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Abstract

Plasma renin activity varies with the level of dietary protein,
being higher on a high protein diet. To explore the molecular
mechanisms underlying this relationship we first examined the
effect of dietary protein on renin and angiotensinogen gene
expression at the level of steady state mRNAin male
Sprague-Dawley rats. Renal renin mRNAwas higher on a 50%
(high) compared to a 6% (low) protein diet both 3 d (9.4±1.1
vs. 5.3±0.4 pg/,gg of total RNA; P < 0.02) and 21 d (6.8±1.0
vs. 3.5±0.4. pg/;tg of total RNA; P < 0.02) after dietary
change. No change occurred in either renal or liver angioten-
sinogen mRNA. When three levels of dietary protein were
examined, renal renin mRNAwas elevated on a 50% and low-
ered on a 6% protein diet compared to a more standard 20%
protein diet. Kidney weights and renal protein, RNA, and
RNA/DNAincreased with the level of dietary protein reflect-
ing protein-induced renal hypertrophy. Uninephrectomy re-
sulted in no change in renin mRNAcompared to sham opera-
tion (3.7±0.1 vs. 3.4±0.1 pg/,Ag RNA; P = NS) despite renal
growth in the uninephrectomy group implicating dietary pro-
tein and not hypertrophy as the major factor for stimulating
renin mRNA. In conclusion, the level of dietary protein is a
novel and specific stimulus for changes in renal renin mRNA.
The increased plasma renin activity on a high protein diet is
due at least in part to increased renin synthesis. (J. Clin. In-
vest. 1990. 85:1144-1149.) angiotensin II * hypertrophy - uni-
nephrectomy - growth - mRNA

Introduction

Dietary protein intake has profound effects on both the
healthy and diseased kidney. Several hormonal alterations ac-
company variations in dietary protein intake including
changes in glucagon, glucocorticoids, aldosterone, and prosta-
glandins ( 1-6). Plasma renin activity also varies with the level
of dietary protein, being higher on a high protein diet when
examined in normal rats and humans, and in patients with a
variety of glomerular diseases (3-5, 7, 8). In the setting of renal
disease, the interaction between dietary protein and the renin-
angiotensin system has important pathophysiological implica-
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tions in view of the effects of angiotensin II on the renal mi-
crocirculation (9).

Examination of the mRNAfor renin has provided insights
into local renin-angiotensin systems and into the factors re-
sponsible for increases in plasma renin activity. For example,
renin mRNAincreases during sodium depletion and convert-
ing enzyme inhibition suggesting that in these conditions in-
creased renin synthesis is in part responsible for the rise in
plasma renin activity (10, 11). The purpose of this study was to
examine whether dietary protein affects renin gene expression
at the level of steady state mRNA. The mRNAfor the renin
substrate angiotensinogen was also examined in both the kid-
ney and liver. Since increases in dietary protein lead to renal
growth we have also examined another stimulus to renal
growth, that of contralateral nephrectomy.

Methods

Experimental design. The study involved two groups of experiments.
The first series of experiments examined the effect of dietary protein on
renal renin and angiotensinogen mRNAand liver angiotensinogen
mRNA.32 male Sprague-Dawley rats weighing 225-250 g were placed
on a low (6%) protein diet for 1 wk at which time they were assigned to
either continue on the low protein diet (n = 16) or were switched to a
high (50%) protein diet (n = 16). At 3 d (n = 10 both groups) and 21 d
(n = 6 both groups), the left kidney and a portion of the liver were
removed, snap-frozen in liquid nitrogen, and stored at -70°C for
subsequent RNAextraction. To examine another renal growth stimu-
lus, 22 male Sprague-Dawley rats weighing 225-250 g were subjected
under methohexital anesthesia (5 mg/100 g body wt) to either right
uninephrectomy (n = I 1) or sham operation (n = 1 1). These rats were
maintained on standard rat chow containing - 23% protein (Ralston
Purina Co., St. Louis, MO). 7 d after operation the left kidney was
removed, snap-frozen in liquid nitrogen, and stored at -70°C for
either RNAextraction or measurement of renal protein, RNA, and
DNAcontent.

In the second experiment the effects of three levels of dietary pro-
tein on renal renin mRNAand renal protein, RNA, and DNAcontent
were examined. 18 male Sprague-Dawley rats weighing 225-250 g
were placed on a 6%protein diet for I wk. They were then assigned to
either a low (6%), normal (20%), or high (50%) protein diet for 3 d at
which time the kidneys were removed, snap-frozen in liquid nitrogen,
and stored at -70°C. RNAwas extracted from the left kidney for renin
hybridization studies and the right kidney was homogenized in water
and aliquots taken for measurement of protein, RNA, and DNA.

Diets. The composition of the three semisynthetic diets were (in
g/kg): 6% protein (Teklad Diet TD83437, Teklad, Madison, WI) 69
casein, 150 cornstarch, 61 1 sucrose, 49 corn oil; 20% protein (Teklad
Diet 170597) 230 casein, 150 cornstarch, 471 sucrose, 48 corn oil; 50%
protein, (Teklad Diet 170598) 575 casein, 150 cornstarch, 171 sucrose,
44 corn oil. The diets were isocaloric and had identical electrolyte
contents containing (in g/kg): 0.76 Na, 2.68 K, and 0.74 Cl. A constant
dietary fat level was maintained by adjusting the level of corn oil to
compensate for the fat contributed by casein.

RNAextraction and Northern blot hybridization. Total RNAfrom
liver and kidney was isolated using a modification of the guanidine-hy-
drochloride procedure (12). The RNAwas dissolved in sterile water
and RNAconcentrations determined by absorbance readings at 260
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nm. A260/A280 ratios averaged 2.00±0.03 in livers and 1.94±0.03 in
kidneys. Aliquots (20 Mg) of total RNAfrom liver and kidney were
electrophoresed in a 1% agarose gel containing 20 mMMOPS, 1 mM
EDTA, 5 mMsodium acetate pH 7.0, and 2.2 M formaldehyde and
transferred to nitrocellulose membranes (13). In each gel the position
of the 28 S and 18 S ribosomal RNAwas determined in a separate lane
by ethidium bromide staining. The size estimates for the signals were
checked by the use of a 32P-labeled DNA ladder. The nitrocellulose
membranes were heated at 80C in vacuo for 2 h, prehybridized at
60'C for 4 h in a buffer containing 5X SSC, 5X Denhardt's reagent, 50
mMTris-hydrochloride, pH 7.5, 0.1% sodium pyrophosphate, 0.2%
SDS, 200 Mg/ml sonicated, denatured salmon testes DNA, and 100
,sg/ml yeast tRNA. The membranes were then hybridized at 420 with
nick-translated cDNA probes (see below) for 16-18 h in a buffer con-
taining 50% formamide (deionized), 5X SSC, lX Denhardt's reagent,
50 mMTris-hydrochloride, pH 7.5, 0.1% sodium pyrophosphate, 1%
SDS, 100 Mg/ml salmon testes DNA, and 100 Mg/mI yeast plus RNA.
The membranes were washed for 45 min in 2X SSC, 0. 1%SDStwice at
room temperature and once at 600, and were then washed in 0.2X SSC
and 0.1I% SDS at 600 for 45 min. Autoradiographs (Kodak XAR-5
film) were obtained and quantitated by computer-assisted videodensi-
tometry (14).

Solution hybridization. The presence of a single band for renin
mRNA(1,600 bp) and angiotensinogen mRNA(1,800 bp) on hybrid-
ization of the nitrocellulose filters permitted quantitation of the re-
spective mRNAsby solution hybridization based on a modification of
the technique of Durnam and Palmiter (15). Total kidney RNA
(20-50 Mg) and liver RNA(0.5 to 2 Ag) was hybridized with 20,000
cpm of a 35S-labeled renin or angiotensinogen cRNAat 80°C in 20 ,l
0.6 MNaCl, 20 mMTris-HCl, pH 6.5, 5 mMEDTA, 2.5% ethanol,
and 0.1% SDS. The samples were digested with 1 ml RNase solution
(RNase A [25 Mg/ml], RNase'Tl [250 U/ml], 0.3 M NaCI, 10 mM
Tris-HCI, pH 7.5, 2 mMEDTA, and 75 Mg salmon testes DNA) to
digest unhybridized probe, precipitated with trichloroacetic acid, and
quantified by liquid scintillation counting. A standard curve was con-
structed using mRNAtranscribed by SP6 RNApolymerase after lin-
earization of the renin plasmid by Hind III and the angiotensinogen
plasmid by Xba 1 (2-10,000 pg).

cDNAs and preparation of the cDNA and cRNAprobes. The renin
cDNA (pRen44.ceb) and angiotensinogen cDNA (pRang 6) had both
been subcloned into the plasmid pGEM-4 (Promega Biotec, Madison,
WI) (cDNAs were gifts of K. R. Lynch) (16, 17). For preparation of the
cDNAprobe, both cDNAswere nick-translated with [32P]dCTP (3,000
Ci/mmol; ICN Biomedicals, Irvine, CA) to a specific activity of 1-2
X 101 cpm/,g DNA. For preparation of the cRNA probes, the renin
and angiotensinogen plasmids were first linearized with the restriction
enzymes BamHI and Sst I, respectively. 250 MCi of [35SJUTP (1320
Ci/mmol; NewEngland Nuclear, Wilmington, DE) was evaporated to
dryness in a microfuge tube and the following added: 1 Mg of the
linearized cDNA, 2.5 Ml water, 2.0 Ml SX buffer (200 mMTris-HCI, pH
7.5, 30 mMMgCl2, 10 mMspermadine), 1.0 Ml 100 mMdithiothreitol,
0.5 Ml RNasin (40 U/Ml), 2.0 Ml NTP(2.5 mM, without UTP), and 1.0
Ml T7 RNApolymerase (18). The mixture was incubated for 60 min at
37°C. The reaction mixture was DNase-treated and unincorporated
nucleotides removed by chromatography on a Sephadex G50 column.

Laboratory methods. Sodium concentration was measured by
flame photometry from two consecutive 24-h urine collections in a
subset of rats. Protein content was measured from an aliquot of ho-
mogenized kidney using Coomassie blue dye (Bio-Rad Laboratories,
Richmond, CA). For RNAdetermination 2.5 ml of cold 2.1 Nperchlo-
ric acid (HC104) was added to duplicate 5-ml aliquots of homogenized
kidney (approximately 250 mgof wet weight tissue) (19). After stand-
ing for 15 min on ice, the precipitate was separated by centrifugation
and washed twice with cold 0.7 N HCI04. The HC104 was carefully
drained off and 4 ml of 0.3 N KOHwas added. Digestion was carried
out in a 37°C water bath for I h. The samples were then neutralized
with 10 N HC104 and acidified with 1 vol of 1 N HC104. The precipi-
tate was separated by centrifugation and washed twice with cold 0.5 N

HCl04. The combined supernatant fluid and washings were diluted to
30 ml, and the RNAquantitated by absorbance readings at 260 nm.
For DNAdetermination 6 ml of cold 0.2 N HCl04 was added to 4 ml
of homogenized kidney (- 200 mg of wet weight tissue) (20). The
precipitate was separated by centrifugation and washed three times
with 0.2 NHC104. After addition of 4 ml of 0.5 NHC104, the samples
were incubated in a 90'C water bath for 20 min, and then centrifuged.
1 ml of the supernatant was combined with I ml of 2 NHCl04, 2 ml of
4% diphenylamine in glacial acetic acid, and 100 ul of acetaldehyde
(1.6 mg/ml), incubated at 370C overnight, and the DNAquantitated
by absorbance readings at 595 nm using calf thymus DNAas a stan-
dard.

Statistical analysis. All results are expressed as mean± I SEM. The
significance of differences was analyzed by either the Student's t test for
unpaired data or one way ANOVAwhen three group comparisons
were made. Duncan's test was used for intergroup comparisons (2 1).

Results

Diet study I and uninephrectomy
General parameters. The mean body weights of the rats be-
tween the 6% and 50% protein groups were not different at
either the start of the study (244±5 vs. 242±5 g) or 3 d after
dietary change (247±7 vs. 247±5-g). The mean body weight of
the 50% group was higher 21 d after the change in the diets
(273±6 vs. 311 ± 11 g; P < 0.05). The wet kidney weights were
greater in the 50% protein group both at 3 d and 21 d when
expressed as either the absolute weight or kidney wt/body wt
(Table I). Urinary sodium excretion in a subset of animals (n
= 4 both groups) was not different between the 6% and 50%
groups (283±21 vs. 290±62 jeq/24 h; P = NS).

The mean body weights were not different between the
sham operated and uninephrectomized group at the start of
the study (254±4 vs. 247±3 g; P = NS) but were higher in the
sham operated group at 7 d (285±4 vs. 269±3 g; P < 0.05). In
the animals whose kidneys were used for quantitation of renin
mRNAthe wet weight of the remaining left kidney was greater
in the uninephrectomized group compared to the sham oper-
ated group (Table I). The kidney wt/body wt was greater in the
uninephrectomized group compared to the sham group at 7
days and also compared to both the 3-d and 2 1-d 50% protein
group (Table I).

The growth of the remaining kidney after uninephrectomy
was predominantly hypertrophy as evidenced by increases in
protein, RNA, and RNA/DNAwith no significant changes in
DNAcontent when compared to both the kidney removed at

Table L. Kidney Weights

n Left kidney wt Kidney wt/body wt

g X1-3

6% Protein 3 days 10 0.81±0.03 3.27±0.06
50% Protein 3 days 10 1.08±0.03* 4.15±0.06*
6%Protein 21 days 6 0.84±0.02 3.08±0.06
50% Protein 21 days 6 1.27±0.05* 4.07±0.05*
Sham 7 days 5 1.07±0.03 3.84±0:06
UNX7 days 5 1.24+0.02* 4.65+0.06*$

Mean±SEM. Values are from diet study 1. *P < 0.001 50% vs. 6%
protein-fed animals and uninephrectomy (UNX) vs. sham operated
animals. $P < 0.05 UNXvs. 3 d and 21 d 50% protein-fed animals.
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Table IL Effect of Uninephrectomy on Kidney Growth
and Composition

Sham 7 days UNXtime 0 UNX7 days

Final body weight (g) 291±10 270±9*
Kidney weight (g) 1.12±0.07 0.99±0.04 1.33±0.05*t
Kidney/body weight

(X10-3) 3.85±0.19 3.86±0.08 4.90±0.12*t
Protein (mg/kidney) 111.2±3.2 102.7±1.28 122.9±5.3*t
RNA(mg/kidney) 4.0±0.2 3.5±0.1* 4.8±0. 1*t
DNA(mg/kidney) 2.7±0.3 2.7±0.2 2.8±0.3
RNA/DNA 1.46±0.10 1.28±0.11* 1.72±0.20*t

Mean±SEM. n = 6 for all groups. *P < 0.05 vs. SHAM. *P < 0.05
vs. UNXtime 0.

the time of uninephrectomy'and to the left kidney of the sham
operated group (Table II).

Northern and solution hybridization. Analysis of the
Northern blots confirmed a single band for renal renin mRNA
(1,600 -bp) and for renal and liver angiotensinogen mRNA
(1,800 bp) in all blots examined. Only data for renal renin
mRNAat 3 d is shown (Fig. 1). The results on the Northern
blots were not different from the results of the solution hybrid-
ization experiments. Fig. 1 shows an autoradiograph of the
Northern blot of RNAextracted from the kidney 3 d after
dietary change in six animals on the 6% protein diet and six
animals on the 50% protein diet. Quantitation by densitome-
try demonstrated that the relative renin mRNAlevel for the
50% group was 2.7-fold greater than the level of the 6%group
(38±7 vs. 14±3 ODunits; P < 0.05). To more exactly quantify
changes in renin and angiotensinogen mRNA, solution hy-
bridization was performed. As demonstrated in Fig. 2 renin
mRNAwas higher in the 50% protein group compared to the
6%protein group at both 3 d (9.4±1.1 vs. 5.3±0.4 pg/Ag total
RNA; P < 0.02) and 21 d (6.8±1.0 vs. 3.5±0.4 pg/ag total
RNA; P < 0.02) confirming the results of the Northern hybrid-
ization at 3 d and demonstrating the stimulatory effect of the
high protein diet on renin mRNA.

There was no difference in angiotensinogen mRNAbe-
tween the 50%and 6%protein groups in the kidney at either 3
d (5.2±0.8 vs. 6.8±0.6 pg/tg total RNA; P = NS) or 21 d
(4.4±0.6 vs. 5.0±1.0 pg/,ug total RNA; P = NS) (Fig. 3). The
lack of change in angiotensinogen mRNAtestifies to the spe-
cific effect that dietary protein has on stimulating only renin

6% Protein

10

IN6

2

0'-
3 DAYS 21 DAYS

Figure 2. Effect of dietary protein on renal renin mRNAas deter-
mined by solution hybridization of total kidney RNAusing a 35S-la-
beled renin cRNAprobe. The 6%protein-fed animals are repre-
sented by the open bars and the 50% protein-fed animals by the
hatched bars. n = 10 for both groups 3 d after dietary change and n
= 6 for both groups 21 d after dietary change. Renin mRNAis ex-
pressed as picograms per microgram of total RNAand is the average
of two determinations using 20 and 50 ,ug of total kidney RNA.
*P < 0.02.

mRNA. Although the amount of liver angiotensinogen
mRNAwas much greater than in the kidney, the amount was
not different between the 50%and 6%protein group at either 3
d (56.0±9.3 vs. 60.1±8.3 pg/,ug total RNA; P = NS) or at 21 d
(71.6±21.3 vs. 56.8±1.7 pg/hg total RNA; P = NS) (Fig. 3).
Renin mRNAwas not detectable in the liver in Northern
hybridizations with a renin cDNAprobe.

The increase in kidney weight/body weight in the unine-
phrectomy compared to the sham group was similar to the
increase seen in the 50% compared to the 6% protein group
both averaging 28%. In both cases the growth was predomi-
nantly hypertrophic (Table II and III). Despite this comparable
degree of hypertrophy, and in contrast to the hypertrophy seen
after dietary protein loading, renin mRNAwas not signifi-
cantly different in the uninephrectomized compared to the
sham operated animals (3.7±0.1 vs. 3.4±0.1 pg/,ug total RNA;
P = NS) (Fig. 4). This lack of change in renin mRNAindicates
that the elevated renin mRNAwith increased dietary protein is
not simply attributable to renal growth.

Diet study 2
In this experiment low (6%) and high (50%) protein fed groups
were compared to a group ingesting a more standard level of

50% Protein

i F-
3054 -ow

18S -o
1635 --1'

1018 -i'

Figure 1. Autoradiograph of north-
ern blot of total kidney RNA(20
Mg) extracted from rats ingesting ei-
ther a 6%or a 50% protein diet. A
32P-labeled nick-translated renin
cDNAprobe (pRen44.ceb) was used
for hybridization. Autoradiograph
was exposed for 36 h.
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Figure 3. Effect of dietary protein on kidney (left graph) and liver
(right graph) angiotensinogen mRNAas determined by solution hy-
bridization of total kidney or liver RNAusing a "S-labeled angioten-
sinogen cRNAprobe. The 6%protein-fed animals are represented by
the open bars and the 50% protein-fed animals by the hatched bars.
n = 10 for both groups 3 d after dietary change and n = 6 for both
groups 21 d after dietary change. Angiotensinogen mRNAis ex-
pressed as picograms per microgram of total RNAand is the average
of two determinations using 20 and 50 jig of total kidney RNAand
0.5 and 2 jg of total liver RNA.

dietary protein (20%). Initial mean body weights were similar
in the three groups (6%: 243±1 g; 20%: 244±3 g; 50%: 244±3
g). Final body weight was significantly higher in the 20%group
(Table III). Kidney weights increased significantly as the level
of dietary protein was raised. Protein, RNA, and RNA/DNA
tended to increase with the level of dietary protein while DNA
content remained stable between the three groups reflecting
the predominant hypertrophic response of the kidney to in-
creasing dietary protein (Table III).

Renin mRNA, as quantitated by solution hybridization,
was significantly different in the three groups (50%: 7.2±0.6;
20%: 5.1±0.3; 6%: 3.3±0.4 pg/jig total RNA) (Fig. 5). The
differences between the 6%and 50% groups confirm the find-
ings of the first experiment. The intermediate level for renin
mRNAin the 20%group demonstrate the inhibitory and stim-
ulatory effects of the 6% and 50% protein diets, respectively.
Since renin mRNAis expressed as a percentage of total kidney
RNA, the rise in renin mRNAwith increasing protein intake
cannot simply be attributable to increases in total kidney RNA
content. Changes in the absolute values between diet study 1
and diet study 2 were not significant, and likely reflect differ-
ent groups of animals, the fact that the studies were not con-
temporaneous, as well as interassay variability.

Table III. Effect of Dietary Protein on Kidney Growth
and Composition

6%Protein 20% Protein 50% Protein

Final body weight (g) 238±3 253±4* 237±4*
Kidney weight (g) 0.72±0.02 0.84±0.02* 0.91 ±0.01*
Kidney/body weight

(X10-3) 3.06±0.07 3.39±0.05* 3.91±0.08*t
Protein (mg/kidney) 82.1±2.8 101.2±5.0* 106.3±2.8*
RNA(mg/kidney) 2.5±0.2 3.2±0.5 4.6±0.2*t
DNA(mg/kidney) 2.5±0.2 2.3±0.1 2.6±0.1
RNA/DNA 1.08±0.17 1.28±0.23 1.78±0.09*

Mean±SEM. n = 6 for all groups. Values are from diet study 2,
and are obtained 3 d after dietary assignment. *P < 0.05 vs. 6%.
tP < 0.05 vs. 20%.

5 - Figure 4. Effect of sham
4 operation or right uni-

< <:t//m//> nephrectomy (UNX) on
ZF<K rrenal renin mRNAas

2 determined by solution
-, 2 hybridization using a
Oe 35~~~~~~~~S-labeled cRNAprobe-I m

7 daftert surgery. n =
5

0 for both groups. Renin
SHAM UNX mRNAis expressed as

pg/Ag total RNAand is
the average of determinations using 20 and 50 jg of total kidney
RNA. P = NS.

Discussion

Dietary protein is a novel stimulus for increasing renal renin
mRNA.The results of this study demonstrate that renal renin
mRNAis increased in rats ingesting a 50% protein diet and
decreased in animals ingesting a 6%protein diet compared to
animals on a more normal 20%protein diet when examined 3
d after dietary change. The difference in renin mRNAbetween
the 6%and 50% groups persisted at 21 d. Dietary protein had
no effect on the mRNAfor the renin substrate, angiotensino-
gen, when kidney and liver RNAwas examined. The lack of
change in angiotensinogen mRNAindicates the specificity of
the increase in renin mRNA. High dietary protein intake re-
sults in renal hypertrophy, as evidenced by the increases in
RNA/DNA ratios, as well as an increase in renal blood flow
and glomerular filtration rate (22). The hypertrophy and in-
creased flows, however, cannot be responsible for the increase
in renin mRNAsince uninephrectomy, which resulted in a

comparable degree of renal hypertrophy and which is also ac-

companied by increases in GFRand plasma flow had no effect
on renin mRNA.

The mechanism by which high dietary protein stimulates
renin remains speculative. A high protein diet results in in-
creased prostaglandin production in normal animals and
humans, in subtotally nephrectomized rats, and in patients
with glomerular disease (3-6, 23). Prostaglandins are known to
mediate renin release and may therefore be involved in the
dietary protein induced changes in renin (24). High protein
diets also result in increased loop of Henle sodium reabsorp-
tion and hence decreased sodium delivery to the macula
densa, an effect that would also be expected to stimulate renin
release (25).

Plasma renin activity in rats ingesting these identical 6%
and 50% protein diets for 10 d was 2.8-fold higher on the 50%

r- P0 -0.05- Figure Effect of low

r-P<0.05-i rP<0 05-i (6%), normal (20%),8 - I and high (50%) protein
6m> feeding on renin

mRNAas determined

.../by solution hybridiza-
Uj > 4tion of total kidney

CL ................... i/RNAusing a

,y 2 .- beled renin cRNA
probe. n 6 for each

6W 50W group. Renin mRNAis
expressed as picograms

per microgram total RNAand is the average of three determinations
using 20 to 60 jg of total kidney RNA.
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protein diet (4). A higher plasma renin activity also occurred in
rats ingesting a 23% and 30% protein diet compared to a 6%
protein diet (4, 26). Similarly, an increased plasma renin activ-
ity was noted by Fernandez-Repollet in rats ingesting a 23%
protein diet compared to those on a 6%protein diet (7). A high
protein diet in both normal human subjects and those with a
variety of glomerular diseases also results in increased plasma
renin activity (3, 5). Changes in renin plasma clearance rate,
secretion, and synthesis could each influence plasma renin
activity. The current study supports augmented renin synthe-
sis, as evidenced by the increase in renal renin mRNA, to
explain at least in part the higher plasma renin activity induced
by a high protein diet. Whether the increased renin mRNA
was due to changes in renin gene transcription, posttranscrip-
tional modification of the renin mRNA,or stabilization of the
message remains to be determined.

Renal renin mRNAis increased by sodium depletion,
converting enzyme inhibition, renal ischemia, and sympa-
thetic stimulation (10, 1 1, 27-29). The effect of dietary protein
on renin mRNAhas not been previously examined but based
on the results of the current study we would add dietary pro-
tein to the list of conditions that alter renin mRNA. When
co-expression of renin and angiotensinogen mRNAwas exam-
ined in the kidney after sodium depletion, both were noted to
be increased (10). The lack of change in angiotensinogen
mRNAin the current study argues against changes in sodium
balance as the cause for the change in renin mRNA.The iden-
tical electrolyte contents of the diet, and for the rats eating 6%
and 50% protein the equivalent food intakes, and similar so-
dium excretion (measured in a subset of rats), all militate
against changes in sodium balance as a factor in the effect of
protein in altering renin mRNA.

To ensure equivalent caloric and fat content, the carbohy-
drate content of the diets was adjusted. Differences in carbo-
hydrate could potentially be responsible for the changes seen
in renin mRNA, since a high carbohydrate diet (6% protein)
would be expected to stimulate insulin release. In the isolated
perfused kidney insulin has been demonstrated to suppress
renin secretion (30). However, another effect of high carbohy-
drate feeding is increased sympathetic nerve activity, an effect
that would be expected to stimulate renin (31, 32). The iso-
lated effects of dietary carbohydrate and protein on renin
mRNAwere not examined in this study.

Changes in dietary protein may affect the course of experi-
mental and clinical renal disease (33). In fact, dietary protein
restriction lessens renal injury in virtually all experimental
models of renal disease, and in several long-term clinical stud-
ies (34). In many of the experimental models the beneficial
effect of dietary protein restriction is related to the lowering of
glomerular capillary pressure (33). Angiotensin II, the product
of the renin-angiotensin cascade, has a preferential constrict-
ing effect on the efferent arteriole resulting in increases in
glomerular capillary pressure (9, 33). Therefore, the beneficial
effect of a low protein diet may be due, in part, to decreased
plasma renin activity, which would most likely result in de-
creased renal angiotensin II, decreased efferent arteriolar resis-
tance, and, hence, lowered glomerular capillary pressure. This
possibility is supported by the finding of lowered efferent arte-
riolar resistance in rats with the remnant kidney model ingest-
ing a 6%protein diet compared to a 20% protein diet (35). As
well, in several experimental models pharmacologic angioten-
sin II blockade results in decreased proteinuria in rats fed a

high but not a low protein diet (26, 36, 37). Other nonhemo-
dynamic effects of angiotensin II on renal growth, ammonia-
genesis, and proton secretion may be additional consequences
of the augmentation of renin gene expression by dietary pro-
tein, effects which may have both adaptive and pathologic
consequences (38-40).

In conclusion, dietary protein is a novel stimulus for
changes in renal renin mRNA. Rats ingesting a high protein
diet have higher renal renin mRNAcompared to rats ingesting
a low protein diet. This change appears unrelated to renal
hypertrophy and is not accompanied by changes in either kid-
ney or liver angiotensinogen mRNA.The higher renin mRNA
suggests that the higher plasma renin activity seen in rats and
humans on a high protein diet is due to increased renin syn-
thesis.
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