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Prevention of salt induced hypertension and fibrosis
by angiotensin converting enzyme inhibitors in
Dahl S rats

B Liang and FHH Leenen

Hypertension Unit, University of Ottawa Heart Institute, Ottawa, ON, Canada

Background and purpose: In Dahl S rats, high salt increases activity of the tissue renin-angiotensin-aldosterone system (RAAS)
in the CNS, heart and kidneys. Here, we assessed the effects of chronic angiotensin converting enzyme (ACE) inhibition on salt-
induced hypertension and cardiovascular and renal hypertrophy and fibrosis, relative to the extent of ACE blockade.
Experimental approach: From 4.5 weeks of age, Dahl S rats received either the lipophilic ACE inhibitor trandolapril (1 or 5 mg
kg™ day™) or the hydrophilic ACE inhibitor lisinopril (10 or 50 mg kg™ day™) and a high salt diet was started 0.5 week later.
Treatments ended at 9 weeks of age.

Key results: High salt diet markedly increased blood pressure (BP), decreased plasma angiotensin Il and increased ACE binding
densities in brain, heart, aorta and kidneys. Trandolapril and lisinopril prevented 50% of the increase in BP in light and dark
period of the day. After the last doses, trandolapril decreased ACE densities by ~80% in brain nuclei and heart and lisinopril by
~60% in the brain and by ~70% in the heart. The two ACE inhibitors prevented right ventricular hypertrophy and attenuated
left ventricular hypertrophy but did not affect renal hypertrophy caused by high salt. Both drugs prevented high salt-induced
fibrosis in heart, kidney and aorta.

Conclusion and implication: As the ACE inhibitors could completely prevent tissue fibrosis and partially prevent tissue
hypertrophy and hypertension, the tissue RAAS may play a critical role in salt-induced fibrosis, but a lesser role in the
hypertrophy.

British Journal of Pharmacology (2007) 152, 903-914; doi:10.1038/sj.bjp.0707472; published online 1T October 2007

Keywords: lisinopril; trandolapril; brain; heart; kidneys; aorta; ACE; AT,-receptor; high salt diet; blood pressure

Abbreviations: ACE, angiotensin-converting enzyme; AT-receptor, angiotensin Il type 1 receptor; BBB, blood-brain barrier;
EF, ejection fraction; HPLC, high-performance liquid chromatography; icv, intracerebroventricular; LV, left
ventricle; LVIDy, left ventricular internal dimension in diastole; LVID,, left ventricular internal dimension in
systole; LVIVS, left ventricle interventricular septum; LVPW, left ventricle posterior wall; MAP, mean arterial
pressure; MnPO, median preoptic nucleus; OVLT, organum vasculosum laminae terminalis; PVN,
paraventricular nucleus; RAAS, renin-angiotensin aldosterone system; RIA, radioimmunoassay; RV, right
ventricular; SFO, subfornical organ; WKY, Wistar—Kyoto

Introduction

In recent years, several studies have demonstrated that high
salt diet decreases the activity of the circulating renin-
angiotensin-aldosterone system (RAAS), but may activate
the tissue RAAS in some organs such as the brain, heart and
kidneys. In Dahl S rats, high salt increases the mRNA for
angiotensin-converting enzyme (ACE) and its activity as well
as AT; receptor densities in the hypothalamus (Zhao et al.,
2001; Wang et al., 2003). Intracerebroventricular infusion of
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an AT, receptor blocker prevents both the sympatho-
excitation and hypertension (Huang and Leenen, 1998;
Leenen and Yuan, 2001). In normotensive WKY rats, high
salt increases cardiac AT; receptor mRNA and aldosterone
synthesis (Takeda et al., 2000), and causes widespread fibrosis
in the heart, arteries and kidneys (Yu ef al., 1998). In Wistar
rats, the high salt-induced myocardial fibrosis was prevented
by spironolactone (Lal et al., 2003). In Dahl S rats, high salt
intake for 3 weeks caused modest increases in angiotensin II
levels and clear increases in aldosterone levels in the heart
and kidneys (Bayorh et al., 2005) associated with extensive
cardiovascular and renal hypertrophy, fibrosis and damage.
We hypothesized that in Dahl S rats, this activation of
the tissue RAAS by high salt not only contributes to the
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salt-induced hypertension, but also to the salt-induced tissue
hypertrophy and fibrosis. The latter may be—at least in
part—independent of the hypertension since central block-
ade prevented the hypertension but not the high salt-
induced increases in weight and ACE mRNA and activity in
the left ventricle (LV) (Zhao et al., 2000). If the tissue RAAS
indeed mediates these effects of high salt diet, treatment
with blockers of the RAAS at high enough doses to cause
sufficient and persistent tissue blockade should be able to
prevent both the hypertension and the cardiovascular and
renal hypertrophy and fibrosis. We previously showed that
chronic subcutaneous (s.c.) treatment with the AT1 receptor
blocker irbesartan at high doses causing central blockade
indeed can prevent the hypertension in Dahl S rats on high
salt diet (Leenen and Yuan, 2001). Other studies on the
effects of peripheral treatment with blockers of the RAAS in
Dahl S rats have shown diverse results. Some reported
minimal effects on blood pressure (BP) (De Simone et al.,
1996; Sugimoto et al., 1998; Satoh et al., 2003; Yamamoto
et al., 2005; Kobayashi et al., 2006), others showed significant
attenuation of the increase in BP on high salt (O’'Donnell
et al., 1992; Ashida et al., 1997). None of these studies
assessed BP effects relative to extent of tissue RAAS blockade.

To assess the hypothesis proposed above, the present study
had as its main objective the assessment, in Dahl S rats on
high salt diet, of the effects of chronic s.c. treatment with an
ACE inhibitor on the development of hypertension and
on cardiovascular and renal hypertrophy and fibrosis relative
to the extent of ACE blockade in relevant tissues. The extent
of inhibition of tissue ACE may vary between ACE inhibitors
with high lipophilicity and high affinity for ACE and those
inhibitors, which are hydrophilic and exhibit low ACE
affinity. This difference has been postulated to affect
intermediate and clinical outcomes (Dzau et al., 2001). As a
secondary objective, we therefore evaluated two ACE
inhibitors, trandolapril being very lipophilic and having
high ACE affinity (Conen and Brunner, 1993) and lisinopril
being very hydrophilic and having low ACE affinity (Dzau
et al., 2001), each at medium- and high-dose levels (Tan et al.,
2005).

Methods

Animals

All experimental procedures were carried out in accordance
with the guidelines of the Canadian Institutes of Health
Research outlined in the ‘Guide for the Care and Use of
Experimental Animals’ and were approved by the University
of Ottawa Animal Care Committee. Male Dahl S rats (Harlan
Sprague Dawley, Madison, WI, USA; 3.5-4 weeks of age),
were housed in a temperature-controlled environment at
24°Con a 12:12-h light-dark cycle, fed regular rat chow, and
allowed tap water ad libitum for 3-5 days before entering the
study.

Experimental protocols
Protocol I. Two sets of male Dahl S rats were randomly
divided into six treatment groups (6 rats per group):
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Trandolapril (1 and 5mgkg 'day!), lisinopril (10 and
50mgkg'day') or vehicle (0.9% saline, for 2 groups).
Treatments started at 4.5 weeks of age with daily s.c.
injections in the morning. At 5 weeks of age, five groups
(the four drug groups and one vehicle group) were started on
high (1370 umol Na* g~') salt diet (Harlan Teklad, Madison,
WI, USA), and one vehicle group remained on regular
(101 pmol Na* g‘l) salt diet (Harlan Teklad, Madison, WI,
USA). Treatments continued until 9 weeks of age and final
assessments were made in one set of rats in the afternoon,
4h after the last dose and in the second set of rats in the
morning, 24 h after the last dose. The doses of trandolapril
and lisinopril were based on our study in Wistar rats (Tan
etal., 2005) which showed that at medium doses trandolapril
caused better inhibition of tissue ACE binding densities than
lisinopril, while at the higher doses the two drugs caused
similar inhibition.

Blood pressure, heart rate and plasma angiotensin II
measurements

At the end of the four-week dietary period, rats were
anaesthetized by isoflurane-oxygen inhalation, and a poly-
ethylene catheter was inserted into the left carotid artery,
tunnelled s.c., and exteriorized at the nape. After a recovery
period of 3h (for the 4h post dosing groups) or overnight
(for 24 h post dosing groups), resting mean arterial pressure
and heart rate were recorded for 30 min in conscious, freely
moving animals as described previously (Leenen and Yuan,
2001). Blood samples were then obtained from conscious
unstressed rats via the arterial catheter. The plasma was
stored at —80 °C until measurement of angiotensin II by RIA
after separation by HPLC as described previously (Ruzicka
et al., 1995).

Protocol II. Male Dahl S rats were randomly divided into
four groups (5-7 rats per group): Trandolapril
(5mgkg tday™}), lisinopril (50mgkg 'day™!) and vehicle
(0.9% saline) in two groups. The study design was otherwise
the same as in protocol I. Baseline 24 h food and water intake
was measured at the last day of regular salt intake and then
once weekly.

Telemetry

After two weeks of high salt diet, a BP probe (DSI model
TA11PA-C40, Data Science International, St Paul, MN, USA))
was positioned intra-abdominally, under isoflurane anaes-
thesia and secured to the ventral abdominal muscle with the
catheter inserted into the lower abdominal aorta (Huang
et al., 2007). The telemetry signal was processed using an
analogue adaptor and computerized data acquisition system
to calculate and store the mean values of BP and heart rate
over a 1min interval every 1h. Recordings were started 1
week following the probe implantation.

Echocardiography
A VisualSonics Vevo-770 high-resolution imaging echocar-
diography system (Visualsonics, Toronto, ON, Canada) with



a 33-MHz transducer at a depth setting of 3—-4 cm was used.
At 2 and 4 weeks on high salt diet, under light isoflurane
anaesthesia, an LV M-mode tracing just below the tips of the
mitral leaflets was obtained and recorded on videotape.
Simultaneous M-mode recording of intraventricular septum
(LVIVS) and posterior wall (LVPW) thickness and LV internal
dimension in systole and diastole (LVID4, LVIDs) was
performed for at least six cardiac cycles. LV volume in
systole and diastole (V,, V4) were used to measure ejection
fraction (EF) according to the following formula:
EF = [(Vg—Vy)Vg'] x 100%. LVID, LVIVS and LVPW in dia-
stole were used to measure LV mass according to the
following formula: LV mass=1.053*((LVIDq+ LVIVS4 +
LVPWg)3—LVIDY).

Tissue sampling

After blood sampling, rats in protocol I were killed by
decapitation and the kidneys, brain, heart and abdominal
aorta were excised quickly. The LV +RV and both kidneys
were immediately rinsed in ice-cold saline and weighed. The
LV and RV together were cut into two parts. The upper
sections of the LV and RV were placed in 10% formalin for
fibrosis studies. The lower parts were frozen in methyl-
butane/dry ice and stored at —80 °C for autoradiography. The
brain, one kidney, lower parts of the left and right atrium
and half of the abdominal aorta were also stored for
autoradiography. The other kidney, upper part of left and
right atrium and remaining part of abdominal aorta were
kept in 10% formalin for fibrosis studies.

Rats in protocol II were decapitated at 4h after the last
dose, and LV, RV and kidney weights measured. Lungs were
frozen in methylbutane/dry ice and stored at —80°C for
autoradiography.

Quantitative in vitro AT, receptor and ACE autoradiography
Binding densities for ACE and AT; receptors were deter-
mined using the ACE inhibitor derivative '*I-351A (a
derivative of lisinopril, iodinated by the chloramine T
method) and !2°I-Sar'I1e®-Angll, respectively, as described
recently (Dean et al., 2005; Tan et al., 2005). The preincuba-
tion step was omitted to maintain the ACE blockade.

Tissue fibrosis

Transverse sections of the heart, kidney and aorta (4pum
thick) were stained with Sirius red F3BA (0.5%. in saturated
aqueous picric acid). The slides of the LV and RV, LA and RA
were pictured in their entirety, with a digital camera
connected to the microscope, using Adobe Photoshop 6.0
imaging software (Adobe System Canada, Ottawa, ON,
Canada). Interstitial fibrosis and perivascular fibrosis were
determined separately (Lal et al., 2003), using Image Pro Plus
4.1 imaging software (Media Cybernetics, Silver Spring, MD,
USA) and the results were expressed as percentages. Approxi-
mately 12-16 images for interstitial fibrosis and 10-12
images for perivascular fibrosis were analysed. In the kidney,
fibrosis was measured in 50-60 tubules from each animal
selected randomly. To evaluate glomerular size, 20-25
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glomeruli per kidney were measured. Fibrosis in the aorta
was measured in the tunica media and tunica adventitia. For
each animal, one average value for each area was calculated.

Statistical analysis

Values are expressed as mean+s.e.mean. Differences be-
tween groups were evaluated by two-way ANOVA. The
Bonferroni test was used to locate significant differences for
post hoc analysis when applicable. P<0.05 was considered
statistically significant.

Materials

Trandolapril and isoflurane were from Abbott Laboratories,
Montreal, QC, Canada; lisinopril from Apotex Inc, Toronto,
ON, Canada. Angiotensin II and PD 123319 were supplied by
Sigma Aldrich Canada, Oakville, ON, Canada; '**I-Angll and
1251.Nal by GE Healthcare, Mississauga, ON, Canada; '*°I-
Sar'I1e8-Angll was supplied by the University of Mississippi,
MS, USA. The derivative of lisinopril, 351A was provided by
Dr Y Sun, Division of Cardiovascular Diseases, Department of
Medicine, University of Tennessee Health Sciences Centre,
Memphis, TN, USA and the antibody against Angll was
kindly provided by Dr M Schalekamp’s group, Rotterdam,
the Netherlands. All other reagents were from Sigma Aldrich
Canada, Oakville, ON, Canada.

Results

Body weight and 24 h food and water intake

On high salt diet, body weight increased less over the
experimental period, whereas 24 h food intake was similar
on regular and high salt diet. The baseline water intake was
similarly increased by both ACE inhibitors. High salt diet
significantly increased water intake, similarly in vehicle and
ACE inhibitor-treated groups (Table 1).

Blood pressure

By telemetry, the BP showed little changes during the 24 h
light-dark cycle on regular salt diet, but showed a clear
diurnal cycle on high salt diet with higher BP in the dark
time (P<0.001 for BP variation on high vs regular salt;
Figure 1). High salt caused the expected marked increase in
BP (P<0.001). Both ACE inhibitors partially (P<0.001 vs
regular and vs high salt) prevented the increase in BP,
similarly for the light and dark period and did not affect the
salt effect on the diurnal cycle. Lisinopril tended (P=0.10) to
be more effective during the dark period (Figure 1).

In protocol I, BP was measured by intra-arterial catheter at
the end of the study and results obtained showed a pattern
similar to that measured by telemetry (data not shown). Both
doses of the two ACE inhibitors prevented most of the
increase in BP at 4h after dosing (~140 vs 185 mm Hg in
vehicle group) and to a less extent at 24 h after dosing (~ 160
vs 190 mm Hg).
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Plasma angiotensin I1

High salt diet for 4 weeks significantly decreased plasma
Angiotensin II levels. At either 4h (NS) or 24h (P=0.06)
after the last dose, the two ACE inhibitors caused a modest
further decrease in angiotensin II levels (Figure 2).

Tissue ACE densities

High salt diet caused significant increases in ACE densities by
around 20% in brain nuclei both inside and outside the
blood-brain barrier (BBB) (Table 2) and (s.c.) administration
of the two ACE inhibitors markedly reduced ACE binding

Table 1 Effects of high salt intake and ACE inhibitors on body weight
and 24 h food and water intake in Dahl S rats

Regular salt diet High salt diet

Vehicle Vehicle Trandolapril Lisinopril
BW (9) ,
2 weeks 21342 1794 3* 200+ 3*" 197 +2*"
4 weeks 356+2 316 +4* 312+3* 310+ 7*
Food intake (g 100g~" BW)
Baseline 11+1 12+1 12+1 12+1
1 week 1041 12+1 10+1 1141
2 weeks 9+1 1141 9+1 9+1
3 weeks 7+1 6+1 7+1 741
4 weeks 8+1 8+1 8+1 7+1
5 weeks 8+1 7+1 8+1 7+1
Water intake (ml 1009” BW)
Baseline 16+1 16+1 2243+ 2242+
1 week 1541 57 +2* 57+1* 57+2*
2 weeks 1341 51+3* 50+2* 464 2*
3 weeks 1041 34+1* 424 2* 434 3*
4 weeks 1041 34+2* 394 5* 3742*
5 weeks 9+1 344 2% 36+2* 37+2*

Abbreviations: ACE, angiotensin-converting enzyme; BW, body weight.
Values are expressed as mean +s.e.mean, n=6 rats per group.
*P<0.05 vs regular salt. /P<0.05 vs high salt + vehicle.

A regular salt + vehicle
¢ high dose trandolapril

densities (Table 2). For trandolapril, the two doses caused
nearly similar inhibition of ACE binding, at 4h only
significantly different for SFO and at 24h for SFO, MnPO

207 4 h after last dose
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24 h after last dose
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Figure 2 Plasma angiotensin Il levels at 4 and 24 h after the last
dose in Dahl S rats on regular salt intake or on high salt intake treated
with vehicle, lisinopril or trandolapril at two dose levels for 5 weeks.
Values are expressed as mean +s.e.m.; n= 6 rats per group. *P<0.05
vs regular salt diet.
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Figure 1

(h)

MAP (mean arterial blood pressure) in Dahl S rats on regular salt intake or on high salt intake treated with vehicle, lisinopril or

trandolapril from days 31 to 33 of high salt diet. The arrow indicates the time of vehicle or ACE inhibitor injection. Values are expressed as
mean +s.e.mean; n=6 rats per group. *P<0.001 vs other groups, a P<0.001 vs regular and high salt + vehicle.
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Table 2 ACE densities in brain nuclei in Dahl S rats treated with either vehicle, lisinopril or trandolapril at two dose levels for 5 weeks

Regular salt diet

High salt diet

Vehicle Vehicle Trandolapril Lisinopril
1 5 10 50mgkg~ " day”’
Brain nuclei outside the BBB
OoVLT
4h 2414+ 42 3645+ 68* 486+33*" 426 +18*™* 1520+ 31* —a— 1069 +36*"
| | | |
a a a a
| | | |
24h 2405+71 3335+ 38* 675+9* 618+9*" 1597 +33*H# —a— 1202 +26*"
SFO .
4h 7279+87 8365+ 105* 2356+ 62*" —a— 1127+38%F 42454 74+ —a— 3641 +47*#
| | | |
a a a a
| | | |
24h 7224457 8614+ 54* 33334117+ —a— 2208 +45*" 5856+ 72** —a— 4696 + 57+
Brain nuclei inside the BBB
MnPO
4h 838+18 1072+ 38* 164+15* 132+10* 469 +10*™# —a— 391+ 7+
| | |
a a a
| | |
24h 823+14 1099 + 39* 207 +8*F —a— 168+ 6*" 727 +10%# —a— 555+ 7%
PVN
4h 1438+ 21 1765+33* 236+ 7+ 215+16*" 648 + 23+ 601 +12*
| | | |
a a a a
| | | |
24h 1407 +22 1799 +21* 32147+ —a— 284+9* 903 + 12+ —a— 747 +11*#

Abbreviations: BBB, blood-brain barrier; MnPO, median preoptic nucleus; OVLT, organum vasculosum laminae terminalis; PVN, paraventricular nucleus; SFO,

subfornical organ.

Values are expressed as mean+s.e.m. of bound '#°1-351A (fmol g~ wet tissue).

?P<0.05 between groups. *P<0.05 vs regular salt diet, "P<0.05 vs high salt + vehicle, #P<0.05 vs corresponding values after trandolapril n= 6 rats per group.

and PVN. At 24 h after the last dose, significant inhibition of
ACE in these nuclei remained with only moderate increases
in the binding densities compared to 4 h. For lisinopril, there
was a dose-dependent inhibition apparent at 4 h after dosing
in three of four nuclei and at 24 h in all four nuclei (Table 2).
The extent of inhibition had diminished significantly at 24 h
after the last dose. In comparison with lisinopril, trandolapril
caused greater inhibition of ACE densities at both doses and
time points. At 24 h after the last dose, the differences in
blockade by trandolapril and lisinopril were larger in the
nuclei inside the BBB than the ones outside the BBB (Table 2).

In peripheral tissues, high salt diet caused a twofold
increase in ACE binding densities in both ventricles, three-
to fourfold increase in atria and 10-20% increases in the
aorta and kidney (Table 3). Both ACE inhibitors markedly
lowered binding densities at 4 h after the last dose (Table 3).
Both trandolapril and lisinopril caused a dose-dependent
inhibition in heart, aorta and kidney at 4 and 24 h after the
last dose. At 24h after the last dose of trandolapril, the
extent of inhibition had diminished somewhat mainly for
the lower dose in the aorta and for both doses in the kidney.
By 24h after the last dose of lisinopril, the extent of
inhibition had clearly diminished, particularly in the kidney.

At 4 and 24 h after the last dose, trandolapril showed better
inhibition of ACE binding densities than lisinopril at both
doses in heart, aorta and kidney (Table 3). In the lung, high
salt diet did not change ACE-binding densities, and trando-
lapril showed better inhibition of ACE densities than
lisinopril at 4h after the last dose.

Tissue AT; receptor densities

High salt diet increased AT, receptor-binding densities by
10-20% in nuclei both inside and outside the BBB. The two
ACE inhibitors decreased AT; receptor densities in all nuclei
compared to the high-salt vehicle group, almost back to
levels on regular salt diet (Table 4).

In the peripheral tissues, high-salt intake caused an
increase in AT, receptor densities in the aorta, but a decrease
in the renal medulla and cortex. Both ACE inhibitors
decreased the AT, receptor densities in the aorta to levels
somewhat below those in rats on regular salt intake. In
contrast, both drugs increased AT; receptor binding in the
kidney, but densities remained below those in rats on regular
salt intake. The heart demonstrated low AT; receptor
densities, not changed by either high salt diet or ACE
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Table 3 ACE densities in kidney, heart and aorta in Dahl S rats treated with either vehicle, lisinopril or trandolapril at two dose levels for 5 weeks

Regular salt diet

High salt diet

vehicle Vehicle Trandolapril Lisinopril
1 5 10 50mg kg~ day”’
Kidney
Proximal convoluted tubule
4h 3290+55 3862+ 78* 1316 +35*" —-a— 944 +40*" 2153 +33* —-a— 1367 +26*™
| | | |
a a a a
| | | |
24h 3321+66 3905 +47* 1765 +58*" —a— 1592+ 29*7 3410+39" —a— 2941 +33*#
Heart
Left ventricle
4h 772421 1369 +35* 298+ 12*" 274+11*" 623+ 9% —a— 308421+
| | |
a a a
| | |
24h 789+23 1387 +34* 415+18* —a— 314+ 8+ 792+16" —a— 581423+
Right ventricle
4h 612+17 1042+ 32*% 198 +11* —a— 162+ 7+ 501 + 5+ —a— 241 +15*
| | | |
a a a a
| | | |
24h 641+21 943+ 28* 383+10*" —a— 276+ 8% 783 +21% —a— 498 +26*™
Left atrium
24h 747 +22 2847 +21* 632+13*" —a— 474+ 20*" 807+16™ —a— 630+15+™
Right atrium
24h 798+10 2144 +23* 477 +9*F —a— 33147+ 843412 —-a— 551 +3+#
Aorta
4h 1116+13 1291+15* 577 +£11*F —a— 526+12* 775+12%F —-a— 660+ 11+
| | | |
a a a a
I I I I
24h 1189+16 1257 +12* 838+ 19*" —a— 581+12*" 1064 +14*H# —a— 784 +19*1#
Lung
4h 6233+145 5796+110 1524441+ 3316+ 144+

Abbreviation: ACE, angiotensin-converting enzyme.Values are expressed as mean+s.e.m. of bound '2°I-35TA (fmolg~' wet tissue), n=6 rats per group.
2p<0.05 between groups. *P<0.05 vs regular salt diet, 1P<0.05 vs high salt + vehicle, #P<0.05 vs corresponding values after trandolapril.

inhibitor treatment (Table 4). Results at 24 h after dosing was
fairly similar to those at 4h (not shown).

LV function and geometry

On high salt diet, LV wall thickness and mass showed
progressive increases. EF was still normal at 2 weeks but was
decreased after 4 weeks (Table 5). Treatment with either ACE
inhibitor completely prevented the initial increase in cardiac
geometry and most of the increase at 4 weeks on high salt
diet. The decrease in EF was completely prevented by either
ACE inhibitor (Table 5).

Tissue weight

High salt diet caused a marked increase in LV + RV weight
from 283+5 to 435+11mg 100g ! (P<0.01). Treatment
with either ACE inhibitor partially prevented the increase in
LV + RV weight (to ~350mg 100g~"', P<0.01), similarly for
both doses and both ACE inhibitors. In protocol II, high salt
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diet significantly increased both LV and RV weights. Treat-
ment with either ACE inhibitor partially prevented the
increase in LV weight (Figure 3a), but completely prevented
the increase in RV weight (Figure 3b). High salt diet
significantly increased kidney weight and glomerular size.
These increases were not prevented by either ACE inhibitor
(Figures 3c and d).

Tissue fibrosis

See Figure 4 for representative images. High salt diet
increased interstitial fibrosis in all four chambers of the
heart. Both trandolapril and lisinopril prevented this
increase. High salt diet increased perivascular fibrosis in
both ventricles. Both drugs partially prevented this increase
at the lower dose and fully at the higher dose (Figure 5). In
the aorta, fibrosis increased in both the media and adventia.
Kidney tubular fibrosis increased on high salt diet. Both ACE
inhibitors at both doses prevented these increases (Figure 6).



ACE inhibitors and salt-induced hypertension
B Liang and FHH Leenen 909

Table 4 AT, receptor densities in Dahl S rats treated with vehicle, lisinopril or trandolapril at two dose levels for 5 weeks

Regular salt diet High salt diet
vehicle Vehicle Trandolapril Lisinopril
1 5 10 50mgkg~" per day

Brain nuclei outside the BBB

OVLT 830+18 9324 7* 856+29 798 +36" 839+12 814+23

SFO 1335+29 1617 +39* 12514247 1265+23 1370424 —a— 12934327
Brain nuclei inside BBB

MnPO 654+13 814+9* 747 +18% 738+27*" 768+11* 758+10*

PVN 812+5 1021 +33* 911+17*" 887 +24" 967 +19*" —-a— 866+18"
Kidney ,

Medulla 2499 +23 1772 +40* 1902+ 147 20144517 2004 +27° 1932+ 247

Cortex 1454 +30 949 +43* 12144237 13354377 12184497 1262+ 487
Heart

Lv 70+3 67+2 63+2 65+2 64+3 67+2

RV 1841 1741 1641 16+1 16+1 1741

LA 69+4 66+5 67+3 74+6 73+6 76+1

RA 56+2 72+4 63+4 65+2 57+4 63+4
Aorta 174+6 218+10* 166+6" 146+5™ 165+57 160+5"

Abbreviations: BBB, blood-brain barrier; MnPO, median preoptic nucleus; OVLT, organum vasculosum laminae terminalis; PVN, paraventricular nucleus; SFO,
subfornical organ.

Values are expressed as mean +s.e.mean of bound '2°I Angiotensin Il (fmolmg~" wet tissue). n= 6 rats per group.

2P<0.05 between groups. *P<0.05 vs regular salt diet, "P<0.05 vs high salt + vehicle, ¥P<0.05 vs corresponding values after trandolapril.

Table 5 Left ventricular parameters by echocardiography in Dahl S rats after 2 and 4 weeks of high salt diet and ACE inhibitor treatment

Regular salt diet High salt diet
vehicle Vehicle Trandolapril Lisinopril
LVID4
Absolute (mm) 2 weeks 6.3+0.2 6.3+0.1 6.1+0.2 5.8+0.1
4 weeks 6.7+0.2 6.9+0.1 6.440.2 6.6+0.2
Relative (mm 100 g~' BW) 2 weeks 3.0+0.1 3.5+0.1* 3.1+0.1 2.9+0.17
4 weeks 1.940.1 2.1+0.1* 1.940.1 2.0+0.1
LVID,
Absolute (mm) 2 weeks 2.9+0.1 3.14+0.1 2.84+0.1 2.54+0.17
4 weeks 3.240.2 3.6+0.1 2.6+0.1* 2.6+0.2*
Relative (mm 100 g’1 BW) 2 weeks 1.440.1 1.940.1* 1.4+0.17 1.3+0.17
4 weeks 0.9+0.1 1.140.1* 0.8+0.17 0.8+0.17
IVS +PW (d, mm) 2 weeks 2.3+0.1 2.7+0.1* 2.440.17 2.440.17
4 weeks 2.6+0.1 3.540.1* 2.9+40.1* 2.8+40.17
Heart rate (b.p.m.) 2 weeks 350+12 407 +3* 349+ 77 356487
4 weeks 373+6 431+10% 369+8" 379+9"
Ejection fraction (%) 2 weeks 83+2 7942 84+1 86i1f
4 weeks 82+2 744 3% 87+17 88+2"
LV mass )
Absolute (mg) 2 weeks 407 +25 483 +12* 405+1 3 373+ 147
4 weeks 527426 843+ 21* 563+ 28" 5754357
Relative (mm 100 g’1 BW) 2 weeks 191411 270+ 4* 203 +8" 189+8"
4 weeks 149+7 259+ 5* 170+10° 173+107

Abbreviations: ACE, angiotensin-converting enzyme; BW, body weight; IVS, interventricular septum; LVIDy, left ventricular internal dimension in diastole; LVID;,
left ventricular internal dimension in systole; PW, posterior wall.
Values are expressed as mean+s.e.mean, n=6 rats per group. *P<0.05 vs regular salt. "P<0.05 vs high salt -+ vehicle.

Discussion fibrosis. Chronic treatment with the two ACE inhibitors

prevented ~50% of the increase in BP and cardiac
In Dahl S rats, high salt diet for 4 weeks caused marked weight, whereas increases in tissue fibrosis were fully
increases in BP, cardiac and renal weight and cardiovascular prevented.
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Figure 3 Left (LV) and right (RV) ventricular and kidney changes in Dahl S rats on regular salt intake or on high salt intake treated with vehicle,
lisinopril or trandolapril. In (a) LV weight and in (b) RV weight in the protocol Il study are shown. In (c), the left kidney weight and in (d) the
glomerular size (d) in protocol I studies are shown. Values are expressed as mean +s.e.mean, n= 6 rats per group. *P<0.05 vs regular salt diet,
'P<0.05 vs high salt diet + vehicle.
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Figure 4 Representative images of cardiac and aorta fibrosis in Dahl S rats on regular salt intake or on high salt intake treated with vehicle,
lisinopril or trandolapril. % refers to % of total area. LA: left atrium; LV: left ventricle.
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Figure 5 Cardiac interstitial fibrosis (upper two panel) and perivascular fibrosis (bottom panel) in Dahl S rats on regular salt intake or on high
salt intake treated with vehicle, lisinopril or trandolapril at two dose levels. Values are expressed as mean +s.e.mean, n=6 rats per group.

*P<0.05 vs regular salt diet, "P<0.05 vs high salt diet + vehicle.

Salt and tissue RAAS

Consistent with other studies, a high salt diet markedly
reduced plasma angiotensin II levels (Strehlow et al., 1999;
Zhao et al., 2000; Kobori et al., 2003; Nishiyama et al., 2004;
Bayorh et al., 2005), and, in parallel, increased ACE and AT,
receptor-binding densities in brain nuclei (Wang et al., 2003)
of Dahl S rats. Central infusion of angiotensin II increases
AT, receptor mRNA and protein (Porter, 1999; Gao et al.,
2005). On the other hand, both ACE inhibitors prevented
the increase in AT, receptor densities in brain nuclei of Dahl
S rats on high salt. Similarly, AT; receptor-binding densities
in hypothalamic nuclei of SHR and adrenal of Wistar rats
decreased significantly after treatment with ACE inhibitors
(Wilson et al., 1988; Nazarali et al., 1989; Regitz-Zagrosek
et al., 1994). High salt diet may therefore enhance local
release of angiotensin II in these brain nuclei and thereby
upregulate AT, receptor densities.

High salt diet also increased ACE and AT, receptor-binding
densities in the abdominal aorta. Most (Nickenig et al., 1998;
Tamura et al., 1999; Takai et al., 2001) but not all (Strehlow
et al., 1999) studies reported similar effects of high salt diet.
Both ACE inhibitors prevented the salt-induced increases in
AT, receptor densities in the aorta. Consistent with previous

studies (Tamura et al., 1999; Yamamoto et al., 2000; Zhao
et al., 2000; Wang et al., 2003) high salt diet caused a two-fold
increase of ACE densities, but little change in AT, receptors
in both ventricles and atria. The present study is the first
reporting increases in ACE densities by high salt intake in
the atria and this increase is more marked than the increase
in ventricles. In Sprague-Dawley rats, s.c. administration
of angiotensin II increased ACE-binding densities in the
atria without changes in AT; receptor levels (Sun et al.,
1997).

In the kidney, high salt diet increased renal ACE-binding
densities but in contrast decreased AT; receptor densities.
This pattern of change is consistent with previous studies in
Dahl rats (Strehlow et al., 1999; Tamura et al., 1999;
Nishikimi et al., 2002; Wang et al., 2003). Considering that
chronic infusion of angiotensin II increases renal ACE
densities, but decreases AT; receptor densities (Harrison-
Bernard et al., 2002), the opposite changes in renal ACE and
AT, receptor densities may reflect an increase in tissue
angiotensin II levels in the kidney by high salt (Nishikimi
et al., 2002; Bayorh et al., 2005). Consistent with this
concept, both ACE inhibitors attenuated the salt-induced
decreases in renal AT; receptor densities.
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Figure 6 Aorta tunica media and tunica adventitia fibrosis and kidney tubular fibrosis in Dahl S rats on regular salt intake or on high salt intake
treated with vehicle, lisinopril or trandolapril at two dose levels. Values are expressed as mean+s.e.mean, n=6 rats per group. *P<0.05 vs

regular salt diet, "P<0.05 vs high salt diet + vehicle.

Effect of ACE inhibitors on tissue ACE

Trandolapril caused marked and persistent inhibition
(~80%) of ACE densities, which was the same in brain
regions inside and outside the BBB and in the heart. Even at
the higher dose, lisinopril was less effective, causing ~60%
inhibition. In contrast, both drugs caused less and less
persistent inhibition of ACE densities in the kidney and the
aorta, possibly reflecting faster clearance from the peripheral
than from the central compartment.

At 24 h, but not 4 h, after the last dose, the difference in
the extent of central ACE inhibition between trandolapril
and lisinopril inside the BBB is larger than their difference in
nuclei outside the BBB. These findings suggest that both
drugs can easily get into the BBB, but differences in ACE
affinity and tissue retention contribute to the extent and
persistence of ACE inhibition. In the peripheral tissues
(heart, kidney and aorta), trandolapril caused more effective
and persistent inhibition than lisinopril at both time points
and both doses. A 5-fold higher dose of lisinopril was only
marginally more effective than the lower dose. Both higher
tissue retention and higher binding affinity of trandolapril
are likely to contribute to these differences.

British Journal of Pharmacology (2007) 152 903-914

ACE inhibitors and BP

Dahl S rats on high salt diet for 4 weeks showed the expected
marked increases in mean arterial pressure up to 170 mm Hg
at night and 150mm Hg during the day as compared to
100-110mm Hg in Dahl S rats on regular salt diet. This
enhanced diurnal variation on high salt is consistent with
previous studies (Mohri et al., 2003) and may reflect
enhanced sympathetic reactivity in Dahl S rats on high salt
(Huang et al., 2004) and enhanced pressor responses related
to the three- to fourfold higher water intake. ACE inhibition
did not affect the high water intake and the enhanced
diurnal variation in BP persisted as well. However, the overall
increase in BP on high salt was markedly inhibited by both
ACE inhibitors. Variable effects of ACE inhibitors on
development of hypertension in Dahl S rats have been
reported in previous studies. Some studies reported minimal
effects (Sugimoto et al., 1998; Satoh et al., 2003; Yamamoto
et al., 2005; Kobayashi et al., 2006), some reported partial
inhibition of increase in BP (O’Donnell et al., 1992; Ashida
et al., 1997). None of these studies assessed extent of ACE
inhibition. Neither did any report time of day or time after
the last dose when BP was measured.



Interestingly, both ACE inhibitors were similarly effective
in attenuating the increases in BP despite that lisinopril
caused lower and less persistent ACE inhibition. These
findings may indicate that the lowest level of ACE inhibition
(about 50-60%) achieved by the treatment regimens is
already sufficient to inhibit angiotensin II production and
release in relevant tissues and further inhibition may not
cause further inhibition of angiotensin II and thus not lower
BP further. Chronic central infusion of an AT; receptor
antagonist (Huang and Leenen, 1998; Leenen and Yuan,
2001) at low doses prevents the increase in BP in Dahl S rats
on high salt diet. Acute intracerebroventricular administra-
tion of captopril lowers the BP in Dahl S rats on high salt
diet, but not in Dahl R or Dahl S rats on regular salt diet (Lark
and Weyhenmeyer, 1992; Zhao et al., 2001). Inhibition of
brain ACE therefore is likely to contribute to the antihyper-
tensive effect of the two ACE inhibitors. However, inhibition
of arterial and renal ACE, decreasing local angiotensin II
levels and/or increasing local kinin levels probably contri-
butes as well.

In contrast to AT; receptor blockade (Huang and Leenen,
1998; Leenen and Yuan, 2001), both ACE inhibitors only
partially prevented the increase in BP on high salt, despite a
high degree of ACE inhibition. It is possible that some
persistent angiotensin II production and release may occur
through ACE or alternative enzymes such as chymase
(Baltatu et al., 1997). Alternatively, persistent ACE inhibition
may cause bradykinin accumulation in the CNS and thereby
an increase in sympathetic activity and BP (Zhao et al., 2001).

ACE inhibitors and cardiovascular and renal hypertrophy and
fibrosis

Both an increase in BP and activation of the cardiac RAAS
may contribute to the high salt-induced cardiac hypertrophy
and fibrosis. The two ACE inhibitors markedly inhibited ACE
in both ventricles and atria, partially inhibited the LV
hypertrophy, but fully prevented the development of RV
hypertrophy and of interstitial and perivascular fibrosis in
both ventricles and atria. Previous studies showed that ACE
inhibitor treatment at subdepressor doses attenuates the
development of both interstitial (Yamamoto et al., 2005) and
perivascular (Kobayashi et al., 2006) fibrosis in the ventricles
of Dahl S rats on high salt diet. Altogether, these findings
suggest that activation of the cardiac RAAS is largely
responsible for the fibrosis in the four chambers of the heart
as well as the RV hypertrophy. The LV hypertrophy is likely
also to be load dependent and was therefore only partially
prevented. On the other hand, the decrease in LV systolic
function was fully prevented, possibly as a result of the lower
BP and perhaps the attenuation of LV hypertrophy.

Both ACE inhibitors also prevented the development of
fibrosis in the media and adventitia of the aorta and the
tubular fibrosis in the kidney, indicative of a primary role of
the local RAAS in these tissues as well. In contrast, neither
ACE inhibitor affected the increase in kidney weight or in
glomerular size. Thus, other factors besides BP and local
RAAS appear to play a key role in the development of renal
and glomerular hypertrophy on high salt diet. Both
increased expression of kallikrein (Bledsoe et al., 2006) and
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immune suppression (Tian et al., 2007) have been shown
to prevent salt-induced renal inflammation, fibrosis and
hypertrophy.

Both ACE inhibitors showed fairly similar effects on salt-
induced cardiovascular and renal hypertrophy and fibrosis.
The lower doses showed most of the effects, suggesting that
the 50-60% ACE inhibition caused by the lower dose of
lisinopril is sufficient to prevent salt-induced fibrosis. One
may also conclude that at the doses used at least in this
model, lipophilicity or ACE affinity do not influence
outcomes (Dzau et al., 2001). However, these findings do
not exclude that differences would be apparent at lower
doses or in other diseases states such as congestive heart
failure.

In conclusion, peripheral administration of either a
hydrophilic or a lipophilic ACE inhibitor partially prevented
the increase in BP in Dahl S rats on a high salt diet. Both ACE
inhibitors prevented tissue fibrosis but only partially pro-
tected against LV hypertrophy and had no effect on renal
hypertrophy, indicating that salt-induced tissue fibrosis is
largely determined by activity of tissue RAAS while tissue
hypertrophy may be determined by other factors. In the
heart, salt-induced fibrosis may represent an anatomical
substrate for atrial fibrillation and diastolic dysfunction. In
the aorta and arteries, salt-induced fibrosis may decrease
distensibility and thereby increase systolic BP over time,
whereas renal fibrosis may lead to renal dysfunction. These
phenomena also occur with aging in western, high salt
societies. It is possible that high salt intake by activating
tissue RAAS also contributes to these cardiovascular changes
over time in humans.
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