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Abstract. Cholesterol synthesis inhibitors and fibrates both
exercise effects that could influence BP and renal function in
hypertension. To test this issue, transit-time ultrasound flow
probes, implanted optical fibers, and laser-Doppler flowmetry
were used for measurements of total and regional renal blood
flows in lovastatin (40 mg/kg body wt) and bezafibrate (50
mg/kg body wt) chronically treated deoxycorticosterone acetate (DOCA)-salt hypertensive mice. Total renal blood flow
was well autoregulated between 70 and 150 mmHg (approximately 3.5 ml/min per g kidney weight in DOCA-salt mice).
Both lovastatin and bezafibrate increased renal blood flow to a
range between 4.7 and 5.5 ml/min per g kidney weight. In the
renal perfusion pressure ranges investigated, renal vascular
resistance increased in lovastin- and bezafibrate-treated
DOCA-salt mice, but not as steeply as in vehicle-treated
DOCA-salt mice. During a stepwise increase in renal perfusion
pressure in lovastatin-treated DOCA-salt mice, medullary
blood flow increased up to 130% of baseline values, which was

not seen in vehicle- or bezafibrate-treated mice. After extracellular volume expansion with 1% saline, 1 ml over 1 min,
total renal blood flow was also higher in lovastatin- or bezafibrate-treated DOCA-salt mice, whereas medullary blood flow
increased more steeply in lovastatin-, compared with bezafibrate- or vehicle-treated mice. Systemic BP was significantly
decreased in lovastatin-treated DOCA-salt mice compared with
vehicle-treated mice. Lovastatin prevented histologic evidence
for hemostasis in the medullary circulation of DOCA-salt
mice. The results suggest that both lovastatin and bezafibrate
diminished DOCA-salt-induced reductions in total renal blood
flow. Lovastatin also abolished the perturbed medullary blood
flow reactions to increased perfusion pressure or to volume
expansion. Finally, lovastatin decreased systemic BP in
DOCA-salt mice. These data suggest that cholesterol synthesis
inhibition or fibrate treatment improve disturbed renal function
in a mouse model of salt-dependent hypertension.

Hypertension and lipid disturbances are both important risk
factors for cardiovascular disease and often occur concomitantly (1–3). BP lowering and lipid reduction with medication
have both proved highly successful in reducing the risk of
stroke and cardiac and vascular disease. 3-Hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase inhibitors and fibrates
have both been successful in lowering the risk of myocardial
infarction (4,5). A putative negative effect of HMG-CoA reductase inhibitors on BP regulation has been raised by Roullet
et al. (6,7), who found that inhibition of mevalonate synthesis
increased the responses of both rat and human resistance vessels to vasopressors and who also reported that lovastatin
increased BP in the spontaneously hypertensive rat (SHR).
Subsequently, Roullet et al. (8) were able to show that farnesol,
which is produced in lesser amounts in the presence of HMG-

CoA reductase inhibition, blocks the L-type voltage-dependent
calcium channel. Such an effect would provide a putative
mechanism by which HMG-CoA reductase inhibition might
increase BP.
In contrast to the findings of Roullet et al. (6), other investigators observed that lovastatin decreased systemic BP in SHR
(9). The decrease in BP in SHR was associated with a leftward
shift in the relationship between renal medullary blood flow,
renal interstitial pressure, sodium excretion, and renal perfusion pressure to lower levels of arterial pressure. A decrease in
BP was also described in Dahl salt-sensitive rats after clofibrate treatment (10). We showed earlier that medullary blood
flow is perturbed in mice with deoxycorticosterone acetate
(DOCA)-salt hypertension (11). In the present study, we
sought to reexamine the effect of HMG-CoA reductase inhibition in this model of hypertension, particularly in terms of
altered renal medullary blood flow. We included a fibrate, to
concomitantly examine a second lipid-lowering agent in the
DOCA-salt mouse model.
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Materials and Methods
Experiments were performed on NMRI mice purchased from Tierzucht Schoenwalde (Schoenwalde, Germany). The mice were allowed
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free access to standard chow (0.25% sodium; SNIFF Spezialitäten,
Soest, Germany) and drinking water ad libitum. The experimental
protocol was approved by the local council on animal care, whose
standards correspond to those of the American Physiological Society.
Four-week-old mice were anesthetized with a mixture of ketamine/
xylazine (12) for removing the right kidney. A 50-mg DOCA pellet
(Innovative Research of America, Sarasota, FL) was implanted subcutaneously in the abdominal area after which the incision was sutured. The mice were allowed to recover in a warm cage. Thereafter,
they received 1% NaCl solution as drinking water for 3 wk and
randomly allocated to the three groups. One group served as controls
and received as vehicle Na-carboxylmethylcellulose (1% solution, 2
ml/g body wt) daily over 3 wk by gavage. A second group received
lovastatin (40 mg/kg) dissolved in the vehicle daily by gavage. The
third group received bezafibrate (50 mg/kg body wt) by gavage over
a period of 3 wk.

Protocol 1: Blood Pressure, Serum Chemistries, and
Histology
BP was measured intra-arterially in DOCA-salt mice treated for 3
wk with vehicle (n 5 18; body wt 33.3 6 1.1 g), lovastatin (n 5 12;
body wt 34.0 6 1.7 g), or bezafibrate (n 5 12; body wt 32.4 6 0.8 g).
Mice were prepared and BP measurements were conducted as described by Krege et al. (12). Mice were anesthetized with a mixture of
ketamine/xylazine. The right carotid artery was exposed through a
cervical incision and isolated. A catheter (PE-10) mounted on the tip
of a silicon tubing (inner diameter 0.508 mm, outer diameter 0.9398
mm; Ulrich, St. Gallen, Switzerland) was inserted into the vessel. The
catheter was filled with 0.9% saline solution and heparin (50 IU/ml).
The catheters were tunneled subcutaneously to exit at the back of the
neck. Thereafter, the incisions were carefully closed with sutures.
Between 4 and 5 p.m., 6 to 7 h after surgery when mice had recovered
from anesthesia, BP was measured and recorded on a TSE computer
system (Technical & Scientific Equipment, Bad Homburg, Germany).
The comparison of BP measured by this approached with BP measured in mice by the tail-cuff method showed good agreement (12).
All mice were free to move and not restrained during the measurements. Mice were usually resting quietly during the measurements.
Representative mean arterial pressure (MAP) values were calculated
for each mouse by averaging all of the values recorded during that
period (usually a 5- to 10-min period). Requirements for inclusion of
data were a pulsatile wave form, and survival of the mouse until the
following day.

Serum Chemistry
On the following day, mice (vehicle n 5 14; lovastatin n 5 14;
bezafibrate n 5 8) were anesthetized with inactin (100 mg/kg) and
blood was drawn by puncture of the heart for measurements of plasma
electrolytes, lipids, and creatinine. Plasma sodium and potassium
concentrations, plasma cholesterol, triglyceride, and plasma creatinine
(Jaffe method) were determined using a Hitachi 912 machine (Boehringer-Mannheim, Mannheim, Germany).

Histology
For conventional morphology, the kidney was removed, cut sagittally, and fixed in 4% buffered formaldehyde at room temperature.
Subsequently, the tissue was embedded in paraffin, and after deparaffinizing and rehydrating it was stained with hematoxylin and eosin
and Masson’s trichrome.
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Protocol 2: Cortical and Medullary Blood Flow in
DOCA-Salt Mice
The effect of acutely increased renal perfusion pressure (RPP) or
extracellular fluid volume on total renal blood flow (RBF) and renal
medullary and cortical blood flow were examined in eight vehicletreated mice weighing 32.7 6 0.8 g (kidney weight 0.503 6 0.03 g),
in nine lovastatin-treated mice weighing 31.5 6 0.7 g (kidney weight
0.446 6 0.02 g), and in eight bezafibrate-treated mice weighing
32.9 6 1.1 g (kidney weight 0.482 6 0.02 g).

Surgical Preparations and Hemodynamic
Measurements
We relied on techniques described earlier (11). The mice were
anesthetized with a mixture of ketamine (50 mg/g intraperitoneally;
Parke-Davis, Berlin, Germany) and inactin (100 mg/g intraperitoneally; Res Biochemical Inc., Natick, MA) and were placed on a heated
table for maintenance of body temperature at 37°C. During surgery,
the mice were given occasional small supplemental doses of inactin to
maintain stable anesthesia levels. Cannulas (PE 90) were placed into
the trachea for facilitating breathing and into the carotid artery (PE 10)
for measurement of systemic MAP and RPP, in the jugular vein (PE
10) for infusion of 0.9% NaCl solution (1.5 ml/min per g body wt),
and in the urinary bladder (PE 50) for urine collection. After midline
and flank incisions, a 0.5-mm V-series flowprobe (Transonic Systems,
Inc., Ithaca, NY) was placed around the left renal artery to measure
RBF. The flowprobe was kept in place on the position of the highest
sensitivity by a micromanipulator and connected to a flowmeter
(T206; Transonic Systems, Inc). A lubricating jelly (TC-90952-02,
Carter Products, New York, NY) acted as an acoustical coupler and
replaced all air space around the probe’s acoustic window. Ligatures
were loosely placed around the celiac and mesenteric arteries, as well
around the abdominal aorta below the kidney for later occlusion, so
that RPP could be varied.
A laser-Doppler flowmeter (model ALF 21D; Transonic Systems,
Inc.) with implanted fibers was used to measure blood flow in the
cortex and medulla. The implanted fibers consisted of 500-mm diameter fiber optic strands (Mitsubishi Cable America, New York, NY)
and were connected to an external probe specifically designed for
such applications. The loss of light at the connection between the
implanted optical fibers and the external probe was minimized by
introduction of fused silica-matching liquid (no. 50350; Cargille Laboratories, Cedar Grove, NJ) into the connection. The fibers were
secured on the surface of the kidney with cyanoacrylate glue. The
location of the implanted fibers was confirmed in each experiment by
dissecting the kidney and viewing the regions surrounding the fiber
tip. If the implanted fibers were incorrectly positioned or if excessive
bleeding or tissue damage occurred caused by movement of the fibers
during the experiment, the data were discarded.

RPP and Renal Hemodynamics
After surgery and a 45-min equilibration period, MAP, RBF, and
cortical and medullary blood flow signals were recorded continuously.
Under these baseline conditions, RPP in vehicle-treated mice measured 74 6 5 mmHg, in lovastatin-treated mice 78 6 6 mmHg, and in
bezafibrate-treated mice 79 6 6 mmHg. RPP was then increased by
ligating the mesenteric and celiac arteries by approximately 36 to 40
mmHg to values of 113 6 7 mmHg in vehicle-mice, 116 6 6 mmHg
in lovastatin-treated mice, and 116 6 7 mmHg in bezafibrate-treated
mice. After this maneuver, RBF and cortical and medullary flow
signals were recorded as soon as a steady state was reached. RPP was
then approximately increased by an additional 25 to 35 mmHg to
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148 6 4 mmHg in vehicle-treated mice, to 146 6 3 mmHg in
lovastatin-treated mice, and to 142 6 8 mmHg in bezafibrate-treated
mice by occluding the aorta below the kidney. After another equilibration period, renal blood flows were again recorded. The BP levels
reached by tying off celiac and mesenteric arteries and occluding aorta
below the renal artery were not significantly different between the
groups.

Volume Expansion and Renal Hemodynamics
At the highest pressure levels and a period of about 10 min, urine
was collected for two 5-min periods, and all mice were given a bolus
of 0.9% NaCl solution (1 ml per mouse over 1 min, equivalent to 3%
body weight). Thereafter, urine flow was collected for 2-min periods
over 20 min. In this part of the experiment, urine was collected to
quantify the effect of volume expansion in the different experimental
groups. Total and regional renal blood flows, heart rate, and systemic
BP were continuously recorded during this procedure. At the end of
the experiment, blood was drawn to measure hematocrit. MAP and
RBF measurements were recorded on a computer system (Technical
& Scientific Equipment). Representative MAP, total RBF, and cortical and medullary flow values were calculated for each period by
averaging all recorded values during that time period. The laserDoppler flowmeters produce a voltage signal proportional to the flux
of red blood cells in the tissue beneath the tip of the optical fibers.
This situation implies that the voltage signal, which is a qualitative
index of blood flow, depends on the position of the fiber to the vessel
geometry of the kidney region investigated. This limitation of the
method is caused by scattered interindividual values. To standardize
the readings from different animals, percent changes from baseline
values are given, as well as absolute laser-Doppler flow readings. For
percentage from control calculations, the cortical and medullary flow
readings before increasing RPP or volume expansion were set at
100%. Urine flow (UV) was determined gravimetrically. Urinary
sodium and potassium concentrations were determined by flame photometry (FLM3; Radiometer, Copenhagen, Denmark). Urine flow,
sodium excretion (UNaV), potassium excretion (UKV), and RBF
were normalized per gram kidney weight (kwt).

Statistical Analyses
Values are expressed as means 6 SEM. Statistically significant
differences in mean values were evaluated by ANOVA and the
Duncan multiple range test. A value of P , 0.05 was considered
statistically significant.

Results
Mean arterial pressures measured in conscious, unrestrained
mice with in-dwelling catheters in the carotid artery averaged
130 6 2 mmHg in vehicle-treated, 114 6 7 mmHg in lovas-
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tatin-treated, and 122 6 5 mmHg in bezafibrate-treated mice.
The BP difference between vehicle- and lovastatin-treated
DOCA-salt mice was significant, whereas the heart rates of
600 6 19 and 574 6 29 beats/min were not different between
vehicle- and lovastatin-treated mice. The heart rate of bezafibrate-treated mice was with 649 6 12 beats/min slightly increased compared with the other groups. In bezafibrate-treated
mice, both plasma values of triglycerides and cholesterol were
decreased, but only the decrease in plasma cholesterol was
significant compared with the other groups. Plasma levels of
electrolytes and creatinine were not different between the
groups (Table 1).
In anesthetized vehicle-, lovastatin-, and bezafibrate-treated
DOCA-salt mice, baseline RPP averaged between 74 and 79
mmHg. Corresponding to these values, total RBF in vehicletreated mice was 3.6 6 0.7 ml/min per g kwt. In lovastatintreated and bezafibrate-treated DOCA-salt mice, RBF values
were 30 to 40% higher and averaged 4.7 6 0.4 and 5.0 6 0.3
ml/min per g kwt, respectively (P , 0.05). The renal vascular
resistance (RVR) calculated from these values was 20.8 6 2.1
mmHg/ml per min per g kwt in vehicle-DOCA-salt mice. RVR
was slightly but not significantly decreased under baseline
conditions in lovastatin- and bezafibrate-treated DOCA-salt
mice and averaged 18 and 15 mmHg/ml per min per g kwt,
respectively. Cortical laser-Doppler blood flow signals measured between 1.7 and 2.6 V, whereas medullary laser-Doppler
flow signals were much smaller and measured between 0.7 and
0.9 V. The differences in cortical and medullary blood flow
readings reflect the relative differences in blood supply to the
cortex and the medulla.
Figure 1 shows the effects of changing RPP on RBF (top
panel) and RVR (bottom panel). RBF was well autoregulated
in all groups, and the higher RBF values of lovastatin- and
bezafibrate-treated DOCA-salt mice observed at baseline RPP
were preserved throughout the entire range of RPP values
investigated. The autoregulation of RBF was caused by an
increase in RVR as RPP was increased. RVR increased in
vehicle-treated DOCA-salt mice from 20.8 6 2.1 to 50.9 6 5.5
mmHg/ml per min per g kwt as RPP was increased from 74 to
148 mmHg (P , 0.05). In lovastatin- and bezafibrate-treated
DOCA-salt mice, the increase in RVR was much lower than in
vehicle-treated DOCA-salt mice, so that at RPP levels of 115
and 140 mmHg, RVR was significantly lower in these groups
than in the vehicle-treated DOCA-salt mice (P , 0.05). RVR

Table 1. Plasma concentrations of triglycerides, cholesterol, creatinine, sodium, and potassium in vehicle-, lovastatin-, and
bezafibrate-treated deoxycorticosterone acetate-salt micea

a
b

Treatment

Triglycerides
(mg/dl)

Cholesterol
(mg/dl)

Creatinine
(mg/dl)

Na (mmol/L)

K (mmol/L)

Vehicle
Lovastatin
Bezafibrate

74.64 6 6.41
78.29 6 8.45
60.63 6 3.95

188.14 6 11.56
182.86 6 12.27
128.50 6 18.13b

0.45 6 0.05
0.47 6 0.06
0.39 6 0.03

153.29 6 1.05
153.69 6 1.83
155.38 6 2.17

4.21 6 0.20
4.23 6 0.29
4.78 6 0.52

Bezafibrate decreased plasma cholesterol significantly compared with vehicle or lovastatin mice.
P , 0.05, bezafibrate versus vehicle/lovastatin.
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Figure 1. Relationship between renal perfusion pressure (RPP) and
renal blood flow (RBF, top panel) and renal vascular resistance (RVR,
bottom panel) in lovastatin- (M), bezafibrate- (f), and vehicle- (E)
treated deoxycorticosterone acetate (DOCA)-salt hypertensive mice.
*P , 0.05, lovastatin versus vehicle; #P , 0.05, bezafibrate versus
vehicle. Values are compared at equivalent RPP levels. The RBF
values for given RPP were increased in lovastatin- and bezafibratetreated DOCA-salt mice. The RVR for a given RPP relationship was
flat compared with DOCA-salt hypertensive control mice.

of lovastatin- and bezafibrate-treated DOCA-salt mice averaged approximately 60% of the RVR calculated in vehicletreated DOCA-salt mice at the RPP level of 140 mmHg.
Figure 2 shows the relationship between RPP and cortical
(top panels) and medullary (bottom panels) blood flow. On the
left are shown the fiber readings in absolute values and on the
right as percentage from baseline values. Absolute cortical
flow readings in vehicle-treated DOCA-salt mice ranged between 2.4 and 1.8 V. The readings of bezafibrate-treated
DOCA-salt mice were in the same range, whereas the corresponding values of lovastatin-treated DOCA-salt mice were
approximately 1.6 V lower than in the other groups. In vehicletreated DOCA-salt mice, cortical blood flow decreased slightly
across the RPP ranges investigated. On the other hand, in
lovastatin- and bezafibrate-treated DOCA-salt mice, the corti-
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cal blood flow was stable and did not change as RPP was
increased from about 80 to 140 mmHg. However, the most
striking and unexpected result was that increasing RPP from 78
to 146 mmHg in lovastatin-treated DOCA-salt mice led to an
increase in medullary blood flow, as seen in the lower part of
Figure 2. Increasing RPP was associated with an increase in
medullary flow readings from 0.73 6 0.06 to 0.90 6 0.07 V
(P , 0.05). In vehicle- and bezafibrate-treated DOCA-salt
mice, absolute medullary flow readings were slightly higher;
however, in contrast to lovastatin-treated mice, the same increase in RPP had no effect on medullary blood flow. This
situation is also clearly seen when medullary flow changes are
calculated as percentage of baseline values (Figure 2, bottom
right panel). During stepwise increases in RPP, medullary
blood flow progressively increased in lovastatin-treated mice,
whereas medullary blood flow in vehicle- and bezafibratetreated mice did not change.
To assess the effects of volume expansion on these preparations, we next abruptly infused 1 ml of normal saline intravenously. Systemic BP and heart rate initially decreased after
intravenous sodium loading, but returned within 1 min to
baseline values. Thereafter, systemic BP decreased slowly over
time in vehicle-treated mice from 150 to 133 mmHg, in lovastatin-treated mice from 140 to 120 mmHg, and in bezafibrate-treated-mice from 140 to 125 mmHg. Diuresis values
after volume expansion are shown in Figure 3. The urine flow
in vehicle-treated DOCA-salt mice before sodium loading was
74.58 6 7.4 ml/min per g kwt Baseline urine flow was 54.20 6
6.02 and 60.57 6 8.66 ml/min per g kwt, respectively, in
lovastatin- and bezafibrate-treated DOCA-salt mice. After sodium loading in all groups, urine volume increased sharply. In
vehicle-treated mice, the increased urine flow was greater than
in the other two groups, which may depend on the slightly
higher RPP of these mice. Changes in urine flow reached
baseline values after 20 min in all of the groups. The peak
values of percent increase in urine flow were 250 to 280% and
did not differ between the groups. The same pattern as described for urine flows were found for sodium (UNaV) and
potassium (UKV).
RBF (top panel) and RVR (bottom panel) values in response
to acute volume expansion are shown in Figure 4. Acute
volume expansion increased RBF in all groups. As in the
protocol with step-by-step increases in RPP, RBF of lovastatinand bezafibrate-treated DOCA-salt mice was higher at every
time point than in vehicle-treated DOCA-salt mice (P , 0.05).
Calculated as percentage from baseline values, RBF was increased to 120 to 130% 2 min after the saline infusion and did
not differ between the groups. RBF decreased thereafter and
reached baseline values after 20 min. The increase in RBF was
caused by a sharp decrease in RVR, as observed in the bottom
panel of Figure 4. Although the RVR of lovastatin- and bezafibrate-treated DOCA-salt mice was significantly lower than
vehicle-treated DOCA-salt mice, the percent changes in RVR
were similar.
Cortical and medullary blood flows as absolute and percent
values after volume loading are shown in Figure 5. Absolute
cortical flow signals of lovastatin-treated DOCA-salt mice
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Figure 2. Relationship between RPP and cortical (top panels) and medullary (bottom panels) blood flow in lovastatin- (M), bezafibrate- (f),
and vehicle- (E) treated DOCA-salt hypertensive mice. Absolute values in volts (left) and percent change from baseline (right). *P , 0.05,
lovastatin versus vehicle; #P , 0.05, bezafibrate versus vehicle; ¤P , 0.05, lovastatin versus bezafibrate. Values are compared at equivalent
RPP levels. Lovastatin: P , 0.05, 80 mmHg versus 140 mmHg. Cortical blood flow was well autoregulated in lovastatin- and bezafibratetreated DOCA-salt mice and decreased slightly in vehicle-treated mice over the RPP range investigated. Step-by-step increase of RPP increased
medullary flow signals either given as volts or given as percent from baseline values in lovastatin-treated DOCA mice compared with vehicleand bezafibrate-treated DOCA-salt mice.

were within 2.12 to 2.23 V, which was slightly lower than in
the other two groups in which the readings ranged between
2.70 and 2.20 V. Calculated as percentage from the baseline
values in vehicle-treated DOCA-salt mice, cortical blood flow
was approximately 95% of the baseline values after acute
volume expansion. In contrast, lovastatin-treated DOCA-salt
mice exhibited increased cortical blood flow values after volume loading and measured 105% of the baseline values. These
reactions were significantly different. The corresponding cortical blood flow signals of bezafibrate DOCA-salt mice resided
between the values of these two groups. Acute volume expansion resulted in a sharper increase in medullary blood flow
(Figure 5, bottom panel) in lovastatin-treated DOCA-salt mice,
compared with vehicle- or bezafibrate-treated DOCA-salt mice
(P , 0.05). In lovastatin DOCA-salt mice, medullary blood
flow increased after volume loading from 0.86 6 0.08 to
1.06 6 0.12 V, whereas the corresponding values of vehicle
and bezafibrate DOCA-salt mice achieved only an increase
0.81 6 0.08 to 0.90 6 0.09, or from 0.86 6 0.08 to 0.93 6
0.08 V. Given in percentage from baseline readings, the values
for medullary blood flow after saline loading were 123% in
lovastatin-treated DOCA-salt mice, compared with 112 and
108% in vehicle- or bezafibrate-treated mice. Beginning with

the sixth to eighth minute after saline loading, medullary blood
flow signals were no longer significantly different between the
groups.
Light microscopy, as shown in Figure 6A, revealed a marked
hemostasis in the vasa recta, predominantly in the outer stripe
of the medulla in vehicle-treated DOCA-salt mice. As a sign of
a disturbed medullary circulation, these vessels were distended
with red blood cells, whereas in lovastatin-treated DOCA-salt
mice the kidneys showed no pathologic changes (bottom panel). In bezafibrate-treated DOCA-salt mice, the morphologic
changes of the medulla were not as prominent as in vehicletreated DOCA-salt mice. However, the renal morphology was
not entirely normal (section not shown). In vehicle- and lovastatin-treated mice, the hematocrit values at the end of the
experiments were 49.98 6 1.95 and 50.76 6 1.28%. In bezafibrate-treated mice, the hematocrit was 41.71 6 2.19%.

Discussion
The important findings in this study were that lovastatin and
bezafibrate increased RBF and decreased RVR in DOCA-salt
hypertensive mice. Furthermore, in lovastatin-treated DOCAsalt mice, the morphology of the medullary circulation was
normalized and medullary blood flow increased as RPP was
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Figure 3. Diuresis (absolute values, top) and percent changes (bottom)
in lovastatin- (M), bezafibrate- (f), and vehicle- (E) treated DOCAsalt hypertensive mice after volume loading (0.9% saline, intravenously, 1 ml/min). *P , 0.05, lovastatin versus vehicle; #P , 0.05,
bezafibrate versus vehicle. Absolute diuresis of vehicle-treated
DOCA-salt mice was greater than in lovastatin- or bezafibrate-treated
DOCA-salt mice after volume loading. Percent changes in diuresis
were not different between the groups.

increased or extracellular volume was expanded. In bezafibrate-treated DOCA-salt mice, pressure- and volume-dependent medullary blood flow changes were similar to responses
seen in vehicle-treated DOCA-salt mice. These effects were
accompanied in bezafibrate-treated DOCA-salt mice with a
slight, and in lovastatin-treated DOCA-salt mice with a significant, reduction of systemic BP.
In vehicle-treated DOCA-salt mice, RBF values were similar to those observed in our earlier studies (11,13), at about 3.5
ml/min per g kwt. Lovastatin treatment increased RBF to
approximately 5.5 ml/min per kg kwt. The effect of lovastatin
on RBF in DOCA-salt mice is in agreement with observations
in normal Wistar rats (14), or in Wistar rats after 5/6 nephrectomy (15). Despite increased flowprobe-determined total RBF
in lovastatin-treated mice, the absolute baseline values of laserDoppler cortical and medullary flow readings were lower than
in vehicle- or bezafibrate-treated mice. We have no immediate
explanation why the absolute voltage signals in the lovastatin-
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Figure 4. Flow probe-measured RBF (top) and RVR (bottom) in
lovastatin- (M), bezafibrate- (f), and vehicle- (E) treated DOCA-salt
hypertensive mice after volume loading (0.9% saline, intravenously, 1
ml/min). *P , 0.05, lovastatin/bezafibrate versus vehicle. Before and
after sodium loading, RBF values were higher in lovastatin- and
bezafibrate-treated DOCA-salt mice, depending on a lower RVR
compared with controls (vehicle-treated DOCA-salt mice). The differences in RBF between lovastatin- and bezafibrate-treated mice
were not significant.

treated group was lower than in the other groups. The laserDoppler technique has limitations in terms of quantification,
which caused us to show the results both as absolute and
percent values.
The cortical blood flow in vehicle-treated DOCA-salt mice
was not as stable, with increasing RPP or extracellular volume
increases as we observed in an earlier study (11). The reason
for this difference is not clear, especially since RBF was well
autoregulated. In rats, a strong correlation between total RBF
and cortical blood flow has been reported (16). The increased
RBF in lovastatin-treated DOCA-salt mice was paralleled by
an increase in medullary blood flow to the same extent as we
found earlier in normotensive control mice (11) when RPP was
increased or when extracellular volume was expanded. These
medullary blood flow reactions were accompanied by a histologic normalization of the medullary circulation. The venous
hyperemia and stasis in the vasa recta vessels, which could be
the result of increased postglomerular vascular resistance in
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Figure 5. Changes in cortical (top panels) and medullary (bottom panels) blood flows measured by laser-Doppler flowmetry in lovastatin- (M),
bezafibrate- (f), and vehicle- (E) treated DOCA-salt hypertensive mice after volume loading (0.9% saline, intravenously, 1 ml/min). Absolute
values in volts (left) and percent change from baseline (right). *P , 0.05, lovastatin versus vehicle; #P , 0.05, bezafibrate versus vehicle; ¤P ,
0.05, lovastatin versus bezafibrate. After volume loading, cortical blood flow increased slightly in lovastatin-treated and decreased slightly in
vehicle-treated DOCA-salt mice. Medullary blood flow increased either given as volts or given as percent from baseline values to a greater
degree in lovastatin- than in bezafibrate- or vehicle-treated DOCA-salt mice after volume loading.

vehicle-treated DOCA-salt mice, was not seen in lovastatintreated mice. This pattern was not related to peculiarities of our
mouse strain or our model, since SHR chronically treated with
lovastatin also exhibited an increased medullary blood flow
and an attenuation of hypertension-dependent morphologic
changes in the kidneys (9).
The increase in total RBF and medullary blood flow may
have improved the ability of lovastatin-treated mice to excrete
sodium and water by a parallel increase in renal interstitial
hydrostatic pressure and loss of medullary osmotic gradient
(17). Infusion of captopril into the renal medullary interstitium
increased renal medullary perfusion and lowered arterial pressure in SHR (18). On the other hand, chronic infusion of
NG-nitro-L-arginine methyl ester led to a decrease in renal
medullary blood flow, sodium and water retention, and the
development of hypertension (19). These experiments underscore the importance of medullary perfusion for BP regulation
and the development of hypertension. The small, but significantly decreased, BP in conscious, lovastatin-treated DOCAsalt mice may therefore also be a consequence of the improved
medullary circulation in these mice. A decrease in arterial BP
was described both for lovastatin-treated SHR (9) and lovastatin-treated Dahl salt-sensitive rats fed 4% NaCl chow (20).
In contrast, Roullet et al. (6 – 8) found that lovastatin increased BP in SHR and WKY, which was accompanied by an
increase in intracellular Ca21 and an enhanced vascular re-

sponsiveness to vasoconstrictor substances. The reason(s) for
these disparate results is not clear. We did not find any noteworthy changes in circulating lipid concentrations. Our results
are similar to those reported for HMG-CoA reductase inhibitors by other investigators (21,22). We speculate that the lovastatin-related effects on RBF and the medullary circulation are
related to characteristics (23,24) that are independent of plasma
lipids or cholesterol synthesis. Although the pathogenesis of
DOCA-salt hypertension remains unclear, alterations in the
nitric oxide (NO) system have been implicated as a mechanism
(25–27). NO serves as an important endogenous vasodilator
system, and NO activity is especially expressed in the medulla
(28,29), so that lovastatin-induced changes in the NO system
(30) could be responsible for improvement of medullary flows
in these mice. Since NO synthase inhibition is followed by a
decrease in total RBF (31), the increase in RBF by lovastatin,
which was also reported in other animal models (14,15), could
be also due to lovastatin-induced changes in the NO system.
Bezafibrate also decreased RVR and increased total RBF,
but did so independently of medullary blood flow. Because the
decrease in systemic BP in these mice was small and not
significant compared with lovastatin-treated DOCA-salt mice,
the changes in the medullary circulation could have predominantly influenced BP behavior. In an acute study, bolus injection of bezafibrate increased total RBF and cortical blood flow
in SHR and WKY, whereas medullary blood flow was not

J Am Soc Nephrol 10: 1430 –1439, 1999

Lovastatin- and Bezafibrate-Treated Hypertensive Mice

1437

Figure 6. Kidney sections (hematoxylin and eosin) from vehicle- (A) or lovastatin- (B) treated DOCA-salt mice. Vehicle-treated DOCA-salt
mice showed hyperemia and hemostasis predominantly in the outer medullary stripe (venous vasa recta vessels). In lovastatin-treated
DOCA-salt mice, these stasis changes in the medullary circulation were not seen. Magnification, 3250.

affected (32). To our knowledge, long-term effects of fibrates
on RBF and cortical and medullary blood flow have not been
published elsewhere. Since blood lipids were decreased by
bezafibrate, bezafibrate-induced effects on RBF could depend
on direct or indirect vascular reactions.
Bezafibrate belongs to a group of compounds known to
stimulate the peroxisome proliferator-activated receptor and to
induce the expression of the P4504A genes in the liver and
kidney (33,34), which may play a role in cardiovascular and
renal function; however, the mechanisms by which these effects occur are unclear (35,36) and controversial. The inhibition of renal 20-HETE formation produced hypertension in
Lewis rats fed a high salt diet (37). By contrast, in SHR renal
expression of the P4504A2 gene and production of 20-HETE is
elevated, and a pharmacologically induced decrease in 20HETE production prevented the development of hypertension
in SHR (38,39). In addition, the genes of the P450 family
induced by fibrates in mice have not been characterized. Hemodilution is one factor mediating changes in renal hemodynamics and is claimed to be responsible for an increase in RBF

after volume expansion (40). In bezafibrate-treated DOCA-salt
mice, the hematocrit values were lower than in lovastatin, or
vehicle-treated DOCA-salt mice. Another factor influencing
RBF could be the changed fibrinogen concentration described
after bezafibrate (5), which also could have decreased blood
viscosity in these mice and thereby increased RBF. In addition
and further complicating the interpretation of the mechanism of
bezafibrate effects, is the fact that similar to lovastatin, fibrates
may reduce HMG-CoA reductase activity (41).
In summary, our study indicates that chronic treatment with
lovastatin and bezafibrate causes renal hemodynamic effects
and influences systemic BP in DOCA-salt hypertensive mice.
Both lovastatin and bezafibrate increased total RBF and decreased RVR. In addition, lovastatin normalized medullary
hemostasis and increased medullary blood flow as RPP or
extracellular volume were increased to levels observed in normotensive mice. These changes in RBF after lovastatin were
associated with a decreased systemic BP. In bezafibrate-treated
mice, RBF was increased; however, the decreases in systemic
BP were smaller and not statistically significant.
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