wdJ N

World Journal of
Nephrology

Online Submissions: http:/ /www.wjgnet.com/esps/
wijnephrol@wjgnet.com
doi:10.5527 / wjn.v1.i5.146

World | Nephrol 2012 October 6; 1(5): 146-150
ISSN 2220-6124 (online)
© 2012 Baishideng. All rights reserved.

REVIEW

Role of renal proximal tubule transport in thiazolidinedione-

induced volume expansion

George Seki, Yoko Endo, Masashi Suzuki, Hideomi Yamada, Shoko Horita, Toshiro Fujita

George Seki, Yoko Endo, Masashi Suzuki, Hideomi Yamada,
Shoko Horita, Toshiro Fujita, Department of Internal Medicine,
Faculty of Medicine, University of Tokyo, 7-3-1 Bunkyo-ku,
Hongo, Tokyo 113-0033, Japan

Author contributions: All authors contributed to the conception
and design of this study and the drafting of the manuscript, and
approved the final version.

Correspondence to: George Seki, MD, Department of Inter-
nal Medicine, Faculty of Medicine, University of Tokyo, 7-3-1
Bunkyo-ku, Hongo, Tokyo 113-0033,

Japan. georgeseki-tky@umin.ac.jp

Telephone: +81-3-38155411-33004 Fax: +81-3-58008806
Received: August9, 2011 Revised: May 30, 2012
Accepted: September 25, 2012

Published online: October 6, 2012

Abstract

Thiazolidinediones (TZDs), pharmacological activa-
tors of peroxisome-proliferator-activated receptors y
(PPARY), significantly improve insulin resistance and
lower plasma glucose concentrations. However, the use
of TZDs is associated with plasma volume expansion,
the mechanism of which has been a matter of contro-
versy. Originally, PPARy-mediated enhanced transcrip-
tion of the epithelial Na channel (ENaC) y subunit was
thought to play a central role in TZD-induced volume
expansion. However, later studies suggested that the
activation of ENaC alone could not explain TZD-induced
volume expansion. We have recently shown that TZDs
rapidly stimulate sodium-coupled bicarbonate absorp-
tion from renal proximal tubule (PT) /n vitro and in vivo.
TZD-induced transport stimulation was dependent on
PPARy/Src/EGFR/ERK, and observed in rat, rabbit and
human. However, this stimulation was not observed in
mouse PTs where Src/EGFR is constitutively activated.
Analysis in mouse embryonic fibroblast cells confirmed
the existence of PPARy/Src-dependent non-genomic
signaling, which requires the ligand binding ability but
not the transcriptional activity of PPARy. The TZD-in-
duced enhancement of association between PPARy and
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Src supports an obligatory role for Src in this signal-
ing. These results support the view that TZD-induced
volume expansion is multifactorial. In addition to the
PPARy-dependent enhanced expression of the sodium
transport system(s) in distal nephrons, the PPARy-
dependent non-genomic stimulation of renal proximal
transport may be also involved in TZD-induced volume
expansion.

© 2012 Baishideng. All rights reserved.
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PHYSIOLOGICAL ROLES OF
PEROXISOME-PROLIFERATOR-
ACTIVATED RECEPTOR vy

The peroxisome-proliferator-activated receptors (PPARs)
are a subfamily of the nuclear-receptor superfamily. Upon
ligand binding, these receptors undergo conformational
changes, and regulate the expression of multiple genes by
recruiting specific sets of co-activators or co-repressors.
Among them, PPARy is most abundantly expressed in adi-
pose tissues, but is also expressed in many tissues including
vascular endothelium and kidney'. PPARYy is both neces-
sary and sufficient to initiate adipogenesis in fibroblast cell
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lines, and can be thought of as a master gene in fat cell
biology and differentiation™. In a key study, homozygous
PPARy-deficient embryos died due to placental deficiency.
Unexpectedly, heterozygous PPAPy-deficient mice were
rather protected from developing insulin resistance under
a high-fat diet. These heterozygous mice showed overex-
pression and hypersecretion of leptin despite the smaller
size of their adipocytes, which might explain the protec-
tion from insulin resistance”. Thus, PPARy may play dual
roles in the regulation of insulin resistance at least in the
specific experimental conditions in mice.

By contrast, pharmacological activation of PPARy by
thiazolidinediones (TZDs) consistently improves insu-
lin resistance and lowers plasma glucose concentrations
in humans'. Interestingly, a recent study suggests that
obesity-induced phosphorylation of PPARYy at serine 273
may, by reducing the expression adiponectin, represent
a molecular basis of insulin resistance!”. Thus, PPARYy
seems to be an ideal target in the treatment of type 2 dia-
betes mellitus with insulin resistance.

TZDs such as rosiglitazone and pioglitazone (PGZ)
are synthetic ligands functioning as strong activators of
PPARy. The insulin-sensitizing effects of TZDs may in-
volve the decreased expression of insulin-resistant adipo-
kines including tumor necrosis factor (INF)-q, interleukin
(IL)-1 and resistin, as well as the increased production of
insulin-sensitizing hormone adiponectinm. TZDs may also
have beneficial effects on the cardiovascular system, in-
cluding the reduction of blood pressure, the improvement
of wvascular function, and the reduction of inflammatory
biomarkers™. These beneficial effects of TZDs on gly-
cemic control and cardiovascular risk factors have lead to
their widespread use in the treatment of type 2 diabetes
mellitus. However, fluid retention, one of the main side
effects of TZDs, precludes the use of TZDs in the set-
ting of severe congestive heart failure (CHF). Moreover, a
recent meta-analysis suggests that rosiglitazone may even
increase the cardiovascular mortality risk!”.

EDEMA FORMATION AND TZDs IN
CLINICAL PRACTICE

When used as monotherapy, the incidence of pedal
edema ranges from 3%-5% for both rosiglitazone and

pioglitazone®™. The incidence of edema formation sig-
nificantly increases when either of the TZDs is used in
combination with insulin. For example, the use of rosi-
glitazone in combination with insulin was associated with
13%-16% incidence of edema, compared with 4.7% in
those receiving insulin alone”. The reasons for fluid re-
tention and peripheral edema with the use of TZDs may
involve multiple factors. In addition to vasodilatation, a
reduction in renal excretion of sodium and water prob-
ably plays a substantial role in plasma volume expansion
related to the use of TZDs.

Despite the increased rate of edema formation, direct
negative effects of TZDs on cardiac functions are less
likely. Actually, the incidence of CHF was less than 1%
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for rosiglitazone rnonotherapy[m]. When rosiglitazone was
added to insulin therapy, the incidence of CHF increased
to 2%-3%, compared with 1% in those receiving insulin
alone™. Thus, the incidence of CHF in TZD-treated pa-
tients is very low. However, the incidence is significantly
increased by combination therapy with insulin®"". Based
on these and other considerations, the American Diabetes
Association and the American Heart association evaluated
the use of TZDs in patients with heart disease and in those
who develop edema or unexpected weight gain. Their
recommendations were the evaluation of edema patho-
genesis, the careful monitoring of CHF-related symptoms
in the first 3 mo of TZD treatment, the evaluation of car-
diac functions for the possible existence of CHE, and the
reconsideration of TZD use if a new diagnosis of CHF
is made”. At present, TZDs should not be prescribed to
patients with symptoms and signs of New York Heart As-
sociation class Ill or IV cardiac function status.

MECHANISM OF TZD-INDUCED FLUID
RETENTION

Molecular mechanism underlying the enhancement of
sodium and fluid absorption from the kidney by TZDs
has been a matter of controversy. Originally, the studies
on mice with the selective deletion of PPARy from renal
collecting ducts suggested that TZD-induced volume ex-
pansion is dependent on transport stimulation in the dis-
tal nephrons“z’m. In particular, the PPARy-mediated en-
hanced transcription of the epithelial Na channel (ENaC)
y subunit was thought to play a key role!™". Consistent

with this view, amiloride, an inhibitor of ENaC, was able
[12]

to suppress TZD-induced volume expansion in mice
Morteover, TZDs were reported to enhance the surface
expression of the ENaC o subunit through the glucocor-
ticoid-inducible kinase SGK1"",

However, other studies have failed to support a criti-
cal role for ENaC in TZD-induced volume expansion.
For example, TZDs did not alter the ENaC activity
in well-established renal principal cell culture models,
although insulin was able to clearly enhance ENaC ac-
tivity in these cells'™. TZDs also failed to enhance the
stimulatory effect of insulin on ENaC, arguing against a
role for ENaC in fluid retention caused by the combined
use of TZDs and insulin. In addition, the enhanced ex-
pression of ENaC subunits by TZDs was not observed
consistently"’. Furthermore, Vallon ¢ a/'" showed that
TZD-induced fluid retention was not suppressed in
mice selectively lacking the ENaC o subunit in collect-
ing ducts, strongly suggesting that the enhancement of
ENaC activity alone cannot explain TZD-induced vol-
ume expansion . Using primary cultured mouse inner
medullary collecting ducts, Vallon e# al'™ also found that
TZDs can increase the activity of a nonselective cation
channel. However, they failed to find ENaC activity in
these cells"”. The same group recently found that TZDs
can actually repress the ENaC vy subunit promoter »iz an
indirect transcriptional mechanism in M1 cortical col-
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lecting duct cells". These results seem to indicate that
TZDs may activate sodium transport system(s) other
than ENaC in renal distal tubules.

EFFECTS OF TZDs ON RENAL PROXIMAL
TUBULE TRANSPORT

[19

Both human'” and animal®™ studies suggested that re-
nal proximal tubule (PT) transport could be stimulated
by TZDs. We therefore speculated that TZD-induced
volume expansion is multifactorial, and that PTs may be
another target nephron segment for TZDs. In the stimu-
lation of distal nephron transport, the process known as
escape phenomenon tends to suppress the sodium reab-
sorption along PTs and other nephron segments. There-
fore, the stimulation of sodium transport in distal neph-
rons alone, as observed in excessive aldosterone actions,
does not usually result in massive volume expansion with
edema formation™".

In PTs, the apical Na'/H' exchanger NHE3 and the
basolateral Na™-HCOs’ cotransporter NBCel are thought
to function in a coordinated fashion to absotb sodium,
bicarbonate, and fluid. We found that physiological
concentrations of TZDs markedly stimulated sodium-
coupled bicarbonate absorption from isolated rabbit, rat,
and human PTs by activating both NBCel and NHE3
through the PPARy/Src/EGFR/ERK pathway. Acute
PGZ administration in rats also induced changes in renal
parameters consistent with the stimulation of iz vivo PT
transport. However, TZDs failed to stimulate 7z vitro and
in vivo PT transport in mice, where Stc/EGFR/ERK is
uniquely activated in a constitutive manner™

TZDs are known to trigger diverse rapid cellular sig-
naling events including the activation of kinase signaling
pathways such as phosphatidylinositol 3-kinase (PI3K)/
Akt, ERK, EGFR transactivation, the production of
reactive oxygen species, and Ca”" influx™. However, the
mechanisms underlying such dose-, time-, and cell type-
dependent responses had been largely unknown. By pet-
forming transfection experiments on mouse embryonic
fibroblast (EF) cells derived from PPARy’/’ mice with
the full-length PPARy or the ligand-binding domain of
PPARpr, we confirmed the presence of nongenomic
signaling, resulting in the activation of ERK and requit-
ing the ligand binding ability but not the transcriptional
activity of PPARy. We also showed that TZDs rapidly
facilitated association between PPARy and Src, which was
also dependent on the ligand-binding ability of PPARy.
Together with the rapid kinetics (within minutes) of re-
sponses and the non-requirement of transcriptional activ-
ity, these results indicated that PPARy, like another nucle-
ar receptor for estrogen[24], can activate the ERK pathway
through a non-genomic mechanism. The dependence
on Src, the association between PPARy and Src, and the
negative effect of constitutive Src activation all support
the central role of Src in PPARy-dependent non-genomic
signaling. Because the magnitude of enhancement in PT
transport by TZDs was actually comparable to or even
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Figure 1 Mechanisms of thiazolidinedione-induced volume expansion. In
addition to the genomic stimulation of the sodium transport system(s) in distal
nephrons, thiazolidinediones (TZDs) may rapidly stimulate proximal tubule
transport through a non-genomic mechanism. PPARy: Peroxisome-proliferator-
activated receptors y.

exceeded that by angiotensin 1I ® 2 hormone with the
greatest stimulatory effect in this segment, we concluded
that the stimulation of renal PT transport through PPARy-
dependent non-genomic signaling may play a significant
role in TZD-induced volume expansion’™.

In human subjects with type 2 diabetes, diuretics tar-
geting the distal nephron were, at least partially, effective
in preventing TZD-induced mild volume expansion”’
On the other hand, massive volume expansion, the clini-
cally more important side effect sometimes observed in
human subjects taking TZDs, is known to be resistant to
conventional diuretic monotherapy'™. Although massive
volume expansion in human subjects usually occurs after
weeks of TZD use, it can also occur as rapidly as 4 d after
TZD use™. These observations suggest the involvement
of multiple mechanisms in TZD-induced edema forma-
tion. Consistent with the stimulation of PT transport,
a reduction in lithium clearance was indeed reported in
human subjected treated with TZDs". Thus, the simul-
taneous stimulation of sodium transport in PTs and distal
nephrons through distinct mechanisms may explain TZD-
induced edema formation as shown in Figure 1.

On the other hand, the chronic administration of
TZDs in rats was reported to enhance the renal abun-
dance of o/l subunit of Na'/K" ATPase and the apical
Na'/H" exchanger NHE3 in PTs"". TZDs were also
found to enhance the expression of NHE3 through
SGK1-mediated transcriptional activity of PPARy in
cultured human PT cells™. These changes in transporter
abundance may further amplify the TZD-induced non-
genomic stimulation of PT transport.

POTENTIAL SYNERGY BETWEEN TZD-
INDUCED VOLUME EXPANSION AND
RENAL INSULIN ACTIONS

Insulin action is initiated by activation of tyrosine kinase
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Table 1 Summary of results about mechanism of thiazolidinedione-induced volume expansion

Ref. Cells/animals

Results

Guan et al™ Collecting duct-specific PPARy KO mouse

Zhang et al™ Collecting duct-specific PPARy KO mouse
Hong et al™ Collecting duct cells

Nofziger et al™ Collecting duct cells

Song et al" Rat

Vallon et al"”
Borsting et al®
Endo ef al™
Saad et al®

Collecting duct-specific ENaC KO mouse
M1 collecting duct cells

Isolated PT from rabbit, rat, and human
Human PT cells

TZD-induced volume expansion is dependent on PPARYy in collecting ducts.
Increase in collecting duct Na transport and ENaCy mRNA by TZDs
TZD-induced volume expansion is dependent on PPARy in collecting ducts.
Increase in collecting duct Na transport by TZDs

Increase in cell surface ENaC expression by TZDs

No effects of TZDs on ENaC activity

Increase in expression of Na/K ATPase and NHE3 but not of ENaC by TZDs
ENaC-independent volume expansion by TZDs

Suppression of ENaCy promoter by TZDs

Non-genomic stimulation of PT transport by TZDs

Sgk-1-dependent stimulation of NHE3 expression by TZDs

TZDs: Thiazolidinediones; PPARy: Peroxisome-proliferator-activated receptors y; PT: Proximal tubule.

in cell-surface receptors. The insulin receptor transmits a
series of trans-phosphorylation reactions to several dock-
ing proteins. Among these insulin receptor substrates
(IRSs), IRS1 and IRS2 are the two major substrates.
These tyrosine phosphorylated substrates bind other Stc
homology 2 proteins, resulting in the activation of PI3K
and other kinases such as mitogen-activated protein ki-
nase. These kinases mediate multiple actions of insulin,
including the translocation of the glucose transporter
GLUT4 into the plasma membrane. Defects somewhere
in this insulin signaling are thought to be responsible for
the occurrence of insulin resistance”™. Insulin has been
known to stimulate sodium absorption along various
nephron segments[m. For example, insulin is known to
activate ENaC through the PI3K pathway[gzl. In addition,
physiological concentrations of insulin can stimulate PT
transport through the PI3K pathway>*,

We have previously shown that the stimulatory effect
of insulin on PT transport requires IRS2 but not IRS1%",
Interestingly, insulin resistance is often associated with
defects in the IRS1-dependent signaling, while IRS2-
dependent signaling seems to be sometimes preserved in
adipocytes and skeletal muscles™ . These results sug-
gest that the renal actions of insulin may be preserved
at least in certain forms of insulin resistance. A recent
study in rat models of diabetes and obesity also supports
this view". If the renal stimulatory effect of insulin is
preserved in human insulin resistance, the renal actions
of insulin may work synergistically with the renal actions
of TZDs, resulting in the enhanced volume expansion.
This scenario may explain the more frequent occurrence
of edema and CHF with the combined used of TZDs
and insulin. These considerations support the view that
the careful observation is required, especially in the com-
bined use of TZDs and insulin®.

CONCLUSION

TZDs improve insulin resistance by activating PPARy.
However, the use of TZDs is associated with plasma vol-
ume expansion, which precludes their use in the setting
of CHE. As summarized in Table 1, the mechanism of
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TZD-induced volume expansion may be multifactorial.
Initially, ENaC in collecting ducts was thought to play
a key role”"". However, other studies did not support
the central role of ENaC""", suggesting that activation
of collecting duct Na transporter(s) other than ENaC
may play a role. On the other hand, we found that TZDs
can activate PT transport through a PPARy-dependent
non-genomic mechanism™. Finally, this non-genomic
stimulation of PT transport may be amplified by TZD-
mediated transcriptional activation of PT transporters
such as NHE3"**.
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