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Wang J, Knight ZA, Fiedler D, Williams O, Shokat KM, Pearce
D. Activity of the p110 �-subunit of phosphatidylinositol-3-kinase is
required for activation of epithelial sodium transport. Am J Physiol
Renal Physiol 295: F843–F850, 2008. First published July 23, 2008;
doi:10.1152/ajprenal.90348.2008.—The pathways implicated in the
control of epithelial Na� channel (ENaC)-dependent Na� transport in
renal collecting duct cells share substantial parallels with those im-
plicated in insulin-regulated glucose metabolism. Notably, both are
inhibited by wortmannin and LY294002 and signal through phospha-
tidylinositol-3-kinase (PI3K)-dependent kinases SGK1 and Akt. The
inhibitor pattern is thought to reflect dependence on PI3K activity
since wortmannin and LY294002 are both effective inhibitors of this
kinase. However, these inhibitors block a variety of kinases from
different families and lack specificity within the PI3K family. To
begin to dissect more precisely the pathways required for signaling
and for control of Na� transport in renal collecting duct cells, we have
examined the effect of a set of PI3K inhibitors, which selectively
block distinct subsets of PI3K catalytic subunit isoforms. We have
found that ENaC-dependent Na� transport was blocked by inhibitors
of the p110-� isoform of PI3K, but not by inhibitors of p110-�, -�, or
-�. Inhibitors that block Na� current also blocked SGK1 and Akt
phosphorylation. In contrast to insulin-stimulated glucose uptake in
muscle cells, p110-� inhibition did not enhance sensitivity to p110-�
inhibition. These data support the conclusion that ENaC-dependent
Na� current is controlled exclusively by p110-�, the same isoform
that is the principal mediator of insulin effects on glucose metabolism,
and lacks any dependence on p110-�. These findings further under-
score the extent to which Na� and glucose regulation are intertwined
and provide additional insight into the interconnections between
diabetes and hypertension.

phosphoinositide; sgk; phosphatidylinositol-3-phosphokinase; insulin;
aldosterone

THROUGH THEIR EFFECTS ON KIDNEY tubule sodium transport,
insulin and aldosterone have pronounced effects on blood
pressure in both physiologic and pathophysiological contexts
(25). Aldosterone is a key physiological regulator of Na�

transport, and a tightly regulated endocrine feedback loop
controls its blood concentration and functional effects. Aldo-
sterone acts through the mineralocorticoid receptor (MR) to
alter the transcription rate of a set of target genes, which
include the phosphatidylinositol 3-kinase (PI3K)-dependent
serine-threonine kinase SGK1 (10, 24, 33). SGK1, together
with other MR target gene products, stimulates the activity and
apical membrane localization of the epithelial sodium channel
(ENaC), the rate-limiting step in transepithelial Na� transport

in the kidney collecting duct (CD; reviewed in Ref. 22). Insulin
also stimulates ENaC-mediated Na� transport and NaCl reten-
tion, resulting in increased total body sodium and frequently
elevated blood pressure (28). Insulin’s effects, like those of
aldosterone, require active PI3K, or a PI3K-like kinase, and are
also in part mediated by SGK1 (21). However, unlike those of
aldosterone, insulin’s effects on Na� transport and blood
pressure are not subject to feedback inhibition. Moreover, in a
large subset of prediabetic and diabetic patients, even as
resistance to the glucose metabolic actions of insulin develops,
sensitivity to its Na� transport-stimulatory activities is retained
(30). Under these conditions of imbalance, hyperinsulinemia
can contribute to salt-sensitive hypertension (28).

PI3Ks are a family of lipid kinases, which phosphorylate
phosphoinositides at the 3-OH position of the inositol ring and
generate a variety of 3-phosphorylated species of phosphati-
dylinositol (PIPs). A large body of evidence has led to the
paradigm that class I PI3Ks mediate most of insulin’s effects
on glucose metabolism; however, there has been conflicting
evidence regarding which class I isoform is primarily respon-
sible. Moreover, recent evidence has implicated other classes
of PI3K (15), as well as PI3K-related protein kinases (PIKKs),
such as the mammalian target of rapamycin (mTOR), PI4K,
and casein kinase II (8, 12, 35, 36), in insulin/IGF1 action.
Evidence that class I PI3Ks mediate insulin/IGF1 effects on
Na� transport in renal tubule cells has been based primarily on
experiments using inhibitors with poor specificity (e.g.,
LY294002 and wortmannin), which block a variety of PI3Ks
and PIKKs (19, 29, 37).

The class I PI3Ks are activated by receptor tyrosine kinases
(class IA) or G protein-coupled receptors (class IB) and generate
predominantly phosphatidyl inositol (3,4,5) trisphosphate (PIP3)
using phosphatidyl inositol (4,5) bisphosphate (PIP2) as a sub-
strate (reviewed in Ref. 11). They are composed of a catalytic
(p110) and regulatory (most commonly p85) subunit, and
activation of catalytic activity requires receptor-dependent re-
cruitment of the catalytic subunit to the plasma membrane.
Importantly, there are four distinct p110 subunit isoforms, and
data addressing which are implicated in signaling to specific
functional endpoints have been conflicting. This is a particu-
larly important issue in light of the wide variety of processes
impacted by PI3Ks, and the emerging use of PI3K inhibitors as
therapeutic agents for an expanding set of medical indications
(16). The recent development of selective small-molecule in-
hibitors has begun to allow more precise dissection of PI3K-
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dependent processes and has been used in particular to dissect
insulin-regulated glucose metabolism in cultured cells and in
animals. Data using these inhibitors have strongly supported a
predominant role for p110-� in the control of glucose metab-
olism, but they have also pointed to a secondary role for
p110-�, particularly in setting basal PI3K activity in muscle
(18). Although the regulation of glucose metabolism and Na�

transport is similar in many ways, there are also clear differ-
ences. Most notably, the Na�-retaining effects of insulin are
retained, even as resistance to its glucose metabolic effects is
developing (28, 30). In the present study, we have examined
the effects on ENaC-dependent Na� transport of a panel of
newly developed inhibitors, which inhibit subsets of p110
isoforms (Table 1 and Ref. 18). Our data using these inhibitors
provide the first evidence that p110-� is the principal PI3K
isoform required for ENaC-dependent Na� transport, and in
contrast to glucose metabolism in cultured L6 mytotubes (17),
p110-� does not appear to play any role in the control of
Na� transport in CD cells. Furthermore, p110-� blockade
also blocks phosphorylation of PI3K-dependent kinases Akt
and SGK1. These observations support the idea that the
pathways that mediate glucose and sodium homeostasis are
intertwined; however, there may be significant differences
that may have implications for the pathogenesis of the
insulin resistance syndrome, as well as for the treatment of
hypertension.

MATERIALS AND METHODS

Cell culture and electrophysiological measurements. mpkCCDc14

(mpkCCD) cells were maintained in plastic tissue culture flasks in
modified DMEM/Ham’s F12 (1:1) medium (“regular medium”) as
described previously (4, 33). For electrophysiological measure-
ments, the cells were seeded on type VI collagen (Sigma, St. Louis,
MO)-coated filters (Transwell, pore size 0.4 �m, Corning Costar)
until the cell monolayers reached transepithelial resistance �1,000
� �cm2. They were then maintained in “plain medium” [modified
DMEM/Ham’s F12 (1:1), 20 mM HEPES, pH 7.4, 2 mM glu-
tamine, 20 mM D-glucose, 100 U/ml penicillin-streptomycin] sup-
plemented with 2% charcoal dextran-treated, hormone-free FBS
(Hyclone, Logan UT) or serum-free medium for at least 24 h
before treatment with aldosterone (1 �M), insulin (100 nM), and
inhibitors or equal volumes of vehicle as the control for specified
periods of time. Following electrophysiological measurements,
cells were harvested and processed for immunoblot analysis.

For insulin-only experiments, cell monolayers exhibiting high
transepithelial resistance were maintained in plain medium [modified
DMEM/Ham’s F12 (1:1), 20 mM HEPES, pH 7.4, 2 mM glutamine,

20 mM D-glucose, 100 U/ml penicillin-streptomycin] supplemented
with 10% Hyclone Cell Boost 1 supplement (Hyclone) according to
the manufacturer’s instructions, lacking growth factors, mitogens,
insulin, transferrin, dexamethasone, or aldosterone, and then treated
with insulin (100 nM, apical and basolateral sides, Sigma) with or
without inhibitors, as shown.

Transepithelial resistance and potential difference across the cell
monolayers were measured using a mini-voltohmmeter (MilliCell
ERS, Milipore) at specified time periods following treatment. The
equivalent short-circuit current (Ieq) was calculated using Ohm’s law,
as previously described (4, 5, 26). Phenamil (5 �M) added to the
medium completely inhibited this current, thereby indicating its ENaC
dependence (data not shown).

Preparation of protein lysates. Following electrophysiological
measurements, the mpkCCDc14 cell monolayers were incubated in
lysis buffer (50 mM Tris �Cl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100) containing 1 mM PMSF (Sigma), 1	 Complete
Protease-Inhibitor Cocktail (Roche), 1	 phosphatase inhibitors Set-1
and Set-2 (Calbiochem), 1 mM benzamidine (Calbiochem), and 2 �M
microcystin-LR (Sigma). Lysates were clarified by centrifugation at
10,000 rpm for 15 min at 4°C and used for Western blot analysis.

Western blot analysis. Equal quantities of protein (100 �g
mpkCCDc14 cell lysate) were subjected to electrophoresis in 7.5%
SDS-polyacrylamide gels and transferred to nitrocellulose membranes
(Amersham Biosciences). Immunoblotting was performed as de-
scribed previously (33) using horseradish peroxidase-conjugated sec-
ondary antibodies (Amersham Biosciences) and the enhanced chemi-
luminescence detection system (Amersham Biosciences). The blots
were first incubated with rabbit polyclonal antibody raised against rat
SGK (a gift of Gary Firestone), as described previously (37). The
primary antibody was incubated at 1:2,000 dilution in TBST/0.1%
Tween 20 with 5% BSA overnight, washed, and incubated with the
secondary antibody. Each blot was subsequently stripped and
restained with anti-phospho-Ser473-Akt antibody (1:1,000 dilution,
overnight, Cell Signaling), phospho-Thr308-Akt antibody (1:1,000
dilution, overnight, Cell Signaling), and total Akt antibody (1:1,000
dilution, overnight, Cell Signaling). The anti-a-tubulin mouse mAB
(1:1,000 dilution, Calbiochem) was used as a loading control.

Semiquantitative RT-PCR. Total RNA was isolated from 4-h aldo-
sterone- or vehicle-treated cells using standard procedures and made free
of residual genomic DNA contamination using a DNase-treatment and
Removal kit (Qiagen, Valencia, CA). Purified RNA was reverse tran-
scribed with MultiScribe reverse transcriptase (PE Applied Biosystems,
Foster City, CA), and PCR reactions were set up using a Promega PCR
Kit (Promega Life Science, Madison, WI) according to the manufacturer’s
instructions. The following primers were used for PCR: 5
-GTC TAC CCT
CCA AAT GTC GAG TC (mouse p110-�), 3
-CTC CTC CAT GGT AGA
TAC CTG TTC (mouse p110-�); 5
-CTG AAC TGG CTC AAG GAG
TAC AAC (mouse p110-�), 3
-GGA CCT GTA GTC TTT CCG TAC
TGT (mouse p110-�); 5
-AGC GTC TGA GTT TCC TTG TCT C (mouse
p110-�), 3
-GCA CCA CTT GGT ACC TGT CAT A (mouse p110-�);
5
-CAG CCC TAG AGG TAA AAG GAC AGT (mouse p110-�), 3
-GGG
GTA AGG GAC AGA GTC TAC ATA (mouse p110-�); and 5
-TTT TTT
ATC TGC ACT GCC AAG ACT (cyclophilin), 3
-CAC CTT CCC AAA
GAC CAC ATG (cyclophilin). All PCR reactions were performed in tripli-
cate using samples obtained from three independent experiments. A “minus-
RT” negative control was included with each run.

RESULTS

PI3K isoform dependence of Na� current. We first tested the
concentration dependence of Na� current inhibition by five
newly available compounds, which have distinct inhibitory
patterns for the different isoforms of PI3K catalytic (p110)
subunits (18). Their in vitro activities against p110 isoforms
are shown in Table 1. Notably, two of the inhibitors, PIK-90

Table 1. In vitro potencies of inhibitors used
in the present studies

� � � �

PIK-90 0.011 0.35 0.058 0.018
PI-103 0.008 0.088 0.048 0.15
TGX-221 5 0.005 0.1 �10
SW-30 85 0.74 0.007 1.3
SW-14 8.9 0.7 0.009 0.021

Shown are IC50 values for p110 isoforms (in �M). In addition to the
activities shown, PI-103 has an IC50 of 0.02–0.083 against the mammalian
target of rapamycin, and PIK-90 has an IC50 of 0.047–0.064 against phospha-
tidylinositol-3-kinase (PI3K) C2 and 0.013 against DNA-PK. As described
previously (18), these inhibitors had little or no activity against a large panel
of other kinases.
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and PI-103, are potent inhibitors of p110-�, while SW-30 and
SW-14 have virtually no �-inhibitory activity, and TGX-221
inhibits � only at high concentrations. PIK-90 also inhibits
p110-� and -�, and, at high concentrations, -�. PI-103 inhibits
all four p110s at submicromolar concentrations, although it is
most potent against �. TGX-221 is largely selective for
p110-�, although at intermediate concentrations it inhibits
p110-�. SW-30 is most potent against p110-�, while SW-14
inhibits both p110-� and -�. To begin to test the effects of these
inhibitors on ENaC-dependent Na� current, mpkCCD cells
were grown on Transwell filters and treated with aldosterone
and insulin for 4 h to activate current, followed by addition of
inhibitors at concentrations shown. Current was measured by
an Evometer at time points shown (Fig. 1). PI-103 and PIK-90
inhibited Na� current with IC50 of �0.08 and 0.16 �M,
respectively (Fig. 1A), while TGX-221, SW-30, and SW-14
had no effect, even at concentrations up to 10 �M. A similar
inhibitor profile was found in cells stimulated with either
aldosterone or insulin alone (not shown), with the exception
that in cells treated with insulin, TGX-221 had a mild inhibi-
tory effect at high concentrations (�5 �M).

Time course of Na� current inhibition. We next examined
the time course of inhibitor effects on current (Fig. 2). In cells
treated with aldosterone and insulin together, PIK-90 (1 �M)
and PI-103 (0.5 �M) inhibited current with a time course
comparable to that of the nonspecific PI3K inhibitor LY294002
(Fig. 2A). Onset of inhibition occurred within 30 min, and
current had dropped to, or below, that of baseline within 2 h.
After withdrawal of the inhibitor, the current returned to
preinhibition levels over 24 h (data not shown). TGX-221 and

SW-30 had no significant effect on current at any of the times
examined (Fig. 2A). Similar inhibitor effects were found for
cells treated with aldosterone alone (Fig. 2B). The inhibitor
pattern of cells treated with insulin alone was similar, with the
exception that TGX-221 inhibited current significantly at 5 �M
(Fig. 2C). This inhibition at high concentrations of TGX-221
probably reflects primarily a p110-�-dependent effect (cf.
Table 1), although why it occurs only in the context of
insulin-stimulated current is unclear. In view of the lack of
effect of TGX-221 on the potency of PIK-90 (see Fig. 6, and
below), it seems unlikely that the effect of 5 �M TGX-221 is
due to combined inhibition of p110-� and -�; however, they
leave open the interesting possibility that p110-� (which is
inhibited by TGX-221 at a higher IC50 than p110-�) might play
a role selectively in insulin-stimulated Na� current. Further
experiments will be needed to clarify this issue. In any case, the
present results strongly support the conclusion that p110-� is
the principal PI3K isoform mediating aldosterone- and insulin-
induced Na� current in CD cells.

PI3K isoform dependence of SGK1 and Akt expression and
phosphorylation. Both SGK1 and Akt are PI3K-dependent
kinases, which recognize a common substrate sequence present
in several target proteins, which include the ENaC inhibitor
Nedd4-2 (7, 13, 24). Both kinases undergo insulin-stimulated,
PI3K-dependent phosphorylation at two sites (Thr308 and
Ser473 in Akt, and Thr256 and Ser-422 in SGK1, respectively)
(20, 24). SGK1 is a well-established mediator of aldosterone
action (22), and there is also evidence that SGK1 and Akt
together mediate insulin stimulation of Na� current (3, 14, 21).
The abundance of SGK1, but not of Akt, is markedly increased
by aldosterone, and there is substantial basal phosphorylation
of both kinases in the absence of insulin or other hormonal
activators of PI3K (3, 21, 37). With these observations in mind,
we next examined the effect of the inhibitor panel on the
expression and phosphorylation status of SGK1 and Akt in the
presence of aldosterone and insulin together (Fig. 3), or the two
hormones separately (Figs. 4 and 5). As shown previously (37),
SGK1 expression was strongly stimulated by aldosterone
(Figs. 3 and 4), and the phosphorylated forms were enhanced
by insulin (Fig. 3A). Akt expression, on the other hand, was
unaffected (or slightly decreased) by aldosterone (Figs. 3 and
4), while its phosphorylation at both Thr308 and Ser473 was
strongly stimulated by insulin (Figs. 3 and 5), as previously
established (2).

The pattern of inhibitor effects on phosphorylation of both
SGK1 and Akt paralleled the pattern of effects on Na� current
in that LY294002, PI-103, and PIK-90, but not SW-30 or
TGX-221, were strongly inhibitory (Figs. 3A, 4, and 5). The
potency of PI-103 and PIK-90 for blockade of SGK1 and Akt
phosphorylation correlated closely with the concentrations re-
quired for blockade of Na� current. This was true whether Na�

current was stimulated with aldosterone and insulin together
(compare Figs. 3B and Fig. 1A), or with the two hormones
separately (not shown). It is also interesting to note that PI-103,
but not PIK-90, substantially decreased SGK1, but not Akt-
protein abundance (Figs. 3, A and B). The mechanism for this
effect on protein abundance is uncertain; however, it is notable
that although PIK-90 and PI-103 inhibit p110-� with compa-
rable in vitro IC50, PI-103 is a fourfold more potent inhibitor of
p110-� (Table 1), which could play a role in SGK1 expression.

Fig. 1. Concentration dependence of Na� current inhibition by isoform-
selective phosphatidylinositol-3-kinase (PI3K) inhibitors. mpkCCD cells
grown on Transwell filters were pretreated with aldosterone and insulin for 4 h,
followed by treatment with inhibitors at concentrations shown for additional
2 h. Equivalent current was determined by measurement of potential difference
and resistance across monolayers, as described in MATERIALS AND METHODS.
A: cells treated with PIK-90 and PI-103. B: cells treated with TGX-221,
SW-30, and SW-14.
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The effects of the inhibitors in cells treated with aldosterone
alone were similar to those seen in cells treated with aldoste-
rone and insulin together (Fig. 4), although there was some-
what less effect of PI-103 on SGK1 expression (compare Figs.
3A and 4). The reason for this difference is uncertain, but
suggests the participation of another kinase, which is more
sensitive to PI-103 than PIK-90, for example, mTOR. Impor-
tantly, the time course of inhibitor effects on SGK1 and Akt
phosphorylation in aldosterone-treated cells was also consis-
tent with p110-� being mechanistically implicated in the con-
trol of Na� current: PIK-90 and PI-103, but not TGX-221 or
SW-30, markedly blunted both SGK1 and Akt phosphorylation
within 0.5 h, similar to the time course seen for Na� current
inhibition (compare Figs. 4 and 2). This inhibitory effect on
SGK1 and Akt phosphorylation persisted for at least 2 h. A
similar temporal pattern of inhibitor response was seen in cells
treated with aldosterone and insulin together or with insulin
alone (data not shown).

Next, we examined the effect of the inhibitor panel on SGK1
and Akt phosphorylation in cells treated with insulin alone
(Fig. 5). Under these conditions (in the complete absence of
aldosterone), SGK1 levels are low (compare lanes 1 and 2 in
Fig. 4), and although both the phosphorylated and unphosphor-
ylated forms of SGK1 could be detected, sensitivity of the
assay (which relies on phosphorylation-induced mobility shift)
was not sufficient to assess the stimulatory effect of insulin. A
consistent effect of PI-103 and LY294002, but not PIK-90, to
inhibit SGK1 phosphorylation was detected. In this way, insu-

lin-treated cells were different from those treated with aldoste-
rone or aldosterone plus insulin. As in Fig. 3, Akt was readily
detectable and its phosphorylation at both Thr308 and Ser473
was substantially increased by insulin and blocked by
LY294002, PI-103, and PIK-90. In some experiments, PIK-90,
TGX-221, and SW-30 appeared to modestly decrease total Akt
expression; however, this effect was inconsistent.

Effect of combined inhibition of p110-�, -�, and -�. The
inhibitor response profile of glucose uptake and Akt phosphor-
ylation in L6 myotubes and L1 adipocytes also demonstrates a
predominant dependence on p110-� (18). However, myotubes
and adipocytes differ from each other in their dependence on
p110-�: in myotubes, but not adipocytes, the sensitivity of Akt
phosphorylation to p110-� inhibition is potentiated by inhibi-
tion of p110-�. To determine whether Na� current or phos-
phorylation of either Akt or SGK1 exhibited a similar second-
ary dependence on p110-� or -�, the effect of PIK-90 at
concentrations ranging from 0.005 to 1 �M was determined in
the presence and absence of 1 �M TGX-221, which inhibits
p110-� and -�, but not -� (Table 1, Ref. 17). As shown in
Fig. 6A, TGX221 did not have any effect on the ability of
PIK-90 to inhibit Na� current. Similarly, neither SGK1 nor
Akt phosphorylation (at either Thr308 or Ser473) showed a
secondary dependence on p110-� or -� (Fig. 6B). Together,
these results suggest that CCD cells behave more like adipo-
cytes than myotubes in their PI3K isoform dependence.

PI3K isoform expression in mpkCCD cells. Finally, we
examined the expression of p110 isoforms in mpkCCD cells by

Fig. 2. Time course of PI3K inhibitor effects on epithelial Na� channel (ENaC)-dependent Na� current in mpkCCD cells treated with aldosterone and insulin
together (A), aldosterone alone (B), or insulin alone (C). mpkCCD cells were grown on Transwell filters, as in Fig. 1, and pretreated with hormones, as described
in MATERIALS AND METHODS, and inhibitors then were added and equivalent current was measured at times shown. Inhibitor concentrations were as follows:
LY294002, 20 �M; PI-103, 0.5 �M; PIK-90, 1 �M; TGX-221, 5 �M; and SW-30, 5 �M.

Fig. 3. Effect of isoform-selective PI3K inhib-
itors on SGK1 and Akt phosphorylation in
mpkCCD cells treated with aldosterone and
insulin. A: mpkCCD cells were grown on
Transwell filters and treated for 4 h with aldo-
sterone plus insulin, and inhibitors were added
for 1 h additionally, at the same concentrations
used in Fig. 2. Cells were harvested and sub-
jected to Western blotting for SGK1, phospho-
Akt S473, phospho-Akt T308, and total Akt, as
shown. Phosphorylated (phospho) forms of
SGK1 are distinguished from unphosphory-
lated (unphospho) forms by mobility shift.
�-Tubulin is shown as a loading control.
B: titration of PIK-90 and PI-103. Lysates were
prepared from mpkCCD cells used for Na�

current measurements (Fig. 1A) and were sub-
jected to Western blotting as in A.
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semiquantitative RT-PCR using RNA isolated from vehicle- or
aldosterone-treated mpkCCD cells (Fig. 7). Interestingly,
p110-� and -� were comparably expressed, and p110-� was
readily detectable, although at a lower level than � or �. The
PI3K IB isoform, p110-�, was not detected, consistent with its
selective expression in leukocytes (32). These results strongly
suggest that the mechanism underlying selective use of p110-�
in these cells does not reflect a lack of expression of p110-� or -�.

DISCUSSION

Our present experiments strongly support the conclusion that
Na� transport in CD cells is dependent on p110-� and has no
significant dependence on p110-�, -�, or -�. PIK-90 and
PI-103, both of which are potent inhibitors of p110-� in vitro,
strongly inhibited Na� current at concentrations comparable to
those that inhibit glucose uptake in adipocytes (Fig. 1A and
Ref. 17). In contrast, TGX-221 (at concentrations that inhibit
p110-� and -�), SW-30 (at concentrations that inhibit only
p110-�), and SW-14 (at concentrations that inhibit p110-� and
-�) had no effect on current (Fig. 1B). TGX-221 did not alter
the sensitivity of Na� current to PIK-90, suggesting that
p110-� does not play a threshold or partially redundant role in
CD cells, as it does in L6 myotubes (17). The time course of
inhibition by PIK-90 and PI-103 is rapid, reducing current, as

well as SGK1 and Akt phosphorylation, to near-baseline within
30 min (Fig. 2). This time course, which is similar to that of
LY294002, a nonspecific inhibitor of class I PI3Ks, and several
other PI3K-like kinases, including mTOR (17), is consistent
with the mechanistic role for PI3K-�, as well as for SGK1 and
Akt in hormone-stimulated Na� current.

CD cells have baseline PI3K activity, which is further
activated by insulin (29, 37); however, evidence is conflicting
as to whether there is any effect of aldosterone on PI3K per se
(1, 6, 21, 29, 34, 37). Our present data indicate that in mpkCCD
cells, there is basal p110-�-dependent phosphorylation of Akt
and of SGK1, which is blocked to near-undetectable levels by
LY294002, PIK-90, and PI-103. This basal phosphorylation is
further stimulated by insulin, but not by aldosterone (Figs.
3–5), consistent with earlier reports suggesting that Akt and
SGK1 together mediate insulin’s effects on Na� current (21,
37). The SGK1 level is highly dependent on aldosterone, and
although it is difficult to assess its phosphorylation state in the
absence of aldosterone, our data are consistent with the idea
that the relative proportion of phosphorylated and unphosphor-
ylated SGK1 is not changed by this hormone. Further studies
are needed to clarify this issue.

It appears that SGK1 expression is dependent on the activity
of a PI-103-inhibitable kinase. The identity of this kinase is
uncertain at this time, and, moreover, whether it influences
synthesis and/or degradation remains to be determined. The
pattern of inhibition in the presence of aldosterone (see partic-
ularly Figs. 3A and 4) is consistent with a combined effect of
mTOR and p110-�; however, further work is needed to clarify
this conjecture. With regard to the action of insulin by itself, it
is notable that in the absence of aldosterone, Akt levels are
substantially higher than those of SGK1, and although Akt is a
weak activator of Na� current (3), it may be the principal one
in the complete absence of aldosterone (21). The extent to
which the PI3K-dependent effects are going through either
SGK1 and/or Akt vs. an alternate pathway, including direct
effects of PIP3 (27), still remains to be determined, as does the
relative contribution of Po vs. N. In any case, our data support
the idea that the generation of ENaC-stimulatory PIP3 is
mediated by p110-� , with no contribution from � or �, both of
which are expressed in these cells (Fig. 7). It is also important
to note that comparison of the inhibitor pattern seen in the
present study with their in vitro activities (18) does not support
a central role for hsVPS34 in this process, although this does
not rule out a role for class II or III PI3Ks in ENaC trafficking

Fig. 4. Inhibition of p110-�, but not of -�, -�, or -�, blocks SGK1 and Akt
phosphorylation in aldosterone-treated mpkCCD cells. Cells were pretreated
with 1 �M aldosterone for 4 h, and then inhibitors (at concentrations as in Figs.
2 and 3A) were added and cells were harvested for Western blotting at 0.5, 1,
or 2 h, as shown.

Fig. 5. p110-� inhibition blocks SGK1 and Akt phosphorylation in insulin-
treated mpkCCD cells. Experiments were performed as in Figs. 3 and 4, using
lysates from cells treated with insulin in the absence of aldosterone. The cells
were pretreated with 100 nM insulin for 1 h and then incubated with inhibitors
for an additional 1 h before harvesting of protein for Western blotting. Inhibitor
concentrations were as in Fig. 2.
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(9). The baseline and insulin-stimulated PI3K activity, as
reflected in ENaC-dependent Na� current, as well as in SGK1
and Akt phosphorylation, appears to be due to p110-� (Fig. 2,
A–C, and data not shown). Thus inhibition of p110-� but not of
-�, -�, or -�, rapidly and robustly inhibited Na� current and
phosphorylation of both SGK1 and Akt. The concentration
profiles, and time courses, for inhibition of SGK1 and Akt

phosphorylation were similar to the profiles for inhibition of
Na� current. However, PI-103 at higher concentrations also
inhibited SGK1-but not Akt-protein expression (Fig. 3B). The
underlying basis for this effect is uncertain, but likely reflects
an effect of PI-103 on another mediator, for example mTOR,
which is inhibited by PI-103, but not by PIK-90 (17). It is
unlikely that p110-� is implicated in SGK1 expression since
TGX-221 had no effect on expression, in the presence or
absence of PIK-90 (Fig. 6B).

TGX-221, at concentrations that selectively block p110-� or
-�, but not -�, failed to inhibit aldosterone-stimulated Na�

current, even in the presence of PIK-90 (Figs. 2 and 6A).
However, TGX-221 did inhibit insulin-stimulated current at high
concentration (5 �M). This may simply reflect a p110-�-mediated
effect (TGX partially inhibits � at very high concentrations), but
the differential effect of this inhibitor on insulin- vs. aldosterone-
treated cells warrants note. Akt and SGK phosphorylation in
mpkCCD cells similarly were unaffected by TGX, and it is
interesting to speculate that p110-� mediates an effect of PI3K,
which is independent of activation of SGK1 or Akt (27).

mpkCCD cells appear to behave more like adipocytes than
L6 myotubes (17) in that � inhibition does not potentiate that
of �. In L6 cells, the effect of p110-� inhibition on Akt
phosphorylation is potentiated by p110-�/� inhibitors, while in
adipocytes it is not. The mechanistic basis for differential
isoform function in the control of either glucose metabolism or
Na� transport is not immediately apparent; however, it is
interesting to speculate that these functional differences play a
role in the salt-sensitive hypertension associated with the
insulin-resistance syndromes. Notably, it is well established
that resistance to insulin-induced glucose uptake in muscle
contributes to hyperinsulinemia in prediabetic patients (28).
Since the sensitivity of renal tubular Na� reabsorption to
insulin is maintained (30), Na� retention occurs and contrib-
utes to salt-sensitive hypertension (30, 31). Interestingly, a

Fig. 6. p110-� inhibition does not influence Na� current
(A) or phosphorylation of either Akt or SGK1 (B). mpkCCD
cells were grown on Transwell filters and pretreated with
aldosterone and insulin or vehicle, as in Fig. 2. Cells were
then treated with PIK-90 at concentrations shown, in the
presence or absence of 1 �M TGX-221. After measurement
of equivalent current, lysates were prepared and subjected to
Western blotting as in Fig. 3.

Fig. 7. mpkCCD cells express p110-�, -�, and -� but not -�. mRNA was
harvested from mpkCCD cells treated for 4 h with 1 �M aldosterone (or
vehicle) and subjected to PCR with primers selective for p110-�, -�, -�, or -�
for 28, 33, or 38 cycles, as described in MATERIALS AND METHODS. p110-� was
not detected, even with additional PCR cycles (up to 43 cycles; not shown).
Cyclophilin products at 28, 33, and 38 cycles are shown as control for
amplification and loading.
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decrease in p110-� expression in muscle has been implicated
as a contributing factor in insulin-resistant states (23).

In conclusion, our data strongly support the idea that p110-�
is the principal PI3K catalytic subunit isoform required for
ENaC-dependent transepithelial Na� transport, as well as for
phosphorylation of the PI3K-dependent kinases SGK1 and Akt
in CD cells. These findings underscore the close relationship
between pathways involved in the control of glucose metabo-
lism and Na� transport and are consistent with a role for SGK1
and Akt in hormone-regulated Na� transport in cortical CD
cells. Furthermore, it is of potential pathophysiological and
clinical significance that p110-� appears to play a role in
insulin action in myotubes but not in CD cells or adipocytes.
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