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Recent studies indicate that short-term cholesterol feeding causes vascular hyperreactivity and/or increased tone in
certain vascular beds. The present study in rats examined the effect of 3 wk of cholesterol-supplemented diet (CSD) on
renal hemodynamics. We tested the hypothesis that LDL oxidized in vivo is causally related to increased renal vascular
tone by adding the antioxidant drug probucol to the CSD (CSD + P). Micropuncture of surface nephrons in the CSD rats
demonstrated that single nephron glomerular filtration rate (SNGFR) and single nephron afferent plasma flow (QA) were
markedly lower than in normal rats, whereas glomerular capillary pressure (PGC), afferent arteriolar resistance (RA), and
single nephron filtration fraction (SNFF) were higher. In the CSD + P animals, almost all of these hemodynamic
abnormalities were absent. TXB2 and PGE2 were increased in proximal tubule fluid and urine in the CSD rats, but normal
in the CSD + P group. Infusion of a TXA2 receptor antagonist into the suprarenal aorta of CSD rats caused a rapid return
to normal of RBF (renal blood flow), GFR (glomerular filtration rate), SNGFR, QA, RA, PGC, and Kf (ultrafiltration
coefficient). Our observations demonstrate that cholesterol feeding leads to renal vasoconstriction, which appears to be
mediated largely by increased TXA2 production. The fact that probucol prevented the hemodynamic abnormalities as well
as the increased TX production is [...]
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Renal Vasoconstriction Caused by Short-term Cholesterol Feeding
Is Corrected by Thromboxane Antagonist or Probucol

Randy Kaplan, Hagop S. Aynedjian, Detlef Schiondorff, and Norman Bank
Renal Division, Department of Medicine, Montefiore Medical Center and the Albert Einstein College of Medicine, Bronx, New York 10467

Abstract

Recent studies indicate that short-term cholesterol feeding
causes vascular hyperreactivity and/or increased tone in cer-
tain vascular beds. The present study in rats examined the
effect of 3 wk of cholesterol-supplemented diet (CSD) on renal
hemodynamics. We tested the hypothesis that LDL oxidized in
vivo is causally related to increased renal vascular tone by
adding the antioxidant drug probucol to the CSD (CSD + P).
Micropuncture of surface nephrons in the CSD rats demon-
strated that single nephron glomerular filtration rate (SNGFR)
and single nephron afferent plasma flow (Q,) were markedly
lower than in normal rats, whereas glomerular capillary pres-
sure (Pgc), afferent arteriolar resistance (R,), and single
nephron filtration fraction (SNFF) were higher. In the CSD
+ P animals, almost all of these hemodynamic abnormalities
were absent. TXB, and PGE, were increased in proximal tu-
bule fluid and urine in the CSD rats, but normal in the CSD
+ P group. Infusion of a TXA, receptor antagonist into the
suprarenal aorta of CSD rats caused a rapid return to normal
of RBF (renal blood flow), GFR (glomerular filtration rate),
SNGFR, Q,, R,, Pgc, and K; (ultrafiltration coefficient). Our
observations demonstrate that cholesterol feeding leads to
renal vasoconstriction, which appears to be mediated largely
by increased TXA, production. The fact that probucol pre-
vented the hemodynamic abnormalities as well as the increased
TX production is consistent with the hypothesis that LDL
oxidized in vivo initiates events leading to TX mediated vaso-
constriction. (J. Clin. Invest. 1990. 86:1707-1714.) Key
words: renal hemodynamics * hyperlipidemia » micropuncture «
prostaglandins ¢ renal injury

Introduction

Hyperlipidemia and hypercholesterolemia are thought to con-
tribute to the pathogenesis of the progression of renal disease
in several animal models (1). In support of this hypothesis,
lipid-lowering agents have been shown to reduce renal injury
in hyperlipidemic animals (1). Furthermore, elevating choles-
terol by diets enriched in cholesterol can produce renal injury
in normal rats. Kasiske et al. (2) found increased glomerulo-
sclerosis in normal rats fed a high cholesterol diet for five
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months. The hypercholesterolemia was associated with in-
creased intraglomerular pressure, indicating altered glomeru-
lar hemodynamics. In addition to the long-term histological
effects of hypercholesterolemia, it has been found that short-
term elevation of serum cholesterol can cause vasoconstriction
and/or increased reactivity to vasoactive agents in several vas-
cular beds (3-9). For example, in rabbits fed a cholesterol-sup-
plemented diet for 2 wk, coronary artery constriction led to a
greater degree of myocardial damage than in control animals
or in rabbits treated with lovastatin to lower serum cholesterol
(3). The isolated coronary arteries failed to relax normally
when exposed to acetylcholine (3). Golino et al. (4) found that
only 3 d of a 2% cholesterol diet in rabbits caused a doubling of
experimental myocardial infarct size, and Heistad et al. (6)
demonstrated that hind limb arteries of hypercholesterolemic
monkeys had an augmented constrictor response to norepi-
nephrine. In vitro studies by Andrews et al. (8) and Kugiyama
et al. (9) showed that human or rabbit LDL inhibited endothe-
lium-dependent relaxation of aortic rings of rabbits, thus im-
plicating LDL as a possible agent mediating vasoconstriction
in hypercholesterolemia. In all of these studies, the observed
effects on blood vessels were thought to be functional in na-
ture, as the length of hypercholesterolemia was too brief to
produce visible atheromatous changes.

This study was carried out to examine the effect of 3 wk of
a cholesterol-supplemented diet (CSD)' on renal hemody-
namics in rats. Because it has been clearly demonstrated that
in vitro chemically modified (oxidized) LDL is toxic to cul-
tured endothelial and mesangial cells (10-14), we tested the
hypothesis that LDL oxidized in vivo is causally related to the
vascular tone abnormalities. We fed the antioxidant drug,
probucol, which prevents oxidation of LDL by endothelial
cells in vitro (12-14). Finally, the effect of a TXA, receptor
antagonist, S K and F 96148, on renal hemodynamics was
studied. We found that the cholesterol-supplemented diet
caused renal vasoconstriction at pre- and presumably postglo-
merular sites. There was in addition an increase in both PGE,
and TXB; in proximal tubular fluid and urine. These changes
were almost completely prevented by adding probucol to the
high cholesterol diet. Infusion of the TXA, receptor antagonist
into the aorta above the renal arteries of cholesterol-fed rats
caused immediate reversal of all the renal hemodynamic ab-
normalities. Our observations are therefore consistent with the
hypothesis that LDL oxidized in vivo initiates events leading

1. Abbreviations used in this paper: CSD, pellet diet supplemented with
4% cholesterol and 1% cholic acid; FFP, proximal tubule free-flow
pressure; K;, ultrafiltration coefficient; MAP, mean arterial pressure;
ND, regular rat pellet diet; P, probucol; AP, transcapillary hydraulic
pressure; Pc, glomerular capillary pressure; Q,, single nephron affer-
ent plasma flow; R,, afferent arteriolar resistance; RBF, renal blood
flow; RE, efferent arteriolar resistance; SNBF, single nephron blood
flow; SNFF, single nephron filtration fraction.
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to vasoconstriction, and that this vasoconstriction is mediated
in large part by TXA,.

Methods

Male Sprague-Dawley rats weighing 200-280 g were maintained in
individual metabolic cages, and were fed a ration of 20 g/d of either a
regular rat pellet diet (ND) or a pellet diet supplemented with 4%
cholesterol and 1% cholic acid (CSD) (Teklad Diets, Madison, WI) for
3 wk. The ND and CSD were of the exact same composition with
regard to protein, carbohydrates, minerals, and vitamins, but all these
constituents were 5% less/wt in the CSD diet because of the addition of
cholesterol and cholic acid. All animals consumed the entire daily
ration of 20 g. They had free access to tap water. At the end of 3 wk,
micropuncture and whole kidney clearance studies were carried out as
described below. Six groups of animals were studied.

Group I: normal controls (ND). Six rats consumed the regular rat
pellet diet, 20 g/d, for 2-3 wk. At the end of this time, whole kidney
and single nephron hemodynamic measurements were made under
general anesthesia, using methods described in detail in previous pub-
lications (15-17). The data from these animals have been recently
published (15, 16). In six additional rats fed the ND, overnight urine
collections were made in vials containing 0.3 uM meclofenemate for
analysis of PGE; and TXB,. Urines were frozen at —70°C until ana-
lyzed. Aortic blood was collected from these animals for measurement
of liver chemistries and plasma lipid profile.

Group II: normal rats fed probucol (ND + P). In six rats, probucol
(kindly supplied by Merrell Dow Research Institute, Cincinnati, OH)
was added to the ND to provide 10 mg/d in 20 g of the diet. The
probucol was dissolved in ethyl alcohol, and the solution was then
applied to the food pellets and air dried. In these six animals, whole
kidney GFR and renal blood flow (RBF) were measured, but micro-
puncture was not performed. RBF was measured by an ultrasonic flow
probe (Transonic Systems, Inc., Ithaca, NY) placed around the left
renal artery, and GFR for both kidneys was measured by ['*Clinulin
clearance via timed urine collections from the bladder.

Group III: cholesterol-supplemented diet (CSD). Six rats were fed
20 g/d of the CSD for 3 wk. At the end of this time, whole kidney and
single nephron hemodynamic measurements were made, as in the
group I animals. In five additional rats fed the CSD for 3 wk, overnight
urine collections were obtained in metabolic cages for PGE, and TXB,
measurement, and aortic blood was collected for liver chemistries and
plasma lipid analysis.

Group 1V: cholesterol-supplemented diet + probucol (CSD + P). Six
rats were fed the same CSD as the group III rats, except that probucol
‘was added to the pellets to provide 10 mg/d. At the end of 3 wk, whole
kidney and single nephron hemodynamic measurements were made
by micropuncture methods. Six additional rats were fed the CSD + P

Table I. Whole Animal Data

diet for 3 wk, after which overnight urine was collected for PGE, and
TXB, measurement. Aortic blood was collected from these animals for
liver chemistries and plasma lipid analysis.

Group V: measurements of PGE, and TXB, in early proximal tu-
bule fluid. Measurements of PGE, and TXB; in tubular fluid collected
from early segments of the proximal convoluted tubule were carried
out in four control rats, six CSD rats, and six CSD + P rats. Methods
used to collect tubular fluid for prostaglandin determination have been
described in detail (18). Collections of ~ 75-150 nl of tubular fluid
were obtained in micropipettes that had been rinsed with 1.5 mg/ml
bovine serum albumin in saline. The entire collected sample was dis-
charged into polyethylene vials. The samples were frozen at —70°C
until analyzed. An enzyme immunoassay for PGE, and TXB, was
used as described previously (18, 19). The antibodies for PGE, and
TXB, were kindly provided by Dr. P. Pradelles, and their specificity
has been reported in detail (19).

Group VI: infusion of thromboxane receptor antagonist, S K and F
96148. In four control ND rats, six CSD rats, and six CSD + P rats, the
TXA,; receptor antagonist, S K and F 96148 (formerly BM 13.505;
kindly supplied by Smith, Kline, and French Laboratories, Swedeland,
PA) (20, 21) was infused into the abdominal aorta above the origin of
the renal arteries after initial micropuncture measurements of glomer-
ular hemodynamics had been obtained. The surgical preparation of
these animals was the same as for the other groups except that PE 10
tubing was inserted in a femoral artery and threaded up the aorta until
it could be seen through the wall of the exposed aorta to be above the
renal arteries. The location of the catheter was confirmed in some
experiments by bolus injection of a small volume of F D & C green dye,
which resulted in a flush of the left (micropuncture) kidney. In addi-
tion, an ultrasonic flow probe was placed around the left renal artery
for continuous monitoring of RBF. After initial micropuncture and
whole kidney hemodynamic measurements were made, S K and F
96148 was injected into the aortic catheter in an initial dose of 1
mg/kg, followed by a continuous infusion of 1 mg/kg per h (21). RBF
to the left kidney was recorded continuously, and repeat micropunc-
ture measurements of single nephron hemodynamics were made using
fresh surface structures. In three additional rats fed the CSD for 3 wk,
RBF was monitored by the ultrasonic flow probe and GFR was mea-
sured by ['“Clinulin before and during intraaortic infusion of saralasin
in a bolus dose of 10 ug/kg followed by a constant infusion of 10 ug/kg
per min.

Micropuncture methods. The surgical preparation of the animals
on the day of study and the micropuncture methods have been de-
scribed previously in detail (15-17). The measurements carried out in
the present study were: single nephron glomerular filtration rate
(SNGFR), single nephron afferent plasma flow (Q,), single nephron
blood flow (SNBF), glomerular capillary pressure (Pgc), proximal tu-
bule free-flow pressure (FFP), transcapillary hydraulic pressure (AP),
and single nephron filtration fraction (SNFF). The ultrafiltration coef-

Body weight
Group n I F MAP Hct GFR RBF
g mmHg % ml/min ml/mm
ND 6 265+9 288+8 126+1 45.6+0.2 2.21+0.16 5.98+0.57
ND + P 6 242+6 271+4 120+1* — 2.11+0.06* 6.38+0.05%
CSD 6 2147 246+11" 1134£2%* 45.7+0.6 1.19+0.05** 4.53+0.29
CSD + P 6 242+12 283+8 114+1%* 45.0+3 2.17+0.14% 6.14+0.32*

Data expressed as meanz+standard error of mean. N, number of animals; I, initial; F, final. ND, normal diet; ND + P, normal diet + probu-
col; CSD, cholesterol-supplemented diet; CSD + P, CSD + probucol. ' P < 0.05 vs. ND; ' P < 0.01 vs. ND; ** P < 0.001 vs. ND; * P < 0.05
vs. CSD; ¥ P < 0.01 vs. CSD; ¥ P < 0.001 vs. CSD. GFR values are for two kidneys. RBF is for the left kidney only.
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Table II. Liver Chemistries and Serum Lipids

Total LDL VLDL HDL
Group Albumin bilirubin SGOT SGPT Total cholesterol Triglyceride cholesterol cholesterol cholesterol
g/dl mg/dl 1U/liter 1U/liter mg/dl mg/dl mg/dl mg/dl mg/dl
ND 2.9+0.1 (6) 0.3+0.0 (6) 179+14 (6) 441+4(6) 59+4 (10) 7617 (8) 1512 (6) 4+1 (6) 2414 (6)
CSD 3.3+0.1* (5) 0.3+0.0 (5) 216+36 (5) 83+21 (5) 228+22* (15) 61+7 (14) 42+8 (6) 11519 (6) 1716 (6)
CSD + P 3.0+0.1 (6) 0.3+0.0 (6) 179+8 (6) 52+3 (6) 199+19* (14) 51+5(13) 54+4 (6) 4113 (6) 2548 (6)

Numbers in parentheses are number of animals. In the case of LDL, VLDL, and HDL, samples from two animals had to be pooled, thereby re-
ducing 7 to 3. Statistics were therefore not carried out for these determinations. * P < 0.05 vs. ND.

ficient (K;) was derived from the mathematical model of Deen et al.
(22). Afferent arteriolar resistance (R,) was calculated as previously
described (17).

Analytic methods. Total cholesterol and triglyceride concentrations
were measured using quantitative enzymatic assays (Sigma Chemical
Co., St. Louis, MO) (23, 24). Serum lipids were separated into VLDL,
LDL, and HDL fractions by previously described methods (25). It was
necessary to pool serum from two animals in order to carry out each
fractionation. Cholesterol in each fraction was measured by enzymatic
assay (23). Serum protein was measured by the Lowry method. Liver
chemistries were measured by the central laboratory autoanalyzer.

Statistical analyses. In each micropuncture experiment, all data
obtained from an individual animal were averaged, and this single
average represented that animal. Differences among group averages
were analyzed by ANOVA and tested for significance by the Scheffe
posthoc test. In the group VI experiments, in which pre- and post-
TXA; antagonist infusion data were obtained, analysis was by Stu-
dent’s paired ¢ test.

Results

Whole animal data. In Table I are shown whole animal data
obtained at the time of micropuncture study. As can be seen,
although there were small differences in body weight among
the groups at the start of the experiments, all groups gained
weight during the 3 wk of diet rationing. During renal function
study under general anesthesia, mean arterial pressure (MAP)
was significantly lower in the CSD and CSD + P groups than
in the ND animals, although the pressures in all groups were
well within the normal range. GFR measured for both kidneys
by urine collected from the bladder, was significantly lower in
the CSD rats than in the ND group or in the CSD + P group.
RBF measured by an ultrasonic flow probe on the left renal
artery was numerically but not significantly lower in the CSD
animals than in the ND animals, but it was significantly lower
than in either the ND + P or the CSD + P rats. Addition of
probucol to the normal diet did not have any significant effect
on GFR or RBF (ND vs. ND + P). Bird et al. (26) previously
reported that probucol administration to normal rats had no
significant effect on serum creatinine. Blood Hct was compa-
rable in the three groups in which it was measured.

Table II presents liver chemistries and cholesterol in var-
ious lipid fractions in additional rats fed the same diets. Serum
albumin was slightly but significantly higher in the CSD group
than in the ND animals, but there were no significant differ-
ences in total bilirubin, serum glutamic oxaloacetic transami-
nase (SGOT), or serum glutamic pyruvic transaminase
(SGPT) among the three groups. Total cholesterol was signifi-

Cholesterol Feeding Causes Renal Vasoconstriction via Thromboxane

cantly elevated in the CSD vs. ND animals. Probucol in a dose
of 10 mg/d led to a small but insignificant decline in total
cholesterol, but no apparent change in LDL cholesterol. The
mean VLDL cholesterol was also increased in the CSD group,
in agreement with observations by Arbeeny et al. (27). Probu-
col appeared to lower VLDL levels, but because of large vari-
ability and the fact that VLDL had to be determined in pooled
blood reducing the n, statistical analysis was not carried out.
HDL cholesterol was not affected by cholesterol feeding or
probucol.

The SNGFR data, plasma flow, and R, are shown in Fig. 1.
As can be seen, there was a 32% decrease in SNGFR in the
CSD animals, as compared with the ND rats. Addition of
probucol to the CSD completely prevented this fall in SNGFR,
the mean value being equal to that in the ND rats. Plasma flow
entering the glomerulus (Q,) was 43% lower in the CSD rats
than in the ND animals. Probucol largely prevented this fall,
Q. being 90+6 nl/min, a value not significantly different from
that in the ND rats. R, was increased in the CSD group, but
addition of probucol to the CSD completely prevented the rise

in RA.
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Table I11. Micropuncture Results in Groups I-111

Group n SNBF Pgc AP SNFF K A ~E
nl/min mmHg mmHg nl/min per mmHg mmHg mmHg
ND 6 189+6 48.7+0.4 37.4+0.4 0.30+0.01 2.01+0.07 16.0+0.4 28.0%+0.6
CSD 6 107+6* 53.2+1.2% 40.9+1.2 0.37£0.01* 1.64+1.01 17.2+1.0 35.5+2.5%
CSD + P 6 163x118 50.2+1.0 38.4+0.8 0.35+0.01% 2.40+0.19% 17.1+£0.9 33.0+1.3

* P <0.001 vs. ND; ¥ P < 0.05 vs. ND; § P < 0.05 vs. CSD.

Additional single nephron hemodynamic data are shown
in Table III. SNBF was 43% lower in the CSD group than in
the ND animals, and this fall was prevented by probucol. Pgc
was significantly higher in the CSD animals than in the ND, in
spite of the lower MAP (Table I) and the increase in RA. In
addition, SNFF was increased in the CSD rats. Taken together,
these observations strongly imply that efferent arteriolar resis-
tance (RE) was also increased, although RE was not directly
evaluated. The mean value of the ultrafiltration coefficient, K,
in the CSD rats was not significantly lower than in the ND
group (P = 0.06), but it was significantly lower than in the
CSD + P animals. Addition of probucol to the CSD resulted in
prevention of all the hemodynamic abnormalities with the
exception of SNFF, which remained significantly elevated.

PGE; and TXB, in proximal fluid and urine. Concentra-
tions of PGE, in early proximal tubule fluid reflect its intra-
glomerular generation (18). We therefore examined early
proximal tubule micropuncture samples for PGE; and TXB,.
The quantity of PGE, and TXB, excreted in tubular fluid
during a 10-min period is shown in Fig. 2. The data obtained
in each animal were averaged, and the average was used to
calculate group means and differences among the groups. As
can be seen, PGE, was significantly higher in the CSD (n, 6)
than in the ND group (n, 4) (0.236+0.01 vs. 0.158+0.01 pg/10
min) (P < 0.05). TXB, rose disproportionately to PGE; in the
CSD group (0.553+.14 vs. 0.120+.03). Addition of probucol
to the CSD (n, 6) completely prevented the rise in both PGE,
(0.17£.02) and TXB; (0.174+.09) in early proximal tubular
fluid. These changes in prostaglandins were also observed in
the urine, as shown in Table IV. Both PGE, and TXB, were
markedly increased in the urine of CSD vs. the ND group.
Addition of probucol to the cholesterol diet resulted in a
blunting of the rise in urinary PGE, and prevention of the
increase in TXB, seen in the CSD animals.

Infusion of TXA; receptor antagonist or saralasin. The ef-
fects of infusion of the TXA, receptor antagonist, S K and F
96148, into the aorta above the renal arteries are shown in Fig.

127
091 CJpree2 [ 1xB2
g # p0.05 CSD vs ND
o o6 + p¢«0.06 CSD+P ve CSD . Figure 2. PGE; and
‘g TXB, in fluid collected
08 . from early proximal tu-
+ |+  bule segments. Data ex-
o t pressed as picograms
ND ) csp+p  excreted in 10 min.
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3 and Tables V and VI. In Fig. 3 SNGFR is shown before and
during antagonist infusion in CSD and CSD + P rats prepared
by the same methods as the preceding groups. As can be seen,
SNGFR was markedly decreased in the CSD animals during
the control period, but rose strikingly during the antagonist
infusion (23.9+0.8 vs. 32.6+2.2) (P < 0.01). In the CSD + P
rats, there was no significant change in SNGFR with the antag-
onist infusion (30.2+1.6 vs. 30.6x2.1). Q, data for the same
animals are also shown in Fig. 3. As in the case of SNGFR, Qa
was significantly reduced in the CSD animals, but rose strik-
ingly upon infusion of the TXA, antagonist (67+2 vs. 99+8)
(P < 0.01). In contrast, in the CSD + P rats there was no
significant change in Q, with infusion of the TXA, antagonist
(9146 vs. 91+7). Ra, expressed as 10'° dyn-s-cm™>, was sig-
nificantly elevated in the CSD rats, and fell with infusion of the
TXA, antagonist (4.29+0.13 vs. 2.94+0.24) (P < 0.001). No
effect on R, was found in the CSD + P animals (3.16+0.2 vs.
2.96+0.16). Additional. single nephron data are shown in
Table V. In the CSD animals, TXA, antagonist infusion re-
sulted in significant changes in SNBF, Pgc, AP, SNFF, and K,
whereas in the CSD + P rats there were no significant effects of
the antagonist on any of these measurements. Whole kidney
GFR and RBF for these experiments and for an additional
group of ND rats are shown in Table V1. RBF of the left kidney
was measured continuously by an ultrasonic flow probe on the
renal artery. As can be seen, infusion of S K and F 96148
resulted in small but significant decreases in MAP in the CSD
and CSD + P groups. GFR and RBF rose much more in the
CSD than in the CSD + P animals. The rise in RBF occurred
within 2-4 min after infusion of the TXA, antagonist was
started. There were no significant effects of S K and F 96148
on MAP or GFR in the ND rats, but RBF rose slightly. In a
group of CSD animals infused with saralasin, there was no
effect on GFR, and only a small rise in RBF. Thus, the reduced
GFR and RBF in the CSD group responded acutely to a TXA,
antagonist, but not to an angiotensin II receptor antagonist.

Table 1V. Urinary PGE; and TXB;

Group PGE, TXB,
pg/h pg/h
ND 5 859+86 130+19
CSD 6 2,645+£275* 481+£50*
CSD + P 6 1,596+176 131+22¢

* P <0.01 vs. ND; ¥ P < 0.01 vs. CSD.
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Discussion

The results of these experiments demonstrate that short-term
dietary cholesterol supplementation in rats results in hyper-
cholesterolemia and marked vasoconstriction of renal blood
vessels. The vasoconstriction was localized by micropuncture
measurements to the afferent arteriole and most likely to the
efferent arteriole as well, since Pgc and SNFF increased signifi-
cantly in spite of the reduction in SNBF. Whole kidney blood
flow, measured by an ultrasonic flow probe, was also markedly
lower in the CSD rats than in the ND + P or the CSD + P
animals. GFR was reduced by 36%, as was SNGFR, in spite of
arise in Pgc and AP. Thus, the fall in GFR can be attributed to
the reduction in Q,, and probably in part to a fall in K;. These
remarkable changes in renal vascular tone measured in vivo
are presumably analogous to the increases in vascular contrac-
tility or failure of relaxation in response to various vasoactive
drugs that have previously been demonstrated in isolated coro-
nary blood vessels (3-5, 28), aorta (8), and hind limb arteries
(6) consequent to hypercholesterolemia. In most of these pre-
vious studies, as well as in our own, the length of time of the
experimental hypercholesterolemia was too short for gross
pathologic lesions to develop in the blood vessels and therefore

the abnormalities are presumably functional in nature. Since
the experimental diet had 1% cholic acid as well as 4% choles-
terol, it has to be considered that some of the hemodynamic
changes might be due to absorbed circulating cholate rather
than hypercholesterolemia. This seems unlikely, however,
since intravenous infusion of bile acids and bile salts in rats
(29) or dogs (30) has been shown to have no effect on creati-
nine clearance, inulin clearance, or RBF.

Recently Kasiske et al. (2) reported increased intraglomer-
ular pressures and efferent resistances in rats fed a cholesterol-
rich diet for 8 wk, findings in agreement with our own. How-
ever, in contrast to our results, these authors found no changes
in RPF (renal plasma flow), GFR, or SNGFR. The reason for
this difference is unclear, but may be due to the different dura-
tions of the diet (3 wk vs. 8 wk) or to the amount of fluid
replacement given during micropuncture studies. In general,
both their study and ours demonstrate significant renal vaso-
constriction induced by cholesterol feeding,

Several studies in recent years have shown that during in-
cubation with cultured endothelial cells, LDL undergoes ex-
tensive physical and chemical modification which depends on
an initial peroxidation of fatty acids in the LDL particles ( 14,
31-34). The chain of reactions, which occurs only upon con-
tact of LDL with the cells, is totally prevented in vitro by the
antioxidants butylated hydroxytoluene, probucol, and vitamin
E (12-14, 34). The oxidized LDL has been found to be cyto-
toxic to endothelial cells (10-14), and it has been suggested
that LDL inactivates endothelium-derived relaxing factor (8,
9). More recently, oxidized LDL, but not unmodified LDL,
has been found to be toxic to glomerular mésangial cells (35).
Because of these in vitro observations, we examined the hy-
pothesis that LDL oxidized in vivo might be responsible for
the renal vasoconstriction observed with cholesterol feeding.
To do so, we fed rats the same CSD diet to which had been
added 10 mg/d of the antioxidant drug probucol. As shown in
Table II, total cholesterol and LDL cholesterol were much
higher in the CSD rats than in the ND controls, as was VLDL
cholesterol. Probucol feeding to CSD rats appeared to partially
prevent the rise in total and VLDL cholesterol, but the con-
centrations remained 3-10 times above those in the ND rats.
Moreover, LDL cholesterol was unaffected by probucol, and it
remained 3.6 times higher than in the ND rats.

In spite of the elevation of total and LDL cholesterol in the
CSD + P animals, these rats exhibited none of the renal hemo-
dynamic abnormalities found in the CSD group. Whole kid-
ney GFR, SNGFR, Q,, R4, and Pgc were all indistinguishable
from values in the ND rats. Thus, our observations are consis-
tent with, though do not provide direct proof for, the hypoth-

Table V. Acute Effects of TXA, Receptor Antagonist* on Surface Nephron Hemodynamics

SNBF Poc AP SNFF K wa
Group
(n) 1 2 1 2 1 1 2 1 2 1 2
nl/min mmHg mmHg mi/min per mmHg mmHg
CSD (6) 121+3 178+14%  50.9+1.4 49.3%1.1* 38.8+1.2 37.3%1.1} 0.36%0.0 0.33x0.0' 1.70+0.23 2.49+0.50* 159+1.3 15.9+1.3
CSD+P(6) 165+11 163+x11 51.6+0.8 51.6+0.9 39.9+0.8 39.8+1.0 0.33+0.0 0.34%0.0 2.45+0.24 2.84+0.35 18.8+0.8 18.8+0.8
1, period 1, before TXA, receptor antagonist; 2, period 2, after TXA; receptor antagonist. * S K and F 96148. * P < 0.05 paired ¢ test.
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Table VI. Acute Effects of TXA, Antagonist or Saralasin on Renal Function*

MAP GFR RBF
Group A Drug 1 2 1 2 AGFR 1 2 ARBF
mmHg ml/min mil/min mil/min ml/min
ND (4) SK + F 96148 122+2 1211 1.18+0.05 1.19+0.05 0.01 5.98+0.57 6.19+0.56% 0.21
CSD (6) SK + F 96148 1161 113+2% 0.76+0.06 1.03+0.09% 0.27 4.53+0.29 5.65+0.35% 1.12
CSD + P (6) SK + F 96148 116x1 11113 0.98+0.07 1.01+0.07% 0.03 6.14+0.32 6.34+0.33 0.20
CSD (3) Saralasin 1133 110+3 0.64+0.02 0.67+0.01 0.03 5.12+0.15 5.28+0.13% 0.16

GFR data for left kidney. * RBF to left kidney measured by ultrasonic flow probe. * P < 0.05 by paired ¢ test, comparing period 1 with pe-

riod 2.

esis that the increased renal vascular tone in the CSD animals
was a result of in vivo oxidation of LDL and VLDL. The
modest lowering of VLDL cholesterol in the probucol-treated
animals might have played an additional role.

The mechanism by which cholesterol feeding induced
renal vasoconstriction was studied further by examining ara-
chidonic acid metabolic products in tubular fluid collected
from early proximal convolutions and in urine. It had pre-
viously been shown in in vitro studies that oxidized LDL in-
creases PGE, and TXB, synthesis by certain cell types (36).
Furthermore, type II hypercholesterolemia (LDL elevation) in
man (37), and experimental hypercholesterolemia in rabbits
(38, 39) are associated with increased platelet TXB, produc-
tion and platelet aggregability. Direct addition of LDL to nor-
mal platelets also stimulates thromboxane synthesis (40). In
this study, PGE, and TXB, were found to be significantly
increased in both proximal tubular fluid and urine of the CSD
animals, an effect largely or completely prevented by probucol
feeding. In a previous study, we showed that PGE, in proximal
tubular fluid derives predominantly from glomerular synthesis
(18). The source of the TXB, in the proximal tubular fluid can
not be determined exactly. TXA, might derive from circulat-
ing cells and platelets, as well as from glomerular cells (41-43).
It is difficult to reliably determine serum levels of TXA,, as
blood collection activates platelets, thereby generating large
amounts of TXA,. Therefore, we could not evaluate how
much TXA, was filtered from the plasma versus that which
was produced within the glomerulus itself. In any case, the
TXB, levels measured in early proximal tubular fluid should
be representative of local levels present in the glomerulus. The
fact that urinary PGE, and TXB, levels were also markedly
increased in the CSD rats (Table IV), argues in favor of en-
hanced renal cell eicosanoid synthesis. Measurements of non-
metabolized urinary PGE, and TXB,, which we performed,
are thought to reflect only intrarenal synthesis and not filtered
prostanoids (42). The fact that the elevated PGE, and TXB,
excretion was prevented by probucol is consistent with the
hypothesis that in vivo oxidized LDL mediated the increase in
arachidonic acid metabolites.

To examine the role of the increased thromboxane forma-
tion in the renal vasoconstriction observed in the CSD group,
we infused the thromboxane receptor antagonist, S K and F
96148, into the aorta immediately above the renal arteries. As
shown in Fig. 3 and Tables V and VI, the TXA, antagonist had
striking effects in the CSD animals, returning most hemody-
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namic abnormalities to or toward normal. The rise in RBF
occurred within 2-4 min after start of the antagonist infusion.
In sharp contrast, there was either no effect or a much smaller
effect of the TXA, antagonist in the CSD + P animals. In ND
rats, infusion of the antagonist had no effect on GFR and only
a trivial effect on RBF (Table VI), in agreement with observa-
tions by Wilkes et al. (44). Thus, in normal animals endoge-
nous thromboxane appears to play little or no role in estab-
lishing renal vascular tone. However, exogenous administra-
tion of TXA, agonists in normal rats causes a marked increase
in renal vascular resistance and a fall in RBF and GFR
(44-46). It is reasonable to conclude therefore that excessive
production of endogenous TXA, caused the renal vasocon-
striction observed in the CSD animals. To examine whether
another vasoconstrictor, All, was playing a role, we infused the
All receptor antagonist saralasin into the suprarenal aorta of
CSD rats. As shown in Table VI, there was little or no effect on
GFR, RBF, or MAP. These observations suggest that the renal
vasoconstriction caused by short-term cholesterol feeding was
mediated in large part or exclusively by excess endogenous
production of TXA,.

The potential clinical implications of these observations
are not clear, but merit further studies. Whether or not hyper-
lipidemia in man causes functional vasoconstriction of the
kidney and other vascular beds is not known. What role, if
any, functional vasoconstriction and consequent elevation of
Pgc may play in the pathogenesis of renal diseases accompa-
nied by hyperlipidemia (1, 47) is also unknown. The media-
tion of vasoconstriction by thromboxane in the rat is of con-
siderable interest, as both platelets and thromboxane may play
an important role in atherogenesis in general (38, 39, 48) and
in a number of glomerular diseases (49).
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