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SUMMARY

It has been proposed that excessive intrarenal conversion of
cortisol to 6p-hydroxycortisol by CYP3A may mediate in-
creased tubular reabsorption of sodium, leading to a state of
mild volume expansion and the clinical phenotype of salt-sen-
sitive hypertension. Therefore, we characterized CYP3A activity
in a bank of microsomes from human kidneys using the forma-
tion of 1'-hydroxymidazolam (1'-OHM) as a prototypical
CYP3A-catalyzed reaction. Maximal rates of metabolite forma-
tion occurred at midazolam concentrations of 12.5-50 um;
higher concentrations resulted in dramatic substrate inhibition.
At 12.5 um midazolam, 4 of 27 kidneys exhibited relatively high
mean * standard deviation 1'-OHM formation rate (184.0 +
14.4 pmol/hr/mg) compared with the remaining 23 samples,
which had a mean formation rate of (10.1 *+ 6.4 pmol/hr/mg).
Triacetyloleandomycin and anti-CYP3A antibody inhibited mi-
dazolam hydroxylation by 53% and 57%, respectively. The
correlation between CYP3A5 content, determined through im-

munoblotting, and 1’-OHM formation rate was high (> = 0.84,
24 experiments). The expressions of mRNA corresponding to
CYP3A3, CYP3A4, CYP3AS5, and CYP3A7 were determined
through polymerase chain reaction with specific oligonucleo-
tides as primers. All kidneys examined (25 experiments) ex-
pressed CYP3AS5 protein and contained the corresponding
CYP3A5 mRNA. CYP3A4 mRNA was detected in 40% of the
kidney samples, and 70% of those that contained detectable
CYP3A4 mRNA also expressed detectable levels of the corre-
sponding protein. Therefore, in contrast to hepatic tissue, in
which CYP3A4 is universally expressed, CYP3AS is the ubig-
uitously expressed member of the CYP3A family in renal tissue.
The distribution of enzyme activity and protein content sug-
gests bimodality and may represent induction of CYP3AS in a
select population and/or a genetically determined organ-spe-
cific pattern of expression.

Intrarenally produced products generated by CYP seem to
play a role in integrated renal function by altering ion trans-
port and regional vasoactivity. The intrarenally CYP-gener-
ated products of arachidonic acid, derived primarily from
enzymes in the CYP2C and CYP4A subfamilies, have been
well characterized with respect to these activities (1). It has
been previously noted in a small number of immunoblotted
human kidney microsomal samples that CYP3A5 was ex-
pressed in five of seven samples, whereas CYP3A4 was ex-
pressed in only 14% of samples (2). Based on immunohisto-
chemical studies of the human kidney, CYP3A seems to be
located in the proximal tubule, thin limb of Henle, the corti-
cal collecting ducts, and the cells lining the renal pelvis (3).

This work was supported in part by a Department of Veterans Affairs
fellowship (B.D.H.) and by National Institutes of Health Grants T32-GM08425
and PO1-ES04238.

However, the role of CYP3A in renal physiology and/or patho-
physiology has been less well characterized than that of
CYP2C and CYP4A. It has been established that both human
CYP3A4 (4) and CYP3A5 (5) catalyze the conversion of cor-
tisol to its 6B-hydroxy metabolite. Consequently, a patho-
physiological role of renal CYP3A has been suggested to
occur as a result of excessive intrarenal conversion of cortisol
to 68-OHC. Increased levels of 68-OHC in the renal tubule
may mediate enhanced sodium reabsorption via a unique
nuclear receptor, which, in turn, could result in a clinical
picture of salt-sensitive hypertension (6—8). Cushing’s syn-
drome, estrogen administration, and preeclampsia are hu-
man conditions that are associated with both hypertension
and excessive urinary excretion of 68-OHC. In addition, salt-
sensitive African-Americans with hypertension also may
have increased urinary 6B8-OHC/cortisol ratios (8).

From studies with SHR, increased levels of renal CYP3A

ABBREVIATIONS: CYP, cytochrome P450; SHR, spontaneously hypertensive rats; 68-OHC, 6B-hydroxycortisol; MDZ, midazolam; 1'-OHM,
1’-hydroxymidazolam; 4-OHM, 4-hydroxymidazolam; PCR, polymerase chain reaction; IUK, IU kidney; NTV, normal test variable; HL-A, human
hepatic microsomes with CYP3A4; HL-E, human hepatic microsomes with CYP3A4 and CYP3A5; HPLC, high performance liquid chromatogra-

phy.
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have been linked with increased production of 6B-hydroxy-
corticosterone (rat endogenous glucocorticoid) and systemic
hypertension (9). The SHR exhibit a 6-fold increase in renal
CYP, systemic hypertension, and increased urinary excretion
of 6B-hydroxycorticosterone relative to normotensive Wistar-
Kyoto rats (9, 10). The nonspecific destruction of renal CYP
with stannous chloride (11) and the more specific inhibition
of CYP3A with triacetyloleandomycin resulted in decreased
6B-hydroxycorticosterone excretion and significantly lower
blood pressure in SHR (9). This animal model therefore pro-
vides a direct link among increased intrarenal levels of
CYP3A, hypertension, and the increased formation of 63-
hydroxycorticosterone. Therefore, in view of the putative im-
portance of renal CYP3A, we set out to characterize the
variability of CYP3A catalytic activity in a large group of
human renal microsomes with MDZ as a prototypical CYP3A
substrate and to examine the variability of CYP3A protein
expression through immunoblot analysis. We used CYP-spe-
cific PCR to detect the presence of CYP3A mRNA message in
the corresponding human renal tissue.

Materials and Methods

Tissue samples. After approval by the Institutional Review
Board of Indiana University Hospital, human renal tissue was ob-
tained from patients undergoing total or partial nephrectomy pri-
marily for renal cell carcinoma, transitional carcinoma, or testicular
carcinoma. Two organs were harvested donor kidneys that were not
transplanted. Tissue was rinsed in phosphate-buffered saline within
60-90 min of surgical removal, cut into 0.5-cm cubes, frozen in liquid
nitrogen, and stored at —70°. Twenty-nine kidney samples were
obtained, of which 24 had normal cortex/medulla, whereas 5 had
moderate to severe cortical thinning, scarring, or both. The age of the
population ranged from 14 to 79 years, with a median age of 46.

Microsome preparation. Frozen human renal tissue was ho-
mogenized in 0.05 M Tris-HCI, pH 7.4, containing 0.15 M potassium
chloride, 1 mM EDTA, 1 mM dithiothreitol, and 0.1 mM phenylmeth-
ylsulfonyl fluoride, and microsomes were prepared with the use of
differential centrifugation as described previously (12). The 100,000
X g pellet (microsomal fraction) was resuspended in 0.1 M tetrapo-
tassium pyrophosphate, pH 7.4, with 0.15 M potassium chloride, 1
mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride and
washed in a second 100,000 X g centrifugation. The pellet was
resuspended in a final buffer consisting of 100 mM sodium phosphate
buffer, pH 7.4, containing 1 mM EDTA, 20% glycerol, and 1 mM
dithiothreitol and stored at —70°. Final microsomal protein concen-
trations, determined according to the Lowry method (13), ranged
from 7 to 50 pg/ul.

Microsomal incubations. MDZ required purification before use
as a microsomal substrate because small amounts of 1'-OHM and
4-OHM were present in the unpurified material. Purification was
effected through HPLC with a semipreparative C-18 column (5 um X
10 mm X 250 cm Ultrasphere; Beckman Instruments, Palo Alto, CA),
a mobile phase consisting of methanol/potassium phosphate (100
mM, pH 7.4)/tetrahydrofuran (60:38:2) eluted at a rate of 3 mI/min,
and detected with ultraviolet absorbance at 230 nm. The well-re-
solved peak corresponding to MDZ, which eluted at 15 min, was
collected, evaporated, and reconstituted with methanol, and the con-
centration was determined spectrophotometrically through UV ab-
sorbance.

Microsomal incubations were performed in duplicate as described
previously (14) and contained a final concentration of 100 mM sodium
phosphate, pH 7.4, 5 mM isocitrate, 0.1 mM EDTA, isocitrate dehy-
drogenase (1 unit), and 1.0 mg of human kidney microsomal protein
in a total reaction volume of 800 ul. To initiate the reaction, 1 mMm
NADPH with 5 mM magnesium chloride was added to the system,
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which was then incubated for 1 hr at 37°. The reaction was termi-
nated by adding 100 ul of 0.3 M barium hydroxide, 100 ul of 0.3 M zinc
sulfate, 400 ul of ice-cold ethyl acetate, and 200 ul of N;-1'-OHM
(stable isotope) (internal standard). The rate of 1’-OHM formation
was linear with time up to 2 hr under these conditions. Control
incubations were identical to those above except that the incubation
time was zero or microsomal protein was omitted. Potential inhibi-
tion by triacetyloleandomycin was examined at 100 uM and preincu-
bated for 30 min with NADPH, followed by the addition of 12.5 uM
MDZ. Inhibition with antibody was examined with a rabbit anti-
CYP3A4 antibody that has previously shown to be inhibitory and to
recognize only CYP3A proteins (15). The volume of antibody used
was based on relative catalytic activity compared with the volumes
used to inhibit hepatic microsomal CYP3A activity; volumes of 0.5,
1.0, and 10 ul of the antisera were used. Anti-CYP3A antibody or
preimmune serum was preincubated with microsomal protein for 30
min, after which NADPH, magnesium chloride, and 12.5 um MDZ
were added as described above.

MDZ metabolite analysis. Microsomal incubation mixtures and
quality controls (3—100 ng of metabolite plus rat kidney homogenate
but no NADPH) were extracted twice with 2.5 ml of ethyl acetate,
and the organic layer was decanted, dried under nitrogen, and re-
constituted with 75 ul of mobile phase (vide infra). The peaks corre-
sponding to 1'-OHM and 4-OHM were collected from an HPLC
equipped with a C-18 column (5 um X 2.6 mm X 25 cm, Ultrasphere,
Beckman Instruments) and eluted with the mobile phase methanol/
potassium phosphate (100 mM pH 7.4)/tetrahydrofuran (52:46:2)
flowing at 1 ml/min. The collected peaks were partially dried in a
rotary evaporator and extracted twice with 3 ml ethyl acetate, and
the organic layer was decanted. The organic phase was then evapo-
rated to dryness under nitrogen. The samples were then reconsti-
tuted with 150 pl of methanol, placed into gas chromatography-mass
spectrometry vials, and reconcentrated in a rotary evaporator. These
sample residues were derivatized in 20-100 ul of N-methyl-N-trim-
ethyl-silyl-trifluoroacetamide (Pierce, Rockford, IL) by heating to 70°
for 15 min and then injected onto a Hewlett Packard 5971A gas
chromatography-mass spectrometry. The gas chromatography col-
umn was an HP-1 (25 m X 0.2 mm X 0.33 um film thickness; Hewlett
Packard, Avondale, PA) held at 75° for 1 min and increasing to 280°
at a rate of 15°/min with helium as carrier gas at 130 kPa head
pressure. The injection port temperature was 280°, and the detector
line was set at 310°. Electron impact (70 eV) ionization and selective
ion monitoring were used to quantify 1’-OHM at m/z 310, 4-OHM at
m/z 398, and '°N,; 1'-OHM at m/z 403. The retention times were
17.9 and 17.6 min for 1’-OHM and 4-OHM, respectively. Peak height
ratios were used for quantification. Metabolite standard curves (2—
100 ng) and quality controls were run with each set of samples. A
baseline level of metabolite was seen even when HPLC-purified MDZ
was injected directly onto the gas chromatography-mass spectrome-
try. To account for this, microsomal blanks (reaction mixture minus
the microsomal protein) were run in parallel with each set of micro-
somal samples. The subsequent peak-to-height ratios were sub-
tracted from the ratios of the sample metabolite formation determi-
nation. For the kidneys with the higher activities, the blank amounts
accounted for <2% of the total peak-to-height ratio of formation. For
the kidneys with lower activity, however, the blanks accounted for as
much as 15-20% of detected metabolite. The quality controls fell
within 10-17% of expected values for 1’-OHM, and the limit of
detection was ~500 pg.

Immunoblotting. Kidney microsomal protein (0.6-100 ug) was
loaded onto a 10% sodium dodecyl sulfate-polyacrylamide gel (16 X
20 cm/0.75 mm width) with a 4.5% stacking gel and electrophoresed
for 3.5 hr at a constant current of 22 mA/gel, as described previously
(5). HL-A and HL-E were used as controls. The samples were trans-
ferred to nitrocellulose with a 40% methanol/Tris/glycine blotting
buffer at a constant current of 450 mA for 4 hr. The nitrocellulose
blots were developed with a primary murine anti-human CYP3A4
antibody (also detects CYP3AS5) in a 1:1000 dilution, followed by a
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secondary murine antibody in a 1:2500 dilution with the enhanced
chemiluminescence system (ECL, Amersham, Arlington Heights,
IL). The anti-CYP3A4 antibody has been determined previously to be
specific for CYP3A proteins under these conditions (5, 16). The rabbit
anti-CYP3A5 primary antibody, previously determined to be selec-
tive in the detection of CYP3AS5 (5), was used in a dilution of 1:500
and developed as described (vide supra). Relative density differences
were determined with a model GS-670 Imaging Densitometer (Bio-
Rad, Hercules, CA).

To take into account the nonlinearity and the variability of signal
seen with the chemiluminescence system of development, immuno-
quantification was carried out with 39 ng of control HL-A in every
second or third lane. In alternate lanes and in duplicate, a predeter-
mined amount of each kidney microsomal sample was loaded onto
the gel. Previous dilution blotting of each of the kidney samples was
carried out to determine a protein amount that fell within the linear
range of the film development capacity. To account for the variability
of signal and linearity across the gel, ratios of the relative density of
the kidney lane compared with the relative density of the control
liver in the closest adjacent lane were measured and normalized to 1
pg of kidney microsomal protein. Duplicate values were averaged,
and the experiment was repeated twice.

mRNA analysis. Frozen kidney samples (~150 ug) were placed
into a denaturing solution (guanidinium thiocyanate, sodium lauryl
sarcosinate, 2-mercaptoethanol), homogenized, and stored at —80°.
The samples were thawed rapidly at 65°, and the following reagents
were added sequentially: 30 ul of 2 M sodium acetate, pH 4.0, 300 ul
of phenol saturated with diethylpyrocarbonate-treated water, and 60
ul of chloroform/isoamyl alcohol (49:1 v/v). This mixture underwent
a series of differential centrifugations and denaturations to obtain an
RNA pellet, which was then dissolved in diethylpyrocarbonate-
treated water. The RNA content was measured spectrophotometri-
cally as described previously (17).

cDNA was prepared according to previously described methods
(16) with the following changes. Five microliters of reverse-tran-
scriptase buffer (500 mM Tris, pH 8.3, 500 mM potassium chloride, 80
mM magnesium chloride, 100 mM dithiothreitol) and 6 ul of oligonu-
cleotide dTT12-18 (Pharmacia, Piscataway, NJ) were added to 1 ug
of kidney mRNA; the mixture was incubated to 65° for 3 min and
then cooled slowly to 41°. One microliter of 25 mM dNTP and 1 ul of
reverse transcriptase (Seikagaku, America Inc., Rockville, MD) were
added, and the mixture was incubated at 41° for 1 hr, cooled, and
stored at —80°.

For amplification, 1 ul of the prepared cDNA was added to 2.5 ul
of 1 mM dNTP; 35 ul of PCR buffer (400 mM KCl, 0.1% gelatin); 2.5
ul of Taq polymerase (Perkin-Elmer, Norwalk, CT); 15.0 ul of dieth-
ylpyrocarbonate-treated water; 1.0 ul of magnesium chloride; 1.0 ul
of antisense synthetic 30-mer 12.5 pM primer specific for CYP3A3,
CYP3A4, CYP3A5, and CYP3A7; and 1.0 ul of 12.5 pM sense 30-mer
oligonucleotide primer (16). Samples were amplified with a Perkin-
Elmer DNA thermal cycler for 2545 cycles using a 45-sec denatur-
ation step (95° for 60 sec) and extension for 75 sec at 65° with
annealing. The final extension was at 65° for 10 min, after which
samples were cooled and stored at 4° until electrophoresis. The
reaction mixture (20 ul) was loaded onto a 1.8% metaphor/ethidium
gel, and electrophoresis was carried out under constant voltage con-
ditions at 65 V for 60 min. Amplification of the appropriate segment
was confirmed through the visualization of a band of appropriate
length under UV light. All samples were run twice, with no differ-
ence noted. In addition, all samples that appeared to have a discrep-
ancy between CYP3A4 mRNA and protein detection (i.e., the pres-
ence of protein but not mRNA, or vice versa) were run a third time,
with no change in results (16).

Statistical analysis. To examine the enzyme activity and content
of human kidney microsomes for a unimodal-versus-bimodal distri-
bution within the sample population, the NTV procedure was used as
described by Endrenyi and Patel (18). Confidence intervals were
calculated according to conventional procedures.

Results

The CYP3A activity of human kidney microsomes was
determined with MDZ, a well-known CYP3A4/5 substrate,
through the measurement 1'-OHM formation. The depen-
dence of MDZ hydroxylation rate on substrate concentration
was examined for three kidneys over a range of 3.1-400 uM.
The three kidneys exhibited maximum velocities of 9.4 (IUK
9), 181.0 (IUK 6), and 261.0 (IUK 11) pmol/hr/mg protein at
substrate concentrations of 12.5-50 uMm (Fig. 1). At higher
substrate concentrations, metabolite formation rates de-
clined in each case, suggesting that substrate inhibition or
inactivation of the CYP3A was occurring (Fig. 1). In view of
the complexity of the metabolite formation patterns, Michae-
lis-Menten constants were not estimated, and all subsequent
activities were determined at a substrate concentration of
12.5 uM. The rate of 1'-OHM formation at 12.5 uM substrate
concentration was determined for 27 kidney microsomal
samples (Table 1 and Fig. 2) and examined for the potential
presence of a nonunimodal distribution according to the NTV
procedure as described previously (18).

Significantly negative NTV values (NTV <0.03) are con-
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Fig. 1. A, Dependence of 1'-OHM formation rate on substrate con-
centration. Depicted are IUK 11 and IUK 6, which have relatively high
activity. B, Dependence of 1'-OHM formation rate on substrate con-
centration. Depicted is IUK 8, which has relatively low activity.
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TABLE 1
1’0OHM formation rate, CYP3A protein content, and CYP3A mRNA content in human kidney
1UK No. 1’-0HM formation ?,m C':;auf (;',ro?:: c':m Portion of kidney* Portion of kidney*
pmol/hr/mg protein microsomes RNA
1 4.6 + + Whole Whole
2 4.8 + + Whole Whole
3 1.5° + + Whole Whole
4 1.9 + + + Whole Whole
5 5.6 + + + Whole Whole
6 190.6 ++++ + Cortex Medulla
7 .70 + + Whole Whole
8 3.3 + + + Cortex Medulla
9 169.5 ++++ + + Cortex Cortex
10 25 + + + + Whole Whole
11 201.0 ++++ + + Whole Whole
12 ND ND + ND + ND Whole
13 9.4 + + + Whole Whole
14 8.5 + + + Whole Whole
15 9.5 + + Cortex Medulla
16 13.3 + + Cortex Cortex
17 ND ND + ND ND Whole
18 10.9 + + + + Cortex Cortex
19 219 + ND ND Whole ND
20 8.7 + + + Cortex Cortex
21 144 + + + + Medulla Cortex
22 18.8 + + + + Cortex Medulla
23 8.9 + + + Cortex Cortex
24 10.2 + ND + ND Cortex ND
25 226 + + + + Cortex Medulla
26 211 + + + Cortex Medulla
27 13.0 + + + + Whole Whole
28 175.2 +4+++ + Cortex Cortex
29 1.7 + + + Cortex Cortex

ND, not determined.

2 Whole includes portions of medulla and cortex; cortex includes portion of cortex only; and medulla includes portions of medulla only.

© 1.5 lowest limit of detection 500 pg/800-p reaction volume.
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Fig. 2. A, Distribution of 1’-OHM formation rate (pmol/hr/mg) (27 sam-
ples). B, immunoquantified CYP3AS5 content (24 samples) in human
kidney microsomes. Enzyme content is expressed as absorbance of
kidney sample (normalized to 1 ng of microsomal protein) relative to
liver (HL-A). The x-axis in both figures are numbered so that the labeled
value represents the midpoint of the range of log values for a particular
number of kidneys.

sidered diagnostic of distinct modes, and the minimum value
of NTV corresponds to the antimode. The 1'-OHM formation
rates exhibited a minimum NTV value of —0.08, correspond-
ing to IUK 9 (Table 1). The latter is consistent with a bimodal

distribution of catalytic activities in which the antimode cor-
responds to a 1'-OHM formation rate of 169.5 pmol/hr/mg
(2.2 on log scale), suggesting that the four samples with the
highest activity (IUK 6, 9, 11, and 28) constitute a distinct
population (Table 1 and Fig. 2). The four high-activity sam-
ples had a mean formation rate (+ standard deviation) of
184.0 += 14.1 pmol/hr/mg microsomal protein compared with
10.1 * 6.4 pmol/hr/mg for the remaining 23 samples. The
high-activity group (four samples) had a mean formation rate
that fell well outside the 99.9% confidence interval of the
mean low-activity formation rate (23 samples), which ranged
from 5.7 to 14.5 pmol/hr/mg.

In the four kidneys with the greatest activity, the forma-
tion of 4-OHM was also readily detected. For kidney samples
6, 9, 11, and 28, 4-OHM formation rates of 33.3, 38.1, 43.3,
and 17.4 pmol/hr/mg, respectively, were obtained. Mean in-
hibition of IUK 6 and 28 was 53% and 57% when kidney
microsomes were incubated with 100 uM triacetyloleandomy-
cin and with 10 ul of inhibitory CYP3A antibody, respec-
tively, as described in Materials and Methods.

The bimodal distribution of activity was not observed for
either sulindac sulfide oxidation to R-sulindac sulfoxide or
the methylhydroxylation of tolbutamide.! These are medi-
ated by flavin-dependent monooxygenases and CYP2C8/9,
respectively. The mean rate of R-sulindac sulfoxide forma-
tion (* standard deviation) was 333.0 + 145.0 pmol/mg/min
protein in the high activity kidney samples and 235.0 + 97.2

1 M. A. Hamman and S. D. Hall, unpublished observations.
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pmol/min/mg in the low-activity kidney samples. The rates of
hydroxytolbutamide formation (+ standard deviation) were
0.4 = 0.1 pmol/min/mg protein and 0.4 * 0.4 pmol/min/mg of
protein for the high- and low-activity samples, respectively.
These two microsomal activities represent distinct enzymes
from CYP3A and clearly do not exhibit the bimodal charac-
teristics, as does the 1’-OHM formation rate.

With the use of murine monoclonal anti-CYP3A IgG, 27
kidney microsomal samples and liver samples HL-A and
HL-E were examined for CYP3A content. All 27 kidney sam-
ples contained an immunochemically detected protein that
comigrated with CYP3AS5 protein. A fainter band that comi-
grated with the liver CYP3A4 band was found in 14 samples,
which may represent a small amount of CYP3A4 but also
may represent a breakdown product of CYP3A5 (Fig. 3). A
third, lower-molecular-weight band was seen in selected kid-
ney samples (Fig. 3, IUK 29) when large amounts of kidney
microsomal protein were loaded. This band disappeared as
smaller quantities of microsomal protein were loaded. This
probably is not a CYP3A5 breakdown product, but it may
represent a kidney-specific protein that cross-reacts with the
CYP3A4 antibody. Specific anti-CYP3A5 antibody used as
described in Materials and Methods (data not shown) de-
tected protein that comigrated with CYP3A5 protein only in
the kidneys with the highest relative activity and protein
content, indicating a loss of sensitivity with the anti-CYP3A5
antibody purification process compared with the less-specific
murine CYP3A antibody, which detects both CYP3A4 and
CYP3AS5.

The kidneys with the highest catalytic activity also had a
=10-fold CYP3A5 content relative to the 23 remaining sam-
ples. The relative mean content (+ standard deviation) of
CYP3AS5 expressed as absorbance of kidney sample (normal-
ized to 1 ug of microsomal protein) relative to liver HL-A was
2.2 * 1.0 for the kidneys with the high protein content (four
samples) and 0.08 * 0.08 for the kidneys with low protein
content (20 samples). The high protein-content group (four
samples) had a relative mean content that fell well outside
the 99.9% confidence interval of the mean content of the
group with the low protein content (20 samples), which
ranged from 0.02 to 0.1. When the relative CYP3A5 protein
content was compared with the ratio of 1'OHM formation in
this bank of kidney microsomes, a high correlation coefficient
was obtained (- = 0.84; Fig. 4). This value may be falsely
high due to the discontinuous data distribution. This is illus-
trated by the separate analysis of the low- and high-activity
samples, which reveals no correlation between protein and
activity data in the low-activity kidneys and r = 0.65 for the
high-activity kidneys. It is, therefore, a possibility that some
of the activity seen is not due to CYP3A5 or, more likely, that

1234 567 89 1041124314 .,

e g e A \(CYP3AS)
51 kDa
IUK 16 18 19 20 21 22 23 24 25 2629 (CYP3A4)
HL E A E

Fig. 3. CYP3A4 and CYP3A5 contents of human kidney microsomes
were resolved with the use of sodium dodecy! sulfate-polyacrylamide
gel electrophoresis (10%), transfered to nitrocellulose, and immunob-
lotted with murine monoclonal anti-CYP3A IgG. HL-E contains CYP3A4
and CYP3A5 (31 ng of microsomal protein); HL-A contains only
CYP3A4 (39 ng). IUK lanes contain 100 ug of microsomal protein. Top
numbers, lane of the gel; bottom numbers, kidney sample.
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Fig. 4. Correlation of 1'-OHM formation rate (24 samples) and relative
immunoquantified CYP3A5 content where r = 0.92 and 2 = 0.84.
Enzyme content is expressed as absorbance of kidney sample (nor-
malized to 1 ug of microsomal protein) relative to HL-A.

this reflects a high degree of variability of response (in cata-
lytic activity and immunodetection) near the lower limits of
detection. As described above, the NTV procedure was also
used to examine the distribution of relative CYP3A5 content
in the bank of kidney microsomes (18). A NTV value of —0.06
corresponded to IUK 28, suggesting a bimodal distribution of
CYP3A5 content and an antimode of 0.81 relative absorbance
(—0.09 on log scale). Four samples (IUK 6, 11, 9, and 28)
therefore constitute a distinct population with respect to both
catalytic activity and relative CYP3A5 content (Table 1 and
Fig. 2). It is important to note that there was no apparent
relationship between catalytic activity and kidney donor
characteristics, such as age, sex, renal function, significant
past medical history, tumor size and characteristics, or drug
therapy. Total content of CYP3A5/mg of kidney microsomal
protein was 100-1000-fold less of than that CYP3A4 found in
hepatic microsomal protein (Fig. 5). This corresponded to a
=100-fold difference in ability for kidney versus hepatic mi-
crosomal protein to form 1'-OHM. For example, at 6.25 uM
MD2Z, a bank of 18 human liver microsomal samples had a
mean activity (= standard deviation) (1'OHM formation) of
348.0 * 334.0 pmol/min/mg protein (14) compared with the
mean activity of the four kidneys with the highest activity
(3.1 pmol/min/mg protein) and the 23 kidneys with the mean
lowest activity (0.2 pmol/min/mg protein).

The mRNA expression was characterized with the use
of DNA oligonucleotides specific for CYP3A3, CYP3A4,
CYP3AS5, and CYP3A7, as well as control oligonucleotides,

123 45 6 7 8 910 11

e ?év"u'»"m)
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31ng 39ng 31ng (CYP3A4)
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2.00.50.25 0.08 8.0201.008
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Fig. 5. Comparison of human liver and kidney microsomal protein
contents of CYP3A4 and CYP3AS with the use of Western blotting.
Proteins were resolved through sodium dodecy! sulfate-polyacrylamide
gel electrophoresis (10%), transfered to nitrocellulose, and immunob-
lotted with murine monoclonal anti-CYP3A IgG. HL-E contains CYP3A4
and CYP3A5 (31 ng of microsomal protein); HL-A contains only
CYP3A4 (39 ng). IUK 28 and IUK 6 have relatively high CYP3A contents.
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multidrug resistance-1 gene, and ubiquitin, with subsequent
cDNA preparation and PCR amplification (Fig. 6). All 27
samples contained CYP3A5 message, which corresponded to
the protein data obtained (Table 1). Only 25 of these had
corresponding CYP3A protein contents determined due to a
limited tissue supply of particular kidneys. Eleven of 27 (1 of
which was IUK 12, for which no protein data are available)
also contained message for CYP3A4 (Table 1). Seven of 10
samples containing CYP3A4 mRNA also had a band that
comigrated in immunoblot analysis with CYP3A4. The re-
maining 3 samples that contained CYP3A4 and CYP3A5
mRNA had a single detectable 52-kDa band indicating the
expression of CYP3A5 alone or the expression of CYP3A4
below the limit of detection. Also of note were seven kidneys
that contained only the CYP3A5 message but expressed a
protein that comigrated with the CYP3A4 in hepatic micro-
somes. It is possible that in these samples the detected band
is a degradation product of CYP3A5. There was no obvious
correlation between the source of microsomes, e.g., cortex or
medulla, and the presence or absence of CYP3A4 message.
Interestingly, one kidney contained mRNA corresponding to
CYP3A7, the fetal form of CYP3A, but a 51.5-kDa protein
band migrating in between the 51-kDa and the 52-kDa pro-
teins was not identified in this kidney sample. CYP3A3
mRNA was not detected in any of the samples. The multidrug
resistance sequence was determined to be a more consistent
control and was detected in all kidney samples except IUK 6
and IUK 14, whereas ubiquitin was detected only sporadi-
cally.

Discussion

CYP3A4 is known to be a major drug-metabolizing enzyme
in human liver (14) and gut (16) and is also known to be
involved in the metabolism of endogenous steroids, such as
cortisol, progesterone, and testosterone (19). Some renal
CYPs, such as CYP2C and CYP4A, are relatively well char-
acterized and are involved in generating arachidonic acid
metabolites, which are vasoactive and alter renal tubular ion
transport (20, 21). It is likely that one or more renal CYP3A
enzymes also play a role in salt and water balance (8, 9).

:
o
Fig. 6. PCR products obtained from cDNA samples prepared from the
kidney samples with intestine run as control. Synthetic oligonucleotide
primers complementary to hypervariable regions of the CYP3A cDNAs
(described in Materials and Methods) were used to amplify fragments of
CYP3A3, CYP3A4, CYP3A5, and CYP3A7 cDNA. Multidrug resis-
tance-1 gene (MDR1) and ubiquitin cDNA were used as controls. These
were then run on 1.8% metaphor/ethidium gel and visualized under UV
light (described in previous methods).

Control
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1UK5
IUK4
1UK2
IUK1

CYP3A4
CYP3AS
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MDR1
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CYP3A has been located in both areas of high-volume water
and solute transport, such as the proximal tubule, and areas
of fine tuning, such as the cortical collecting ducts (3). It is
clear that CYP3A4 (4) and CYP3AS5 (5) catalyze the conver-
sion of cortisol to 68-OHC and that several tissues are capa-
ble of effecting this biotransformation, including the liver,
kidney, adrenal cortex, and gut. The relative contribution of
these organs to total body cortisol hydroxylation, however, is
unclear (16, 22). It is unlikely that the normal adrenal gland
contributes significantly to the total production of 68-OHC
(22-24). Gut CYP3A may be capable of metabolizing cortisol
to 68-OHC, but probably only exogenously, orally adminis-
tered cortisol has sufficiently high exposure to the luminal
gut epithelium to provide a significant contribution to total
urinary 6B8-OHC excretion. Therefore, it has been generally
accepted that the liver plays a major role in producing 68-
OHC in view of its high CYP3A4 content. The urinary 68-
OHCl/cortisol ratio has been used as a marker of hepatic
CYP3A activity (25) and is increased by typical CYP3A4
inducers, such as rifampin (26, 27). However, there is an
absence of correlation between the urinary cortisol ratio and
other indices of hepatic CYP3A, such as the erythromycin
breath test, which suggests that organs other than the liver
(the kidney in particular) may contribute to the overall uri-
nary excretion of 68-OHC (28, 29). The latter is consistent
with the observation that during the anhepatic phase of liver
transplantation, 6B8-OHC/cortisol urinary ratios initially
dropped, consistent with the half-life of cortisol (30), but
plateaued for the final 90 min, during which the patient was
without a liver (28). Therefore, this strongly suggests that in
addition to the production of 63-OHC by the liver, a portion
is a nonhepatically derived and contributes substantially to
the total amount of 68-OHC recovered in the urine.

The significance of renal 6B-hydroxylation of corticoste-
roids in Na™ transport has been illustrated with Ag cultured
toad renal epithelial cells, which respond the to additions of
6B-hydroxycorticosterone and 68-OHC with a stimulation of
transepithelial sodium transport via a unique type IV nu-
clear receptor (6, 7, 31). There also is evidence of a receptor of
this type in mammals; rats treated with 68-hydroxycortico-
sterone experienced sodium retention (32). An analogy to this
in humans is that sodium retention produced by stress doses
of cortisol cannot be completely reversed with mineralocorti-
coid and glucocorticoid antagonists, which are known to act
at distinct receptor loci (2, 33).

In the current study, we characterized the CYP3A activity,
protein, and mRNA content in human kidneys as a first step
in understanding the potential physiological significance of
this CYP subfamily in the kidney. The catalytic activity of
renal CYP3A was quantified as the rate of formation of
1’-OHM, the primary human metabolite of MDZ (14). For
kidneys with the highest activity, the rate of 1’-OHM forma-
tion (four samples; 184.0 = 14.4 pmolhr/mg or 3.1 pmol/
min/mg microsomal protein at 12.5 um MDZ) was substan-
tially lower than that seen in hepatic microsomes (14
samples; 348.0 *+ 334.0 pmol/min/mg at 6.25 uM and 495.0 *
508.0 pmol/min/mg at 400 uM) (14). This substantial activity
difference in catalytic activity corresponds to the 100-1000-
fold difference in relative CYP3A protein content of hepatic
versus kidney microsomes. The substantially lower CYP3A
activity seen in the renal microsomal preparations would be
consistent with a discrete localization of these enzymes in the

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet

58  Haehner et al.

nephron (vide supra). In particular, areas with a high CYP3A
content, such as the proximal tubule and cortical collecting
ducts (3), represent a small fraction of total kidney protein,
and therefore on a per-cell basis, these cells could contain a
specific CYP3A content comparable to that of the hepatocyte.

It is important to point out that the predominant isoforms
in the kidney and liver differ, which makes direct comparison
of the individual isoforms (CYP3A4 and CYP3AS5) in each
organ difficult. Relative immunoquantified amounts of
CYP3A4/5 have been previously determined to be 3:1 in
human liver in those that express both isoforms (5). There-
fore, 75% of the immunodetected CYP3A in the liver repre-
sents CYP3AAJ. It is not possible to strictly quantify CYP3A4
in the human kidney. The CYP3A4 is neither well resolved or
quantifiable by available methods. It is clear, however, that
CYP3AS5 is the predominant CYP3A in the kidney; it proba-
bly represents >75% of the total CYP3A content in the hu-
man kidney. Therefore, when comparing total CYP3A con-
tent/activity of liver to kidney, hepatic CYP3A4 versus renal
CYP3AS5 represents a comparison of at least 75% of the total
CYP3A content in each organ.

The maximum velocity of MDZ hydroxylation observed in
the study kidney microsomes does not represent a true V..
because significant substrate inhibition was seen at sub-
strate concentrations of >12.5-25 uM (Fig. 1). This behavior
has also been noted in hepatic microsomes with MDZ as a
substrate (14, 34), but to a variable and generally lesser
degree. Of note, however, is that in our study, purified, re-
constituted CYP3A5 and CYP3A4 exhibit simple hyperbolic
kinetics with no evidence of substrate inhibition (14). Sub-
strate inhibition seems to be more substantial and variable
in kidney than in liver microsomes, which may reflect a
different milieu of lipids and proteins found in kidney versus
liver microsomes. Whether this substrate inhibition repre-
sents a tissue-selective, allosterically mediated regulation of
CYP3A or inactivation of the active site by the substrate is
unclear. The latter is unlikely given that the same inhibition
pattern is observed in those kidneys with very low rates of
metabolism as well as those with high activity and that
metabolite formation was linear for 2 hr. If the assumption is
made that the rate of 1'-hydroxylation at 12.5-25 uM approx-
imates V_,, in kidney microsomes, then the K,, would be
~6.25 uM, which is consistent with the 2-12 uM range for K,
noted in hepatic microsomes (14).

CYP3A4 is universally expressed in human liver, whereas
CYP3A5 is expressed in only ~20% of individuals (5). In
contrast, Schuetz et al. (2) noted that in a small number of
human kidney microsomal samples, CYP3A5 was highly ex-
pressed in five of seven samples, whereas CYP3A4 was ex-
pressed in only 14% of samples. Qur data confirm this gen-
eral pattern of expression, but importantly, we demonstrated
that CYP3A5 and the corresponding mRNA were detected in
all 25 kidneys examined (Table 1). In addition, CYP3A4
mRNA was detectable in 11 of 27 kidneys (40%), and 70% of
these revealed a protein band that comigrated with CYP3A4
on immunoblot. This general concordance between our
mRNA and protein data indicates that the protein bands that
we identified as CYP3A4 and CYP3AS5 in kidney microsomes
are highly similar, if not identical to, those previously char-
acterized in human liver. Schuetz et al. also provided prelim-
inary evidence that renal cortex contained 1.5 times the
amount of CYP found in the medulla. We found no consistent

differences in CYP3A5 content, activity, or mRNA content
among these regions. Given the detection of CYP3A proteins
in the proximal tubules, cortical collecting ducts, thin limb of
Henle, and the cells lining the renal pelvis, a uniform distri-
bution of CYP3A5 throughout the cortex and medulla is not
unexpected (3).

We previously demonstrated that unlike most substrates,
MDZ 1'-hydroxylation is catalyzed more efficiently by puri-
fied, reconstituted CYP3AS5 than by CYP3A4; the 1'-OHM/4-
OHM formation ratios were 10.3 and 3.6, respectively, at a
substrate concentration of 12.5 uM (14). The rate of formation
of 4-OHM by kidney microsomes was often at or even below
the level of accurate quantification, especially in the kidneys
that exhibited low 1’-OHM formation. However, for the four
kidneys with high activity, the 4-OHM formation was well
within detection limits (mean *+ standard deviation of 33.0 =
11.2 pmol/hr/mg protein, four samples), and the 1’-OHM/4-
OHM formation ratios for these samples had a mean *
standard deviation of 6.3 *+ 5.6, which is similar to that seen
with purified CYP3A5. The metabolite formation ratios to-
gether with the immunoquantified enzyme levels and the
lack of detectable CYP3A4 in most samples suggest that
CYP3A5 is primarily responsible for the hydroxylation of
MDZ in the human kidney. The significance of the variable
expression of CYP3A4 in human kidneys is unclear given its
low level of expression relative to CYP3AS5.

Clearly, further studies are indicated to determine the
mechanism and physiological relevance of the organ-specific
expression of CYP3A enzymes. To date, there is no evidence
to suggest that CYP3AS5 is inducible by well known CYP3A4
inducers such as rifampin and dexamethasone (5, 35). The
mechanism underlying the apparently bimodal distribution
of immunoquantified CYP3A5 and 1'-OHM formation rate in
human kidneys, therefore, remains to be established. If
CYP3AS5 is involved in the regulation of renal hemodynamics
and ion homeostasis, possibly through its intrarenal conver-
sion of cortisol to 6B8-OHC, then intrarenal or systemic
changes in hemodynamics and volume status, along with the
presence or absence of intrinsic renal disease, may act as
physiological regulators of renal CYP3A5 expression and cat-
alytic activity. In the bank of kidney microsomes that were
collected, however, no clear patient characteristics, such as
age, sex, renal function (the majority of these individuals had
normal renal function by serum creatinine), significant past
medical history (e.g., hypertension, heart disease, liver dis-
ease, vascular disease, renal disease other than the tumor),
tumor size and involvement, or drug therapy, were associ-
ated with those individuals who had high activity. It must be
stressed that as a rule, most of these individuals were Cau-
casian and “healthy” except for the presence of the tumor.
Few had significant preexisting medical conditions. This is
likely why no detectable relationship existed between renal
CYP3A activity/expression and pathology, including the ex-
istence of hypertension. In addition, the number of individ-
uals may be too small to reveal a difference.

An alternative possibility to explain the bimodality of ac-
tivity and expression is that there is an organ-specific regu-
latory polymorphism by which a specific gene promoter re-
gion or regions are controlled by the presence or absence of
regulatory kidney-specific proteins. Accordingly, the level of
renal CYP3A5 expression is intrinsically controlled at the
organ level by poorly understood factors. This could have
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clinically significant implications if these individuals with
high intrarenal CYP3A5 experience increased conversion of
cortisol to 68-OHC and thereby tend to develop salt-sensitive
hypertension.

A third possibility to explain the two populations of activ-
ities/expression seen is that those with high renal CYP3A5
activity (16%) correspond with the 20-25% of individuals
who express CYP3AS5 in the liver. However, because regula-
tory factors, organ function, and the role of CYP differ greatly
in the kidney and liver, the expression of these CYP3A5 in
each of these organs is not likely to be directly related to one
another.

In conclusion, CYP3A is found in discrete portions of the
nephron that are associated with both high volume and fine
tuning of water and solute transport. The predominant
CYP3A in the kidney is CYP3A5, which exhibits an expres-
sion pattern suggesting bimodality and is primarily respon-
sible for the hydroxylation MDZ. It is unknown whether the
elevated activity and protein levels in the four samples rep-
resent a small number of induced individuals or an organ-
specific genetic regulation.
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