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Summary. The rabbit renal papillary epithelial cell line PAP-
HT2S accumulates sorbitol and other organic osmolytes when
cultured in hypertonic media. When returned to isotonic media,
PAP-HT?25 cells swell because of water influx and then shrink to
their normal volume because of rapid osmolyte and water efflux
(volume regulatory decrease, VRD). Sorbitol efflux from PAP-
HT?25 cells during VRD was reduced to 18% of control by incu-
bation of the cells with 100 uM eicosatetraynoic acid (ETYA),
indicating that an enzyme that metabolizes arachidonic acid
(AA) is a key component of the efflux process. Sorbitol efflux
was unaffected by incubation with cyclooxygenase and lipoxy-
genase inhibitors but was reduced to 9% by incubation with 100
uM ketoconazole and to 37% by incubation with 100 um SKF-
525A, indicating that the cytochrome P-450 limb of the AA cas-
cade is involved in the efflux process. The efflux of other organic
osmolytes betaine and myoinositol, but not glycerolphosphoryl-
choline, was also inhibited by incubation with ETYA and keto-
conazole.
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Introduction

Renal medullary cells are able to withstand the large
variations in extracellular osmolality that are part
and parcel of the urine concentrating mechanism.
This ability is believed to be largely due to the cells’
capacity to accumulate osmotically active, yet
chemically inert, organic solutes (‘‘osmolytes’’)
when the extracellular osmolality is increasing as
well as their capacity to release these osmolytes
when the extracellular osmolality is decreasing. By
these means, deleterious variations in cell volume
and the concentrations of important intracellular
solutes are minimized [16].

Sorbitol, betaine, myoinositol and gly-
cerolphosphorylcholine (GPC) are the osmolytes
accumulated by renal medullary cells in vivo [1, 18]
and in vitro [3, 26]. Sorbitol and GPC are produced
by the cell [3, 27], whereas betaine and myoinositol

are transported into the cell {28, 29]. Osmolyte ac-
cumulation and loss have been conveniently studied
in vitro in the rabbit renal papillary epithelial cell
line PAP-HT25 [2, 3, 17, 24, 41, 48]. In these cells,
sorbitol, produced from glucose in a reaction cata-
lyzed by aldose reductase, is the major osmolyte. In
respense to an initial increase in osmolality, aldose
reductase and sorbitol levels rise slowly, reaching a
peak after about four days. When the intracellular
osmolality is then abruptly decreased, there is rapid
efflux of sorbitol. Aldose reductase levels, how-
ever, decline slowly. Rapid regulation of intracellu-
lar osmolyte concentrations is, therefore, probably
achieved by regulation of osmolyte efflux pathways
[16].

Sorbitol efflux from PAP-HT25 cells has been
well characterized [2, 17, 24, 41]. The efflux path-
way is located in the apical membrane of the cell
[17]. It is rapidly activated by a relative decrease in
osmolality and deactivated by a relative increase in
osmolality. It is not influenced by extracellular Na,
K, or Ca substitution or by the membrane potential.
A number of inhibitors of transport (ouabain,
phloretin, phlorizin, probenecid, bumetanide, fu-
rosemide, amiloride, SITS, DIDS) or of the cyto-
skeleton (colchicine, cytochalasin B) failed to alter
sorbitol release. The only inhibitor which was effec-
tive was quinidine at a relatively high concentration
of 1 mm [41]. In addition, sorbitol effiux could not
be activated in the absence of an osmolality change
by ion substitutions or the addition of cyclic AMP
analogues [41]. The efflux pathways for betaine,
myoinositol and GPC have not been well character-
1zed. Relative to sorbitol efflux, betaine efflux from
PAP-HT?2S cells is faster, whereas the effluxes of
myoinositol and GPC are slower [24]. It is pre-
sumed that osmolyte efflux is mediated by one or
more specific membrane-associated transport pro-
teins.

Remarkably little is known about the ways in
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which a cell perceives its volume and institutes pro-
cesses that reverse swelling or shrinkage [21]. In
particular, the activation of transporters responsi-
ble for osmolyte efflux from renal medullary cells is
poorly understood. In the studies reported in this
paper, we examined the mechanisms underlying the
activation of osmolyte efflux from the cultured rab-
bit renal papillary epithelial cell line PAP-HT25. As
sorbitol is the predominant osmolyte in this cell line
and relatively easy to measure, we concentrated on
the regulation of sorbitol efflux. We attempted to
activate sorbitol efflux without changing the osmo-
lality and to inhibit the sorbitol efflux associated
with a sudden decrease in osmolality. We show that
inhibitors of the production of cytochrome P-450
metabolites of arachidonic acid (AA) block the acti-
vation process.

Materials and Methods

CeLL CULTURE

The PAP-HT25 line represents those cells from the GRB-PAPI
line that survived culture in hypertonic media [48]. The GRB-
PAP1 line was derived from native rabbit renal papillary epithe-
lium [48]. PAP-HT25 cells retain their phenotype when regrown
in isotonic media [48].

PAP-HT?2S5 cells were grown to confluence in 6-cm diameter
plastic dishes (Falcon, Becton Dickinson, Lincoln Park, NJ) at
37°C in 95% air, 5% CO, in isotonic (300 mOsm) media (9:1
Coon’s modification of Ham’s F-12: Liebowitz’s L-15, contain-
ing 1% heat-inactivated calf serum, 1% heat-inactivated rabbit
serum, transferrin and insulin (each 5 pg/ml), 5 pM™ triiodothy-
ronine, 0.7 nM PGE,, 5 nM selenium, and 50 nM hydrocortisone.
Cells were then cultured in hypertonic medium (500 mOsm
achieved with added NaCl) for at least four days, with medium
changed daily, Under these conditions, the cells accumulated
sorbitol, myoinositol and GPC. In some experiments, 0.5 mm
betaine was added to the hypertonic medium, allowing the cells
to accumulate betaine also. Cells from passages 85-114 were
used.

EFFLUX STUDIES

Efflux experiments were performed at 37°C with the dishes being
gently rotated on a rocker. Medium was first aspirated and the
cells were washed once with 2 ml of warmed hypertonic buffer
(500 mOsm) containing (in mM): 20 sodium HEPES (pH 7.4),
220 NaCl, 50 KCl, 1.8 NaH,PO,, 0.4 MgSO,, 1.1 CaCl,, and
10 p-glucose. Cells were then ailowed to equilibrate in 2 ml of
this buffer (with or without ‘“inhibitors’’) for 30 min at 37°C, at
which point an experiment was begun. The hypertonic buffer
was aspirated and replaced with 2 ml of hypertonic buffer (with
or without “‘activators’’) or isotonic buffer (300 mOsm, with or
without “‘inhibitors’*). Isotonic buffer was identical to hyper-
tonic buffer except for the lower NaCl concentration. At the
indicated times, the buffer was aspirated for measurement of
sorbitol. Cells were dissolved in 4 ml of 0.5 M NaOH and assayed
for protein. Osmolyte efflux, based on triplicate cell samples, is
expressed as pmol/ug protein - min~.
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In experiments in which cell osmolyte concentrations were
measured, the buffer was aspirated at the appropriate time and
cells were immediately washed with 2 ml of ice-cold hypertonic
buffer to minimize subsequent osmolyte efflux.

ASSAYS

Sorbitol was assayed with a kit (Boehringer-Mannheim, FRG,
catalogue number 670,057). In this method, as sorbitol is con-
verted to fructose by sorbitol dehydrogenase, iodonitrotetrazo-
lium chloride is reduced to a formazan which is measured spec-
trophotometrically. GPC was assayed enzymatically [51] using
GPC diesterase instead of phospholipase D. Betaine and inositol
were measured by HPLC as previously described [50]. Protein
was measured by the method of Bradford (8) using the BioRad
reagent and bovine gamma globulin as standard (BjoRad, Rich-
mond, CA).

CHEMICALS

AA (5,8,11,14-eicosatetraenoic acid), ETYA (5,8,11,14-eicosate-
traynoic acid), ETI (5,8,11-eicosatriynoic acid), EDYA (8,11-
eicosadiynoic acid), DEDA (7,7-dimethyleicosadienoic acid),
OOEP-choline (oleyloxyethyl phosphorylcholine, CDP-choline
(cytidine 5'-diphosphocholine sodium salt), indomethacin, na-
proxen, NDGA (nordihydroguaiaretic acid), dipyridamole,
baicalein (5,6,7-trihydroxyflavone), caffeic acid, curcumin, escu-
letin, gossypol, phenidone, acivicin, ketoconazole, SKF-525A,
methoxasalen  (8-methoxypsoralen), 5,6-EET (£5,6-epox-
yeicosa-8Z,11Z,14Z -trienoic  acid), 8,9-EET  (%8,9-epox-
yeicosa-57,11Z,14Z ~trienoic acid), 11,12-EET (£11,12-epox-
yeicosa-57,87,147 ,-trienoic  acid), 14,15-EET  (=14,15-
epoxyeicosa-3Z,8Z,117,-trienoic acid), 5-HETE (=*S-hydrox-
yeicosa-6E,8Z,117,14Z-tetraenoic acid), 12(R)-HETE (12-R-hy-
droxyeicosa-5Z,87,10E,14Z,17Z-tetraenoic acid) and 15(S)-
HETE (15-S-hydroxyeicosa-5Z,8Z,11Z,13E-tetraenoic  acid)
were purchased from BIOMOL Research Laboratories, Plym-
outh Meeting, PA; Quinacrine, 4-bromophenacylbromide,
metyrapone, acetylsalicylic acid, melittin, A23187, dibutyryl
cAMP, dibutyryl cGMP, phorbol 12-myristate 13-acetate, 5,6-
DHA (5,6-dehydroarachidonic acid), GPC diesterase and
leukotriene D, from Sigma Chemical, St. Louis, MO;
[5,6,8,9,11,12,14,15-*H-] AA (code TRK.757, batch 42) from
Amersham, Arlington Heights, IL.

Stock solutions of hydrophobic compounds were made in
dimethyl sulfoxide (Pierce, Rockford, IL) or ethanol (World Eth-
anol, Texas City, TX). The final concentration of these solvents
in the experimental buffers were 0.1%. Controls contained di-
methyl sulfoxide or ethanol at the same concentration.

Results

SorBITOL EFFLUX

When hypertonically adapted PAP-HT25 cells were
equilibrated in hypertonic HEPES buffer (500
mOsm) and then transferred to the same hypertonic
HEPES buffer there was little, if any, efflux of sor-
bitol (Fig. 1). When PAP-HT25 cells were trans-
ferred from hypertonic to isotonic HEPES buffer
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Fig. 1. Sorbitol efflux (pmol/ug protein) from hypertonically
adapted PAP-HT25 cells. Cells were equilibrated in 500 mOsm
HEPES buffer and then switched to 500 mOsm HEPES buffer
(blank) or 300 mOsm HEPES buffer (control). Sorbitol efflux in
the latter situation was linear for approximately 5 min. Results
are mean = sD from one experiment.

(300 mOsm), there was marked efflux of sorbitol
(Fig. 1). Efflux commenced approximately 30 sec
after the solution change, and the rate of efflux was
essentially constant for the next 4.5 min. In most
experiments, therefore, we measured sorbitol efflux
in the 5-min period after the solution change. In
agreement with previous observations [41], the re-
moval of Ca?* from the experimental buffers did not
inhibit sorbitol efflux (data not shown). Sorbitol ef-
flux was reduced slightly by 10 M trifluoperazine, a
putative calmodulin antagonist, while 100 um
caused greater inhibition (Table 1). Although the
effect of high concentrations of trifluoperazine may
be consistent with an involvement of calcium-
calmodulin, all other experiments involving Ca?*
manipulations were negative. Sorbitol efflux in the
absence of an osmolality change was not increased
by 2 mM cAMP, 2 mMm ¢cGMP, 2 um A23187 (a Ca?*
ionophore) or 0.3 um phorbol 12-myristate 13-ace-
tate (Fig. 2), leading us to conclude that cyclic nu-
cleotides, Ca** and protein kinase C, were not in-
volved in the activation of sorbitol efflux.

INHIBITORS OF AA METABOLISM

Incubation of PAP-HT?25 cells with 100 um ETYA
for 30 min before changing medium osmolality re-
sulted in a sorbitol efflux equal to 18% of control
(Table 1). The ICs, for ETYA was 51 uM. ETYA isa
20-carbon polyunsaturated fatty acid containing
four acetylenic (triple) bonds at the positions Cs,
Cso, Ciipand Cyyg5. AA, in contrast, contains four
ethylenic (double) bonds in these positions (Fig. 3).
Oxygenation of acetylenic bonds by cyclooxy-
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Table 1. Effects of various inhibitors on sorbitol efflux from hy-
pertonically adapted PAP-HT2S cells?

Inhibitor uM % Control  Experiments
efflux

1. Trifluoperazine 10 70 1
100 26 2
2. Arachidonic acid 100 1056 3
ETYA 100 iI8+9 9
ETI 100 1I5+13 3
EDYA 100 69+ 3 3
5,6c-DHA 100 29 2
3. Indomethacin 500 77 I
100 90 2
Naproxen 100 101 1
Acetylsalicylic acid 100 103 1
4. NDGA 315 48 1
100 62 * 26 3
50 104 1
Dipyridamole 100 98 1
Baicalein 100 82 1
Caffeic acid 100 126 2
Curcumin 100 67 2
Esculetin 100 91 1
Phenidone 500 98 1
Gossypol 1 102 1
Acivicin 2000 101 1
5. Ketoconazole 100 9+ 7 3
SKF-525A 315 19 1
100 37+ 8 6
Methoxasalen 100 95 £ 14 3
Metyrapone 100 96 1
6. Quinacrine 500 27 2
100 71 2
4-Bromophenacylbromide 500 9 2
100 70 2
OOEP-choline 100 105 1
DEDA 100 100 1
CDP-choline 200 104 1

2 Cells were equilibrated in 500 mOsm HEPES buffer and then
transferred to 500 mOsm HEPES buffer (blank) or to 300 mOsm
HEPES buffer with or without (control) inhibitors. The cells
were preincubated with each compound for 30 min. Results are
mean =+ sp of triplicate observations for each experiment.

genase, lipoxygenase and cytochrome P-450 results
in the production of compounds that irreversibly
inactivate the oxygenase [11, 12, 42]. The inhibitory
effect of ETYA indicated, therefore, that an en-
zyme that metabolizes AA at its ethylenic bonds is a
key component of the mechanism underlying sorbi-
tol efflux. Although it is hypothesized that the avail-
ability of AA is rate limiting for the production of
metabolites [22], incubation of the cells with 100 um
AA failed to influence sorbitol efflux.

We then tested the effects of other acetylenic
derivatives of AA (Fig. 3 and Table 1). Incubation
witH ETI, a triacetylenic derivative lacking the
Cy4.5 triple bond, reduced sorbitol efflux to 15% of
the control value. EDYA, a diacetylenic derivative



272

100
o
60

40

controt efflux

%

20

N .

blank control cAMP

[ 1]

cGMP  A23187 PE

Fig. 2. The efflux of sorbitol, as a percentage of the control
value, from cells equilibrated in a 500-mOsm HEPES buffer and
then switched to the same buffer (blank), a 300 mOsm HEPES
buffer (control), or a 500 mOsm HEPES buffer containing 2 mm
cAMP, 2 mMm cGMP, 2 um A23187 in the presence of 1.1 mm
Ca?*, or 0.3 um phorbol 12 myristate 13 acetate (PE). All bars
represent the mean of a single experiment with triplicate obser-
vations.

lacking the Cs¢ and C,4 s triple bonds, slightly re-
duced sorbitol efflux to 69% of the control value.
Incubation with 5,6-DHA produced significant inhi-
bition, with sorbitol efflux only 29% of control.

AA, usually liberated from membrane phospho-
lipids by the action of phospholipase A, [22, 30, 49],
is metabolized in reactions catalyzed by cyclooxy-
genase, lipoxygenase and cytochrome P-450 to bio-
logically active eicosanoids or reincorporated into
membrane phospholipids in reactions catalyzed by
arachidonyl CoA synthetase and an acyl transferase
[22, 30). ETYA has been reported to inhibit all but
the acyl transferase activities [7, 9, 13, 37, 46, 47].
We therefore used specific inhibitors to determine
which of these steps was involved in the activation
of sorbitol efflux (Table 1).

CYCLOOXYGENASE INHIBITORS

Incubation with 100 uM indomethacin, naproxen or
acetylsalicyclic acid, known cyclooxygenase inhibi-
tors, did not inhibit sorbitol efflux (Table 1). Curcu-
min and phenidone, agents with inhibitory effects
on both cyclooxygenase and lipoxygenase, also had
no effect. These results indicated that prostaglan-
dins, prostacyclins and thromboxanes were not in-
volved in the activation of sorbitol efflux.

LIPOXYGENASE INHIBITORS

NDGA, a 5-lipoxygenase inhibitor, produced mod-
erate inhibition of sorbitol efflux (Table 1). Efflux,
however, was not inhibited by other 5-lipoxygenase
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Fig. 3. The structures of the acetylenic derivatives of AA used
as inhibitors in this study.

inhibitors (dipyridamole, curcumin, esculetin,
phenidone and caffeic acid), by 12-lipoxygenase in-
hibitors (baicalein, gossypol and esculetin) or by 15-
Iipoxygenase inhibitors (gossypol). As leukotrienes
are the major biologically active products of the
lipoxygenation of AA [30], we sought further evi-
dence that these compounds were not involved in
the activation of sorbitol efflux. LTA, is conjugated
with glutathione to form LTC,. LTC, is converted
to LTD, by y-glutamyl transferase. The y-glutamyl
transferase inhibitor acivicin did not influence sorbi-
tol efflux, indicating no role for LTD,, LTE, or
LTF,.

CYTOCHROME P-450 INHIBITORS

As shown in Table 1, sorbitol efflux was markedly
inhibited by the cytochrome P-450 inhibitors keto-
conazole and SKF-525A [9, 43]. 100 uM ketocona-
zole reduced sorbitol efflux to 9% of control with an
ICsy of 45 uM. Methoxasalen and metyrapone, in-
hibitors of other cytochrome P-450 enzymes, had
no effect. These results suggested that a ketocona-
zole-sensitive cytochrome P-450 metabolizes AA in
PAP-HT25 cells during VRD. Furthermore, the

“results suggested that the metabolite(s) activated

the sorbitol transporter.

PHOSPHOLIPASE A, INHIBITORS

Incubation of PAP-HT2S celis with a 100 uM con-
centration of the phospholipase A; inhibitors quina-
crine or 4-bromophenacylbromide caused a 30%
inhibition of sorbitol efflux. Relatively high concen-
trations (500 uM) caused substantial inhibition (Ta-
ble 1). Incubation with 100 umM OOEP-choline,
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Fig. 4. The effect of 1 um melittin on sorbitol efflux (pmol/ug
protein) from hypertonically adapted PAP-HT25 cells. Cells
were equilibrated in 500 mOsm HEPES buffer and then trans-
ferred to 500 mOsm HEPES buffer (500), 300 mOsm HEPES
buffer (300), 500 mOsm HEPES buffer containing 1 uM melittin
(500(M)] or preincubated in 500 mOsm HEPES buffer containing
100 uM ketoconazole and then transferred to 500 mOsm HEPES
buffer containing 1 uMm melittin (500(K + M)]. Results are mean
+ sp from one experiment (triplicate observations).

DEDA or 200 uMm CDP-choline, other reputed phos-
pholipase A, inhibitors, had little effect. Although
these resuits are consistent with the conclusion that
availability of AA may be limited by inhibition of
phospholipase A;, the high concentrations required
cast some doubt upon the validity of this conclu-
sion.

STIMULATION OF SORBITOL EFFLUX BY
PHOSPHOLIPASE A; ACTIVATION

Hypertonically adapted PAP-HT25 cells were
transferred to hypertonic buffer containing 1 um
melittin, a phospholipase A, activator, which pro-
duced a significant efflux of sorbitol (Fig. 4). In ad-
dition, melittin-stimulated release of sorbitol was
partially inhibited by prior incubation of the cells
with 100 uM ketoconazole. These results indicated
that the effect of melittin was not solely a conse-
quence of a nonspecific increase in membrane per-
meability. At higher concentrations of melittin, we
observed a greater stimulation of sorbitol efflux
and, in some experiments, cell detachment. Under
these conditions, efflux was less sensitive to prior
incubation with ketoconazole, suggesting that
higher concentrations of melittin caused a nonspe-
cific increase in sorbitol permeability. Although
both activation and inhibition of phospholipase A,
influenced the magnitude of the sorbitol permeabil-
ity, the high concentrations of inhibitors required
and the fact that the effect of melittin was always
considerably less than that of a reduction in osmo-
lality suggested that phospholipase A, activation
may play only a minor role during RVD.
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Table 2. PAP-HT2S cell and buffer osmolyte levels at 5 and 10
min following a sudden reduction of osmolality?

Inositol GPC Sorbitol Betaine
Cell (5 min)
Blank 62 =3 251 327 +12 62+ 2
Control 584 19+2 267 9 48 = 1
ETYA 63 +3 +4 31425 56+ 4
Indomethacin 60 = 4 212 28015 51+ 6
NDGA 5804 193 30010 54+ 4
Ketoconazole 61 = 2 18 1 329+ 6 61 £ 3
Buffer (5 min)
Biank 0 — 1= 02 4= 4
Control 4+03 — 37+ 4 18« 3
ETYA 0 — 2+ 02 2% 0.1
Indomethacin Sx1 — 42+ 6 20+ 1
NDGA 1+1 — 14+ 3 7+ 1
Ketoconazole 104 — 3+ 1 2+ 1
Cell (10 min)
Blank 79+ 5 251 320=x 14 63 3
Control 56 £1 155 182 = 17 13+ 1
ETYA 75 =7 8§ =8 293 =13 48 = 8
Indomethacin 53 = 3 18 =1 173 £ 5§ 15+ 1
NDGA 71 =8 175 246 £ 18 47 = 12
Ketoconazole 77 =1 32 31018 68 = 3
Buffer (10 min)
Blank 1+£0.1 — 2=+ 0.1 1+ 02
Control 19 = 0.4 — 144 = 14 48 + 1
ETYA 521 —_ 32+ 9 13 3
Indomethacin 21 = 2 —_— 147+ 6 47 £ 2
NDGA 8 +£0.2 — 60 + 11 2+ 2
Ketoconazole 3 =1 — 6=+ 1 3+ 1

2 The conditions are the same as in Table 1. Results are mean +
sp from two experiments (5 and 10 min) each involving triplicate
observations.

EFFECTS ON OTHER OSMOLYTES

Although sorbitol is the major osmolyte in hyper-
tonically adapted PAP-HT?2S5 cells, there is also sig-
nificant accumulation of myoinositol and GPC, and,
if it is present in the medium, betaine [24]. To test
whether or not the efflux of these other osmolytes
was inhibited by ETYA and ketoconazole, the stan-
dard experiments were performed and cell and
buffer osmolyte concentrations were measured us-
ing HPL.C (Table 2). Significant inhibition of betaine
and myoinositol efflux was seen 5 and 10 min after
incubation with ETYA and ketoconazole. Moderate
inhibition was seen after incubation with NDGA,
whereas no inhibition was seen with indometha-
cin. No inhibition of GPC efflux was seen with
these agents. Somewhat surprisingly, GPC disap-
peared from cells more rapidly in the presence of
ETYA and ketoconazole. These results were espe-
cially pronounced at 10 min. We were unable to
measure GPC in the buffer because of comigration
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of GPC and dimethyl sulfoxide on chromatography.
Enzymatic analysis failed to demonstrate GPC in
the buffer; choline, however, was detected in both
the buffer and within the cells incubated with ETYA
and ketoconazole.

ATTEMPTS TO IDENTIFY THE AA
METABOLITES INVOLVED

In preliminary experiments, the AA in the cells was
labeled by adding 3.5 uM [*H]-AA to the hypertonic
medium for four days, and a methanol extract was
dried under N, and analyzed by HPLC. A small
peak was noted in a region usually occupied by the
EETs (retention time = 25-28 min), representing
approximately 0.5-1.5% of the label. No evidence
of prostaglandins, leukotrienes, HETE or OH-AA
production was seen. EETs are only produced in
cytochrome P-450 catalyzed reactions. Based on
these preliminary observations, we attempted to ac-
tivate sorbitol efflux from hypertonically adapted
PAP-HT25 without changing osmolality by adding
aracidonic acid (100 M), or P-450 metabolites (5,6-
EET, 8,9-EET, 11,12-EET, 14,15-EET, 5-HETE,
12-HETE, 15-HETE, all at a concentration of 1
uM), or leukotriene (LTDy, 0.06 um) to the culture
medium. However, none of these compounds in-
creased sorbitol efflux above background levels.

Discussion

To define the mechanisms underlying the activation
of these osmolyte efflux pathways, we attempted to
stimulate sorbitol efflux from hypertonically
adapted PAP-HT25 cells without changing the os-
molality and to inhibit the sorbitol efflux that occurs
when the osmolality is reduced. Initial studies indi-
cated that cAMP, cGMP, Ca?* and protein kinase C
had no role in the activation process. Previous work
[41] also showed that cAMP and Ca?* were not in-
volved. A recent study with isolated rat inner med-
ullary collecting duct cells [6] found, in contrast, a
relationship between Ca’>" and sorbitol efflux. Ef-
flux was stimulated twofold by 10 um A23187 and
inhibited approximately 60% by the addition of 20
uM trifluoperazine or removal of Ca** from the me-
dium [6]. We saw modest inhibition (30%) of sorbi-
tol efflux by 10 um trifluoperazine, but question
whether this effect is solely a consequence of its
action as a calmodulin inhibitor. Trifluoperazine has
been reported to act synergistically with ketocona-
zole in some in vitro systems [5], raising the possi-
bility that its inhibitory effect on sorbitol efflux may
be related to cytochrome P-450 inhibition rather
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than calmodulin inhibition. Since the sorbitol exper-
iments were performed in different tissues and spe-
cies, it is not surprising that differences in the regu-
latory mechanisms for sorbitol efflux exist.

The AA cascade is known to generate a large
number of biologically active lipids in many cells
[30]. ETYA is a tetraacetylenic derivative of AA.
When the acetylenic bonds in ETYA are metabo-
lized by an oxygenase, the enzyme is irreversibly
inactivated. Inactivation is believed to result from
the production of allenic hydroperoxides and OH-
which oxidize the catalytic site [11, 12] or from the
production of conjugated allenes which alkylate the
catalytic site [42]. We found that incubation of PAP-
HT25 cells with relatively low concentrations of
ETYA resulted in inhibition of sorbitol efflux. The
ETYA ICs, is probably an overestimation of the
true value, as lipids are known to adsorb to the
walls of test tubes and culture dishes [31]. This
result indicated that an enzyme system that metabo-
lizes AA (cyclooxygenase, lipoxygenase or cyto-
chrome P-450) was a crucial component of the sor-
bitol efflux process. Furthermore, it indicated that a
metabolite of AA probably activated the sorbitol
transporter.

We then tested the effects of other acetylenic
derivatives of AA. ETI, a triacetylenic derivative
was as effective as ETYA. ETI has been used as a
cyclooxygenase and lipoxygenase inhibitor [19, 35].
EDYA, a diacetylenic derivative, had only a slight
inhibitory effect, whereas 5,6-DHA, a monoace-
tylenic derivative, had a marked inhibitory effect.
EDY A has been used as a cyclooxygenase inhibitor
[23] and 5,6-DHA as a 5-lipoxygenase inhibitor [11].
Although the effects of ETI, EDYA, and 5,6-DHA
on cytochrome P-450 have not been studied, the
inhibitory effect of 5,6-DHA suggests that the
Cs.¢ bond of AA is oxygenated during VRD by PAP-
HT25 cells.

Cyclooxygenase inhibitors had no effect on sor-
bitol efflux excluding a role for the prostaglandins,
prostacyclins and thromboxanes. Lipoxygenase in-
hibitors, in general, had little effect, aithough
NDGA had a moderate inhibitory effect, consistent
with a role for 5-lipoxygenase.

Inhibitors of some cytochrome P-450s [21, 27]
had either no effect (metyrapone, methoxasalen) or
were markedly inhibitory (ketoconazole, SKF-
525A). As cytochrome P-450 inhibitors are isozyme
specific, these results indicate that a ketoconazole-
sensitive cytochrome P-450 metabolizes AA to
EETs, HETEs and OH-AAs in PAP-HT25 cells
during VRD. As OH-A A production is not inhibited
by ketoconazole [9], it is likely that an EET or
HETE activates the sorbitol transporter. It is note-
worthy that NDGA has inhibitory effects on cyto-
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chrome P-450 [9] and that ketoconazole has inhibi-
tory effects on S-lipoxygenase [4], indicating that
conclusions based solely on the effects of these in-
hibitors must be tentative.

AA release from membrane phospholipids is
believed to be the rate-limiting step in eicosanoid
production [22]). As AA is usually in the sn-2 posi-
tion of membrane phospholipids, its release de-
pends on the action of phospholipase A; [30, 49].
High concentration of inhibitors of this enzyme
blocked sorbitol efflux, perhaps reflecting different
sensitivities of the extracellular and intracellular
forms of the enzyme [49]. If phospholipase A, inhib-
itors reduced sorbitol efflux when extracellular os-
molality was decreased, phospholipase A, activa-
tors should stimulate sorbitol efflux in the absence
of an osmolality change. 1 uM melittin modestly
stimulated sorbitol efflux without a reduction in os-
molality. This effect was partially inhibited by keto-
conazole, indicating that we were not observing the
sole result of a nonspecific increase in membrane
permeability. However, neither the inhibitor nor ac-
tivator results convincingly demonstrated a role for
phospholipase A, as the key regulatory step in sor-
bitol release.

Our preliminary attempts to identify the specific
AA metabolites by HPLC showed that PAP-HT25
cells metabolized AA to EETs but not to pros-
taglandins, leukotrienes, HETES or OH-AA’s. As
EETs are produced only in reactions catalyzed by
cytochrome P-450 we had obtained initial confirma-
tion of our hypothesis. We were unable to identify
the specific EETs produced by PAP-HT2S5 cells, as
5,6-EET, 8,9-EET, 11,12-EET and 14,15-EET were
not separable with the HPLC used. We were also
unable to determine major differences between cells
exposed to a reduction in osmolality and those not
exposed. We anticipate that differences will emerge
when the specific metabolites are identified and
quantified.

Although long recognized that the cyclooxy-
genase and lipoxygenase products of AA are biolog-
ically active [30], it has only recently been recog-
nized that cytochrome P-450 metabolites of AA are
also active [15]. Similarly, although it has been
known for many years that the cells in the renal
medulla produce prostaglandins [30], only recently
has it been recognized that these cells produce cyto-
chrome P-450 metabolites of AA [10, 25, 32-34].
The major products in both rabbit and rat are
OH-AAs, whereas the minor products are EETs.
Although a variety of actions have been ascribed to
these metabolites [14, 15, 20, 39, 40, 45], some
doubt remains as to their true biological function
[15].

The apparent failure of AA, EETs or HETEs to
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stimulate sorbitol efflux in the absence of an osmo-
lality change would seem to undermine our conclu-
sions concerning the importance of these com-
pounds in the control of sorbitol efflux. However,
these metabolites are hydrophobic and unstable in
aqueous solutions and we may not have delivered
the compounds in the correct concentrations or
forms to the correct site in the cell. We have not, to
date, been able to ascertain whether the addition of
metabolites (in DMSO) to the aqueous medium
above the cultured cells actually results in an in-
crease in the intracellular concentrations of these
substances. Alternatively, the response of hyper-
tonically adapted PAP-HT25 cells to a sudden re-
duction in osmolality may be more complicated
than conceived. For example, a number intracellu-
lar proteins have important inhibitory and stimula-
tory roles in the activation of phospholipase A, [49].
These proteins may have other functions in the AA
cascade which we cannot emulate by the simple
addition of EETs and HETEs. It is also known that
S-lipoxygenase activation can be blocked by pre-
venting the enzyme’s translocation from the cytosol
to the plasma membrane [36]. Although cytochrome
P-450 activities have been found in the plasma
membrane [38, 39, 44], they are predominantly mi-
crosomal enzymes. Similar translocation events
may also be important in PAP-HT25 cells during
VRD.

Although sorbitol is the major osmolyte in hy-
pertonically adapted PAP-HT25 cells and in rabbit
papillae, it is not the major osmolyte in other renal
cell lines or in other species [16, 21]. It was impor-
tant, therefore, to determine whether or not the ef-
flux of betaine, myoinositol or GPC was inhibited
by the agents that inhibited sorbitol efflux. Betaine
and myoinositol efflux were similarly inhibited by
ETYA and ketoconazole, indicating the existence
of a common activation mechanism presumably in-
volving cytochrome P-450 metabolites of AA. In
contrast, the disappearance of GPC, which was
most likely a result of intracellular degradation to
choline and other products, was accelerated by
ETYA and ketoconazole. These results appear in-
consistent with earlier work [24] which demon-
strated efflux of GPC from PAP-HT?25 cells after a
reduction of osmolality, GPC accumulates in PAP-
HT?25 cells cultured in hypertonic media because of
a relative inhibition of GPC diesterase under these
conditions [51]. In the experiments reported here,
relatively small amounts of GPC were accumulated
by the cells making the results difficult to interpret.
It is possible to increase the amount of GPC accu-
mulated by PAP-HT?25 cells [24], and the effects of
ETYA and ketoconazole should be investigated un-
der these conditions.
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In conclusion, we have provided strong evi-

dence that cytochrome P-450 metabolites are cru-
cially involved in the release of organic osmolytes
by renal papillary epithelial cells in culture. It re-
mains to identify the specific EET involved in the
activation of the PAP-HT?2S5 cell sorbitol transporter
and to show that these events occur in vivo.

We would like to thank Daphne T. Rice for her expert technical
assistance and Dr. Jorge Capdevila (Vanderbilt University) for
analysis of the arachidonic acid metabolites as well as helpful
advice.
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