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Abstract

Renal angiotensinogen (ang-n) mRNAconcentration in the
male WKYrat increases significantly during puberty. Further-
more, renal angiotensinogen mRNAlevel in the adult female
WKYrat is considerably lower than in the male. The present
study investigates the role of androgen in differential renal
ang-n mRNAexpression. Northern and slot blot analyses with
a-32P labeled ang-n cDNA (pRang 3) demonstrated that cas-

tration lowered ang-n mRNAlevels in the male kidney by
2 60% compared with control, suggesting that androgen may

be involved with renal ang-n gene regulation. Moreover, male
WKYrats castrated as weanlings and normal adult female
WKYrats each implanted with testosterone displayed signifi-
cant (P < 0.05) increases in renal ang-n mRNAlevels. Our
observations, taken together with previous reports that andro-
gen influences proximal tubule morphology and the tubular
expression of transport proteins (e.g., Na+/H+ antiporter),
may have important physiological implications for under-
standing the relationship between androgen and angiotensin in
the regulation of tubular function.

Introduction

Angiotensinogen is synthesized in many extrahepatic tissues
including the kidney (1). It has been proposed that the locally
generated angiotensin may contribute directly to the regula-
tion of local tissue functions (2, 3). In a previous study we

demonstrated that renal angiotensinogen (ang-n)' mRNAex-

pression is regulated by sodium (4). An in situ hybridization
study performed in our laboratory localized renal angiotensin-
ogen mRNAto the proximal convoluted tubule and the in-
trarenal vasculature (5), providing evidence for a complete
renin angiotensin system within the kidney and suggesting a

possible physiologic role for local angiotensin in the proximal
tubule. In the present study we investigated renal angiotensin-
ogen mRNAexpression in both adult male and female WKY
rats and also in immature male and female rats during their
growth and development. Westudied further the role of an-

drogen in renal angiotensinogen expression by examining the
effects of castration followed by testosterone replacement in
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1. Abbreviations used in this paper: ang-n, renal angiotensinogen.

the adult male rat. In addition, the testosterone effect on fe-
male rat renal ang-n mRNAlevel was examined.

Methods

Animals
All WKYrats studied were obtained from Charles River Breeding
Laboratories (North Wilmington, MA). The following protocols were
performed.

Study of adult male versus female rats. WKYmale and female rats
(aged 12 wk) were studied in the baseline state on a normal diet (Purina
Lab Chow) with free access to water.

Testosterone replacement of castrated male rats. Male rats castrated
as weanlings and raised to maturity were used for testosterone replace-
ment studies. 50-mg pellets (Innovative Research, Toledo, OH) de-
signed to release 2.5 mg/d of testosterone (n = 4) or vehicle (n = 4) were
implanted for 20 d, after which time animals were studied. Weights
and blood pressure were similar at death in all animals.

Testosterone treatment offemale WKYrats. Adult female WKY
rats were treated with testosterone (n = 6) or vehicle (n = 6) in the form
of slow-releasing pellets for 20 d as above. Note that in animals treated
with testosterone, blood pressure was similar in control and treated
animals, as were weights at death.

Developmental study of male versus female rats. WKYmale and
female rats were studied at day 35 (prepubertal), day 63 (pubertal) and
day 91 (adult). At least five animals of each sex were studied at each
developmental age and sex.

Rats were killed by decapitation. Blood was collected in chilled,
EDTA-containing tubes for subsequent plasma renin radioimmuno-
assay. Organs were snap-frozen in liquid nitrogen within 3 min. Kid-
neys were sagittally bisected prior to freezing. All tissue was stored at
-80'C until used.

RNAstudies
Homogenization of various tissues was carried out in 4 Mguanidine
thiocyanate, 0.5% sodium-n-lauryl sarcosine, 25 mMsodium citrate,
0.1 M f-mercaptoethanol and 2 MCsCl (6). Anglerfish islet cell
mRNAwas added to the homogenate (1 gg RNA/g of tissue) as a
recovery marker (7, 8). The homogenate was applied over a cushion of
autoclaved 5.7 MCsCl, 25 mMsodium acetate, pH 5.5, and the RNA
pelleted by centrifugation at 35,000 rpm (8.4 X I04 g) for 16 h at 200 in
a Ti 70.1 fixed angle rotor (Beckman Instruments, Inc., Fullerton, CA).
The RNAwas resuspended in 0.2 Msodium acetate, pH 5.5, rocked at
4VC for I h, and precipitated in 2 vol of ethanol. The precipitated RNA
was dissolved in water and the amount quantitated by absorbance at
260 nm. Comparison of relative mRNAlevels were made in reference
to same amount of total RNAapplied per sample. Efficiency of
transfer was confirmed by ethidium bromide stain and examined pre-
and posttransfer. Anglerfish islet cell insulin RNA, added as an exoge-
nous probe (1 gg/g of tissue), revealed similar recoveries in our sam-
ples (8).

RNAwas lyophilized and denatured with glyoxal in a denaturing
mixture consisting of 1.2 Mglyoxal, 50% (vol/vol) dimethyl sulfoxide,
and 0.01 MNaH2PO4, pH 6.5. Denatured samples were size-separated
by electrophoresis on 1.5% agarose gels at 80 mAfor 4 h in constantly
recirculating 0.01 Mphosphate buffer, pH 6.5. A Hind III digest of
bacteriophage lambda was run as a molecular weight marker.
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Gels were transblotted to nylon filters by capillary action with 15X
SSC for 20 h, after which they were baked at 80'C in a vacuum oven
for 2 h. A solution of 50% formamide, 5X Denhardt's solution, 25
,ug/ml yeast tRNA, 25 tg/ml salmon sperm DNA, poly A RNA 10
ug/ml, poly CRNA10 jg/ml in 0.2% SDSwas used for prehybridizing
blots for 3-4 h. The blots were then hybridized overnight in the same
buffer to which a32P cDNA was added. For additional quantitative
studies, we performed slot blot hybridization analysis. Samples were
formaldehyde denatured (9) and then serially diluted in 15X SSC.
Three concentrations from each sample (8, 4, and 2 jtg) were blotted in
duplicate to nylon filters using a slot blot apparatus (Schleicher &
Schuell, Peterborough, NH) after which blots were hybridized as
above.

After hybridization, blots were washed in 0.2X SSCwith 0.1% SDS
sulfate at room temperature for 20 min, then three times at 650C for 30
min. Blots were exposed to x-ray film (Kodak XAR; Eastman Kodak,
Rochester, NY). Autoradiographs were scanned with microdensitom-
eter (LKB, Paramus, NJ). The relative levels of the signal from each
sample (run in duplicate) were estimated from concentrations of total
RNAand corrected by the anglerfish islet cell insulin mRNArecovery
signal. Standard RNAsamples from adult male liver and kidney (25
and 50 jtg, respectively) were run on all blots as interblot reference
standards to normalize calculations. Our intrablot and interblot coeffi-
cient of variation are 9%and 10%, respectively.

Angiotensinogen cDNA (pRang 3) is a partial length rat liver an-
giotensinogen cDNAcloned by Lynch et al. into the BamHl site of
PUC9 (10). Nucleotide sequence analysis revealed that this cDNA
consists of nucleotides 650 to 1 140 of rat angiotensinogen cDNA. This
probe was initially used for protocol 1. Subsequent studies were per-
formed with a full length rat liver angiotensinogen probe (pRang 1650)
also cloned by Lynch et al. (11). For renin mRNAdeterminations we
used renin cDNApDD ID-2, a full length mouse submaxillary gland
renin cDNAcloned by Field et al. (12). As a control probe we used 32p
cDNA to anglerfish islet cell insulin (7, 8).

Radioimmunoassays
Plasma renin concentration assay is performed with rat plasma ob-
tained from blood collected in ice chilled tubes containing sodium
EDTA(final concentration of 4 mM). Plasma is incubated with excess
exogenous substrate at 370C, pH 7.4 with protease inhibitors (3.4 mM
8-hydroxyquinolone sulfate, 0.25 mMEDTA, 0.1 mMPMSF, 1.6 mM
dimercaprol and 5 mmsodium tetrathionate) for 1-3 h. The source of
substrate is diluted (1:3) plasma from sheep nephrectomized 48 h
before plasma collection. The angiotensin I generated is measured by
radioimmunoassay (13).

Tissue renin concentration is similarly determined. The tissue is
homogenized in 0.1 MTris HC1pH 7.4 containing the above inhibi-
tors plus 0.1% Triton X-100. After centrifugation to remove debris, the
supernatant is assayed as above. Tissue protein concentration is deter-
mined by the method of Bradford (14). Plasma angiotensinogen con-
centration was determined as previously described (15). Serum testos-
terone was determined in representative animals using an RSL kit
(Radioassay Systems Laboratories, Inc., Carson, CA) (16).

Statistics and quantification of mRNA
Autoradiograms generated by slot blots were scanned with a micro-
densitometer with background set to zero for each autoradiograph.
Regression lines were calculated from the integral values obtained by
scanning each sample at the serial concentrations of RNAapplied to
the blot for each. The relative signals of the specific mRNAwere
estimated from the slope of the regression line, and only r values
2 0.90 were accepted. Slopes of specific mRNAfor each condition
(e.g., control vs. testosterone) or for each age group (e.g., day 35 vs. day
91) were compared as relative ratios. In our hands 2 90% of our ap-
plied samples satisfied these criteria. Sufficient material was available
to study specimens with multiple sample applications. Average slopes
were directly compared by Student t tests for studies in adult animals.
In developmental studies we also performed t tests on the logarithms of
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Figure 1. (a) Representative Northern analysis of adult WKYmale
and female renal angiotensinogen mRNA. 25 and 50 ug of total
RNAwere applied to gels for male, and 50 and 100 ,g for female.
Note that adult male kidney mRNAsignal is high and greatly atten-
uated with castration. Testosterone administration to castrated male
animals restores renal angiotensinogen mRNAsignal. In adult fe-
male animals, renal angiotensinogen mRNAlevel is low, but is in-
duced by testosterone administration. Male and female blots were
run separately and had differing exposure times, 48 h for male, 96
for female to allow detection. Direct comparison of male and female
blots is not intended. For a quantitative comparison of angiotensino-
gen mRNAlevels between male and female animals, we performed
slot blot analysis as shown in b. (b) Quantitative analysis of angioten-
sinogen mRNAof adult WKYmale and female kidneys using slot
blot analysis. These blots were simultaneously hybridized and ex-
posed for the same time. Densitometric analysis of slot blots was per-
formed on the above groups. Three levels of RNAwere applied to
slot blots, which were then hybridized to a32P cDNA for angiotensin-
ogen. Slopes were then generated by tracing autoradiographic signals
using an LKB densitometer. Units are arbitrary densitometric units.
*P < 0.05.

these observed ratios, e.g., day 35 cf. to day 91, and compared to the
logarithm of an expected ratio of equality (log I = 0) (4). To control for
possible sample variability, identical slot blots were performed and
hybridized with the control anglerfish islet cell cDNA probe.

Results

Total RNAextracted from adult WKYrat kidneys was hybrid-
ized with a32P angiotensinogen cDNA and subjected to
Northern blotting or to slot blot analyses. As mentioned in
methods section, the recovery of RNAwas monitored in all
samples. Anglerfish insulin mRNAlevels were comparable in
all samples (data not shown). Our results demonstrated that
while adult male rat kidney exhibited a high signal for angio-
tensinogen mRNA, female rat kidney showed very low signals
as shown in a representative Northern blot (Fig. 1 a). To study
this phenomenon further, adult male rats were castrated as
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Table I. Liver mRNAin Testosterone vs. Control or Castrated Animals

Castrate male
Normal male Castrate male and testosterone Normal female Female and testosterone

Slope (arbitrary 2.3 1.39* 2.3 1.39 2.41**
densitometric units)

*p < 0.05 NS **P < 0.05

The relative slopes under the noted conditions. Testosterone replacement as administration was for 20 d.

weanlings and raised to adulthood. At killing, the renal angio-
tensinogen mRNAlevel had diminished to female level as
shown in a representative Northern blot in Fig. 1 a. Whensuch
male castrates were treated for 20 d with testosterone pellets
designed to release 2.5 mg/d for 21 d (n = 5), the level of renal
angiotensinogen mRNAincreased dramatically (Fig. 1 a). To
investigate whether androgen is able to increase angiotensino-
gen mRNAlevels in adult female rats, six rats were implanted
with slow releasing 50-mg pellets of testosterone (releasing 2.5
mg/d) for 20 d. These animals responded with a marked in-
crease in renal angiotensinogen mRNAlevels as compared to
control adult female rats (n = 6) given vehicle pellets (Fig. 1 a).
In these animals, blood pressure and weights were similar in
control and testosterone-treated animals.

To quantitate the above findings, multiple slot blots were
performed for each of the conditions demonstrated on North-
ern analysis as shown in Fig. 1 b. In the adult male WKY,renal
angiotensinogen mRNAlevel decreased by 60% as a result of
castration (P < 0.05) and was restored by testosterone admin-
istration (columns 1-3). Normal adult female kidney ex-
pressed extremely low renal angiotensinogen mRNAlevel,
which was difficult to quantify due to the small amount of
detectable signal. However, androgen administration induced
a level of expression in the kidney that was comparable to that
of the adult male (Fig. 1 b). Liver angiotensinogen mRNA
increased with testosterone treatment also, as shown in Table
I. However, the magnitude of increase was far less than in
kidney.

Renal angiotensinogen mRNAexpression was also exam-
ined during ontogeny in the male and female WKYrat. Total
RNAextracted from WKYrat kidney of developing males and
females at prepubertal (day 35), pubertal (day 63), and post-
pubertal (day 91) ages was hybridized with a32P angiotensino-
gen pRang 3. On Northern analysis, angiotensinogen mRNA
expression appeared to be very low in male kidney before
puberty, at which time the level increased markedly and re-
mained so into adulthood (Fig. 2). In contrast, female kidney
expression of angiotensinogen mRNAwas low at all ages ex-
amined (Fig. 2 a). An examination of liver angiotensinogen
mRNAexpression in both male and female rats of the same
ages revealed that levels of expression were fairly constant
during ontogeny. Furthermore, no evident difference was oW
served between the two sexes (Fig. 2 a).

Quantitative analysis of these developmental studies was
performed using slot blot analysis (Fig. 2 b) followed by densi-
tometry. In the male, the very low level of prepubertal renal
angiotensinogen mRNAexpression increased 10-fold at pu-
berty (P < 0.1) and remained elevated at day 91. Normal
female levels for renal angiotensinogen mRNAwere very low
throughout ontogeny and this precluded accurate analysis. In

contrast to renal angiotensinogen mRNAexpression, liver
levels of angiotensinogen mRNAwere not significantly differ-
ent at various ages studied (P = NS).

To compare angiotensinogen expression with another
component of the renin angiotensin system during ontogeny,
renin mRNAlevels were determined in kidney in all animals
studied. In contrast to angiotensinogen, renal renin mRNA
levels remained constant throughout development in both
male and female rats, as shown in a representative Northern
blot (Fig. 2 a). Densitometric analysis of slot blots for renal
renin mRNAduring ontogeny are shown in Fig. 2 b and do
not reveal significant differences for the various ages studied.
Radioimmunoassays showed no marked differences in plasma
renin activity or plasma substrate level during development in
males or females. These levels did not change with testosterone
treatment (Table II). Serum testosterone levels showed that
male levels dropped to female with castration (100-150 gg/dl
in normal male; 2-7 gg/dl in normal female and castrate
male). Levels in pellet treated animals exceeded that of normal
male. Kidney renin concentration was also uninfluenced by
the age of animals or by testosterone treatment.

Discussion

In the present study we found a sexual dimorphic expression of
renal angiotensinogen mRNA. This difference appears to be
androgen dependent based on the following observations: (a)
the prepubertal as compared to adult male rat kidney contains
significantly lower angiotensinogen mRNAlevel; the mRNA
concentration reached adult level upon puberty; (b) the angio-
tensinogen mRNAlevel in the female kidney remain low
throughout ontogeny and into adulthood, and is comparable
to the level in the prepubertal male rat kidney; (c) the castra-
tion of the male rat decreased renal angiotensinogen mRNA
level; (d) androgen replacement therapy restored renal angio-
tensinogen mRNAlevel in the castrated male rat; and (e) tes-
tosterone treatment increased renal angiotensinogen mRNA
level in the female.

A growing body of data suggests that androgen may affect
renal metabolic processes (17-21). For instance, androgen
treated female mouse kidney exhibits hypertrophy of renal
proximal tubular cells, with increased protein and RNAsyn-
thesis (17). Swank et al. reported that androgen induced the
synthesis of many renal enzymes, the most significantly being
alcohol dehydrogenase (lOX) and glucuronidase activity
(20-50X) (19). Watson et al. demonstrated that the induction
of glucuronidase activity reflected the synthesis of new enzyme
molecules by mouse kidney epithelial cells rather than a
change in the stability or activation of preexisting enzyme mol-
ecules (17). Schiebler and Danner also observed a direct influ-
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Figure 2. (a) Representative Northern analyses
ontogeny on angiotensinogen (ang-n) and renin
or female rats were studied at days 35 (prepube
tal), and day 91 (postpubertal). Several levels of

MALE ence by sex hormones on the quantity of cellular autophagy in
35 63 91 the proximal tubular cell (18). Castration increased cellular

50 25"50 25 50 2s autophagy and catabolism, while administration of estradiol
reduced autophagy (18). In yet other studies Maunsbach et al.
found sexual dimorphism in the lysosomal pattern in three

* w.1 " different segments of proximal tubule (20). Maunsbach et al.
reported an increased number of lysosomes accompanied by a
decline in the amount of reaction product of lysosomal ATP
and f3-glucuronidase after castration (21). Taken together, the
above studies suggest that castration leads to a general reduc-
tion of the proximal renal tubular cell metabolism accompa-

w4 0 nied by an increase in cellular autophagy with catabolism pre-
dominating.

The renotropic effect of androgen is of particular interest
with regard to the Na'-H' exchanger. The Na'-H' exchanger
is a major mechanism responsible for H' secretion and
HCO--resorption in the proximal tubule. Mackovic et al. have

64§ ~ 5 shown sex differences in the rates of Na'-H' exchange in the
mouse kidney (21). In their experiments, testosterone was
found to increase the rate of exchange by more than 100%,
while castration of the male mouse decreased Na'-H' ex-
change. Na' dependent D-glucose transport in mouse renal
tubular luminal membranes also exhibited sex difference due
to the stimulatory effect of testosterone. Since the present data
suggest that androgen may also stimulate renal angiotensino-
gen mRNAexpression and since angiotensin stimulates renal
Na'-H' exchange (22), these findings raise the intriguing pos-
sibility that the Na+-H+ exchanger may be influenced by an-
drogen regulated angiotensin expression or the interaction of
these two hormones. Our recent in situ hybridization study
demonstrates that angiotensinogen mRNAis localized in the
proximal tubular cell (5). The proximal convoluted tubule
contains angiotensin-converting enzyme as well as Ang I and
Ang II receptors. Filtered and reabsorbed renin within tubular
cells may therefore generate angiotensin II locally. Liu and
Cogan observed that alterations in angiotensin II activity can
greatly alter bicarbonate absorption in the early proximal tu-
bule (22). It may be that the androgen stimulation of the
Na+-H+ antiporter is mediated via the local production of an-
giotensin, a possibility that will require direct measurement.

Yet in studies by Mackovic et al. sex differences in Na+-H+
exchanger were not observed in the rat, nor did exchange rates
increase with testosterone treatment (20). However, as noted
above, these investigators did find differences in the rate of
Na+-H+ exchange in the mouse (20). Their observations in the
rat could be due to an insufficient duration of testosterone
replacement. They administered daily intramuscular injec-

revealing influence of tions of testosterone for 8 d (20) which might not be suffi-
mRNAlevels. Male ciently long for induction of increased gene expression. The

rtal), day 63 (puber- level of estrogen and the phase of estrus may also play a role in
f total RNAwere ap- protein synthesis and therefore may obscure or emphasize di-

plied to gels at each age studied. The top panel demonstrates renal
angiotensinogen mRNAlevels during ontogeny in male and female
rats, respectively. Note that male kidney ang-n mRNAlevels in-
crease dramatically with puberty, whereas female kidney ang-n
mRNAlevels are low and remain so. The middle panel shows high
levels of liver angiotensinogen renin mRNAthroughout ontogeny in
both males and females. The lower panel (25 ,ug total RNA/sample)
demonstrates high renal renin MRNAlevels throughout ontogeny in
both males and females. (b) Densitometric analyses of slot blots of
total RNAfrom kidneys hybridized to ang-n or to renin cDNA.
Slopes were generated by applying three levels of RNAto slot blots,
which were subsequently hybridized to the probes of interest. Units

are arbitrary densitometric units. Ratio of slopes, i.e., day x/day 91
were used for statistics. For use of representation, standard error bars
were omitted. These were ±0.08 to 0.12 in all cases, except were zero
when day 91 was compared to itself. Student t tests of log ratio ob-
served to expected were run, where log 1 = 0 (see Methods). The top
panel shows renal ang-n, and significant increase at puberty in the
male is seen. In contrast, very low levels of renal ang-n mRNAare
seen throughout ontogeny in the female. The middle panel shows
tracings of liver angiotensinogen mRNAin during development
(NS). The lower panel shows renal renin mRNAduring development.
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Table II. Plasma Renin Concentration and Plasma Substrate Concentration

Day 35 Day 63 Day 91 Castrate Testosterone

Male
PRC(ng Al/ml per h) 4.0±4 6.2±6 3.0±0.8 4.8±0.1 4.5±0.2*
PSC(ng Al/ml) 316±39.8 453±33.5 415.9±15.4 425±21.3 430±16.3*

Female
PRC(ng Al/ml per h) 4.1±3 5.1 ±0.6 4.0±0.6 4.2±0.2*
PSC(ng Al/ml) 340.1±41.8 402±30.1 410±16.1 412±15.3t

ND, not done. * Testosterone replacement in castrated male WKY.
the parameters differed significantly.

morphism. For this reason testosterone replacement studies to
castrated males provide a more reliable indicator of androgen
synthesis induction. Testosterone treatment in our studies
were performed over 20 d and clearly induced significant in-
creases in renal angiotensinogen synthesis in both female and
castrated male WKYrats.

Tissue specific regulation of renin and angiotensinogen
have been demonstrated by previous studies (4, 23, 24). We
have observed that renin levels in submandibular gland, heart,
testis, and adrenal increase at puberty but not renal renin
mRNA. That the levels of renin in these tissues parallel those
of androgen, estrogen or gonadotropic hormone suggests that
the local renin-angiotensin system may be hormonally in-
fluenced. Conversely, the tissue renin-angiotensin system
could play an important role in mediating or modulating these
hormone functions.
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