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Introduction
Chronic metabolic acidosis elicits a series of homeosta-
tic responses that serve to return blood pH and serum
[HCO3

–] toward normal levels. One component of this
response involves an increase in the activity of the prox-
imal tubule apical membrane Na/H antiporter encoded
by the Na+/H+ exchanger 3 (NHE3) (1, 2). Glucocorticoid
hormones have been suggested to play an important role
in this response. Metabolic acidosis causes an increase in
circulating glucocorticoid levels (3, 4), and glucocorti-
coid agonists directly increase proximal tubule apical
membrane Na/H antiporter activity (5) and renal corti-
cal NHE3 mRNA abundance (6). Most importantly,
adrenalectomy prevents the acidosis-induced increases
in Na/H antiporter activity and renal NH4

+ excretion (7).
However, adrenalectomy and glucocorticoid admin-

istration lead to changes in systemic and renal hemo-
dynamics, which may complicate interpretation of
results obtained in vivo. OKP cells are an opossum kid-
ney cell line that expresses NHE3, and in which incu-
bation in acid media or addition of glucocorticoids
increases NHE3 activity (8–10). However, the effect of
acid incubation in OKP cells did not require the pres-
ence of glucocorticoids in the media (8). The purpose
of the present studies was to examine the nature of the
interaction between acid and glucocorticoids in OKP
cells. Results demonstrate that low concentrations of
hydrocortisone are synergistic with media acidification
in stimulating NHE3 activity, an effect resulting from
increased NHE3 protein abundance and trafficking to
the apical membrane.

Methods
Materials and supplies. All chemicals were obtained from Sigma
Chemical Co. (St. Louis, Missouri, USA) unless otherwise noted
as follows: penicillin and streptomycin from Whittaker M.A.
Bioproducts (Walkersville, Maryland, USA); acetoxymethyl
derivative of 2′7′-bis(2-carboxyethyl)-5-(and-6)-carboxyfluores-
cein from Molecular Probes Inc. (Eugene, Oregon, USA); NHS-
ss-biotin and immobilized streptavidin from Pierce Chemical
Co. (Rockford, Illinois, USA); and culture media from GIBCO
BRL (Grand Island, New York, USA).

Cell culture. OKP cells (11) were passaged in high glucose (450
mg/dl) DMEM supplemented with 10% FBS, penicillin (100
U/ml), and streptomycin (100 µg/ml). For study, confluent
cells were rendered quiescent by removal of serum, and media
were changed to a 1:1 mixture of low glucose (100 mg/dl)
DMEM and Ham’s F12.

Measurement of intracellular pH and Na/H antiporter activity.
Continuous measurement of cytoplasmic pH (pHi) was accom-
plished using the intracellularly trapped pH-sensitive dye
BCECF, as described previously (12). Cells were loaded with 10
µM acetoxymethyl ester of BCECF for 35 min at 37°C, and pHi

was estimated from the ratio of fluorescence with excitation at
wavelengths of 500 and 450 nm, with 530 nm emission in a
computer-controlled spectrofluorometer (8000C; SLM Instru-
ments Inc., Urbana, Illinois, USA). The BCECF excitation fluo-
rescence ratio was calibrated intracellularly using K/nigericin
as described (13).

Na/H antiporter activity was assayed as the initial rate of Na+-
dependent pHi increase after an acid load in the absence of
CO2/HCO3, as described previously (12). Cells were acidified
with 13 µM nigericin in Na+-free solution. The initial rate of
pHi increase (dpHi/dt) upon Na+ addition was calculated by
drawing a line tangent to the initial deflection. Changes in
media pH and glucocorticoids have no effect on buffer capaci-

The Journal of Clinical Investigation | February 1999 | Volume 103 | Number 3 429

Glucocorticoids enhance acid activation 
of the Na+/H+ exchanger 3 (NHE3)

Patrice M. Ambühl,1 Xiaojing Yang,1 Yan Peng,1 Patricia A. Preisig,1

Orson W. Moe,1,2 and Robert J. Alpern1

1Department of Internal Medicine, University of Texas Southwestern Medical Center, Dallas, Texas 75235-9003, USA
2Veterans Affairs Medical Center, Dallas, Texas 75216, USA

Address correspondence and reprint requests to: Robert J. Alpern, Southwestern Medical School, University of Texas 
Southwestern Medical Center, 5323 Harry Hines Boulevard, Dallas, Texas 75235-9003, USA. Phone: (214) 648-2509; 
Fax: (214) 648-8955; E-mail: ralper@mednet.swmed.edu

Received for publication January 26, 1998, and accepted in revised form December 15, 1998.

In the absence of exogenous glucocorticoids, decreasing media pH (from 7.4 to 6.8) for 24 hours
increased the Na+/H+ exchanger 3 (NHE3) activity in opossum kidney (OKP) cells. 10–7 M and 10–8 M
hydrocortisone increased NHE3 activity, and in their presence, acid incubation further increased NHE3
activity. Hydrocortisone (10–9 M) had no effect on NHE3 activity, but in its presence, the effect of acid
incubation on NHE3 activity increased twofold. Aldosterone (10–8 M) had no effect. In the absence of
hydrocortisone, acid incubation increased NHE3 protein abundance by 47%; in the presence of 10–9 M
hydrocortisone, acid incubation increased NHE3 protein abundance by 132%. The increase in NHE3
protein abundance was dependent on protein synthesis. However, 10–9 M hydrocortisone did not mod-
ify the effect of acid incubation to cause a twofold increase in NHE3 mRNA abundance. In the absence
of protein synthesis, 10–9 M hydrocortisone did potentiate an effect of acid on NHE3 activity, which was
due to trafficking of NHE3 to the apical membrane. These results suggest that glucocorticoids and acid
interact synergistically at the level of NHE3 translation and trafficking.

J. Clin. Invest. 103:429–435 (1999).



ty (8, 9). Results are therefore reported as dpHi/dt. Because
Na/H antiporter activity varies depending on passage number,
level of confluence, and other poorly understood factors, in all
studies comparisons are made between cells of the same pas-
sage studied on the same day.

Immunoblot. Cells were rinsed with ice-cold PBS three times
and Dounce-homogenized in isotonic Tris-buffered saline (150
mM NaCl, 50 mM Tris-HCl [pH 7.5], 5 mM EDTA) containing
proteinase inhibitors (100 µg/ml PMSF, 4 µg/ml aprotinin, 4
µg/ml leupeptin). Nuclei were removed by centrifugation at
13,000 g at 4°C. Membranes were pelleted by centrifugation at
109,000 g for 20 min (TLA 100.3 rotor, 50,000 rpm) (Beckman
TLX; Beckman Coulter Inc., Fullerton, California, USA). The
resulting pellet was resuspended in Tris-buffered saline, and
total protein content was determined by the method of Brad-
ford. 15 µg of protein was diluted 1:5 in 5× SDS loading buffer
(1 mM Tris-HCl [pH 6.8], 1% SDS, 10% glycerol, 1% 2-mercap-
toethanol), size fractionated by SDS-PAGE (7.5% gel), and elec-
trophoretically transferred to nitrocellulose. After blocking
with 5% nonfat milk and 0.05% Tween-20 in PBS for 1 h, blots
were probed in the same buffer for 1 h with a polyclonal
anti–opossum NHE3 antibody (antiserum 5683, generated
against a maltose binding protein/NHE3 [aa 484–839] fusion
protein) at a dilution of 1:300 (14). Blots were washed in 0.05%
Tween-20 in PBS one time for 15 min and two times for 5 min,
incubated with a 1:10,000 dilution of peroxidase-labeled sheep
anti–rabbit IgG in 5% nonfat milk and 0.05% Tween-20 in PBS
for 1 h, washed as above, and then visualized by enhanced
chemiluminescence. NHE3 protein abundance was quantitat-
ed by densitometry (ImageQuant Software version 3.3; Molec-
ular Dynamics Inc., Sunnyvale, California, USA). This proce-
dure labeled a 90-kDa band that was not seen when antibody
was preincubated with fusion protein or when preimmune
serum replaced the anti-NHE3 antiserum (14).

To measure plasma membrane NHE3, we used surface
biotinylation. Monolayers were rinsed with ice-cold PBS-Ca-Mg
(PBS with 0.1 mM CaCl2, 1.0 mM MgCl2) three times. Mem-
brane proteins were then biotinylated by incubation of cells in
1.5 mg/ml NHS-ss-biotin in 10 mM triethanolamine (pH 7.4),
2 mM CaCl2, and 150 mM NaCl for 90 min at 4°C. After label-
ing, plates were washed with 6 ml quenching buffer (PBS-Ca-
Mg, with 100 mM glycine) for 20 min at 4°C. Cells were then

lysed in radioimmunoprecipitation assay (RIPA) buffer (150
mM NaCl, 50 mM Tris-HCl [pH 7.4], 5.0 mM EDTA, 1% Triton
X-100, 0.5% deoxycholate, 0.1% SDS, 100 µg/ml PMSF, 5 µg/ml
aprotinin, and 5 µg/ml leupeptin). Extracts were rocked for 30
min at 4°C, centrifuged at 12,000 rpm at 2°C for 10 min, and
the supernatant diluted to 3 mg/ml with RIPA buffer. Biotiny-
lated proteins were then precipitated with streptavidin-conju-
gated agarose, and the precipitate was subjected to SDS-PAGE
and blotting with anti-NHE3 antisera as above.

RNA blotting. RNA was extracted using RNeasy (QIAGEN Inc.,
Valencia, California, USA). 15 µg of total RNA was size-fraction-
ated by agarose-formaldehyde gel electrophoresis and transferred
to nylon membranes. The radiolabeled NHE3 probe was synthe-
sized from a full-length OKP NHE3 cDNA (8) and the 18S probe
from a 752-base SphI/BamHI fragment of the mouse 18S rRNA
(No. 63178; American Type Culture Collection, Rockville, Mary-
land, USA) by the random hexamer method. Prehybridization,
hybridization, and washing were performed as described previ-
ously (15). Filters were exposed to film overnight at –70°C and
labeling was quantitated by densitometry. Changes in NHE3
abundance were normalized for changes in 18S rRNA abundance.

Statistics. Statistical analysis was performed using ANOVA
or paired t test, as appropriate. “n” refers to the number of
plates studied.

Results
Glucocorticoids enhance the stimulatory effect of acid incubation
on Na/H antiporter activity. When confluent, OKP cells were
removed from serum and incubated in either serum-free
media or serum-free media with hydrocortisone added for
24 hours. Cells then were incubated in the same media at
pH 7.4 or 6.8 for an additional 24 hours. Thus, after
removal of serum, cells were incubated in the presence or
absence of hydrocortisone for 48 hours, and during the
last 24 hours were exposed to media pH of 7.4 or 6.8.
Na/H antiporter activity was then measured at pH 7.4.

Figure 1 shows results with 10–7 M hydrocortisone.
This concentration of hydrocortisone caused a 49%
increase in Na/H antiporter activity (P < 0.005). In the
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Figure 1
Effect of 10–7 M hydrocortisone and media pH on Na/H antiporter activ-
ity. Cells were incubated in the presence or absence of 10–7 M hydrocorti-
sone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. Na/H antiporter activ-
ity was then measured at pH 7.4 and is reported as dpHi/dt. *P < 0.03 vs.
pH 7.4 (–HC); **P < 0.005 vs. pH 7.4 (–HC); ***P < 0.01 vs. pH 6.8
(–HC), P < 0.05 vs. pH 7.4 (+HC), P < 0.02 vs. pH 7.4 (–HC). n = 7
(–HC/7.4, +HC/6.8), n = 8 (–HC/6.8, +HC/7.4). HC, hydrocortisone.

Figure 2
Effect of 10–8 M hydrocortisone and media pH on Na/H antiporter activ-
ity. Cells were incubated in the presence or absence of 10–8 M hydrocor-
tisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. Na/H antiporter
activity was then measured at pH 7.4 and is reported as dpHi/dt. *P <
0.03 vs. pH 7.4 (–HC); **P < 0.02 vs. pH 7.4 (–HC); ***P < 0.005 vs. pH
6.8 (–HC), P < 0.005 vs. pH 7.4 (+HC), P < 0.001 vs. pH 7.4 (–HC). n = 7
(–HC/7.4), n = 8 (–HC/6.8, +HC/6.8, +HC/7.4).



absence of hydrocortisone, incubation in acid media
caused a 30% increase in antiporter activity (P < 0.03).
Incubation in acid media with 10–7 M hydrocortisone
caused antiporter activity to increase 74% above control
levels (pH 7.4, –HC; P < 0.02) and 17% above the activi-
ty in the presence of hydrocortisone alone (pH 7.4,
+HC; P < 0.05). These results suggest that the effects of
acid and hydrocortisone on Na/H antiporter activity
are additive, but do not clearly delineate whether
hydrocortisone modifies the effect of acid.

To further examine this, we used a similar protocol
with a lower concentration of hydrocortisone: 10–8 M
(Fig. 2). 10–8 M hydrocortisone caused only a 17%
increase in Na/H antiporter activity (P < 0.02). In the
absence of hydrocortisone, acid incubation caused a 20%
increase in Na/H antiporter activity (P < 0.03), while in
the presence of hydrocortisone, acid incubation caused
an increase of 54% compared with control (pH 7.4, –HC;
P < 0.001), and an increase of 32% compared with hydro-
cortisone alone (pH 7.4, +HC; P < 0.005). These results
suggest that hydrocortisone may enhance the effect of
acid but are also consistent with additive independent
effects of acid and hydrocortisone.

We therefore examined 10–9 M hydrocortisone (Fig. 3).
This concentration of hydrocortisone had no effect on
Na/H antiporter activity. In the absence of hydrocorti-
sone, acid incubation caused a 20% increase in Na/H
antiporter activity (P < 0.01), which was significantly larg-
er in the presence of hydrocortisone (38% increase vs. con-
trol [pH 7.4, –HC; P < 0.002] or vs. hydrocortisone alone
[pH 7.4, +HC; P < 0.003]). In addition, antiporter activity
with acid and hydrocortisone was 15% greater than with
acid in the absence of hydrocortisone (P < 0.02). Thus, at
low concentrations of hydrocortisone, where there is no
effect of hydrocortisone on Na/H antiporter activity,
hydrocortisone synergistically increases the effect of acid
incubation on antiporter activity twofold.

To address whether this synergism is due to a mineralo-
corticoid effect of hydrocortisone, we performed similar
experiments with a high concentration of aldosterone (Fig.
4). 10–8 M aldosterone had no effect on Na/H antiporter
activity. In addition, the effect of acidosis was not increased
in the presence of aldosterone. In the absence of aldos-
terone, acid incubation increased Na/H antiporter activity
by 25% (P < 0.03), while in the presence of aldosterone acid
incubation increased antiporter activity by 21% (P < 0.02).
Thus, the effect of hydrocortisone to synergize acid activa-
tion of the Na/H antiporter is a glucocorticoid effect.

OKP cells express an EIPA-resistant Na/H antiporter
that is encoded by NHE3 (8). In addition, glucocorticoids
and acid incubation, applied separately, increase NHE3
activity (8, 9). It is therefore likely that the effect of acid
incubation in the presence of glucocorticoids is on NHE3.
To confirm this, studies were performed in the absence or
presence of 100 µM HOE694, which should inhibit NHE1
or NHE2, but not NHE3 (16). As shown in Fig. 5, HOE694
did not inhibit Na/H antiporter activity and did not inhib-
it the effect of acid incubation in the presence of hydro-
cortisone. Thus, again the regulated isoform is NHE3.

Glucocorticoids enhance the stimulatory effect of acid incuba-
tion on NHE3 protein abundance. Glucocorticoids increase
NHE3 activity and mRNA abundance (6, 9, 10). Applica-
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Figure 3
Effect of 10–9 M hydrocortisone and media pH on Na/H antiporter activ-
ity. Cells were incubated in the presence or absence of 10–9 M hydrocor-
tisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. Na/H antiporter
activity was then measured at pH 7.4 and is reported as dpHi/dt. *P <
0.01 vs. pH 7.4 (–HC); **P < 0.02 vs. pH 6.8 (–HC), P < 0.003 vs. pH 7.4
(+HC), P < 0.002 vs. pH 7.4 (–HC). n = 9.

Figure 4
Effect of 10–8 M aldosterone and media pH on Na/H antiporter activity.
Cells were incubated in the presence or absence of 10–8 M aldosterone
for 48 h, and at pH 7.4 or 6.8 for the last 24 h. Na/H antiporter activity
was then measured at pH 7.4 and is reported as dpHi/dt. *P < 0.03, 6.8
vs. 7.4; **P < 0.02, 6.8 vs. 7.4. n = 8.

Figure 5
HOE694 does not inhibit the effect of 10–9 M hydrocortisone and media pH
on Na/H antiporter activity. Cells were incubated in the presence of 10–9 M
hydrocortisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. Na/H
antiporter activity was then measured at pH 7.4 in the absence or presence
of 100 µM HOE694 and is reported as dpHi/dt. *P < 0.01 vs. pH 7.4. n = 8.



tion of 10–7 M hydrocortisone for 48 hours caused a 151%
increase in NHE3 protein abundance (P < 0.05; Fig. 6).

To examine the interaction between hydrocortisone
and acid incubation at the level of NHE3 protein abun-
dance, we used 10–9 M hydrocortisone and performed
Western blotting (Fig. 7). In the absence of hydrocorti-
sone, acid incubation caused a 47% increase in NHE3 pro-
tein abundance (P < 0.003). 10–9 M hydrocortisone caused
a 61% increase in NHE3 protein abundance (P = 0.05). In
the presence of 10–9 M hydrocortisone, acid incubation
increased NHE3 abundance by 132% compared with that
in the absence of hydrocortisone at pH 7.4 (P < 0.001).
Thus, in the absence of hydrocortisone, acid incubation
causes a small increase in NHE3 abundance, while in the
presence of 10–9 M hydrocortisone, acid incubation caus-
es a large increase in NHE3 abundance.

Cycloheximide blocks the acid-induced increase in NHE3 pro-
tein abundance. An effect of acid to increase NHE3 pro-
tein abundance could be due to an increase in protein
synthesis or a decrease in protein degradation. To exam-
ine NHE3 protein stability, we measured the effect of a
24-hour acid incubation on NHE3 protein abundance in
the presence of 10–9 M hydrocortisone and 10–4 M cyclo-
heximide. Cycloheximide was added for the last 24 hours
of control and acid incubation to allow hydrocortisone
24 hours to induce gene expression and protein synthe-
sis before control or acid incubation. As shown in Fig. 8,
in this setting, acid incubation decreased NHE3 protein
abundance by 39% (P < 0.05). Thus, in the absence of pro-
tein synthesis, acid incubation decreases NHE3 abun-
dance, demonstrating a decrease rather than an increase
in NHE3 protein stability. The increase in NHE3 protein
abundance seen in the absence of cycloheximide there-
fore is likely due to enhanced NHE3 synthesis.

Glucocorticoids do not enhance the stimulatory effect of acid
on NHE3 mRNA abundance. An increase in NHE3 protein
synthesis can be due to an increase in NHE3 mRNA
abundance. Both acid incubation and glucocorticoids
have been demonstrated to increase NHE3 mRNA
abundance in OKP cells (8, 10). To examine if there is
synergism at this level, we again used a low concentra-
tion of hydrocortisone: 10–9 M (Fig. 9). Even this low

dose of hydrocortisone caused a 50% increase in NHE3
mRNA abundance (P < 0.05). However, there was no
synergism between hydrocortisone and acid incubation.
Acid incubation caused a 100% increase in NHE3
mRNA abundance in the absence of hydrocortisone (P
< 0.05), and an 86% increase in the presence of hydro-
cortisone (compared with pH 7.4 and no hydrocorti-
sone; P < 0.05). Thus, the synergism between hydrocor-
tisone and acid incubation occurs at the level of NHE3
activity and protein abundance, but not at the level of
NHE3 mRNA abundance.

Glucocorticoids enhance acid-induced increases in NHE3
activity in the absence of protein synthesis. We next examined
whether the synergism between hydrocortisone and acid
also involved posttranslational regulation. Once again,
cells were incubated in the absence or presence of 10–9 M
hydrocortisone for 24 hours before, and then during,
control or acid incubation. Again, 10–4 M cycloheximide
was added only during the last 24 hours of the control
or acid incubation to allow hydrocortisone 24 hours to
induce gene expression and protein synthesis. The low
Na/H antiporter activities seen in these experiments are
likely due to inhibition of synthesis of new antiporters
and are similar to that which we have reported previous-
ly (9, 12) (Fig. 10). As expected, 10–9 M hydrocortisone
had no effect on Na/H antiporter activity. In the absence
of hydrocortisone, acid incubation did not significantly
increase activity, while in the presence of hydrocortisone,
acid incubation caused a 36% increase in Na/H
antiporter activity (P < 0.005 vs. control or hydrocorti-
sone). Thus, the synergism between hydrocortisone and
acid involves, at least in part, a posttranslational process.

Given that NHE3 protein abundance is decreased by acid
incubation in the presence of cycloheximide (Fig. 8), the
increase in activity must be related to a process down-
stream from changes in protein abundance. One possible
mechanism is that acid incubation induces net trafficking
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Figure 6
Effect of 10–7 M hydrocortisone on NHE3 protein abundance. Cells were
incubated in the presence or absence of 10–7 M hydrocortisone for 48 h at
pH 7.4. NHE3 protein abundance was measured by Western blot. (a) Typ-
ical blot. (b) Summary of data. *P < 0.05. n = 4. NHE, Na+/H+ exchanger.

Figure 7
Effect of 10–9 M hydrocortisone and media pH on NHE3 protein abun-
dance. Cells were incubated in the presence or absence of 10–9 M
hydrocortisone for 48 h, and at pH 7.4 or 6.8 for the last 24 h. NHE3
protein abundance was measured by Western blot. All groups were
paired to cells studied in the absence of hydrocortisone at pH 7.4, and
NHE3 abundance is expressed as the percent increase over this condi-
tion. (a) Typical blot. (b) Summary of data. *P < 0.003, n = 18; **P =
0.05, n = 11; ***P < 0.001, n = 6.



of NHE3 from an intracellular storage pool to the apical
membrane. To examine this, we biotinylated apical mem-
brane proteins as described in Methods. After precipitation
with streptavidin-linked agarose beads, NHE3 was identi-
fied by Western blot. Figure 11 shows that in the presence
of 10–9 M hydrocortisone and cycloheximide, acid incuba-
tion increased apical membrane NHE3 abundance by 33%
(P < 0.05). Because this condition is associated with a
decrease in total cell NHE3, this result clearly demonstrates
net trafficking of NHE3 to the apical membrane.

Discussion
Glucocorticoids increase proximal tubule apical mem-
brane Na/H antiporter activity in vivo and in cell culture (5,
9, 17). The present studies also demonstrate that gluco-
corticoids increase NHE3 protein abundance. This is asso-
ciated with increases in NHE3 mRNA abundance in renal
cortex and in OKP cells (6, 10). In OKP cells, the increase in
NHE3 mRNA is related to increased NHE3 transcription
with no change in NHE3 mRNA stability (10). Metabolic
acidosis causes an increase in glucocorticoid levels (3, 4),
which could then mediate the observed increase in NHE3.

In support of an important role for glucocorticoids in
the acid response, it has been demonstrated that adrena-
lectomized rats fail to respond to acidosis with an
increase in renal NH4

+ excretion and proximal tubule
apical membrane Na/H antiporter activity (7). However,
because of significant hemodynamic effects of gluco-
corticoids, these results are difficult to interpret. Admin-
istration of dexamethasone to these adrenalectomized
rats increases Na/H antiporter activity, but acidosis does
not further increase antiporter activity. This lack of a fur-
ther acid effect suggests that glucocorticoids mediate the
effect of acidosis rather than synergistically increase the
acid effect. However, these studies may also be difficult
to interpret given the large dose of dexamethasone
administered and the possibility that a maximal

antiporter activity had been achieved. Thus, in vivo stud-
ies have suggested an important role for glucocorticoids
in mediating the effect of acidosis on the antiporter, but
the exact role played remains unclear from these studies.

The present studies demonstrate that in addition to
directly activating NHE3 transcription, glucocorticoids
synergistically increase the effect of acidosis on NHE3. In
the absence of glucocorticoids, incubation of OKP cells
in acid media for 24 hours caused increases in NHE3
activity, protein abundance, and mRNA abundance. In
this setting, the magnitude of the effect on mRNA abun-
dance (twofold increase) was quantitatively greater than
the magnitude of the effect on protein abundance (47%
increase). This differs somewhat from results in rats,
where chronic metabolic acidosis increases NHE3 protein
abundance twofold with no measurable effect on mRNA
abundance (1). The lack of an effect on mRNA abun-
dance compared with results in cell culture may reflect
the much smaller magnitude of pH change achieved in
rats. However, this would not then explain why the effect
on NHE3 protein abundance was larger in intact rats.
One difference is that glucocorticoids were present in the
rat studies but not in the cell culture studies (1).

In the present studies, glucocorticoids significantly
enhanced the effects of acid incubation on NHE3 pro-
tein abundance and activity, but had no effect on the
increase in NHE3 mRNA abundance. In the presence of
glucocorticoids, acid incubation had a threefold greater
effect on NHE3 protein abundance and a twofold
greater effect on NHE3 activity. These effects were seen
with a low concentration of hydrocortisone that had no
direct effect on NHE3 activity. These results suggest
that glucocorticoids enhance the ability of acid to
increase NHE3 protein synthesis or stability.

To address the mechanism further, we examined NHE3
protein stability. In the presence of cycloheximide and
hydrocortisone, acid incubation decreased rather than
increased NHE3 protein abundance. This suggests that
in this setting, acid decreases NHE3 protein stability.
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Figure 8
Effect of media pH on NHE3 protein abundance in the presence of 10–9

M hydrocortisone and 10–4 M cycloheximide. Cells were incubated in the
presence of 10–9 M hydrocortisone for 48 h, and at pH 7.4 or 6.8 for the
last 24 h. 10–4 M cycloheximide was added for the last 24 h. NHE3 pro-
tein abundance was measured by Western blot. (a) Typical blot. (b) Sum-
mary of data. *P < 0.05. n = 6.

Figure 9
Effect of 10–9 M hydrocortisone and media pH on NHE3 mRNA abundance.
Cells were incubated in the presence or absence of 10–9 M hydrocortisone
for 48 h, and at pH 7.4 or 6.8 for the last 24 h. NHE3 mRNA abundance
was measured by Northern blot. (a) Typical blot. (b) Summary of data. 
*P < 0.05. n = 5 (–HC/6.8), n = 6 (–HC/7.4, +HC/6.8, +HC/7.4).



Thus with protein synthesis intact, acid directly increas-
es NHE3 protein synthesis, an effect that is greater in
magnitude than the decrease in protein stability, result-
ing in a net increase in NHE3 protein abundance. It is
possible, but less likely, that acid increases synthesis of a
second protein, which functions to increase NHE3 sta-
bility; inhibition of synthesis of this second protein
would then inhibit this effect, leaving unopposed a direct
effect to decrease NHE3 protein stability.

Although acid did not increase NHE3 protein abun-
dance in the presence of cycloheximide, there was still
an increase in NHE3 activity. This suggests an addi-
tional posttranslational mechanism of regulation by

acid. In the present studies, we demonstrated that acid
incubation caused an increase in apical membrane
NHE3 in the presence of cycloheximide. Given that total
cellular NHE3 is decreased in this condition, these
results demonstrate acid-induced trafficking of NHE3
to the apical membrane. It is also possible that acid
incubation induces NHE3 phosphorylation or binding
of a regulatory protein to NHE3.

Glucocorticoids have been shown to play an impor-
tant role in acidosis-induced increases in protein degra-
dation in rats. Adrenalectomy inhibited this effect of
acidosis, but provision of low or high doses of dexam-
ethasone to adrenalectomized rats once again allowed
acidosis to stimulate protein degradation (4). Similar
results were found for acidosis-stimulated muscle
leucine oxidation (18), and for acidosis-induced increas-
es in the abundance of mRNAs encoding polyubiquitin
and the C2 and C9 subunits of the 26S proteosome (19),
all of which contribute to acidosis-induced protein
breakdown. Similarly, in cultured BC3H1 cells main-
tained in 1% serum, increased protein degradation was
not seen with media acidification or dexamethasone
alone, but was seen with media acidification and dex-
amethasone together (20). By contrast, in these cells,
media acidification increased mRNA abundance for
ubiquitin and the C2 proteosome subunit in the
absence of dexamethasone. In cultured LLC-PK1 cells,
activation of branched-chain α-ketoacid dehydrogenase
activity by acid media occurred in cells that do not
express glucocorticoid receptors (21). These results sug-
gest, similar to the present results, that while acidosis
may exert glucocorticoid-independent effects on pro-
tein degradation, a significant component of regulation
by acidosis involves synergism with glucocorticoids.

In summary, glucocorticoids play an important role in
the response of the Na/H antiporter to acidosis. Acido-
sis increases adrenal glucocorticoid secretion (3, 4). Glu-
cocorticoids then exert three effects on NHE3. First, they
directly increase NHE3 transcription. Second, glucocor-
ticoids synergistically enhance the ability of acidosis to
increase NHE3 protein abundance, likely through
enhanced NHE3 protein synthesis. Lastly, glucocorti-
coids synergistically enhance the ability of acidosis to
induce NHE3 trafficking to the apical membrane.
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