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Glucose is a key fuel and an important metabolic substrate in mammals. A number of mechanisms

contribute to the changes in cellular functions that occur in response to exposure of endogenous fac-

tors. These include increased cytokines and growth factors as well as the glucose specific effects due

to increased intracellular level of glucose. The kidneys play a major role in the regulation of plasma

glucose levels, and ever increasing attention is now being given to renal glucose transporters as the

implications including diabetes mellitus. The primary rabbit renal proximal tubule cells (PTCs) culture

system utilized in my study has well recognized to retain /n vitro the differentiated phenotype typical

of the renal proximal tubule, including a polarized morphology and distinctive proximal tubule trans-

port. Thus, | examined the effects of several factors on Na /glucose cotransporters in PTCs. ANG I,

EGF, epinephrine, TCDD, high glucose, bee venom, partially inhibited [**C]-o-methyl-D-glucopy-

ranoside (0-MG) uptake, whereas BSA stimulates a-MG uptake in PTCs. On the other hand, caf-

feic acid, ginsenosides, and estrogens protected oxidative stress—induced inhibition of a-MG uptake.
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Glucose has been observed to have dramatic ef-
fects on the functional properties of epithelial cells
and kidneys play a major role in the regulation of
plasma glucose levels™ ?. In addition, glucose is acti-
vely reabsorbed by specific transporters across the
brush-border membranes of proximal tubular cells?.
The number of known glucose transporters in the
kidney and small intestine has expanded considerably
by many researchers. Alteration of glucose trans-
porter induced changes of regulatory mechanism in

renal function®®

. However, the functional and mo-
lecular changes of transport systems by several fac-
tors are still unknown. Thus, this review focuses on
regulatory mechanisms of glucose transporters in

renal proximal tubule cells.
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Glucose uptake into the cells belong to
one of the most extensively studied fields
of cell physiology

The major function of membrane proteins is their
role as transporters. Many molecules enter or leave
the cell using transport proteins. We will classify
transport proteins into two categories: channels and
carriers. Channel proteins create water-filled passage-
ways that link the intracellular and extracellular
compartments. Carrier proteins bind to the substrates
that they carry but never form a direct connection
between the intracellular and extracellular fluid.
Movement of substances across cell membranes with
the aid of a carrier protein is known as mediated
transport. If mediated transport is passive, molecules
move down their concentration gradient, and net
transport stops when concentrations are equal inside
the cell and out, the process is known as facilitated

diffusion. If protein-mediated transport requires ener-
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gy from ATP or another outside source and moves a
substance against its concentration gradient, the pro-
cess is known as active transport. Both passive and
active forms of mediated transport demonstrate three
properties: specificity, competition, and saturation® »
Glucose is a key fuel in mammals and an important
metabolic substrate. It is obtained directly from the
diet, principally following the hydrolysis of ingested
disaccharides and polysaccharides, and by synthesis
from other substrates in organs such as the liver.
Glucose derived from the diet is transferred from the
lumen of the small intestine, and both dietary glucose
and glucose synthesized with in the body have to be
transported from the circulation into target cells. Why
does body have both a facilitated diffusion glucose
transporters (GLUTSs) and a Na /glucose cotranspor-
ter (SGLTs) for glucose uptake? All cells use
GLUTs to bring glucose into cells from the extra-
cellular fluid. In addition, GLUTs can move molecules
in either direction across a membrane, depending on
the concentration gradient. In contrast, the SGLTs
can move substrate only into the cell because it must
follow the Na gradient. Consequently, the SGLTs
are found only on transporting epithelial cells that
use it to bring glucose into the body from the ex-

ternal environment.

Classification of glucose transporters

Sugar absorption/reabsorption in the mammalian
body is mediated by specific transporters. The num-
ber of known glucose transporters has expanded
considerably over the past 2 years. At least three,
and up to six, Na /glucose cotransporters (SGLT1-
SGLT6; gene name SLC5A, 11 genes) have been
identified® . The first of this type of glucose trans-
port protein to be cloned was the high-affinity trans-
porter from rabbit intestine, SGLT1 (11). SGLT1 has
a limited tissue expression and is found essentially
on the apical membranes of small-intestinal absorp-

tive cells (enterocytes) and renal proximal straight

tubules (S3 cells). Consequently, a single missense
mutation in the SGLT1 gene causes clinical Glc/Gal
malabsorption'®. A second Na /glucose transporter,
SGLT2, is of low affinity and is predominantly ex-
pressed on the apical membrane of renal convoluted
proximal tubules (S1 and S2 cells)™® *”. Renal reab-
sorption of Glc is considered to occur mainly through
SGLT2, because a homozygous nonsense mutation
and compound heterozygous mutations in the SGLT2
gene were recently found in patients with renal
glucosuria®™ . In addition, a specific inhibitor of this
17,18 A pig

renal amino acid co-transporter (SAAT1) has been

transporter induces glucosuria in rats

reclassified as a low-affinity glucose co-transporter
and finally renamed pSGLT2™. SGLT3, found as a
humam ortholong of porcine SGLT2 and formerly
called SAAT1™ 2, recently underwent a reevaluation
of its function®”. These results of the reevaluation
suggested that SGLT3 is not glucose transporter, but
rather a glucose sensor in the plasma membrane of
cholinergic neurons, skeletal muscle, and other tis-
sues. Additional members, SGLT4-6, have been as-
signed but await complete functional and structural
characterization. Similarly, thirteen members of the
family of facilitative sugar transporters (GLUT1-
GLUT12 and HMIT; gene name SLC2A, 13 genes)
are now recognized. These various transporters exhi-
bit different substrate specificities, kinetic properties,

2 The class

and tissue expression profiles (Table 1)
| facilitative transporters contain GLUT1-4, and these
have been comprehensively characterized in terms of
structure, function, and tissue distribution. The class
Il facilitative transporters are headed by the fructose
transporter GLUTS5, and include GLUT7, GLUT9
(neither of which has been functionally characterized)
and GLUT11. The class Il facilitative transporters
comprise five members: GLUT6, GLUTS8, GLUT10,
GLUT12, and HMIT.

The number of distinct gene products, together
with the presence of several different transporters in

certain tissues and cells (for example, GLUT1,
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Table 1. The Glucose Transporter (GLUT) Family of Facilitative Sugar and Polyol Transporters (Gene name

SLC2A)
. L - Functional Present in Present in
Isoform Prr:eg/rlnczaus Class ll\gilanliztlast?cl)jr? S;Q:;!'\?e,) characteristics skeletal  white adipose
’ (transport) muscle? tissue?
GLUT1 O Erythro_c yt_es, brain, No Glucose Yes Yes
ubiquitous
Liver, pancreas Glucose
GLUT2 O . ; P o No (low affinity); No No
intestine, Kidney
fructose
GLUT3 = Brain No Glucose No Yes (m)
(high affinity)
Heart, muscle, WAT, Glucose
cLuT4 = BAT, brain ves (high affinity) ves ves
GLUTS O Intestine, testes, Kidney No Fructose; glu_ct_)se Yes Yes
(very low affinity)
GLUT6 GLUT9 O  Brain, spleen, leucocytes No Glucose No nd
GLUT7? (| n.d n.d nd n.d n.d
Testes, brain No (yes in
GLUTS8 GLUT X1 O . Glucose Yes (m Yes (m
and other tissues blastocytes) ucos s (m) s (m)
GLUT9 GLUT X [ Liver, kidney n.d n.d No n.d
GLUT10 O Liver, pancreas No glucose Yes (m) No
Glucose
I ffinity);
GLUT1l. GLUT 10 O Heart, muscle No (low affinity); Yes (m) No
fructose
(long form)
Heart, prostate
GLUT12 GLUT 8 (| muscle, small Yes nd Yes Yes
intestine, WAT
HMIT (| Brain n.d H -myo inositol No (m) Yes (m)

WAT, white adipose tissue; BAT, brown adipose tissue; m, mRNA only; n.d.. not determined; HMIT, H -coupled myo-

inositol transpoter

“The presence of each transporter in skeletal muscle and WAT is shown since these are the major sites of insulin-sti-

mulated glucose uptake.

“GLUT11 occurs in two splice variants; a short form (low-affinity glucose transport) and a long form (which may be a

fructose transporter). (Wood and Trayhurn, 2003)

GLUT4, GLUT5, GLUT8, GLUT12 and HMIT in
white adipose tissue), indicates that glucose delivery
into cells is a process of considerable complexity®?.
The expression of several sugar transporter isoforms
in individual tissues, and indeed cells, is a reflection
of the different characteristics of each of the various
transporters, and provides a high degree of specificity
in the control of glucose uptake under different phys-
iological conditions (i.e., a wide range of glucose
concentrations). Therefore, the mechanisms by which

external and internal signals regulate glucose uptake

into the cells belong to one of the most extensively

studied fields of cell physiology.

Regulatory mechanisms of SGLTs in
renal proximal tubule cells

The kidneys play a major role in the regulation of
plasma glucose levels, and ever increasing attention
is now being given to renal glucose transporters as
drug targets in the treatment of patients with

diabetes mellitus®. Each day, ~ 180 g of D-glucose
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are filtered from plasma by the kidneys, and this is
all normally reabsorbed back into the blood in the
proximal tubules®. The model for glucose transport
across the tubule is similar to that first proposed for
the small intestine; i.e., glucose is first accumulated
within the epithelium by SGLTs in the brush-border
membrane and then is transported out of the cell
across the basolateral membrane by GLUTSs. Genetic
studies suggest that two different genes regulate
SGLTs, and there is evidence from animal studies to
suggest that the major bulk of sugar is reabsorbed in
the convoluted proximal tubule by a low-affinity,
high-capacity transporter and that the remainder is
absorbed in the straight proximal tubule by a high-
affinity, low-capacity transporter (Table 2, 3)%.

Experimental model

A convenient means to evaluate the effects of
several factors including hormones and growth fac-
tors on glucose transporters of renal proximal tubule
cells is by means of /n vitro studies with differen-

tiated cell cultures®

. The primary rabbit renal prox-
imal tubule cells (PTCs) culture system which was
utilized in my study has well recognized to retain in

vitro the differentiated phenotype typical of the renal

Table 2. Na /glucose Cotransporter Genes

SGLT1 SGLT2 SGLT3
Locus name SLC5A1  SLC5A2 SLC5A4
Locus ID 6523 6524 6527
Alternatives D22S675 DJ90G24.4/
SAAT1
Unigene Hs 1964 Hs 9003 Hs 130101
Accession nos.
(refseq) NP00334 NP003032 AAB61732
OMIM 182380 182381
Chromosome
(refseq) 22p13.1 16p11.2 2021123
Size 72 kb 37 kb
Exons (no.) 15 15
Protein (residues) 664 672 659

ID, identification;
(Wright; 2001).
Web address; http://www.ncbi.nlm.nih.gov80/LocusLink

SGLT, Na -glucose cotransporter

proximal tubule, including a polarized morphology and

distinctive proximal 24-26)

tubule transport In my
reports, | also demonstrated that a Na -dependent
and phlorizin-sensitive glucose transporter is present
in the PTCs* . Therefore, PTCs in hormonally
defined, serum-free culture conditions would be a
powerful tool for studying the alteration of glucose
transporters activity in renal proximal tubule cells.
Now, | will introduce my several data about re-
gulatory mechanisms of SGLTs in renal proximal tu-

bule cells.

Effects of several regulatory factors on
glucose transporters

1. ANG I

Angiotensin 1l (ANG 1I) in the proximal tubule
cells is associated with the pathogenesis of the dia-
betic nephropathy, since high glucose downregulated
ANG Il binding due to the increase of ANG Il syn-
thesis. SGLTs are also related to the development of
diabetic nephropathy. ANG Il and SGLTs have been
reported to be associated with the onset of diverse

renal diseases. However, the effect of ANG Il on

Table 3. Transport Properties of SGLTs

SGLT1 SGLT2 SGLT3"
Kos (D-glucose; mM) 0.4 2 6
Kos (Na ; mwm)' 3 100 15
Coupling (Na /glucose)® 2 ) 2
Turnover no., s 60 60
Phlorizin Ki, yM 0.22 1 9
Sugar selectivity D-glc® D-glc” D—-glc”

D-gal D-gal D-gal

Na uniport
Water cotransport

Abbreviations : Kos,
alactose
Properties of pig SGLT3. Those for SGLT1 and SGLT2
are for human.

"Determined at -150 mV, but the voltage for SGLT2
was not specified.

*Determined using Na and sugar fluxes under voltage
clamp, except for SGLT2.

STaken from the maximum rate of Na /glucose co-
transport at saturating voltages (-150 mV) and the
number of transporters estimated from SGLT charge
movement (Qmax) (Wright; 2001).

affinity value; glc, glucose; gal,
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SGLTs activity was not elucidated. Thus, the effect
of ANG Il on *C-a-methyl-D-glucopyranoside (a-
MG) uptake and its related signal pathways were
examined in the primary cultured rabbit renal PTCs.
ANG Il inhibited a-MG uptake in time- and con-
centration- dependent manner and decreased protein
level of SGLTs. ANG llI-induced inhibition of a-MG
uptake was blocked by losartan, AT: receptor bloc-
ker, but not by PD 123319, AT, receptor blocker. The
role of tyrosine kinase phosphorylation and arachi-
donic acid were involved in ANG Il-induced inhi-
bition of a-MG uptake. The effects of ANG Il on
AA release and o-MG uptake also were abolished
by staurosporine and bisindolylmaleimide | (PKC
inhibitors) or PD 98059 (p44/42 MAPK inhibitor), but
not SB 203580 (p38 MAPK inhibitor), respectively.

ANG I

Indeed, ANG Il increased p44/42 MAPK activity.
ANG ll-induced activation of p44/42 MAPKs was

blocked by staurosporine (Fig. 1)**.

2. EGF

The kidney is one of the main sites of synthesis
of EGF. EGF receptors have been found in the prox-
imal tubule at high levels, suggesting that EGF may
play a role in modulating renal function. To date
there is little information concerning the effect of
EGF on the SGLTs in renal proximal tubule cells.
On the other hand, EGF has been observed to in-
crease the activity of the Na /H antiport system
and the Na /HCOz; cotransport system in primary
rat kidney proximal tubule cell cultures, and to inhibit
sodium, potassium, and chloride transport in the ra-

Ma* glucose
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Fig. 1. The hypothesized model of inhibition of Na /glucose cotransporters (a-MG
uptake) by ANG Il in renal proximal tubule cells. ANG 1l binding to AT1 receptor
stimulates TK or PKC which induces p42/44 MAPK activation. Subsequently,
p44/42 MAPK activation induces the release of [PH]-AA which may be
metabolized to cyclooxygenase and cytochrome P-450 metabolites such as PGEZ
and 5,6-EET. These molecules may induce the decrease of SGLTs expression,
which is involved in inhibition of the a-MG uptake. ATIR, angioteins Il receptor
type 1, TK; tyrosine kinase, PKC; protein kinase C, MAPK (p44/ 42); p44/4z

mitogen activated protein kinase, CcPLAz,

cytosolic phospholipase Az AA;

arachidonic acia, PGEz, prostaglandin Ez, 56-EET, 5, 6 epoxy-efcosatrienoic acias.
Solid line; proposed pathway, dash line; suspected pathway (Han et al., 2004a).
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Fig. 2. The hypothesized model of inhibition of Na /glucose cotransporters (a-

MG uptake) by EGF in renal proximal tubule cells. EGF binding to
EGF receptor is coupled to the activation of TK, PLC and PKC which
induces p44/42 MAPK activation. Subsequently, p44/42 MAPK activates
CcPLA> which stimulates AA release, which may be metabolized to
cyclooxygenase and cytochrome P-450 metabolites (PGE; or 5,6-EET el
al). These molecules may induce some new protein synthesis including
SGLT1, which involved in inhibition of Na /glucose cotransporters. In
addition, there is a possibility that protein kinases may directly regulate
the activity of Na /glucose cotransporters. EGFR; EGF receptor, TK,
tyrosine kinase, PLC; phospholipase C, PIPs phosphatidylinositol 4,5-
bisphosphate, InsPs; inositol trisphosphate, DAG, diacylglycerol, PKC,
protein kinase C, MAPK (p44/42); p44/42 mitogen activated proteir
kinase, cPLAz; cytosolic phospholipase A2, AA, arachidonic acid, COX;
cyclooxygenase, cP450,; cytochrome P-450 epoxygenase, PGE», prosta-
glandin E>, 5,6-EET,; 5 6 epoxy-efcosatrienoic acids. Solid line denotes
the proposed pathway and the dotted line is the suspected pathway (Har
et al., 2004b).

bbit cortical collecting duct. Thus, the effect of EGF
on o-MG uptake and its related signaling pathways
were examined in primary cultured rabbit renal
PTCs. EGF (50 ng/ml) was found to inhibit a-MG
uptake, a distinctive proximal tubule marker. The
EGF effect was blocked by EGF receptor antagonist
or tyrosine kinase inhibitors. In addition, the EGF-
induced inhibition of a-MG uptake was blocked by
phospholipase C inhibitors as well as PKC inhibitors.
EGF was also observed to increase inositol phosphate
formation. Furthermore, both the EGF-induced inhibi-
tion of a-MG uptake and increase of arachidonic
acid (AA) release were blocked by AACOCF; (cyto-

solic phospholipase A inhibitor), indomethacin (cyclo-

oxygenase inhibitor), and econazole (cytochrome P-
450 epoxygenase inhibitor). | examined the involve-
ment of mitogen activated protein kinases (MAPKS)
in mediating the effect of EGF on o-MG uptake.
Indeed, EGF increased phosphorylation of p44/p42
MAPK and the EGF-induced inhibition of o-MG
uptake as well as the stimulatory effect of EGF on
AA release was blocked by PD 98059, suggesting a
causal relationship. However, inhibitors of PKC also
prevented the EGF-induced increase of AA release
(Fig. 2)®.

Both EGF and oxidative stress contribute to the
initiation and progression of renal proximal tubular

dysfunction under pathophysiologic conditions. Thus,
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study was performed 1) to examine both the indi-
vidual, and the combined effects of H,0, and EGF on
0-MG uptake in PTCs, and 2) to elucidate the
involvement of p44/42 MAPK and phospholipase A.
in mediating these actions. Both H;O, and EGF
inhibited a-MG uptake individually, while the com-
bination of H,O, and EGF further potentiated the
inhibitory effect on a-MG uptake, which was elicited
by each agent. H,O; not only caused a rapid increase
in the phosphorylation of p44/42 MAPK, but also
promoted the translocation of cPLA, from the cyto-
solic to particulate fraction, and stimulated cellular
AA release. EGF similarly activates phosphorylation
of p44/42 MAPK and stimulates AA release. When
PTCs were exposed to 100 pM H;0, and 50 ng/ml
EGF simultaneously, a further increase in the phos-
phorylation of p44/42 MAPK, of AA release, and of
prostaglandin E, (PGE;) production was elicited as
compared with the effects of each individual agonist
alone. Moreover, the additive phosphorylation of
p44/42 MAPK, AA release, and PGE, production by
H,O, and EGF was almost completely inhibited by
the p44/42 MAPK inhibitor, PD 98059,

3. Epinephrine

The extensive sympathetic innervation of the kid-
ney is important in the physiological regulation of all
aspects of renal functions. Increased renal sympa-
thetic nerve activity results in renal vasoconstriction,
with decreased glomerular filtration rate and renal
blood flow, and increased renal vascular resistance;
increased renal tubular reabsorption of sodium and
water throughout the nephron; and increased renal
release of renin and norepinephrine. In addition, there
are direct adrenergic effects on proximal tubule func-
tions. Epinephrine has known to be a very important
factor in the regulation of renal sodium excretion.
However, the effect of epinephrine on SGLTs was
not fully elucidated. Thus, | examined effect of epi-
nephrine on o-MG uptake and its related signal

pathways in the primary cultured rabbit renal PTCs.

Epinephrine inhibited a-MG uptake in a time- and
dose-dependent manner and also decreased SGLT1
and SGLT2 protein level. Both phentolamine and
propranolol completely prevented epinephrine-induced
inhibition of a-MG uptake. The epinephrine-induced
inhibition of a-MG uptake was blocked by SQ 22536
or myristoylated PKA inhibitor amide 14-22 and
epinephrine increased the intracellular cAMP content.
In western blotting analysis, epinephrine increases
phosphorylation of p44/42 and p38 MAPKs and PD
98059 or SB 203580 blocked the effect of epinephrine.
In addition, epinephrine increased AA release and
PGE, production and effects of epinephrine on a-
MG uptake and AA release were blocked by stauro-
sporine and bisindolylmaleimide | or mepacrine and
AACOCF;. Indeed, epinephrine translocated PKC or

cPLA; from cytosol to membrane fraction®".

4. TCDD and estradiol-173

TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) is a
highly toxic environmental toxicant that alters cell
proliferation and function. The mechanism of action
of TCDD is very similar to that proposed for steroid
hormones. TCDD alters renal glomerular function as
well as anion transport in proximal tubules. Of parti-
cular interest to this report is the effect of TCDD on
the SGLTs, which is a typical marker of renal proxi-
mal tubule cell function. Estrogens are noted for their
ability to stimulate cell proliferation in various tis-
sues. However, little is known about any interaction
between TCDD and estradiol-17(3 that affects renal
proximal tubule cell proliferation and SGLTs activity.
Thus, the effects of TCDD and E, on [*H]-thymidine
incorporation and on o-MG uptake were investigated
in the primary rabbit kidney PTCs. TCDD inhibited
[*H]-thymidine incorporation and c—fos transcripts in
real-time RT-PCR, whereas E, stimulated them. Aryl
hydrocarbon receptor agonists, B-naphthoflavone and
polychlorinated biphenyls synergistically increased the
TCDD-induced inhibition of [3H]—thymidine incorpo-

ration. However, the AhR antagonist, [B-naphtho-
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flavone as well as E; blocked TCDD-induced inhibi-
tion of [*H]-thymidine incorporation. TCDD specifi-
cally inhibited o-MG uptake and its effect was due
t0 Vmax Vvalue but not Ky value. Indeed, TCDD
decreased SGLT1, 2 protein level compared with
control. In addition, TCDD-induced inhibition of a-

MG uptake was blocked by a-NF or E?®.

5. High glucose

An elevated glucose concentration lead to an in-
crease in reactive oxygen species production as well
as to the attenuation of free radical scavenging mole-
cules. Free radicals play an important role in the
pathogenesis of diabetic nephropathy by their severe
cytotoxic effects, such as lipid peroxides (LPO) for-
mation and protein denaturation in cell membrane
followed by the alteration of the membrane fluidity,
enzyme properties, and ion transports. A direct in-
volvement of glucose in the inhibition of the SGLTs
has been established in studies on the LLC-PK1
cells. In addition, there is a report that oxidant al-
tered SGLTs' activity in LLC-PK1 cells. However,
the mechanisms by which the SGLTS' activity is
altered in diabetic states, are poorly understood al-
though hyperglycemia has been proposed as an
underlying cause. Although recent data have shown
that nuclear factor-kappa B (NF-kB) is activated in
tubules and glomeruli in various experimental models
of renal injury, biological significance of NF-kB
activation in diabetic renal injury is not clear. Thus,
study performed to investigate involvement of NF-
kB in high glucose-induced SGLTs' dysfunction in
primary cultured renal PTCs. Treatment with 25 mM
glucose for 48 hr increased NF-kB DNA binding
activity by five times compared to 5 mM glucose.
The specificity of the binding reaction was confirmed
by competition studies. The level of NF-kB p65
protein by treatment with 25 mM glucose for 48 hr
was increased by about 2-fold compared to 5 mM
glucose in the nuclear extracts. Also, western blot

analysis of IkB-a protein showed that levels of

IkB-a protein were clearly decreased after incuba-
tion with 25 mM glucose compare to 5 mM glucose.
To examine the relationship of NF-kB and oxidative
stress or PKC in the high glucose-induced inhibition
of a-MG uptake, PKC inhibitors and antioxidants
effectively blocked high glucose-induced activation of
NF-kB although these themselves had no significant
effects®.

Oxidative stress plays an important role in the
pathogenesis of renal diseases such as diabetic ne-
phropathy. The metabolism of excessive intracellular
glucose may involve a number of processes. One
consequence of excessive intracellular glucose levels
is an increased rate of oxidative phosphorylation
under hyperglycemic conditions, while another con-
sequence is an increase in the metabolism of glucose
to sorbitol by aldose reductase. In addition, hyper-
glycemia may result in the activation of NADPH
oxidase, the production of superoxide anion, and
hydrogen peroxide (H.0.). Thus, | investigate the
mechanisms responsible for the H,O, production
which occurs as the consequence of hyperglycemia,
and the effect of H,O, on the activity of SGLT in
primary cultures of PTCs. When primary PTCs were
cultured in the presence of high glucose, one con-
sequence was that the Na /glucose cotransport sys-
tem was inhibited, as indicated by uptake studies
utilizing o-MG, a non-metabolizable analogue of D-
glucose. Pretreatment of the cultures with either 1)
aminoguanidine or pyridoxamine [inhibitors of the
accumulation of Advanced Glycation End products
(AGESs)], 2) rotenone (an inhibitor of the mitochon-
drial electron transport chain), or 3) apocynin or
diphenylene iodonium (DPI) (inhibitors of NADPH
oxidase) blocked the observed changes which occurr-
ed as a consequence of the incubation of the PTCs
with high glucose. Included amongst these changes
were the observed increase in H20: levels, as well as
an increase in lipid peroxide (LPO) production, and a
decrease both in the activity of catalase and in the

level of glutathione (GSH), endogenous antioxidants.
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The high glucose-induced decrease in the level of the
Na /glucose cotransporter was similarly prevented by
either aminoguanidine, rotenone, or apocynin. Thus,
the inhibitory effect of high glucose on both the level
of the Na /glucose cotransport system and the
activity of the Na /glucose cotransport system can
be explained, at least in part, as being due to the
effects of the H.0,, the consequent formation of
AGEs, the increase in mitochondrial metabolism, and
in NADPH oxidase activity in the PTCs. Other re-
lated changes observed in the PTCs which could be
reversed by treatment with either aminoguanidine,
pyridoxamine, rotenone, apocynin, or DPI included an
increase in TGF-[1 secretion, and the activation of
the NF-kB signal transduction pathway>".

GLUTS5 was overexpressed in the kidney (proximal
tubules and mesangial cells) and sciatic nerve
(Schwann cells and axons) of streptozotocin-induced
diabetic rats, and intestine (jejunum) in diabetic hu-
mans. In contrast, GLUT5 expression fell substan-
tially (by ~ 75%) in adipocytes of streptozotocin-
diabetic rats and was accompanied by a reduction in
fructose uptake by approximately 50%. These reports
support that glucose could be an important regulator
of GLUTS5 activity. However, the precise signal that
regulates fructose transport in renal proximal tubule
cells under high glucose conditions is not yet known
although fructose has been recommended as a sub-
stitute for glucose in the diets of diabetic people.
Thus, | investigated that effect of high glucose on
fructose uptake and its signaling pathways in pri-
mary cultured rabbit renal PTCs. Glucose inhibited
the fructose uptake in a time- and dose-dependent
manner. Indeed, 25 mM glucose for 48 hr decreased
GLUTS5 protein level. Twenty-five mM glucose-in-
duced inhibition of fructose uptake was blocked by
pertussis toxin, SQ 22536 (an adenylate cyclase inhi-
bitor), and myristoylated amide 14-22 (protein kinase
A inhibitor). Indeed, 25 mM glucose increased the
intracellular cAMP content. Furthermore, 25 mM glu-

cose-induced inhibition of fructose uptake was pre-

vented by neomycin or U 73122, and staurosporine or
bisindolylmaleimide 1. In fact, 25 mM glucose in-
creased the total PKC activity and translocation of
PKC from the cytosolic to membrane fraction. In
addition, PD 98059 but not SB 203580 and mepacrine
or AACOCF; blocked 25 mM glucose-induced inhi-
bition of fructose uptake. Results of western blotting
using the p44/42 MAPK and GLUT5 antibodies were

consistent with the results of uptake experiments®.

6. Bee venom

Human envenomation caused by bee stings has
been reported to cause acute renal failure and the
pathogenetic mechanisms of these renal functional
changes are still unclear. Bee venom is also a com-
plex mixture of enzymes and proteins. Thus, the
study was conducted to examine the effects of bee
venom (Apis mellifera) on apical transporters' activi-
ty and its related signal pathways in primary cul-
tured renal proximal tubule cells. Bee venom (=1 ug/
ml) increased lipid peroxide formation over 30 min.
The increase in AA release and LPO formation and
the inhibition of o-MG uptake induced by bee
venom (1 pg/ml) and melittin (a major component of
bee venom; 0.5 pg/ml) were blocked by N-acetyl-
L-cysteine, vitamin C and vitamin E, anti-oxidants.
Bee venom- and melittin-induced increases in LPO
formation and inhibition of a-MG uptake were sig-
nificantly prevented by mepacrine and AACOCFs;,
phospholipase A inhibitors. In addition, nordihydro-
quaiareic acid (a lipoxygenase inhibitor) and econa-
zole but not indomethacin prevented bee venom- and
in LPO formation and

melittin-induced increases

inhibitiron of o-MG uptake®?.

7. Albumin

Albumin is not simply an inert piece of cargo
reabsorbed and degraded by the proximal tubular
epithelium. A growing body of evidence implicates
albumin has an important regulatory function in renal

proximal tubule cells. However, it remains to be de-
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termined if albumin can have an effect on SGLTs in
the renal proximal tubule cells as well as the intra-
cellular signal molecules involved. In my study, the
effect of bovine serum albumin (BSA) on a-MG
uptake and its related signal molecules were examin-
ed in the primary cultured rabbit renal PTCs. BSA
significantly increased uptake of a-MG, a distinctive
proximal tubule marker, as well as expression level of
SGLT1, 2 proteins. Neomycin or U 73122, BAPTA/
AM or TMB-8 (intracellular Ca® mobilization inhi-
bitors) completely abolished BSA-induced increase of
0-MG uptake. BSA significantly increased IPs accu-
mulation, but did not affect Ca’
BSA on a-MG uptake was blocked by PD 98059, but
did not SB 203580. BSA increased phosphorylation of

uptake. Effect of

p44/42 MAPK in a time-dependent manner. Antioxi-
dants significantly blocked BSA-induced increase of
H>O, formation and o-MG uptake. BSA activated
NF-oB translocation into nucleus. PDTC, SN50, and
TLCK (NF-kB inhibitors) also completely blocked
BSA-induced increase of a-MG uptake, NF-kB p65

and phospho IkB-a activation 7.

8. Protection of SGLTs against oxidative stress
Oxidative stress has been implicated as a primary
cause of renal failure in certain renal diseases. In-
deed, renal proximal tubule is a very sensitive site to
oxidative stress and retains functionally fully charac-
terized transporters. It has been reported that ginse-
nosides have a beneficial effect on diverse diseases
including oxidative stress. However, the protective
effect of ginsenosides on oxidative stress has not
been elucidated in PTCs. Thus, | examined the effect
of ginsenosides on oxidative stress-induced alteration
of apical transporters and its related mechanism in
PTCs. In my study, H,0, (>10™° M) inhibited a-MG
uptake in a dose-dependent manner (p<0.05). It also
inhibited Pi and Na uptake. At a concentration of 20
pg/mL, total ginsenosides significantly reduced H,0,-
induced inhibition of apical transporters. In contrast,

protopanaxadiol (PD) and protopanaxatriol (PT) sa-

ponins exhibited a less preventive effect than total
ginsenosides (p<0.05). Furthermore, | examined its
action mechanism. H2O; increased LPO formation, AA
release, and Ca’ uptake. These effects on H,O, were
significantly prevented by total ginsenosides and PD
or PT sanponins. However, total ginsenosides appear
to be more protective than PD and PT saponins (p<
0.05)%*.

The protective effect of caffeic acid (CA) against
oxidative stress-induced inhibition of proximal tubule
apical transporter was also investigated. In this
study, 10* M H0, did not affect cell viability
regardless of incubation time. However, it decreased
apical transporters' activity such as Na /glucose co-
transporter, Na /Pi cotransporter, and Na /H anti-
porter in the proximal tubule cells. CA (>107° M)
prevented H,O.-induced inhibition of apical trans-
porters. Thus, | investigated its action mechanism.
CA also prevented H,0;-induced lipid peroxides for-

uptake®.

mation, AA release, and Ca’
The effect of oxidants and protective effect of sex
steroid hormones on Na /glucose cotransporter of
renal proximal tubular cells is not yet elucidated.
Thus, | examined the effect of sex steroid hormones
against tert-butyl hydroperoxide (t-BHP)-induced
alteration of Na /glucose cotransporter activity in
PTCs. t-BHP inhibited a-MG uptake in dose-
dependent manner. t-BHP-induced inhibition of a-
MG uptake was due not to K, but to the decrease of
Vmax. t-BHP-induced inhibition of o-MG uptake was
significantly blocked by estradiol-17(3, but not by
progesterone and testosterone. This protective effect
was not blocked by estrogen receptor antagonist of
transcription and translation inhibitor. In addition, 0.5
mM t-BHP increased AA release and Ca® uptake.
These effects of t-BHP were also significantly block-
ed by estradiol-17(3, but not by progesterone and
testosterone. Protective efficacy of estradiol-17(3 on
t-BHP-induced inhibition of oa-MG uptake is exhi-
bited between antioxidants and iron chelators®®.

In addition the study was undertaken in order to
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examine the effect of various oestrogens on t-BHP-
induced cell injury and changes in apical transporters
in primary cultured rabbit renal proximal tubule cells.
Compared with control, t-BHP (0.5 mmol/L; 1 h)
decreased cell viability (62%) and glutathione (GSH)
content (60%) and increased LPO formation (309%),
AA release (193%) and Ca® influx (168%). The pro-
tective potency of various oestrogens for these para-
meters is dependent on the precise oestrogenic struc-
ture, with 2-hydroxy-oestradiol-173 (2-OH-E;) and
4-OH-E,, both catecholic oestrogens, or diethyl-
stilbesterol (DES) being more potent than oestradiol
(E2), oestriol or oestradiol-17a, all phenolic oestro-
gens (p<0.05). These cytoprotective effects of oestro-
gens occur at concentrations above 10 micromol/L
and are not dependent on classical oestrogen recep-
tors and gene transcription and translation. In addi-
tion, various oestrogens have different preventative
effects against t-BHP-induced inhibition of o-MG
uptake, inorganic phosphate (Pi) and Na uptake,
consistent with the results of cell injury. In contrast,
the potency against t-BHP-induced changes in cell
viability, LPO, GSH content and transporter function
of the antioxidants taurine and vitamin C is similar
to that of phenolic oestrogens, whereas that of the
iron chelators deferoxamine and phenanthroline is

similar to that of catecholic oestrogens®”.

Conclusion

ANG Il and EGF partially inhibited a-MG uptake
via PLC/PKC, p44/42 MAPKs and PLA; signaling
pathways in the PTCs. H,O;-induced inhibition of
0-MG uptake in the renal proximal tubule is me-
diated through a modulation of the EGF signaling
pathway, promoting further phosphorylation of p44/42
MAPK, activation of PLA..
inhibits the o-MG uptake through PKA, PKC,
p44/42, p38 MAPK, and cPLA; pathways. On the

Epinephrine partially

other hand, high glucose inhibits the fructose uptake
through cAMP, PLC/PKC, p44/42 MAPK, and cPLA;

pathways. In addition, inhibition of o-MG uptake by
high glucose is the consequence of an increase in the
level of LPO, H,0,, and TGF-B1 secretion, and the
activation of the NF-kB signal transduction path-
way. TCDD and bee venom partially inhibited a-MG
uptake. However, BSA stimulates a-MG uptake and
its action is partially correlated with PLC, MAPK, or
NF-kB signal molecules. On the other hand, caffeic
acid, ginsenosides, and sex hormones protected oxi-
dative stress-induced inhibition of o-MG uptake.
Therefore, these findings may provide new insights
into the pathophysiological mechanisms as well as
functional regulation of Na /glucose cotransporters in

renal proximal tubule cells
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