
20-Hydroxyeicosatetraenoic Acid (HETE)-dependent
Hypertension in Human Cytochrome P450 (CYP) 4A11
Transgenic Mice
NORMALIZATION OF BLOOD PRESSURE BY SODIUM RESTRICTION,
HYDROCHLOROTHIAZIDE, OR BLOCKADE OF THE TYPE 1 ANGIOTENSIN II RECEPTOR*

Received for publication, April 12, 2016, and in revised form, June 7, 2016 Published, JBC Papers in Press, June 13, 2016, DOI 10.1074/jbc.M116.732297

Üzen Savas‡, Shouzou Wei§, Mei-Hui Hsu‡, John R. Falck¶, F. Peter Guengerich�, Jorge H. Capdevila§,
and Eric F. Johnson‡1

From the ‡Department of Molecular and Experimental Medicine, The Scripps Research Institute, La Jolla, California 92037, the
Departments of §Medicine and �Biochemistry, Vanderbilt University School of Medicine, Nashville, Tennessee 37232, and the
¶Department of Biochemistry, The University of Texas Southwestern Medical Center at Dallas, Dallas, Texas 75390

Male and female homozygous 129/Sv mice carrying four cop-
ies of the human cytochrome P450 4A11 gene (CYP4A11) under
control of its native promoter (B-129/Sv-4A11�/�) develop
hypertension (142 � 8 versus 113 � 7 mm Hg systolic blood
pressure (BP)), and exhibit increased 20-hydroxyeicosatetra-
enoic acid (20-HETE) in kidney and urine. The hypertension
is reversible by a low-sodium diet and by the CYP4A inhibitor
HET0016. B-129/Sv-4A11�/� mice display an 18% increase of
plasma potassium (p < 0.02), but plasma aldosterone, angio-
tensin II (ANGII), and renin activities are unchanged. This
phenotype resembles human genetic disorders with elevated
activity of the sodium chloride co-transporter (NCC) and,
accordingly, NCC abundance is increased by 50% in trans-
genic mice, and NCC levels are normalized by HET0016.
ANGII is known to increase NCC abundance, and renal
mRNA levels of its precursor angiotensinogen are increased
2-fold in B-129/Sv-4A11�/�, and blockade of the ANGII
receptor type 1 with losartan normalizes BP. A pro-hyperten-
sive role for 20-HETE was implicated by normalization of BP
and reversal of renal angiotensin mRNA increases by admin-
istration of the 20-HETE antagonists 2-((6Z,15Z)-20-hy-
droxyicosa-6,15-dienamido)acetate or (S)-2-((6Z,15Z)-20-
hydroxyicosa-6,15-dienamido)succinate. SGK1 expression is
also increased in B-129/Sv-4A11�/� mice and paralleled
increases seen for NCC. Losartan, HET0016, and 20-HETE
antagonists each normalized SGK1 mRNA expression. These
results point to a potential 20-HETE dependence of intrare-
nal angiotensinogen production and ANGII receptor type 1
activation that are associated with increases in NCC and
SGK1 and identify elevated P450 4A11 activity and 20-HETE
as potential risk factors for salt-sensitive human hyperten-
sion by perturbation of the renal renin-angiotensin axis.

Cytochrome P450 (CYP)2 4A11 is a major contributor to the
formation of 20-hydroxyeicosatetraenoic acid (20-HETE) from
arachidonic acid in human kidney (1–3). 20-HETE is a potent
vasoconstrictor that is thought to contribute to the pressor
actions of angiotensin II (ANGII), vasopressin, and endothelin,
and has also been shown to increase natriuresis with a potential
to lower blood pressure (BP) (4 – 6). The P450 4A11 variant
F434S (rs1126742) reduces the catalytic efficiency (kcat/Km) of
recombinant CYP4A11-catalyzed NADPH- and oxygen-depen-
dent conversion of arachidonic acid to 20-HETE by roughly
one-third (7). Similarly, another single nucleotide polymor-
phism, rs9332978 (in the promoter region of the CYP4A11
gene), reduces reporter gene expression by about 30% (8).
Genetic association studies suggest that the two SNPs and
another, rs3890011 (which is in linkage disequilibrium with
rs1126742), are associated with increased risk for hypertension
and cardiovascular disease (7–16). CYP4A11 is expressed in the
proximal tubule, the thick ascending limb, distal tubule, and
collecting ducts, but CYP4A11 has not been detected in either
glomeruli or renal vasculature or microvasculature (17). Con-
sistent with this tissue distribution, the rs3890011 and
rs1126742 mutations have been associated with disturbances of
sodium and water homeostasis in humans that are likely to
reflect changes in kidney function (12, 18, 19).

Earlier studies in our laboratory developed and characterized
two human CYP4A11 transgenic mouse lines, designated line B
and line F, to examine the regulation of the human CYP4A11
gene in an integrated physiologic model (20). These lines were
generated by incorporation of the complete CYP4A11 gene,
including �45 kb of the upstream and �10 kb of downstream
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flanking inter-gene regions, from human BAC clone RP11-
345m5 to ensure that native cis-acting regulatory elements of
the human gene are retained and potential effects of the inser-
tion site on expression of the transgene are reduced. Among
many tissues examined, the liver and kidney were found to be
the predominant sites of CYP4A11 transgene expression, which
is consistent with tissue selectivity seen in humans. The
CYP4A11 transgene expression level in mice was within the
range of values seen for CYP4A11 expression in human liver
and kidney (20, 21).

Augmented production of 20-HETE in several transgenic or
genetically modified mouse models has been shown to elevate
BP (4, 22–27). As expression of the human CYP4A11 transgene
in mice is likely to augment endogenous capacity to form
20-HETE in renal tubular epithelium, we determined the effect
of the CYP4A11 transgene on BP. Here, we present data to
support CYP4A11-dependent augmentation of 20-HETE pro-
duction as well as gene dosage-dependent development of salt-
sensitive hypertension. Elevated BP is associated with an
increase of angiotensinogen, NCC, and SGK1 expression in
kidney, whereas plasma ANGII, aldosterone, and renin activity
were unchanged. The use of inhibitors of CYP �-hydroxylases,
ANGII receptor 1 (ATR1), or NCC and 20-HETE antagonists
demonstrate the reversibility of these processes and implicate
these renal pathways in the development of the salt-sensitive
hypertensive phenotype seen in CYP4A11 transgenic mice.

Results

Increased Systemic BP in B-129/Sv-4A11�/� Mice and Nor-
malization of BP by the P450 4A Inhibitor HET0016 —B-129/
Sv-4A11�/� mice are carriers of two haploid transgene copies
and, as a result, this homozygous line has four copies of the
CYP4A11 gene (Fig. 1A). In contrast, hemizygous transgenic
line B and line F congenic 129/Sv mice carry two copies and one
copy of the transgene, respectively. Amplification of the murine
Cyp4a14 gene indicated that all three lines carried two copies of
the endogenous gene, as expected. Statistically significant
increases in BP were seen in the B-129/Sv-4A11�/� mice, as
indicated by systolic BP values of 143 � 8 mm Hg for B-129/Sv-
4A11�/� females and 140 � 7 mmHg for B-129/Sv-4A11�/�

males compared with 110 � 6 in female and 115 � 10 in male
wild-type mice (Fig. 1B). Although diastolic BP was also ele-
vated in B-129/Sv-4A11�/� mice, systolic BP values are
reported throughout the article. BP did not differ significantly
between sexes within each genotype. Interestingly, congenic
male and female hemizygote line B 129/Sv mice carrying two
CYP4A11 gene copies on one haploid chromosome (B�/�) dis-
played normal BP of 111 � 6 mm Hg (n � 13), and the inde-
pendent congenic hemizygous CYP4A11 transgenic line F
129/Sv male mice that carry only one copy of the CYP4A11 gene
(F�/�) also exhibited normal BP (107 � 11 mm Hg, n � 8).
Treatment of hypertensive B-129/Sv-4A11�/� mice with
HET0016, a selective inhibitor of fatty acid �-hydroxylases
(including CYP4A11 (28, 29)) normalized BP, and after admin-
istration of HET0016 was discontinued, BP returned to the ele-
vated levels observed before treatment (Fig. 1C). Collectively,
these results show that the presence of four copies of the
CYP4A11 gene in the 129/Sv background increases systemic BP

in mice; in addition, the hypertensive phenotype is reversible
and is likely to reflect the catalytic activity of P450 4A11 because
HET0016 normalized BP in the transgenics without signifi-

FIGURE 1. A, CYP4A11 transgene copy numbers. Transgene copy numbers
were determined using genomic DNA isolated from tail clippings of CYP4A11
transgenic lines F-129/Sv-4A11�/� (F�/�), B-129/Sv-4A11�/� (B�/�), and
B-129/Sv-4A11�/� (B�/�) by qPCR as described under ”Experimental Proce-
dures.“ Cyp4a14 gene copies were determined and are shown as an example
of a haploid single-copy gene control. The mean � S.D. is shown for biological
replicates of each strain (F�/�, n � 6; B�/�, n � 6; B�/�, n � 12). B, systolic
BP increases in B-129/Sv-4A11�/� mice. Non-invasive tail-cuff BP measure-
ments were conducted in conscious females (circles) and males (squares) at
16–22 weeks of age as described under “Experimental Procedures.” Each symbol
represents an average systolic BP value for a single mouse that was determined
from daily BP recordings of 20 measurements per session per day on at least five
consecutive days. The mean � S.D. for each group are indicated by the long and
short horizontal lines, respectively, for biological replicates (�/� females, n � 12;
�/� females, n � 16; �/� males, n � 12; �/� males, n � 16). Statistical signifi-
cance for the effects of genotype versus sex was determined by two-way analysis
of variance. A significant difference between females and males within geno-
types was not seen (p�0.6). C, BP is normalized by the P450 4A inhibitor HET0016
in B-129/Sv-4A11�/� mice. BP was recorded in female wild-type mice (�/�) and
B-129/Sv-4A11�/� (�/�) mice at 16 weeks of age prior to treatment (baseline).
HET0016 was then administered daily and BP recorded after 1 week (HET0016) as
well as 3 weeks after the final treatment (cessation). Each circle represents the
average systolic BP values for each mouse and mean � S.D. are shown for each
group (baseline, n � 8 per group; HET0016, n � 8 per group; cessation, n � 4 per
group).
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cantly affecting the wild-type mice. As the hypertensive pheno-
type was only seen in B-129/Sv-4A11�/� mice, all subsequently
reported results here were conducted in this line and wild-type
129/Sv control mice.

Urine and Blood Chemistry Differences in B-129/Sv-4A11�/�

Compared with Wild-type Mice—B-129/Sv-4A11�/� male and
female mice exhibited 25 and 30% reduction of urine output,
respectively, relative to wild-type mice (p � 0.0005 for females
and males with n of at least 17 per group). The daily excretion of
several electrolytes including potassium and chloride was lower
in both sexes, whereas decreased sodium excretion was only
statistically significant in male transgenic mice (Table 1). Inter-
estingly, urinary calcium levels were also decreased, but total
protein excretion was not affected (data not shown). Analysis of
blood samples indicated that with the exception of potassium,
which was elevated by about 18%, plasma concentrations of
other electrolytes were normal. Plasma creatinine and blood
urea nitrogen values were in the normal range as were levels of
biomarkers for tissue damage. The differences in electrolyte
excretion suggested that circulating components of the renin-
angiotensin-aldosterone system might be affected. Neverthe-
less, measurements of plasma renin activity, ANGII, and aldos-
terone concentrations showed no significant differences
between B-129/Sv-4A11�/� and control mice (Table 2).

A Low Salt Diet Normalizes BP and Eliminates Differences in
Urine and Electrolyte Output between Transgenic and Wild-
type Mice—To test the salt dependence of the hypertension
exhibited by B-129/Sv-4A11�/�, we placed transgenic and con-

trol mice on a low salt diet containing 0.1% sodium chloride.
The BP of B-129/Sv-4A11�/� was reduced to normal levels
after 21 days on the low salt diet, whereas that of wild-type mice
did not change significantly (Fig. 2). The responses were similar
in males and females. Under these conditions, no significant
differences in urine volumes, creatinine, and electrolyte excre-
tion were evident between transgenic and wild-type strains
(Table 3). The association of salt-sensitive hypertension with
low plasma renin activity, low plasma aldosterone concentra-
tions, low urine output, and elevated plasma potassium is sim-
ilar to the phenotype exhibited by genetically engineered mice
that express a mutant form of the With No Lysine Kinase
(WNK4) protein (30). This mutation of WNK4 is associated
with a familial human disorder pseudo-hyperaldosteronism
type 2 that leads to increased accumulation of the thiazide-
sensitive NCC, which increases sodium uptake in the distal
convoluted tubule.

Evidence for Activation of NCC in B-129/Sv-4A11�/� Mice—
To test whether hypertension in B-129/Sv-4A11�/� mice on a
normal salt diet is related to increased NCC activity, we treated
mice with the NCC inhibitor hydrochlorothiazide (HCTZ).
HCTZ normalized BP in B-129/Sv-4A11�/� mice but did not
affect BP in wild-type mice (Fig. 3A), suggesting that increased
NCC activity contributes to the observed hypertension. In con-
trast, treatment of mice with amiloride, which targets the epi-
thelial sodium channel (ENaC), did not alter BP in B-129/Sv-
4A11�/� or wild-type mice (Fig. 3B). Estimation of NCC
protein levels by immunoblotting revealed an 	1.5-fold eleva-
tion of protein in B-129/Sv-4A11�/� kidneys relative to con-
trols (Fig. 4). Phosphorylation of the amino-terminal domain of
NCC has been suggested as a mechanism of NCC activation,
and elimination of phosphorylation sites Ser-71, Thr-58, and
Thr-53 prevented a response of NCC to intracellular chloride
depletion (31). Additional studies reported that phosphoryla-
tion at the Thr-58 residue is absolutely necessary for NCC
activity, whereas Thr-53 and Ser-71 phosphorylation are addi-
tionally required for its full activity (32). To compare NCC phos-
phorylation status in wild-type and transgenic mice, antibodies
were used that specifically recognize phosphorylation at resi-
dues Thr-53, Thr-58, Ser-71, or Ser-89, respectively (33).
Immunoblotting showed that phosphorylation of NCC was
increased at all four residues in kidneys from B-129/Sv-
4A11�/� mice compared with wild-type (Fig. 4). As the ratio of
pNCC to NCC remains constant (Fig. 4C), phosphorylated
NCC increases in parallel with the abundance of total NCC

TABLE 1
Plasma and urine measurements
Plasma values represent the average of five biological replicates. For urine measure-
ments, each urine sample was collected from two mice that were housed in a single
metabolic cage and thus constitute one biological sample. The number of biological
samples for urine values reported here is as follows: female 4A11�/� (n � 8); female
4A11�/� (n � 8); male 4A11�/� (n � 3); male 4A11�/� (n � 4). Urinary excretion
of electrolytes per mouse represents the measured urinary concentration of the
indicated component multiplied by urine volume and divided by the number of
mice in the metabolic cage. Values are expressed as the mean � S.D.

4A11�/� 4A11�/�
Tg/Wt
ratio p value

Mean � S.D.
Females

Body weight, g 18.1 � 0.7 18.93 � 1.6 1.05 0.19
Plasma BUN, mg/dl 25.6 � 2.7 27.6 � 6.9 1.08 0.56
Plasma creatinine, mg/dl 0.2 � 0.0 0.2 � 0.0 1.00 0.17
Plasma sodium, mM 152 � 4 148 � 2 0.98 0.10
Plasma potassium, mM 6.7 � 0.6 7.9 � 0.6 1.18 0.01a

Urinary excretion
Urine, ml/mouse/day 0.82 � 0.15 0.51 � 0.08 0.63 �0.01a

Creatinine, mg/day 0.27 � 0.05 0.21 � 0.06 0.78 0.05
Sodium, mEq/day 0.16 � 0.02 0.15 � 0.04 0.92 0.40
Potassium, mEq/day 0.24 � 0.04 0.18 � 0.05 0.75 0.01a

Chloride, mEq/day 0.26 � 0.03 0.21 � 0.05 0.79 0.02a

Calcium, mg/day 0.15 � 0.04 0.08 � 0.04 0.55 �0.01a

Males
Body weight, g 23.7 � 2.8 24.8 � 0.6 1.05 0.45
Plasma BUN, mg/dl 23.2 � 2.7 27.4 � 1.7 1.11 0.10
Plasma creatinine, mg/dl 0.2 � 0.0 0.2 � 0.0 1.00 0.50
Plasma sodium, mM 157 � 13 158 � 11 1.00 0.94
Plasma potassium, mM 6.36 � 0.73 7.46 � 0.43 1.17 0.02a

Urinary excretion
Urine, ml/mouse/day 0.60 � 0.05 0.44 � 0.03 0.73 �0.01a

Creatinine, mg/day 0.29 � 0.03 0.23 � 0.07 0.79 0.20
Sodium, mEq/day 0.15 � 0.02 0.10 � 0.01 0.66 �0.01a

Potassium, mEq/day 0.24 � 0.01 0.15 � 0.02 0.63 �0.01a

Chloride, mEq/day 0.25 � 0.02 0.15 � 0.02 0.59 �0.01a

Calcium, mg/day 0.10 � 0.02 0.07 � 0.01 0.72 0.02a

a Statistically significant differences between genotypes are p values �0.05.

TABLE 2
ANGII, aldosterone, and renin concentrations in blood
Blood was collected from male mice at weeks 18 –19 of age. ANGII and renin levels
were determined in plasma and aldosterone was measured in serum. Blood samples
for ANGII and aldosterone were collected on two different days and thus represent
two independent collections. Samples for renin measurements were obtained on a
single day. The values represent means � S.D. with the number of mice shown in
parentheses.

4A11�/� 4A11�/� p value

ANGII 62.5 � 49.9 59.2 � 23.4 0.64
pg/ml (plasma) (n � 7) (n � 7)
Aldosterone 162 � 95 152 � 79 0.84
pg/ml (serum) (n � 6) (n � 7)
Renin activity 201 � 49 171 � 65 0.23
ng/ml/h (plasma) (n � 3) (n � 3)
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protein in B-129/Sv-4A11�/� mice. Furthermore, the use of
P450 4A inhibitor HET0016 attenuated the increase of total and
phosphorylated NCC in B-129/Sv-4A11�/� mice without
affecting wild-type mice (Fig. 5), suggesting an association of
P450 4A activity with the increase in abundance of normally
phosphorylated NCC protein. This increase does not appear to
reflect elevated transcription because NCC mRNA levels
remained unchanged in B-129/Sv-4A11�/� compared with
wild-type (p � 0.68, n � 10). The accumulation of NCC protein
in transgenic animals could potentially be a consequence of
decelerated turnover, which is similar to the effects of constitu-
tively active WNK4 variants, which reduce NCC turnover by
suppressing its ubiquitination (30).

The Renal Renin-Angiotensin System Is Activated in B-129/
Sv-4A11�/� Mice—The reduction in urine volume and electro-
lyte elimination combined with increases in BP suggested that
the renin-angiotensin system might be more active in B-129/
Sv-4A11�/� mice. ANGII stimulates NCC activity (34) and can
do so independently of aldosterone (35). Although plasma
renin activity and ANGII concentrations are not altered in
these transgenic mice, the distal nephron could see an
increased ANGII exposure due to locally increased synthesis of
ANGII in the kidney. ANGII is produced by cleavage of the 10
N-terminal amino acids from angiotensinogen (AGT) by renin
to generate ANGI, which is cleaved by angiotensin converting

enzyme 1 (ACE-1) to produce the octapeptide ANGII. The
actions of ANGII are mediated by ATR1 and serve to regulate
BP, electrolyte, and water balance. As the kidney expresses all of
the components necessary for generation of ANGII (36), quan-
titative PCR (qPCR) was employed to compare steady-state
mRNA levels of components of the renin-angiotensin system in
kidneys of B-129/Sv-4A11�/� and wild-type mice. Nearly
2-fold increases of AGT mRNA were noted in B-129/Sv-
4A11�/� mice (Fig. 6), whereas specific mRNAs for ATR1,
renin-1, and renin-2 were largely unchanged in B-129/Sv-
4A11�/� mice. Increases seen for ACE1 mRNA were 1.2-fold
higher in the transgenic animals and statistically significant
only in females, whereas ACE2 mRNA levels were unaffected
(Fig. 6). Additionally, we assessed whether expression of
mRNAs encoding the 11�-hydroxysteroid dehydrogenase, type
2 (11�-HSD2), were affected by the transgene, as a reduction in
11�-HSD2 expression could lead to activation of the mineralo-
corticoid receptor by normal circulating concentrations of cor-
ticosterone and stimulate an increase of NCC abundance (37).
As shown in Fig. 6, renal levels of 11�-HSD2 mRNA were not
affected by the CYP4A11 transgene.

Next we addressed the question of whether increased
AGT expression can be affected by inhibition of P450 4A
activity. Indeed, AGT mRNA increases seen in transgenic
mice were decreased after treatment with HET0016 (Fig.
7A), suggesting that the elevation of AGT expression reflects
the catalytic activity of the CYP4A11 transgene product and
that reduction of AGT expression is associated with normal-
ization of BP by HET0016. The observed increases of AGT
mRNA led to the hypothesis that intrarenal ANGII may be
increased proportionally and, in turn, increase signaling via
ATR1. Consistent with this notion, blockade of ATR1 by
losartan normalized BP when administered to female B-129/
Sv-4A11�/� mice, but losartan did not significantly affect BP
in female control mice (Fig. 7B). The normalization of BP by
losartan was paralleled by normalization of increased renal
AGT mRNA seen in transgenic mice (Fig. 7C). Comparison
of renal AGT mRNA levels under conditions of normal and
low salt diets revealed that the increases of AGT mRNA in
transgenic mice on a normal salt diet is similar to that
observed when AGT mRNA expression are stimulated by
systemic activation of the renin angiotensin aldosterone sys-

FIGURE 2. Salt sensitivity of BP in B-129/Sv-4A11�/� mice. Baseline BP was measured in females (A) and males (B) that were given a normal salt diet (0.3%
sodium). Mice were then switched to a low-salt diet (0.05% sodium) for 3 weeks, and BP was recorded daily on days 14 to 21. Each circle or square represents an
average systolic BP value collected for a single mouse at 20 BP recordings per session per day over a period of 5 days. The mean � S.D. are presented for each
group with 8 biological replicates per group. Statistical significance was determined by pairwise comparison and is depicted by the p values.

TABLE 3
Urine chemistry on low salt diet
Mice were given a low salt diet for three weeks and transferred to metabolic cages
(four mice per cage) for overnight urine collections while maintained on a low salt
diet. Each value represents a measurement obtained from one urine pool obtained
from four mice.

Experiment 1 Experiment 2
4A11�/� 4A11�/� 4A11�/� 4A11�/�

Females
Urine, ml/mouse/day 0.48 0.55 0.40 0.43
Creatinine, mg/day 0.19 0.27 0.16 0.19
Sodium, mEq/day 0.02 0.02 0.01 0.02
Potassium, mEq/day 0.14 0.18 0.15 0.16
Chloride, mEq/day 0.07 0.08 0.06 0.07
Calcium, mg/day 0.07 0.14 0.05 0.02

Males
Urine, ml/mouse/day 0.55 0.53 0.60 0.63
Creatinine, mg/day 0.20 0.21 0.16 0.21
Sodium, mEq/day 0.05 0.04 0.02 0.02
Potassium, mEq/day 0.15 0.16 0.15 0.18
Chloride, mEq/day 0.07 0.07 0.08 0.07
Calcium, mg/day 0.09 0.08 0.02 0.07
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tem in wild-type animals on a sodium-restricted diet, irre-
spective of genotype (Fig. 7D).

CYP4A11 Transgene Expression in Mice Augments in Vivo
20-HETE Production—To determine the impact of CYP4A11
transgene expression on steady-state levels of 20-HETE in vivo,
20-HETE was quantified in urine and lipid extracts from kidney
homogenates. Measurements of urinary 20-HETE indicated a
2-fold elevation of this metabolite in male B-129/Sv-4A11�/�

mice and a 3-fold increase in female B-129/Sv-4A11�/� mice
compared with the corresponding wild-type mice (Fig. 8A). In
addition to treatment with �-glucuronidase, tissue extracts
were subjected to mild alkaline hydrolysis to free 20-HETE
esterified to glycerolipids. Mean concentrations of 20-HETE in
kidney homogenates from male (21.6 ng/g tissue) and female
(20.4 ng/g) B-129/Sv-4A11�/� mice were 1.7- and 3.3-fold
higher, respectively, than of male (12.7 ng/g) and female (6.1
ng/g) wild-type mice (Fig. 8B). However, plasma 20-HETE lev-
els did not differ between wild-type and B-129/Sv-4A11�/�

mice (data not shown). Furthermore, treatment with losartan
decreased 20-HETE production in the kidneys of B-129/Sv-
4A11�/� mice, as measured in extracts (Fig. 8C). Collectively,
these results indicate that the steady-state amounts of
20-HETE were increased in kidneys of B-129/Sv-4A11�/� mice
and that these levels were reduced by ATR1 blockade. Although
changes in arachidonic acid availability (as well as reduced deg-
radation by alternative metabolic pathways such as mitochon-
drial or peroxisomal �-oxidation) could contribute to this
increase, these results suggest that expression of the transgene
augmented the capacity for 20-HETE formation. Moreover,
this is likely to reflect the presence of the P450 4A11 enzyme
because mRNA expression of major murine Cyp4a genes indi-
cated that Cyp4a12a, Cyp4a10, and Cyp4a14 gene expression is
not altered by the presence of the CYP4A11 transgene (Fig. 9).
Cyp4a12b mRNA is increased about 2-fold in transgenics; how-
ever, the relative abundance of Cyp4a12b compared with
Cyp4a12a is 2 orders of magnitude lower, and the impact of this
change is likely to be small.

To test if the effects of the CYP4A11 transgene reflect the
increased synthesis of 20-HETE, female B-129/Sv-4A11�/�

and control mice were treated with sodium 2-((6Z,15Z)-20-
hydroxyicosa-6,15-dienamido)acetate (20-6,15-HEDGE). This
compound is a more soluble and metabolically stable analog of

20-HEDE (20-hydroxyeicosa-6(Z),15(Z)-dienoic acid) that
antagonizes the vasoconstrictive effects of 20-HETE in ex vivo
experiments (38) and normalizes BP in genetically modified
hypertensive mice that produce elevated 20-HETE (27).
20-6,15-HEDGE normalized BP in B-129/Sv-4A11�/� mice
without significantly affecting BP in control mice (Fig. 10A).
This result was corroborated using a second, more soluble ana-
log, sodium (S)-2-((6Z,15Z)-20-hydroxyicosa-6,15-dienamido)-
succinate (AAA), which also normalized BP in male B-129/Sv-
4A11�/� mice without significant effects on BP of control mice
(Fig. 10B). The two compounds are the glycine and aspartic acid
amide conjugates of the 20-HETE antagonist 20-HEDE, the
lead compound that was first shown to potently antagonize the
vasoconstrictive effects of 20-HETE (38). Treatment with
either one of these compounds alleviated the increase of AGT
mRNA seen in B-129/Sv-4A11�/� mice (Fig. 10, C and D) and
paralleled the effects of HET0016, even though 20-6,15-
HEDGE does not affect 20-HETE formation (39).

SGK1 Expression is Elevated in B-129/Sv-4A11�/� Mice and
the Increases Are Reversed by Antagonism of 20-HETE—SGK1
contributes to the regulation of ion transporter activity (40).
Stimulation of SGK1 gene transcription by aldosterone activa-
tion of the mineralocorticoid receptor contributes to enhanced
uptake of sodium ions by NCC and ENAC in the mineralocor-
ticoid responsive portion of the nephron by inhibition of pro-
tein turnover, but the role of SGK1 in the effects of ANGII on
NCC activity has not been established. However, ANGII has
been reported to induce SGK1 expression in cultured human
and mouse fibroblasts (41, 42) and in primary cultures of
human proximal tubule cells (43). Moreover, the ATR1 antag-
onist losartan lowers plasma and renal ANGII levels and renal
SGK1 expression in spontaneously hypertensive rats (44).
Based on these observations, we examined whether renal SGK1
mRNA and protein expression are elevated in B-129/Sv-
4A11�/� mice relative to wild-type controls. A 2–3-fold
increase in both SGK1 protein and mRNA was evident in
B-129/Sv-4A11�/� mice (Fig. 11, A–C). The increases of SGK1
protein were paralleled by similar increases of NCC protein
(Fig. 11, A and B) and elevated SGK1 and NCC proteins were
restored to control levels by treatment with the 20-HETE
antagonist AAA (Fig. 11, A and B). Increases seen for SGK1
mRNA in B-129/Sv-4A11�/� are alleviated in these mice in the

FIGURE 3. The NCC inhibitor HCTZ normalizes BP in B-129/Sv-4A11�/�, but the ENAC inhibitor amiloride does not. Baseline BP was determined in female
wild-type (�/�) and B-129/Sv-4A11�/� (�/�) mice prior to HCTZ (A) or amiloride (B) administration and BP recorded daily on days 5– 8 of treatment with each
compound. Each symbol represents average systolic BP values for each mouse with � S.D. reflecting the variation within each experimental group (�/�, n �
4; �/�, n � 8). Statistical significance was determined by pairwise comparison and is depicted by the p values.
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presence of the antagonist and even further reduced in wild-
type control mice (Fig. 11C) as well as in the presence of the
P450 4A inhibitor HET0016 (Fig. 11D) and by losartan (Fig.
11E). A comparison of the levels of SGK1 mRNA expression in
mice on normal versus low salt diet showed that the elevation of
SGK1 mRNA in B-129/Sv-4A11�/� mice on normal salt is sim-

ilar to the level of SGK1 mRNA in control and transgenic mice
on a low salt diet (Fig. 11F), indicating that the increase of SGK1
mRNA abundance in B-129/Sv-4A11�/� mice is likely to have a
significant impact. The results of the 20-HETE antagonist on
the regulation of SGK1 expression in B-129/Sv-4A11�/� mice
could reflect a direct effect of 20-HETE on transcriptional reg-

FIGURE 4. Accumulation of NCC protein in B-129/Sv-4A11�/� is paralleled by increases of phosphorylated NCC. A, 100,000 
 g protein pellets were
prepared from wild-type (4A11�/�) and B-129/Sv-4A11�/� (4A11�/�) mouse kidneys and subjected to immunoblotting using anti-NCC or antibodies that
recognize NCC phosphorylation at residue Thr-53, Thr-58, Ser-71, or Ser-89, respectively. Lanes 1–5 represent biological replicates for each group. B, quantita-
tion of NCC protein. Values represent means of normalized target/�-actin ratios � S.E. for five biological replicates per group. Statistical significance is indicated
by the p values. Similar increases of NCC protein (1.4-fold; p � 0.008, n � 7) were measured in two additional experiments in which 10,000 
 g supernatants
were immunoblotted (experiment 1 consisted of three biological replicates per 4A11�/� and 4A11�/� group, and experiment 2 consisted of four biological
replicates per group). C, phosphorylated NCC/NCC ratios. Values represent mean ratios � S.E. for five biological replicates per experimental group. Differences
between wild-type (�/�) and B-129/Sv-4A11�/� (�/�) were examined by pairwise comparison and were found not be statistically significant (p � 0.05).
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ulation of SGK1 or an indirect effect as a consequence of sup-
pression of AGT expression in the proximal tubule.

To further examine the association of changes in SGK1,
AGT, and NCC expression with the hypertensive phenotype,
we characterized whether SGK1, AGT, and NCC expression is
affected in hemizygous line B transgenics, which exhibit normal
BP. As expected, CYP4A11 mRNA expression was increased in
homozygous B-129/Sv-4A11�/� over hemizygous B-129/Sv-
4A11�/� mice that have only one copy of the CYP4A11 tandem
repeat (Fig 12A). AGT mRNA was only increased by about 30%
in B-129/Sv-4A11�/� compared with wild-type controls (p �
0.06); however, AGT mRNA abundance was significantly ele-
vated in the homozygous transgenics relative to the hemizy-
gous line B mice (Fig 12B). SGK1 mRNA was unchanged in
hemizygous line B relative to wild-type mice, but increased
2-fold in homozygous line B transgenic mice (Fig. 12C). SGK1
and NCC protein levels did not differ significantly between
wild-type and line B hemizygous mice (Fig. 12, D and E). These
results strengthen the association of the hypertensive pheno-
type with increased abundance of AGT, SGK1, and NCC in
B-129/Sv-4A11�/� mice.

Discussion

This study addressed whether expression of the human
CYP4A11 gene with its native promoter in mice alters their BP
and whether changes in BP are related to a change in 20-HETE
production. Our results showed that although carriers of one or
two CYP4A11 gene copies exhibited normal BP, 129/Sv mice

carrying four CYP4A11 gene copies developed hypertension on
a normal salt diet regardless of gender. The hypertensive phe-
notype of B-129/Sv 4A11�/� mice resembles Gordon syn-
drome (45), or pseudohyperaldosteronism type 2, because
blood potassium ion concentrations were increased by 18%,
plasma concentrations of aldosterone and ANGII as well as
plasma renin activity did not differ from wild-type controls, and
dietary restriction of sodium intake normalized BP to levels
seen in wild-type mice. Hypertensive B-129/Sv-4A11�/� mice
also exhibited reduced urinary excretion of electrolytes and
urine output. As seen in Gordon syndrome, transgenic mice
show elevated steady-state levels of NCC protein, and the
hypertension is normalized by treatment with the NCC inhib-
itor HCTZ. In contrast, amiloride, an inhibitor of the epithelial
sodium channel, did not reduce the hypertension seen in the
B-129/Sv-4A11�/� mice. Importantly, the P450 4A inhibitor
HET0016 normalized BP and decreased NCC in B-129/Sv-
4A11�/� mice to control levels thus linking the elevation of BP
to the activity of the CYP4A11 transgene product. Additionally,
20-HETE antagonists normalized blood pressure and NCC
abundance suggesting that the phenotype was related to the
increased formation of 20-HETE in the transgenic mice. The
elevation of NCC abundance and the normalization of salt-
sensitive hypertension by the NCC inhibitor HCTZ was sur-
prising because 20-HETE reduces sodium uptake in kidney epi-
thelial cells in experimental models that induce hypertension
(5, 6). Moreover, hypertension is not salt-sensitive in two other

FIGURE 5. The P450 4A inhibitor HET0016 reverses the increases of NCC protein and attenuates its phosphorylation status. A, upon completion of
HET0016 treatment and verification of BP normalization, kidney homogenates from 10,000 
 g supernatants were immunoblotted using anti-NCC or anti-
bodies that recognize NCC that is phosphorylated at the Thr-58 and Ser-71 residue, respectively. Numbers 1–3 represent biological replicates per experimental
group. B, quantitation of immunoblots. NCC or pNCC signals were normalized to signals obtained for �-actin and normalized values were presented as mean �
S.E. Biological replicates for NCC bar graph: �/� without HET0016, n � 6; �/� without HET0016, n � 7; �/� with HET0016, n � 6; �/� with HET0016 n � 7;
pT58 and pS71 graphs: three biological replicates per experimental group. Statistical significance is indicated by the p values. C, phosphorylated NCC/NCC
ratios. Values represent mean ratios � S.E. for 3 biological replicates per group. A statistically significant change is depicted by the p value.

20-HETE-dependent Hypertension in CYP4A11 Transgenic Mice

16910 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 32 • AUGUST 5, 2016



genetically modified mouse models with elevated formation of
20-HETE as a result of disruption of the Cyp4a14 gene leading
to elevated circulating androgens, which increase the expres-
sion of the endogenous Cyp4a12a (46) or in a mouse model
where a human CYP4F2 transgene is expressed in a number of
tissues and cellular sites under control of an androgen-respon-
sive promoter (47). These differences are likely to reflect differ-
ences in the nephron segments where 20-HETE is formed
and/or differences in catalytic properties of CYP4A11,
Cyp4a12a, and CYP4F2.

ANGII is known to increase NCC abundance independently
of aldosterone via changes in the abundance of phosphorylated

NCC and reduction of NCC ubiquination, which leads to
increased NCC activity (48). Although systemic activation of
the renin-angiotensin-aldosterone regulatory system was not
evident in B-129/Sv-4A11�/� mice, localized activation of this

FIGURE 6. Quantitative PCR of mRNA for components of the kidney renin-
angiotensin system and 11�-HSD2. B-129/Sv-4A11�/� kidney RNA was
reverse transcribed and subjected to qPCR using specific primers for angio-
tensinogen (AGT), angiotensin 2 receptor 1 (ATR1), angiotensin converting
enzyme 1 and 2 (ACE1 and ACE2), renin-1 and renin-2 (ren1 and ren2), 11�-
HSD2, and �-actin. The CYP4A11 genotype is indicated by (�/�) and (�/�).
Values represent average target/�-actin mRNA ratios � S.E. depicting the
variation within each group for 10 biological replicates for the components of
the renin-angiotensin system. Biological replicates for 11�-HSD2/�-actin
mRNA are as follows: �/� females, n � 9; �/� females, n � 9; �/� males, n �
10; �/� males, n � 10. Statistically significant changes in the steady-state
mRNA level for the �/� versus �/� genotype within each sex are depicted
by p values.

FIGURE 7. A, increases of renal AGT mRNA in B-129/Sv-4A11�/� are dimin-
ished by administration of HET0016. Steady-state mRNA of AGT and �-actin
mRNA levels in kidneys of female mice in the absence of HET0016 (control)
and after treatment with HET0016. Values represent means ratios � S.E. of
AGT/�-actin with an n � 4 per experimental group. B, BP is normalized by the
ATR1 blocker losartan in B-129/Sv-4A11�/� mice. Female mice were given
losartan in their drinking water for 1 week, and BP was monitored on days 3
through 6. Each symbol represents average systolic BP values for each mouse
with � S.D. reflecting the variation within each experimental group (n � 8 for
�/�; n � 12 for �/�). Statistically significant responses between groups are
depicted by p values. C, AGT-specific mRNA increases are normalized by losar-
tan. Values represent means ratios � S.E. of AGT/�-actin mRNA for 4 biologi-
cal replicates per group. D, AGT/�-actin mRNA determined from kidneys of
mice that were given a normal salt or kept on a low salt diet for 3 weeks (n �
4). Statistically significant changes are depicted by the p values.
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system in the kidney has the potential to increase sodium
uptake (49). Consistent with this possibility, increased AGT
mRNA expression was evident in kidneys of B-129/Sv-
4A11�/� mice compared with wild-type mice. ACE1 mRNA
expression was increased to a lesser extent, and the difference
was not statistically significant in male mice. Renin and ATR1
mRNA abundances were not affected by the transgene. The
elevation of kidney AGT expression in B-129/Sv-4A11�/� sug-
gested that ANGII (which is produced from AGT in the lumen
of the renal tubules) could induce NCC expression. Consistent

with this notion, the ATR1 antagonist losartan normalized BP
in the B-129/Sv-4A11�/� mice, and the CYP4A11 inhibitor
HET0016 reduced renal AGT mRNA expression without
affecting BP of wild-type mice. These treatments also restored
normal levels of NCC protein, as well as AGT and SGK1 mRNA
expression. As elevated kidney-specific expression of an AGT
transgene led to salt-sensitive hypertension (50), it seems likely
that increased AGT synthesis could underlie the effects of the
CYP4A11 transgene on renal sodium homeostasis.

As 20-HETE was elevated in kidney extracts and in urine of
B-129/Sv-4A11�/� mice, the 20-HETE antagonists 20-5,16-
HEDGE and AAA were employed to examine the role of
20-HETE in the observed hypertensive phenotype. Treatment
of B-129/Sv-4A11�/� mice with either antagonist normalized
BP and reversed the increases seen for renal AGT, SGK1, and
NCC. A large body of evidence indicates that 20-HETE pro-
motes vascular resistance, which could contribute to the
observed hypertension (5, 6). Our results do not rule out poten-
tial indirect effects of the CYP4A11 transgene on vascular
resistance. Even though plasma 20-HETE concentrations
were unaltered in B-129/Sv-4A11�/� mice, elevated luminal
20-HETE could diffuse across the macula densa and accentuate
constriction of the afferent arteriole (51, 52). Antagonism of
20-HETE actions in the afferent arteriole could also contribute
to the reduction of BP by 20-5,16-HEDGE and AAA. However,
the reduction of AGT expression and normalization of NCC
and SGK1 expression elicited by the 20-HETE antagonists sug-
gests that these antagonists act more broadly than vascular
endothelium and smooth muscle to limit the effects of
20-HETE in epithelial cells. Moreover, these results indicate
that the elevation of renal AGT is likely to reflect increased
20-HETE production. The proximal tubule is the predominant
site for renal AGT production (53) as well as CYP4A11 expres-
sion (1, 17), where 20-HETE could act in an autocrine fashion.

The results of this study contribute to emerging evidence
that 20-HETE activates the renin-angiotensin system. This
observation was first reported for rats with targeted expression

FIGURE 8. Elevated urinary and kidney 20-HETE in B-129/Sv-4A11�/� mice. A, mean urinary 20-HETE concentrations are expressed as ng/mg of
creatinine � S.E. Overnight urine collections were obtained as follows: �/� or �/� females, average value was determined from three consecutive daily urine
collections from 4 females that were housed in one cage (three technical replicates); �/� males, one overnight urine collection per cage, housing three, two,
two, and three mice per cage (4 biological replicates); �/� males, 4 cages of two mice per cage (four biological replicates). Significant differences are depicted
by p values. B, whole kidney extracts from wild-type (�/�) or B-129/Sv-4A11�/� (�/�) mice were subjected to �-glucuronidase treatment, lipid extraction, and
saponification. 20-HETE was determined in extracts by UPLC-MS/MS analysis. The values represent mean � S.E. for biological replicates as follows: �/�
females, n � 10; �/� females, n � 6; �/� males, n � 8; �/� males, n � 6. Statistically significant differences for �/� versus �/� genotype within each sex
are indicated by p values. C, treatment of female mice with losartan decreases 20-HETE production in B-129/Sv-4A11�/� mice. Mice were given losartan for 6
days. After determination that losartan decreased BP, mice were euthanized, and kidneys were subjected to whole tissue extraction as described. The values
represent mean � S.E. for biological replicates: �/� controls, n � 10; �/� controls, n � 6; �/� losartan, n � 4; �/� losartan, n � 8. Statistically significant
responses are indicated by p values.

FIGURE 9. Endogenous renal Cyp4a expression in the absence or pres-
ence of the CYP4A11 transgene. Quantitative PCR was performed for
Cyp4a12a, Cyp4a12b, Cyp4a10, Cyp4a14, and �-actin from reverse tran-
scribed kidney RNA of wild-type (�/�) and B-129/Sv-4A11�/� (�/�). Values
represent average Cyp/�-actin mean ratio � S.E. for each P450 target (n � 10
per experimental group). Statistically significant changes are depicted by p
values.
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of CYP4A2 in endothelial cells (25). The presence of the trans-
gene increased BP, ACE1, ATR1, and ANGII levels, and the
hypertension was normalized by losartan, HET0016, 20-6,15-
HEDE, and the ACE1 inhibitor lisinopril. Administration of
20-HETE to cultured endothelial cells was shown to induce
expression of ACE1. The modest elevation of ACE1 expression
observed in our studies could also be attributed to effects of
increased renal production of 20-HETE on endothelial cell
ACE1 expression in B-129/Sv-4A11�/� mice. Activation of
nuclear factor �-light chain enhancer of activated B cells
(NF�B) is thought to underlie this response to 20-HETE (54),
and activation of NF�B has been shown to increase transcrip-
tion of the AGT gene in hepatocytes (55) and renal proximal
tubular cells (56), consistent with the notion that 20-HETE acti-
vation of NF�B underlies both the elevation of ACE1 and AGT
expression. Because losartan normalized SGK1 expression in
B-129/Sv-4A11�/� mice, activation of ATR1 is likely to con-
tribute to the elevated expression of SGK1 in kidneys from
B-129/Sv-4A11�/� mice, as observed previously for fibroblasts
(41, 42). Induction of SGK1 by aldosterone has been shown to
contribute to the activation of NCC through a WNK4-medi-
ated pathway (57). However, we have not excluded more direct
actions of 20-HETE on this process.

CYP4A11 genetic variants rs3890011 (19) and rs1126742 (12)
have been associated with salt-sensitive hypertension in human
cohorts. The F434S variant (rs1126742) exhibits 30% lower cat-
alytic efficiency (kcat/Km) for 20-HETE formation from arachi-
donic acid in vitro than the major allele (12), and the association
of the F434S variant with salt-sensitive hypertension has often
been interpreted as an effect of reduced CYP4A11 function.
The impact of these relative small changes in catalytic efficiency
of the F434S variant might be offset by changes in expression of

the enzyme due to effects of this or other genetic differences
that are in linkage disequilibrium with the F434S mutation, and
to date, the effects of genetic variation on CYP4A11 protein
expression and activity in vivo have not been reported. Interest-
ingly, the V433M variant (rs2108622) of CYP4F2, another
human enzyme that catalyzes the �-hydroxylation of arachi-
donic acid, also exhibits a reduced kcat in vitro (58). Paradoxi-
cally, the expression of this V433M allelic variant in human
liver has been shown to be much lower than that of the major
allelic variant (59, 60), but carriers of the CYP4F2 V433M allele
exhibited elevated urinary 20-HETE (61). Hypothetically, loss
of CYP4F2 activity could trigger an increase in the compensa-
tory expression of CYP4A11 due to an increased accumulation
of free fatty acids that activate peroxisome proliferator-acti-
vated receptor �, a transcriptional regulator of CYP4A11
expression (20). SNPs in intron 1 of CYP4F2 have also been
associated with elevated BP and urinary 20-HETE, and the
SNPs have been linked to increased CYP4F2 gene transcription
(62). Our studies in B-129/Sv-4A11�/� mice indicate that ele-
vation of kidney 20-HETE production can be associated with
salt-sensitive hypertension and changes in water and electro-
lyte balance, supporting the notion that elevated formation of
20-HETE in humans could contribute to the development of
salt-sensitive hypertension. Moreover, our results suggest an
increased scope of action for 20-HETE antagonists in the con-
trol of hypertension.

Experimental Procedures

Animals—All experiments using mice were conducted with
approved protocols by the Institutional Animal Care and Use
Committee of The Scripps Research Institute and in accord-
ance with the NIH Guide for the Care and Use of Laboratory

FIGURE 10. 20-HETE antagonists normalize hypertension in B-129/Sv-4A11�/� and attenuate angiotensinogen mRNA increases. A, after baseline BP
recordings in females (circles), mice were injected with 20-6,15-HEDGE daily and BP recorded on days 7 through 9 while on the compound. B, males (squares)
were given daily injection of AAA and BP was recorded on days 7 through 9. Each circle or square represents average systolic BP values for each mouse with
�S.D. reflecting the variation within each experimental group. Statistical significance for the effect of each compound on genotype is indicated by the p values
(n � 4 per experimental group). Mean kidney angiotensinogen/�-actin mRNA measurements �S.E. are shown for mice that were administered 20-6,15-HEDGE
(C) or AAA (D). Statistically significant changes are depicted by p values (n � 4 per experimental group).
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animals. Experiments were generally conducted on groups of
male or female 129S6/SvEv Taconic mice (referred to as wild-
type or controls) and congenic heterozygous and homozygous

CYP4A11 transgenic mice in the 129/SvEv background. The
breeding colony for 129S6/SvEv was established from mice pur-
chased from Taconic. Hemizygous line B and line F transgenic

FIGURE 11. Elevated SGK1 mRNA expression in B-129/Sv-4A11�/� mice is normalized by the 20-HETE antagonist AAA, HET0016, or losartan. A, kidney
homogenates from 10,000 
 g supernatants (10 �g per lane) of female wild-type (4A11�/�) or B-129/Sv-4A11�/� (4A11�/�) mice in the absence or presence
of 20-HETE antagonist AAA were subjected to immunoblotting using antibodies to SGK1 or �-actin. The membranes were stripped and immunoblotted with
the NCC antibody. B, quantitation of SGK1 and NCC proteins. The ratios of SGK1/�-actin or NCC/�-actin signals are shown in the bar graphs in the absence
(control) or after treatment with AAA. Values represent mean ratios � S.E. of SGK1/�-actin or NCC/�-actin ratios for control �/�, n � 7; control �/�, n � 7; AAA
�/�, n � 6; AAA �/�, n � 6. C, renal SGK1/�-actin mRNA levels determined by qPCR in female mice in the absence (control) or presence of AAA (n � 4 per
experimental group). D, females in the absence (control) or presence of HET0016 (n � 4 per experimental group). E, females in the absence (control) or presence
of losartan (n � 4 per experimental group). F, SGK1/�-actin mRNA levels in male mice that were given a normal salt or low salt diet (n � 4 per experimental
group). Statistically significant changes are indicated by the p values.
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mice having a tandem repeat with two copies and one copy of
the CYP4A11 gene, respectively, were generated previously in
C57Bl/6-Balbc F1 mice (20). Hemizygous congenic line B
(B-129/Sv-4A11�/�) and line F mice (F-129/Sv-4A11�/�) were
generated by 9 or more generations of backcrosses of hemizy-
gous line B with 129S6/SvEv mice. After 10 or more genera-
tions, two pairs of hemizygous congenic line B mice were mated
to produce homozygous line B mice with a total of 4 copies of
the CYP4A11 gene. The homozygous line B mice (B-129/Sv-
4A11�/�) were identified using a gene copy number assay
described below. Two pairs of B-129/Sv-4A11�/� mice were
used to generate B-129/Sv-4A11�/� mice for the initial BP mea-
surements as described in the legend to Fig. 1. For subsequent
experiments, B-129/Sv-4A11�/� mice were maintained by
inbreeding descendants of one of the two original breeding
pairs. BP measurements were performed initially on heterozy-
gous B-129/Sv-4A11�/� mice after backcross generation 9.
Subsequently, heterozygous B-129/Sv-4A11�/� were gener-
ated by crossing inbred B-129/Sv-4A11�/� with congenic
129S6/SvEv mice to confirm the initial BP measurements. All
mice were housed in an animal facility with an alternating 12-h
light (7 a.m.-7 p.m.) and 12-h dark cycle and were provided
water and standard rodent chow with 0.3% sodium and 5% fat
content (Teklad LM-485) ad libitum unless indicated other-
wise. A low salt diet (Teklad 94268) that contained 0.05%
sodium and 5% fat was given to mice for 3 weeks. Mice were
16 –22 weeks of age at time of experimentation unless noted
otherwise.

Animal Treatments—The selective P450 �-hydroxylase
inhibitor N-hydroxy-N�-(4-n-butyl-2-methylphenyl)formami-

dine (HET0016, Cayman Chemicals) was administered by
intraperitoneal injection of 10 mg/kg/day in saline that con-
tained 10% L-�-phosphatidylcholine (w/v) (27) for 9 consecu-
tive days. The 20-HETE antagonists sodium 20-6,15-HEDGE
and AAA were each given by intraperitoneal injections of 10
mg/kg/day in phosphate-buffered saline for 9 consecutive days
(27). HCTZ (MP Biomedical) was administered by daily intra-
peritoneal injections at 2.5 mg/kg/day for 9 days (30). Prior to
administration of the ATR1 blocker losartan (Cayman Chemi-
cals), daily water consumption for mice was determined to
calculate the necessary dose to be administered in the drinking
water. Losartan was given at 10 mg/kg/day in the drinking
water (which was prepared daily) for 7 days (27). Similarly,
water consumption was determined for mice, and amiloride
(Santa Cruz Biotechnology) was then given in drinking water at
2 mg/kg/day (63). Water consumption was not affected by the
presence of either compound. At the end of experimentation,
mice were euthanized by an overdose of isoflurane, and tissues
were harvested, frozen immediately, and stored at �80 °C until
further use.

Transgene Copy Number Determination—A single-copy sen-
sitivity qPCR assay was developed to determine gene copy num-
bers. To generate standard curves for calibration of CYP4A11
transgene copies, genomic DNA from wild-type mice was spiked
with the BAC clone RP11-345m5 DNA to contain known copy
numbers of the human CYP4A11 gene per copy of the mouse hap-
loid genome. The amounts of BAC clone DNA necessary to
achieve this were based on (i) the assumption that a haploid con-
tent of a mammalian genome consists of 3 
 109 base pairs, (ii) the
BAC clone is 1.23
105 base pairs in length, and (iii) the use of 1 �g

FIGURE 12. A, CYP4A11; B, AGT; C, SGK1 and �-actin mRNA levels in kidney were measured for male wild-type (�/�), heterozygous B-129/Sv-4A11�/� (�/�),
and homozygous B-129/Sv-4A11�/� (�/�) mice by qPCR. Values represent mean � S.E. target/�-actin mRNA ratios for seven biological replicates per group.
Statistically significant changes are depicted by the p values. D, kidney homogenates from 10,000 
 g supernatants (10 �g/lane) of male wild-type (4A11�/�)
and heterozygous B-129/Sv-4A11�/� (4A11�/�) mice were subjected to immunoblotting using antibodies to SGK1, NCC, or �-actin. Numbers 1–7 depict
biological replicates in each group. E, target and �-actin protein signals were quantified and are shown as mean � S.E. for SGK1/�-actin and NCC/�-ratios in the
adjacent bar graphs. Statistically significant changes for the �/� versus �/� genotype were not seen (p � 0.05).
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of genomic DNA. Copy number standards were generated to con-
tain 0.0, 0.1, 0.5, 1.0, 5, and 10 copies of the BAC clone per haploid
equivalent of mouse DNA using 0.0, 4.1, 21, 41, 205, and 410 pg of
BAC clone DNA/�g of wild-type mouse DNA. Test samples were
prepared at 10 ng/�l from genomic DNA of transgenic lines, and
50 ng of each were used for PCR amplification with CYP4A11
forward (5�-ATGACGTGGCTTCTTCTGGATA) and reverse
(5�-TTGTGCTGAAGGTTCCAAAGTG) primers using SSoAd-
vanced SYBR Green Supermix (Bio-Rad). Cyp4a14 (forward
5�-AATTGCTGCCAGATCCCACCAG and reverse 5�-AGG-
TTCAGTGGCTGGTCAGAGTT primers) was amplified from
each sample and served as a one-copy control for a haploid
genome.

Blood Pressure Determination—BP was determined using a
CODA multichannel non-invasive tail-cuff BP measurement
system (Kent Scientific) in conscious mice (64). The CODA
system utilizes volume-pressure recording technology to detect
changes in tail volume that correspond to systolic and diastolic
BP and calculates mean arterial pressure. This non-invasive
method for BP measurements in mice was recommended by the
American Heart Association Council on High Blood Pressure
Research (65) and has gained widespread use. All BP measure-
ments were conducted on adult groups of males and females
and performed between 10 a.m. and 2 p.m. at ambient temper-
ature. Prior to initiation of measurements, the animal warming
platform (CODA, Kent Scientific) was adjusted to setting 4 and
animal holders were placed on top to prewarm. Each mouse was
then placed into a holder that is designed to fit the mouse com-
fortably, whereas minimizing movement during measure-
ments. After the cuffs were attached and secured, animals were
placed on the platform and allowed for 5–10 min to thermo-
regulate. The tail temperature was taken with an infrared ther-
mometer and measurement sessions initiated only when tail
temperatures reached 32–35 °C. Each session consisted of 5
acclimation cycles and 20 measurement cycles with session
parameters set to a 20-s deflation time, 250 mm Hg occlusion
pressure, and a tail volume setting of 15. Generally, 20 BP mea-
surements per session per day were conducted for 10 consecu-
tive days and average and standard deviation of systolic BP was
calculated for each individual mouse. BP readings that differed
by 2 S.D. from the mean were considered outliers and were
excluded, final averages and standard deviations were recalcu-
lated for each mouse as recommended (64).

Diagnostic Blood and Urine Chemistry—Mice were trans-
ferred to new cages at 4 p.m. on the day prior to blood collec-
tion. Their food was removed, but mice had unlimited access to
water. In the morning, animals were each euthanized with iso-
flurane inhalation anesthetic via an open drop method. A 1-cc
syringe attached to a 26-gauge needle that had been flushed
with heparinized saline was used to collect a terminal blood
sample via cardiac puncture. An average of 800 �l of blood
could be obtained per mouse. Each blood sample was then
transferred into a 1-ml green top Microtainer R tube (BD Bio-
sciences), and the tubes were inverted 3– 4 times using a rotat-
ing platform. Samples were left at room temperature for 1–2 h
and then spun for 10 min at 400 
 g at 20 °C. The supernatants
were recovered, and only plasma from non-hemolyzed blood
was sent for determination of blood chemistry parameters by

Antech Diagnostic (Irvine, CA). Plasma aldosterone, ANGII,
and renin activity were determined by the Hypertension Core
Laboratory at the Hypertension and Vascular Research Center,
Wake Forest University. Blood samples were collected as rec-
ommended by the Wake Forest Hypertension Core Laboratory.
For aldosterone measurements, blood was collected in red-top
vacutainer tubes. After clotting, serum was collected after cen-
trifugation for 10 min at 400 
 g at room temperature. Samples
for determination of plasma ANGII and renin activity were
each collected in chilled tubes containing EDTA. Additionally,
collection tubes for determination of ANGII contained rat
renin inhibitor (Anaspec) and additional protease inhibitors to
prevent degradation of ANGII. The samples were stored at
�80 °C, and shipped on dry ice to the Wake Forest Hyperten-
sion Core Laboratory via overnight shipment.

For urine collection, mice (housed two per cage) were placed
in multiple metabolic cages and allowed to adapt. Urine sam-
ples were collected after animal body weights, and food and
water consumption stabilized. The adaptation period generally
lasted 2–3 days and was a necessary step to avoid masking of the
results by a fasting response that is usually produced when mice
are moved to metabolic cages. Collected urine samples were
kept refrigerated and shipped to Antech Diagnostics (Irvine,
CA) for same day analysis. Urine samples were collected simi-
larly for measurements of 20-HETE and creatinine. A deuter-
ated d2-20-HETE was added to the sample as internal standard
for LC/MS quantification prior to freezing for shipment to
Vanderbilt University.

20-HETE Determination by Ultra-high Performance Liquid
Chromatography-Tandem Mass Spectrometry (UPLC-MS/
MS)—Samples for determination of 20-HETE in tissue homo-
genates, plasma, or urine were treated with glucuronidase (66)
prior to acidification and lipid extraction with chloroform:
methanol (2:1, v/v). The dried lipid extract from kidneys,
plasma, and urine was dissolved in 80% aqueous methanol con-
taining 0.4 M KOH to hydrolyze 20-HETE esters. The mixture
was acidified and extracted into diethyl ether. The extracts were
purified by SiO2 chromatography using a solvent 49.5% hexane,
50% diethyl ether, and 0.05% acetic acid (v/v) before quantita-
tive analysis by ULPC-negative ESI-MS/MS (negative ion)
monitoring of product ions: m/z 289 originating from m/z 319
(20-HETE) and m/z 289 originating from m/z 321 (d2–20-
HETE), respectively, as described (67– 69).

Quantitative PCR—Tissue RNA was isolated using the TRI-
zol reagent (Life Technologies). Reverse transcription and
qPCR was conducted as described previously (20) using the
SSoAdvanced SYBR Green Supermix (Bio-Rad). Primers used
are listed in Table 4.

Immunoblotting—Whole kidneys were homogenized in 0.1 M

potassium phosphate buffer (pH 7.4) containing 0.25 M sucrose,
10 mM sodium pyrophosphate, 10 mM sodium orthovanadate,
PierceTM protease inhibitor mixture (Thermo Scientific), and
PhosStop phosphatase inhibitor mixture (Roche Applied Sci-
ence) using a tissue homogenizer (Biospec Products), as
instructed by the suppliers. Tissue homogenates were centri-
fuged for 5 min to remove debris and again for 15 min at
10,000 
 g. The supernatants (referred to as 10K supernatant
from here on) were recovered for analysis and equal amounts of
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protein were separated on SDS-PAGE gels. Proteins were trans-
ferred to nitrocellulose and blotted with primary rabbit poly-
clonal antibody to NCC (AB3553, Millipore) at 1:2000 dilution
followed by an anti-rabbit HRP conjugate (Promega) at
1:10,000. Antibodies to NCC phosphorylated at residue Thr-
53, Thr-58, Ser-71, or Ser-89, respectively, were generously
provided by Dr. Johannes Loffing (University of Zurich, Swit-
zerland) and used on 100,000 
 g pellets from kidneys (referred
to as 100K pellet) as described in a procedure from the Loffing
laboratory to assess changes in phosphorylation status (33).
The anti-rabbit HRP conjugate at a 1:20,000 dilution served as
secondary antibody. Rabbit monoclonal antibody to SGK1
(ab32374, Abcam) was used at a 1:2000 dilution, followed by the
anti-rabbit HRP conjugate at a 40,000 dilution to determine
SGK1 protein levels. A polyclonal rabbit anti �-actin (NB600 –
503SS Novus Biologicals) antibody was used as a loading con-
trol at a 1:20,000 dilution followed by the anti-rabbit HRP con-
jugate at 1:20,000. Immunoreactive proteins were visualized by
enhanced chemiluminescence (PerkinElmer Life Sciences).
Membranes were exposed to Kodak Biomax X-AR autoradiog-
raphy film (Carestream) and bands were quantified by using the
LiCor Image Studio Lite version 4.0 software. For each target,
multiple sample amounts were loaded to ensure that the
detected signal was within the linear range of exposure.

Statistics—Statistical significance was determined for com-
parisons of two groups by applying Student’s two-tailed t test.
For comparisons of multiple groups, analysis of variance with
the Bonferroni’s post test was conducted with the GraphPad
Prism software version 5.0 (GraphPad, La Jolla, CA), and p val-
ues less than 0.05 were considered significant.
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