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compared renin Isoform content in kidney homoge-
nates of CsA-treated and control rats, and examined

the effect of duration of CsA treatment on renal renin

isoform content.

METHODS

Animals
Male Sprague-Dawley rats ( 135 to 150 g; Taconic Farms,

Germantown, NY) received an average daily dose of 25 mg/kg
per day CsA oral solution (Sandimmune#{174}; Sandoz Pharma-
ceuticals, Inc. , East Hanover, NJ). given as a depot sc injec-
tion of5O mg/kg on alternate days. The treatment periods for
the four groups were 7, 2 1 , 35, and 56 days. Four groups of
age- and weight-matched untreated controls rats were also
studied. To obtain similar body weights for both control and
CsA-treated rats at the time of study. a simplified paired-
feeding protocol was employed. with which the amount of
standard rat chow given to the controls was limited to the
mean intake of chow by CsA-treated rats. To assess renal
function, plasma creatinine and urea concentrations were
determined with a clinical autoanabyzer. These studies were
conducted in accord with the National Institutes of Health’s
guidelines for the care and use of laboratory animals. and by
using approved protocols at the State University of New York,
Stony Brook, NY, and at the University of Virginia.

Tissue Preparation

Animals were anesthetized with sodium pentobarbital (50
mg/kg ip). Kidneys were quickly removed from the animals
and placed in ice-cold homogenization buffer (250 mM su-
crose, 50 mM 2-(N-morphoblno)ethanesulfonic acid, 1 mM
EDTA, 1 mM polymethylsulfonyl fluoride; pH 7.4). Kidneys
were then decapsubated. weighed and homogenized at 4#{176}Cfor
30 s (Polytron. setting 10: Brinkmann. Lucerne, Switzerland)
in five volumes (weight:vobume) of homogenization buffer.
Kidney homogenate was aliquoted and stored at -80#{176}Cuntil
use. Before use. aliquots of homogenate were centrifuged for
1 mm at 14,000 X g (Microfuge. Eppendorf. Brinkmann
Instruments Inc. , Westbury, NY) to remove membranes and
unhomogenized pieces of kidney. Some aliquots of kidney

homogenate supernatant normalized for equal protein were
incubated with pepstatin agarose ( 100 M1� Sigma Chemical
Co. , St. Louis, Mo.) for 1 h at 40#{176}Cto isolate renin. Samples
bound to pepstatin were washed with buffer twice and de-
gassed with water once before elution in Anderson’s buffer
for two-dimensional gel ebectrophoresis (2D GELS).

Identification of Renin Isoforms:
Polyacrylamide Gel Electrophoresis (PAGE)

Supernatant of kidney homogenate was denatured (2:1,
vol/vol) with STOP solution (9% sodium dodecyl sulfate
[SDS; wt/voll; 6% 2-mercaptoethanol [vol/voll; 15% glycerol
[vol/vob]; 186 mM tris base pH 6.7: pyronin Y, 10 mg/ 100
mL), and heating ( 100#{176}Cfor 4 mm). Aliquots of denatured
kidney homogenate that contained equal amounts of protein
(200 to 300 �g) were separated in 10% or 12.5% polyacryl-
amide gels by the method of Laemmli (12).

Isoelectric Focusing (IEF)

One-dimensional isoebectric focusing (IEF) was done by a
modification of the method of Giubian ( 13). Supernatant of
kidney homogenate was denatured ( 1 : 1 . vob/vob) in Ander-
son’s buffer (2.7% SDS [wt/vol], 6.7% 2-mercaptoethanol

[vob/vol], 13.4% glycerol Ivol/vob]) with heating (100#{176}Cfor 4

mm). Ultrapure urea, Nonidet P40, preblended amphobines,
pH 4 to 6.5 (Pharmacia LKB, Piscataway, NJ). were added to
each sample to a final concentration of 1 mg/pi. 3%, and 2%
respectively, after heating. Aliquots of denatured kidney
homogenate that contained 30 to 60 j�g of protein were
loaded equally onto a 4.5% acrybamide gel containing 9.0 M
ultrapure urea, 3% NP4O, and 2% preblended ampholines
(pH 4 to 6.5). Samples were focused at 750V for 18 h at 15#{176}C.
Samples were focused under denaturing conditions to max-
imize solubiluty ofrenin and to minimize proteobysis. Because
of this methodologic difference. the renin isoforms reported
here vary by about 0.5 pH U from studies that used nonde-
naturing conditions to separate renin isoforms (14-16).

Two-Dimensional Gel Electrophoresis (2D GELS)

Two-dimensional gel electrophoresis (2D GELS) was done
by the method of Anderson and Anderson ( 1 7). Supernatant
of kidney homogenate was separated in the first dimension
by isoelectric focusing with 1 .5 mm-internal diameter tubes
under the same conditions as described for IEF above. Before
separation on a polyacrybamide gel. each tube gel was equil-
ibrated in STOP solution for 15 mm. IEF tube gels were
oriented on a 2.5% pobyacrybamide stacking gel. secured with
1% agarose. and ebectrophoresed as described above for
PAGE. Some gels were silver-stained for renin isoforms (Bio-
rad Laboratories. Hercules, CA). Others were immunoblotted
as described below.

Immunoblotting for Rat-Kidney Renin

Immunobbotting was done by a modification of the method

ofBurnett (18). Polyacrylamide gels, isoelectric focusing gels,
and some two-dimensional gels were equilibrated in transfer
buffer (20% methanol [vob/voll,, 25 mM tris base, and 192
mM glycine; pH 8.7) and proteins were transferred to nitro-
cellulose. Immunobbots were blocked with blotting buffer (10
mM tris HC1, 150 mM NaCb, 0.05% Tween 20 [Sigma Chem-
ical Co., St. Louis, MO; vol/voll, 3% BSA [vol/vol]. and 0.02%
sodium azide (wt/vol); pH 8). Blots were incubated with a
polycbonal primary antibody raised against a synthetic pep-
tide sequence (343NMDYVQKNPFRNDD356) from the pre-
dicted rat-renin amino-acid sequence. This antibody recog-
nizes both partially purified rat-kidney renin and
recombinant rat prorenin. Immunoreactive renin was de-
tected by using an alkaline phosphatase-conjugated second-
ary antibody system. (Protoblot. Promega, Madison, WI).
Comparison of band intensity between groups was accom-
plished by determination ofaverage band intensity (corrected
for background) ofvideo images of the gels by using commer-
cial software (SigmaScan Image, Jandeb, San Rafael, CA).

Measurement of Renin Activity in Kidney
Homogenate

Renin activity was measured in kidney homogenate super-
natant by the method of Sealy and Laragh (19). In brief,
kidney homogenate supernatant was incubated in the pres-
ence ofexcess partially purified rat angiotensinogen obtained
from nephrectomized-rat plasma. Renin enzymatic activity
was determined by measuring the amount of angiotensin I
(A!) generated during a 1 -h Incubation. Al was measured by
radioimmunoassay.

Total renin activity was also measured. Kidney homoge-
nate supernatant was incubated with trypsin cross-linked to
sepharose beads ( 10 �tg/pL) for 18 h at 4#{176}Cto activate the
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inactive prorenin. Trypsin-conjugated beads were removed
from the kidney homogenate supernatant by centrifugation
and the trypsin-treated supernatant was then incubated
with excess partially purified rat angiotensinogen. The
amount ofAl generated from this incubation was determined
by radioimmunoassay, as outlined above.

Prorenin activity was determined as the difference between
total renin activity and renin activity present in the absence
of trypsin-treatment. All renin activity measurements were
expressed as pmol AI/ 100 �g kidney per hour. The protein
concentration of supernatant of kidney homogenate was
measured by the method of Lowry et at. (20).

Statistical Analysis
Changes in intensity of densitometrically scanned gel

bands, renin enzymatic activity, renin:prorenin activity ratio.
and prorenin activity in kidneys from CsA (N = 4 per treat-
ment period) and pooled control animals (N = 8) were com-

pared over time by linear regression and analysis of variance.
The results are expressed as mean ± SE. Statistical signifi-
cance was defined as P < 0.05. For characterization of renin
isoforms, tissue was taken from four to six animals in each of
the four treatment periods. and from two to six control
animals for each treatment period. Plasma creatinine and
urea were measured in five of these animals in the control, 1,
3, and 8-wk groups.

At the time of study, mean body weights were 276 ±

6, 260 ± 13, 260 ± 7, 265 ± 1 1 , and 289 ± 8 gm for

the pooled pair-fed controls, and the 1 , 3, 5, and 8-wk

CsA groups, respectively. These values were not sta-

tistically different (P = 0. 162, analysis ofvariance; N =

6/CsA group, N = 8 controls). The CsA-treated ani-

mals exhibited typical significant increases In plasma

creatinine and urea concentrations (Table 1 ), changes

that reflect CsA-induced suppression of GFR.

Renin Isoform Identification

When supernatants of kidney homogenate from

3-wk CsA-treated and control rats were separated by

PAGE, followed by immunoblotting for renin, an im-

munoreactive renin band (estimated molecular weight

[MW], 32 to 36 kd) was identified with increased

intensity compared with the control sample (Figure 1).

Characterization of immunoreactive renin in kidney

homogenate supernatant separated by isoelectric fo-

cusing showed an immunoreactive isoform p1 5.46 of

TABLE 1 . Effect of C5A (25 mg/kg per day) on renal
function

Treatment Duration

(days)

Serum Creatinine

Concentrations

(mg/dL; N = 5)

Serum Urea
Concentrations

(mg/dL; N = 5)

0 0.48 ± 0.02 17.2 ± 0.8

7 0.56 ± 0.03 23.3 ± 1.la
21 0.58 ± 0.02� 22.7 ± �

56 0.62 ± 0.05� 40.8 ± 1.9�

a p < 0.05 versus control (0 days), one-way analysis of variance, and

Dunneft’s test.

45K”

36K”’

1234
Figure 1 . This representative immunoblot of a 10% polyacryl-

amide gel shows detection of immunoreactive renin from
partially purified rat-kidney renin (Lane 1), recombinant rat
prorenin (Lane 2), and kidney homogenate from CsA-
treated (Lane 3) and control (Lane 4) rats. Samples of kidney
homogenate each contain 200 �g of total protein.

I 2
Figure 2. ThIs representative immunoblot of an Isoelectric
focusing gel (pH 4 to 6.5) shows detection of immunoreac-
tive renin in kidney homogenate from control (Lane 1) and

CsA-treated (Lane 2) rats. Samples of kidney homogenate

each contain 75 �g of total protein from rat kidney homo-

genate.

increased intensity in samples from CsA-treated rats

(Figure 2). Analysis of kidney homogenate by 2D
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GELS. followed by immunobbotting for renin, showed

that the CsA-treated rat-kidney homogenate con-

tamed an immunoreactive spot with estimated MW of

32 to 36 kd and p1 5.5, which is not readily identified

in control-kidney samples (Figure 3). Silver stains of

2D GELS of renin isolated from kidney homogenate by

pepstatin agarose also confirmed the presence of an

acidic renin isoform, p1 5.2 ± 0.2 in CsA-treated rats

(Figure 4B). The majority of renin isoforms in both

control and CsA-treated samples are found at p1 5.6 to

6. 1 (Figure 4).

Effect of Length of CsA Treatment on Renin
Isoform Expression

To determine if the amount of acidic renin isoform

identified in kidney homogenate of CsA-treated rats

was affected by duration of treatment with CsA, kid-

ney homogenates from rats treated with CsA for 1 , 3.

5, and 8 wk was separated by PAGE, followed by

immunobbotting. The previously identified immunore-

active band MW 32 to 36 kd was found to have

increasing immunoreactive intensity in samples of

kidney homogenate from rats receiving longer dura-

tions of treatment with CsA (Figure 5). Linear regres-

sion analysis of densitometric measurements of this

immunoreactive band (Figure 5) demonstrated a pos-

itive correlation between length of CsA treatment and

increased densitometric intensity of the acidic renin

isoform in rat kidney homogenate (Figure 6; r� =

0.900, P < 0.00 1).

Renin Enzymatic Activity

Renin enzymatic activity was measured in abiquots

Figure 3. This representative immunoblot of two-dimensional

gels shows the immunoreactive isoforms of renin and their

relative molecular weight in kidney homogenate from con-
trol (A) and CsA-treated (B) rats. Samples of kidney homo-

genate contain equal amounts of total protein. In each gel,
a single lane of respective kidney homogenate (control or

CsA-treated) was applied to aid in identification of immuno-
reactive isoform spots.

Figure 4. This representative silver stain of 2D GELS shows the
isoforms of renin in kidney homogenate supernatant of

control (A) and CsA-treated (B) rats eluted from pepstatin

agarose. Samples of kidney homogenate supernatant con-
tam equal amounts of protein. Gels were silver-stained simu�
taneously.

I- 45K Dci

“-36K Do

R PR I I 3 5 8 8 WEEK
- + #{247}#{247}#{247}- CsA

Figure 5. This representative immunoblot of a 12.5% poly-

�- 45K Do acrylamide gel shows the changes in immunoreactive renin
in kidney homogenate of rats treated with CsA for 1 , 3, 5, and

8 wk. Corresponding samples of control kidney homoge-
- 36K Do nate for 1 and 8 wk are also shown along with standards of

partially purified rat-kidney renin (R) and recombinant pro-

renin (PR). Samples of kidney homogenate each contain

200 �g of total protein.

of kidney homogenate from control and CsA-treated
rats. Prorenin activity was also determined as a frac-

�‘-45K Do tion of total renin activity in trypsin-treated samples.

Positive correlations were found for both renin enzy-
36K Do matic activity and the ratio of renin to prorenin activ-

ities relative to the duration of treatment with CsA

(Figure 7A and 7C; P < 0.001 for both). The calculated

prorenin activity decreased significantly in kidney

homogenate of CsA-treated animals compared with

control (Figure 7B; P < 0.007), but this decrease was

fully evident at 7 days and did not decrease further in

the groups treated for longer periods with CsA.

DISCUSSION

This study demonstrates that an acidic isoform of

renin accumulates in kidneys of CsA-treated rats
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Figure 6. This scattergram illustrates the significant correlation

between the densitometric intensity of the band containing
the acidic renin isoform and duration of treatment with CsA.

The points In the graph represent relative densitometric

intensity of immunoreactive renin bands In three separate

samples of kidney homogenate. The intensities forthe bands
in control homogenate are shown at Week 0.

relative to the duration of treatment with CsA. Renin

enzymatic activity shows a similar increase relative to

duration ofCsA treatment. These findings expand and

support our previous observation that there Is In-

creased amount of renin in the renal microvascula-

ture of CsA-treated rats ( 1 1 ), and they also provide

new evidence that CsA may disturb the intracellular

processing of renin.

In recent studies, we have shown that treatment of

rats with CsA Is accompanied by changes in renal

mIcrovascular reactivity and in morphology, including

thickening of the afferent arteriole, an increase in the

ratio of afferent to efferent resistance and a decrease

in alferent arteriolar reactivity to infusion ofAlI (6.21).

These changes suggested the presence of an alteration

in the intrarenal renin angiotensin system in CsA-

treated rats. We confirmed this with observations that

there was an increase in intrarenal renin content and

in the distribution of immunoreactive renin protein in

the afferent arterioles of CsA-treated rat kidneys ( 1 1).

There was also a decrease in expression of mRNA for

the All receptor Type 1 . which may explain, in part.

the decreased vascular response to infusion of All

(22).

In the study presented here, CsA treatment was also

associated with a marked drop in renal prorenin

content during the period in which renin content was

increasing. This may reflect increased secretion of

prorenin in CsA-treated rats, a phenomenon that has
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been observed previously in rats and humans given

CsA (3). Alternatively, the change in prorenin content

may also arise from CsA-induced changes in the

conversion of prorenin Into renin.

Although immunoreactive renin protein was in-

S creased in the CsA-treated rat kidneys. the mRNA
message for renin was not increased nor was the

hybridization signal for renin mRNA found outside the

juxtaglomerular area in CsA-treated rats ( 1 1 ). This

observed difference in renin protein distribution inde-

pendent of renin mRNA message suggested the possi-
bility that the renin stored in CsA-treated kidneys

might have a different physicochemical nature, com-

r2 = 0.90 p<O.001 pared with renin stored in normal kidneys. The study

presented here demonstrates that an acidic (p1 5.2 ±

0.2) form of renin with an estimated molecular weight

(32 to 36 kd) is found in substantially greater amounts

in kidneys of CsA-treated rats compared with con-

trols. The amount of acidic isoform present strongly

correlates with duration of CsA treatment, as does the

increase in renin enzymatic activity in rat kidney

homogenate. Although it was not possible to measure

directly the enzymatic activity of the acidic renin

isoform, the parallel increases with CsA treatment

duration of both immunoreactive acidic renin isoform

content and renin enzymatic activity suggests that

this isoform may have enzymatic activity.

Renin isoforms (p1 4.8 to 5.9) have been identified by

other investigators on the basis of either difference In
isoelectric point ( 15,24) or difference in glycosylation

(23,25). A recent study shows that glycosybated forms

of renin can be further separated into six different

isoelectric forms, suggesting that glycoforms and iso-

forms of renin are closely related (25). There is a
growing body of evidence that the processing of renin

isoforms may have vasoregulatory significance. For

example, glycosylation appears to influence the clear-

ance of circulating renin, such that basic renin iso-

forms are cleared more rapidly than acidic isoforms

(23,25). Further, Opsahl et a!. ( 14) have demonstrated

that relatively basic renin isoforms are preferentially

stored and rapidly secreted by a regulatory pathway in

response to decreased renal perfusion pressure and

converting enzyme inhibition. In contrast, these in-

vestigators found that acidic renin isoforms normally

constitute only a minor component of stored renin,

and appear to be constitutiveby secreted at a rate that

is not significantly enhanced by stimulation (14).

In CsA-treated rats, the presence of an acidic iso-

form in kidney homogenate after 3 to 8 wk suggests

that, unlike normal kidneys, this acidic isoform may

be stored in significant amounts. The accumulation of

an acidic renin isoform in kidneys of CsA-treated rats
may reflect disturbances in several aspects of renin

processing. First, it is possible that CsA may retard

the constitutive secretion of acidic renin isoforms, as

CsA is known to blunt secretion of several glycopro-

teins, including renin and insulin (2). Second, CsA

may inhibit the normal pathways for intracellular

degradation ofacidic renin isoforms. Finally, CsA may
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disturb the intracellular folding, and trafficking of

renin, as a result of CsA binding to cyclophilins (16).

Cyclophilins are a family of cytoplasmic carrier pro-

teins that exhibit peptidyl-probyl cis-trans isomerase

activity and are involved in the folding of proline-

containing peptides and proteins ( 1 6). This rotamase

action is inhibited by the binding of CsA. Further-

more, boss of cyclophilin activity can impair cellular

protein processing and trafficking. For example, mu-

tations in a cycbophilin homobog found in Drosophila

photoreceptor cells leads to a significant reduction of

rhodopsin levels and an accumulation of rhodopsin in

the endoplasmic reticulum (26). Recently, cyclophilins

B and C have been identified in mammalian cells as

cyclosporine-binding proteins with an endoplasmic

reticulum retention signal (27,28). Further, it has

been shown that murine renal arcuate arteries and

proximal tubular cells contain substantial amounts of

cycbophibins A and C, and that CsA exposure increases

mRNA bevels for cycbophilin C in renal tubular cells

but not in vascular tissue (29). Thus, it is possible that

in binding to this class of cyclophilins in the kidney,

CsA may interfere with normal intracellular protein

processing, resulting in slow accumulation and stor-

age of renin as well as other proteins in rat microvas-

cular cells.

The pathophysiologic significance of the presence of

significant amounts of this acidic renin isoform and

the reduction in prorenin content in kidneys of CsA-

treated rats is unknown. If this renin isoform contin-

ues to accumulate in the granulated cells with chronic

CsA treatment, then its presence may play a role in

the structural changes and irreversible vascular in-

jury that develops in the distal afferent arteriole. It

may also contribute to the reversible systemic and

preglomerular vasoconstriction caused by CsA, and

the development of cortical interstitial fibrosis, which

has been shown to be All-dependent (30). Indeed, in

stroke-prone hypertensive rats, it has been observed

that there is an increase in acidic forms of renin,

which correlates with elevation of systolic blood pres-

sures in these animals (3 1 ). Furthermore, this strain

of rats also develops an age-related renal microangi-

opathy. Whether a similar association exists between

acidic renin isoforms and the development of CsA-
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induced hypertension and arteriobopathy remains to

be established.
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