal conditions [10, 11]. Furthermore, stimulation of AGT
expression by estrogen may not explain previous findings
that females exhibit resistance against hypertension and
RAS-induced tissue injuries.
The presence of a tissue RAS has been established in

individual organs and functions in a tissue-specific man-
ner [7, 12]. Since intrarenal Ang II levels are elevated in
many forms of hypertension, the intrarenal RAS is a key
target for studies associated with hypertension and kid-
ney injury [13]. Indeed, the elevation of intrarenal Ang II
is associated with the augmentation of intrarenal AGT,
which is primarily produced in renal proximal tubular
cells (PTC) [14, 15]. Renal proximal tubule-specific over-
expression of AGT amplifies intrarenal Ang II levels and
promotes the development of hypertension and kidney
injury in male mice [16, 17]. Intrarenal AGT expression
levels in female rodents are lower than in males [11,
18]. Therefore, a sex difference in intrarenal AGT pro-
duction is a potential mechanism for delineating the
pathophysiological resistance of females against the de-
velopment of RAS-associated diseases. However, sex
differences in the mechanisms underlying intrarenal
AGT regulation remain unclear.
Histone deacetylases (HDACs) are enzymes that re-

press gene expression through the removal of acetyl
groups from histones [19]. HDACs play a role in the
regulation of BP and end-organ damage [20] and have
been linked to sex differences in both liver and kidney
injury [21, 22]. Inhibition of class I HDACs (HDAC1, 2,
and 3) reduces pulmonary arterial pressure, indicating
that class I HDACs are risk factors for the development
of hypertension in male rats [23]. In contrast, class IIa
HDACs (HDAC4, 5, 7, and 9) attenuate the development

of Ang II-induced cardiac hypertrophy [24]. Because both
ovariectomy in female rats and castration in male rats do
not alter basal AGT expression levels in the kidneys of
non-salt-loaded Dahl rats [18], we hypothesized that epi-
genetic repressors such as HDACs limit intrarenal AGT
expression in females and could at least in part explain
the sex disparities in hypertension and renoprotection.
Although physiological and pathological roles for the
RAS and its regulation have been studied extensively for
many decades, the interplay between epigenetic factors
and the RAS is still in the early stages of discovery. In
particular, epigenetic regulation of intrarenal AGT has
not been established. In the present study, we used in
vivo and in vitro approaches to elucidate the epigenetic
mechanisms regulating intrarenal AGT expression, lead-
ing to sex differences in AGT originating from the prox-
imal tubule.

Methods
Animal and tissue samples
All protocols were evaluated and approved by the
Tulane Institutional Animal Care and Use Committee
and conformed to the guidelines of the National Insti-
tutes of Health on the care and use of laboratory ani-
mals. Male and female Sprague-Dawley rats, 7 weeks of
age (Charles River Laboratories), were cage-housed and
maintained in a temperature-controlled room on a 12-h
light to dark cycle, with free access to tap water and rat
chow during acclimation. Twenty-four hour urine sam-
ples were collected in metabolic cages. Rats were eutha-
nized by conscious decapitation, and trunk blood, liver,
and kidney tissue were collected.

Antibodies
A rabbit anti-histone deacetylase 9 (HDAC9) antibody
from Abcam (ab109446), rabbit anti-AGT antibody
from IBL (JP28101), rabbit anti acetyl-Histone H3
(Lys5, #9675), and rabbit anti-acetyl-Histone 4 (Lys18,
#8647) from Cell Signaling Technology were used. A
mouse anti-β-actin antibody from Abcam (ab6276) was
used as an internal control. IRDye-labeled anti-mouse
IgG and anti-rabbit IgG antibodies were obtained from
Li-Cor (P/N925-68070 and P/N925-32211, respectively)
as secondary antibodies in Western blot analyses. Alexa
Fluor 488 goat anti-rabbit IgG (H + L) antibody from
Life Technologies (A-11008) was used as a secondary
antibody in immunostaining.

Cell culture
Immortalized rat PTC were kindly provided by Dr.
Ingelfinger (Harvard Medical School) and used in this
study [25]. The cells were cultured in DMEM medium
(Invitrogen) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (Invitrogen) and were plated in
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12-well plates. Primary cultured hepatocytes isolated
from male and female Sprague-Dawley rats were pur-
chased from Invitrogen. The hepatocytes were cultured
according to the provider’s instructions. Briefly, the cells
were seeded onto collagen coated flasks and cultured
with Williams Medium E medium containing FBS and
insulin/transferrin selenium for at least 3 days. Renal
cortical cells were isolated from male and female renal
cortices as previously described. In brief, the cells were
separated by sieving using 212 μm metal mesh, then a
single cell suspension was created using Collagenase
Type I (Invitrogen). A 74-μm metal mesh was used to
remove aggregating cells and tissues. Cells were cultured
in DMEM medium with 10% FBS for at least 3 days.
AGT expression in isolated renal cortical cells was 9%
lower than renal cortical tissue samples from Sprague-
Dawley rats, suggesting that the isolated cells sustained
their characteristics in AGT expression during culture.

AGT ELISA
AGT levels in urine, plasma, and cell culture medium
were measured as previously described [26] using the
Rat Total Angiotensinogen Assay Kit (IBL). Each urinary
AGT level was normalized based on 24-h urine volume
and body weight.

Epigenetic chromatin modification enzymes PCR array
Twenty nanograms total RNA isolated from renal cortex
of male and female rats was used in a PCR array. The
total RNA was converted to complementary DNA
(cDNA) using an RT2 First Strand Kit (SABiosciences).
Rat Epigenetic Chromatin Modification Enzymes PCR
array (SABiosciences), a quantitative PCR method, was
employed to screen for differentially expressed HDACs
and related gene transcripts between male and female
renal cortex. Furthermore, messenger RNA (mRNA) ex-
pression levels of 24 methyltransferases were also ana-
lyzed in these samples. The PCR array was performed
using Mx3005p (Stratagene). All values were normalized
based on β-actin expression levels.

Quantitative real-time RT-PCR
Quantitative real-time RT-PCR (qRT-PCR) was per-
formed to evaluate rat AGT mRNA expression using the
TaqMan PCR system as previously described [27]. For
total RNA isolation, tissues and cells were washed with
3 ml of PBS. PBS was aspirated, and total RNA was iso-
lated from the cells using the RNeasy Mini Kit (Qiagen).
Subsequently, qRT-PCR was performed. The data were
normalized based on expression levels of rat β-actin
mRNA.

Western blot analysis
AGT and HDAC9 protein levels were determined using
Western blot analysis. The Western blots were performed
as previously described [27, 28]. Tissues and cells were
homogenized with 60 μl lysis buffer containing 1% Triton
X-100, 150 mmol/l NaCl, 1 mmol/l EDTA, 1% Nonidet P-
40, 1 mmol/l Na3VO4, and 0.25% Protease Inhibitor Cock-
tail (Sigma). The lysates were sonicated 3 times for 10 sec
each. Total protein concentration of the supernatant was
quantified using Micro BCA Protein Assay Kit (Pierce).
Then, 20 μg of total protein was applied to a pre-cast
NuPAGE 4–12% gel (Invitrogen). The separated proteins
were transferred to a nitrocellulose membrane (Bio-Rad).
After incubation of the membrane with primary and sec-
ondly antibodies, detection and analysis were performed
using the Odyssey System (Li-Cor). Data were normalized
based on rat β-actin protein expression levels. The specifi-
city of the anti-AGT antibody and molecular size of de-
tected bands in Western blot analysis have been shown in
previous study [29, 30]. The specificity of the anti-HDAC9
antibody is demonstrated in Fig. 5.

Immunohistochemical studies
In addition to immunoblotting, the expression of
HDAC9 protein in renal cortex and PTC was confirmed
by immunostaining in PTC and 3-μm paraffin-
embedded rat kidney sections. PTC were cultured in 4-
well chambers (Lab-Tek). The cells were rinsed with
PBS and then fixed for 20 min by 4% paraformaldehyde.
After 4 min incubation with 0.2% Triton X-100, the
blocking agent Image-iT FX signal enhancer (Invitrogen)
was added to the chambers. The cells were incubated
with HDAC9 antibody overnight at 4 °C. After washing
with PBS, the cells were incubated with an Alexa Fluor
594-labeled secondary antibody. Vectashield HardSet
mounting medium with DAPI from Vector Laboratories
was used as a nuclear stain and a mounting reagent. The
HDAC9 staining was observed and photographed using
a fluorescence Nikon Eclipse 50i microscope. A similar
staining protocol was used in the kidney sections.

Inhibition of HDAC9 by an inhibitor and knockdown by
RNA interference technique
The role of HDAC9 in AGT expression was examined
using 5 μM TMP269 (Cellagen Technology), an inhibitor
of class IIa HDACs showing higher affinity to HDAC9
[31], and small interference RNA (siRNA) technology as
previously described [28]. PTC were plated on 12-well
plates with Lipofectamine RNAiMax (Life Technologies)
containing rat negative control-siRNA (Ambion,
AM4635) or HDAC9-siRNA (Ambion, sense sequence; 5’-
CCC TGA CGG TAG ATG TGG ATT-3’). The negative
control siRNAs have been designed to have no significant
sequence similarity to mouse, rat, or human transcript
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sequences and tested in the industry using multiple cell
lines and shown to have no significant impact on cell pro-
liferation, apoptosis, or cell morphology. The final concen-
tration of the siRNAs was 50 nM. OPTI-MEM I medium
(Invitrogen) was used for these transfections. After 24 h
transfection of siRNA, cells were harvested to determine
suppression of HDAC9 protein expression using Western
blot analysis. A separate group of cells was also used to
evaluate the contribution of HDAC9 to the regulation of
AGT expression by qRT-PCR and ELISA.

ChIP assay
Primary cultured renal cortical cells isolated from
Sprague-Dawley rats were used in the ChIP assay. The
cells were cultured in DMEM medium (Invitrogen) sup-
plemented with 10% heat-inactivated FBS. To avoid
change in characteristics, the cells were used within one
passage. ChIP assay was performed as previously de-
scribed [32]. In the assay, an anti-HDAC9 antibody and
two sets of primers designed for a distal AGT promoter
region (from −1427 to −1879, forward primer: 5’-TCA
GAC AGC CTT AGT AGC AA-3’, reverse primer: 5’-
TGA GAA GTC TGG GAG ATG AA-3’) and a proximal
AGT promoter region (from −437 to −951, forward pri-
mer: 5’- CCA GCT CAG ACA CCA TCA AA-3’, reverse
primer: 5’- ACG ACC TTG AAT GGT TGT AA-3’) were
used. ChIP assays were performed using anti-H3 and H4
antibodies.

Statistical analysis
Data are expressed as means ± SE. The data were ana-
lyzed using Student t test. A value of P < 0.05 was con-
sidered statistically significant.

Results
Plasma and liver AGT levels in male and female rats
There were no sex differences in plasma AGT levels
(Fig. 1a, N = 4 in each sex). Since the primary source of
plasma AGT is the liver, hepatic AGT expression levels
were determined. There were no differences in liver
AGT mRNA and protein expression between males and
females (Fig. 1b, c, N = 4).

Renal and urinary AGT levels in male and female rats
In contrast to the liver, renal cortical and urinary AGT
levels showed significant sex differences. AGT mRNA
and protein levels were lower in the renal cortex of fe-
male rats (Fig. 2a, b, mRNA; 0.14 ± 0.01, protein; 0.33 ±
0.01, ratio to male, N = 4). Furthermore, lower urinary
AGT levels were observed in females compared with
males (Fig. 2c, 0.23 ± 0.02 ng/day/g BW in males vs.
0.06 ± 0.02 ng/day/g BW in females, N = 4).

Sex differences in AGT levels in primary cultured
hepatocytes and renal cortical cells
AGT expression levels were evaluated using primary cul-
tured hepatocytes and renal cortical cells isolated from
male and female rats. No sex difference was observed in
AGT mRNA (Fig. 3a) and protein (Fig. 3b) levels in he-
patocytes. Cortical cells from females sustained lower
AGT mRNA (Fig. 3c, 0.36 ± 0.04, ratio to cells isolated
from males, N = 4) and protein (Fig. 3d, 0.43 ± 0.03, ratio
to cells isolated from males, N = 4) levels after more than
3 days of culture.

HDACs, their co-factor and methyltransferase levels in
renal cortex of male and female rats
Since renal cortices exhibited a sex difference in AGT
expression, mRNA levels of HDACs including Sirt1,
Sirt2, and NCOR1, a co-factor of HDACs, were deter-
mined by a real-time PCR array. HDAC9 exhibited high
expression levels in the renal cortex of female rats
(Fig. 4a, 7.10 ± 0.76, ratio to male, N = 4), while other
HDACs and the co-repressor showed no changes.
HDAC9 protein levels were also higher in the renal cor-
tex of female rats (Fig. 4b, 4.31 ± 0.70, ratio to male, N =
4), indicating an inverse correlation between AGT and
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Fig. 1 Plasma and liver AGT levels in male and female rats. Plasma
AGT (a), liver AGT mRNA (b), and liver AGT protein levels (c) in male
(M) and female (F) rats were determined by AGT ELISA, qRT-PCR and
Western blot analysis, respectively. Plasma AGT concentrations were
normalized based on body weights because of different body weights
between age-matched male and female rats. Data are expressed as
mean ± SE
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HDAC9 expression in male and female kidney cortices.
This sex difference in HDAC9 expression was not ob-
served in the liver (Fig. 4c). mRNA levels of 24 methyl-
transferases were also compared in renal cortex of male
and female rats, and many of these enzymes (Ash2l,
Cxxc1, Dot1, Edf1, Eed, Ehmt1, Ehmt2, Ezh2, Fbxo1,
Men1, Mll1, Mll2, Mll5, Prdm2, Prmt1, Prmt2, Prmt5,
Prmt6, Prmt7, Setdb2, Suv39h1, and Suv39h2) did not
show sex differences. Renal cortical Smyd1 and Smyd3
mRNA levels in female rats were higher than male rats
(1.70 ± 0.28 and 1.71 ± 0.30, respectively, ratio to male,
N = 4).

Localization of HDAC9 in renal cortex
Intrarenal AGT is mainly produced by PTC. Thus, ex-
pression of HDAC9 in PTC was tested by Western blot
and immunocytochemistry. Western blot of PTC and
renal cortex lysates showed immunoreactive HDAC9
bands at the expected molecular size (approximately
120 kDa), suggesting that the renal cortex and PTC ex-
press HDAC9 (Fig. 5a). Furthermore, immunostaining
demonstrated that HDAC9 is localized to renal cortical
tubules (Fig. 5b) and specifically the nuclear and

perinuclear region of PTC (Fig. 5c), supporting previous
findings of HDAC9 localization in other cells [33].

Role of HDAC9 in AGT expression in PTC
To investigate the function of HDAC9 in AGT regulation,
PTC were treated with a class II HDAC inhibitor for 6 h.
The inhibitor increased AGT expression in PTC (Fig. 6a,
3.13 ± 0.64, ratio to control, N = 4). Although the inhibitor
exhibits a higher affinity for HDAC9, other class II
HDACs are also inhibited. Thus, RNA interference using
a HDAC9-specific siRNA was employed. Transfected
siRNA suppressed HDAC9 levels to 31 ± 0.04% (69%
knockdown efficiency, N = 4) in PTC. HDAC9 knock-
down resulted in augmentation of AGT mRNA levels
compared with control siRNA-transfected cells (Fig. 6b,
2.05 ± 0.31, ratio to control, N = 4). In addition, AGT
protein levels in the culture medium was elevated in
HDAC9-deficient cells (Fig. 6c, 12.5 ± 1.57 ng/well in
the control vs. 28.2 ± 0.79 ng/well in HDAC9 siRNA-
transfected cells).
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Fig. 2 Renal and urinary AGT levels in male (M) and female (F) rats.
Renal cortical AGT mRNA (a) and protein (b) levels were evaluated
by qRT-PCR and Western blot analysis, respectively. AGT levels in 24-h
urine samples were evaluated by AGT ELISA (c). Data are expressed as
mean ± SE. Asterisk (P < 0.05) indicates significant difference compared
with the male group
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Fig. 3 Sex differences in AGT levels in primary cultured hepatocytes
and renal cortical cells. AGT mRNA and protein expression levels
were evaluated in the absence of supplemented sex hormones
using primary cultured hepatocytes (a, b) and renal cortical cells
(c, d) isolated from male (M) and female (F) rats. Data are expressed as
mean ± SE. Asterisk (P < 0.05) indicates significant difference compared
with the cells isolated from male rats
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Association between HDAC9 and AGT promoter
The interaction between HDAC9 and the AGT pro-
moter region in rat cortical cells was investigated using
ChiP assays. Two primer sets for the proximal region
(−437 to −951 bp) and distal region (−1427 to −1879 bp)
of the rat AGT promoter were used in the assays
(Fig. 7a). After immunoprecipitation by an anti-HDAC9
antibody, the PCR product was detected using the pri-
mer for the distal region (Fig. 7b) but not the proximal
region. Immunoprecipitation with IgG did not show any
PCR product. The same primer set for the distal region
was used to co-precipitate histones H3 and H4 and the
AGT promoter. This assay indicated that histones H3
and H4 are located at the distal region of the AGT pro-
moter (Fig. 7c).

Discussion
Renin is the rate-limiting enzyme in the RAS; however,
systemic AGT derived from the liver is also an import-
ant factor in determining levels of systemic angiotensin
formation [6]. In the kidney, augmented proximal tubu-
lar AGT increases with RAS activity, leading to high BP
and kidney injury as shown in renal proximal tubule-

specific AGT overexpression animals [16, 17]. Although
many studies have reported sex differences in RAS com-
ponents due to female protection from the development
of hypertension and related end-organ damage [34–38],
the effects of sex hormones on liver and systemic AGT
regulation remain unclear and divergent. Roles for an-
drogen in intrarenal AGT upregulation have been tested
in males [18]. Although androgen has overt stimulating
effects on intrarenal AGT expression, castration did not
decrease renal cortical AGT levels in male rats under
normal conditions [18]. In intact and ovariectomized fe-
male rats, there were no sex differences in levels of ei-
ther plasma AGT or hepatic AGT mRNA [10, 11].
However, stimulation of liver AGT production has been
reported in response to estrogen administration [8], as
well as in postmenopausal compared with premeno-
pausal women [39]. A potential reason for these incon-
sistent results may be variations in AGT measurements
which can be affected by renin activity in plasma and
target tissues when an Ang I-conversion assay is used.
Indeed, technical difficulties of Ang I-conversion assays
to accurately determine renin activity or AGT concen-
tration have been reported [40]. In the present study,
levels of AGT in plasma, liver, and kidney were deter-
mined by ELISA which can detect both intact AGT and
renin-cleaved AGT, as well as by Western blot analyses
and real-time qRT-PCR using kidney cortices from age-
matched male and female rats. Plasma AGT protein and
liver AGT mRNA and protein levels did not show a dif-
ference between male and female under normal condi-
tions. Similarly, no sex differences in AGT were
observed in primary cultured male and female rat hepa-
tocytes, suggesting that liver AGT is constitutively
expressed and is independent of epigenetic modulation.
Thus, systemic and liver AGT is unlikely to contribute to
sex disparities in hypertension. Levels of AGT transcript
and protein inside the kidney and the urine of female rats
were lower than in males, supporting previous findings
[18, 41]. The sex differences of kidney AGT mRNA and
protein and urinary AGT were 3–5-fold. It has been re-
ported that kidney AGT levels were increased 1.7-fold in
Ang II-infused hypertensive rats [42]. Thus, the sex differ-
ences may have physiologically or pathologically signifi-
cance. Although male and female cells were cultured in
identical conditions, primary cultured renal cortical cells
isolated from female rats showed lower levels of AGT
mRNA and protein expression than those from males.
This suggests that epigenetic regulation can contribute to
establish sex differences in AGT expression in the kidney.
In addition to this primary mechanism, a slight attenu-
ation of sex differences in AGT expression was observed
in primary cultured cortical cells compared with tissue
samples, possibly due to the differences in physiological
versus in vitro levels of sex hormones.
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Fig. 4 HDACs and the co-factor levels in renal cortex of male and
female rats. Transcript levels of HDACs and NCOR1, a co-factor of
HDACs, in the renal cortexes were determined by a real-time PCR
array (a). Protein levels of the epigenetic factors in the kidneys (b)
and HDAC9 protein levels in the liver (c) of male (M) and female (F)
rats were measured by Western blot analyses. Data are expressed as
mean ± SE. Asterisk (P < 0.05) indicates significant difference compared
with the male group

Bourgeois et al. Biology of Sex Differences  (2017) 8:18 Page 6 of 10



It has been proposed that a fraction of plasma AGT
is filtered and internalized into renal proximal tubules,
thus constituting the major source of intrarenal AGT,
even under normal conditions [43, 44]. In the present
study, we showed that intrarenal and urinary AGT pro-
tein levels were lower in females which correlated with
the sex differences observed in intrarenal AGT mRNA
levels. The fact that systemic AGT levels did not show
these differences suggests that AGT originating from
the liver is the cause of the differences observed. More-
over, there may be a kidney-specific AGT regulating
mechanism that is impacted by sex.
Sex hormones and intracellular signal transducers in-

cluding upstream stimulatory factors 1 and 2 have been
shown to cause sex differences in local AGT production
[18, 45–47]. However, epigenetic regulatory mechanisms
of AGT transcription, especially in the kidney, have not

been established despite the epigenome being a critical
factor in BP control and the development of tissue injury
[20, 48, 49]. Data in the present study indicate that
HDAC9 expression in the renal cortex was higher in fe-
male rats than in male rats. Moreover, HDAC9 expression
was observed in PTC. In cardiomyocytes, estrogen con-
tributes to the retention of high levels of HDAC4 and
HDAC5 which are class IIa HDACs, as well as HDAC9
[24]. The effect of estrogen on class IIa HDACs expression
may explain high levels of HDAC9 in renal cortex of fe-
males. Importantly, gene suppression of HDAC9 con-
comitantly augmented AGT mRNA and protein levels in
cultured PTC, indicating that HDAC9 is a repressor of
AGT in PTC. During the development of cardiac hyper-
trophy, HDAC9 and other class IIa HDACs serve as anti-
hypertrophic factors [24, 50]. Taken together, these data
suggest that higher levels of HDAC9 in the kidney of
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Fig. 5 HDAC9 expression in PTC. HDAC9 expression and localization in PTC were investigated by Western blot analyses (a) and immunocytochemistry
(b, c). In the immunocytochemistry of HDAC9 in renal cortex (b, ×20) and cultured PTC (c, ×100), immunoreactive proteins against an anti-HDAC9
antibody were visualized by a FITC-conjugated secondary antibody (green). Renal cortexes used in these experiments were obtained from female rats
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females could exert a renoprotective effect via suppressing
intrarenal AGT expression as well as its anti-hypertrophic
effect.
DNA methyltransferases are also important epigenetic

regulators [51]. The results obtained from our PCR dem-
onstrated that renal cortical Smyd1 and Smyd3 mRNA
levels in female rats were higher than male rats. Al-
though our PCR could detect Smyd1 in the renal cortex,
it has been reported that Smyd1 is a cardiac- and
muscle-specific methyltransferase and the expression
levels in kidney are very low [52]. Therefore, Smyd1 is
unlikely to contribute to establishing the sex difference
of intrarenal AGT expression. On the other hand, kid-
neys express Smyd3 [52]. While the sex difference of
renal cortical Smyd3 levels were smaller (1.7-fold in fe-
male, compared to male) than the difference of HDAC9
(7.1-fold in female, compared to male), Smyd3 may play
a role in lower expression of intrarenal AGT levels in fe-
male rats. Further studies will investigate the function of
intrarenal Smyd3 in the regulation of intrarenal AGT ex-
pression and the development of hypertension and RAS
associated kidney injury.
The results of ChIP assays showed that HDAC9 asso-

ciated with histones is located at the distal region but
not the proximal region of the AGT promoter. Although
many transcription binding sites have been identified on
the proximal region of the AGT promoter [53–55], a re-
cent study showed that the distal region of the AGT
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promoter also plays an important role in AGT transcrip-
tion [56]. Thus, deacetylation of a histone on the distal
region of the AGT promoter by HDAC9 may suppress
binding of transcription factors, which will sustain lower
levels of AGT expression in PTC. HDAC9 recruits the
monocyte enhancer factor 2 (MEF2) family, converting
MEF2 into a transcription repressor [57]. Thus, co-
factors might be required for HDAC9-mediated intrare-
nal AGT suppression. The detailed molecular mechan-
ism will be delineated in further studies.

Conclusions
In the present study, we demonstrate that levels of
intrarenal AGT, but not systemic AGT, were lower in fe-
male rats than in males. Female kidneys express higher
levels of HDAC9, which suppressed AGT expression by
interacting with the AGT promoter in PTC. The demon-
stration that HDAC9 is an epigenetic suppressing factor
involved in the control of AGT expression in renal prox-
imal tubules explains the low levels of intrarenal AGT in
females. These findings provide a novel mechanism for
regulating intrarenal AGT expression which may help to
explain sex disparities in hypertension, associated kidney
injury, and the renoprotective effects observed in female
subjects.

Abbreviations
AGT: Angiotensinogen; Ang II: Angiotensin II; HDAC9: Histone deacetylase 9;
PTC: Proximal tubular cells; RAS: Renin-angiotensin system

Acknowledgements
The authors acknowledge Dr. Julie R. Ingelfinger (Harvard Medical School) for
generously providing rat proximal tubule cells; Dr. Zubaida R. Saifudeen, Ms.
Jiao Liu, Ms. Courtney M. Dugas, Ms. Akemi Katsurada, and Mr. Michael W.
Cypress (Tulane University) for their excellence technical assistance; and Dr. L.
Gabriel Navar (Tulane University) for the critical comments provided during
the review of the present manuscript. This work was performed in partial
fulfillment of the MS in Human Genetics (Hayward Genetics Center, Tulane
University).

Funding
This study was supported in part by the National Institutes of Health: NIDDK
(DK104375-01), NIGMS (1U54-GM104940), and the Eunice Kennedy Shriver
National Institute of Child Health & Human Development (Tulane BIRCWH
Program, K12HD043451) for M.C.P; the NIDDK (DK107694-01) for R.S, and the
NIGMS (P30GM103337) for M.C.P and R.S.

Availability of data and materials
The datasets during and/or analyzed in the current study are available from
the corresponding author on reasonable request.

Authors’ contributions
RS and MCP obtained the funding for this study and were involved in the
conception and design, data interpretation, and critical review for this
manuscript. In addition, RS and CTB were involved in the data collection,
data interpretation, and manuscript drafting. All authors read and approved
the final manuscript and figures.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval
All protocols used in this study were evaluated and approved by the Tulane
Institutional Animal Care and Use Committee and conformed to the
guidelines of the National Institutes of Health on the care and use of
laboratory animals.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 13 January 2017 Accepted: 22 May 2017

References
1. Sandberg K, Ji H. Sex differences in primary hypertension. Biol Sex Differ.

2012;3:7.
2. Reckelhoff JF, Zhang H, Srivastava K. Gender differences in development of

hypertension in spontaneously hypertensive rats: role of the renin-
angiotensin system. Hypertension. 2000;35:480–3.

3. Ji H, Pesce C, Zheng W, Kim J, Zhang Y, Menini S, Haywood JR, Sandberg K.
Sex differences in renal injury and nitric oxide production in renal wrap
hypertension. Am J Physiol Heart Circ Physiol. 2005;288:H43–7.

4. Kher A, Meldrum KK, Wang M, Tsai BM, Pitcher JM, Meldrum DR. Cellular
and molecular mechanisms of sex differences in renal ischemia-reperfusion
injury. Cardiovasc Res. 2005;67:594–603.

5. Navar LG, Prieto MC, Satou R, Kobori H. Intrarenal angiotensin II and its
contribution to the genesis of chronic hypertension. Curr Opin Pharmacol.
2011;11:180–6.

6. Corvol P, Jeunemaitre X. Molecular genetics of human hypertension: role of
angiotensinogen. Endocr Rev. 1997;18:662–77.

7. Dzau VJ, Re R. Tissue angiotensin system in cardiovascular medicine. A
paradigm shift? Circulation. 1994;89:493–8.

8. Gordon MS, Chin WW, Shupnik MA. Regulation of angiotensinogen gene
expression by estrogen. J Hypertens. 1992;10:361–6.

9. Feldmer M, Kaling M, Takahashi S, Mullins JJ, Ganten D. Glucocorticoid- and
estrogen-responsive elements in the 5'-flanking region of the rat
angiotensinogen gene. J Hypertens. 1991;9:1005–12.

10. Wang E, Takano M, Okamoto T, Yayama K, Okamoto H. Angiotensinogen
synthesis in the liver is independent of physiological estrogen levels. Biol
Pharm Bull. 1995;18:122–5.

11. Cohen JA, Lindsey SH, Pirro NT, Brosnihan KB, Gallagher PE, Chappell MC.
Influence of estrogen depletion and salt loading on renal angiotensinogen
expression in the mRen(2). Lewis strain. Am J Physiol Renal Physiol. 2010;
299:F35–42.

12. Re RN. Tissue renin angiotensin systems. Med Clin North Am. 2004;88:19–38.
13. Navar LG, Harrison-Bernard LM, Nishiyama A, Kobori H. Regulation of

intrarenal angiotensin II in hypertension. Hypertension. 2002;39:316–22.
14. Ingelfinger JR, Zuo WM, Fon EA, Ellison KE, Dzau VJ. In situ hybridization

evidence for angiotensinogen messenger RNA in the rat proximal tubule.
An hypothesis for the intrarenal renin angiotensin system. J Clin Invest.
1990;85:417–23.

15. Terada Y, Tomita K, Nonoguchi H, Marumo F. PCR localization of
angiotensin II receptor and angiotensinogen mRNAs in rat kidney. Kidney
Int. 1993;43:1251–9.

16. Sachetelli S, Liu Q, Zhang SL, Liu F, Hsieh TJ, Brezniceanu ML, Guo DF, Filep
JG, Ingelfinger JR, Sigmund CD, et al. RAS blockade decreases blood
pressure and proteinuria in transgenic mice overexpressing rat
angiotensinogen gene in the kidney. Kidney Int. 2006;69:1016–23.

17. Ying J, Stuart D, Hillas E, Gociman BR, Ramkumar N, Lalouel JM, Kohan DE.
Overexpression of mouse angiotensinogen in renal proximal tubule causes
salt-sensitive hypertension in mice. Am J Hypertens. 2012;25:684–9.

18. Yanes LL, Sartori-Valinotti JC, Iliescu R, Romero DG, Racusen LC, Zhang H,
Reckelhoff JF. Testosterone-dependent hypertension and upregulation of
intrarenal angiotensinogen in Dahl salt-sensitive rats. Am J Physiol Renal
Physiol. 2009;296:F771–9.

19. Verdone L, Caserta M, Di Mauro E. Role of histone acetylation in the control
of gene expression. Biochem Cell Biol. 2005;83:344–53.

20. Cardinale JP, Sriramula S, Pariaut R, Guggilam A, Mariappan N, Elks CM,
Francis J. HDAC inhibition attenuates inflammatory, hypertrophic, and
hypertensive responses in spontaneously hypertensive rats. Hypertension.
2010;56:437–44.

Bourgeois et al. Biology of Sex Differences  (2017) 8:18 Page 9 of 10



21. Wang Y, Ye F, Ke Q, Wu Q, Yang R, Bu H. Gender-dependent histone
deacetylases injury may contribute to differences in liver recovery rates of
male and female mice. Transplant Proc. 2013;45:463–73.

22. Kim JI, Jung KJ, Jang HS, Park KM. Gender-specific role of HDAC11 in kidney
ischemia- and reperfusion-induced PAI-1 expression and injury. Am J
Physiol Renal Physiol. 2013;305:F61–70.

23. Cavasin MA, Demos-Davies K, Horn TR, Walker LA, Lemon DD, Birdsey N,
Weiser-Evans MC, Harral J, Irwin DC, Anwar A, et al. Selective class I histone
deacetylase inhibition suppresses hypoxia-induced cardiopulmonary
remodeling through an antiproliferative mechanism. Circ Res. 2012;110:739–48.

24. Pedram A, Razandi M, Narayanan R, Dalton JT, McKinsey TA, Levin ER.
Estrogen regulates histone deacetylases to prevent cardiac hypertrophy.
Mol Biol Cell. 2013;24:3805–18.

25. Ingelfinger JR, Jung F, Diamant D, Haveran L, Lee E, Brem A, Tang SS. Rat
proximal tubule cell line transformed with origin-defective SV40 DNA:
autocrine ANG II feedback. Am J Physiol. 1999;276:F218–27.

26. Kobori H, Katsurada A, Miyata K, Ohashi N, Satou R, Saito T, Hagiwara Y,
Miyashita K, Navar LG. Determination of plasma and urinary
angiotensinogen levels in rodents by newly developed ELISA. Am J Physiol
Renal Physiol. 2008;294:F1257–63.

27. O'Leary R, Penrose H, Miyata K, Satou R. Macrophage-derived interleukin
6 contributes to angiotensin II mediated angiotensinogen stimulation in
renal proximal tubular cells. Am J Physiol Renal Physiol. 2016:ajprenal
00482 02015.

28. Satou R, Miyata K, Gonzalez-Villalobos RA, Ingelfinger JR, Navar LG, Kobori H.
Interferon-gamma biphasically regulates angiotensinogen expression via a
JAK-STAT pathway and suppressor of cytokine signaling 1 (SOCS1) in renal
proximal tubular cells. FASEB J. 2012;26:1821–30.

29. Satou R, Kobori H, Katsurada A, Miyata K, Navar LG. Quantification of intact
plasma AGT consisting of oxidized and reduced conformations using a
modified ELISA. Am J Physiol Renal Physiol. 2016;311:F1211–6.

30. Katsurada A, Hagiwara Y, Miyashita K, Satou R, Miyata K, Ohashi N, Navar LG,
Kobori H. Novel sandwich ELISA for human angiotensinogen. Am J Physiol
Renal Physiol. 2007;293:F956–60.

31. Lobera M, Madauss KP, Pohlhaus DT, Wright QG, Trocha M, Schmidt DR,
Baloglu E, Trump RP, Head MS, Hofmann GA, et al. Selective class IIa histone
deacetylase inhibition via a nonchelating zinc-binding group. Nat Chem
Biol. 2013;9:319–25.

32. Saifudeen Z, Dipp S, Fan H, El-Dahr SS. Combinatorial control of the
bradykinin B2 receptor promoter by p53, CREB, KLF-4, and CBP: implications
for terminal nephron differentiation. Am J Physiol Renal Physiol. 2005;288:
F899–909.

33. de Ruijter AJ, van Gennip AH, Caron HN, Kemp S, van Kuilenburg AB.
Histone deacetylases (HDACs): characterization of the classical HDAC family.
Biochem J. 2003;370:737–49.

34. Maric-Bilkan C, Manigrasso MB. Sex differences in hypertension: contribution
of the renin-angiotensin system. Gend Med. 2012;9:287–91.

35. Robert R, Ghazali DA, Favreau F, Mauco G, Hauet T, Goujon JM. Gender
difference and sex hormone production in rodent renal ischemia
reperfusion injury and repair. J Inflamm (Lond). 2011;8:14.

36. McGuire BB, Watson RW, Perez-Barriocanal F, Fitzpatrick JM, Docherty NG.
Gender differences in the renin-angiotensin and nitric oxide systems: relevance
in the normal and diseased kidney. Kidney Blood Press Res. 2007;30:67–80.

37. Tomassini V, Pozzilli C. Sex hormones, brain damage and clinical course of
Multiple Sclerosis. J Neurol Sci. 2009;286:35–9.

38. Xue B, Johnson AK, Hay M. Sex differences in angiotensin II- and
aldosterone-induced hypertension: the central protective effects of
estrogen. Am J Physiol Regul Integr Comp Physiol. 2013;305:R459–63.

39. Hassager C, Riis BJ, Strom V, Guyene TT, Christiansen C. The long-term effect
of oral and percutaneous estradiol on plasma renin substrate and blood
pressure. Circulation. 1987;76:753–8.

40. Campbell DJ, Nussberger J, Stowasser M, Danser AH, Morganti A, Frandsen
E, Menard J. Activity assays and immunoassays for plasma Renin and
prorenin: information provided and precautions necessary for accurate
measurement. Clin Chem. 2009;55:867–77.

41. Rands VF, Seth DM, Kobori H, Prieto MC. Sexual dimorphism in urinary
angiotensinogen excretion during chronic angiotensin II-salt hypertension.
Gend Med. 2012;9:207–18.

42. Kobori H, Prieto-Carrasquero MC, Ozawa Y, Navar LG. AT1 receptor
mediated augmentation of intrarenal angiotensinogen in angiotensin II-
dependent hypertension. Hypertension. 2004;43:1126–32.

43. Matsusaka T, Niimura F, Shimizu A, Pastan I, Saito A, Kobori H, Nishiyama A,
Ichikawa I. Liver angiotensinogen is the primary source of renal angiotensin
II. J Am Soc Nephrol. 2012;23:1181–9.

44. Pohl M, Kaminski H, Castrop H, Bader M, Himmerkus N, Bleich M, Bachmann
S, Theilig F. Intrarenal renin angiotensin system revisited: role of megalin-
dependent endocytosis along the proximal nephron. J Biol Chem.
2010;285:41935–46.

45. Chen YF, Naftilan AJ, Oparil S. Androgen-dependent angiotensinogen and
renin messenger RNA expression in hypertensive rats. Hypertension.
1992;19:456–63.

46. Ellison KE, Ingelfinger JR, Pivor M, Dzau VJ. Androgen regulation of rat renal
angiotensinogen messenger RNA expression. J Clin Invest. 1989;83:1941–5.

47. Park S, Liu X, Davis DR, Sigmund CD. Gene trapping uncovers sex-specific
mechanisms for upstream stimulatory factors 1 and 2 in angiotensinogen
expression. Hypertension. 2012;59:1212–9.

48. Liang M, Cowley Jr AW, Mattson DL, Kotchen TA, Liu Y. Epigenomics of
hypertension. Semin Nephrol. 2013;33:392–9.

49. Wise IA, Charchar FJ. Epigenetic modifications in essential hypertension. Int
J Mol Sci. 2016;17.

50. Zhang CL, McKinsey TA, Chang S, Antos CL, Hill JA, Olson EN. Class II
histone deacetylases act as signal-responsive repressors of cardiac
hypertrophy. Cell. 2002;110:479–88.

51. Cheng X. Structure and function of DNA methyltransferases. Annu Rev
Biophys Biomol Struct. 1995;24:293–318.

52. Brown MA, Sims 3rd RJ, Gottlieb PD, Tucker PW. Identification and
characterization of Smyd2: a split SET/MYND domain-containing histone H3
lysine 36-specific methyltransferase that interacts with the Sin3 histone
deacetylase complex. Mol Cancer. 2006;5:26.

53. Brasier AR, Ron D, Tate JE, Habener JF. A family of constitutive C/EBP-like
DNA binding proteins attenuate the IL-1 alpha induced, NF kappa B
mediated trans-activation of the angiotensinogen gene acute-phase
response element. EMBO J. 1990;9:3933–44.

54. Clouston WM, Lyons IG, Richards RI. Tissue-specific and hormonal regulation
of angiotensinogen minigenes in transgenic mice. EMBO J. 1989;8:3337–43.

55. Brasier AR, Philippe J, Campbell DJ, Habener JF. Novel expression of the
angiotensinogen gene in a rat pancreatic islet cell line. Transcriptional
regulation by glucocorticoids. J Biol Chem. 1986;261:16148–54.

56. Acres OW, Satou R, Navar LG, Kobori H. Contribution of a nuclear factor-
kappaB binding site to human angiotensinogen promoter activity in renal
proximal tubular cells. Hypertension. 2011;57:608–13.

57. Mejat A, Ramond F, Bassel-Duby R, Khochbin S, Olson EN, Schaeffer L.
Histone deacetylase 9 couples neuronal activity to muscle chromatin
acetylation and gene expression. Nat Neurosci. 2005;8:313–21.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Bourgeois et al. Biology of Sex Differences  (2017) 8:18 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animal and tissue samples
	Antibodies
	Cell culture
	AGT ELISA
	Epigenetic chromatin modification enzymes PCR array
	Quantitative real-time RT-PCR
	Western blot analysis
	Immunohistochemical studies
	Inhibition of HDAC9 by an inhibitor and knockdown by RNA interference technique
	ChIP assay
	Statistical analysis

	Results
	Plasma and liver AGT levels in male and female rats
	Renal and urinary AGT levels in male and female rats
	Sex differences in AGT levels in primary cultured hepatocytes and renal cortical cells
	HDACs, their co-factor and methyltransferase levels in renal cortex of male and female rats
	Localization of HDAC9 in renal cortex
	Role of HDAC9 in AGT expression in PTC
	Association between HDAC9 and AGT promoter

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval
	Publisher’s Note
	References

