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Abstract

Weassessed the role of angiotensin II in mediating the alter-
ations in renal hemodynamics known to result from low protein
feeding to normal rats by examining the effect of the angioten-
sin-converting enzyme (ACE) inhibitor captopril. 2 wk of low
protein (6% casein) diet resulted in decreased glomerular fil-
tration rate (normal protein INPI, 1.82±0.17 vs. low protein
[LPI, 0.76±0.01 ml/min; P < 0.05) and renal plasma flow (NP,
6.7±0.2 vs. LP, 3.3±0.3 ml/min; P < 0.05); renal vascular
resistance rose (NP, 8.7±0.4 vs. LP, 19.8±1.4 dyn. s per cm5;
P < 0.05). These changes were accompanied by a significant
decrease in plasma renin activity (NP, 7.0±0.7 vs. LP, 4.4±0.8
ng A I/ml per h; P < 0.05), plasma aldosterone concentration
(NP, 7.0±0.6 vs. LP, 4.1±0.7 ng/dl; P < 0.05), and urinary
PGE2excretion (NP, 3,120±511 vs. LP, 648±95 pg/mgCr, P
< 0.05); by contrast renal renin content was significantly in-
creased (NP, 2,587±273 vs. LP, 7,032±654 ng A I/mg pro-
tein; P < 0.05). Treatment with captopril (30 mg/kg per d)
raised glomerular filtration rate (GFR; LP + capt, 1.6±0.2
ml/min) and renal plasma flow (RPF; LP + capt, 6.7±0.7
ml/min), and reduced renal vascular resistance (LP + capt,
9.2±0.5 dyn/s per cm5) in low protein-fed animals. These
values were not different from those measured in untreated and
captopril-treated rats fed a normal (23%) protein diet. There
were no changes in systemic mean arterial pressure in any
group of rats. These data provide evidence that intrarenal an-
giotensin II mediates the changes in intrarenal hemodynamics
induced by protein deprivation. The effects of low protein
feeding may be partly potentiated by the reduction in PGE2
synthesis. However, the normalization of GFRand RPF in
view of only modest increases in PGE2excretion after captopril
(LP, 648±95 vs. LP + capt, 1,131±82 pg/mgCr; P
< 0.05) suggests that if PGE2 is involved in these changes, it
plays a permissive but not essential role in the increased reno-
vascular resistance.

Introduction

Protein-calorie malnutrition in the human results in propor-
tional reductions in glomerular filtration rate and renal plasma
flow so that filtration fraction remains relatively constant (1).
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The mechanism for these changes have been partially eluci-
dated. Studies in Munich-Wistar rats fed a low protein diet for
6 mohave shown that single nephron glomerular filtration rate
(SNGFR)' is reduced in superficial nephrons in proportion to
overall glomerular filtration rate (GFR). The fall in GFRap-
pears to be the direct consequence of an increase in single
nephron pre- and postglomerular resistances, which reduce
plasma flow per nephron (QA), and of a reduction in the glo-
merular ultrafiltration coefficient (Kf) (2). These alterations in
glomerular function are very similar to the effects induced by
the exogenous administration of angiotensin II (A II) in nor-
mal rats (3, 4). Thus it is possible that the renal functional
changes seen in protein-deprived humans and rats are me-
diated by changes in the secretion of or sensitivity to A II.

The present study was designed to evaluate the effects of
short-term low protein feeding on overall renal hemodynamics
and function, and the role of A II and prostaglandins in me-
diating the functional alterations evident during this early
phase of protein deprivation.

Methods

Experimental animals and dietary regimen. 64 male Wistar-Furth rats
(National Cancer Institute, Fort Detrick, MD) weighing 90± 10 g were
used in the studies. Rats were fed a normal protein diet (23% casein,
ICN Nutritional Biochemicals, Co., Plainview, NY) with normal so-
dium (0.5%) and potassium (1.3%) content and allowed free access to
food and water for I wk. After this equilibration period, rats were
divided into two subgroups and pair-fed isocaloric diets containing
either low (6% casein) or normal (23% casein) protein for 2 wk. Rats
maintained on normal protein (NP) diets were pair-fed according to
the rats fed low protein diet (LP rats) by feeding them a quantity of the
control diet equal to the amount eaten by the LP rats during the
preceding 24 h. Details on the composition of the experimental diets
are shown in Table I.

Balance studies. 12 rats were placed in individual metabolism cages
and subjected to the dietary regimens described above. A 4-d balance
study was carried out during the second week of protein deprivation in
both normal (n = 6) and low (n = 6) protein rats. Balance studies
consisted of daily measurements of body weight, food, and water in-
take and urine volume, osmolality, sodium, potassium, and urea con-
centration. Urinary PGE2excretion was measured in aliquots of 24-h
urine samples collected on ice. At the end of the study, blood samples
for the determination of plasma electrolyte, protein and aldosterone
concentration, and plasma renin activity (PRA) were obtained by tail
bleeding in the conscious animal. Basal renin activity obtained by

1. Abbreviations used in this paper: A II, angiotensin II; ABP, arterial
blood pressure; ACE, angiotensin-converting enzyme; GFR, glomeru-
lar filtration rate; Hct, hematocrit; Kf, glomerular ultrafiltration coeffi-
cient; LP, low protein; NP, normal protein; PAH, para-amino hippuric
acid; PGE2, prostaglandin E2; PRA, plasma renin activity; QA, glo-
merular plasma flow; RPF, renal plasma flow; RVP, renal venous
pressure; RVR, renal vascular resistance; SNGFR, single nephron glo-
merular filtration rate.
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decapitation gave values of 6.8±0.4 (n = 8), a value not different from
those obtained by tail bleeding. Similar balance studies were per-
formed in an additional 12 rats (6 NP, 6 LP) that were chronically
treated with the converting enzyme inhibitor captopril (SQ 14225, was
a gift from Squibb & Sons, Inc., Princeton, NJ). The inhibitor was
administered by gavage at 8:00 AMeach day during the last 6 d of the
study (30 mg/kg body wt per d).

Clearance studies. Clearance studies were performed in awake
control (n = 12) and captropril-treated (n = 12) rats fed either a low or
a normal protein diet. Rats were lightly anesthetized with ether to
insert polyethylene catheters (PE50) in a femoral vein for intravenous
infusions and in the left carotid artery for measurements of arterial
blood pressure and blood sampling. The bladder was also cannulated
through a small suprapubic incision. During surgery, rats were infused
with isotonic saline containing inulin (6 mg/ml) and PAH(0.1 mg/ml)
at a rate of 0.03 ml/min. ABPwas monitored with an electronic trans-
ducer (Statham Instruments, Hato Rey, PR) connected to a direct writ-
ing recorder (model 775A, Hewlett-Packard Co., Palo Alto, CA). The
rats were allowed to recover from ether anesthesia for 2 h. After this
equilibration period, a minimum of three clearance determinations
were made in each animal. Blood samples were obtained at the mid-
point of each 30-min period.

Glomerular filtration rate and renal plasma flow were determined
from the clearance of inulin and PAH, respectively. The GFR/RPF
ratio equates the filtration fraction. Renal vascular resistance (RVR)
was calculated as: RVR= (ABP - RVP)/(RBF) X 7.962 X i10, where
ABP= meanarterial blood pressure, RVP= renal venous pressure (RVP
= 3 mmHg), RBF = RPF/(1 - Hct), and the factor 7.962 X 104 was
used to convert resistance to dyn * s * cm5. The value for RVPwas based
on measurements in NP(n = 4) and LP (n = 5) rats. The values were
3.1±0.3 for the former and 2.9±0.4 for the latter.

Kidney renin content. In a separate group of rats fed a normal (n
= 8) and a low (n = 8) protein diet for 2 wk, plasma renin concentra-
tion and kidney renin content were determined from the amount of
angiotensin I generated in the presence of excess substrate. Blood sam-
ples were obtained by tail bleeding in the conscious animal. Under
pentobarbital anesthesia the left kidney of control and experimental
rats was immediately excised, weighed, and kept at -20'C in 1 ml of
distilled water until its renin content was measured. For renal renin
extraction, the frozen tissue was thawed at room temperature and
refrozen. This procedure was repeated three times (5). The tissue was
homogenized in 0.2 Mphosphate buffer, pH 6.5, containing 1.5%
ammoniumEDTA. The insoluble residue was separated by centrifuga-
tion and redissolved. The procedure was repeated twice and the super-
natant was adjusted to obtain a final dilution of 1:100. Protein con-
centration and angiotensin I generated were measured in aliquots of
the final solution. Values of kidney renin content are expressed as

Table L Dietary Composition of Normal and Low Protein Diets

Normal protein Low protein

Casein 23.0 6.0
Sucrose 27.5 35.0
Dextrin 34.3 43.8
Fat 7.0 7.0
Vitamins 2.0 2.0
I-Cystine 0.2 0.2
Mineral mix 4.0 4.0

Sodium 0.5 0.5
Potassium 1.3 1.3
Calcium 0.6 0.6
Phosphorus 0.3 0.3

nanograms AI per milligram protein. Protein was measured by
Lowry's method (6).

Analytical methods. Sodium and potassium concentrations in
plasma and urine were measured by flame photometry (Beckman In-
struments, Inc., Fullerton, CA). Plasma and urine urea concentration
were measured calorimetrically using the methods of Natelson et al.
(7). Total plasma protein concentration was measured by a modifica-
tion of Lowry's method (6) using bovine serum albumin as standard.

PRAwas measured by determination of the amount of angiotensin
I generated during 1 h of incubation of 370C with inhibitors of con-
verting enzyme and angiotensinases. Angiotensin I concentration was
measured by radioimmunoassay (New England Nuclear, Boston,
MA). '25I-Angiotensin I was counted in a model 110 Picker refrigerated
beta/gamma counter. Values are expressed as ng A I/ml per h.

Plasma aldosterone concentration was measured by direct radioim-
munoassay (8) using materials purchased from Abbott Laboratories,
North Chicago, IL. Values are expressed as nanograms per deciliter.

Urinary PGE2was extracted and measured by radioimmunoassay
as previously described (9) using materials purchased from New En-
gland Nuclear. Values were expressed as picograms per milligram of
creatinine.

Statistical methods. The Prophet system was used for data storage,
statistical analyses, and graphics. Statistical analyses were done using
standard programs contained in Prophet. Groups were compared
using Student's t test, while comparison within groups was done by
paired t analysis. Nonparametric methods (Mann, Whitney, and Wil-
coxon rank sum tests) were used when appropriate. In addition all data
was submitted to analysis of variance. There were no differences in the
statistical results by the two main analyses used. A P value of < 0.05
was considered significant.

Results

As shown in Table II, 2 wk of low protein intake resulted in a
significant decrease in body weight, differences in urine flow
rate, and water and food intake. No significant urine sodium
and potassium excretion were observed.

2 wk after LP intake plasma sodium and potassium con-
centrations remained unchanged while plasma urea and pro-
tein concentration were significantly diminished (Table III).

PRA, plasma aldosterone concentration, and the urinary
excretion of PGE2were found to be significantly diminished in
the low protein group at the end of the study (Table IV).

The results of clearance studies are shown in Table V. The
rats used in these studies demonstrated a fall in body weight as

Tabe II. Balance Study Data

Captopri

NP LP NP LP

Body weight (g) 202±3 i38±6* 205±2 135±4*
Urine flow rate

(ml/24 h) 24±1 14±1* 26±1 14+1*
H20 intake

(ml/24 h) 29±1 19±1* 34±2 21±1*
Food intake

(g/24 h) 10.7±0.4 10.4±0.6 8.6±0.4 8.73±0.3
UNaV(IEq/24 h) 1,629±141 1,550±69 1,987±64 1,729±81
UKV(sEq/24 h) 1,265±46 1,210±62 1,042±67 945±27

UNaV, urinary sodium excretion. UKV, urinary potassium excretion.
n = 6 in each group.
* Significantly different from NP rats in the same group; P < 0.05.
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Table III. Changes in Plasma Sodium, Potassium, Urea,
and Protein Concentration

Captopril
Plasma
concentration NP LP NP LP

Sodium
(mEq/liter) 145±1 146±1 143±1 144±1

Potassium
(mEq/liter) 3.8±0.1 4.0±0.1 3.8±0.2 4.1±0.2

Urea (mg/dl) 14.8±0.4 3.9±0.4* 16.7±1.2 3.4±0.3*
Protein (mg/dl) 7.5±0.1 6.6±0.2* 7.7±0.2 6.1±0.2*

n = 6 in each group.
* Significantly different from NP rats in the same group; P < 0.05.

a result of low protein feeding. No significant difference in
mean arterial pressure was detected between control and ex-
perimental rats. Protein deprivation, however, was associated
with a significant decrease in GFRand RPF, and a significant
increase in RVR. Filtration fraction remained unaltered after
2 wk of low protein intake.

To assess whether the effects of protein deprivation on
renin concentration in the kidney parallel those effects ob-
served in the systemic circulation, the concentration of renin
in the kidney was measured in normal and low protein-fed
rats. As shown in Table VI, kidney renin concentration was
significantly higher in the protein-deficient group. The in-
crease in renal renin content contrasts with the reduction in
plasma renin observed in low protein-fed rats.

Treatment with the converting enzyme inhibitor captopril
did not alter the effects of protein deprivation on body weight,
urine flow rate, food and water intake, or urinary sodium and
potassium excretion (Table II). Similarly, captopril treatment
did not alter the effects of protein depletion on plasma elec-
trolyte values (Table III). In addition, PRAand plasma aldo-
sterone concentration remained significantly diminished in
the low protein as compared with NP group despite the ex-
pected changes (increased PRAand low PA) in absolute values
induced by the treatment with captopril (Table IV).

As shown in Table IV urine PGE2excretion was reduced
by LP as compared with NP. Treatment with captopril in NP
resulted in a tendency to increase in PGE2excretion, but this

Table IV Changes in PRA, Plasma Aldosterone (PA)
Concentration, and Urinary PGE2Excretion (UPGE2V)

Captopril

NP LP NP LP

PRA 7.0±0.7 4.4+0.8* 68±5t 47±4*tf
PA 7.0±0.6 4.1±0.7* 5.9±0.3$ 2.8±0.2**§
UPGE2V 3,120±511 648±95* 4,977±998 1,131±83*§

PRA, ng A I/ml per h; PA, ng/dl; UPGE2V, ng/mg creatinine. n = 6
in each group.
* Significantly different from NPrats in the same group; P < 0.05.
tSignificantly different from their respective group not receiving cap-
topril.
§ LP + captopril vs. NP; P < 0.05 (results by ANOVAwere identical).

Table V. Clearance Studies Data

Captopril

NP LP NP LP

Body weight (g) 214±11 140±21* 192±16 164±3*
Mean arterial

pressure (mmHg) 123±6 130±4 119±5 122±3
GFR(ml/min) 1.82±0.17 0.76±0.01* 1.68±0.01 1.60±0.17*
RPF(ml/min) 6.7±0.2 3.3+0.3* 6.9±0.6 6.7±0.7*
RVR(dynis per cm5) 8.7±0.4 19.8±1.4* 8.3±0.8 9.2±0.5*
Filtration fraction 0.27±0.02 0.24±0.01 0.25±0.01 0.24±0.01

n = 6 in each group. No significant differences were found by ANOVAbe-
tween NP, LP, and LP + captopril groups for all variables. * Significantly dif-
ferent from NP rats; P < 0.05. * Significantly different from LP without cap-
topril; P < 0.05.

did not achieve significance when compared with NPwithout
captopril. By contrast, whereas UPGE2Vin LP + captopril
was significantly lower than in either NP or NP + captopril,
the value of LP + captopril was significantly higher than the
value of LP alone.

In the low protein-fed animals treated with captopril
(Table V) a significant decrease in body weight occurred that
was no different from that of the low protein untreated group.
No significant difference in mean arterial pressure was ob-
served between normal and low protein-fed rats. On the other
hand, GFR, RPF, and RVRwere equal to the values in un-
treated NP and in captopril-treated NP rats and significantly
different from those in the untreated LP group. No significant
changes in filtration fraction were detected.

Discussion

Low protein diet resulted in decreased body weight and a fall
in total plasma protein and urea concentration. As a result,
total urine flow fell despite adequate fluid intake. There were
no changes in plasma sodium or potassium concentrations nor
in urine sodium and potassium excretion as a result of the diet.

The present studies demonstrate that low protein feeding
of young rats produced a state of altered renal hemodynamics
that can be prevented by chronic treatment with an angioten-
sin I-converting enzyme inhibitor. The likelihood that A II is
partly responsible for the changes in intrarenal hemodynamics
had been infered from the findings of Ichikawa et al. (2). These
investigators fed a low (6%) protein diet to weanling Munich-
Wistar rats for 6 mo before performing clearance and micro-
puncture studies. At the end of this period of time, glomerular
filtration rate was lower in rats fed a low protein diet as com-
pared with an isocaloric normal protein-fed group and a group
allowed normal protein chow ad lib. The change in overall

Table VI. Effect of Protein Deprivation on Renal Renin Content

Kidney renin concentration

ng A I/mg protein

NP (n = 8) 2,587±273
LP (n = 8) 7,032±654*

*P<0.05.
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GFRwas associated with a proportional reduction in single
nephron GFR. Measurements of the determinants of SNGFR
revealed that glomerular plasma flow was reduced as a conse-
quence of elevated afferent and efferent arteriolar resistances.
Furthermore, there was a dramatic reduction in the ultrafiltra-
tion coefficient (Kf). The similarity of these findings and those
obtained when A II is given intravenously to rats (3, 4) did not
escape the attention of the investigators (2).

The present studies reveal that in the rat, as in man (10),
even short-term (2 wk) low protein feeding can induce changes
in glomerular filtration rate without changes in mean arterial
pressure (Table V). These alterations in GFRwere the result of
a reduction in RPF, which in turn arose from an increase in
renovascular resistance. The increased resistance resulted, at
least in part, from the dramatic reduction in the synthesis of
renal prostaglandins induced by low protein feeding. Reduc-
tion in PGEproduction may have also increased the vasocon-
strictor response to intrarenal release of A II. Clearly, as shown
in Table IV, renin release into the circulation was diminished
by low protein feeding. Nevertheless, this was probably not the
result of decreased synthesis of renin because renal renin con-
tent was markedly elevated in low protein rats as compared
with controls. Moreover (vide infra), captopril raised plasma
renin 10-fold in LP rats, indicating that alteration in synthesis
of renin alone does not explain the low plasma levels. While
the possibility remains that renal renin release is impaired by
low protein feeding the elevated intrarenal renin could have
led to increased local production of A II and its consequences.

Pretreatment of rats with the angiotensin I-converting en-
zyme inhibitor captopril did not change the overall effect of
low protein feeding. Body weight and the plasma concentra-
tion of protein and urea were lower in the low protein than in
the normal protein-fed rats. Urine flow was lower, but sodium
and potassium excretion were identical in both groups. Mean
arterial pressure did not differ between the two groups, but
overall GFRand RPFwere still lower and renovascular resis-
tance higher in low than in normal protein-fed rats.

More important was the fact that comparison of normal
protein-untreated, normal protein captopril-treated, and low
protein captopril-treated rats demonstrated values for GFR,
RPF, and renovascular resistance that were identical in all
groups. It can be concluded that captopril prevented the intra-
renal effects of low protein feeding. The most likely explana-
tion for these findings is that, as already discussed, increased
intrarenal angiotensin production played a critical role in the
hemodynamic changes observed.

That captopril was indeed effective can be deduced from
Table IV. Captopril caused a 10-fold increase in PRAin both
normal and low protein rats, the usual consequence of its in-
hibitory effect on the converting enzyme. Furthermore, it re-
duced plasma aldosterone concentration in both groups of rats
treated with captopril as compared with the untreated groups.
This effect undoubtedly resulted from the fall in circulating A
II induced by captopril. In addition, captopril partly restored
the production of prostaglandins in low protein-fed rats (the
LP + captopril values were significantly different from LP
values). This effect could have partly contributed to the rever-
sal of increased renovascular resistance and to restore renal
plasma flow to normal.

The possibility that the beneficial effects of captopril in
restoring GFRalso resulted from its protective effect on bra-
dykinin destruction cannot be evaluated from our results. Al-

though a role for bradykinin in restoring GFRremains a possi-
bility, it seems unlikely to us because bradykinin reduces Kf
(11). In fact, treatment with angiotensin-converting enzyme
inhibitors leads to increases in Kf both in diabetic rats and rats
with reduced renal mass (12, 13).

By contrast, numerous studies have demonstrated that
captopril and other ACEinhibitors can revert angiotensin II-
mediated hemodynamic changes. The alterations in the deter-
minants of glomerular filtration induced by A II when the
peptide is infused into animals or generated endogenously
have been shown to be reversible or blocked by saralasin (14).
For example, the renal hemodynamic changes seen in human
congestive heart failure are not unlike those seen in the low
protein-fed animals and can be reverted by captopril (15).

An important observation can be gleaned from our studies.
Low protein diet drastically impairs the synthesis of PGE2as
assessed from its excretion by the kidney. The effect was not
the result of a fall in urine flow because the PGE2values fall by
> 70% while urine flow changes < 25% (16). Moreover, the
values were corrected for creatinine excretion to eliminate any
contribution of changes in GFRto the reduced PGEexcretion.
This observation is in agreement with studies in which protein
deficiency in rats also resulted in - 50% reduction in the syn-
thesis of cyclooxygenase-derived products by neutrophils and
in the biosynthesis of PGE2of rat kidney medulla (17). Clearly,
a long-term study of the chronic effects of reduced PGEexcre-
tion on renal function during protein deprivation must be
carried out to assess its exact consequences.

In summary, low protein feeding (6%) to weanling rats
results in marked alterations in renal hemodynamics after 2
wk. The changes are characterized by a rise in renal vascular
resistance and decreases in GFRand RPF. Marked reduction
in prostaglandin synthesis and the intrarenal effects of angio-
tensin seem to contribute to these changes. The changes are
reversed by an angiotensin I-converting enzyme inhibitor. It
appears that angiotensin II may be the commonpathway ef-
fector of these changes.
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