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Systemic hypertension does not always reflect concomitant glo- 
merular hypertension. At similar levels of systemic hypertension, 
glomerular injury occurs only in kidneys that lack protective 
preglomerular vasoconstriction, which results in glomerular hyper- 
tension. indeed, glomerular hypertension and glomerular injury do 
not develop in rats with spontaneous hypertension that have effec- 
tive preglomerular vasoconstriction. In the experiments reported 
herein, the normal adaptive response (afferent arteriolar dilation) to 
a reduction of one and five-sixths of the renal mass in rats with 
spontaneous hypertension was examined to ascertain whether that 
response would expose the remaining nehprons to the injurious ef- 
fects of high perfusion pressure. In addition, the efficacies of two 
different antihypertensive regimens were compared. Rats with 
spontaneous hypertension received either no therapy, or a combi- 
nation of hydralazine, reserpine, and hydrochlorothiazide, or the 
angiotensin converting enzyme inhibitor enalapril. Three weeks 
after ablation of one and five-sixths of the renal mass, blood pres- 
sure, glomerular filtration rate, urinary protein excretion, and histo- 
logic injury scores for mesangial expansion and glomerulosclerosis 
were determined. Untreated rats with hypertension had severe glo- 
merulosclerosis and mesangial expansion. Both antihypertensive 
regimens normalized systemic blood pressure and reduced glomer- 
ulosclerosis. However, enalapril was more effective than the combi- 
nation of hydralazine, reserpine, and hydrochlorothiatide in reduc- 
ing the exaggerated glomerular filtration rate (0.52 f 0.40 versus 
0.82 + 0.10 ml per minute; p <0.05), the injury score for mesangial 
expansion (79 versus 103; p <0.05), and the degree of proteinuria 
(32 f 4 versus 42 + 3 mg per 24 hours; p ~0.05). Persistence of 
hyperfiltration accompanied by increased mesangial expansion, 
may lead to progression of glomerular damage despite “adequate” 
control of systemic hypertension, as observed in rats treated with a 
combination of hydralazine, reserpine, and hydrochlorothiazide. 

Hypertension is common in patients with chronic glomerulopathies and 
may contribute to the progression of the glomerular injury [I]. Different 
rates of progression to renal failure are seen among individual patients 
with similar nosologic forms of glomerulopathies and equivalent levels of 
systemic hypertension [2-51. In some patients, it is clinically evident that 
hypertension accelerates the progression of glomerular injury; in other 
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patients, such evidence is lacking. To explain these differ- 
ences, we hypothesized that hypertension may contribute 
to progressive giomerular injury when “protective” 
preglomerular vasoconstriction is deficient,“ resulting in 
“glomeruiar hypertension” [6]. We tested this hypothesis 
experimentally by comparatively studying Dahl salt-sensi- 
tive and Wistar-Okamoto spontaneously hypertensive 
rats, two strains of rats with a genetic predisposition to 
hypertension. Dahl salt-sensitive rats remain normoten- 
sive when maintained on a normal salt diet but become 
hypertensive after six to eight weeks of a high dietary salt 
intake. Conversely, hypertension develops spontaneously 
in the other strain and does not require a high dietary salt 
intake. Particularly relevant for our studies was the finding 
that at similar levels of systemic hypertension, the hemo- 
dynamic consequences of hypertension at the glomerular 
level are different in these two strains of rats [7]. Indeed, 
Dab! salt-sensitive rats with hypertension have an in- 
creased single-nephron glomerular filtration rate due to 
concomitant increases in the glomerular blood flow and 
the glomerular capillary pressure. The latter changes are 
due to a decrease in preglomerular arteriolar constriction 
that, in itself, exposes glomeruli to the systemic effects of 
hypertension. In contrast, rats with spontaneous hyper- 
tension have a normal glomerular capillary pressure and 
glomerular blood flow because effective preglomerular 
arteriolar constriction protects glomeruli from systemic 
hypertension. Our studies revealed that at similar levels of 
systemic hypertension significant glomerular injury oc- 
curred in Dahl salt-sensitive rats but not in rats with spon- 
taneous hypertension [6,8]. When rats with spontaneous 
hypertension underwent a 50 percent reduction in renal 
mass, a procedure known to decrease preglomerular vas- 
oconstriction, glomeruiar injury similar to that in Dahl salt- 
sensitive rats became apparent. Thus, our study sup- 
ported the’ concept that systemic hypertension induces 
progressive glomerular damage when coexistent with 
renal vasodilation [6,8]. 

question of whether two different antihypertensive regi- 
mens would offer similar degrees of protection against the 
development of giomerular injury was also examined. 

MATERIALS AND METHODS 

Male rats with spontaneous hypertension were purchased 
from Tachonic Farms, Germantown, New York. All animals 
were housed two to a cage, had free access to water, and 
were fed a standard rat chow containing 0.3 percent sodium 
chloride. Rat chow was purchased from the Ralston-Purina 
Company, St. Louis, Missouri. Blood pressure was measured 
in unanesthetized rats by a tail cuff method, utilizing a 
physiograph MK IV Narco Biosystems, Houston, Texas [6,8]. 
Blood pressure was measured during the morning in a quiet 
environment, and an average of three successive readings 
was recorded [S,S]. Fourteen-week-old rats with spontaneous 
hypertension were divided into three groups: a control group 
that received no treatment and two groups that received anti- 
hypertensive therapy. Therapy in one group consisted of 
80 mg of hydralazine, 1.4 mg of reserpine and 100 mg/liter of 
hydrochlorothiazide, which were administered in the drinking 
water; the other group received 75 mg/liter of the angiotensin 
converting enzyme inhibitor enalapril in the drinking water 
(Figure 1). At 16 weeks of age, all rats underwent a reduction 
of one and five-sixths of the renal mass [9]; three days after 
this procedure, the serum creatinine level was measured in 
blood samples obtained from the tail vein of each rat. Antihy- 
pertensive therapy was initiated before renal ablation, be- 
cause it was found in pilot studies that normalization of blood 
pressure in rats with spontaneous hypertension was 
achieved in two to three days with hydrochlorothiazide but 
that such normalization took seven to eight days to achieve 
with enalapril. Therefore, if therapy had been initiated after 
renal ablation, rats treated with enalapril would have re- 
mained hypertensive for one week out of the three weeks of 
the experimental study. To assure similar degrees of renal 
ablation in all rats, those rats with serum creatinine levels 
between 2.3 and 2.7 mg/dl were kept in the study whereas 
those with serum creatinine levels outside of this range were 
excluded. 

The experiments reported herein are a logical extension 
of those previously described and were designed to as- 
certain if antihypertensive therapy would prevent the de- 
velopment of glomerular injury in rats with spontaneous 
hypertension and a markedly reduced renal mass. The 

Since both enalapril and hydrochlorothiazide influence the 
glomerular filtration rate, the decision to utilize a range of 
serum creatinine levels as an indicator of similar degrees of 
ablation could potentially introduce some bias into the selec- 
tion process. However, there are several reasons that sug- 
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TABLE I Results of Treatment in Rats with Spontaneous Hypertension and Reduced Renal Mass 

Blood Pressure 
(mm HQ) 

Glomerular 
Filtration Rate 

(ml/minute) 

Urinary Protein 
Excretion 

(mQ/24 hrs) 
Glomerulosclerosis 

(Injury Score) 
Mesangial Expansion 

(Injury Score) 

Untreated (n = 8) 203-r- 10 0.31 2 0.03 60 i 4 73 -t- 5 14829 

Hydralazineireserpinei 
hydrochlorothiazide (n = 7) 104+ 11* 0.82 5 0.10’ 42 t 3* 14*2* 103 i-5' 

Enalapril (n = 6) 133 !Z 4*+ 0.52 k 0.04*+ 32 r 4*+ 1222* 79 t 2++ 

Values are mean L SEM. 
*p ~0.05 versus untreated values. 
+p 10.05 versus hydralazineireserpineihydrochlorothiazide values. 

gest that the criterion used was the best possible choice, 
given the constraints of the study: Visual inspection at the 
time of ablation cannot be used to assume similarities in rem- 
nant kidney size, because the actual size of renal infarction 
may extend in the ensuing hours. In rats, the serum creati- 
nine level is relatively insensitive to small changes in the glo- 
merular filtration rate; therefore, the range in serum creatinine 
values should have allowed for similar distributions in func- 
tional renal mass in the three experimental groups, Finally, 
the weight of the remnant kidneys at the completion of the 
study (see Results) was similar in all groups. 

Three weeks after the reduction in renal mass, blood pres- 
sures and 24-hour urinary protein excretion were measured. 
In addition, the glomerular filtration rate was measured by 
H,-inulin clearance just before the animals were killed [lo]. 
Renal tissue specimens were subsequently obtained for his- 
tologic examination and processed according to techniques 
described previously [6,8]. A histologic injury score for glo- 
merular sclerosis and for mesangial expansion was derived 
using semi-quantitative morphometric analysis as described 
previously [6,8]. A minimum of 40 glomeruli (range from 40 to 
70) were examined in each specimen. Mesangial expansion 
was defined by the presence of increased amounts of mate- 
rial in the mesangial region that reacted positively to a peri- 
odic acid-Schiff stain. Glomerulosclerosis was defined as the 
disappearance of cellular elements from the tuft, the collapse 
of capillary lumens, and/or the folding of the glomerular base- 
ment membrane with entrapment of hyaline amorphous ma- 
terial [6,8]. 
Statistical Analysis. The data were expressed as 
mean t SEM. The significance of differences between 
groups was determined by a one-way analysis of variance. 
Statistical significance was defined as a p value of less than 
0.05. 

tein (60 + 4 mg per 24 hours). In both hydrochlorothia- 
zide- and enalapril-treated rats, urinary protein excretion 
was significantly reduced compared with that of control 
rats; in addition, enalapril reduced urinary protein excre- 
tion more effectively than did hydrochlorothiazide (32 ? 4 
versus 42 ? 3 mg per 24 hours; p ~0.05). Post mortem 
kidney weights were similar in all groups, with values of 
0.58 i 0.08, 0.62 +- 0.16, and 0.57 ? 0.10 mg in control-, 
enalapril-, and hydrochlorothiazide-treated rats, respec- 
tively. The glomerular filtration rate was lowest in control 
rats, with a value of 0.31 ?Z 0.03 ml per minute. The re- 
duced glomerular filtration rate was due to the reduction in 
renal mass and to the severe damage to remnant neph- 
rons (Table I, Figure 2). The glomerular filtration rate was 
significantly higher in hydrochlorothiazide-treated rats 
(0.82 2 0.10 ml per minute) than in enalapril-treated rats 
(0.52 & 0.4 ml per minute; p ~0.05). Control rats had high 
injury scores for mesangial expansion and for glomerulo- 
sclerosis of 148 and 73, respectively. Fibrinoid changes 
affecting some intrarenal vessels were also observed in 
control rats. Both antihypertensive regimens effectively 
reduced the injury score for glomerulosclerosis and pre- 
vented the development of fibrinoid changes in intrarenal 

RESULTS 

At the time of renal ablation, control rats were hyperten- 
sive; the mean blood pressure was 176 ? 3 mm Hg. The 
mean blood pressure was 141 + 4 mm Hg in enalapril- 
treated rats and 107 % 11 mg Hg (p ~0.05) in hydrochlo- 
rothiazide-treated rats. As shown in Table I, three weeks 
after renal ablation, control rats continued to be hyperten- 
sive, whereas the blood pressure of hydrochlorothiazide- 
and enalapril-treated rats was effectively controlled, with 
values of 104 +- 11 and 133 r. 4 mm Hg, respectively 
(p <0.05). Control rats excreted greater quantities of pro- 

Figure 2. Photomicrograph of glomeruli from an untreatec 
control rat showing mesangial expansion and glomerulo- 
sclerosis (periodic acid-Schiff stain; original magnification 
x350). 
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igure 3. Photomicrograph of glomeruli from a rat treated 
with a combination of hydralazine, reserpine, and hydrochlo- 
rothiazide showing mesangial expansion (periodic acid- 
Schiff stain: original magnification x350). 

Figure 4. Photomicrograph of glomeruli from a rat treater 
with enalapril showing minimal mesangial expansion (period 
acid-Schiff stain; original magnification x350). 

vessels. However, enalapril was significantly more effec- 
tive at reducing the injury score for mesangial expansion 
than was hydrochlorothiazide (79 versus 103; p ~0.05). 

COMMENTS 

We have recently shown that in rats with spontaneous 
hypertension and an intact renal mass, administration of 
hydrochlorothiazide resulted in normalization of systemic 
blood pressure. However, the single-nephron glomerular 
filtration rate and the whole-kidney glomerular filtration 
rate were increased because the predominant afferent 
versus efferent arteriolar dilation induced by hydrochloro- 
thiazide resulted in increased glomerular flows and pres- 
sures. Morphologically, these hemodynamic changes re- 
sulted in increased mesangial expansion [ll]. Recent 
studies of single-nephron dynamics in Munich-Wistar rats 
with ablation of one and five-sixths of the renal mass 
showed that surviving nephrons undergo adaptive hyper- 
filtration due to afferent arteriolar dilation accompanied by 
increased glomerular flows and pressures. These hemo- 
dynamic changes lead to the development of glomerulo- 
sclerosis [9]. In this model, enalapril has been shown to 
reduce glomerular hydraulic pressure as well as glomeru- 
losclerosis [12]. Based on the studies described earlier, it 
is reasonable to speculate that the differences in morpho- 
logic changes observed between rats treated with hydro- 
chlorothiazide and those treated with enalapril are related, 
at least in part, to hemodynamic factors. A reduction of 
one and five-sixths of the renal mass in rats with sponta- 
neous hypertension would result in high pressures and 
flows in the remaining nephrons. This would explain the 
development of severe mesangial expansion and glomer- 
ulosclerosis in untreated rats with spontaneous hyperten- 
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sion (Table I, Figure 2). The reduced glomerular filtration 
rate observed in these rats was most likely a manifesta- 
tion of the severity of the renal parenchymal destruction 
(Table I). Hydrochlorothiazide, by reducing systemic blood 
pressure and, presumably, glomerular capillary pressure 
to some extent, reduced glomerulosclerosis (Table I). 
However, due to the intrinsic prop,erties of this therapy, 
which induces relatively more afferent than efferent arteri- 
olar dilatation and an increased filtration fraction [I I], an 
inappropriate level of glomerular hyperfiltration remained 
that permitted mesangial expansion (Table I, Figure 3). 
Conversely, enalapril not only reduced systemic blood 
pressure to a level at which glomerulosclerosis was also 
reduced but, at the same time, more effectively controlled 
glomerular hyperfiltration and diminished mesangial ex- 
pansion (Table I, Figure 4). The hemodynamic effects of 
enalapril appear to be due, at least in part, to the drug’s 
vasodilatory effect on efferent arterioles, vessels that are 
extremely sensitive to angiotensin II [12]. 

As reviewed elsewhere [13], we have shown an associ- 
ation between altered glomerular hemodynamic determi- 
nants, structural changes, and abnormal mesangial func- 
tion. Other investigators have shown an increased 
trapping of macromolecules in the mesangium of rats with 
reduced renal mass [14]. Stein et al [15] have shown that 
angiotensin II increases the mesangial uptake (afferent 
limb) of macromolecules; we have shown that angioten- 
sin II also disrupts the mesangial clearance (efferent limb) 
of macromolecules [13]. Thus, alterations in flows and 
pressures and, perhaps, some intrinsic effects of vasoac- 
tive peptides, particularly angiotensin II, upon the mesan- 
gial cells can disrupt the mesangial movement of macro- 
molecules [10,13]. This, in turn, can lead, through un- 
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known mechanisms, to progressive mesangial injury [13]. 
Whether the salutary effect of enalapril on the mesangium 
is primarily related to its effect on glomerular hemodynam- 
its or to a specific effect upon the mesangium and to de- 
creased angiotensin II synthesis is at present unknown 
[12,13]. 

We recognize that extrapolations from animal experi- 
mental studies to human disease are always speculative. 
Nevertheless, the studies reported herein may offer in- 
sight into the treatment of hypertension in relation to glo- 
merular injury. It is acknowledged that normalization of the 
blood pressure is always desirable. We submit, however, 
that the beneficial effects of different antihypertensive 
agents on the kidney may vary and that such benefits 

depend on the specific effect(s) of the agent on the glo- 
merular vasculature. Thus, it is possible that those agents 
that induce sustained glomerular hyperfiltration and mes- 
angial expansion may lead to delayed but continuous pro- 
gression of glomerular injury despite the successful con- 
trol of hypertension [9,12,13]. Patients with preexistent 
glomerulopathies and disrupted plasmic flow through the 
mesangium could be particularly vulnerable to this type of 
injury [6,8,13]. 
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