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Stevioside ié a non-caloric natural sweetener which has been used widely as a
sugar substitute in many countries. It is a major component isolated from the Stevia
rebaudiana leaves. There are several reports suggesting stevioside and its major
metabolite, steviol, to have some influences on renal function, but little is known
about their effects on renal tubular function. Therefore, the present study was
designed to explore the direct effect of stevioside and steviol on transepithelial
transport of p-aminohippurate (Jpay) in the isolated S, segment of rabbit renal
proximal tubules by using an in vitro microperfusion technique. Addition of
stevioside at a concentration of 0.45 mM to either the tubular lumen or bathing
medium or both at the same time had no effect on Jpay. Similarly, a concentration of
0.7 mM when present in the lumen had no effect on Jpay. However, this concentration
in the bathing medium inhibited PAH transport significantly by approximately 25-
30%. The inhibitory effect of stevioside was abolished after it was removed from the
bath. To further examine this phenomenon, 0.7 mM stevioside was added to both
lumen and bathing medium at the same time; there was no added inhibitory effect
from that observed with bath addition alone. Addition of steviol (0.01-0.25 mM) to
the bathing medium significantly depressed Jpay (50-90%). The inhibitory effect was
of dose-dependent manner and reached maximum at a concentration of 0.05 mM.
Steviol at a low concentration (0.01 mM) permanently reduced Jpap, but had no effect
when present in the lumen. However, increasing the concentration of steviol in the
lumen to 0.05 mM inhibited Jpay by about 70%. The reduction of Jpay after 0.7 mM
stevioside or 0.01 and 0.05 mM steviol treatment occurred without the alterations of
Na*-K* ATPase activity and cell ATP content. The kinetic studies indicate that both
stevioside and steviol inhibit transepithelial transport of PAH by interfering with the
basolateral entry step, the rate-limiting step for transepithelial transport at the PAH
transporter. The results from the present study suggest that stevioside does not harm
the renal tubule, whereas steviol does.
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CHAPTER1

INTRODUCITON

Stevioside is the major sweet component isolated from leaves of the plant
Stevia rebaudiana. 1t is approximately 3-8% (w/w) of the dried leaf. Due to its
sweetness (about 300 times sweeter than sucrose (1, 2)) and its non-caloric value, it
has become popular as a sugar substitute in a variety of foods and beverages in Japan,
Brazil, South Korea and Paraguay (3, 4). In addition to its use as a sweetener, several
researchers have shown stevioside to have therapeutic value as a contraceptive (5),
and to have cardiovascular (6-11) and metabolic effects (12), as well as an effect on
glucose absorption (13-16). An influence on renal function has also been suggested
for it.

Giving stevioside intravenously or orally to rats was found to have effects on
systemic as well as renal systems (7-10, 17-19). The changes in renal function, renal
blood flow (RBF), natriuresis and diuresis, observed after stevioside treatment may be
due to either its direct effect on renal function or as a consequence of systemic
changes. Thongouppakarn (20) also found that the injection of stevioside directly into
the left renal artery of rat also caused diuresis and natriuresis without any significant
changes in glomerular filtration rate (GFR) and renal plasma flow (RPF). These
changes in renal function were mainly due to a decrease in proximal tubular fluid and
sodium reabsorption as measured by lithium clearance and fractional urinary sodium

excretion. Subsequently, the possible mechanism of stevioside that affected renal



Promsuk Jutabha Introduction/ 2

proximal tubular function was examined by Limpanichakul (21) in the renal proximal
tubule suspensions of rabbit. Stevioside was found to depress Na*-K* ATPase activity
and [14C]-p-aminohippurate (**C-PAH) accumulation in renal proximal tubule
suspension. In toxicological studies, a dose of 1.5 glkg BW of stevioside given
subcutaneously and 4.1 g/lkg BW of stevioside given via intragastric tube were found
to cause nephrotoxicity in the rat and the hamster, respectively (22-24), as indicated
by an increase in plasma biochemical parameters such as blood urea nitrogen (BUN)
and plasma creatinine levels. Histopathological changes were found mainly in the
proximal tubules, suggesting that a major target site of stevioside action might be the
renal proximal tubule.

Steviol is the aglycone part of stevioside and many natural glycosides. It is
also the major metabolite of stevioside by bacterial enzymatic degradation in vitro
(25, 26). The intravenous injection of *'I-stevioside into rat increased the plasma
level of radioactive *'I, and steviol was the major metabolite found in bile (27)
detected by HPLC analysis. The intravenous infusion of steviol into rats has also
affected kidney function, as it induced diuresis and natriuresis, while no significant
change in GFR and RPF was observed (28). It is possible that the alteration in renal
function observed after the intravenous infusion of stevioside may be due to the
degradation of stevios;ide to steviol, resulting in renal functional changes. However,
little is known about the effects of stevioside and steviol on proximal tubular function.

The renal proximal tubules serve an important function in the elimination of
xenobiotics via the organic anion and cation secretory systems, and is known to be

capable of eliminating a wide range of compounds (29). Due to their functional



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Physiology) / 3

importance, interfering with or inhibiting these secretory transport systems would lead
to an accumulation of potentially toxic compounds in the body. It has been known
that stevioside and steviol inhibit the accumulation of the prototypical organic anion,
p-aminohippurate (PAH), in rat renal cortical slices (23). Thus, I hypothesized that
stevioside and its metabolite, steviol, would affect the transepithelial transport of PAH
in isolated S, segments of the rabbit renal proximal tubule as well. The present study
was carried out to test this hypothesis using an in vitro microperfusion technique.
This in vitro procedure has advantages for examining the direct effect of both
substances (stevioside and steviol) on renal secretory function in well-defined
conditions where any systemic effect was eliminated.

The objectives of this study were as follows:

1. To study whether stevioside and its metabolite, steviol, have a direct effect
on proximal tubular function, using Jpan as an indicator.

2. To study the possible mechanisms by which stevioside and steviol affect

proximal tubular function.
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CHAPTER I

LITERATURE REVIEW

I. THE KIDNEY AND THE EXCRETION OF XENOBIOTICS

In the body, the major organs that participate in the metabolism and excretion
of xenobiotics (including both toxic substances and drugs) are the liver and kidney.
Normally, the xenobiotics that enter the body can distribute to many tissues or organs.
Some xenobiotics easily cross the cell membrane and distribute throughout the body,
but some of them have transportation limits, so they tend to accumulate in certain
tissues depending on protein binding, availability of active transport systems or their
solubility. The liver and kidney are capable of binding numerous substances, as well
as transforming and removing toxic substances out of the body.

The kidney has important physiological functions in the maintenance of water
and electrolyte balance, and in the secretion and excretion of waste products from
metabolisms. It also plays a major role in the excretion of drugs, hormones and
xenobiotics (30). Several chemical substances are eliminated from the body via the
kidney more than by other routes (31). The blood flow to the kidney is very high,
being about 20-25% of cardiac output. The filtration of the plasma by the renal
glomeruli is 5% of cardiac output. Compounds, including xenobiotics, with a
molecular weight less than 60,000 are filtered freely at the glomeruli (32). The
filtered xenobiotics may remain in the tubular lumen and be excreted in the urine, or

may be reabsorbed across the renal tubular cells back into the blood, whereas, some
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xenobiotics that escape this filtration may be secreted by the renal tubules into the
urine. Numerous foreign compounds that enter the body, including toxins, drugs and
environmental xenobiotics, as well as several endogenous substances, are organic
anions and cations (29, 33, 34). Many of them are harmful to the body. Thus, their
elimination is essential for the maintenance of homeostasis. The major routes of
organic anion and cation elimination in the kidney occurs in the proximal tubular cells
via organic anion and cation transporter systems. Both systems can transport a very
wide range of substrates, requiring only an appropriate charge on their hydrophobic
backbone (35). Their multispecificities make them suitable for the elimination of a
variety of endogenous metabolites and xenobiotics. Recently, several isoforms of
both transporters have been identified and cloned.

There are at least 3 organic anion transporters in the basolateral membrane of
the proximal tubule. The first transport system, which seems to be the major one for
the secretion of organic anions is the PAH/o-ketoglutarate transport system (36, 37).
The second one is the sulfate/oxalate transport system (38). The third one is the
contraluminal Na*-dicarboxylate cotransport system (35). However, in a study using
the stopped-flow capillary perfusion method, Ullrich and colleagues reported that all
three systems showed partial substrate overlapping. In the proximal luminal
membrane, there are rﬁany transport systems such as the anion/anion transport system
for PAH, urate, C1", OH™ and HCO5~ (39), the Na'-dicarboxylate cotransport system
(40, 41), and the Na'-sulfate cotransport system (38). Moreover, there are organic
anion transporter polypeptides (oatp) that are located at the luminal side of the S;

segment of the proximal tubules (42), and the ATP-dependent organic anion
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transporter which pumps organic anions, especially amphiphilic anions, out of the cell
across the luminal membrane (43, 44). For the organic cation transport system, there
are several organic cation transporters, such as OCT1 and OCT2 on the basolateral
side of the tubule (45, 46), which are reported to be potential-dependent, the
H*/organic cation transport system on the luminal membrane which is not potential-
sensitive (35), and the ATP-driven multidrug transport system (mdrl) located on the
luminal membrane (47, 48).

As mentioned above, exogenous substances that are taken into the body are
mostly secreted by the kidneys via either organic anion or cation transport systems.
However, it was found that various substances, including drugs, environmental
compounds and endogenous organic anions, are the substrates of the PAH transporter.
This makes the PAH transporter become a multispecific transporter for the tubular
secretion of a variety of endogenous metabolites and xenobiotics. The PAH transport
system is regarded as a prototype for renal tubular secretion. Thus, it is important to

study the effects of stevioside and steviol on the PAH transport system.

II. THE RENAL PROXIMAL TUBULE AND THE P-

AMINOHIPPURATE TRANSPORT SYSTEM

The transport mechanisms of organic anions are involved principally in the
elimination of foreign substances and endogenous metabolites from the body. In the
past, the clearance and excretion of the prototypical organic anion, p-aminohippurate
(PAH), has been used to estimate renal plasma flow. Cross and Taggart (49) showed

that the amount of PAH accumulation in rabbit renal cortical slices was closely related
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to the tubular secretion rate of PAH in the intact animal. Later, Tune et al. (50)
directly measured the secretion of [H]-PAH in isolated perfused segments of rabbit
proximal tubule and found that the rate of PAH secretion was approximately three
times greater in the straight portion (or pars recta) than in the convoluted segment.
The division of the mammalian proximal tubule into two regions, the pars convoluta
and the pars recta, was defined by certain gross and external macroscopic features. In
contrast, the morphological observations using fluorescence and the electron
microscope have revealed the presence of at least three morphologically distinct
segments (S;, S and S;) in mammalian proximal tubules, defined according to cell
types (51-53).

p-Aminohippurate (PAH) is a prototypical organic anion substance that plays
an important role in the experimental study of renal tubular function. It is secreted by
the proximal renal tubules of most vertebrates (both mammal and nonmammal).
Transport of PAH was also studied in each segment of isolated perfused rabbit renal
proximal tubule (53) and it was reported that the net secretory rate remained constant
over time and was not altered by varying the perfusion rate over a range of 4-15
nl/min (53). The S; segment of rabbit proximal tubule possessed the lowest net
secretory rate of PAH. It was reported that the maximal rate of PAH secretion (Vmax)
was greater in S; th@ in S; or S; segments, and the apparent affinity for PAH
transport (K;,) was not different among these three segments. This implied that the
heterogeneity in the secretory rate may be due to a variable density of PAH transporter
(Sz > S3 ~ S;), whereas the same type of PAH transporter was found in all three

segments (54, 55). However, the site of net PAH secretion along the proximal tubule
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varies among species. In mammals, the primary proximal site appears to involve the
pars recta in all species studied except pig, in which the pars convoluta was most
important (50, 53, 56, 57). It was reported that all portions of the mammalian
proximal tubule can secrete organic anions, but the highest rate occurs in the S,
segment. In avians, the net PAH secretion occurs in all portions of the proximal
tubule (58). In reptilians, the major tubule sites for PAH secretion appeared to be in
the distal portion of proximal tubule of snake (59) and in the early and intermediate
portions of the proximal tubule of frog (60).

The net process of PAH secretion has been found to saturate with the
increased concentrations of substrates (PAH) in the bathing medium (basolateral side
of the proximal tubule). The maximum rate of net PAH secretion in rabbit proximal
tubule appeared to be about 10-20 times greater than that of frog and snake renal
tubules, but the affinity of the secretory transport system for PAH in frog and snake is
about 10 times greater than that of rabbit tubules (54, 59-62). Although kinetic
studies of PAH transport in each segment of mammalian proximal renal tubules
showed a difference in V., but no difference in K;, was observed (54). However,
differences in the effects of inhibitors on PAH transport in S, and S; segments of
rabbit tubules were observed (63). This suggested that there may be some different
isoforms of the transborters in different tubule segments. It is interesting that the
values of K, and V.« for PAH were not different for both the transepithelial transport
of PAH and PAH transport across the basolateral membrane into proximal tubule cells

of the S, segment of rabbit proximal tubule (54, 62). These data suggested that the
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transport step into the proximal tubule cells at the basolateral side is rate-limiting for
transepithelial transport.

Studies of the transepithelial secretion of organic anions in isolated proximal
renal tubules from several species (50, 58, 60, 64) have shown the transport of organic
anions against a concentration gradient (the concentration of organic anion inside the
cells was greater than that in the bathing medium). In addition, the electrical potential
inside the cell was negative when compared with that of the bath and lumen, thus the
transport of the organic anion into the cell at basolateral membrane was apparently
against an electrochemical gradient as well, whereas its exit into the tubular lumen
proceeds down an electrochemical gradient.

The apparent permeability of the luminal and basolateral membranes of the
proximal tubule to PAH were also investigated (50, 60, 64). It was found that the
apparent permeability of the luminal membrane was higher than that of the basolateral
membrane. These data supported the preferable movement of organic anions from
cell to lumen, rather than backflux to the basolateral side, as only a very small
backflux was observed in most species. Thus, net secretion of organic anions was not
influenced by backflux. Moreover, the secretory transport rate of PAH did not depend
on the fluid flow rate along the proximal tubule lumen (61).

The process\of PAH transepithelial transport involves the transport of PAH
into the cell against an electrochemical gradient at the basolateral membrane and the
transport of PAH across the luminal membrane from the cell into the lumen, although
its exit mechanism at the luminal membrane is still unclear. Many studies have been

performed on intact kidneys, kidney slices, isolated renal tubules and renal membrane
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vesicles of both mammals and nonmammals to elucidate the details of the
transepithelial transport processes of PAH (55, 65-67).
1. The PAH transport process at basolateral membrane

1.1 Mechanism

An earlier study showed that PAH transport required energy (49), but
no evidence for a direct coupling of PAH transport to ATP hydrolysis was obtained
(68-71). In vitro studies with kidney slices and renal tubules of rabbit, snake and
chicken have found that the transport of PAH was inhibited by the removal of Na* or
K* from the basolateral medium or by inhibition of Na*-K* ATPase with ouabain (49,
68, 72-75, 82, 281). This indicated that Na*, K* and the activity of Na*-K* ATPase
are involved in PAH transport. Subsequent studies by Podevin et al. (76) and Sheikh
and Moller (77) showed that it was not the extracellular Na* concentration alone, but
the inwardly-directed Na" gradient as well, that were important in the PAH transport
process. However, no direct coupling of basolateral organic anion transport to the Na*
gradient was observed (66, 78-81). Dantzer and Bentley (65) found that the
basolateral PAH uptake into isolated snake renal proximal tubule was inhibited by
SITS, a disulfonic stilbene inhibitor of anion-exchange. The combination of the
outwardly-directed PAH gradient and the inwardly-directed Na* gradient stimulated
PAH uptake in the b\asolateral membrane vesicles of rat and rabbit (80, 83). The
results implied that PAH transport across the basolateral membrane might involve an
exchange with some anionic metabolites that were present in the cells, or that it might
enter the cells by another pathway (78, 84-87). In 1987, Shimada et al. (66) and

Pritchard (88) found that the entry step of PAH at the basolateral membrane involved
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a countertransport for dicarboxylate, and the dicarboxylate could re-enter the cells
again via cotransport with Na’. It was also demonstrated that the process of PAH
transport was a tertiary active transport using rat basolateral membrane vesicles (89).
Therefore, a model of the transport process was proposed, that the transport of PAH
(or other organic anions that share this system) into the cell exchanged with
dicarboxylate (o-ketoglutarate, a-KG), moving down its electrochemical gradient.
The outwardly-directed gradient of 0-KG was maintained by metabolism and uptake
across the basolateral membrane via the Na'-dicarboxylate cotransport system (90).
The metabolic energy that was used to maintain the inwardly-directed Na* gradient
used for the entry of 0-KG involved Na"-K* ATPase activity (33, 91, 92). The study
of Schmidt and Burckhardt (93) in bovine renal basolateral membrane vesicles
reported that the stoichiometry for PAH/0-KG exchange was 1:1. They suggested that
0-KG might be exchanged in a monovalent form (or one divalent 0-KG plus one H")
or there may be some anion or cation cotransported during PAH/o-KG exchange.
From the studies in isolated perfused tubule in chicken, snake and rabbit (58, 63, 90,
94), it was found that preloading proximal tubules with 0-KG from the basolateral
side stimulated PAH uptake into the cell, as well as transepithelial transport of PAH.
However, the basolateral a-KG preloading showéd biphasic effects, wherein a low
concentration stimulated, whereas a high concentration inhibited, PAH uptake, which
was suggested to compete with PAH at the transporter. Similar to PAH transport,
fluorescein (a fluorescent anion) transport was increased when o-KG was added to the
basolateral and/or the the luminal sides of rabbit proximal tubule (95, 96). The

stimulation of PAH transepithelial transport after a-KG preloading at the basolateral
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side was eliminated when Na'-dicarboxylate cotransporter was blocked by the
removal of basolateral Na* or the addition of LiCl, a specific inhibitor of Na’-
dicarboxylate cotransporter (58, 90, 94). These results showed that o-KG preloading
from the basolateral side stimulated PAH secretion. In studies in the renal proximal
tubule of snake and fabbit, 0-KG in the bathing medium trans-stimulated PAH efflux
across the basolateral membrane (90, 94), and studies using rat renal cortical slices
indicated that PAH uptake was coupled directly with an outwardly-directed gradient
for a-KG (97). These findings supported the existence of PAH/a-KG exchange at the
basolateral membrane similar to that observed in OK kidney epithelial cells (98). In
addition, the 0-KG taken up from the luminal fluid via the luminal Na*-dicarboxylate
cotransporter also increased the organic anion transport step into the cell at the
basolateral membrane (95, 99). Moreover, it was found that the transepithelial
transport of PAH in rabbit tubules bathed with a HEPES-buffered medium could be
stimulated by extracellular o-KG, whereas no stimulation occurred in tubules bathed
with a bicarbonate-buffered medium (61, 63, 99). However, this was not found to
occur in snake renal tubule (61). It is interesting that the buffer solutions used as
perfusing and bathing solutions affected the control level of PAH transport in rabbit
renal proximal tubule. A tubule perfused and bathed with a bicarbonate-buffered
medium showed a PAH secretory rate 5-6 times greater than one bathed and perfused
with a HEPES-buffered medium. It is possible that an outwardly-directed o-KG
gradient was established mainly by metabolic production within the cells (61). The
metabolic state of the renal tubule cells in these two conditions may be different. The

tubular cells in a bicarbonate-buffered medium may be in an optimal metabolic state,
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but those in a non-bicarbonate-buffered medium may not be in the optimal metabolic
state to produce a high amount of intracellular o-KG. It was suggested that under
optimal metabolic conditions, the intracellular pool of a-KG was sufficiently large,
so that no additive effect of the extracellular -KG preloading on basolateral o-
KG/PAH countertransport was observed. Dickman and Mandel (100) reported that
incubation of rabbit renal tubule in the absence of bicarbonate reduced the cellular
level of ATP and increased lactate production. They assumed that the cellular levels
of tricarboxylic acid (TCA) cycle intermediates, such as o-KG, malate and succinate
were also reduced in this condition. This implied an important role for bicarbonate in
maintaining normal renal tubular metabolism. The uptake of a-KG via the basolateral
Na*-dicarboxylate cotransporter may help to maintain the outwardly-directed o-KG
gradient for the exchange of PAH or other organic anions transported by the classical
organic anion transport system. The mechanisms of PAH transport across basolateral
membrane are shown in Figure 1.

Factors that influence PAH secretion were recently reported. Reyes
et al. (101) found an influence of sex difference on rat renal secretion of PAH. In an
in vivo study, PAH was eliminated in male rats faster than in female rats, this
difference being influenced by testosterone which increased the elimination rate of
PAH (101). In vitro PAH uptake By renal cortical slices from intact male rats was
higher than that of orchidectomized rats (101). A kinetic study showed that numbers
of PAH transporters were reduced in orchidectomized rats (101). The results of this
study suggested that testosterone could increase the number of PAH carriers in the
kidney. In addit‘ion, activation of protein kinase A and C affected the PAH transport
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into isolated S, segments of rabbit renal proximal tubule. Activation of the protein
kinase C pathway enhanced PAH transport across the basolateral membrane of rabbit
renal proximal fubule at the basolateral membrane (102, 103), whereas protein kinase
A activation produced the opposite effects (102). This was suggested that protein
kinase A and C influence the PAH uptake by the basolateral PAH transporter (102),
whereas there was no effect on the function of the basolateral Na-dicarboxylate
cotransporter (104, 105). However, controversial results were obtained in OK kidney
epithelial cells and the renal proximal tubule of killifish, where the activation of
protein kinase C inhibited PAH uptake across the basolateral membrane (106, 107).
Recently, a new pathway of organic anion transport across the
basolateral membrane was discovered, using confocal microscopy to study the
transport of fluorescein-methotrexate (FL-MTX) and sulforhodamine 101, which have
molecular masses larger than fluorescein and PAH (molecular masses are 923 and 606
Da, for FL-MTX and sulforhodamine, respectively), in killifish proximal tubule (34,
108). It was reported that the large organic anions (FL-MTX) uptake into the cells
and secretion into the tubule lumen was ouabain-insensitive, Na-independent and
KCN, which inhibits cellular metabolism, did not affect cellular uptake. In addition, it
was found that PAH and probenecid were weak inhibitors, for FL-MTX transport.
This suggested that \large organic anions entered the cell across the basolateral
membrane via a different pathway from PAH, the classical organic anion transporter.
Sulforhodamine 101 showed its transport pathways via both systems, with

overlapping between the PAH and FL-MTX transport systems (34, 108).



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Physiology) / 15

1.2 Substrate specificity for PAH transporter at the basolateral
membrane

It was reported that the renal organic anion transport system or PAH
transport system at the basolateral membrane of renal proximal tubules accepted a
large variety of organic compounds. As stated above, Na* drives dicarboxylate into
the cell which in turn exchanges for PAH. Thus, PAH transport is not directly, but
indirectly dependent on the Na* gradient. From the studies of Ullrich et al. (35), it
was found that PAH transport was inhibited by fatty acids with a chain length greater
than four carbons. In addition, hydrophobic aromatic monocarboxylates could inhibit
PAH transport with different affinities, for example, the apparent K;"A" of benzoate:
1.5 mM, 1-naphthoate: 0.17 mM, 2-naphthoate:0.14 mM, and diphenyl carboxylate
0.15 mM. This inhibition is not restricted to aromatic structure alone, but some
aliphatics also interact with this transporter. These data are compatible with the
carboxylic group and the hydrophobic moiety of substrates. Glutarate, PAH, and
probenecid showed affinity values for PAH transporter with K; values of 0.05, 0.08
and 0.05 mM, respectively. That means that these three substrates have a high
specificity for the PAH transport system. lonic charges also affect the specificity of a
substrate for PAH transporter, as it was revealed that substrates with a hydrophobic
core and 1 or 2 neéative charges (no matter whether fully or partially negative
charges) could bind with this transporter (109). It was postulated that, on the basis of
their charges, 2 categories of substrates for the PAH transport system can be
distinguished (84, 85, 109). The first one is compounds with at least one negatively

charged ionic group (COO™, SO;37, O"), and the second one is compounds with two
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partially negative charges (OH < NO, < CHO). The affinity rises with the decreasing
pKa or increasing hydrophobicity (91).

From the studies of Ullrich and his coworkers concerning the
specificity of the basolateral transporter for various compounds (35, 81, 84, 109-113),
it can be concluded that substrate specificity of the basolateral PAH transporter could
be governed by the following rules:

(i) The substrate must have hydrophobicity, whereby the
hydrophobic domain has a length of 4 A° up to 10 A°, optimally 8-10 A° long.

(i) The strength of the ionic charge is a determinant for
interaction with the basolateral PAH transporter.

(iii) PAH transporter also accepts hydrophobic substrates
which cannot be ionized, such as benzene aldehydes, steroid hormone and aniline
derivative analgesics.

(iv) Electron-attracting side groups (Cl, Br, NO,) augment
the interaction with the PAH transporter. It was reported that electron-attracting
power, their number and location within the molecules of substrate, all play a role in
this interaction (109, 112).

It can be postulated that affinity for the PAH transporter is influenced
by hydrophobicity, ch;arge, charge placement or distribution, and charge strength. The
transporter could accept monovalent hydrophobic organic ions with a negative or
partially negative charge, and could also interact with divalent compounds, including
some switterions with two negative or partially negative charges. The compounds that

showed effective binding to this transporter have a distance between charges about 6-7
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A°, and their affinity is enhanced with increasing hydrophobicity of the compounds.
Based on this model, potent inhibitors of the PAH system such as probenecid would
be more tightly bound to the transporter than PAH. Thus, they are a very effective
competitive inhibitor for PAH transport system.

2. Intracellular events of PAH transport

After organic anions enter the proximal tubule cell across the basolateral
membrane, they traverse the cell to the luminal membrane before secreting to the
tﬁbule lumen. Although very little has been studied concerning this step when
compared with the basolateral and luminal steps, it was revealed that organic anions
were not uniformly distributed within the renal tubular cells (114-116). It was evident
that various anions such as phenol red, PAH and probenecid were subjected to
extensive intracellular binding (29, 114-117). Studies using video-imaging and
confocal microscopy (118, 119) found that fluorescein accumulated in intracellular
punctate compartments during the transepithelial transport process. When the
basolateral transport of fluorescein was inhibited, the vesicular uptake or sequestration
was either eliminated or reduced. In addition, the microinjection of competitors for
fluorescein such as PAH or probenecid into the cells could inhibit the sequestration.
The compartmentation was eliminated when metabolism was inhibited (118). This
suggested that intracéllular organic anions might be sequestered within vesicular
structures during the transport process. As we know that an organic anion secretory
system handles a wide variety of xenobiotic and toxic compounds, the vesicular form
should be useful. There were 2 possibilities suggested for the physiological roles of

binding and sequestration of organic anions. Firstly, it decreases the free cytoplasmic
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concentration of organic anions in the cells, which prevents toxicity. Secondly, it
plays a role in transcellular organic anion movement within the cell. Fluorescein-
loaded vesicles were shown to move from the basolateral to the luminal membranes,
and this movement was blocked by nocodazole, which is a microtubule-disrupting
drug (120). Nocodazole could reduce fluorescein secretion in the intact renal tubule
of teleost (120). This suggests that vesicular uptake and movement within the cell
may play a direct role in the transcellular movement of secreted organic anions.
Dantzler and Wright (61) reported their observations on the S; segment of rabbit
proximal tubule using confocal microscopy, that in a tris-buffered bathing medium
identical to that used by Miller et al. (118), fluorescein accumulated in punctate
compartments within the cells, whereas very little fluorescein appeared in the tubular
lumen in the absence of bicarbonate. In contrast, when the bathing medium was
changed to a bicarbonate-buffered solution (whether or not Tris remained in the
solution), the appearance of fluorescein in the tubular lumen and its accumulation in
punctate compartments in the cytoplasm was substantially reduced or eliminated. As
mentioned earlier, a tubule in a bicarbonate-buffered medium produced the optimal
metabolic energy (100). Therefore, it was suggested that, at least in mammals, the
metabolic state of the tubules might be important for determining the rate of organic
anion transport withir; the tubular cells. Under normal physiological conditions, in
which the proximal tubule is in an optimal metabolic state, punctate
compartmentation might play no role in the transport of organic anions through the

cytoplasm (61).
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3. The PAH transport process at the luminal membrane

The mechanism of organic anion transport at this side of the cell is still
unclear. Studies of PAH transport with isolated perfused snake proximal tubules
reported that the movement of PAH from the cells into the lumen during the net
secretory process was down an electrochemical gradient and could be the result of
simple passive diffusion (59). Subsequent studies with isolated proximal tubule of
rabbit (50) and snake (59, 64) revealed that the apparent permeability of the luminal
membrane to PAH was greater than that of the basolateral membrane. These results
supported the preferable passive transport of PAH across the luminal membrane. In
contrast, the transport process was also suggested to be carrier-mediated, and driven
by an electrochemical gradient, because the lipid layer of the membrane is a barrier to
the diffusive movement of charged solutes (61). This was supported by subsequent
studies, both in isolated perfused snake tubules (65, 121, 122), in brush border
membrane vesicles from flounder (79), and in snake kidneys (123). The studies in
brush border membrane vesicles and isolated perfused snake renal tubules showed that
PAH transport from the cells to the lumen was inhibited by SITS (4-acetamido-4'-
isothiocyano-2,2’-disulfonic stilbene), unlabeled PAH, phenol red and probenecid (65,
79, 121, 123). These results suggested that PAH might move from the cytoplasm into
the lumen via a carri\er in the luminal membrane. In intact tubules, the mediated
transport step for the luminal exit of PAH was not influenced by the presence or
absence of Na* or K* in the lumen (64, 124), whereas initial studies with brush border
membrane vesicles from snake kidney showed that PAH transport across the

membrane was stimulated by a sodium gradient that was present in the same direction
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as PAH transport (123). However, under normal physiological conditions in intact
tubules, the secretion of PAH occurred in the opposite direction to the Na* gradient
across the luminal membrane of the tubule, thus, the sodium gradient is unlikely to
directly stimulate PAH secretion under normal physiological conditions. In addition,
the movement of PAH from the cells to the tubular lumen in intact snake and rabbit
tubules did not require the presence of chloride ion in the lumen, but it did require the
presence of an equivalent quantity of some anions which are highly permeable to
Juminal membrane, and this process may involve anion exchange (122, 125, 126).
However, the mechanism for PAH movement from the cells to the lumen is still
unclear. It is not known exactly whether it involves anion exchange, carrier-mediated
diffusion, or both. It is interesting to see that when PAH transport from cell to lumen
was inhibited, the uptake of PAH from the basolateral side into the cells was also
reduced, suggesting that there might be some feedback coupling between transport
processes at the luminal and basolateral membranes (65, 121, 122, 126-128).

In mammals, the mechanism of PAH transport at the luminal membrane
varies among species. Studies with renal brush border membrane vesicles showed an
organic anion exchanger at the luminal membrane which was shared by PAH, lactate
and urate, as well as several inorganic anions (CI°, Br-, HCO;~, OH). Anion
exchange was also foilnd in an in vivo study of rat kidney (39). This transporter had
previously been found only in urate reabsorbers (dog, rat), but not in urate secretors
(pig, rabbit) (29, 129-135). In brush border membrane vesicles from the kidneys of
rabbits and pigs (urate secretors), evidence for potential-driven carrier-mediated

transport was reported (134, 136). Ullrich and Rumrich (39) investigated the transport
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systems for luminal PAH secretion using in vivo microperfusion techniques in rat
renal proximal tubules. They reported that cell depolarization caused by K* or by
large changes in luminal OH™ and CI” concentrations did not have a significant effect
on PAH transport. Moreover, PAH, a-ketoglutarate, cGMP, PGE,, cortisol, DIDS,
pyrazinoate, lactate and urate did not induce a trans-effect on PAH transport across the
luminal membrane. In contrast, phenol red, fluorescein, HCO;™ and uricosuric
substances in the luminal fluid caused trans-inhibition of PAH transport at the luminal
membrane in an in vivo study of rat renal proximal tubule (39). They concluded that
the transport of PAH across the luminal membrane in situ might not be contributed to
by a potential-sensitive system, but rather that the major mode of luminal PAH
transport may be an anion exchange system.

Miller and coworkers (137) studied the mechanisms concerning the driving
force of fluorescent anion transport from renal proximal tubule cells to lumens in
intact killifish using fluorescence microscopy. Their results showed that organic
anion transport from cell to tubular lumen was a carrier-mediated and uphill process,
because the concentration of fluorescence in the tubular lumen was higher than that in
tl;e cells. This transport process was not sensitive to the electrical potential difference
across the luminal membrane. They also found that KCN, which inhibits energy
metabolism, reduced organic anion secretion into the lumen during which no changes
in cellular concentration were observed (34, 137). In 1999, Masereecuw and
coworkers (138) studied the secretory processes of the organic anions, lucifer yellow
and another fluorescent organic anion, in intact killifish proximal tubule using

confocal microscopy. They demonstrated that organic anions entered the cells via the
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classical basolateral transporter, sodium-dependent system, but about half of them
transported into the lumen by a sodium-independent system which was suggested to
be multidurg resistance-associated protein (138). This finding was further supported
by Leier et al. (139) who found that PAH was a good substrate for an ATP-dependent
export pump (apical multidrug resistance protein, MRP2). MRP?2 is characterized as
a unidirectional transport protein and contributes to the secretion of PAH and other
amphiphilic anions (e.g., ochratoxin A) into the proximal tubular lumen (139).
Another transporter, NPT1, localized in the apical membrane of renal proximal
tubules, is characterized as human type I sodium-dependent inorganic phosphate (P;)
transporter which taken up phosphate from the luminal fluid into the blood. However,
this transporter was reported to mediate the secretion of PAH from renal proximal
tubule cells and was sensitive to chloride ions (140). In addition, Bakos et al. (141)
also reported that both MRP1 and MRP2 participated in the active secretion of
organic anions such as diuretics and antibiotics.

The transepithelial transport process of PAH across the proximal tubule can

be summarized as shown in Figure 1.
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Figure 1. The model for organic anion (PAH) secretion by proximal renal tubules.
Broken arrows with open circles indicate movement down an
electrochemical gradient.  Solid arrows with open circles indicate
movement against an electrochemical gradient by some forms of secondary
active transport. Solid arrows with solid circles indicate primary active
transport.

III. SODIUM AND POTASSIUM-DEPENDENT ADENOSINE

TRIPHOSPHATASE (Na*-K* ATPase)

The Na‘*-K* ATPase is one of the most vital integral membrane proteins
present in animal cells. This enzyme has an important role in maintaining the osmotic
balance of the cell, the ionic gradient across the plasma membrane, the resting
membrane potential of most cells, and the excitable property of muscle and nerve
cells. The metabolic energy produced by the cell is required to establish a high
intracellular potassium concentration and a low intracellular sodium concentration.
The pumping of sodium out of the cell and potassium into the cell is, in both cases,

against the electrochemical gradients for these ions. These processes are controlled by
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the functional role of sodium pump which is fueled by the activity of the enzyme
“Na*-K* ATPase”.

This enzyme is a member of the p-type ATPase, which involves the formation
of a transient covalently phosphorylated intermediate during the reaction cycle (142).
It has been purified from various kinds of tissue, including kidney cells. The structure
of this enzyme is composed of two subunits, an alpha (ct) or catalytic subunit, and a
beta (B) or glycoprotein subunit (143-146). The o-subunit has a MW of
approximately 104,000 daltons and forms 60-72% of total protein (144, 147). It was
reported that the a-subunit of the sheep kidney consists of é protein with a MW of
112,177 daltons (1,016 amino acid residues) (148). The P-subunit is a
sialoglycoprotein with a MW of approximately 40,000 daltons plus 17,000 daltons for
carbohydrate moiety (144, 147, 149). It was found that the [B-subunit of the sheep
kidney consists of 302 amino acid residues with a core protein that has a MW of
34,939 daltons (150). Both o and B-subunits have many isoforms (151, 152). The
0, isoform is considered to be the housekeeping form of this enzyme, whereas the
other isoforms may mediate tissue-specific roles. The oy isoform has been found in
most tissues and cell types (152). In the kidney, oy is the major isoform (153),
whereas an o, isoform has been found mainly in skeletal muscle, brain and in smaller
amounts in the heart. The o isoform has been found mainly in the brain and heart.
The oy isoform has been found only in the rat and human testes. The (-subunit has
been described as having 3 isoforms (150, 151). The B, isoform is the major form
that is expressed in all tissues, 8, has been found mainly in the brain, and B3 has been

observed only during the early developmental stage of Xenopus laevis.
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The o-subunit of this enzyme contains the phosphorylation site and the
binding sites for Na*, K*, Mg®*, ATP and ouabain. The binding site for ATP locates
in the cytoplasmic side, whereas that of ouabain locates on the extracellular side (149,
154). It could be said that the o-subunit contains binding sites for ligands that
regulate pump function. In contrast, the physiological functions of the B-subunit is
unknown. However, it was found that the expression of Na'-K" ATPase activity in
yeast required both o and B-subunits to be cotransfected (155). This occurrence
suggested that B-subunit was required for proper insertion of the off complex form
into the cell membrane (156, 157). The B-subunit has also been postulated to be
involved in stabilizing the enzyme’s structure and to modulate the affinity of the
enzyme to a cation (158). Thus, it may be involved in conformational changes
associated with enzyme function (159). The molar ratio of o to B-subunits was
reported to be 1:1 stoichiometry (143, 145), or 23-subunits per 20-subunits (160). In
contrast, some investigations have suggested its stoichiometery to be 2f3-subunits per
one a-subunit (144) and 1B-subunit per two a-subunits (146).

| The transport mechanism of the pump is the efflux (transport out of the cell)

of Na* coupled with the influx (transport into the cell) of K*, using ATP. Under

normal physiological .conditions, the efflux of Na* and influx of K" occurs at a

coupling ratio of 3 Na* : 2K" : 1ATP (161, 162). However, a recent study has

demonstrated that this ratio is not fixed, but can vary, depending on the concentrations
of ions both inside and outside the cell (163).

Many reports about the enzyme Na* -K* ATPase, prepared from fragmented

membrane in the presence of Na', Mg*, and ATP-sz, found that the YP was
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covalently transferred to the enzyme when K* was added to the enzyme that has been
phosphorylated in the presence of Na*, Mg** and ATP. The phosphate group was then
rapidly cleaved and the enzyme was allowed to cycle, continuing to hydrolyze ATP, as

shown in the following diagram (164):

3Na*, + ATP ADP
E] 3Na+i,, «E; _}_—'_’ 3Na+i,, «E~P
2K + P 4\ l
2K+out 0E2 -P « E2 -P <« ( 3Na+om . Ez—P
3Na"out

There are 2 enzyme conformations, “E,” which has high affinity to
intracellular Na* and “E,”, which has high affinity to extracellular K*. The cycling of
the enzyme between these 2 forms results in the transport of ions across the
membrane. In the E; form, the enzyme has a high affinity for intracellular Na* and
Mg-ATP. After binding, the phosphate group of ATP is transferred to form a high-
energy phosphoenzyme (E;~P). The high energy in the phosphate bond is used to
drive the conformational change of the enzyme, resulting in the exposure of Na* to the
extracellular side and change over to the low-energy phosphoenzyme, E>-P. The E,-P
conformation has a low affinity for Na*, so Na* is released from the enzyme. In
contrast, this conformation has a high affinity for extracellular K*. After the binding
of K* to the extracellular surface of the enzyme, the phosphatase is activated to cleave
a phosphate group, and then K" is translocated and released to the intracellular side.
The enzyme is then returned to the E; conformation again and is once more capable of

binding with ATP and Na" in the cycle (142, 165, 166). Na*-K" ATPase activity may
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be differentially regulated by hormones (151, 167). The normal expression of this
enzyme can be altered by pathological conditions to reestablish homeostasis that has
been altered by the disease. In addition, the activity of this enzyme can be inhibited
by ouabain (154, 168-170), a digitalis glycoside, which has its binding site at the
extracellular surface of the cell, and by vanadate, whose binding site is located at the
cytoplasmic surface and is most likely the site from which phosphate is released
during enzyme activity (171, 172).

In the kidney, the localization of Na*-K* ATPase is mainly on the basolateral
surface of the nephron segments (173-178, 183), but the density or its activity is
different in each tubule segment. The highest activity of this enzyme occurs in the
outer medulla, followed by the kidney cortex and the lowest part is in the inner
medulla (179). It also differs among several species of animal. The activity of this
enzyme in rat (179-181) and dog (179) is much higher than that in mouse (180, 181),
guinea pig (179), monkey (179), rabbit (179, 181) and cat (179). Using
microdissected nephron segments of rabbit (182), the Na*-K" ATPase activity in distal
nephron segments is about 2-5 times higher than that in the proximal tubule. The
distribution of enzyme activity is highest in the medullary thick ascending limb of
Henle’s loop, and the proximal convoluted tubule of juxtamedullary nephron has this
enzyme activity twicé that of the superficial nephron (182). However, Doucet et al.
and Katz et al. in 1979 reported that the Na'-K* ATPase activity differed on the basis
of tubule length of mammalian nephron. In rabbit (180, 181), the enzyme activity per
tubule length in the proximal convoluted segment is 4-5 times higher than that of the

pars recta, but not different from that of the medullary thick ascending limb. These
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results were supported by the density of enzyme as measured by [*H] ouabain binding
along the rabbit nephron (183). In rat and mouse, it has been shown that the pattern of
enzyme activity distribution along the nephron segments was identical in both species
(181). The highest activity per tubule length was in the distal convoluted tubule and
thick ascending limb (both in medullary and cortical parts), followed by the proximal
convoluted tubule, whereas enzyme activity in the pars recta and collecting tubule was
lower (175, 181, 183, 184), with the lowest activity being in the thin limb of Henle’s
loop (175, 181, 184). The Na*-K* ATPase activity is heterogenous in the renal
proximal tubule, as determined in the microdissected tubule of rabbit. The highest
activity was observed in the S; segment (the convoluted part of proximal tubule) of
rabbit, which was 2.5 times greater than that in the S, segment, and the lowest
appeared in the S; segment (distal straight part of the proximal tubule), which was
approximately 2 times lower than that in the S, segment (184). Schmidt and Horster
(182) also found that enzyme activity was lower in neonatal than in mature rabbit
kidney. However, a difference in ouabain-insensitive ATPase activity exists between
the stages of kidney development. It's interesting that enzyme activity in neonatal was
similar or higher than that in adult rabbit kidney.

The factors that influence the development of Na*-K* ATPase activity were
studied (184-191). 'fwo factors were mentioned as being involved in the postnatal
development of the Na*-K* ATPase activity, the concentration of sodium inside the
cell and hormones (glucocorticoid and mineralocorticoids). Aperia et al. (185, 186,
266) found that the immature proximal tubule cells of rats were sensitive to

betamethasone and aldosterone for the induction of Na*™-K* ATPase activity. Later
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on, Aperia and Larsson (186) reported that long-term administration of adrenal
corticoid hormone to young rats affected the increments of Na*-K* ATPase activity,
fluid reabsorption and the basolateral membrane area in the proximal tubule. The
increase in net fluid and solute transports was related to the increase in the basolateral
membrane area, as well as to the amount of Na*-K' ATPase during postnatal
development (182, 187, 192-195). Glucocorticoid treatment of 1 week-old rabbits
caused a 40% increase in Na*-K* ATPase activity of rabbit proximal tubules during
the second week of life, but glucocorticoid treatment during the second week of life
had no effect on Na*-K* ATPase activity in the third week (191). This work was
supported by Celsi et al. (188), who found that Na*-K* ATPase mRNA is regulated by
betamethasone in the infant rat kidney, but not in the adult rat kidney, although some
reports have suggested that an increase in intracellular Na* concentration may induce
enzyme activity (191), as found in the study of Larsson et al. (189). Klein and Lo
(196), in contrast, showed that, indeed, corticosterone increased the o, and B; mRNA
levels of Na*-K* ATPase in adult rats, resulting in an increase in enzyme activity prior
to any enhanced sodium delivery.

In addition, the correlation between Na'™-K* ATPase activity and the transport
of ions and fluid was found not only in the proximal tubule, but also in the thick
ascending limb of i@ature rats (190). The developmental increase in this enzyme
activity in the thick ascending limb of Henle’s loop in immature rats was found to be
correlated with an increase in serum corticosterone level, and this increment was
abolished by adrenalectomy (190). The other hormone that could affect Na*-K*

ATPase activity is thyroid hormone (T3). Tj increased the density of enzyme that then
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caused an increase in Na*-K* ATPase activity (197, 198). In contrast, Na*-K* ATPase
activity was reported to be inhibited by dimethyl sulfoxide (DMSO), which is used as
a solvent for many substances. It was reported that 10% DMSO inhibited Na*™-K"
ATPase activity by about 30% in bovine kidney cortex and medulla (199). The site of
DMSO-inhibited enzyme activity was suggested to be different from that of ouabain.
This was due to the additive effect on Na*-K* ATPase inhibition that occurred during
the addition of ouabain and DMSO siﬁmltaneously into the medium. This result was
supported by McConnell et al. (200), who found an inhibition of Na*-K* ATPase
activity of about 26% in human erythrocyte plasma membrane treated with 10%
DMSO.

The Na*-K* ATPase not only plays an important role for the proximal tubular
reabsorption of solutes such as Na', glucose and amino acids, but also participates in
proximal tubular secretory function. There are several organic anions and cations that
are secreted by the proximal tubule using ATP driven by Na*-K* ATPase. p-
Aminohippurate (PAH) is a prototypical organic anion which is secreted by the
proximal tubule. There are many studies that have shown the involvement of Na'-K*
ATPase activity and the secretory transport of PAH. For example, active PAH uptake
in kidney slices was depressed by ’ouabain, an inhibitor of Na*-K* ATPase activity
(74). In addition, it hés been found that intracellular Na* and K" concentrations were
changed during ouabain treatment of rabbit renal cortical slices and showed a
correlation with the change in active PAH uptake (75). This finding was later
supported by the study of Maxild et al. (201), which found a relationship between

renal accumulation of PAH, Na*-K* ATPase activity and the transmembrane Na*
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gradient in cortical kidney slices of rabbits. An involvement of Na'-K* ATPase in the
active transport of PAH was also revealed by an electrophysiological experiment in
isolated newt kidney (82). By studying the relationship of Na*-K* ATPase activity
and the renal organic anion transport system, using vanadate as an inhibitor (71), it
was found that vanadate significantly reduced PAH accumulation into rabbit kidney
cortical slices. The result obtained from this experiment suggested that the PAH
transport process is linked to the function of Na*-K* ATPase. Therefore, it could be
concluded that Na*-K" ATPase activity plays an ifnportant role in the PAH transport

system in the kidney, as was stated in the section on the PAH transport mechanism

(part II).

IV. STEVIA PLANT, STEVIOSIDE AND STEVIOL

1. Background and History

Sweet glycosides and their derivatives from the stevia plant are used as
sweetening agents and their pharmacological, physiological and toxicological effects
have been studied. This plant is a small shrub which was originally grown in
Northern Paraguay and in parts of Brazil (202). It has been known as stevia or honey
leaf, Caa-ehe, Azuca-caa, Kaa-he-e and Ca-a-yupe (202, 203). It was first botanically
described by Moises ‘Santiago Bertoni, a Paraguayan botanist, and initially named
Eupatorium rebaudianum in 1899 (204), subsequently reclassified as Stevia
rebaudiana Bertoni, belonging to the genus stevia in the family Compositae in 1905
(205). The sweetness from the leaves of this plant drew the attention of several
scientists. The presence of various sweet compounds in stevia were reported by

Rasenack in 1908 and Dieterich in 1909 (202). Later on, an extract from the leaves of
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this plant was purified by two French chemists, Bridel and Lavieille, in 1931 and the
product yielded a white crystalline compound named “stevioside”. It proved to be
250-300 times as sweet as sucrose (2, 202, 204).

Due to the sweetening property of stevia’s leaf, this plant has now been
cultivated in many countries and seems to be a good potential economic plant for
exportation. It was reported that, in 1971, Sumida brought the seeds of stevia from
Brazil to cultivate in Japan, and successfully produced a sweetener, extracted from the
leaves of Stevia rebaudiana (2). Since then, stevia has been introduced as a crop in
many countries including Korea, Mexico, the United States and Indonesia, as well as
recently in Canada (206). Stevioside, the major sweetening agent present in the leaves
of this plant, was considered a sugar substitute and commercial sweetener, both in the
form of stevioside and stevia extracts (207, 208). The use of these products has
increased due to the health concerns related to sucrose usage, such as dental caries,
obesity and diabetes. The stevia extracts and stevioside have been widely used in
several countries, such as Japan, China, Korea, Israel, Brazil and Paraguay (2, 208).
This sweetener is used in pickled vegetables, dried seafoods, soy sauce, beverages,
candies and gums, yogurt and ice cream, as well as in toothpastes and mouthwashes.
Besides stevioside, other sweet-tasting glycosides have also found in stevia extract,
such as Rebaudiosid;a A-E, Dulcoside A and Steviolbioside. The approximate

sweetness of these glycosides compared to sucrose is shown in Table 1.
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Table 1. The relative sweetness of diterpene glycosides in Stevia rebaudiana

compared to sucrose (2).

Diterpene glycosides Sweetening potency (sucrose = 1)
Stevioside 250-300
Rebaudioside A 350-450
Rebaudioside B 300-350
Rebaudioside C (Dulcoside B) 50-120
Rebaudioside D 200-300
Dulcoside A 50-120
Steviolbioside 100-125

The normal proportions (w/v) of 4 major glycosides isolated from the stevia
plant are: stevioside 5-10%, rebaudioside A 2-4%, rebaudioside C 1-2% and dulcoside
A 05-1%. The yield of sweetening compounds present in leaf tissue can vary
according to the method of propagation (209), day-length (210) and also to agronomic
practices as well as processing and storage procedures (208). It was reported that the
cultivation of stevia under long days has been shown to cause up to a 50% increase in
stevioside concentration, relative to plants grown under short days (210).

Bridel and Lavieille found that stevioside is a neutral substance, composed of
one steviol aglycone, a diterpenic carboxylic alcohol, and three molecules of glucose.
One glucose molecule forms an ester bond with the carboxylic group of steviol and
the other two glucose residues form a glycosidic linkage with the hydroxyl group of

steviol (204). The sweet property was found to depend on its ester bond in the

A6211 1 1293068X
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molecule, and was not due to carbohydrate moiety (211). The chemical structures of

stevioside and steviol are shown in Figure 2.

CH,OH

Stevioside (C3gH,Oy5) Steviol (C,gH3,05)
MW 804.9 MW 318.44

Figure 2. The chemical structures of stevioside and steviol

Stevioside was hydrolyzed by an enzyme from the digestive juices of the
vineyard snail to yield aglycone, “steviol”, and the acid hydrolysis of stevioside
yielded a product called “isosteviol”, an isomer of stevioside (202, 204, 212).
Isosteviol was proved to be stable, as it could be distilled under atmospheric pressure
without decomposition. Isosteviol was also obtained when steviol was heated in
dilute sulfuric acid (206, 212). The alkaline hydrolysis of stevioside was used to
prepare “steviolbioside” (212). A diagram of substances from stevioside hydrolysis is

shown in Figure 3.
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H+

Stevioside %m:
7 +

isosteviol H steviol
OH
H+
Steviolbioside Enzyme

Figure 3. Diagram of substances from stevioside hydrolysis by H' or OH or enzyme.

2. General Properties of Stevioside

Stevioside is a glycoside extracted from Stevia rebaudiana leaves. It consists
of a B-glycosyl and a B-sophorosyl group bound to the C;9 and Cy3 positions of a
diterpenic carboxylic alcohol (212). It is a light, white and odorless powder with a
slightly hygroscopic property. Its molecular weight is 804.9 with the chemical
formula of C3gHeoO;s. Stevioside dissolves less in water than in dimethyl sulfoxide
(DMSO), its very high purity causing its difficulty to solobilize. It is slightly soluble
in ethyl and methyl alcohol, but almost insoluble in propylene glycol, ethyl acetate and
chloroform. DMSO is the best solvent for this substance (213, 214). Stevioside is
stable at high temperatures up to 95°C, and over a wide range of pH (pH 3 — pH 9).
Under very strong alk;li condition (pH > 10), the esteric bond at Cy9 of stevioside is
hydrolyzed and decomposed into steviolbioside (215), which is about 2-3 times lower
in sweetness than stevioside. The sweetness is also lowered if it is exposed to high
temperatures (> 95°C) for a long period of time (6-8 hours). During prolonged

exposure to acidic solution, it is decomposed into glucose and isosteviol, resulting in
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reduced sweetness (212, 216). Moreover, pure stevioside has little hygroscopicity.
This is an advantage that makes stevioside popular in the pharmaceutical industry. It
has no problems of bulky form for incorporation into drug tablets. It is also non-
calorific, non-fermentable and does not darken upon cooking (2). Additionally, it is a
growth suppressant of several oral bacteria (217). Tomita et al. (218) also found that a
fermented aqueous extract from S. rebaudiana showed strong bactericidal activity
towards a wide range of food-borne pathogenic bacteria.

3. General Properties of Steviol

Steviol is found as the aglycone part of various natural glycosides. It was
found to be a major metabolite of stevioside from degradation by bacterial flora in the
intestine in vitro (25). This substance has been examined both pharmacologically and
for its toxicological effects by many researchers.

It has a tetracyclic diterpene structure with a molecular weight of 318.44 and
the empirical formula of CyH300;. It is a light, odorless, colorless and tasteless
powder. It was reported that steviol could be synthesized by treatment of stevioside
with sodium periodate (NalOy) and sodium hydroxide (NaOH) (219), or by incubating
stevioside with commercial pectinase (220), hesperidinase or hepatic pancreatic juice
obtained from the vineyard snail (204). Hydrolysis of stevioside with 0.4%
hydrochloric acid (HCI) in aqueous methanol solution for 5 hours yields about 49% of
steviol (221). Wingard et al. (25) reported that stevioside was completely converted
into steviol after a 2-day incubation period in an anaerobic condition with rat intestinal

microflora in vitro.
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4. Stevioside and Steviol: Absorption, Distribution, Metabolism and
Excretion

Stevia extract has been used in many countries and it has been reported to
have therapeutic values such as contraceptive and hypoglycemic properties. The
pharmacokinetics of some compounds in this extract, especially the major component
of sweetening glycosides, stevioside, has been the subject of much scientific interest.

As mentioned earlier, stevioside is a high molecular weight glycoside (MW =
804.9), like oligosaccharide, which is difficult to be absorbed or transported into the
epithelial cells. This knowledge brought awareness of the possibility that stevioside
might be decomposed to steviol and glucose before absorption in the gastrointestinal
tract. In 1980, Wingard et al. (25) reported that whole cell intestinal microflora
prepared from rat cecal content was able to completely transform stevioside to steviol
under in vitro anaerobic conditions within a 2-day incubation at 37°C. Under the
same conditions, rebaudioside A required 6 days for complete degradation to steviol.
In contrast, under aerobic conditions with cell-free extracts of rat cecal content, steviol
was generated from stevioside and rebaudioside only in yields of 50% and 2%,
respectively, after 7 days. These results indicated that stevioside and rebaudioside
would be degraded to steviol by microflora in the lower bowel. They further
determined the intestiﬁal absorption of steviol in the lower bowel of rats. The results
showed that steviol-17-["*C] was completely absorbed from the lower bowel of rat
after oral and intracecal administration. After oral administration, radioactivity was
excreted mainly in the feces (96% of administered dose), while only 1.5% of the

administered dose was excreted in urine. However, radioactivity was detected totally
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in biliary excretions in the bile duct. In contrast, radioactivity was largely detected in
rat urine with the bile duct ligated after oral or intracecal administration. These results
suggested that stevioside may be degraded into steviol in the large bowel of humans
because of the similar quantity and quality of microflora in the human bowel and rat
cecum, and after degradation, steviol would be absorbed and excreted in bile and urine
(25). However, there was no report concerning the biotransformation or metabolism
of stevioside in the body at that time. Five years later, Nakayama and colleagues
(222) studied the distribution and metabolism of stevioside and/or it metabolites after
single oral administration of 3H-stevioside into male Wistar rats at a dose of 125
mg/kg of body weight. They reported that the radioactivity in blood was highest at 8
hours after *H-stevioside administration and the biological half-life of stevioside was
exhibited to be 24 hours. The radioactivity was maximally detected in the
gastrointestinal content, while a little of it was detected in the tissues of the stomach
and intestine. At one hour after administration, radioactivity was highest in the
content of the small intestine. From thin-layer chromatograms of gastro-intestinal
content, stevioside was the major component detected in stomach, small intestinal and
cecal content at that time. In the small intestinal content, stevioside and its
metabolites were detected as 33 and 67% of total radioactivity, respectively, whereas
very low radioactivify was detected in large-intestinal content. At 4 hours, the
radioactivity was markedly increased in cecal content, while that in the small intestine
and stomach were decreased. Thin-layer radiochromatograms of cecal content at 4
hours showed the highest radioactivity of stevioside, followed by steviolbioside and

steviol. Twenty four hours after stevioside administration, stevioside was not detected
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in cecal content, whereas a higher amount of steviol and unidentified metabolites
appeared. At 72 hours, the percentage of radioactivity excreted into feces, urine,
expired air and bile was 63.8, 2.2, 23.9 and 40.9% of administered dose, respectively.
In bile and feces, steviol was found to be the major metabolite of stevioside after oral
administration, but no information concerning metabolites in urine was reported. The
investigators pointed out that stevioside was changed to steviolbioside and steviol in
the cecal content at 4 hours and a large quantity of steviol appeared at that time. The
same metabolites were also detected in bile, therefore, they suggested that the
metabolites in cecal content at 24 hours originated from biliary excretion. The results
mentioned above also supported the idea that stevioside is not absorbed by the upper
part of the small intestine, but the metabolites formed by intestinal microflora and
mainly in the cecum were absorbed by the lower part of the intestine. An increase in
blood radioactivity was delayed, beginning at 4 hours after administration, which was
related to the absorption of steviol and its metabolites from the intestinal tract. Most
of the steviol that was changed to the conjugated form in the liver and excreted into
the intestinal tract through the bile and the enterohepatic circulation was suggested to
be involved in the reabsorption of steviol (222).

Later on, Cardoso and coworkers (27) also studied the pharmacokinetics of
stevioside and its métabolites in male Wistar rats, but they used Bl_stevioside
intravenous injection instead of the oral administration of >H-stevioside, as reported
by Nakayama et al. (222). The plasma radioactivity rapidly decreased within 30
minutes after intravenous injection, which demonstrated rapid distribution in the body.

The highest radioactivity was observed in the liver and small intestine at 10 and 120
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minutes after administration, respectively. At 4 hours after intravenous injection of
131 stevioside, the level of radioactivity was highest in the large intestine, while
radioactivity in the small intestine was decreased. They reported that radioactivity
approximately 52% of the original dose was eliminated into bile within 120 minutes
after injection. At that time, the radioactivity in the small intestine was also 52% and
most of it occurred in intestinal content, while a small quantity appeared in intestinal
tissue. The investigators did not report whether the radioactively-labeled compound
detected in each organ or content was stevioside or its metabolites. By reversed phase
high performance liquid chromatography (RP-HPLC) analysis, it was found that Bl
stevioside could be degraded in vivo into steviol and unidentified metabolites. Steviol
was detected as the major metabolite in bile, and stevioside also appeared as 37.3% of
the radioactivity present in bile. However, no steviol was detected in urine, only
stevioside and unknown metabolites with the same retention time as that observed in
bile were present in urine. From the results mentioned above, 'I-stevioside that was
given intravenously into rats was probably metabolized in the liver to 'I-steviol,
excreted in bile, entered the intestine and some parts were absorbed in the bowel of
rats. This raised the question of whether stevioside could pass the cell membrane of
liver and be converted to other byproducts, or not. Due to the discrepancy between
results obtained from \oral administration of *H-stevioside into rats (222) and in vitro
perfusion of stevioside to isolated perfused rat liver (223), it was found that, after oral
administration, some stevioside was excreted unchanged in feces and urine, but most
of it was believed to be degraded by intestinal microflora to steviol, steviolbioside,

glucose and some unknown metabolites, and then they were absorbed in the cecum of
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rat. Steviol was conjugated in the liver and excreted into the bile. The metabolism of
stevioside was also studied using isolated perfused rat liver (223) to see whether
stevioside could be metabolized in the liver. Stevioside at concentrations of 0.2 and
0.5 mM were recirculated for 2 hours. The perfusate was periodically collected for
determination of the stevioside concentration in the perfusate at various time points
using TLC. The result showed that the concentration of stevioside in the perfusate
was not changed. This implied that stevioside could not be metabolized in isolated
perfused rat liver. This result was in conflict with the data concerning the metabolism
of stevioside reported by Cardoso and coworkers (27). Ishii-Iwamoto and Bracht
(223) suggested possible explanations for the contradictory results mentioned above.
Firstly, stevioside that was labelled with 1311 at a double-bond in steviol moiety may
cause a conformational change to a new structure that easily passes the hepatic
membrane by transport systems and enzymatic systems. Secondly, the difference of
experimental models between in vivo and in vifro experiments. Stevioside might
interact with some factors in the blood that manage the passage of it to the liver,
whereas no such factor was present in the perfusate medium.

In 1997, Hutapea et al. (26) examined the in vitro digestion of stevioside in
various digestive enzymes such as o-amylase, pepsin, pancreatin and intestinal brush
border membrane enzymes, as well as the intestinal microflora of mice, rats, hamsters
and humans. Using HPLC to detect stevioside and its metabolites after digestion,
none of these enzymes digested stevioside except the intestinal microflora. More
than 90% of stevioside was found to convert to steviol within 2 days of incubation by

the microflora of rat and hamster cecal content. The incubation of stevioside with



Promsuk Jutabha Literature Review / 42

microflora from humans and mice produced not only steviol, but also steviol-16, 17a-
epoxide at the end of a 2-day incubation period by human microflora, and 4 days by
mouse microflora. Therefore, steviol was the major metabolite produced by intestinal
microflora from various animal species in vitro. Further investigation of the
metabolism of stevioside in the body was performed to detect various metabolites in
plasma, feces and urine from hamsters treated with stevioside at an oral dose of 1 g/kg
BW (224). Stevioside and its metabolites, steviol-16, 170-epoxide, 150-
hydroxysteviol and steviolbioside, were found in plasma, feces and urine. Isosteviol,
a metabolite of stevioside produced by acid hydrolysis, was detected in urine and
feces. Steviol, the major metabolite of stevioside by intestinal microflora, only
appeared in feces, not being detected in plasma or urine. From the distribution of
stevioside and its metabolites in tissues, steviol was found only in brain. The
metabolites appearing in the kidney and liver were similar, and were composed of
stevioside, steviol-16, 170-epoxide, 150-hydroxysteviol and steviolbioside (225).
The largest metabolite detected in kidney tissue was 150-hydroxysteviol, whereas in
urine, the quantity of isosteviol was found to be slightly greater than 150~
hydroxysteviol. From these results, stevioside appeared to be excreted from the body,
both in the parent and degraded form, therefore it is probable that stevioside might be
absorbed in the digestive tract, both in the form of stevioside and its metabolites.
How stevioside is transported by any tissue in the body is still questionable and

requires further investigation.



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Physiology) / 43

5. The Biochemical, Physiological and Pharmacological Effects of
Stevioside and Steviol
The extract of the stevia plant and its major active constituents exhibit a
number of biochemical, physiological and pharmacological properties. It has been
reported as being used in such commercial products as herbal tea, and to be used for
flavor enhancement as well as a therapeutic agent. It was reported that stevia extract
and stevioside have been used in a number of countries such as Japan, China,
Malaysia and South Korea. The extract is approved to be used as a food ingredient in
Brazil, Japan and South Korea (226). Investigations concerning the safety of stevia
extract and stevioside have been performed in many aspects, including their
physiological and pharmacological effects.
5.1 Toxicological, mutagenic, teratogenic and carcinogenic
effects
To test the toxicity of substances using laboratory animals, it is usual
to increase the dose of the substance until a lethal dose is reached. LDsp, which is the
dose of substance where 50% of the test animals die, is reported to reveal the toxicity
of a substance. The LDs, value was variable according to the purity of stevioside, the
animal species used and the route of administration (213). LDso values in both mice
and rats were in the fange of 8.2-42 g/kg BW after oral administration, whereas that in
hamsters and guinea pigs were in the range of 4.1-6.1 and lower than 4.1 glkg BW,
respectively. When stevioside and stevia products were given intravenously,
intraperitoneally and subcutaneously, the LDsp values were decreased. This indicated

that animals are more susceptible to stevia extract and stevioside when given
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intravenously, subcutaneously and intraperitoneally than by oral administration (213).
In 1997, Toskulkao et al. (227) reported that stevioside at a dose of 15 g/lkg BW was
not lethal to mice, rats and hamsters after oral administration. Steviol, a product of
the enzymatic hydrolysis of stevioside, was, however, found to be lethal to the
animals. The LDs value of steviol in hamsters was in the range of 5.2-6.1 g/lkg BW,
which was lower than that of rats and mice (15 g/kg BW).

Toxicity found after stevioside (90% pure) treatment was reported by
Panichkul et al. (24). When rats and hamsters were treated with 4.1 glkg BW of
stevioside (90% pure) intragastrically, at 6 hours after treatment a depression of
urinary excretion and an elevation of blood urea nitrogen, creatinine and uric acid
were observed. This showed that stevioside affected renal function.
Histopathological changes were observed in the kidneys, such as necrosis of epithelial
cells and dilatation of convoluted tubules. Toskulkao et al. (22) confirmed this effect
of stevioside by subcutaneous injection into rats at a dose of 1.5 g/lkg BW. They
found nephrotoxicity, the same as that observed by Panichkul (24), and that the
proximal tubule seems to be the target site of stevioside action. In contrast, a high
purity of stevioside (96% pure) at doses as high as 15 g/kg BW given intragastrically
to rats, mice, and hamsters did not harm renal function, and no histopathological
changes were obser\}ed (227). Similar results were obtained in anesthetized dogs
given 26 mg/kg BW of stevioside intravenously (228). This showed that a high purity
of stevioside seemed to be safe. In contrast, steviol (93% pure) was shown to be more
toxic than stevioside. Steviol at a dose of 15 g/kg BW given intragastrically into rats

and mice resulted in weakening of the limbs and the animal became drowsy at 1 hour
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after treatment, but no histopathological changes were observed. In hamsters,
treatment of steviol at doses of 5.2-6.1 g/kg BW orally caused them to become drowsy
and lose strength in their limbs. Most of the hamsters died within 48 hours after
treatment. Histopathological changes were also observed in the kidney, it being
swollen, pale and showing a marked vacuolar degeneration in the cytoplasm of the
proximal tubular cells. It was suggested that steviol caused acute renal failure
resulting in the death of animals, because BUN and creatinine were also increased
(227). This result was supported by the studies of Jitrawang (229) and Chairoungdua
(230). Additionally, in vitro incubation of rat renal cortical slices with steviol 1.56-
100 uM for 30 min inhibited PAH accumulation significantly (23). This result also
indicated the nephrotoxicity of steviol, because PAH accumulation is widely used for
screening unknown chemicals for the evaluation of nephrotoxicity.

One month of stevioside (2.5 g/kg BW/day) administration via
stomach tube into male and female rats did not induce any change in blood serum
components and no histopathological changes were observed in the liver (231). High
doses of 2.98 g/kg BW/day of stevia given to male rats and 3.02 g/kg BW/day given
to female rats for 3 months did not induce any change in blood serum components
(232). Long-term stevioside administration was performed in male and female rats
and hamsters (213, 533). The rats fed with stevia extracts (92.5% stevioside) at a
level of 1 g% in diet (corresponding to 550 mg/kg BW) for 2 years showed no
significant change in growth, organ weights, hematological or kidney histological
appearance (233). The same results were obtained from hamsters treated with

stevioside (1 g/lkg BW) for 6 months (213), and stevioside was reported to not be
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carcinogenic in rats and hamsters. In 1992, a similar study was performed by Xili and
coworkers (234). The rats were fed with a diet containing stevioside (85% pure) in
the amounts of 0.2, 0.6 and 1.2% (w/w) for 2 years. No stevioside treatment-related
changes were observed at the end of 6, 12 and 24 months. Moreover, no differences
of food utilization, growth, lifespan, hematological and urinary biochemistry, as well
as neoplasm incidence between the rats in the control and stevioside-treated groups
were observed.

From the results obtained by Xili et al. (234), an acceptable daily
intake of stevioside was calculated and reported to be 7.938 mg/kg BW/day. A likely
maximum intake of stevioside by humans was about 2 mg/kg BW/day, which was far
below the dose of stevioside suggested to be safe to use without toxic effects.
Recently, the toxicity of stevioside was also studied (235). Rats were fed with a
powdered diet containing stevioside in the amounts of 2.5 and 5% (w/w) for 2 years
(104 weeks). The rats who received stevioside weighed less than those in the control
group, this result pel:haps being explained by stevioside having no caloric value. A
reduction in growth rate was also observed in hamsters treated with stevioside at a
dose of 2.5 g/lkg BW/day orally for 12 weeks (13). Histopathological examination of
the organs and tissues of rats showed no difference between stevioside-treated and
control animals, and £here was no significantly altered development of neoplastic and
non-neoplastic lesions in any organ or tissue. However, one interesting difference was
that the female rats who took stevioside had a decreased incidence of breast tumors,
while the male rats displayed a lesser incidence of kidney damage. Thus, it was

concluded that stevioside was not carcinogenic in rats (235).
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Concerning the contraceptive property of stevioside as reported by
Planas and Kuc (5), female rats who received a 5% stevia extract showed a fertility
rate that was signiﬁcantly' reduced by approximately 65%. In male rats, a
concentrated crude extract of Stevia rebaudiana leaves was given orally to the rats,
starting at prepubertal age (25-30 days old) and continuing for 60 days. The results
showed that their body weight gain and the final weight of testis and prostate did not
significantly differ from the control group. Only seminal vesicle weight fell by about
60% in stevia extract-treated rats. It was concluded that the decreased fertility was not
exerted on male rats treated with stevia extract. In 1991, a study was performed by
researchers in Thailand to study the consequences of daily ingestion of stevioside in
hamsters and its effects on two subsequent generations (236). One-month-old
hamsters of both sexes were treated with 0.5, 1.0 and 2.5 g/kg BW/day of oral
stevioside daily. At the age of 2 months, the animals were mated. The next 2
generations of hamsters were treated with the same procedure. The study showed no
significant difference in the average growth of each generation of hamsters in the
stevioside-treated groups. The fertility of the hamsters, their gametogenesis and
reproductive tract function were normal in both sexes, and mating was efficient and
successful. The duration of pregnancy and the number of implanted fetuses were also
unaffected by stevios\ide (211, 236). A study by Mori and coworkers also found that a
diet containing 3% (w/w) stevioside given to male rats for 60 days before and during
mating, and to female rats for 14 days before mating and 7 days during gestation did
not show any adverse effects on fertility or on fetal development (237). Stevioside at

doses of 0.25, 0.5 and 1 g/kg BW/day given orally to pregnant rats once a day on day
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6 through day 15 of gestation did not cause the fetal malformation, and no toxic signs
in the pregnant rats or fetuses were observed (238). Given gastrically, stevioside at
0.5, 1.0 and 2.0 g/kg BW/day for 5 consecutive days for 8 weeks into male hamsters
did not affect fertility, sperm motility or morphology (230). There was also no effect
on the total number of all implants and live implants or on general reproductive
parameters in dams and pups (229).

It has been known that stevioside is converted to steviol by intestinal
microflora (25), so stevioside taken orally may change to steviol, and steviol may
cause any effect in the tested animals. Previous studies by Pezzuto et al. (239) and
Matsui et al. (240) reported a highly mutagenic effect of steviol after metabolic
activation on the Salmonella typhimurium strain TM 677, as well as chromosomal
aberration in the Chinese hamster lung fibroblast cell line. This showed the
mutagenicity of steviol in bacteria, but it seemed likely that steviol itself was not
mutagenic, but required further transformation in the body to elicit a mutagenic
substance. No investigations were performed in animals in vivo until 1998, when
Wasuntarawat and colleagues studied the toxicity of steviol in hamsters. Steviol at
doses of 0.25, 0.5, 0.75 and 1.0 g’lkg BW/day were given orally to pregnant hamsters
on days 6-10 of gestation. Toxicity to both dams and fetuses was observed in
hamsters treated with~ 0.75 and 1.0 g’kg BW/day, maternal body weight gain was
decreased and maternal mortality rate was high, as well as the number of live fetus
and mean fetal weight also being significantly decreased in both steviol-treated groups
(241). The dose of steviol used in this experiment was equivalent to stevioside 625

mg/kg BW/day, which is approximately 80 times higher than the dose suggested for
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human consumption (7.938 mg/kg BW/day). Thus, if human daily intake is
considered, toxic effects of steviol from stevioside degradation should not occur.

5.2 Pharmacological and biochemical effects

The pharmacological effect of stevioside was studied by Kurahashi
and coworkers (242), and showed that oral administration of stevioside at a dose of
0.5 g/lkg BW/day did not affect sleeping time in mice (242). In addition, stevioside
did not cause physiological changes in vital signs, blood pressure, body temperature or
EKG after oral administration in rabbits, even at a dose as high as 15 g/lkg BW (242).
Therefore, stevioside seems to have no harmful effect when taken orally. However,
the intravenous injection of stevioside at a dose of 0.4 g/kg BW caused bradycardia,
hypotension and hyperventilation (242). A subsequent study by Melis et al. in 1986
(243) had also demonstrated that intravenous infusion of stevioside (16 mg/kg BW/hr)
caused hypotension, diuresis, natriuresis and kaliuresis in rats. They suggested further
that the mechanism by which stevioside produced these effects was through either a
calcium or prostaglandin pathways, since these effects were analogous to those of
verapamil (a calcium antagonist), and indomethacin (a prostaglandin inhibitor) could
abolish these actions of stevioside (7, 8). These findings showed the effects of
stevioside when injected directly into the blood circulation. Steviol, the major
metabolite of stevios\ide, was also reported to cause diuresis and natriuresis without
any significant change in blood pressure after doses of 1.0 and 3.0 mg/kg BW/hr were
given by intravenous injection to rats (28).

The contraceptive property of Stevia rebaudiana extract and

stevioside has been studied by several researchers, but no final conclusion has been
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reached. Planas and Kuc (5) reported that the leaves and stem of the stevia plant
which are supposed to contain stevioside were used successfully as an oral
contraceptive drug in native people in Paraguay. They also reported that there was a
reduction in the conception rate of female rats drinking a 5% (w/v) aqueous extract of
S. rebaudiana, an effect that was apparently not reversible following drug withdrawal
(5). Similar results were reported later by Portella-Nunes and Pereira (244) in female
mice. However, Mori et al. (237) found contradictory results, that various doses of a
high purity of stevioside (95-98%) given orally to rats did not have a contraceptive
property. On the other hand, a previous report described anti-androgenic activity due
to dihydroisosteviol, a diterpenoid acid derived from S. rebaudiana (245).
Administration of dihydroisosteviol to the chick’s comb at a dose of 3.0 mg/comb
inhibited the action of testosterone. Purified stevioside was shown in vitro to displace
5a-dihydrotestosterone specifically bound to prostate androgen receptors (246). Later
studies carried out in male rats showed that chronic administration of Stevia extract
did not alter the number of binding sites for androgens (247). However, it produced a
decrease in final weight of testis, seminal vesicles and cauda epididymis. The fructose
content of accessory sex glands and epididymal sperm concentration were also
decreased (248).

In a&dition, a hypoglycemic effect was reported due to total extracts
of Stevia rebaudiana and purified stevioside (12, 249), but contradictory or results
were reported by Suanarunsawat & Chaiyabutr (16) and Lee et al. (250).

The biochemical effect of stevioside and its derivatives on

carbohydrate metabolism and oxidative phosphorylation was reported. Susuki et al.
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(249) found that 0.5 g% stevioside or 10 g% of powdered Stevia rebaudiana leaves in
either a high-carbohydrate or high-fat diet significantly decreased blood glucose level
and liver glycogen storage during a four-week period of study, while a lower
concentration, 0.1 g% stevioside, showed a reduction in liver glycogen storage but not
blood glucose level (249). In 1985, Bracht et al. (251) studied the effect of stevioside
and other steviol derivatives extracted from Stevia rebaudiana leaves on rat liver
mitochondrial functions in vitro. Stevioside and its derivatives, steviolbioside,
isosteviol and steviol, had an inhibitory effect on oxidative phosporylation and the
activity of several mitochondrial enzymes such as ATPase, NADH-oxidase, succinate
oxidase, succinate dehydrogenase and L-glutamate dehydrogenase. The potency of
this inhibitory activity of stevioside was lower than that of steviolbioside, steviol and
isosteviol (251, 252). In contrast, Yamamoto and coworker (253) demonstrated that
stevioside was different from other steviol derivatives with respect to the oxidative
phosphorylation inhibitory effect in intact cells. They observed that steviol and
isosteviol could inhibit oxygen consumption, eﬁergy metabolism and gluconeogenesis
in both isolated mitochondria and intact rat renal tubules, but stevioside and
steviolbioside did not show an inhibitory effect in intact isolated rat renal tubular cells
(253). From these observations, stevioside, which has a disaccharide molecule in the
structure, may not diré:ctly inhibit energy metabolism in intact cells because it cannot
enter the cells. This idea was later supported by Ishii et al. (15). They reported that
stevioside inhibited D-glucose transport across the cell membrane of intact rat liver,
but did not affect D-glucose metabolism (15). Steviol was also reported to inhibit

mitochondrial adenine nucleotide translocation (254). Taken together, it can be
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concluded that stevioside and its metabolites could inhibit oxidative phosphorylation
in mitochondria, based on in vitro studies. However, stevioside seems to exhibit less
of an inhibitory effect than its metabolites. Recently, a contradictory result was
obtained from in vivo study of the influence of stevioside and steviol on glycogen
levels in fasted rats (255). When 24-hour fasted rats were given a single dose of
stevioside (200 pmol) or steviol (200 umol) orally, both stevioside and steviol
increased initial glycogen deposit in the liver. The level of increased liver glycogen
was higher in rats treated with stevioside plus fructose or steviol plus fructose than in
rats treated with stevioside or steviol alone. Due to the small tendency toward higher
glycogen levels when stevioside or steviol were given alone, it could not be concluded
with certainty whether these compounds influence glycogen synthesis in the absence
of exogenous substrates. Therefore, steviol and stevioside were administered to the
rats via the drinking water at concentrations of 1.0 and 2.0 mM during fasting periods
of 24 and 48 hours. The hepatic glycogen level was increased at 48 hours with 1.0
mM stevioside treatment, and at 24 hours with 2.0 mM stevioside treatment. Steviol
had no effect on hepatic glycogen levels when given in drinking water (255). This
result showed that stevioside ingested during 24- and 48-hour fasting influenced
glycogen levels, and there were complex time effects superimposed on the dose
effects. However, tﬁe amount of stevioside ingested during 24- and 48-hour fasting
were between 30 and 80 pmol, which was below the single dose of 200 pmol given
orally, as mentioned above. The results implied that stevioside had a stimulatory
action on glycogen deposition in rat liver under in vivo gluconeogenic conditions, this

being contradictory to results obtained with stevioside treatment under in vitro
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conditions. Thus, it is very difficult to define the mechanism underlying the effects
found in these experiments.

5.3 The effect on glucose absorption

A high dose of stevioside at 2.5 g/lkg BW/day given intragastrically to
hamsters for 12 weeks caused inhibition of glucose absorption, whereas lower doses
of 0.5 and 1 g/kg BW/day had no significant effect (13). They also found that
reduction in the activity of intestinal Na*-K* ATPase and the absorptive surface area
were responsible for the inhibition of glucose absorption. Subsequently, Toskulkao
and coworkers (14, 256) studied the effect of stevioside (96% pure) and steviol (90%
pure) on intestinal glucose absorption in hamster jejenum in vitro using jejunal ring
tissue and everted jejunum sac. It was found that the presence of stevioside at
concentrations of 1 and 5 mM in the media had no inhibitory effect on glucose
absorption. In contrast, steviol at a concentration of 1 mM and higher inhibited
glucose absorption, in a manner related to its concentration and incubation time.
However, steviol at concentrations of 0.1 to 2 mM did not inhibit glucose absorption
into brush border membrane vesicles of hamster jejunum (256). After exposure of the
hamster jejunum to 1 and 2 mM steviol for 60 minutes, the villus absorptive cells
were degenerated, swollen and ruptured (14). A decrease in intestinal mucosal ATP
content and a tiviti;as of mitochondrial NADH cytochrome ¢ reductase and
cytochrome oxidase were also observed after steviol treatment, but no inhibitory effect
on intestinal Na*™-K" ATPase activity was observed (256). These results suggested
that the inhibitory effect of steviol on intestinal glucose absorption was due to the

alteration in morphology of intestinal absorptive cells and the reduction in mucosal
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ATP content. The reduction in mucosal ATP content was accompanied by a decrease
in the activities of mitochondrial enzymes. It is probable that the decreased glucose
absorption involved the inhibitory effect of steviol on intestinal mitochondria at the
level of phosphorylation.

5.4 The hormonal effects of stevioside and steviol

In 1980, Usami and coworkers (257) studied the effect of stevioside
on arginine-induced insulin and glucagon secretion in isolated perfused rat pancreas.
Stevioside at a concentration of 0.015 mM produced a slight increase in insulin and a
slight decrease in glucagon induced by arginine, but these changes were not
significant (257). It seemed likely that stevioside had only slightly influenced
arginine-induced insulin and glucagon secretions in the perfused rat pancreas.
However, they concluded that stevioside has no direct action on pancreatic A and B
cells. An in vivo study by Curi et al. (12) in Brazil showed that aqueous extracts of 5
g of stevia leaves significantly decreased plasma glucose levels in normal adult
humans who received the extract at 6-hour intervals for 3 days. Some hormonal
changes might be involved in the decreased plasma glucose level after stevioside
treatment (12). Subsequent studies showed the effect of stevioside on glucose
metabolism. Experiments were performed in male rats treated with stevioside given
orally at doses of 2 g)kg BW twice (2 consecutive 45-minute periods) or 0.1, 0.15 and
0.2 g/lkg BW/hr given intraveously for 1 hour (258). The results showed that plasma
glucose levels significantly increased with the intravenous infusion of stevioside but
did not show any effect with orally-administered stevioside. The plasma insulin level

did not change during stevioside infusion. This result implied that the increase in
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plasma glucose level during the intravenous infusion of stevioside was not due to the
reduction of plasma insulin level. It was probably the effect of stevioside interfering
with the transport process of glucose across the cell membrane. Furthermore,
norepinephrine, prostaglandin and nitric oxide were found to participate in the
increase of plasma glucose levels and the inhibition of glucose-stimulated insulin
release after stevioside was given intravenously (258). In contrast, in vitro studies
performed by Belgian and Danish researchers showed an increase in insulin release
from pancreatic islets isolated from female rats and mice (259, 260). Malaisse and
coworkers (259) incubated the rat pancreatic islets with 0.1 to 1.0 mM stevioside in
the presence of 7.0 mM (or 126 mg/dl) D-glucose, they found that a progressive
increase in insulin release and a significant elevation of insulin output occurred only
when a high concentration (1.0 mM) of stevioside was used (259). Recently,
Jeppensen and colleagues reported that stevioside and steviol at concentrations of 1
nM to 1 mM showed dose-dependent enhanced insulin secretion from incubated
mouse islets in the presence of 16.7 mM (or 300 mg/dl) glucose (260). They also
demonstrated potentiated insulin secretion from the islets of mice produced by 1 mM
stevioside and 1 UM steviol in the presence of glucose 8.3 mM (or 150 mg/dl) or
above in the incubating medium. Stevioside and steviol did not show the
insulinotropic effect (;n pancreatic B-cells when lower concentrations of glucose (3.3
mM or 60 mg/dl) were used in the medium. At present, the mechanisms responsible
for stevioside and steviol effects are still unclear. Recently, it was reported thatA both
stevioside and steviol did not influence the plasma membrane K* adenosine

triphosphate (K*a1p) —sensitive channel activity and cyclic adenosine monophosphate
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(cAMP) levels in islets (260). However, these results suggested that stevioside and
steviol stimulated insulin secretion via a direct effect on pancreatic -cells. Therefore,
this might be important for the treatment of type 2 diabetes. Both stevioside and
steviol seem to have an advantage in their lack of insulin stimulation at subnormal
glucose levels, thus, they may reduce or eliminate the risk of hypoglycemia which can
occur with other hypoglycemic drugs used for diabetic treatment.

5.5 Cardiopulmonary effects

In 1992, Kurahashi et al. reported that oral administration of
stevioside at a dose of 15 g/kg BW did not affect blood pressure, respiration, body
temperature or the electrocardiogram of rabbits, whereas the intravenous
administration of a lower dose (0.4 g/lkg BW) produced a reduction in heart rate and
blood pressure (242). Later on, Melis et al. (243) also demonstrated that stevioside at
a dose of 16 mg/kg BW/hr given intravenously to rats could reduce blood pressure and
alter renal function. A hypotensive effect was observed in both normal and
hypertensive rats treated by intravenous infusion of 16 mg/kg BW/hr stevioside (10).
The possible mechanisms by which stevioside reduced mean arterial blood pressure
were suggested to act through the calcium and prostaglandin pathways (7-9).
Verapamil, a calcium antagonist, tended to increase the renal and systemic effects of
stevioside, whereas CaCl, infusion induced a reduction in the vasodilating responses
to stevioside (7-9). Indomethacin, a prostaglandin inhibitor, was able to abolish
stevioside’s action on blood pressure (7). Additionally, the chronic oral administration
of Stevia rebaudiana extract, corresponding to 2.67 g dry leaves/day, in rats resulted

in a significantly decreased mean arterial blood pressure after a 30-day treatment in
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both normal and hypertensive rats (19). Similar results were obtained from 40- and
60-day extract treatment with the same dose in normal rats (18). Furthermore, Chan
and colleagues (11) studied the effect of stevioside on blood pressure in conscious
spontaneously hypertensive rats (SHR) after intravenous injection at doses of 50, 100
and 200 mg/kg BW. The results displayed a reduction in both systolic and diastolic
blood pressure in a dose-dependent manner for more than 60 minutes following the
injection. Serum dopamine, norepinephrine and epinephrine levels were not changed
significantly during 60 minutes after intravenous injection of stevioside 100 mg/kg
BW into anesthetized SHR. Therefore, it was concluded that stevioside had
antihypertensive activity through a mechanism unrelated to changes of sympathetic
tone (11). From these findings, researchers speculate that stevioside and stevia extract
may be applied to the treatment of hypertensive patients in future, since they can
reduce blood pressure as mentioned above. Steviol, the metabolite of stevioside, was
also investigated for its effect on blood pressure. The intravenous infusion of steviol
at doses of 0.5, 1.0 and 3.0 mg/kg BW/hr did not significantly alter mean arterial
blood pressure in rats (28).

5.6 Renal effects

In 1986, Melis and coworkers (243) studied the effect of stevioside
on renal function and rﬁean arterial pressure. The intravenous infusion of stevioside at
doses of 8 and 16 mg/kg BW produced a statistically significant decrease in mean
arterial blood pressure in rats. A dose of 16 mg/kg BW produced a diuretic effect. In
1992, Melis confirmed the effect of stevioside on rat renal function using an in vivo

clearance technique (9, 10, 17). The continuous intravenous infusion of stevioside at



Promsuk Jutabha Literature Review / 58

various doses into rats produced several changes in renal functions. Infusion of
stevioside at higher doses (8, 12 and 16 mg/kg BW/hr) could induce natriuresis,
diuresis and increased renal plasma flow (RPF), but did not affect the glomerular
filtration rate (GFR), whereas infusion of stevioside at lower doses (4 mg/kg BW/hr)
did not affect any of the above-mentioned parameters. From these results, it was
suggested that stevioside may cause vasodilation of both afferent and efferﬁent
arterioles similar to other vasodilator substances such as prostaglandins, bradykinin
and acetylcholine. The mechanisms of stevioside that underlay the effects mentioned
above were subsequently studied by the same research group in Brazil. The renal
effects of stevioside were suggested to work through Ca*" and prostaglandin pathways
(7, 8). The decrease in mean arterial pressure and increased renal plasma flow
observed by a stevioside dose of 16 mg/kg BW were inhibited by the administration of
indomethacin, an inhibitor of prostaglandin synthesis, at a dose of 2 mg/kg BW (7, 8).
Indomethacin was able to abolish stevioside-induced diuretic, natriuretic and
kaliuretic effects. Therefore, the action of stevioside on renal function, including an
increase in renal plasma flow, diuresis and natriuresis, seems to be dependent on
prostaglandin activity. Moreover, the effect of stevioside on the changes of renal
function were reported to involve the inhibition of the Ca™ pathway (7-9).
Verapamil, a specific\ inhibitor of calcium, tended to increase the renal effects of
stevioside, while, in contrast, an infusion of CaCl, in rats induced attenuation of renal
function changes in response to stevioside (8). The urine flow rate and the fractional

excretion of sodium and potassium that were increased by stevioside were abolished
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after CaCl, treatment (8). These data indicated that 2 mechanism evoked by Ca™ ions
may be involved in the effects of stevioside on renal function.

In addition, an increased excretion of water and sodium was observed
following stevioside infusion, in spite of no change being seen in GFR. This may
have been produced by decreased water and sodium reabsorption in the proximal
tubules due to an increase in hydrostatic pressure and a decrease in oncotic pressure in
peritubular capillaries. These studies were supported later by studies with oral
administration of a crude extract of Stevia rebaudiana in rats (18, 19). Melis (17) also
found that stevioside clearance was higher than inulin clearance at all doses of
stevioside used (4, 8, 12 and 16 mg/kg BW/hr) after intravenous infusion into rats at
30-minute intervals. These results indicated that stevioside was secreted by renal
tubular epithelium. Moreover, glucose clearance was also increased after stevioside at
doses of 8, 12 and 16 mg/kg BW/hr were given to rats, indicating a fall in glucose
reabsorption by renal tubular cells. This also suggested that stevioside might inhibit
monosaccharide transportation in rat renal tubules, as was seen in intact rat liver cells
by the study of Ishii et al. (15). Therefore, it is possible that stevioside may induce an
osmotic diuresis.

It has been shown that stevioside affected both cardiovascular and
renal systems. Theréfore, as regards the alteration in renal functions as mentioned
above, it could not be concluded whether there were due to a primary effect of
stevioiside on renal functions or to a secondary effect from cardiovascular
disturbance. Panichkul and colleagues (24) demonstrated that the intragastric

treatment of hamsters with stevioside at a dose of 4.1 g/kg BW resulted in a
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significant increase of BUN and creatinine and also markedly depressed urine volume.
In addition, they found that stevioside induced the necrosis and dilatation of the
proximal convoluted tubules (24). These findings suggested that stevioside caused
nephrotoxicity. Further investigations were performed by Toskulkao and coworkers
in 1994 (22, 23). They reported that subcutaneous injection of stevioside (1.5 g/kg
BW) into rats caused an increase in brush border membrane enzymes such as alkaline
phosphatase and y-glutamyl transpeptidase in urine. Stevioside was also found to
induce nephrotoxicity, as indicated by an increase in blood urea nitrogen and plasma
creatinine levels of about 180% and 132%, respectively, at 9 hours after stevioside
treatment (22). A decrease in PAH accumulation in rat renal cortical slices was also
demonstrated with the same treatment of stevioside as mentioned above (23). The in
vitro incubation of rat renal cortical slices with 6.25-100 pM stevioside showed that it
significantly reduced the accumulation of PAH into the slices after a 30-minute
incubation (23), and histopathological changes of the proximal convoluted tubules
were observed after stevioside at a dose of 1.5 g/lkg BW was given subcutaneously to
rats. It is possible that stevioside may directly affect the proximal convoluted tubular
cells; in other words, the major site of stevioside action might be at the renal proximal
tubules. Later on, Thongouppakarn (20) investigated the effect of stevioside on rat
renal function by injeéting stevioside directly into the left renal artery. He found that
intrarenal arterial injection of stevioside at a dose of 0.8 pg/min caused natriuresis and
diuresis without any changes in the RPF and GFR, whereas a higher dose of stevioside
(6.4 pg/min) increased the RPF and caused diuresis without any change in the GFR.

Its effects on proximal tubular water and sodium reabsorptions were determined using
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lithium clearance. He reported that sodium and water reabsorption in proximal
tubules was decreased, and concluded that the major cause of natriuresis and diuresis
was the inhibition of water and sodium reabsorption in the proximal tubules (20).
However, it could not be concluded with certainty that stevioside had a direct effect
on proximal tubular function. The results observed above may be due to the dilation
of afferent and efferent arterioles, resulting in increased peritubular capillary pressure,
which then caused a reduction in the tubular reabsorption of sodium and water. This
possibility of direct action as the possible mechanism of stevioside’s effects was
investigated in rabbit renal proximal tubule suspensions by Limpanichakul in 1995
(21). The effect of stevioside on the Na'-K* ATPase activity of rabbit renal proximal
tubules was determined and '*C-PAH accumulation into the tubular cells was used as
an indicator for renal proximal tubular function. The results showed that stevioside
(0.1 and 1.0 mM) decreaed Na'-K* ATPase activity and 1C-PAH accumulation in a
dose-dependent manner. However, the decrease in Na'-K" ATPase activity was
completely reversible after a low dose of stevioside (0.1 mM) was removed from the
incubation medium, whereas the depression of PAH accumulation was only partially
reversible. But a higher dose (1.0 mM) of stevioside caused the partial reversibility,
both in PAH accumulation and Na*-K* ATPase activity (21). This finding led to the
suggestion that the changes in proximal tubular function after stevioside treatment
may partially involve Na*-K* ATPase activity. A contradictory result was obtained in
a subsequent study by Podprasart (261). She demonstrated that stevioside (up to 2
mM) with the higher purity (98%) used in her experiment neither inhibited nor

changed the activity of Na*-K* ATPase activity in isolated renal proximal tubular
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suspensions. These conflicting results may be due to the difference in purity of
stevioside used in Limpanichakul’s and Podprasart’s experiments. Recently, the
mechanisms of stevioside’s effects on rat renal function were investigated in vivo
using a lithium clearance study to demonstrate the effect of stevioside on proximal
tubular sodium and water reabsorption (258). This was similar to the experiment
performed by Thongouppakarn in 1994 (20), except for the doses and route of
stevioside administration. They infused stevioside intravenously at a dose of 0.2 g/kg
BW/hr, whereas Thongouppakarn had used 0.8 and 6.4 pg/min (approximately 0.192
and 1.54 mg/kg BW/hr) injected directly into the left renal artery. The results from
both experiments showed a decrease in water and sodium reabsorption by the
proximal tubules. After a 0.2 g/kg BW/hr intravenous infusion of stevioside for 30
minutes, a reduction of Na*-K* ATPase activity was observed in both renal cortex and
the whole kidney, and the activity of mitochondrial ATP synthetase declined,
indicating an inhibition of oxidative phosphorylation following stevioside treatment.
The reductions in renal mitochondrial ATP synthetase and Na*-K* ATPase activities
might be the causes of natriuresis and diuresis in stevioside-treated rats (258).
However, these findings were in conflict with the results obtained by Yamamoto et al.
in 1992 (253), wherein they reported that stevioside did not affect the gluconeogenesis
and oxygen uptake in ;'at renal cortical tubules (253).

The effect of steviol, the aglycone part of stevioside and other natural
glycosides, on renal function was initially investigated in rats by Melis in 1996 (28),
using an in vivo clearance technique. Steviol at doses of 0.5, 1.0 and 3.0 mg/kg

BW/hr given intravenously resulted in no significant changes in mean arterial blood
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pressure, GFR or RPF. Only doses of 1.0 and 3.0 mg/kg BW/hr of steviol infusion
induced a significant increase in urinary flow (V/GFR) and fractional sodium and
potassium excretion (FENa*, FEK"), when compared to those of control levels. It was
suggested that steviol may affect the water and salt transport in the renal tubules, but
the mechanism of this action is still unknown. The in vitro study, the incubation of rat
renal cortical tubules in a medium containing various concentrations of steviol (0-3
mM) for 60 minutes, produced an inhibition of gluconeogenesis and oxygen uptake
into the renal tubules (253). The data obtained from this study suggested that steviol
might exhibit an action related to mitochondrial function.

6. Other Effects of Stevioside and Some Utilization

Besides the pharmacological and physiological effects mentioned above,
studies on the antimicrobial activity of stevia extract have indicated that stevia has a
botential role in the prevention of dental caries (262). In addition, a fermented
aqueous extract from Stevia rebaudiana exhibited bactericidal activity toward a wide
range of food-borne pathogenic bacteria, but this extract was no significant killer of
normal microflora in the gastrointestinal tract such as Lactobacilli and Bilidobacteria
(218). Previously, stevioside and rebaudioside A were tested for cariogenicity in rats
(262). Stevioside or rebaudioside A or sucrose was added to a basal diet fed to rat
pups for 5 weeks. Thé results showed a significant difference in caries scores between
the rats fed with a diet that contained sucrose as a component and other groups fed
with a diet containing natural glycosides, including a control group. No significant
difference in the incidence of cariogenicity was observed in rats fed with a diet

containing stevioside or rebaudioside A and the no-addition groups. Therefore, it was

46211
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suggested that stevioside and rebaudioside A are noncariogenic. Recently, Kinghorn
and colleagues (263) reported a relationship between the dietary consumption of
sucrose substitutes including stevioside and rebaudioside A and the incidence of
dental caries. Stevioside and rebaudioside A were shown to be noncariogenic intense
natural sweeteners (263). There were reports from the Hiroshima University School
of Dentistry and Purdue University’s dental research group concerning the
noncariogenic property of stevia. It was found to retard plaque accumulation on the
teeth and also to suppress the bacterial growth that causes cavities. Therefore, stevia
added to toothpaste and mouthwash may be able to improve dental health (264).

Additionally, stevia was reported to have an excellent healing capability. A
significant reduction in pain, as well as accelerated healing were observed when stevia
was placed on a cut or scrape (264). The stevia extract could be used as a facial mask
by smoothing the dark liquid over the entire face for 30-60 minutes. It was reported to
help tighten the skin, smooth out wrinkles and heal skin blemishes and acne, and can
also be used on seborrhea, dermatitis and eczema, as well. It could be added to
shampoo to benefit hair and scalp (264).

With its sweetness and zero calorie content, the stevia plant, added to dog
food was reported to increase its palatability in place of the usual sugar addition. This
could be useful for older and obese dogs (265).

Based on the various findings mentioned above, stevia extract and stevioside
seem to be herb products with potential applications in both therapeutic and

commercial products. However, more information concerning its safety is still



(3.4

Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Physiology) / 65

required. Stevia rebaudiana could be an important economic plant and generate more

income for our country in the future.
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CHAPTER 111

MATERIALS AND METHODS

ANIMALS

Male New Zealand white rabbits weighing 1.5-2.5 kg were obtained from the
Faculty of Veterinary Science, Chulalongkorn University, and were cared for by the
Animal Center, Faculty of Science, Mahidol University. The rabbits were housed in
stainless-steel cages (1 rabbit/cage), fed with a standard rabbit diet ad libitum and had

free access to water.

CHEMICAL SUBSTANCES

The chemicals using for buffered media were analytical grade obtained from
many SOUrces.

Ouabain and mineral oil were purchased from Fluka Chemie AG, Switzerland.

PAH, Fiske and Subbarow reducer, probenecid, dextran, ATP, bovine serum
albumin, stevioside, Folin-ciocalteu’s phenol reagent and collagenase type IV (from
Clostridium histolyticum) were purchased from Sigma Chemical Co., MO, USA.

Percoll was pﬁrchased from Pharmacia Biotech AB, Uppsala, Sweden.

For radioisotope chemicals: Aminohippuric acid, p-[Glycyl-1-14C]-(speciﬁc
activity 40.60 mCi/mmol) was purchased from DuPont NEN®, Boston, MA, USA.
Triton X-100, toluene, and 1,4-bis-[2-5-phenyloxazole] (PPO) was purchased from

Sigma Chemical Co., MO, USA.
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High-purity steviol was kindly supplied by Dr. Chaivat Toskulkao, Department
of Physiology, Faculty of Science, Mahidol University.
Other substances not mentioned above were of the highest grade available from

many sources.

INSTRUMENTS

- Double beam UV/VIS Spectrophotometer Jasco model 7850 (Japan
Spectroscopic Co., Ltd.) was used to measure protein and inorganic phosphate by
colorimetry.

- The Advanced™ Micro-osmometer Model 3MO (Advanced Instruments,
Inc., Massachusetts, USA.) was used for measuring a solution’s osmolality.

- Vertical puller (Narishige Scientific Instrument Laboratory, Tokyo, Japan)
was used to pull glass tubes.

- Manipulators (Narishige, Japan) were used for controlling the movement and
holding micropipettes during microperfusion experiments.

- Stereomicroscope (Wild model M3C, Heerbrugg Switzerland) with ocular
lens 20x was used to magnify tubules during dissection and perfusion.

- Microforge (American Optical Corporation, New York, USA) with Heating
current control (Stoelting Co., Chicago, USA) was used to make the shape of a pipette’s
tip.

- Fiber-Lite (Dolan-Janner Industries, Inc.) and Olympus fiber optic (Olympus
Optical Co., Germany) were used as light sources during microscopy.

- HPLC system: Model 600 pump from Waters (Milford, MA, USA) and

Model 996 photodiode array detector (Waters Assoc., Milford, MA, USA) with -
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Millennium®? software were used for the separation and determination of ATP content
from proximal tubule suspension.

- Liquid Scintillation Counter Model 1214 Rackbeta (LKB Wallac, Sweden)
was used to measure the activity of radioactive substances.

- Shaking water bath (polytest® 20, Bioblock Scientific) was used to incubate
the tubules during treatment periods.

- Homogenizer (Glas-Col, Terre Haute, USA) was used for homogenization of
proximal tubule suspensions.

- Centrifuge (Dupont-Sorvall, RC-28S) was used to separate proximal tubules

in percoll solution (40%).

EXPERIMENTAL PROCEDURES

I. Animal preparation and tubule dissection

The rabbits were sacrificed by an intravenous injection of pentobarbital sodium
(60 mg/kg BW). The abdominal cavity was opened via midline incision. The left renal
artery was infused with sucrose-HEPES-buffered medium (Appendix I) to remove blood
from the left kidney, which was then rapidly removed and placed in a chilled medium.
The kidney was then cut into thin slices on a chilled petri-dish covered with soaked filter
paper. The kidney slices were kept in sucrose-HEPES-buffered at 4°C and bubbled with
100% O,. The dissection of proximal tubules from the thin slices was performed
manually under a stereomicroscope in a chilled (on ice) bicarbonate-buffered medium
(Appendix II) without the aid of enzymatic agents, modified the method of Burg et al.
(267). Two curved fine forceps (5/14) were used to separate the kidney slice into small

bundles and then the S, segment of the proximal tubule was dissected using 2 needles.
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The dissected tubular segments were cleared from the attached tissues. The preparation
was continuously gassed with a 5% CO, and 95% O mixture for the entire duration of
dissection and experiment. The isolated tubules were transferred to the bathing chamber,
covered with water-saturated light mineral oil and gassed with 95% O, and 5% CO, for
the perfusion experiments. In the experiments, only the S; segment of the proximal
tubule was used because maximal PAH secretion is found in this segment of mammalian

renal tubules (53, 54).

II. Perfusion of isolated tubules

The technique for perfusing the isolated renal tubule used in the experiment was
first described by Burg et al. (267) and modified by Dantzler (268). The dissected tubule
chosen for perfusion was transferred to a special temperature-controlled, Lucite bathing
chamber on the stereomicroscope stage. The lucite bathing chamber was connected to a
circulating water bath (Julabo F10) to maintain the temperature of the bathing medium at
37°C. The bathing medium was a bicarbonate-buffered solution containing 3 g/100 ml
dextran (MW 40,000+3,000) to approximate plasma protein concentration. The
osmolality of this solution was 290 mOsm/kg.H,O. The buffered medium was

continuously gassed with 95% O, and 5% CO, to maintain its pH at 7.4.
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Figure 4. The perfusion of an isolated tubule. The left end of the tubule is held by the
perfusing pipette and the right end is held by the collecting pipette.

Both ends of the tubule were held on the glass micropipette as shown in Figure 4
(for details, see appendix XI) and the tubule was perfused through a micropipette
(perfusion pipette) lying inside the holding pipette with its tip centered at the tubular
lumen. Another permanent concentric pipette (pressure pipette) was maintained inside
the perfusion pipette to enable the perfusion fluid to be rapidly changed during the course
of the experiments. The perfusion pressure was set and maintained through the
regulating perfusion pressure system. The perfusion rate was in the range of 10-15
nl/min, as this range did not affect the secretion rate of PAH (53). The in vitro
microperfusion set is shown in Figure 5. During perfusion, fluid samples that
accumulated in the c;)llecting pipette were removed at the end of each period (every 5
minutes) using a calibrated glass capillary tube (sampling pipette) connected with the
polyethylene tube and a syringe (as described in appendix X). The length of the fluid
column in the calibrated sampling pipette was measured to determine the volume of

collected fluid. All of the experiments were carried out at 37°C.
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Figure 5. Apparatus for perfusing isolated tubule fragment (Burg et al. 1966)

III. Transepithelial PAH flux

To measure transepithelial PAH flux (Jpan), 14Cc.PAH was added to the bathing
medium at a concentration of 20 M. This concentration does not saturate the transport
of PAH (55, 62). No PAH was present in the initial perfusate or the tubular lumen. Net
transepithelial secretory transport of PAH (Jpan) was determined from the amount of *C-
PAH appearing in the perfusate on the collecting side, and was expressed per unit time
(duration between each collection), using the following relationship (90): Jpan =
(VcCo)/(XpL). In this equation, V¢ is the fluid collection rate (in nl/min) measured
directly by collecting the luminal fluid at the end of each period, Cc is the concentration
of “C-PAH in the collected luminal fluid (in dpm/nl), Xs is the specific activity of Me.
PAH in the bathing medium, and L is the length of the perfused tubule (in mm),
measured by ocular micrometry. Jpan was expressed as fmol/min/mm of tubule length.

IV. Isolation of the proximal tubule suspension

Suspensions of rabbit renal proximal tubules were isolated from male New

Zealand white rabbits, weighing between 1.5-2.5 kg, based on the method of Viney et al.
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(269) and modified by Groves et al. (270). This method involved the digestion of the
renal cortex by collagenase and subsequent differential centrifugation in 40% isoosmotic
percoll in a bicarbonate-buffered medium (see Appendix V).

Rabbit were sacrificed by an intravenous injection of sodium pentobarbital at a
dose of 60 mg/kg BW, following which both kidneys were perfused via the abdominal
aorta with sucrose-HEPES-buffered medium (Appendix I) to remove blood. The kidneys
were then gently removed and decapsulated. They were then placed in an ice-cold
bicarbonate-HEPES-buffered medium. The renal cortex of both kidneys was dissected
out with a scalpel blade in a petri-dish covered with an ice-cold bicarbonate-HEPES-
buffered medium. After the medium was aspirated by suction, the renal cortical slices
were minced (on ice) with two razor blades into small pieces and transferred to 25 ml of
a digestion medium (Appendix IV) composed of a bicarbonate-HEPES-buffered medium
supplemented with 150 units/ml collagenase, 2 mg/ml bovine serum albumin and 10 mM
deferoxamine mesylate in a 125 ml Erlenmeyer flask. The minced cortex was incubated
in a digestion medium that was continuously gassed with 95% O, and 5% CO, for 30
min at 37°C in a shaking water bath. At the end of the digestion period, 20 ml of an ice-
cold bicarbonate-HEPES-buffered medium was added to stop the enzymatic reaction.
The tubules were separated from undigested tissue by filtering through 250 pm tissue
sieves and rinsed witﬁ 20 ml of an ice-cold bicarbonate-HEPES buffered solution. The
tubule suspension was then placed in 2 polypropylene centrifuge tubes and rinsed three
times with the same buffered medium by centrifugation at 4°C, 100 x g for 1 min to
remove the digesting enzyme. Proximal tubules were isolated from other nephron

segments and glomeruli by centrifugation in a Percoll gradient solution (40% (vIv)) at
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37,520 x g (using sorvall ss-34 rotor at a speed 17,250 rpm) for 30 min at 4°C. The
proximal tubules were removed from the percoll solution with a Pasteur pipette and were
rinsed 3 times with an ice-cold bicarbonate-buffered solution by centrifugation at 100 x
g, 4°C for 1 min. The final pellets, which were mainly composed of the proximal tubules
(more than 95% pure), were resuspended in bicarbonate buffered solution (using the
concentration of 0.03 g of pellet/1 ml of solution). The viability of proximal tubules was
tested by using 1% trypan blue (a dead cell allows the entry of trypan blue into the cell).
The proximal tubule suspensions were incubated with various solutions, as described in

the Experimental Protocols section.

V. Determination of ATP content by HPLC analysis

The separation system consisted of a model 600 pump from Waters (Milford,
MA), equipped with an injection valve connected to a 20-ul sample loading loop. Peak
monitoring was performed wi‘th a Model 996 (Waters) photodiode array detector which
monitored the absorbance of the eluents at 254 nm using Millennium® software. Each
sample was manually injected via a 100-pl injection syringe (Exmire microsyringe, Ito
Co., Fuji, Japan).

Separation was performed by reversed-phase HPLC on a 5-um Delta Pak C18
column (3.9 x 150 mm, Waters Assoc.) protected by a guard column using isocratic
elution. The mobile phase consisted of 0.1 M NH,H,PO,, adjusted to pH 5.5 with 3 N
ammonium hydroxide (271). The mobile phase buffer solution was filtered through a
0.45 pm aqueous filter (type HA, Millipore) before use. The buffer solution was freshly
prepared prior to each group of sample runs. The samples and the standards were thawed

at room temperature and were filtered through a 0.22 pm syringe nylon filter before the -
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injection. The injection volume was 10 pl, and the flow rate was set at 1.2 ml/min. The
values of cell ATP, ADP, AMP, hypoxanthine and xanthine content were expressed as
nmol ATP/mg of tubule protein.

Standard ATP was prepared by dissolving ATP (Sigma) in perchloric acid, and
then neutralized with 1.55M K,CO3/2.14M KOH. Various concentrations of ATP, ADP,
AMP, hypoxanthine and xanthine mixture (0.05, 0.025, 0.01, 0.005 and 0.002 mM) were
used to construct standard curves. The coefficient of variation was 5.96% from 4
separate determinations and the detection limits for ATP, ADP, AMP, hypoxanthine and

xanthine were 0.01, 0.015, 0.01, 0.01 and 0.02 nmol, respectively.

EXPERIMENTAL PROTOCOLS

I. Perfusion study

1.1 Time control of “C-PAH transport in isolated perfused renal
proximal tubules

Initially, time control experiments were performed to be certain that the
isolated perfused renal proximal tubules functioned normally throughout the
experimental duration used in all experiments.

The tubule was perfused and bathed with the same control buffered
media as was used fof other experiments for 65 minutes. 4C-PAH 20 uM was added to
the bathing medium and fluid was collected from the collecting side at S-minute intervals

to determine the '*C-PAH transport into the tubular lumen.
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1.2 Effect of stevioside on '*C-PAH transport in isolated perfused
renal proximal tubules

This experiment was designed to study the effect of stevioside: 1) when
present in the bathing solution, which is similar to the presence of stevioside in a
peritubular capillary in vivo, 2) in the perfusate, which is similar to stevioside present in
the filtrate after glomerular filtration, and 3) in both bath and perfusate at the same time,
which is similar to the appearance of stevioside in the body, where it will enter the
tubular lumen via glomerular filtration, following which some of it will escape to
peritubular capillaries, on net transepithelial transport of PAH from the bath to the lumen
of the S, segments of renal proximal tubules.

1.2.1 Concentration-response effect of stevioside on Jpan

It was not possible to construct a full dose-response curve for
stevioside due to its limited solubility in the medium. We did not use solvents such as
ethyl alcohol or dimethylsulfoxide (DMSO) to solubilize this agent because our purpose
was to imitate the condition under which stevioside has been used, that is, as a sugar
substitute in beverages. However, we did perform the experiment using various
concentrations of stevioside (0.45, 0.50, 0.60 and 0.70 mM) to examine the
concentration-response effect of stevioside.

The concentration of 0.45 mM stevioside was initially used in
the experiment because this concentration is equivalent to the dose of 16 mg/kg BW/hr
that Melis (9, 10, 17) used and showed significant effect on renal functioh in an in vivo
clearance study. The other concentration used in this study was 0.7 mM, which is the

maximum concentration of stevioside that could be dissolved in the buffered medium.
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1.2.2 Effect of 0.45 and 0.7 mM stevioside in bathing medium

on JEAH

These concentrations of stevioside were chosen based on the
data obtained from study part 1.2.1. First, the isolated S, segment of the proximal tubule
was transferred to the Lucite bathing chamber using a pasteur pipette. The medium in
the bath was changed to a dextran-bicarbonate-buffered medium, covered with water-
saturated mineral oil. After the tubule was hooked to the holding and collecting pipettes,
the bathing solution was changed to the one containing 20 UM MC-PAH. The perfusate
was a standard bicarbonate-buffered medium without '“C-PAH. Three control
collections were performed before any treatment and were used as control samples. Each
collection was performed at an interval of 5 minutes. At the end of these control
collections, the bathing medium was changed to the medium containing stevioside (0.45
or 0.7 mM). After changing the medium, the tubule was allowed to equilibrate in the
new solution for 5 minutes, then the fluid in the collecting pipette was discarded and
another 4 collections were performed (one every 5 minutes) in these treatment periods.
After that the bathing medium was changed back to the dextran-bicarbonate buffered
medium which was used in the control periods. Another 4 collections were performed
after 5 minute-equilibration period. All collected samples were examined for ¢ activity
by liquid scintillatio;l counter (1214 Rack beta, LKB Wallac). The "C-PAH flux was
expressed as fmol/min/mm of tubule length.

1.2.3 Effect of 0.45 and 0.7 mM stevioside in perfusate on Jpan

These experiments were designed to study the effect of

stevioside when present in the perfusate (luminal fluid), which is similar to its presence
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in filtrate (through glomerular filtration), on net transepithelial transport of PAH from the
bathing medium to the lumen, using the same concentrations as those in part 1.2.2. The
experiments were performed as per what was described in part 1.2.2, but stevioside (0.45
and 0.7 mM) was added to the perfusate instead of the bathing medium during the
treatment period. In other words, the bathing medium containing C-PAH was not
changed throughout the experiment, but the perfusate was changed to one containing
stevioside during the treatment periods, and then changed back to the control solution
during the recovery period.

1.2.4 Effect of 0.45 and 0.7 mM stevioside in both perfusate

and bathing medium on Jpan

This experiment was designed to investigate whether stevioside
(0.45 and 0.7 mM), when present in both luminal and basolateral sides of the proximal
tubule at the same time could exhibit an additive effect. The experiments were
performed as per what was described in parts 1.2.2. and 1.2.3, but stevioside was added
simultaneously into both perfusate and the bathing medium during treatment periods, as
shown in the diagram. The results obtained from this experiment were compared with
those obtained from the experiments when stevioside was presented in either luminal
side or basolateral side separately (part 1.2.2 and 1.2.3).
1.3 \Effect of steviol on “C-PAH transport in isolated perfused
rabbit renal proximal tubules
This experiment was designed to investigate whether steviol has any
effect on proximal tubular PAH transport, and if it has, which side of the tubule was

more responsive to the steviol’s action.
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Due to the hydrophobicity of steviol, DMSO was added to the buffered
medium to dissolve this compound. DMSO has been known to have some toxic effect
on cellular function, therefore, we first tested its effect on PAH transport compared to the
control value. Subsequently, we examined the concentration-response effect of steviol
on Jpay in order to select the concentration which showed 50% inhibition of control Jpau
to use for further study. We examined the effect of steviol on Jpan when it was present in
the bathing medium, in the perfusate or in both bath and perfusate at the same time, as in

the experiment done with stevioside.

1.3.1 Effect of DMSO in bathing medium on Jpan

We tested the effect of 0.125% (v/v) DMSO on PAH transport
in isolated rabbit renal proximal tubules to see whether DMSO at the maximum
concentration (0.125%) used in the experiments had any effect on PAH transport
throughout the experimental periods.

The experiments were performed using the same procedures as
in the time control study, with a standard control solution in both the bathing medium and
the perfusate, except that the bathing medium contained 0.125% (v/v) DMSO. Fluid
samples on the collection side were collected every 5 minutes for 65 minutes (the
duration that was used throughout the experiments).

1.3.2 Concentration-response effect of steviol on PAH

transport

This experiment was designed to examine the concentration-
response effect on PAH transport and to select the concentration that produced the 50%

inhibition of PAH transport from control value.
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Briefly, after both ends of the tubule were held between
micropipettes, the bathing medium was changed to a dextran-bicarbonate-buffered
medium containing '*C-PAH (20 pM). Three control collections were performed, one
every S minutes, and then the bathing medium was changed to a medium containing
various concentrations of steviol (0.005, 0.010, 0.015, 0.025, 0.050, 0.100 and 0.250
mM, one tubule for one concentration). Five minutes’ duration was allowed for an
equilibration period, after which 6 collections were performed, one every 5 minutes. The
collected fluid samples were counted for 14C-PAH activity. The values of “C.PAH
transport were expressed in % of control value. The concentration of steviol that
exhibited 50% of PAH transport from control value (50% inhibition) was selected for the
next experiment.

1.3.3 Effect of 0.01 mM steviol in the bathing medium on Jpan

This experiment was designed to examine whether steviol at a
concentration of 0.01 mM (which caused approximately 50% inhibition from control
Jpan, as determined in part 1.3.2) when it was added to, and then removed from, the
bathing medium (basolateral side) had a reversible inhibitory effect on Jpan.

The experiment was performed similar to the experiments with
stevioside in the bathing medium. After 3 control collections, the bathing medium was
changed to the one c;)ntaining 0.01 mM steviol and 4 collections were performed. At the
end of treatment period, the bathing medium was changed back to the one used in control
period, and another 4 samples were collected during the recovery period. The amount of
4C.PAH in the samples were measured using a B-counter and calculated for PAH

transport from the bath to the lumen of the proximal tubules.
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1.3.4 Effect of 0.01 mM steviol in perfusate on Jpan

This experiment was aimed to study whether steviol when
present at luminal side at a concentration of 0.01 mM had any inhibitory effect on the
transepithelial transport of PAH. We also examined whether PAH transport could
recover after steviol was removed from the perfusate or not.

The experiment was performed as mentioned above (part 1.3.3).
0.01 mM steviol was added to the perfusate during the treatment periods and was
removed after 4 sample collections were performed. Another 4 sample collections were
made during the recovery period. All samples were examined for 14C_PAH activity, and
calculated for '“C-PAH transport from the bath to the lumen.

1.3.5 Effect of 0.01 mM steviol in both bathing medium and

perfusate on Jpan

This experiment was designed to investigate whether the
presenée of steviol simultaneously in the perfusate and the bathing medium could
produce an additive inhibitory effect on PAH transport.

The experiment was performed as previously mentioned in the
other stevioside treatments, both the perfusate and the bathing medium were changed to
media containing 0.01 mM steviol after 3 control samples were collected over the first 15
minutes. The recoveﬁ periods were also investigated in a manner similar to the other
experiments mentioned above.

1.3.6 Effect of 0.05 mM steviol in perfusate on PAH transport

This experiment was designed to study whether the higher

concentration of steviol (0.05 mM, that had maximal inhibitory effect on PAH transport
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when it was present at the basolateral side, as seen in part 1.3.2) when it was present in
perfusate could inhibit PAH transport or not.

The experiment was performed as mentioned earlier in parts
1.2.3 and 1.3.4, except that 0.05 mM steviol was added to the perfusate during the

treatment period.

IL Stevioside and steviol effects on Na'-K" ATPase activity
These experiments were designed to examine whether the inhibition of PAH
transport by stevioside or steviol involved an alteration in Na*-K* ATPase activity or not.
In this experiment, we examined the Na*-K* ATPase activity of the proximal
tubules using a proximal tubule suspension instead of isolated single segments of
proximal tubules, to ensure that enough tissue for determination could be obtained. The
renal proximal tubule suspensions were prepared as mentioned in experimental
procedure IV. After the separation of the proximal tubule suspension, the proximal
tubules were divided into 8 tubes. Each tube was incubated with different treatments as
follows:
1. Control group: bicarbonate-buffered solution
2. 0.7 mM stevioside treatment in bicarbonate-buffered solution
3. 0.005% (v/v) DMSO treatment in bicarbonate-buffered solution
(paired control for 0.01 mM SVL)
4. 0.025% (v/v) DMSO treatment in bicarbonate-buffered solution
(paired control for 0.05 mM SVL)

5. 1.0% (v/v) DMSO treatment in bicarbonate-buffered solution (paired

control for 2.0 mM SVL)
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6. 0.01 mM steviol in 0.005% (v/v) DMSO treatment
7. 0.05 mM steviol in 0.025% (v/v) DMSO tréatment
8. 2.0 mM steviol in 1.0% (v/v) DMSO treatment
Each sample contained approximatety 0.03 g/ml of proximal tubule cells (W/v).
The volume of each sample was 2 ml of tubule suspension. After the proximal tubule
suspensions were equilibrated for 10 minutes and incubated at 37°C in a shaking water
bath (1,200 rpm) for 20 minutes, the treatments were stopped by adding an ice-cold
bicarbonate-buffered medium, and then centrifuged at 4°C, 1,000 rpm for 1 min. The
supernatant was discarded and the pellets were resuspended with a bicarbonate-buffered
medium. This washing procedure was repeated 3 times. Then, the pellet of each tube
was resuspended in 1 ml of a hypotonic solution (1 mM imidazole, 1 mM MgCl, and
0.25 mM EDTA) and placed on ice. The tubule suspensions were homogenized with a
Teflon-glass homogenizer at a speed of 3,000 rpm on ice, 20 strokes for 1 minute. The
homogenate was kept on ice for further determination of Na*-K" ATPase activity and

protein determination, as described in the method, Appendices VI and VIL

III. Stevioside and steviol effects on cell ATP content

These experiments were designed to”examine whether the inhibition of PAH
transport by stevioside or steviol involved an alteration of cell ATP content in the
proximal tubules or not.

The proximal tubule suspensions were divided and treated in same manner as in
part II, except that the suspensions contained approximately 0.06 g/ml of proximal tubule
cell (w/v). After the incubation period, 0.5 ml of suspension for each treatment was

added to equal volumes of ice-cold 6% (v/v) perchloric acid to extract ATP from the
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proximal tubular cells. This extraction was performed on ice for 20 minutes. The
following processes were performed to measure the total ATP content of the proximal
tubule cells and extracellular medium. To measure the ATP content of the extracellular
medium, 0.5 ml aliquots of suspension were first layered onto 0.4 ml of 2:1 mixture of
dibutyl/dioctyl phthalate (272) in a 1.5 ml microcentrifuge tube, and centrifuged for at
least 10 seconds. The suspernatant was then added to an equal volume of 6% (v/v)
perchloric acid. For both types of samples, the total extract and extracellular extract, the
supernatant was separated by centrifugation at 3,000 rpm, 4°C for 15 minutes, and
neutralized with 2 N KOH/1.5 M K,COs. The centrifugation was then performed again
to remove the precipitation of potassium perchlorate. The final supernatant was kept at
_70°C until used. The determination of ATP was performed by HPLC analysis using
isocratic elution, 0.1 M NH4H,PO,4 was the mobile phase, as described by Hull-Ryde et
al. (271). The method for sample preparation and analysis is shown in experimental
procedure (part V). The intracellular ATP content was calculated from the difference
between the ATP content of the total suspension and that of the extracellular medium.

The values of the ATP content were expressed as nmol ATP/mg of tubule protein.

IV. Kinetic study
4.1 Determination of the appropriate time for PAH uptake into the
renal proximal tubule suspension.
This experiment was designed to determine the appropriate time to use
for kinetic analysis of PAH uptake, which is the time that showed the initial rate of PAH

uptake into rabbit renal proximal tubule suspension.
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This experiment was performed using renal proximal tubule suspensions
preincubated in a bicarbonate-buffered medium at 37°C for 15 minutes. Then “c-PAH
was added to the suspension to obtain a final PAH concentration of 5 uM. After various
incubation periods of 15, 30, 45, 60, 120 and 300 seconds, the uptake was terminated by
adding 5 ml of a cold sucrose-HEPES-buffered medium containing 1 mM probenecid,
the suspensions were then rapidly filtered through a glass microfiber filter (GF/G,
Whatman), suctioned with a vacuum pump, and rinsed with 5 ml of an ice-cold 1 mM
probenecid solution. The filters were placed into a glass vial (20 ml) and 0.5 ml of I N
NaOH was added to the vial to extract "*C-PAH from the renal tubules. The vials were
kept out of the light for at least 3 hr or until no tissue particles were observed on the
membrane filter. The extract was neutralized with 0.5 ml of 1 N HCl. A scintillation
fluid was added to the vial, mixed and counted for radioactivity using a beta counter.
PAH uptake was shown as the amount of PAH per milligram of tubule protein. The data
were plotted between PAH uptake on the ordinate and time on the abscissa. The time
that showed the most rapid rise of PAH uptake was chosen for the next experiments.

4.2 Kinetic study of PAH uptake into renal proximal tubule
suspensions

A renal proximal tubule suspension (~ 0.05 g wet weight/ml of
bicarbonate-buffered~ medium) was pre-warmed to 37°C for 15 min before the uptake
study so that the tubule would be fully functional at the time of study. A bicarbonate-
buffered medium containing '*C-PAH 10 pM and various concentrations of cold PAH (0,
40, 200, 400, 2,000 and 4,000 uM) were added to the incubated tubule suspension with

the same volume to obtain a final concentration of "“C-PAH at 5 pM. After the addition
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of C-PAH, the tubule suspension was incubated at 37°C for 30 sec (this period was.
chosen based on the data from part 4.1). The uptake time was terminated by the addition
of 5 ml of a cold sucrose-HEPES buffered solution containing 1 mM probenecid, and
then rapidly filtered through a microfiber filter with a vacuum suction. The membrane
filter was rinsed again with a 5 ml solution containing 1 mM probenecid before transfer
to the glass vial. The tubules on the membrane filter were dissolved in 0.5 ml of 1 N
NaOH for at least 3 hours and neutralized with 0.5 ml of 1 N HCl. The extract was
counted by a liquid scintillation counter. The radioactivity was calculated for the amount
of PAH uptake and expressed as pmol of PAH uptake/mg of tubule protein. These data
were plotted as a Lineweaver-Burk plot (1/[PAH] vs 1/PAH uptake) and estimated K,
(Michaelis-Menten constant), which is the PAH concentration at the half-maximal uptake
of PAH, from the x-axis intercept. The maximal PAH transport (Jmax) by proximal
tubules was also estimated from the y-axis intercept.

4.3 Kinetic study of stevioside and steviol on inhibition of PAH
uptake into renal proximal tubule suspensions

This experiment was designed to find out the K; of stevioside and
steviol for PAH, the concentrations of stevioside and steviol that caused a half-inhibition
of maximum PAH transport. The K; can be used to evaluate the specificity of stevioside
and steviol to the PAH transporter. In addition, the Ky and Jma in the presence of
stevioside and steviol would be able to indicate whether stevioside and steviol interact
with the PAH transporter or not.

The experiment was performed as in experiment 4.2, except that either

0.7 mM stevioside or 0.01 mM steviol was added to the incubating medium. After a 30-
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second incubation, the uptake was terminated by adding 1 mM probenecid solution to the
incubated sample. The radioactivity was counted by a B-counter and PAH uptake was
calculated as pmol of PAH per mg of tubule protein. A Lineweaver-Burk plot was
performed. The type of inhibition was estimated from the Ky, and Jmax obtained.

In competitive inhibition, if the inhibitor interacts directly with the
transporter, only Ky, is changed, but J, is not altered. The K; value was calculated by
the following equation:

Ki = [I]/| Ky (withinhibitor) 4

K (without inhibitor)
In noncompetitive inhibition, if the inhibitor does not interact directly
with the transporter, Jyn. is decreased, but no change in Ky, is observed. The K; value
was calculated by this equation:

Ki = [I]/ | Jma (Without inhibitor)

Jmax (with inhibitor)
where K| is the concentration of inhibitor that caused a half-maximum PAH uptake; [I] is
the concentration of inhibitor (in this experiment, either stevioside (0.7 mM) or steviol
(0.01 mM); Jpax is the maximum PAH uptake (from the Lineweaver-Burk plot, the y-
intercept is 1/Jmax ); Jmax (With inhibitor) is the maximum PAH uptake in the presence of
inhibitor; K, is the PAH concentration that caused a half-maximum PAH uptake (from

the Lineweaver-Burk plot, x-intercept is -1/Kp,).

STATISTICAL ANALYSIS

Results are expressed as mean+SE. The n value is the number of experiments

(one tubule from a single animal was used for each experiment). In the perfusion
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experiments, the mean value for the three control periods was compared with the values
for each experimental period in the same group, and the comparisons of the value for
each experimental period between different treatments at the same period were
performed using a two-way analysis of variance with repeated measure design. The
significance of difference between these values was determined with Fisher’s protected
least significant difference post hoc test. For the experiments on Na'-K" ATPase activity
and ATP content, the difference between control and experimental means was
determined by a one-way analysis of variance and a post hoc test with Student Newman-
Keul’s test. The comparison between control and experimental mean in the kinetic study
was determined by a t-test for paired observations. The values were considered to be

statistically significantly different when the P-value was less than 0.05.
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CHAPTER 1V

RESULTS

1. TIME CONTROL STUDY OF TRANSEPITHELIAL
TRANSPORT OF PAH BY ISOLATED S, SEGMENTS OF

RABBIT RENAL PROXIMAL TUBULES

This experiment was performed using isolated S; segments of proximal
tubules to study the transepithelial transport of PAH from the basolateral side to the
luminal side of the tubule. This experiment was done to be certain that the isolated
perfused renal proximal tubule functioned normally throughout the experimental
duration used in all subsequent experiments. As shown in Figure 7, the rabbit renal
proximal tubule (S, segment) was perfused and bathed with a control bicarbonate-
buffered medium for 65 minutes. The transepithelial transport of PAH (Jpan) did not
change significantly during this time period, as shown previously by Chatsudthipong
and Dantzler (90, 94). This observation helps us to eliminate the effect of time on
Jpan. However, low values of Jpay were observed for the first 10 minutes of the
experiment. This time period may be required for the tubular activity to reach a
steady state after being transferred into the perfusion chamber. Thus, in the
subsequent experiments, the tubules were perfused for 10 minutes prior to sample

collection.
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Figure7. Control transepithelial secretory transport of p-aminohippurate (PAH),
Jpan in isolated proximal tubules perfused and bathed with a bicarbonate-
buffered medium. Absolute values of Jpay given in fmol.min'mm
(mean + SE) were determined at 5-minute intervals over a period of 65

minutes, n = 5.
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2. STEVIOSIDE EFFECT ON TRANSEPITHELIAL

TRANSPORT OF PAH (Jpan)

2.1 The effect of 0.45 mM stevioside on transepithelial transport of PAH

From previous in vivo rat studies by Melis (7-10, 17), was suggested that
intravenous injection of stevioside had effects on renal function, but little is known
about its effect on tubular function. A high concentration of 0.45 mM stevioside was
chosen because this concentration is equivalent to the dose used in the previous
studies by Melis (9-10, 17), which had been shown to alter several parameters of renal
function. In these experiments, each tubule was initially perfused and bathed with a
control bicarbonate-buffered medium for 15 minutes to obtain control values for Jpan.
After this period, the perfusate was changed to one containing 0.45 mM stevioside.
Jpan was only slightly decreased during the first period but not significantly from the
control value (Figure 8a). Removal of stevioside from the perfusate had no effect on
Jpau. The addition of 0.45 mM stevioside to the bathing medium also had no
significant effect on Jpay (Figure 8b). Normally, exogenous compounds that need to
be eliminated from the body are present in both luminal (from glomerular filtration)
and peritubular sides of the tubule at the same time. Therefore, the effect of stevioside
when simultaneously presented to both sides of the tubule to mimic the in vivo
condition was studied. As shown in Figure 8c, stevioside at a concentration of 0.45
mM, added to both perfusate and bathing medium, did not alter Jpan throughout the

experimental period.
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Figure 8.
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The effect of 0.45 mM stevioside (a) in perfusate, (b) in a bath, and (c) in
both a bath and perfusate on Jpay in tubules perfused and bathed with a
bicarbonate-buffered medium. Values for Jpay are shown as percent of the
mean control value (control being 100%) for each tubule for the first 15
minutes. Absolute mean Jpay (fmol.min'mm™) value + SE for all tubules
in the first 15 minutes is indicated, n = number of tubules. The shaded bar
indicates the time when 0.45 mM stevioside was present in the medium.
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To be certain that the lack of 0.45 mM stevioside effect on Jpay observed in

this experiment was not due to the unresponsiveness of the tubule to stevioside
treatment, probenecid (0.1 mM), a competitive inhibitor of PAH, was added to the
bathing medium at the end of the experiment. These tubules were found to respond
well to probenecid treatment (Figures 9 a, b and c).

2.2 Concentration-response: the effects of various concentrations of
stevioside on Jpan

Due to the lack of 0.45 mM stevioside effect on Jpag observed in the previous
experiment, higher concentrations of stevioside (0.5, 0.6 and 0.7 mM) were also
examined. Earlier studies (95, 272) had strongly suggested that the basolateral
transport of PAH into the cells is the rate-limiting step for transepithelial transport.
Thus, in this series of experiments, stevioside was only added to the bathing medium.
The protocol for these experiments was the same as that for the experiment with 045
mM stevioside in the bath mentioned above, except that stevioside at a concentration
of 0.5 or 0.6 or 0.7 mM was added to the bathing medium, instead of 0.45 mM. The
concentration of stevioside used in these experiments was maximal at a concentration
of 0.7 mM so that it could be completely dissolved in the buffer without the aid of any
solvent. The effects of these concentrations of stevioside on Jpay are shown in Figure
10. The presence of stevioside in the bath at concentrations of 0.45, 0.5 and 0.6 mM
- produced no significant change in Jpau from the control value after either a 10- or 20-
minute treatment. Only 0.7 mM stevioside, the maximum concentration that could be
dissolved completely in the bathing medium, depressed Jpan significantly by

about 30% after a 10-minute treatment and remained depressed after 20 minutes of

-
<
)
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Figure 9. The effect of 0.1 mM probenecid addition to bathing medium at the end
of the recovery period of 0.45 mM stevioside treatment in (a) perfusate,
(b) bath, and (c) both bath and perfusate on Jpau. Values for Jpan are
shown as percent of the mean control value (control being 100%) for each
tubule for the first 15 minutes. See legend of Figure 8 for a complete
description of symbols. The shaded bar indicates the time when
stevioside (0.45 mM) was present in the medium. The striped bar
indicates the time when probenecid (0.1 mM) was present in the bathing
medium. "Significant difference from control, p-value < 0.05.
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Figure 10. The effects of various concentrations (0.45, 0.5, 0.6 and 0.7 mM) of
stevioside in a bath on Jpay of isolated proximal tubules after incubation
periods of 10 and 20 minutes. "Significant difference from control value,
*Significant difference from the value of 0.45 mM stevioside treatment,
#Signiﬁcant difference from the value of 0.5 mM stevioside treatment,
$Significant difference from the value of 0.6 stevioside treatment. The p-
value of the significant difference is less than 0.05. Values are means +

SE. Number of tubules is shown in parentheses on each bar.
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treatment. The effect of 0.7 mM stevioside on Jpay Was statistically significantly
different from the lower concentrations (0.45, 0.5 and 0.6 mM) at the same time
points. Thus, stevioside at a concentration of 0.7 mM was chosen for the next
experiment.

2.3 The effect of 0.7 mM stevioside on the transepithelial transport of
PAH (Jpan)

The effect of stevioside at a concentration of 0.7 mM was further examined.
As shown in Figure 11a, when the perfusate was changed from the control solution to
one containing 0.7 mM stevioside, Jpan did not significantly change from control
values. In contrast, Jpay Was significantly depressed by about 30% when 0.7 mM
stevioside was present in the bathing medium and remained depressed while
stevioside was in the bath (Figure 11b). The depression of Jpan under this condition
was significantly different from that seen when stevioside was in the perfusate (Figure
11a). When stevioside was removed, Jpan gradually increased and was not
significantly different from control values by 20 minutes after removal of stevioside
from the bath. Thus, the inhibition of Jpay by 0.7 mM stevioside in the bath appeared
to be reversible. When 0.7 mM stevioside was simultaneously added to both the
perfusate and the bathing media, there was no added inhibitory effect compared with
that observed with stevioside addition to the bath medium alone (Figure 11c). Similar
to what was observed when stevioside was in the bath alone, Jpajy gradually recovered
when stevioside was removed from perfusate and bath, and Jpan Was not significantly

different from control values by 20 minutes after the removal of stevioside.
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Figure 11. The effect of 0.7 mM stevioside (a) in perfusate, (b) in a bath, and (c) in
both a bath and perfusate on Jpay in the tubules perfused and bathed with
a bicarbonate-buffered medium. See legend of figure 8 for a complete
description of symbols. ~Signifiant difference from control, *Significant
difference from the value at the same time period of stevioside treatment
in perfusate, p-value < 0.05. The shaded bar indicates time when 0.7 mM
stevioside was present in the medium.
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3. STEVIOL EFFECT ON Jpan

3.1 Time control of DMSO treatment in the bath on the transepithelial
transport of PAH

This experiment was performed to be certain that DMSO (that would be used
as a solvent for subsequent experiments) did not disturb the normal function of the
isolated perfused renal proximal tubules throughout the experimental duration. As
shown in Figure 12, the rabbit renal proximal tubule was perfused with a control
solution and DMSO 0.125% (v/v) was added to the bathing medium. The
transepithelial transport of PAH (Jpan) did not change significantly during 65 minutes
of experiment. This result helped us to eliminate any effects of DMSO (that would be
used as a solvent to solubilize steviol in the next experiments) on Jpay. This meant
that any alteration in Jpau observed after steviol treatment would be due to the effect
of steviol itself.

3.2 Concentration-response: effects of various concentrations of steviol
on Jpan

For the same reason as mentioned earlier, the effects of steviol at various
concentrations were examined only when steviol was present either in the bath or on
the basolateral side, because the basolateral transport of PAH into the cell is the rate-
limiting step for the transepithelial transport of PAH (95, 272). We perfused and
bathed each tubule initially with a control bicarbonate-buffered medium containing
DMSO at the same concentration as that used to dissolve steviol for 15 minutes. This

procedure was performed to obtain control values for Jpau. After this period,
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Figure 12. Control transepithelial secretory transport of p-aminohippurate (PAH),
Jpan in isolated proximal tubules perfused with a bicarbonate-buffered
medium and bathed with a medium containing 0.125% (v/v)
dimethylsulfoxide (DMSO).  Absolute values of Jpau given in
fmol.min'mm™ (mean + SE) were determined at 5-minute intervals over

a period of 65 minutes, n = 4.



Promsuk Jutabha Results / 100

140 1 Time after treatment
120 - 10 min.
=
o 100+ 130 min.
ey
g
S 80-
e\i 60
z T %
= 40 - % %
*
*
20 - * % % *
Al B
0 1 1 1 ) 1 1 1
S > p= p> > > > >
£ g g g g g g g
54 8 S ok Q & S 4
< < S S = = =
[—} [—] [— [—]
steviol

Figure 13. The effects of various concentrations (0.005, 0.010, 0.015, 0.025, 0.05,
0.10 and 0.25 mM) of steviol in a bath on Jpay of isolated proximal
tubules after incubation periods of 10 and 30 minutes. "Significant
difference from the control values, p-value < 0.05. Values are mean + SE

of three separate experiments.
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the bathing medium was changed to one containing steviol and Jpan Was determined at
10 and 30 minutes after steviol treatment. As shown in Figure 13, the presence of
steviol in the bath at a concentration of 0.005 mM produced no significant change in
Jpau from the control values after either a 10- or 30-minute treatment. When the
concentrations of steviol that bathed the tubule were increased from 0.01 to 0.25 mM,
Jpan Was significantly depressed from control values. With a concentration of 0.01
mM steviol, Jpay was inhibited by about 50% after a 10-minute treatment and
remained depressed after steviol treatment for 30 minutes. The maximum inhibition
of Jpau by approximately 90% occurred when a concentration of steviol over 0.05 mM
was present in the bathing medium.

To examine the steviol action when it was present at each side of the
proximal tubule, a concentration of 0.01 mM steviol, which showed a half-inhibition
of Jpay from the control value was chosen vfor further experiments.

3.3 The effect of 0.01 mM steviol on Jpan

In these experiments, the S, segments of rabbit renal proximal tubules were
perfused and bathed initially with a control bicarbonate-buffered medium containing
0.005% (v/v) of DMSO (the same concentration as that used to dissolve 0.01 mM
steviol) for the first 15 minutes to obtain the control values of Jpan. After this period,
the perfusate was changed to one containing 0.01 mM steviol. Jpan was slightly
decreased, but not significantly different from control values (Figure 14a). In contrast,
the addition of 0.01 mM steviol to the bathing medium caused Jpay to be significantly

depressed by about 50-60% compared with control values.
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Figure 14. The effect of 0.01 mM steviol (a) in perfusate, (b) in a bath, and (c) in
both a bath and perfusate on Jpay in tubules perfused and bathed with a
bicarbonate-buffered medium containing 0.005% (v/v) DMSO. Values of
Jpan are shown as percent of the mean control value (control being 100%)
for each tubule in the first 15 minutes. Absolute mean Jpan (fmol.min'1
mm™") value + SE for all tubules in the first 15 minutes is indicated. N =
number of tubules. The shaded bar indicates time when 0.01 mM steviol
was present in the medium. Significant difference from the control,
*Significant difference from the values at the same time period of 0.01
mM steviol treatment in perfusate, p-value < 0.05.
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The depression of Jpau remained significantly different from control values even after
steviol had been removed from the bathing medium for 20 minutes (Figure 14b). The
depression of Jpay under these conditions was significantly different from that seen
when steviol was in the perfusate (Figure 14a). When 0.01 mM steviol was
simultaneously added to both the perfusate and the bathing medium (Figure 14c),
there was a slight increase in the inhibitory effect on Jpan When compared to that
observed with steviol addition to the bathing medium alone, however, this the
difference was not statistically significant. Similar to that observed when steviol was
in the bath alone, Jpsn remained depressed when 0.01 mM steviol was removed from
both the bathing medium and the perfusate (Figure 14c).

3.4 The effect of luminal steviol at a concentration of 0.05 mM on Jpsn

From the result mentioned above, the presence of 0.01 mM steviol in the
lumen had no significant effect on Jpau. We thus further examined the effect of a 0.05
mM steviol addition to perfusate on Jpay. As shown in the concentration-response
study (Figure 13), steviol at a concentration of 0.05 mM was the lowest concentration
that showed the maximum inhibitory effect (90% inhibition) on Jpan When it was in
the bathing medium. The addition‘of 0.05 mM steviol to the luminal side significantly
depressed Jpan from that of the control values by about 70% (Figure 15). After the
removal of steviol from the perfusate, Jpan remained depressed for at least 20 minutes.
This result showed that the inhibition of Jpay by luminal steviol required a higher

concentration of steviol than that present on the basolateral side.
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Figure 15. The effect of 0.05 mM steviol in the perfusate on Jpay in tubules perfused

and bathed with a bicarbonate-buffered medium containing 0.025% (v/v)
DMSO. Values for Jpay are shown as percent of mean control value
(control being 100%) for each tubule in the first 15 minutes. Absolute
mean Jpau (fmol.min'lmm'l) value + SE for all tubules in the first 15
minutes is indicated. The shaded bar indicates the time when 0.05 mM
steviol was present in the perfusate. "Significant difference from control,

p-value < 0.05.
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4. THE MECHANISM BY WHICH STEVIOSIDE AND STEVIOL

INHIBIT Jpsn

The mechanism of transepithelial PAH transport in the proximal tubule
requires the energy from ATP hydrolysis and the activity of Na*-K* ATPase,
especially entry step of PAH transport across the basolateral membrane (29, 33). As
previously mentioned, transepithelial transport of PAH was inhibited by stevioside
(0.7 mM) and steviol (0.01 mM and higher). Thus, investigations of the effects of
stevioside and steviol on Na*-K* ATPase activity and ATP content were performed to
explore the mechanism underlying the depression of Jpan.

4.1 The effects of stevioside and steviol on Na'-K' ATPase activity

These experiments were performed using rabbit renal proximal tubule
suspension so that enough tissue could be obtained for the determination of Na'-K"
ATPase activity. The proximal tubule suspension was incubated with a treatment
solution (0.7 mM stevioside and various concentrations of steviol and DMSO) for 20
minutes, which was the same period as was used to study Jpan, as mentioned earlier.
A bicarbonate-buffered solution was used as the control solution and various
concentrations of DMSO (0.005, 0.025 and 1.0% (v/v)) were used as the paired
control to match the various concentrations of steviol (0.01, 0.05 and 2.0 mM) used,
respectively. As shown in Figure 16, Na'-K*-ATPase activity did not change
significantly after a 20-minute incubation of all groups, either compared to the
incubation with the control bicarbonate medium or to its paired control group for

each treatment. In response to increasing the steviol concentration to 2 mM, a higher
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Figure 16. The effects of 0.7 mM stevioside and various concentrations (0.01, 0.05
and 2.0 mM) of steviol on Na®-K" ATPase activity in rabbit renal
proximal tubule suspension after a 20-minute treatment. The values are
shown as umol Py/hour/mg of tubule protein, as means + SE of duplicate
measurements. Number of separate experiments is shown in parentheses

on each bar.
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concentration than that used for the Jpay studies, the Na'-K'-ATPase activity was
slightly decreased but not significantly changed from its control value. From these
results, it is unlikely that the inhibitory effects of stevioside and steviol observed on
Jpay at the concentrations used in the previous experiments involved alteration of the
proximal tubular Na*-K*-ATPase activity.

4.2 The effects of stevioside and steviol on cell ATP content

As previously mentioned, ATP is an important factor for the active transport
of PAH across the basolateral membrane of the proximal tubule (33, 88). We used
RP-HPLC to analyze the ATP content extracted from proximal tubules after treatment
with stevioside or steviol. Using HPLC analysis, low amounts of ATP and its
degradation products in samples could be quite accurately detected. We found that
stevioside (0.7 mM) and steviol (0.01 and 0.05 mM) at the concentrations which were
able to depress the Jpan of renal proximal tubules, did not significantly change the
ATP, ADP and AMP contents as well as hypoxanthine in the proximal tubules after a
20-minute treatment (Figures 17-19). In addition, no intracellular xanthine of renal
proximal tubules was detected in any treatment group. The extracellular AMP and
hypoxanthine contents, which are the indicators of nucleotide degradation processes,
mainly appeared in the condition of cell ATP depletion, were also not significantly
different from the control group in any treatment group. In contrast, steviol at the
higher concentration, 2.0 mM, showed a significant reduction of proximal tubule cell
ATP content (Figure 17). It was found that, during the time when cell ATP content
was decreased with the 2.0 mM steviol treatment, the cell AMP content was

dominantly high (Figure 19).
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Figure 17. The effects of 0.7 mM stevioside and various concentrations (0.01, 0.05

and 2.0 mM) of steviol on cell ATP content extracted from rabbit renal

proximal tubule suspensions after a 20-minute treatment. The values are

*Significant
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difference from the other treatments, p-value < 0.05.
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Figure 18. The effects of 0.7 mM stevioside and various concentrations (0.01, 0.05
and 2.0 mM) of steviol on cell ADP content extracted from rabbit renal
proximal tubule suspensions after a 20-minute treatment. The values are

shown as nmol of ADP/mg of tubule protein; n = 4.
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Figure 19. The effects of 0.7 mM stevioside and various concentrations (0.01, 0.05
and 2.0 mM) of steviol on cell AMP content extracted from rabbit renal
proximal tubule suspensions after a 20-minute treatment. The values are
shown as nmol of AMP/mg of tubule protein; n = 4. "Significant

difference from the other treatments, p-value < 0.05.
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Figure 20. The effects of 0.7 mM stevioside and various concentrations (0.01, 0.05
and 2.0 mM) of steviol on cell hypoxanthine (HX) content extracted from
rabbit renal proximal tubule suspensions after a 20-minute treatment. The

values are shown as nmol of hypoxanthine/mg of tubule protein; n = 4.



Promsuk Jutabha Results / 112

(3]
j

l.__|

Extracellular AMP (nmol/mg protein)
.

o p—
ctrl-BC

0.7 mM SVS RN
0.005% DMSO
0.01 mM SVL
0.025% DMSO
0.05 mM SVL
1% DMSO
2.0 mM SVL

Figure 21. The AMP content in the incubation medium of renal proximal tubule
suspensions treated with 0.7 mM stevioside and various concentrations
(0.01, 0.05 and 2.0 mM) of steviol for 20 minutes. The values are shown

as nmol of AMP/mg of tubule protein; n = 4.
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Figure 22. The hypoxanthine content in the incubation medium of renal proximal
tubule suspensions treated with 0.7 mM stevioside and various
concentrations (0.01, 0.05 and 2.0 mM) of steviol for 20 minutes. The

values are shown as nmol of hypoxanthine/mg of tubule protein; n = 4.
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5. KINETIC STUDY OF STEVIOSIDE AND STEVIOL ON PAH

UPTAKE IN PROXIMAL TUBULE SUSPENSIONS

To examine whether stevioside and steviol inhibited PAH transport by
competing with PAH at the PAH transporter site, we performed a kinetic study.

5.1 Determination of the appropriate time for PAH uptake into renal
proximal tubule suspensions

For the kinetic study, the initial rate (linear phase) of transport is required
when no saturation of the transporters occurred at that period. The proximal tubule
suspension was pre-warmed to 37°C prior to the uptake study so that it would be fully
functioning during the rapid uptake measurement. The “C-PAH concentration used
in this experiment was 5 uM, which was far below the level that would saturate the
transport systems. The uptake time was varied to be 15, 30, 45 sec, 1, 2 and 5 min
(Figure 23). As the linear phase occurred from 0 to 30 sec, we chose to perform the
kinetic uptake study using a 30-second uptake for subsequent experiment because it
was in the initial phase of PAH uptake as well as allowing us enough time to perform
the uptake.

5.2 Kinetic study for PAH uptake into renal proximal tubule suspension

The renal proximal tubule suspensions were incubated with a medium
containing various concentrations of PAH for 30 seconds, and PAH uptake to the
tubules was determined and plotted using a Lineweaver-Burk plot (between 1/PAH
uptake and 1/[PAH]) to obtain the Ky, and Jyax of PAH uptake (Figure 23). The Ky, of
PAH uptake into proximal tubule suspensions was 282.0 + 45.48 uM and the J;x was

5.0 + 2.45 nmol PAH/mg tubule protein/min.
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Figure 23. The time course of PAH uptake by rabbit renal proximal tubule
suspensions. Each point represents mean + SE from three separate
experiments. The values of PAH uptake are expressed as pmol/mg
protein. The concentration of 4C-PAH in the incubation medium was 5

UM.
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Figure 24. The Lineweaver-Burk plot of PAH uptake by rabbit renal proximal tubule
suspensions with increasing concentrations of PAH in the medium.
Uptakes were determined from 30-second incubations. Data are shown as
the reciprocal of PAH uptake on the ordinate versus the reciprocal of PAH
concentrations in the medium on the abscissa. Each point represents the
mean + SE of 3 separate experiments.
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5.3 Kinetic study for cis-inhibition of PAH uptake into renal proximal
tubule suspensions by stevioside and steviol

To examine the K; of stevioside and steviol for PAH uptake, experiments
were performed in a paired observation between control and stevioside treatment or
control and steviol treatment. As shown in Figure 25, the K, for PAH uptake was
altered when 0.7 mM stevioside was added to the medium, being 1.5 times higher
than that of the control value. The Jna for PAH during the treatment of 0.7 mM
stevioside was also slightly changed, but was not significantly different from the
control J., value (without stevioside treatment) [4.0 + O vs 5.2 + 0.6 nmol/mg
protein/min]. The K; of stevioside for PAH uptake was 1.45 + 0.4 mM.

The effect of steviol can be obtained by using a Lineweaver-Burk plot, as
shown in Figure 26. The K, of PAH in the presence of 0.01 mM steviol was
increased almost 3 times higher than that of the control K, (in the absence of steviol).
This showed that the affinity of the PAH transporter to PAH was reduced when the
tubule was treated with steviol. The J,,.x of PAH was not significantly changed by the
steviol (6.0 + 2.0 vs 6.6 + 1.8 nmol/mg tubule protein/min). This indicated that the
inhibition of PAH transport by stevioside and steviol is a competitive type. The K; of
steviol for PAH uptake in renal proximal tubule suspensions was 7.4 uM. This
showed that the affinity of the PAH transporter to steviol was higher than that to

stevioside.
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Figure 25. The Lineweaver-Burk plot of PAH uptake by rabbit renal proximal tubule
suspensions with increasing concentrations of PAH in the medium in the
absence (solid diamonds) and presence (solid squares) of stevioside (0.7
mM). Data are shown as the reciprocal of PAH uptake on the ordinate
versus the reciprocal of PAH concentrations in the medium on the

abscissa. Each point represents the mean + SE of 3 separate experiments.



Results/ 118

Promsuk Jutabha
¢ control
00057  Km=2172+135M
Juex= 6.0 + 2.0 nmol/min/mg protein
_ .
0004+ 0.01 mM steviol
£ Km=603.4 1 1483 yM .
® g Jmex = 6.6 + 1.8 nmol/min/mg protein e
< g ' PAH _ .
g‘ g) 0.003 Ki =75+24uM ,*
| =
[=]
ZE
S3g 0002
"]
=
Q
0.001 A
-0.005 0.000 0.005 0.010 0.015 0.020

1/[PAH] (uM")

Figure 26. The Lineweaver-Burk plot of PAH uptake by rabbit renal proximal tubule
suspensions with increasing concentrations of PAH in the medium in the
absence (solid diamonds) and presence (solid squares) of steviol (0.01
mM). Data are shown as the reciprocal of PAH uptake on the ordinate
versus the reciprocal of PAH concentrations in the medium on the

abscissa. Each point represents the mean + SE of 3 separate experiments.
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CHAPTER YV

DISCUSSION

Stevioside, a sweet compound obtained from the Stevia rebaudiana plant, has
been used commercially as a non-caloric sugar substitute in many countries, especially
Japan, for over 20 years. The use of this plant in the form of a crude extract, which
contains stevioside as the major component, was also reported to have therapeutic
effects, for example, contraceptive, hypotensive, hypoglycemic and diuretic properties
(5, 6, 12, 18, 19). This has led many investigators to perform extensive physiological
and therapeutic studies including the safety to use in the form of pure compound,
especially stevioside. Steviol, the aglycone part of stevioside, is one of the stevioside
métabolites during enzymatic hydrolysis (212, 213, 220, 221). The incubation of
stevioside with intestinal bacterial microflora obtained from rats in vitro showed the
complete conversion of stevioside to steviol within an incubation period of 2-4 days.
Intracecal and oral administrations of steviol were nearly completely absorbed in the
lower bowel of rat (25). Steviol has been reported to be a toxic substance with
mutagenic and bactericidal activities in Salmonella typhimurium TM 677 (239).
However, both stevioside and steviol have also been revealed to have therapeutic
value as diuretic drugs by increasing urinary fluid and sodium excretion (10, 17, 28),
and as diabetic drugs by stimulating insulin secretion from the pancreas (260).
Normally, the safety to use any substance as a drug has been subjected to serious

studies. Detailed information concerning the toxicity of stevioside and steviol are
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required before their commercial use as a food additive or drug would be granted.
The safety of long-term consumption was investigated by Yamada et al. (233) who
found that oral consumption of stevioside (75% pure) with an amount as high as 550
mg/kg BW/day for 2 years, showed no toxic or carcinogenic effects in the rat, and did
not affect their growth rate. In humans, a likely maximum intake of stevioside was
suggested to be only about 2 mg/kg BW/day. This is far below the amount shown
earlier to have no toxicity in the rat (234). More recently, Toskulkao and
Sutheerawattananon (13) found a significant inhibition of intestinal glucose
absorption and a reduction in growth rate in hamsters treated orally with 2.5 g/kg
BW/day of stevioside (90% pure) for 12 weeks, whereas lower doses (0.5 and 1.0 g/kg
BW/day) had no effect. The different responses observed may be due to the
differences in animal species as well as to purity, dose and route of drug
administration.

Investigations on the systemic effects of stevioside and steviol were also
performed. It was found that the intravenous injection of stevioside (>90% pure) at a
dose of 16 mg/kg BW induced a fall in mean arterial blood pressure (mABP) in
normal rats (7, 10, 17, 19) and in conscious spontaneously hypertensive rats (SHR)
(11). In addition to its systemic effect, studies on rat renal function in vivo (9, 10, 17-
19) found that both chronic oral intake and acute intravenous administration of stevia
extract or stevioside to rats produced increased renal blood flow (RBF), natriuresis
and diuresis, whereas the glomerular filtration rate (GFR) did not change. Intravenous
infusion of steviol to rats also resulted in diuresis and natriuresis (28). With the

intention to differentiate the systemic effect of stevioside from its renal effect,
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Thongouppakarn (20) infused stevioside directly into the left renal artery of rats. He
found an alteration in rat renal hemodynamics and tubular function and also suggested
that the target site of stevioside action on tubular function was the proximal tubule, as
indicated by lithium clearance. However, the experimental model used in those
previous studies could not differentiate the vascular effects of stevioside and steviol
from their renal effects. Thus, the present study was designed to clarify whether
stevioside and its metabolite, steviol, have any direct effect on tubular function. The
study was performed using intact isolated perfused rabbit renal proximal tubules
which has been proven to be a powerful tool to study tubular function (both secretion
and reabsorption) (273). With this in vitro experimental model, the effects of
stevioside and steviol on proximal tubular function can be investigated directly when
these substances are present on either the basolateral or the luminal side of the tubule
or on both sides at the same time, which mimics the in vivo condition. Normally,
exogenous compounds that need to be eliminated from the body are present in both
the luminal (from glomerular filtration) and peritubular sides of the tubule at the same
time. Using this technique, a systemic effect could be eliminated. In addition, this
technique is very sensitive and significant changes in transepithelial transport of PAH
(Jpan) can be detected, even though only small changes in tubular function and
metabolism occur (94). In the present study, the mechanisms by which stevioside and

steviol altered transepithelial transport of PAH were also examined.
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The Effect of Stevioside and Its Mechanism of Action on PAH Transport in
Rabbit Renal Proximal Tubules

The present study was initially performed to examine the direct effect of
stevioside at a concentration of 0.45 mM, which is equivalent to a dose of 16 mg/kg
BW/hr used by Melis’s studies (9, 10, 17), and showed the changes in renal function,
as mentioned earlier, on the proximal tubular transport of PAH. Neither with the
addition of 0.45 mM stevioside into the bathing medium nor the perfusate (luminal
fluid), was transepithelial transport of PAH (Jpan) significantly depressed. Higher
concentration of stevioside were also examined. A limitation in solubility occurs
when stevioside is of high purity. The maximum solubility of stevioside in the
buffered medium used in the present study was only 0.7 mM. Stevioside at this
concentration (0.7 mM) showed reversible inhibition of transepithelial transport of
PAH (Jpan) When stevioside was only present in the bathing medium but not in the
perfusate. The lack of effect of stevioside on Jpay on the luminal side and its
reversible inhibitory effect on the basolateral side indicate that a high dose of
stevioside has relatively little effect on renal proximal tubular secretory function.

The cellular mechanism by which stevioside inhibited Jpay in isolated
perfused renal proximal tubule is not known. Transepithelial secretion of PAH by
renal proximal tubules involves transport into the cell against an electrochemical
gradient at the basolateral membrane, which is the rate-limiting step, followed by
movement down an electrochemical gradient into the lumen across the luminal
membrane. The transport process of PAH across the basolateral membrane is termed

tertiary active transport in which the final step is transport of PAH (or another organic
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anion) into the cell in exchange for a dicarboxylate ion moving out of the cell down its
electrochemical gradient (29, 33, 61, 90, 94, 97). The outwardly-directed gradient for
dicarboxylate is maintained through the uptake of dicarboxylate coupled with sodium
ions into the cell and the intracellular production of dicarboxylate, whereas the sodium
gradient that drives sodium-dicarboxylate cotransport is maintained through the
hydrolysis of ATP by basolateral Na*-K" ATPase. Therefore, interfering with one or
more of these entry processes could result in a reduction of Jpau. Alternatively,
interference with the luminal exit step of PAH, a carrier-mediated process (126),
could also result in decreased Jpay. Our results indicated that stevioside inhibited Jpay
only when present in the bathing medium, but not in the lumen, suggesting that only
the basolateral membrane is susceptible to stevioside action.

As reported by Toskulkao and coworkers (22), stevioside giveh orally 2.5
g/lkg BW/day for 12 weeks inhibited the intestinal Na*-K* ATPase activity of
hamsters. It is possible that the inhibitory effect of stevioside on Na*-K* ATPase may
also occur in other cells. The determination of Na"™-K* ATPase activity in 0.7 mM
stevioside-treated tubules revealed no alteration of this enzyme activity after an
incubation for 20 minutes (Figure 16), while Jpan was significantly depressed at this
incubation time (Figure 10) when the same concentration of stevioside was used. As
indicated earlier, due to the indirect link between the active transport of PAH and Na*-
K" ATPase activity (75), the change in PAH transport may not result from an
alteration in Na*-K* ATPase activity. Stevioside at the concentration of 0.7 mM used
in this experiment (>95% pure) did not shown an inhibitory effect on Na*-K* ATPase

activity of rabbit renal proximal tubule suspensions, whereas the lower purity use
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( 90% pure) in Limpanichakul’s study (21) caused a reduction of Na*-K" ATPase
activity by about 30 and 45% for stevioside at concentrations of 0.5 and 1 mM,
respectively. The discrepancy of the present results and that of the previous study (21)
might be due to the purity of stevioside used. In other words, a contaminant might be
the cause of the actions observed in the earlier studies. However, the results from the
present study indicated that the reduction of Jpan by stevioside treatment may not
involve Na*-K* ATPase activity. Further examination was performed using HPLC to
detect the alteration of cell ATP content and the degradation products of adenine
nucleotides in the tubules treated with stevioside compared with the ones without
stevioside treatment. Stevioside at the concentration of 0.7 mM did not alter the ATP
content of the tubular cells compared with control treatment. Although the precise
mechanism is not known, a number of statements can be made. It seems likely that
stevioside cannot enter the cell due to its large and complex molecular structure
(Figure 2). This assumption is supported by the study of Yamamoto and coworkers
(253) showing that stevioside had no effect on oxygen uptake and gluconeogenesis in
the isolated renal tubules of rat. Additionally, stevioside could inhibit oxidative
phosphorylation in isolated rat liver mitochondria (251, 252, 254) but did not affect
energy metabolism in intact cells (25). Using HPLC analysis, Podprasart (261)
reported that stevioside could not pass into rabbit renal proximal tubule suspensions
after incubation with stevioside (1.0 mM) for 60 minutes. These results support the
proposal that stevioside affects the transport of PAH from outside the cell. The
observations that stevioside did not affect cell ATP content and Na'-K* ATPase

activity in the present study (Figures 16 and 17) support this assumption as well.
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Moreover, the recovery of Jpay after the removal of stevioside from the bathing
medium also suggest that the effect of stevioside on Jpau Was only temporary. In
contrast, contradictory results on Na*-K* ATPase activity were obtained from
stevioside-treated rats in vivo (258), wherein inhibition of Na*-K" ATPase activity
was observed in the kidney of stevioside-treated rats at a dose of 0.2 g/lkg BW/hr
given intravenously for 1 hour (258). Renal mitochondrial activity was also inhibited
in that stevioside treatment. In that study also, stevioside was used at the very high
concentration of 0.18 M, which was about 250 times greater than the maximum
solubility of stevioside used in the present study, without precipitation. It has been
known that the higher the purity of stevioside, the more difficult it is to get it
dissolved in an aqueous solution (11). Thus, the effects observed by stevioside
treatment in the in vivo study mentioned above may be due to the effect of
contaminants or to metabolites of stevioside such as steviol (27) or isosteviol, the
isomer of steviol which was reported to be more stable than stevioside (212). Steviol
and isosteviol could inhibit mitochondrial enzyme activity, oxidative phosphorylation
(251, 254), the oxygen uptake and gluconeogenesis in the intact isolated rat renal
tubules (253). However, a definitive explanation for this discrepancy is still lacking.
The most likely mechanism responsible for the inhibition of Jpay, that was
seen in the present study, is that stevioside acts directly on the anion transporter
system for PAH uptake at the basolateral membrane to inhibit PAH entry into the
renal proximal tubular cells. This is consistent with the observations using rat renal
cortical slices (23) and rabbit renal proximal tubule suspensions (21) where stevioside

inhibits PAH accumulation into the renal cortical slices and proximal tubule
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suspensions. A direct correlation between PAH accumulation and the transepithelial
transport rate of PAH has been reported (94). In other words, the amount of PAH
entry into the renal proximal cell at the basolateral membrane sets the rate at which
PAH can be secreted into the lumen. Thus, the present data are compatible with the
inhibition of PAH entry at the basolateral membrane, which is the rate-limiting step
for the transepithelial transport of PAH.

It needs to be pointed out that the concentration of stevioside used in the
present study (0.7 mM) to produce a significant inhibition of transepithelial transport
of PAH in isolated perfused rabbit renal proximal tubules is higher than that used in
the previous studies (0.1 mM) by Toskulkao et al. (23) and Limpanichakul (21). The
difference may be due to the difference in the animal models used, as well as to the
purity and sources of stevioside. The purity of stevioside used in the present study
(obtained from Sigma Chemical Co., St. Louis, MO) was more than 95%, whereas the
stevioside used in the previous studies (21, 23) was about 90%. It is possible that
contaminants may be responsible for the effects observed, rather than stevioside itself
(2). The major known impuriteis are rebaudioside A-E (2, 4). However, further study
needs to be performed to elucidate the effect of these impurities.

To examine the interaction of stevioside at the basolateral PAH transporter of
rabbit renal proximal tubules, a kinetic study of PAH transport was performed to
obtain the K, value (the concentration of PAH in the bath at which a transporter
moves a solute at half its maximal rate) and the Jy.x value (the rate at which a
transporter operates when fully saturated by PAH). The Ky, value for PAH uptake

into the rabbit renal proximal tubule suspensions in the present study was about 200-
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300 uM and the J, was approximately 4-6 nmol/min/mg of tubule protein. The
values obtained from this study were close to those reported previously, where the Ky,
value was in the range of 100-200 uM (54, 62, 274) and the Jpax value was 5.3
nmol/mg/min (274) for PAH transport in intact renal tubules of rabbits (both in single
tubules and in tubule suspension). The results obtained from the kinetic study of this
study showed that stevioside exhibited a competitive inhibition with PAH uptake
across the basolateral membrane. Thus, it is possible that stevioside at a concentration
of 0.7 mM inhibited the transepithelial transport of PAH by interfering with the
binding of PAH with the PAH transporter at the basolateral membrane. It needs to be
pointed out that the K; value of stevioside for PAH uptake is 1.45 mM, which is
higher than the concentration that significantly inhibited transepithelial transport of
PAH (0.7 mM) in the present study. That would indicate that a 50% inhibition of Jpay
would be observed with a concentration of stevioside equal to K; for the PAH uptake,
if we could use stevioside at that concentration (1.45 mM). If this occurs, it will
support the direct inhibition or interference of stevioside with PAH at the basolateral
entry step, the rate-limiting step for the transepithelial transport of PAH.

It has been reported that only a small amount of stevioside taken orally is
absorbed into the plasma (224). Thus, it is unlikely that at the normal human daily
consumption rate of approximately 2 mg/kg BW (234), stevioside concentrations in
the plasma or in the kidney would rise to levels that would severely impair renal
function. Therefore, stevioside may be capable of therapeutic use in the future.
However, further investigations should focus on the purity of stevioside to be used

and on the effects of the metabolites from its degradation in the body.
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The Effect of Steviol and Its Mechanism of Action on PAH Transport in Rabbit
Renal Proximal Tubules

It is known that dimethylsulfoxide (DMSO) is a good solvent that promotes
the solubility of hydrophobic substances. Although it is used extensively for this
purpose, it was reported to have certain biological effects, such as growth inhibiton of
Hela cells in culture (275), lowering of blood pressure (199) and producing diuresis in
newborn rabbits (276). Treatment with 4.5 ml of 100% DMSO/kg BW, i.p., 5 days
per week for 3 weeks in mice caused cardiotoxicity (277). In addition, DMSO at a
concentration of 10% (v/v) or higher caused inhibition of Na*-K* ATPase activity by
about 30% (199, 200, 278). Since the steviol used in the present study was dissolved
in DMSO, the effect of the DMSO used in the medium on Jpay was also examined.
The effect of 0.125% (v/v) of DMSO, the maximum concentration used in the
perfusion study, on Jpay was determined throughout the period of experiment (65
minutes) as shown in Figure 12. The results showed that DMSO used at this low
amount did not affect proximal tubular function. That helps to conclude with
certainty that the reduction in Jpay observed after steviol treatment resulted from the
effect of steviol itself, and the DMSO used was not involved. Moreover, a control
solution containing DMSO with the same concentration used to dissolve steviol at
each concentration was used to bathe and perfuse the tubule during the control and
recovery periods as their own control. Steviol in the bathing medium displayed an
inhibitory effect on Jpay in a concentration-dependent manner (Figure 13). The
maximum inhibition was about 90% with steviol treatment at concentrations of 0.05

mM or higher. These results indicated that steviol depressed the transepithelial
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transport of PAH of rabbit renal proximal tubules almost completely. It was found
that the basolateral membrane was more susceptible to steviol’s action, since steviol
given in the bathing medium depressed Jpay to a greater extent than when given in the
luminal perfusate. Steviol at a concentration of 0.01 mM, when it was present in the
bathing medium, reduced Jpay by about 50-60%, whereas no significant effect on Jpan
was observed during its presence in the perfusate. The higher concentration (0.05
mM) of steviol also showed a different degree of inhibition on Jpan between its
presence in the bathing medium and in the perfusate. The presence of 0.05 mM
steviol in the bathing medium depressed Jpay by about 90%, but when it was present
in the perfusate it depressed Jpay by only approximately 70% (Figures 13 and 15).
From these data, it seems likely that steviol was more effective in depressing the
transepithelial transport of PAH from the basolateral side than from luminal side. The
explanation for this observation is not known. It is probable that luminal steviol can
pass through the luminal membrane of the proximal tubule, reaching the basolateral
side and inhibiting PAH transport at the PAH transporter. Due to its long journey to
the target site, some of the steviol might loss its potency. This is why its effect
observed from the luminal side is less than that on the basolateral side. In contrast,
steviol that was presented on the basolateral side might get to the target site faster,
leading to the higher potency observed. The most likely target site is the PAH
transporter on the basolateral membrane. However, steviol might affect other factors
that involve the transepithelial transport of PAH, for example, energy metabolism
within the proximal tubule and the activity of the Na*-K" ATPase enzyme that

participates in the transepithelial transport of PAH. It should be noted that the
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addition of 0.05 mM steviol to the perfusate depressed Jpay to a similar degree as that
observed when steviol at concentrations between 0.015 and 0.025 mM was added to
the bathing medium. This indicates that only half or less of the luminal steviol
reached its site of action to depress Jpay. Thus, with a concentration of steviol at 0.01
mM in the lumen, only 0.005 mM of it might get to the target site, so that no effect on
Jpan was observed. As mentioned earlier, transepithelial secretion of PAH by renal
proximal tubules involves transport into the cell against an electrochemical gradient at
the basolateral membrane, which is the rate-limiting step, followed by movement
down an electrochemical gradient into the lumen across the luminal membrane. The
net transport of PAH involves ATP and Na*-K* ATPase activity. The results from the
present study indicate that steviol depressed Jpay mainly when it was present in the
bathing medium. This suggests that the basolateral membrane is more susceptible to
steviol’s action than the luminal membrane, and is consistent with the previous
observation using rat renal cortical slice§ (23) in which steviol (>90% pure) inhibited
PAH accumulation into rat renal cortical slices in vitro. Steviol at concentrations
between 1.56-100 uM significantly reduced PAH accumulation by about 26-76%, the
maximum inhibition of PAH accumulation in renal cotrical slices being observed with
50 uM steviol treatment. The present study also found that steviol at a concentration
of 50 uM produced the maximum inhibitory effect on Jpan, although the degree of
inhibition in isolated perfused proximal tubules of rabbit kidney was greater than that
in rat renal cortical slices. However, the mechanisms by which steviol exerted its
effects have not exactly been identified. The possibility that steviol may affect the

exit step of PAH at the luminal membrane can not be ruled-out. We propose that the
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mechanisms responsible for steviol action in the reduction of Jpay might number 4
possibilities, these being:

Firstly:  steviol may act as an inhibitor of Na™-K" ATPase activity at the
basolateral membrane of the proximal tubule, like ouabain, a potent inhibitor of Na'-
K" ATPase.

Secondly: steviol may enter the renal cells and then inhibit metabolic energy
production within the cells, either by itself or by its degradation products.

Thirdly: steviol may act directly on the PAH transporter at the basolateral
membrane, resulting in the reduction of PAH entry into the cell, which leads to the
reduction of Jpay.

Fourthly: steviol may affect the exit step of PAH at the luminal membrane.

To discriminate between these possibilities, further experiments were
performed to study the effect of steviol on Na'™-K" ATPase activity. Steviol at various
concentrations (0.01 and 0.05 mM) as used in the perfusion studies were used to
examine their effects on Na'-K* ATPase activity in rabbit renal proximal tubule
suspensions. The results from the present study showed no significant alteration in
this enzyme activity of rabbit renal proximal tubule suspension, either compared with
its own control value obtained from the DMSO-containing solution or the control
value obtained from a solution without DMSO addition (Figure 16). Moreover, the
higher concentration of steviol (2 mM) had no inhibitory effect on Na™-K* ATPase
activity of rabbit renal proximal tubule suspension either. This high concentration (2
mM) of steviol was reported earlier to inhibit glucose absorption in the inverted gut

sac and in the intestinal ring tissue of hamsters by about 85% and 46%, respectively,
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after a 60-minute incubation (14, 256). In agreement with our results, steviol (2 mM)
also showed no significant change in the Na*-K" ATPase activity of the hamster
intestine (256). However, a previous study (261) found a significant reduction of Na*-
K" ATPase activity in rabbit renal proximal tubule suspensions with steviol (0.5-2.0
mM) treatment of about 10-17%. This discrepancy in results obtained by the same
method as the study and the same animal species used might be due to the difference
in age and body weight of rabbits used. The previous study used young rabbits (BW
only 1.0 —1.5 kg) whereas the present study used mature rabbits (BW 1.5 - 2.5 kg, age
3-4 months). It was noticed that the control value of Na*-K* ATPase activity obtained
in the present study was higher than that of Podprasart’s study ( 8-10 vs 4-5 pmol
Pi/mg of tubule protein/hr). These values were similar to those of previous reports in
both rabbits and rats (75, 174, 186), where the value of Na*-K" ATPase activity was
also reported to be higher in adults than in young animals (174, 186). This might help
to explain the discrepancy mentioned above. In addition, it is possible that young
rabbits might be susceptible to toxic substances more than adults. However, the
depression of Jpay by steviol treatment at concentrations of 0.01 and 0.05 mM, as
observed in the present study, showed no correlation with alteration in Na*-K*
ATPase activity, because no change in the enzyme activity was observed, while Jpan
was inhibited. After removal of steviol from the bathing medium, a slight increase in
Jpan Was detected, but the depression of Jpay did not recover within the experimental
period examined in this study. It is likely that steviol may pass the membrane and
exert its effect within the proximal tubular cell, thus steviol may remain in the

proximal tubule after the removal of stevioside from the media, leading to either a
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permanent or prolonged depression of tubular function after steviol removal. The
molecular structure of steviol is about 2.5 times smaller than stevioside, and is
analogous to that of atractiligenin, the aglycone of atractyloside, which demonstrated
an inhibition of oxidative phosphorylation and translocation of adenine nucleotides in
mitochondria. Steviol is also more hydrophobic than stevioside, which makes it easily
pass across the lipid membrane into the cell. Moreover, steviol was reported to inhibit
glucose absorption in hamster intestine and also to decrease the intestinal mucosal
ATP content (256), which was accompanied by a reduction in mitochrondrial NADH
cytochrom C reductase and cytochrome oxidase activities. The rabbit renal proximal
tubule suspensions treated with 0.01 and 0.05 mM steviol in vitro in the present study
did not exhibit a reduction in intracellular ATP content, in spite of a marked inhibition
of Jpan. A high concentration of steviol (2.0 mM) was found to inhibit NADH
cytochrom C reductase and cytochrome oxidase activities in hamster jejunum (256),
which would affect ATP production. The cell ATP content in rabbit renal proximal
tubules was also markedly inhibited after 20 minutes of 2 mM steviol treatment in the
present study (Figure 17). In contrast, cell AMP content was markedly high (Figure
19), while cell ADP and hypoxanthine, which is the main breakdown products of
AMP, were not significantly changed from control values (Figures 18 and 20). These
results are consistent with the lowered glucose production and inhibition of oxygen
uptake in rat renal cortical tubules treated with 0.5 to 3.0 mM steviol (253). It was
reported that steviol, like atractyligenin, induced a reduction in oxidative
phosphorylation and prevented ADP/ATP translocation in rat liver mitochondria

(254). This mechanism may explain the results observed in renal proximal tubules,
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that the intracellular ATP content was reduced, leading to an accumulation of AMP in
the cell. This is because, when ADP cannot enter the inner mitochondrial membrane,
no ATP is produced from mitochondria, resulting in the dephosphorylation of ADP to
AMP. Moreover, due to the lack of ATP, high concentrations of AMP will occur
because the interconversion of ATP and AMP to ADP is eliminated (279). Therefore,
if steviol inhibits ATP/ADP translocation, mitochondrial ATP production would also
be inhibited. Normally, AMP acts as an indicator for the energy status of the cell.
When ATP is used in energy-requiring processes, this causes the formation of ADP,
leading to an increase in the concentration of AMP (279). Previous studies in
ischemic kidney found a rapid reduction in cortical ATP content (283-285).
Decreased ATP appeared, along with an accumulation of AMP (283-286). Moreover,
it was reported that the AMP, which was markedly high in the tissues under hypoxic
or ischemic conditions, was further hydrolyzed slowly to mainly hypoxanthine in the
rabbit kidney (285, 286) and to a mixture of hypoxanthine and xanthine in the rat
kidney (283, 284). Thus, there is a progressive degradation of adenine nucleotides in
the cells during hypoxic conditions. No accumulation of ADP was detected in the
renal cortex, probably as a result of continued activity of adenylate kinase (287).
Most of the decrease in cell ATP content was initially accounted for by increased cell
AMP content (288). The main breakdown product of AMP was hypoxanthine, which
was found mostly in the extracellular medium (272). It might be due to the exit of
hypoxanthine from the proximal tubular cells. In a study by Mandel et al. in 1990,
neither the ADP nor the AMP contents in the rabbit proximal tubular cells seemed to

change much under 4-minute anoxic conditions in vitro, but significant increases in
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the extracellular AMP and hypoxanthine content occurred during the significant
reduction of cell ATP content in this condition. It was also reported that the
remaining cell ADP and AMP, as well as extracellular AMP contents, were readily
used for resynthesis of ATP during reoxygenation of the proximal tubules in vitro
(272), the cell ATP content was recovered, and the extracellular AMP content reduced
to control levels, whereas extracellular hypoxanthine was still high in the proximal
tubules under reoxygenatipn. The present study with 2 mM steviol treatment in
proximal tubules suspensions showed an increase in cell AMP content, but no
significant alteration of hypoxathine content, either in the cell or in the extracellular
medium, was observed. This might be explained by the shorter duration of
observation and the slower rate of hydrolyzation of AMP to hypoxanthine in this
study. However, the condition used in this study was oxygenation of the proximal
tubule suspensions, the AMP and hypoxanthine content in the cells and extracellular
medium were not high in the control group and stevioside and steviol at lower
concentration treatment groups. This indicates that the proximal tubule suspensions
used in the present study were not in a hypoxic condition. The high concentration of
steviol (2 mM) might inhibit some processes to produce ATP, resulting in a lowered
ATP content in the proximal cells, as mentioned above, and then causing an
accumulation of AMP in the cells, as found in the present experiment. Evidence that
steviol can enter the proximal tubule cells, as reported by Podprasart (261) from RP-
HPLC analysis, supports this responsibility of steviol’s action, but the pathway by
which steviol passes across the cell membrane is not known. Moreover, a

deterioration in renal function was observed in rats after intravenous administration
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of steviol at doses of 1.0 and 3.0 mg/kg BW/hr (28). In addition, intragastric
administration of steviol 5 g/kg BW in hamsters also resulted in an increase in BUN
and creatinine concentrations after 36 hours of treatment. Histopathological
investigation of hamster kidneys revealed a marked degeneration of proximal tubular
cells (227). This nephrotoxicity observed after steviol treatment may be associated
with the conversion of steviol to an active metabolite, oxosteviol, which is a major
product of the oxidation of steviol by a microsomal enzyme (280). Oxosteviol was
also reported to inhibit oxidative phosphorylation in rat renal tubules (253). This is in
good agreement with the reduction of cell ATP content in tubules treated with 2 mM
steviol, as observed in the present study. The decreased energy production in the cell
is able to reduce the Na*-K* ATPase activity, and subsequently produces a reduction
in the transepithelial transport of PAH across the renal proximal tubules. It is
interesting that 2 mM steviol in the present study induced a reduction of cell ATP, but
did not alter the Na*-K* ATPase activity of the proximal tubule cells (Figures 16 and
17). This is probably due to the fact that steviol does not directly inhibit the function
of Na*-K* ATPase. During the time when cell ATP is reduced, the Na*-K* ATPase
activity should also be reduced, but may not be permanently defected. Moreover, the
procedure used for the; Na*-K* ATPase activity determination may not be able to
detect any change because many substrates used during assay procedures are given
maximally, including ATP, so the activity of an enzyme would be at a maximum level
if its function is still normal or there is no structural change of this enzyme.
Nevertheless, the results from the present study showed a decrease in Jpay with 0.01

and 0.05 mM steviol treatment, whereas the activity of Na"™-K* ATPase and cell ATP
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content were not significantly changed at the concentrations of steviol used.
Therefore, the changes in the transepithelial transport of PAH observed in this study
cannot be fully explained by the alterations of these two factors. These results raised
the possibility that there have to be other mechanisms involving steviol action to
result in reduced Jpan. A further experiment was performed to investigate whether
steviol acts on the PAH transporter to inhibit transport of PAH across the basolateral
membrane. The type of inhibition was examined using a kinetic study of PAH uptake
into the isolated renal proximal tubules of rabbits in both the absence and presence of
steviol in the bathing medium. It has been known that the substance or inhibitor that
acts on the binding site of an enzyme or on the transporter of the interested substrate
would cause changes in the affinity of the transporter to the substrate (alter Kp),
whereas the maximum rate of transport (J;,.,) does not change, this type of inhibition
being called competitive inhibition. The values of Ky, and Jax for peritubular PAH
uptake in the present study (217 pM and 6 nmol/min/mg protein) are consistent with
those obtained from previous reports (54, 62, 274). The present study (Figure 26)
showed that the presence of steviol in the bathing medium reduced the affinity (Ky,) of
the transporter to PAH, but had no effect on the maximal transport rate (Jmax).
Therefore, the inhibition of Jpay by steviol was found to be competitive with PAH.
The K; value indicated the high specificity of steviol to the PAH transporter, as seen in
Figure 26. The results from the present study are not capable of demonstrating
whether steviol enters the proximal tubule cells via the PAH transporter or only
interferes with the entry of PAH at the binding site. Based on the knowledge of

substrate specificity to PAH binding site (35), steviol seems to have the appropriate
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molecular structure for binding to the PAH transporter. The hydrophobic ring and one
negative charge from the carboxylic group in its chemical structure might explain the
higher specificity of steviol than stevioside. It needs to be pointed out that the K;
value of steviol for PAH transport was only 7.5 uM, this value being near the
concentration of steviol (10 uM) used in the perfusion studies that exhibited a half-
inhibition of the transepithelial transport of PAH from the basolateral side to the
proximal tubular lumen. These data further confirm that the transport of PAH across
the basolateral membrane is the rate-limiting step for the transepithelial secretion of
PAH. Therefore, inhibition of PAH entry across the basolateral membrane will
depress the transepithelial transport of PAH. Although the exact mechanisms by
which steviol reduced the Jpay in the proximal tubules was not clear, it seems likely
that steviol at low concentrations acted mainly on the basolateral PAH transporter to
depress Jpan. However, higher concentrations of steviol may involve reduction of the
cell ATP content and Na'-K* ATPase activity that work in concert with the
interference with the basal entry step of PAH, leading to the depression of Jpan. It
was not possible to examine the fourth possibility for steviol’s effect on Jpay proposed
earlier, due to the fact that the mechanisms by which PAH exits the cell via the
luminal member is not exactly known (126). This makes it difficult to find an
approach to use in order to examine this possibility. However, this possibility cannot
be excluded. In conclusion, the current study indicates that steviol has a harmful
effect on renal proximal tubular secretory function. This effect was more prominent

when steviol was presented on the basolateral side than on the luminal side.
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The possible mechanisms by which stevioside and steviol reduced Jpay were

suggested and are summarized in Figure 27.
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CHAPTER VI

CONCLUSION

The perfusion technique is an advantage in examining the direct effect of
stevioside and steviol on renal proximal tubular function and in distinguishing
between luminal and basolateral effects of stevioside and steviol. The results obtained
from this study can be summarized as follows:

1. Addition of stevioside at a concentration of 0.45 mM to either the tubular
lumen and the bathing medium or to both at the same time had no effect on the
transepithelial transport of PAH. A higher concentration of stevioside (0.7 mM,
maximum solubility in the buffer medium) inhibited PAH transport only when present
in the bathing solution, but not in the perfusate.

2. Stevioside at a concentration of 0.7 mM depressed the transepithelial
transport of PAH by interfering with the basolateral entry step, the rate-limiting step
for transepithelial transport. It interacted with the basolateral PAH transporter as a
competitive inhibitor. No alterations of Na*-K" ATPase activity or intracellular ATP
content were observed in the proximal tubules treated with stevioside.

3. The lack of a stevioside effect on the transepithelial transport of PAH on
the luminal side and its reversible inhibitory effect on the basolateral side indicate that
stevioside does not permanently change PAH transport. Thus, it does not harm

proximal tubular function.
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4. Addition of steviol to the bathing medium significantly depressed the
transepithelial transport of PAH in a dose-dependent manner which reached a
maximum at a concentration of 0.05 mM.

5. Steviol at a low concentration (0.01 mM) inhibited the net transepithelial
secretion of PAH when it was present on the basolateral side of the proximal tubule,
but not in the tubular lumen. Steviol at a higher concentration (0.05 mM), when
present in the tubular lumen, significantly inhibited the transepithelial PAH transport.
This indicates that steviol produces a toxic effect on proximal tubular function.

6. No alterations in Na*-K* ATPase activity or intracellular ATP content
were observed with steviol treatment at the doses of 0.01 and 0.05 mM that showed a
depression of Jpan. The action of steviol in reducing Jpan seems to be its interference
with the PAH transporter at the basolateral membrane.

7. A very high concentration of steviol (2 mM) has a more toxic effect on
energy metabolism within the cell, therefore, it is probable that steviol enters the

proximal tubular cells and induces a toxic effect on tubular function.
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APPENDIX I

SUCROSE-HEPES BUFFERED MEDIUM

Final concentrations MW for 1 L of medium
250 mM sucrose 3423 85575¢g
10 mM HEPES 238.3 2383 g

Sucrose and HEPES were dissolved in approximately 950 ml distilled water
and then gassed with pure O, for at least 20 minutes. The pH was adjusted to 7.4 with
1 M Trizma-base [tris (hydroxymethyl) amino methane base] (the addition of trizma-
base was stopped when the pH reached 6.8, then was slowly adjusted to pH 7.4).

Distilled water was then added until a volume of 1L was obtained.
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APPENDIX II

BICARBONATE BUFFERED MEDIUM

Stock Volume for

Final concentratigps v concentrations 500 ml buffer
110 mM NaCl 58443 1.1 M (32.1436 g/500 ml) 50 ml
5 mM KCI 7456  0.5M (3.728 g/100 ml) Sml
2 mM NaH,PO4.H,0 137.99 0.2 M (2.7598 g/100 ml) Sml
1 mM MgSO,4.7H,0 24648 0.1 M (2.4648 g/100 ml) 5ml
10 mM CH3COONa.3H,0 136.08 1 M (6.8040 g/50 ml) 5ml
1.8 mM CaCl,.2H,0 147.02 0.18 M (2.6464 g/100 ml) 5ml
8.3 mM D-glucose 180.16 0.83 M (7.4766 g/50 ml) Sml
5 mM L-alanine 89.09 0.5 M (2.22725 g/50 ml) Sml
1 mM Na-citrate 210.14 0.1 M (1.0507 g/50 ml) S5ml
1.5 mM Na-lactate 112.1  0.15 M (0.8408 g/50 ml) 5 ml
1 mM Na-Malate 160.0 0.1 M (0.8000 g/50 ml) 5 ml
0.9 mM glycine 75.07 0.09 M (0.6756/100 ml) 5ml

25 mM NaHCO; = Weighed this out and added to the mixture of the above solution
(1.05 g/500 ml of medium)

The above compounds were mixed and then distilled water was added until

the volume was near 500 ml, then it was bubbled with 5% CO, and 95% O, for at
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least 20 min. The pH of buffer was then adjusted to 7.4 and the final volume was
adjusted to 500 ml with distilled water.
The bathing medium for the microperfusion experiment contained 3 g of

dextran per 100 ml of bicarbonate-buffered medium.
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APPENDIX III

BICARBONATE-HEPES BUFFERED MEDIUM

Final concentrations

115 mM NaCl

10 mM HEPES
1 mM L-alanine
5 mM Glucose
2 mM Heptanoic acid
4 mM Na-lactate
5 mM Maleic acid
5 mM KCI
2 mM NaH,PO4.H,O
1 mM MgSO4.7TH,0

1 mM CaCl,.2H,0

58.443

238.3

89.09

180.16

130.2

112.1

160.0

74.56

137.99

246.48

147.02

Stock

solutions

1.15M (16.8024 g/250 ml)

0.1 M (5.9575 g/250 ml)
0.1 M (0.4455 g/50 ml)

0.5 M (4.504 g/50 ml)

0.4 M (2.242 g/50 ml)
0.5M (4 g/50 ml)

0.5 M (3.728 g/100 ml)
0.2 M (2.7598 g/100 ml)
0.1 M (2.4648 g/100 ml)

0.1 M (1.4702 g/100 ml)

Volume of stock
for 500 ml
buffer
50 ml

50 ml

Sml

Sml

0.13 ml

Sml

S5ml

S5ml

Sml

5ml

Sml

NaHCOs; 0.12 g/100 ml (w/v) was weighed and added to the buffered solution

and gassed with 5% CO; and 95% O,. The pH of medium was then adjusted to 7.4

with 1 N NaOH.
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APPENDIX IV

ENZYMATIC DIGESTION SOLUTION

The digestion solution was prepared from 150 units/ml collagenase type IV,
0.2% (w/v) bovine serum albumin and 10 mM deferoxamine mesylate. The volume
was made up to 25 ml with bicarbonate-HEPES-buffered medium, then kept on ice

and gassed with 95% O, and 5% CO; until used.
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APPENDIX V

PERCOLL GRADIENT SOLUTION

The solution used for the separation of proximal tubules from other
contaminants such as distal tubules, glomeruli and cell debris, contained 40% (v/v)
percoll (Pharmacia Biotech AB) in a bicarbonate-buffered medium. This solution was
prepared by mixing 14 ml of percoll with 14 ml of 2 x concentration of bicarbonate-
buffered medium and 7 ml of bicarbonate-buffered medium. The pH was adjusted to
7.4 at 4°C with 1 N HCL. The percoll solution will precipitate if NaOH is added to the
solution. Thus, it was important not to let the pH drop to below 7.4 when adjusting

the pH.
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APPENDIX VI

PROTEIN DETERMINATION

The method used for determination of protein content in the proximal tubules

was modified from Lowry’s method using Folin Phenol reagent (Lowry et al. 1951).

REAGENTS

1. Solution A (alkaline tartrate reagent)

This solution contained the following substances:

Na,CO;3 100 g
Na2C4H4O6.2H20 0.1 g
NaOH 12 g

These substances were dissolved in distilled water to make a 500 ml solution.
2. Solution B (0.5% (w/v) copper sulfate)

This solution contained 0.5 g of CuSO4.5H;0 dissolved in distilled water to a
final volume of 100 ml.
3. Solution C was freshly prepared before assay time. It contained a mixture of
solutions A and B in a ratio of 50:1.
4. Solution D (1 N Folin phenol reagent)

This solution was prepared from 2 N Folin Ciocaiteu Phenol reagent diluted
with distilled water in a ratio of 1:1. This solution was used immediately after its

preparation.
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5. Standard protein solution

Various concentrations (25, 50, 100, 150 and 200 mg%) of bovine serum

albumin were used to construct the standard curve.

ASSAY PROCEDURES

1. 2 ml of solution C was added into each tube.

2. 40 pl of distilled water (blank) or standard protein or sample (unknown) was
subsequently added and mixed well with a vortex mixer and then left at room
temperature for 10 min.

3. 0.2 ml of solution D was added and mixed thoroughly, then let stand for 60 min at
room temperature.

4. Optical density at 650 nm was read by a spectrophotometer (Jasco model 7850,
Japan Spectroscopic Co., Ltd.)

5. The concentration of protein in samples was determined from the linear equation

of the standard curve.
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APPENDIX VII

DETERMINATION OF Na*-K*ATPase ACTIVITY

This assay consisted of 2 stages of reaction, namely, the generation of

inorganic phosphate (P;) during ATP hydrolysis (ATP __Ail_’a_se__) ADP + P;), and

the color development of P; using the modified method of Fiske & Subbarow.

Since Na'-K* ATPase activity is ouabain-sensitive ATPase activity, its
magnitude can be determined from the difference between total ATPase activity and
ouabain-insensitive ATPase activity, which is the remaining ATPase activity after the

addition of ouabain to the assay solution.

REAGENTS
1. 2 x-concentrated buffer:
This buffer consisted of 200 mM NaCl, 20 mM KCl, 10 mM MgCl; and 167

mM Tris base. It was prepared as follows:

MW g/0.5 L of buffer

NaCl 58.44 5.844
MgCl; 203.33 1.017
KCl 74.56 0.746
Tris base 121.10 10.112

The pH of the buffer solution was adjusted to 7.4 with HCI and kept in the

refrigerator.
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2. 30 mM ATP (disodium salt, MW 551.1)

This was prepared by dissolving 165.33 mg of ATP in 10 ml of distilled
water. It was kept in aliquots at —70°C.

3. 100 mM EDTA (disodium salt, MW 372.24)

This solution was prepared by dissolving 3.7224 g of EDTA in distilled water
to the volume of 100 ml. The pH was adjusted to 7.4 with NaOH, and kept in the
refrigerator.

4. Assay mixture

This solution was made freshly daily before use. It consisted of 5 parts of 2x
buffer, 1 part of 30 mM ATP, 0.3 parts of 100 mM EDTA and 4 parts of distilled
water.

5. Assay mixture containing 2.5 mM ouabain (MW = 728.79)

1.8220 mg of ouabain octahydrate was added to each ml of assay mixture.
The pH of this solution was maintained at 7.4. This solution was also freshly
prepared daily before the assay.

6. 5% (w/v) trichloroacetic acid (TCA, MW = 163.39)

5 g of TCA was dissolved in distilled water to a final volume of 100 ml. It
was kept in the refrigerator until used.
7. Phosphate stan(iards

KH,PO, (MW 136.09) of the highest quality available was used to prepare
the standard stock at a concentration of 100 mM and kept in aliquots at <70°C. The
concentrations of standards, 5, 10, 20 and 30 mM, were prepared from dilutions of the

standard stock.
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8. Reducing reagent: Fiske & Subbarow reducer (Sigma, #661-8)

This reagent was freshly prepared daily by dissolving 25 mg of Fiske &
Subbarow reducer in 1 ml of distilled water. After the preparation, the solution was
kept in a dark or an aluminum foil-covered container.

9. Sulfate-Molybdate reagent

This solution contained 1 part of 2.5% (w/v) ammonium molybdate, 1 part of

5N sulfuric acid (H,SO,), and 6 parts of distilled water. After preparation, it was

stored at room temperature.

ASSAY PROCEDURES

Each sample assay was made in quarduplicate; two for total ATPase assay
using the assay mixture, and the other two for an ouabain-insensitive ATPase assay
using ouabain to inhibit Na*™-K" ATPase activity. An assay mixture containing 2.5
mM ouabain was used for the latter.

Reaction I: generation of P;

1. 0.5 ml of assay mixture was placed in 2 tubes for each sample and the
other 2 tubes were filled with 0.5 ml assay mixture containing ouabain. These tubes
were placed on ice.

2. 25 ul of sample was added to each tube mentioned above. For blank
tubes, 25 pl of distilled water was used instead of sample. They were mixed well with
a vortex mixer.

3. The reaction was initiated by incubation at 37°C for 1 hour.
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4. At the end of the incubation period, the reaction was quenched by the
addition of 0.5 ml of 5% TCA to the mixture.

Reaction II: color development of Pi using Fiske & Subbarow

1. 3 ml of sulfate-molybdate reagent was added to each of the above reaction
tubes and mixed well with a vortex mixer.

2. 50 pl of reducing agent was then added and mixed again. Subsequently,
the tubes were allowed to sit at room temperature for 30 min.

3. The denatured protein was removed from each assay tube by
centrifugation at a speed of approximately 2,000 rpm for 5 min to prevent interference
with absorbance reading from protein.

4. The optical density was measured at 660 nm using a spectrophotometer
(Jasco Model 7850, Japan Spectronic Co., Ltd.)

The concentration of P; liberated from the ATPase activity of each sample
was obtained from the graph plotted between absorbance VS concentration of
standard phosphate. The amount of P; generated from Na*-K" ATPase activity was
calculated from the P; generated by total ATPase activity minus that of ouabain-
insensitive ATPase activity. The unit of ATPase activity was expressed as pumol

P;/mg protein/hr.
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APPENDIX VIII

DETERMINATION OF “C-PAH

Carbon-14 (**C) is a radioisotope which dissipates low-energy beta-particles,
with a half life of more than 5,000 years. Determination of the radioactivity in the
sample was performed by diluting the sample containing 1 with a liquid scintillation
fluid. The solvent molecules in the scintillation fluid function to absorb energy from
the electrons and raise its energy level to the excited state. Emission of a photon of
light happens when its energy level returns back to ground state. One or more
fluorescent compounds (fluors) in a scintillation fluid will shift the emitted
wavelength to a longer range that is more readily detected by the liquid scintillation
counter (LSC). The radioactivity was presented as disintegration per minute (dpm).

Scintillation fluid or cocktail contained:

5.0 g of 2,5-diphenyloxazole (PPO) as primary fluor

0.3 g of 1,4 bis 5-phenyl-2-oxalzoyl benzene (POPOP) as secondary fluor

500 ml of toluene as a solvent

500 ml of Triton X-100 (p-isooctylphenoxyethanol) as a detergent.
Fluors are not readily solubilized and it may be necessary to stir them
overnight in a fume hood or let them sit at least 2-3 days to get them into solution.

The process of radioactivity counting is shown below

(285 nm) (370 nm) (415 nm)

ey Toluene* PPO* POPOP* light detected by LSC
(solvent) K (1° fluor) K (2° fluor) K

Toluene PPO POPOP
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PROCEDURES

1. 0.1 ml of distilled water was added to a vial followed by the addition of collected
sample (80-120 nl).

2. 1 ml of cocktail was filled and mixed well by using a vortex mixer.

3. The above vial was placed into the scintillation glass vial and the radioactivity
counted by a B-counter for 10 minutes.

4. Background value was subtracted from the count before being converted to the
amount of "*C-PAH.

In order to determine “C-PAH in proximal tubules during kinetic study, the
proximal tubular cells were overlaid on a glass microfiber filter. The filter was placed
in a glass scintillation vial and the tubules on the filter were solubilized with 1 N
NaOH for at least 3 hours or until no tissue was observed on the filter. This solution
was neutralized with 1 N HCI (using an equal volume to 1 N NaOH). 5 ml of
scintillation fluid was added to the vial, mixed well by using vortex mixer and then

the radioactivity was counted for 10 minutes.
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APPENDIX IX

MAKING PIPETTES FOR PERFUSION STUDY

1. Left hand set

1.1 Holding pipette

This pipette was made of a glass tube (O.D. 3 mm). After using the general
vertical puller to make one end of the tube small and sharp, this end of the tube was
then made to have 2 constrictions, as shown in figure 28, using a microforge. The tip
of the pipette was 35-40 pm in diameter, which fitted properly with the rabbit renal
proximal tubule.

1.2 Perfusion pipette

This pipette was made of a glass tube with a 1.2-1.5 mm O.D. The tube was
bent to 90° with a Bunsen Burner after pulling its end with the vertical puller. The
pulled pressure pipette, which was made of a glass tube (O.D. 0.018” and LD. 0.0127),
was inserted into the perfusion pipette at the created opening on the bending site, as
shown in figure 28, and these two glass tubes were sealed in the appropriate position
with epoxy glue. The PE-20 (5-6 cm long) was connected to the end of the pressure
pipette and a PE-190 \(6—7 cm Jong) was attached to the end of the perfusion pipette.
The tip of the perfusion pipette was sharpened with a microforge to obtain a final
diameter of 10-15 um, which could be inserted into the lumen of the renal proximal

tubule.
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(a) Holding pipette (b) Perfusion pipette
-PE-20
i
B o
PE-190
Perfusion pipette
- 35-45 um Pressure pipette
(c) Collecting pipette
Diameter 10-15 pm

I——— Diameter 30-35 pm

Figure 28. The illustrations of a holding pipette (a); a perfusion pipette (b);

and a collecting pipette (c).
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2. Right hand set

2.1 Collecting pipette

This pipette was made of a glass tube with an outer diameter of 1.2-1.5 mm.
The shape of the reservoir was made by heating the glass tube with a microforge to
obtain a reservoir neck with a diameter of 300-350 pm (this size was large enough to
allow the sampling pipette to freely pass through). The end of the tip was 30-35 um
in diameter, as shown in figure 28.
3. Samplingb pipette (use for collecting samples from collection side)

This was made of a thin glass tube with a thick wall. Its outer diameter was
around 200 pm and the length was 18-20 cm. The end of the tube was made to a
round tip with a thin wall using a microforge. A 2 cm long PE-10 tube was attached
to the end of the sampling pipette and then inserted to a 35-40 cm long the PE-50

tube. The other end of PE-50 was connected to a needle (No. 23 gauge, 1” long).

Calibration of sampling pipette

- Scintillation vials were prepared; each was added with 0.1 ml H,O (at least
3 vials for 1 sampling pipette).

- *H,0 solution of known activity (dpm/nl) was prepared.

- A syringe was connected to the needle at the end of the sampling pipette,
the syringe was drawn to partially fill the sampling pipette with *H3O solution, then
the syringe was disconnected from the needle.

- The length of the solution in the pipette was measured using a special steel

ruler.
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- The solution was blown out into the vial containing 0.1 ml HO, and

pulled in and out 2 or 3 times to wash out *H;O into the vial.
| - The sampling pipette was rinsed several times with distilled water and

dried with acetone.

- At least triple determination was done for each pipette.

- Scintillation fluid was added to each vial containing HyO and *H;0
solution (sample); It was then shaken well.

- 3H in each vial was counted for 20 min using a B-counter.

- The conversion factor for each pipette was calculated using the following

equation:
DPM of sample < 1 nl of solution
mm length of solution DPM/nl of H;O { mm length in
in sampling pipette solution sampling pipette

- The values of triple determination for each pipette were averaged and used

as a conversion factor for each time of sample collection.

System set up
1. Right hand set

- Tape was\ attached around the collecting pipette at the site that would be
inserted for fixing on the manipulator.

- The end of collecting pipette (cylindrical end) was inserted into the fitting

on the right hand manipulator, and gently screwed in for fixing.
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.2. Left hand set

- The perfusion pipette set was introduced into the left hand manipulator
using a 1.2-1.5 mm open glass tube to guide the tip of the pipette through the system
fittings.

- The perfusion pipette set was fixed on the manipulator with epoxy glue,
with the fine tip of the pipette being allowed to protrude from the system fitting of the
holding pipette.

- The left hand holding pipette was fitted over the perfusion pipette and
centered under the microscope while rotating the holding pipette, its tip being filled

with distilled water.

N\

Perfusion pipette

Sampling pipette

Pressure pipette
/ Collecting pipette
m Tubular segment

Holding pipette

Figure 29. An illustration of the system for perfusing the tubular segment using the

in vitro microperfusion technique.
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APPENDIX X

PERFUSION & COLLECTION OF SAMPLES

The isolated proximal tubules were transferred to a bathing chamber
containing a bicarbonate-buffered medium with 3 g/100 ml dextran. Before hooking
the tubule on the holding pipette, the perfusion set was filled with a bicarbonate-
buffered medium filtered through a 0.22 um Millipore filter (type GS). One end of
the isolated tubule was hooked on the holding pipette by gentle suction using a syringe
connected to the line from the fitting part of the holding pipette. The tip of the
perfusion pipette was introduced into the tubular lumen so that the perfusate could
flow from this end to the other end of the tubule. The collecting pipette was fixed to
the other end of the tubule using a PE-tube-attached syringe connecting to the
collecting pipette, and the other end of the tubule was gently sucked into the tip of the
collecting pipette. During suction, a glass needle was used to gﬁide the end of the
tubule near the opening of the tip of the pipette. The fluid (perfusate) flowed from the
perfusion set through the tubular lumen and accumulated in the reservoir of the
collecting pipette. This luminal fluid was collected by gently introducing the
sampling pipette int(; the reservoir of the collecting pipette and slight suction applied
with the syringe connected to the sampling pipette in order to empty the reservoir.

The length of collected fluid in the sampling pipette was measured and recorded.
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