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Renal nuclear Angiotensin II receptors
in normal and hypertensive rats
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Accumulation of Angiotensin II (Ang II) in the kidneys of hypertensive rats infused
chronically with Ang II occurs by AT1 receptor mediated internalization of Ang II, which may
interact with intracellular targets, including nuclear binding sites. The aims of this study were to
determine if kidney cell nuclei have specific Ang II binding sites and if chronic infusion of Ang II
(70 ng/min; n=9) influences the nuclear Ang II binding capacity. Kidneys were harvested from
control and Ang II infused rats and the renal cortexes were homogenized to obtain crude
membrane preparations and nuclear fractions. Ang II binding sites were measured with a single
point assay by incubating each fraction with 10 nM 125I-Sar-Ile-Ang II in the absence (total
binding sites) or presence of either 2.5 M Sar-Leu-Ang II or 25 PM losartan to detect specific
AT or AT1 binding sites. Both fractions exhibited specific Ang II binding sites that were
displaced by both saralasin and losartan. In control rats, crude membrane preparations had
792r218 and the nuclear fraction had 543r222 fmol/mg protein AT1 receptors. AT1 receptor
levels in membrane (885r170 fmol/mg protein) and nuclear fractions (610r198 fmol/mg protein)
were not significantly different in Ang II infused rats. These data support the presence of nuclear
Ang II receptors predominantly of the AT1 subtype in renal cells. Chronic Ang II infusion did not
alter overall Ang II receptor densities.
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The infusion of Angiotensin II (Ang II) at low doses leads to progressive
hypertension and accumulation of Ang II in kidneys, and this effect is associated with
compromised renal function and reduced sodium excretory capability (30, 36, 37).
Recent observations indicate that part of the renal accumulation of Ang II is mediated
by AT1 receptor-dependent endocytosis with some of the internalized Ang II remaining
intact in the endosomal fraction (35). These data support the concept that the
internalized Ang II–AT1 receptor complex may exert an intracellular signaling function
that could contribute to the renal actions of the hormone in hypertension.

Membrane receptor endocytosis, commonly associated with receptor down-
regulation and desensitization, may also contribute to continued activation of the
signaling process (16). However, there is evidence that the internalized Ang II may
activate intracellular targets and the hypothesis of an “intracrine” Ang II system has
been postulated to describe the actions of peptide hormones within its cell of synthesis
(23, 24). In this regard, AT1A receptors, Ang II peptides, and ACE have been identified
in renal endosomes (13). There is also experimental evidence in support of the existence
of nuclear Ang II receptors in several non-renal tissues (2, 7, 8, 15, 25, 26, 28), as well
as nuclear accumulation of Ang II (10, 27) and nuclear translocation of AT1A receptors
upon agonist exposure (4). The AT1 mediated accumulation of Ang II in kidneys of Ang
II infused rats may redistribute Ang II and its plasma membrane receptor to the nucleus,
however there is little evidence regarding the presence of nuclear receptors or Ang II
binding sites in kidney cells. Therefore, the aims of this study were to determine if
kidney cells have specific nuclear Ang II binding sites and if chronic infusion of Ang II
changes the Ang II receptor density or affinity in the rat renal cortex.

Materials and Methods

Male Sprague Dawley rats (Harlan, Indianapolis, IN) weighing 250 to 350 g were
housed in temperature- and light-controlled room. The animals were fed standard Purina
Rat Chow (Ralston-Purina, St. Louis, MO) and had free access to tap water. On day 0,
the animals were anesthetized with pentobarbital sodium (50 mg/kg) ip, and osmotic
mini-pumps (Alzet model 2002; Alza Corporation, Palo Alto, CA) were inserted
subcutaneously (middle dorsum of the neck and the upper interscapular region) to infuse
Ang II at 70 ng/min (n=9) or the saline vehicle (n=9). Infusion of Ang II at
60–80 ng/min in normal rats (11, 29, 31) for two weeks has been shown to elicit a
pattern of hypertension that resembles the pattern observed during development of
Goldblatt hypertension. Systolic blood pressures (SBP) were monitored with a Blood
Pressure Monitor model 52-0338 (Harvard Apparatus) connected to a tail cuff
photoelectric transducer. Blood pressures were measured between 3.00 and 6.00 PM

Acta Physiologica Hungarica 89, 2002



Renal nuclear Angiotensin II receptors 429

before implanting the mini-pumps as well as on day 3, 7, 10 and 13 after implantation.
The average SBP was calculated from 3 to 5 consecutive stable blood pressure traces.
The rats were weighed the same days that SBP was recorded.

Preparation of subcellular fractions

On day 14 after implantation, the rats were sacrificed with an overdose of
pentobarbital sodium and both kidneys were harvested. The renal cortexes were
dissected out, weighed and placed in ice cold saline, transferred to a 0.25 M sucrose
buffer (250 mM sucrose, 50 mM HEPES, pH 7.4) at 4 °C at 5:1 v:w, minced and kept at
4 °C during the procedures to isolate the subcellular fractions. The enzyme inhibitors
phenylmethysulfonyl fluoride (PMSF, 100 M), 1,10-phenanthroline (50 M), pepstatin
(0.5 g/ml), and calpain inhibitor I (1 g/ml) were added to the mixture (6) before
homogenization with a Tissue Tearor homogenizer model 985–370 (six strokes, 10 sec
each at 30,000 rpm). Crude membrane preparations were obtained by centrifugation of
the homogenates twice at 48,000 g, 20 min. The supernatants were discarded and the
final pellet was suspended (5:1 v:w) in incubation buffer (120 mM NaCl, 5 mM MgCl2,
0.5% bovine serum albumin 50 mM Tris, pH 7.4 at 20 °C). The nuclear fractions were
obtained by a method developed to isolate intact functional nuclei (17) 0.5 ml of the
homogenates were placed at the top of a 3 ml cushion of 1.8 M sucrose buffer (1.8 M
sucrose, 0.5 mM spermidine, 0.15 mM spermine, 10 mM HEPES, pH 7.4) followed by
centrifugation at 100,000 g, for 60 min. The nuclear pellet was suspended in incubation
buffer (3.1 v/w) (17). The plasma membrane fraction was prepared by centrifugation of
the renal cortex homogenates at 2,000 g for 5 min, the supernatant was collected and
centrifuged twice at 20,000 g for 20 min, and the pellet was suspended in incubation
buffer as above (33). The dilution of each of the subcellular fractions was subsequently
adjusted to 0.5 mg protein/ml. Alkaline phosphatase activity (ALP reagent kit 245-20,
Sigma Diagnostics) was used as an index of contamination of the subcellular fractions
with brush border membranes of proximal tubule cells. ALP values were 14- and 10-
fold higher in the plasma membrane and crude membrane fractions than in the nuclear
fraction. Protein concentration was measured with the Bio-Rad Protein Assay (Bio-Rad
Laboratories) (3).

Ang II receptor binding assay

The procedures described by Pulin et al. (6) and Ernsberger et al. (9) were
modified for the initial studies to optimize the Ang II receptor binding assay. Enzyme
inhibitors (100 M bacitracin, 100 M PMSF, 50 M 1,10-phenanthroline, 10 M
phosphoramidon, 130 M bestatin, 1 M leupeptin, 5 g/ml pepstatin A, and 1 g/ml calpain
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inhibitor I) were added to the isolated subcellular fractions (0.5 mg protein/ml). To
determine total binding, crude membrane fractions (50 g protein) were incubated in
triplicate for 40 min at room temperature (optimized in preliminary studies) with
0.1–10 nM Sar1-Leu8-Ang II and 1000 cpm 125I-Sar1-IIe8-Ang II in a total volume of
250 l using polypropylene tubes. Nonspecific binding was measured in parallel in the
presence of either 2.5 M Sar1-Leu8-Ang II or 25 M losartan. The reaction was stopped
with the addition of 2 ml cold incubation buffer and bound ligand was separated from
free by vacuum filtration on a Millipore manifold on glass fiber filters (Poretics GF-75)
presoaked in 1 mg/ml BSA (6). The filters were rinsed twice with 2 ml incubation
buffer and dried, the radioactivity was counted in a gamma counter at 73% efficiency.
In addition, the Ang II receptor densities were investigated in crude membrane and
nuclear fractions of the renal cortex in saline (n=5) and Ang II infused rats (n=4) by
single point assay.

Analytical procedures and statistical analysis

Specific binding was calculated by subtracting nonspecific (in the presence of
excess competitor) from total binding. The specific binding calculated from that
displaced by 2.5 M of unlabeled Sar1-Leu8-Ang II was defined as the total Ang II AT
receptor complement and that displaced by 25 M losartan was defined as the Ang II
receptor subtype 1 (AT1). Data were expressed as fmol/mg protein and were analyzed
by nonlinear regression analysis of the competition curve to calculate IC50 and the Hill
coefficient. Nonlinear regression of the binding isotherms and linear fitting of the
Scatchard plots were used to calculate Kd and Bmax (Graph Pad Prism) (21). The results
of individual experiments were averaged and the difference between groups was tested
with one-way ANOVA and Newman Keuls post-test or with the paired t-test. In
addition, the average binding curves and Scatchard plots of each group were also
plotted and analyzed by nonlinear and linear regression analysis to calculate IC50, Kd
and Bmax; there were no significant differences between the parameters determined by
these separate calculation procedures.

Chemicals

Ang II was purchased from Calbiochem–Novabiochem, Corp. (La Jolla, Ca),
125I-Sar1-Ile8-Ang II from Sigma Chemical Co (St. Louis, MO), Merck Pharmaceutical
Co (Wilmington, DE) supplied losartan. Unless otherwise noted, all other chemicals
used in this study were of analytical grade and were purchased from Sigma Chemical
Co (St. Louis, MO).
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Results

Systolic Blood Pressure and body weight

A significant increase in SBP was detected in the Ang II infused group after three
days of infusion (Fig. 1). The average daily increase in SBP in the Ang II infused group
was 5.9 mm Hg/day and continued to increase during the 13 days of treatment. The SBP
in the saline infused rats remained between 109 and 117 mmHg (Fig. 1).

Body weights increased from 227r7 to 294r7 g in the control group, and from
265r7 to 324r8 g in the Ang II infused rats after 13 days of treatment. Thus, a weight
difference of 35 g between both groups was maintained along the study; and Ang II
infusion did not alter the body weight gain.

IC50 and Hill slope

The average competition plots and transformations to saturation binding curves
are depicted in Figs 2 and 3. The IC50 of Sar1-Leu8-Ang II or losartan competition with
125I-Sar1-Ile8-Ang II for the total AT and the AT1 subtype binding sites in crude
membrane fractions of the renal cortex of saline infused rats were 3.3r0.5 and
2.9r0.4 nM, respectively; while the corresponding values in the Ang II infused rats
were 3.8r0.6 and 3.4r0.5 nM, respectively. The Hill slopes of the competition
curves for the AT and AT1 binding sites were –0.84r0.07 and –0.97r0.07 in the saline-
treated group, and –0.91r0.06 and –1.01r0.07 in the Ang II infused group.

Fig. 1. Hypertensive effect of chronic infusion of Ang II. Osmotic mini-pumps containing Ang II (70 ng/day)
or saline were implanted sc at day 0. Data are presented as mean r SE for n=9 animals/group.

*p<0.05, **p<0.01 by ANOVA
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The Hill slope values close to –1 and a close fit of the data to the equation for one
single binding site (Y = Nonspecific + (Total-Nonspecific)/(1+10(X-LogEC50)(Hill slope))
support the hypothesis of one predominant type of Ang II receptor in the rat renal
cortical cells.

Bmax and Kd

As shown in Table I, using 125I-Sar1-Leu8-Ang II for Scatchard analysis, the
Bmax and the Kd of the AT1 receptor subtype were slightly (P<0.05) lower compared to
the total AT receptor complement in the renal cortex. Thus, 21–23% of the total AT
receptor complement in the renal cortex represent AT2 or other AT binding components
not displaced by the AT1-specific competitor losartan. The Bmax and Kd values
calculated by linear regression of the individual or averaged Scatchard were consistent
with the results obtained by nonlinear regression fitting of the binding isotherms. In
addition, since the Kd of the total AT receptor populations was significantly (P<0.05)
higher than the Kd of the AT1 subtype, the remaining non-AT1 receptor population
must be of significantly lower affinity. Importantly, chronic infusion of Ang II did not
alter the densities or affinities of the renal AT or the predominant AT1 subtype binding
sites in crude membranes of the renal cortex (Table I).

Table I

AT and AT1 Specific Binding in Crude Membrane Preparations

AT AT1

Saline Ang II Saline Ang II

Crude membranes:
IC50 (nM) 3.93 r 1.11 2.82 r 1.04 3.33 r 1.11 3.04 r 1.02
Kd (nM) 4.10 r 0.48 3.97 r 0.43 2.82 r 0.36* 3.29 r 0.41*
Bmax (fmol/mg protein) 1352 r 175 1308 r 132 1045 r 239* 1038 r 99*

Data represent mean r SE for n=5 (saline-treated) or n=4 (Ang II-treated) animals.

*p<0.05 vs. AT receptor group (paired one-tailed t-test).

Nuclear fraction: Bmax

Ang II receptor binding was assessed in nuclear fractions (17) of the renal cortex using
a single point binding assay (Fig. 4). In the nuclear fractions from control rats, the
corresponding AT and AT1 specific binding values were 610r198 and
543r222 fmol/mg protein, while the corresponding values for AT and AT1 specific
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binding in Ang II infused rats were 698r152 and 594r158 fmol/mg protein. These
binding values are substantial being 60–70% of the binding values in crude membrane
fractions. However, there were no significant differences in the number of AT or AT1
binding sites among treatment groups. Similarly in crude membrane fractions, there was
no change in the level of AT or AT1 binding sites with Ang II infusion (Fig. 4).
These results are consistent with the data obtained using the nine-point assay and further
confirm that Ang II infusion for the 13 days does not significantly alter the Ang II
receptor density in crude membranes of the rat renal cortex.

Fig. 2. Competition and saturation binding curves of crude membranes of the renal cortex incubated with
125I-Sar1-Ile8-Ang II/Sar1-Ile8-Ang II

Discussion

The results of the present study demonstrate Ang II specific binding in isolated
cell nuclei harvested from the rat renal cortex and indicate that the majority of the
nuclear AT receptors are AT1 binding sites. Furthermore, in the kidney total AT and
AT1 receptor densities were not altered in either crude membrane nor nuclear
preparations after 13 days of chronic exposure in vivo to Ang II, a treatment sufficient
to elicit hypertension.
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Fig. 3. Ang II receptor Bmax and Kd in crude membranes of the renal cortex in rats chronically infused with
Ang II compared with saline vehicle infused rats

Fig. 4. Ang II specific binding to nuclear fractions and crude membranes of the renal cortex in rats
chronically infused with Ang II compared with saline infused rats
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While it is possible that the isolated nuclear fraction may be contaminated with
endosomes or plasma membranes containing AT receptors, we observed only a slight
difference in the AT receptor densities between the crude membrane and the nuclear
fractions while the activity of the brush border membrane marker ALP was 14 and 10
times higher in the plasma membrane and crude membranes than in the nuclear fraction.
The yield of nuclei with this classical technique developed to provide intact functional
nuclei is between 50 and 90% (18), 3.5% contamination with plasma membranes, using
5’-nucleotidase activity as an enzymatic marker, was obtained adding preparative and
washing centrifugation steps.

As observed before, the progressive increase in arterial pressure in the Ang II
infused model of hypertension follows a pattern similar to that seen in Goldblatt
hypertension (30). The hypertension produced by Ang II is modulated by sympathetic
influences since renal sympathectomy decreases the slope of the hypertensive effect
produced by Ang II infusion, is delayed by diuretics such as hydrochlorothiazide and is
completely prevented by concomitant treatment with AT1 receptor blockers (31, 35,
36). These data support the predominant role of renal AT1 receptors in mediating the
hypertensive response to Ang II infusions. AT1 receptors are widely distributed in
glomeruli, proximal tubules, renal vasculature, distal tubules, macula densa cells and
collecting ducts and also in medullary structures like thick ascending limb of the loop of
Henle, vasa recta bundles and medullary collecting ducts (11, 19, 34), thus explaining
the powerful and synergistic actions of Ang II to decrease sodium excretion (20, 22,
31). Interestingly, Ang II may play an important role in regulating its own receptors;
however there is controversy concerning the effect of Ang II at various sites within the
kidney. In this regard, it was shown that AT1 receptor mRNA expression and specific
125I-Ang II binding were upregulated in proximal tubule cells incubated with Ang II (5).
In contrast, the infusion of Ang II in vivo did not change glomerular or vascular AT1
receptors (1) but decreased total AT receptors measured in whole kidney membranes
(32). The present results show that the chronic administration of Ang II does not change
the Ang II receptor density in the renal cortex and thus support previous findings that
the AT1 receptor is well maintained in Ang II dependant hypertension thus allowing
continued action of the elevated Ang II levels (12).

Ang II binding sites sensitive to losartan were also predominant in the nuclei of
kidney cells suggesting that nuclear AT1 receptors may be involved in genomic actions
of Ang II. However, no significant differences in Ang II binding sites were found
between the control and the hypertensive Ang II infused rats. Thus, the present data
demonstrate the presence of AT1 binding sites in the nuclei of kidney cells and adds to
previous evidence from non-renal tissue indicating the existence of nuclear AT1
receptors. Further studies are needed to determine the functions regulated through
nuclear AT receptors. Moreover, our studies do not differentiate between Ang II
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binding sites on nuclear membranes (or other membranes closely associated with nuclei)
vs Ang II binding sites at intranuclear locales. It also remains unclear if the nuclear
actions of Ang II can be implemented independently from the classical signal
transduction mechanisms activated via the plasma membrane receptors.

Nuclear localization of polypeptide ligands subsequent to receptor-mediated
internalization, such as insulin, platelet-derived growth factor (PDGF), epithelial growth
factor, nerve growth factor, prolactin, interleukin-1 and somatostatin suggests the
existence of a non-classical and parallel mechanism of intracellular signaling for peptide
hormones. After endocytosis and processing at the plasma membrane, activated
receptor-ligand complexes may translocate to the nucleus to modulate gene regulation
directly (14).

The liver is a target tissue for Ang II, which stimulates gluconeogenesis,
glycogenolysis and production of angiotensinogen. Ang II plasma membrane and
nuclear binding sites in hepatic cells were different in pH sensitivity. Hepatic nuclear
sites exhibited higher binding affinities for Ang I, II and III with IC50 33.1, 1.4 and
2.1 nM, while plasma membrane receptors showed 279, 4.8 and 24.4 nM respectively
(2). However, losartan inhibited Ang II binding to both sites with a similar affinity,
consequently they were classified as AT1 (2, 28). Ang II binding density in the hepatic
nuclei preparation was 10.6 fmol/mg protein compared to 92.5 fmol/mg in hepatic
plasma membranes (28). An increase in the production of mRNA for renin,
angiotensinogen, platelet-derived growth factor and oncogene c-myc was observed
when isolated nuclei were challenged with Ang II (7, 8, 25) suggesting that long-term
regulation of growth factors may be the function of nuclear receptors.

It is not clear whether the Ang II binding sites in the plasma membrane and nuclei
are identical. There is no clear evidence for the existence of a mechanism to redistribute
activated AT receptors as Ang II–AT receptor complexes from the plasma membrane to
the nucleus. However, nuclear accumulation of 125I-labelled Ang II was shown after
exposing isolated hepatocytes to the radiolabelled hormone. This effect was insensitive
to the acidotrophic agent, chloroquine, known to alter intracellular processing of ligand-
receptor complexes by preventing the acidification of endosomes, nor to the disruption
of the cytoskeleton by colchicines. Furthermore, monensin significantly reduced nuclear
accumulation of Ang II suggesting that disruption of the Golgi apparatus affecting
intracellular transport of newly synthesized molecules may interfere with the Ang II
accumulation in the nucleus (15). Interestingly, however, the Bmax reported for hepatic
AT1 sites (28) was substantially lower (10 fmol/mg protein) than determined here
(500–600 fmol/mg protein), which may reflect either a higher overall renal Ang II
receptor content or perhaps a greater role for nuclear AT1 receptors in the kidney than
in the liver. More recently, a study by Chen et al. (4) demonstrated in Chinese hamster
ovary cells transfected with an AT1 receptor linked to green fluorescent protein (GFP)
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that exposure with Ang II led to internalization of the GFP and migration to the nucleus.
Colocalization of the fluorescence with that of the nuclear stain, TOTO-3, was
increased suggesting that the membrane receptor does indeed migrate to the nucleus.
Collectively these results support the possibility that nuclear receptors for Ang II may
exert transcriptional actions distinct from those mediated via the classical pathways
activated by cell membrane receptors.

Acknowledgements

This project was supported by a grant for the National Heart, Lung and Blood Institute (HL26371)
and an award from the Health Excellence Fund of the Louisiana Board of Regents. We are grateful to Debbie
Olavarrieta for excellent secretarial support in preparing the manuscript and figures. Reprint requests should
be addressed to L. Gabriel Navar, Ph.D., Tulane University School of Medicine, Department of Physiology,
SL39, 1430 Tulane Avenue, New Orleans, LA 70112, email: navar@tulane.edu.

REFERENCES

1. Amiri F, Garcia R: Differential regulation of renal glomerular and preglomerular vascular angiotensin
II receptors. Am. J. Physiol. Endocrinol. Metab. 33, E810–E815 (1996)

2. Booz GW, et al.: Angiotensin-II-binding sites on hepatocyte nuclei. Endocrinology 130, 3641–3649
(1992)

3. Bradford MM: A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal Biochem. 72, 248–254 (1976)

4. Chen R, et al.: A functional angiotensin II receptor-GFP fusion protein: evidence for agonist-dependent
nuclear translocation. Am. J. Physiol.-Renal Physiol. 279, F440–F448 (2000)

5. Cheng HF, et al.: Angiotensin II upregulates type-1 angiotensin II receptors in renal proximal tubule. J.
Clin. Invest. 95, 2012–2019 (1995)

6. Dulin NO, et al.: Rabbit renal epithelial angiotensin II receptors. Am. J. Physiol.-Renal Physiol. 267,
F776–F782 (1994)

7. Eggena P, et al.: Nuclear angiotensin receptors induce transcription of renin and angiotensinogen
mRNA. Hypertension 22, 496–501 (1993)

8. Eggena P, et al.: Hepatic angiotensin II nuclear receptors and transcription of growth-related factors. J.
Hypertens 14, 961–968 (1996)

9. Ernsberger P, et al.: Angiotensin II receptor subtypes in cultured rat renal mesangial cells. Am. J.
Physiol.-Renal Physiol. 263, F411–F416 (1992)

10. Haller H, et al.: Effects of intracellular angiotensin II in vascular smooth muscle cells. Circ. Res. 79,
765–772 (1996)

11. Harrison-Bernard LM, et al: Immunohistochemical localization of ANG II AT1 receptor in adult rat
kidney using a monoclonal antibody. Am. J. Physiol.-Renal Physiol. 273, F170–F177 (1997)

12. Harrison-Bernard LM, et al.: Regulation of angiotensin II type 1 receptor mRNA and protein in
angiotensin II-induced hypertension. Hypertension 33 [part II], 340–346 (1999)

13. Imig JD, et al.: Renal endosomes contain angiotensin peptides, converting enzyme, and AT1A
receptors. Am. J. Physiol.-Renal Physiol. 277, F303–F311 (1999)

14. Jans DA: Nuclear signaling pathways for polypeptide ligands and their membrane receptors? FASEB J.
8, 841–847 (1994)

Acta Physiologica Hungarica 89, 2002



438 H. Licea et al.

15. Jimenez E, et al.: Angiotensin II (AII)-binding sites in nuclei from rat liver: partial characterization of
the mechanism of AII accumulation in nuclei. J. Endocrinol. 143, 449–453 (1994)

16. Lefkowitz RJ: G protein-coupled receptors. III. New roles for receptor kinases and beta-arrestins in
receptor signaling and desensitization. J. Biol. Chem. 273, 18677–18680 (1998)

17. Marzluff WF: Preparation of active nuclei. Methods Enzymol. 181, 30–36 (1990)
18. Marzluff WF, Jr., et al.: Transcription of ribonucleic acid in isolated mouse myeloma nuclei.

Biochemistry 12, 3440–3446 (1973)
19. Mendelsohn FAO, et al.: Angiotensin II receptors in the kidney. Federation Proc. 45, 1420–1425

(1986)
20. Mitchell KD, et al.: Hypertensinogenic mechanisms mediated by renal actions of renin-angiotensin

system. Hypertension 19 (Suppl. I), I-18-I-27 (1992)
21. Motulsky HJ, Ransnas LA: Fitting curves to data using nonlinear regression: a practical and

nonmathematical review. FASEB J. 1, 365–374 (1987)
22. Navar LG, et al.: Synergistic intrarenal actions of angiotensin on tubular reabsorption and renal

hemodynamics. Am. J. Hypertens. 4, 90–96 (1991)
23. Re R: The nature of intracrine peptide hormone action. Hypertension 34, 534–538 (1999)
24. Re R, Bryan SE: Functional intracellular renin-angiotensin systems may exist in multiple tissues. Clin.

Exp. Hypertens. A 6, 1739–1742 (1984)
25. Re R, Parab M: Effect of angiotensin II on RNA synthesis by isolated nuclei. Life Sci. 34, 647–651

(1984)
26. Re R, et al.: Angiotensin II receptors in chromatin fragments generated by micrococcal nuclease.

Biochem. Biophys. Res. Comm. 119, 220–227 (1984)
27. Robertson AL, Jr., Khairallah PA: Angiotensin II: rapid localization in nuclei of smooth and cardiac

muscle. Science 172, 1138–1139 (1971)
28. Tang SS, et al.: Characterization of nuclear angiotensin-II-binding sites in rat liver and comparison

with plasma membrane receptors. Endocrinology 131, 374–380 (1992)
29. Von Thun AM, et al.: Modulation of renin-angiotensin and kallikrein gene expression in experimental

hypertension. Hypertension 23 (Suppl. I), I-131-I-136 (1994)
30. Von Thun AM, et al.: Augmentation of intrarenal angiotensin II levels by chronic angiotensin II

infusion. Am. J. Physiol.-Renal Physiol. 266, F120–F128 (1994)
31. Wang C-T, et al.: Renal responses to AT1 blockade in angiotensin II-induced hypertensive rats. J. Am.

Soc. Nephrol. 8, 535–542 (1997)
32. Wang DH, et al.: Regulation of type 1 angiotensin II receptor and its subtype gene expression in kidney

by sodium loading and angiotensin II infusion. J. Hypertens. 14, 1409–1415 (1996)
33. Wienen W, Entzeroth M: Effects on binding characteristics and renal function of the novel, non-

peptide angiotensin II antagonist BIBR 277 in the rat. J. Hypertens. 12, 119–128 (1994)
34. Zhuo J, et al.: Localization and properties of angiotensin II receptors in rat kidney. Kidney Int. 44

(Suppl. 42), S-40-S-46 (1993)
35. Zhuo JL, et al.: Ang II accumulation in rat renal endosomes during Ang II-induced hypertension: role

of AT(1) receptor. Hypertension 39, 116–121 (2002)
36. Zou LX, et al.: Receptor-mediated intrarenal angiotensin II augmentation in angiotensin II-infused rats.

Hypertension 28, 669–677 (1996)
37. Zou LX, et al.: Renal accumulation of circulating angiotensin II in angiotensin II-infused rats.

Hypertension 27, 658–662 (1996)

Acta Physiologica Hungarica 89, 2002


