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A Possible Interaction Between Systemic and Renal
Angiotensinogen in the Control of Blood Pressure

Nirupama Ramkumar,’ Deborah Stuart,' Jian Ying,? and Donald E. Kohan'

BACKGROUND

Angiotensinogen (AGT) is synthesized in the liver and proximal tubule.
AGT overexpression at either site might increase blood pressure (BP).
We used transgenic mice with AGT overexpression in proximal tubule
(K), liver (L), or both sites (KL) to determine the relative contributions of
hepatic- and proximal tubule-derived AGT in modulating BP.

METHODS

Hepatic AGT overexpression was obtained using the albumin enhan-
cer promoter; the kidney androgen protein gene was used for proximal
tubule AGT overexpression. BP and renin angiotensin system param-
eters were examined in male KL, K, L, and wild-type mice on normal and
high-sodium diets.

RESULTS

Compared with wild-type mice, K and KL mice had higher BP on nor-
mal and high-sodium diets. L mice had similar BP to wild-type mice on
a normal-sodium diet, but high sodium intake caused hypertension.

Synthesis of angiotensinogen (AGT), the principal sub-
strate of the renin angiotensin system (RAS), occurs in the
liver and proximal tubule (PT).! The importance of sys-
temic and PT AGT individually in regulating blood pres-
sure (BP) has been addressed through a series of rodent
experiments. Double transgenic mice with systemic human
AGT and human renin synthesis show systemic RAS acti-
vation and hypertension.? Further, disruption of hepatic
AGT synthesis results in fatal hypotension after birth?® that
is rescued by instilling systemic human AGT and human
renin synthesis.* PT-specific overexpression of human
AGT and human renin in mice leads to hypertension des-
pite normal levels of circulating angiotensin II (Ang II).
Similarly, mice with PT-specific rat AGT overexpression
show elevated BP, albuminuria, and renal injury.® However,
all of these animal models used nonmouse AGT and/
or renin containing transgenes, a potential issue because
cross-species renin-AGT catalytic efficiency varies.”® Our
group developed a model of liver overexpression of mouse
AGT using the albumin enhancer promoter; these animals

There were no differences in plasma AGT, plasma renin concentration,
urine volume, or urine sodium excretion between the groups. Urine
AGT and angiotensin Il (Ang Il) excretion were higher in KL and K mice
thanin L or wild-type mice on a normal-sodium diet and increased with
high sodium intake. During high sodium intake, urine AGT and Ang |l
were higher in all transgenic mice vs wild-type mice.

CONCLUSIONS

Mice with liver AGT overexpression manifest salt-sensitive hypertension,
whereas mice with renal AGT overexpression are hypertensive regard-
less of salt intake. Systemic AGT may stimulate endogenous renal AGT
synthesis during high sodium intake, leading to hypertension in L mice.
This suggests that systemic and renal AGT may interact to modulate BP.
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were mildly hypertensive.® In addition, we recently demon-
strated that overexpression of mouse AGT in PT also causes
hypertension.!?

The above studies helped delineate the potential import-
ance of systemic and renal AGT in controlling BP; however
one question that has not been fully addressed is whether
these two AGT systems can influence one another—that is,
do they operate jointly or independently? To examine this
issue, we evaluated BP and the systemic and renal RAS using
transgenic models with AGT overexpression in liver, PT, or
in both sites simultaneously.

METHODS
Animal care

All animal studies were conducted with the approval of
the University of Utah Animal Care and Use Committee in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Correspondence: Donald E. Kohan (donald.kohan@hsc.utah.edu).

Initially submitted September 17, 2012; date of first revision November
26, 2012; accepted for publication November 27, 2012; online
publication February 1, 2013.

'Division of Nephrology and Hypertension, University of Utah Health
Science Center, Salt Lake City, Utah; 2Department of Human Genetics,
University of Utah Health Sciences Center, Salt Lake City, Utah.

© American Journal of Hypertension, Ltd 2013. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

American Journal of Hypertension 26(4) April2013 473


mailto:donald.kohan@hsc.utah.edu

Ramkumar et al.

Generation of targeted mice

Details on generation of mice with liver-specific and
PT-specific expression of AGT are described elsewhere.*!° In
brief, a transgene construct consisting of mouse AGT com-
plementary DNA flanked by the albumin enhancer promoter
at the 5" end and the rabbit  globin intron and poly A at the
3’ end was generated using pBluescript II KS (Stratagene, La
Jolla, CA) for hepatic overexpression of AGT (AEP2-mAGT).
PT-specific overexpression of AGT was accomplished by
introducing mouse AGT complementary DNA into the kid-
ney androgen-regulated protein (KAP) genomic sequence
(KAP-mAGT). Both transgene constructs were validated by
sequencing. Transgenic mice were created by zygote micro-
injection of AEP2-mAGT sequence and electroporation of
mouse embryonic stem cells with the KAP-mAGT sequence.
All mice were bred on a C57BL/6] background for at least
6 generations. Mice with overexpression of AGT in liver (L)
were crossbred with PT-specific AGT overexpresser mice (K)
to generate overexpression of AGT in both liver and PT (KL).
All mice were studied between 16 and 20 weeks of age.

Verification of liver and proximal tubule-specific
expression

Total RNA was isolated from a variety of tissues in trans-
genic and wild-type (WT) mice. Reverse-transcription poly-
merase chain reaction using primers that only amplified the
inserted genes was performed to verify that the targeted gene
was selectively expressed in the kidney vs. liver of targeted
animals. Reverse transcription polymerase chain reaction
primer sequences have been listed in our previous papers.*°

BP monitoring

BP was recorded by telemetry (TA11-PAC10; Data
Sciences International, St. Paul, MN) in 8 animals from each
targeted group (K, L, and KL) and 6 WT controls. All mice
were housed in individual cages and allowed to recover for
5 days after the surgical procedure. Automated BP and heart
rate was recorded continuously for 3 weeks, with measure-
ments taken every 10 minutes. Mice were maintained on a
normal-sodium diet (0.25% Na) for 4 days and then changed
to a high-sodium diet (3.2% Na). Mice were not handled
during BP recording period because even small stimuli may
markedly affect BP in mice. Mean arterial pressure was calcu-
lated as (1/3 x pulse pressure) + diastolic pressure.

Plasma and urine assays

At the conclusion of BP studies, mice were placed in
metabolic cages for measurement of weight, food and water
intake, and 24-hour urine collection. A small amount of
blood (35 pl) was collected from the dorsal pedal vein in
chilled polypropylene tubes containing heparin lithium.
Plasma was separated and chilled at —80 °C until assay.
Urine samples were centrifuged at 15,000rpm for 15 min-
utes, and supernatant was frozen in aliquots at —80 °C until
assay. Total AGT was analyzed in plasma and urine using
a commercially available immunoassay kit (IBL America,
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Minneapolis, MN). Plasma renin concentration was meas-
ured as the amount of angiotensin I (Ang I) generated after
incubation with excess porcine AGT using the Ang I enzyme
immunoassay (EIA) kit (Bachem, San Carlos, CA). Plasma
renin concentration was expressed as the amount of Ang
I generated per hour per microliter of plasma. Urinary Ang
II levels were determined using an EIA kit (Bachem), and
urine sodium was determined using the EasyVet Analyzer
(Medica, Bedford, MA). Urinary RAS measurements were
adjusted for 24-hour urine volume and expressed as nano-
grams per day.

Statistical analysis

All results are expressed as mean + SEM. One-way analysis
of variance was used to compare results among the 4 groups
on each diet. Paired f test was used to compare differences
between normal-sodium and high-sodium diets within each
group. We initially analyzed BP separately as daytime BP and
nighttime BP to reduce the effects caused by the heterogene-
ity in activity during the 2 periods. BP daytime and night-
time results parallel the BP trends from 24-hour readings,
we present all BP values as 24-hour readings. Trends in BP
readings were compared among the 4 groups using mixed
effects analysis of variance.

RESULTS

Verification of liver and proximal tubule specific
expression

Selective transgene expression of AEP2-mAGT and KAP-
mAGT was seen in liver and kidney, respectively, by reverse
transcription polymerase chain reaction using primers that
selectively amplified the fusion transgenes (Figure 1). Male
mice were used for all experiments because the KAP gene is
only active in the presence of androgens.

Assessment of BP

Mean arterial pressure was higher in KL (106 mm Hg)
and K mice (105mm Hg) than in L (100mm Hg) and WT
mice (96 mm Hg) fed normal-sodium diet (Figure 2a). High
sodium intake did not alter mean arterial pressure in KL, K,
or WT mice but increased mean arterial pressure in L mice
(108 mm Hg). Similar trends were noted in systolic and dias-
tolic BP in all 4 groups (Figure 2b,c). Systolic BP was higher
in Kand KL mice (average increase = 12 mm Hg) than in WT
mice regardless of sodium intake. In contrast, L mice had
similar systolic BP as WT mice with normal sodium intake
and increased systolic BP with high sodium intake (average
increase = 8.5 mm Hg). Diastolic BP increased by an average
of 9mm Hg in L mice with high sodium intake, whereas it
remained unchanged in KL, K, and WT mice (Figure 2c).

RAS parameters

Plasma total AGT levels were increased in L mice, as com-
pared with WT mice, on both a normal- and a high-sodium
diet (Figure 3). Plasma AGT was also higher in KL mice than
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Figure 1. Verification of organ-specific transgene messenger RNA
expression by reverse-transcription polymerase chain reaction in liver
(top image) and proximal tubule (bottom panel) angiotensinogen trans-
genic mice. Representative blots from 4 different mice in each genotype
are shown.

in WT mice on a normal-sodium diet, whereas it was similar
to those in WT mice on a high-sodium diet. Plasma AGT
levels were not different between WT and K mice. There
were no changes in plasma AGT levels within each group
with increased sodium intake (comparing normal- with
high-sodium diet). On a normal-sodium diet, plasma renin
concentration was not significantly different between WT,
L, K, and KL mice (Figure 4). Plasma renin concentration
decreased similarly in all 4 groups with high sodium intake.

Urinary total AGT on a normal sodium intake was signifi-
cantly elevated in KL (33.9+£9.1 ng/day) and K (23.2+4.9ng/
day) mice as compared with L (3.88+1.3ng/day) or WT
(4.85+1.0) mice; urinary AGT excretion was not different
between L and WT mice on a normal-sodium diet (Figure 5).
Urinary AGT excretion increased in all 4 groups with high
sodium intake (407.6+71.5ng/day in KL; 346.8+62.6ng/
day in K; 35.6 £ 1.2ng/day in L; 19.5 £ 4ng/day in WT mice).
Compared with WT mice, urinary AGT excretion on a high-
sodium diet was significantly higher in L, K, and KL mice.
Urine Ang II was higher in KL and K mice (0.6 +0.2ng/day
and 0.72+0.2ng/day, respectively) than in L and WT mice
(0.2£0.05ng/day and 0.28 £0.03 ng/day, respectively) on a
normal-sodium diet (Figure 6). High sodium intake increased
urine Ang II excretion in KL and L mice (1.60£0.21 ng/day
and 0.83+0.27 ng/day, respectively), although it tended to
increase Ang II in all groups (1.07+0.24ng/day in K mice
and 0.54+0.19ng/day in WT mice). Compared with WT
mice, urinary Ang II excretion on a high-sodium diet was
significantly higher in KL, K, and L mice.

Body weight and renal parameters

There were no differences in weight, urine volume, and
urine sodium excretion between the 4 groups on normal- or
high-sodium diet (Table 1).

DISCUSSION

The main purpose of this study was to examine the effect
on BP and the RAS of combined vs. individual overexpres-
sion of AGT in the liver and/or the PT. The key findings were
(i) AGT overexpression in the PT causes similar degrees of
hypertension irrespective of coincident AGT overexpression
in the liver; (ii) AGT overexpression in the liver alone causes
hypertension only during high salt intake; and (iii) hyper-
tension in all mice correlated with urinary AGT levels.

The finding that PT-specific overexpression of AGT
causes the same degree of hypertension with or without liver
AGT overexpression suggests that renal AGT production, at
least under conditions of normal or elevated systemic AGT,
has the potential to be a determinant of BP. This finding is
in agreement with a previous study by our group examining
BP in PT AGT transgenic mice alone.!® It should be noted
that Matsusaka and colleagues!! found that mice with liver,
but not PT, AGT knockout were hypotensive, suggesting that
systemic, but not PT-derived, AGT is of primary importance
in maintaining baseline BP. Thus, although clearly specula-
tive, one conclusion from these studies is that systemic AGT
and renal AGT may influence BP under different conditions,
wherein, at least under normal physiological conditions, sys-
temic AGT is necessary for BP maintenance whereas renal-
derived AGT is primarily involved in elevating BP above this
baseline level.

In contrast with the PT AGT transgenic mice, liver AGT
transgenic mice were not hypertensive on a normal salt
diet. One explanation for this is that liver AGT overexpres-
sion was relatively modestly increased as compared with
PT AGT overexpression. This possibility is supported by
the finding that systemic AGT was only mildly, albeit sig-
nificantly, elevated in liver AGT transgenic mice, whereas
PT AGT mice had markedly increased urinary AGT levels.
However, liver AGT expression was clearly elevated in that,
despite no apparent effect on circulating AGT levels, liver
AGT transgenic mice were hypertensive on a high-sodium
diet. It is possible that the elevated BP in liver AGT over-
expressers was due to a vasoactive response to increased
activity of the systemic RAS. An alternative explanation for
the salt-sensitive hypertension in liver AGT transgenic mice
comes from consideration of the effects of transgene over-
expression on urinary AGT levels. As stated above, PT AGT
transgenic mice had, as expected, greatly elevated urinary
AGT excretion regardless of sodium intake and were hyper-
tensive on both a normal- and high-sodium diet. Indeed,
urinary AGT may be so high in PT AGT transgenic mice on
anormal-sodium diet that further increases in urinary AGT
seen on a high-sodium diet are without effect on BP. In con-
trast, urinary AGT excretion was not elevated in liver AGT
transgenic mice during normal sodium intake but rose sig-
nificantly above that seen in controls when mice were fed
a high-sodium diet. Thus, hypertension was only present
in liver AGT transgenic mice when urinary AGT excretion
was elevated.

The above observations raise 2 important questions: (i)
how does liver AGT overexpression lead to increased urin-
ary AGT excretion; and (ii) what is the biologic significance
of urinary AGT. Urinary AGT reflects renal-derived, and
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Figure 2. Arterial pressure in angiotensinogen (AGT) transgenic mice. (a) Mean, (b) systolic, and (c) diastolic arterial pressures on normal- (0.25%) and
high- (3.2%) sodium (Na) diets in wild-type (WT), proximal tubule AGT (K), liver AGT (L), and both proximal tubule and liver (KL) transgenic mice.
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Figure 3. Plasma angiotensinogen (AGT) levels in transgenic mice on normal- (0.25%) and high- (3.2%) sodium (Na) diets. Abbreviations: K, proximal
tubule AGT transgenic mice; KL, both proximal tubule and liver AGT transgenic mice; L, liver AGT transgenic mice; WT, wild-type mice. n = 12-13 all

groups. *P < 0.05 vs. WT.
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Figure 4. Plasma renin concentration in transgenic mice on normal- (0.25%) and high- (3.2%) sodium (Na) diets. Abbreviations: K, proximal tubule
angiotensinogen (AGT) transgenic mice; KL, both proximal tubule and liver AGT transgenic mice; L, liver AGT transgenic mice; WT, wild-type mice.n =6

(WT) or 8 (all transgenic lines).

not systemic, AGT. Matsusaka and colleagues'' observed
no change in urinary AGT excretion in mice with liver-
specific knockout of AGT, whereas Kobori et al.!> found no
significant human AGT in the urine when rats were infused
with human AGT. In addition, Nakano et al. found that sys-
temically infused labeled human AGT was undetectable in
mouse or rat urine.'’ Nonetheless, the systemic RAS has the
potential to modify renal AGT synthesis and urinary AGT

excretion. Ang II infusion, through activation of AT1 recep-
tors, increases renal AGT messenger RNA and protein in
rats'*!> and mice!'®’, whereas Ang II increases AGT mes-
senger RNA levels in cultured rat PT cells.!® Thus, it seems
feasible that increased systemic RAS activity, as presum-
ably occurs in liver AGT transgenic mice, could stimulate
PT AGT and ultimately urinary AGT levels. It is unclear
why no increase in urinary AGT excretion was observed in
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transgenic lines). *P < 0.05 vs. WT on same diet; #P < 0.05 vs. same genotype on normal Na diet.

* #

2 -
KL
184 oK
>
3 1.6 4 HL
>
£ 14 4 OWT
z 12
£ "
§ 11 *
9
(o)) 0.8
C
©
) 0.6
£
S 04 -
0.2 -
0

Normal Na diet

High Na diet

Figure 6. Urinary angiotensin Il excretion in transgenic mice on normal- (0.25%) and high- (3.2%) sodium (Na) diets. Abbreviations: K, proximal tubule
angiotensinogen (AGT) transgenic mice; KL, both proximal tubule and liver AGT transgenic mice; L, liver AGT transgenic mice; WT, wild-type mice.n =6
(WT) or 8 (all transgenic lines). *P < 0.05 vs. WT on same diet; #P < 0.05 vs. same genotype on normal Na diet.

liver AGT transgenic mice ingesting a normal-sodium diet;
however, it is possible that basal renal AGT production on a
normal-sodium diet is relatively low, making small changes
in AGT levels difficult to detect. In contrast, as has been pre-
viously described,' high sodium intake augments urinary
AGT excretion; under these conditions, liver AGT trans-
genic mice manifested increased urinary AGT excretion, as
compared with WT mice fed a similar diet. That high sodium
intake appears to increase renal AGT production seems
counterintuitive from a BP regulatory standpoint; however,
this observation is further supported by the finding that high
salt intake increases PT luminal Ang II concentration in the
face of reduced systemic Ang II levels.?’ Taken together, the
above considerations support the notion that the systemic
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RAS, particularly in conjunction with high sodium intake,
can stimulate renal AGT production and increase urinary
AGT excretion.

Changes in urinary AGT excretion may affect intrarenal
Ang II generation and ultimately influence sodium trans-
port. Both PT and liver AGT transgenic mice (the latter on
a high-sodium diet) had increased urinary Ang II excretion
associated with elevated urinary AGT levels. Ang II stimu-
lation of nephron sodium reabsorption is well described,
including in the PT*! and collecting duct.?? In the PT, luminal
AGT may be cleaved by filtered renin, and the resultant Ang
II can augment sodium/hyrdogen exchanger activity.?***
PT-derived AGT may also act downstream due to the effects
of proximal tubule luminal Ang II synthesis or to collecting
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Table 1.

angiotensinogen (AGT) (K), liver-specific AGT (L), or both transgenes (KL)

Weights, urine volume (UV), and urinary sodium (Na) excretion (UNaV) in mice with no (wild-type (WT)), kidney-specific

KL K L WT

Normal Na

Weight, g 25.1+0.7 23.1+0.4 23.8+0.6 26.6+0.6

UV, ml/day 0.7+0.1 1.1+0.2 0.8+0.1 0.8+0.1

UNaV, mmol/day 79+12 11519 98+12 95+ 14
High Na

Weight, g 255+0.9 245+0.4 24.7+0.6 25.9+0.7

UV, ml/day 5.1+0.1 5.8+0.7 5.3+0.7 4.4+1.1

UNaV, mmol/day 22214429 2208+414 2791+476 1865+ 681

Mice were fed a normal- (0.25%) or high- (3.2%) Na diet. Data are shown on the third day of transitioning to each diet. n = 8 per group.

duct-derived renin conversion of AGT;* luminal Ang II
potently increases epithelial sodium channel activity.?

A potential weakness of this study was the necessity of
using only male mice. The KAP promoter is activated by
androgens; hence we wished to avoid potentially confound-
ing effects of androgen administration to female mice.
Another issue is that the magnitude of hypertension was
modest in the liver and/or PT AGT transgenic mice. This
suggests that, at least under normal physiological conditions,
variations in systemic or PT-derived AGT are likely to have
a relatively modest, albeit significant, effect on BP. Given
the multiplicity of regulatory mechanisms involved in con-
trol of the RAS specifically, and BP in general, it is perhaps
not surprising that such a scenario exists. In this regard, it is
important to note that this study used overexpressed mouse
AGT in both transgenic mouse lines, thereby providing the
ability for normal mouse compensatory mechanisms to be
operative. Finally, this study examined mice with transgenic
overexpression of AGT; thus our results must be interpreted
as what influence increased AGT production can potentially
exert on BP. Further examination of this system could take
advantage of the liver- or PT-specific AGT knockout mice;
studies with these mice have only been performed on a
normal-sodium diet; hence examination of their phenotype
under sodium loading, Ang IT hypertension, or other condi-
tions will be of substantial interest.

In summary, this study reports that mouse AGT overex-
pression in the PT causes hypertension regardless of sodium
intake, whereas AGT overexpression in the liver caused
hypertension only during a high-sodium diet. The presence
of hypertension was associated with elevated urinary AGT
excretion in both mouse lines. Because urinary AGT likely
derives solely from the kidney, these observations suggest that
systemic AGT has the potential to regulate renal AGT produc-
tion. Taken together, our findings provide a novel insight into
potential interactions between systemic and renal AGT.
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