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SUMMARY

1. The effect of phlorizin on glucose, water and sodium handling by the kidney in
anaesthetized rats was investigated, using clearance techniques, during infusion of
saline (200 j1. min-') or saline to which either low (0 1 smole kg body weight-'
ml.-') or high (1.0 molee kg body weight-' ml.-') doses of phlorizin had been added.

2. Phlorizin increased the absolute and fractional excretion of glucose, urine
osmolality and negative free water clearance; and reduced urine flow rate, glomerular
filtration rate (GFR), absolute and fractional excretion of sodium, absolute excretion
of sodium, absolute excretion of potassium and absolute and fractional rates of
glucose reabsorption.

3. The data indicate that phlorizin has sites of action and effects additional to
those on glucose transport in the proximal tubule.

4. Within each series there was a positive correlation between sodium and glucose
reabsorption; but the rate of glucose reabsorption was different between each series
even though the sodium reabsorption was not.

5. It is suggested that since both sodium and glucose reabsorption correlate with
GFR, they may be related via GFR.

6. The data indicate that for the whole kidney any effect of glucose on sodium
transport is small relative to total renal handling of sodium.

INTRODUCTION

The conventional description of glucose handling by the mammalian kidney
(Smith, 1951), active proximal tubular reabsorption up to a constant maximum
transport rate (TmG) which, at normal plasma glucose concentrations, sufficiently
exceeds filtered load as to permit excretion of glucose-free urine, has required
modification in several respects: first, there is evidence that TmG is not constant,
but alters with changes in glomerular filtration rate (GFR) and in extracellular fluid
volume (see reviews by Kurtzman & Pillay, 1973; Morel & de Rouffignac, 1973; and
secondly, there is evidence that, as originally proposed by Crane (1962) in respect
of glucose transport in the intestine, sugar reabsorption in the kidney may not be
a primary, independent process but occurs by a transport mechanism coupled to
transmembrane flux of sodium ions.
The abundant evidence that sodium is required for renal absorption of glucose has

been presented in several recent reviews (e.g. Ullrich, 1976; Silverman, 1976). But,
the sparse evidence as to whether the converse applies, that glucose is necessary for
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normal tubular reabsorption of sodium, is less consistent. Thus, while demonstrations
of an effect of glucose on proximal transtubular potential difference (Kokko, 1973;
Fr6mter & Gessner, 1974; Cardinal, Lutz, Burg & Orloff, 1975) have been interpreted
in terms of an influence of glucose on sodium co-transport, such studies provide no
information as to the quantitative significance of glucose-influenced sodium move-
ment relative to total proximal tubular sodium reabsorption. Such information as is
available from micropuncture experiments on rat kidney is inconsistent, and includes
descriptions of a marked effect of glucose on proximal tubular reabsorption of fluid
(Weinman, Suki & Eknoyan, 1976) and no significant effect (Green & Giebisch, 1975;
Bishop, Green & Thomas, 1975, 1978).

Similarly, at the level of the whole kidney, few studies have been designed speci-
fically to examine the influence of primary changes in glucose handling on sodium
excretion; and again, the results vary in respect of quantitative significance and of
interpretation. Thus, in experiments on the isolated, perfused rat kidney, changes
in glucose transport have been shown to be accompanied by changes in sodium
handling, but the effect has been ascribed to indirect, metabolic consequences of
changing glucose availability as substrate rather than to sodium-glucose co-transport
(Trimble & Bowman, 1973; Ross, Frega & Leaf, 1976).
The present study presents data concerning glucose and fluid handling at the level

of the whole kidney of the rat as influenced by phlorizin, considered to be a relatively
specific competitive inhibitor (Frasch, Frohnert, Bode, Baumann & Kinne, 1970) of
sodium-dependent glucose transport in the kidney (Lotspeich, 1960; Alverado &
Crane, 1964). The protocol has been influenced by three main considerations: (a) to
vary renal glucose reabsorption (by use of phlorizin) while minimizing the effects on
glucose handling induced by changes in body fluid volume (see above); (b) to
examine possible effects of phlorizin on renal functional parameters (GFR, water and
solute handling) additional to primary changes in glucose; and (c) to provide
information from whole kidney experiments pertinent to planning micropuncture
experiments on nephron segments. Preliminary data concerning micropuncture
experiments on the proximal tubule (Bishop et al. 1975) and loop of Henle (Bishop,
Green & Thomas, 1976) have been reported.

METHODS

Experiments were performed on male Sprague-Dawley rats weighing 140-180 g, which had
been fasted for 16 h before the experiment but had been allowed free access to water. The rats
were anaesthetized by an intraperitoneal injection of Inactin (Promonta Corp., Hamburg,
Germany), 120 mg kg body weight-', and placed on a temperature-controlled operating table
which maintained body temperature at 37 IC.

Catheters (Portex plastics, Hythe, Kent) were inserted into the left jugular vein (PP10) for
administration of priming and maintenance infusions and into the right carotid artery (PP50)
for recording blood pressure (via a Statham P23 DC transducer and a Grass P7 polygraph). To
ensure a clear airway, a tracheostomy was performed. The bladder was catheterized via a supra-
pubic incision taking care to ensure that the bladder dead space was reduced to a minimum and
that the urethra was tied.

Saline solutions (150 mm) were administered i.v. as a priming dose (0.8 ml. containing
[3H]inulin, 20 puc ml.-') during the surgical procedures; and as sustaining infusion at 200 1d.
min' (containing [3H]inulin, 5 juc ml.-') beginning as soon as the jugular catheter had been
inserted. Three series of experiments were performed.

(1) Controls. Priming dose of saline and maintenance infusion as above.
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(2) Phlorizin, low do8e. Priming dose of saline contained phlorizin (K & K Rare Chemicals,

Liverpool) 2 molee kg body weight-1; maintenance infusion contained phlorizin, 0 1 Emole kg
body weight-' ml.-'.

(3) Phlorizin, high do8e. Priming dose of saline contained phlorizin, 20 molee kg body weight-';
maintenance infusion contained phlorizin 1 0 molee kg body weight-' ml.-.
The first hour of continuous infusion after completion of surgery was allowed for equilibration.

Subsequently, urine was collected every 15 min for the next 175 hr into preweighed glass tubes
containing a little liquid paraffin. Urine volume was determined gravimetrically. Blood samples
(obtained from the tail vein during, and by direct cardiac puncture at the end of, the experiment)
were heparinized and centrifuged to give plasma samples for analysis.

[3H]inulin was counted in a liquid scintillation counter (Intertechnique model SL30, Paris)
with a scintillant containing 5 ml. PCS (Amersham Searle, Arlington Heights, Illinois, U.S.A.),
5 ml. toluene A.R. and 0 5 ml. deionized water. Ten ul. aliquots of urine and plasma were counted.
Sodium and potassium concentrations were measured in suitably diluted samples of blood and
urine by flame photometry (EEL 150; Halstead, Surrey) and osmolality measured by freezing
point depression (Advanced Osmometer Model 2LS, Advanced Instruments, Mass., U.S.A.).

Glucose was measured using the hexokinase, glucose-6-phosphate dehydrogenase method
(Bergermeyer, 1963): 40 ml. ATP (8.25 molee ml.-'); 60 ml. NADP (2-62 ,mole ml.-');
25 ml.MgCl2 (8.2 srnole ml.-' in Tris buffer pH 7-6); 5 ml. hexokinase (88 units ml.-'] and
170 ml. Tris buffer (0.1 M, pH 7 6) were mixed. To 3 ml of this mixture were added 25 a1d.
of a suitably diluted sample of plasma or urine and 25 1d. glucose-6-phosphate dehydrogenase
(70 units ml.-'). After 30 min at room temperature the fluorescence was read against appropriate
standards on a spectrophoto-fluorimeter (Aminco, Silver Springs, Md. U.S.A.) using excitation
at 360 nm and emission 440 nm.
GFR was calculated as clearance of inulin, Cin = (Un V)/PIt, and then used to calculate

the filtered load of a substance = Cj. P.; reabsorptive rate = (Cin.P.) - (UV.); fractional
reabsorption = Win. P.)( U. V))/(C.in FP); and fractional excretion = 1 - fractional reabsorption
where U,. is the urinary and P,. the plasma, concentration of inulin; U. the urinary, and P. the
plasma, concentration of substance X; and V the urinary flow rate. Urine and plasma osmolalities
were used to calculate negative free water clearance as

0H20
= v~l~UoTD1

[(H20 is the free water clearance, POam is the plasma, and U.,, the urinary, osmolality].
Values are presented as mean + S.E. Statistical analyses are described in Results.

RESULTS

All rats maintained a mean blood pressure greater than 100 mmHg (14 kPa);
there were no significant differences between the series. Plasma sodium and potassium
concentrations were not significantly influenced by phlorizin (Table 1). Plasma
glucose concentration was significantly lower in both phlorizin series (Table 1),
presumably reflecting urinary loss of glucose.
Mean values for GFR, urine flow rate and for renal parameters concerning sodium

and glucose handling are presented for all collection periods in Figs 1-3. Analysis of
variance was performed in order to examine the effects of dose of phlorizin and of
duration of infusion on the various renal parameters. With few exceptions. duration
of infusion of phlorizin proved to have no consistent, statistically significant effects
on these parameters; i.e. the initial equilibration period was adequate. Accordingly,
subsequent mean values in the text are derived by pooling the values from each
collection period.
In contrast, dose of phlorizin had a significant influence on the magnitude of the

response for most parameters (Table 2). Subsequent textual statements concerning
statistical significance relate to Table 2.
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Flow rate was highest (mean 168 #1. min-) in the control series; with phlorizin,

flow significantly decreased to mean values of 142 in series 2 and 121 #1. min-' in
series 3. GFR was also significantly lowered by increasing dose of phlorizin from
a mean 1P68 ml. min- with controls to 1*63 in series 2 and to 1-48 ml. min- in
series 3. Urine osmolality increased from a mean of 319 in the control series to 372 in
series 2 and 396 in series 3 (all m-osmole kg water-1); but there were no significant
differences in plasma osmolality between series (Table 1). The negative free water
clearance was significantly increased from a mean of 6 for the control series to
25 #1. min-' for series 2, but there was no further change in series 3 (mean 22 Aul. min-).

TABLE 1. Plasma concentrations at termination of experiment (mean ± s.E.)

Osmolality
Sodium Potassium Glucose (m-osmole

Series n (m-mole 1.-i) (m-mole 1.-i) (in-mole 1.-i) kg water-')
1. Control 6 133-5+1-5 5.77+0-21 4-52+0-45 305 + 6
2. Phlorizin

(lowdose) 7 131-0+2±3 6-10+0.78 3-58+0.18* 304+2
3. Phlorizin

(high dose) 7 135-3+2-4 5-68±0-54 3.36+0.15* 302± 3

The high potassium values (mean + S.E.) in series 2 are due to one high value which may have
resulted from haemolysis of the sample.

* Significantly different (P < 0.05) from control values (t test)

Control Low dose High dose

2

LL

0 J

200

100
0.

0 30 60 90 0 30 60 90 0 30 60 90
Time (min)

Fig. 1. Effects of low and high doses of phlorizin (see Methods) on glomerular filtration
rate (GFR) and urinary flow rate, compared with control experiments. Time zero = end
of 1 hr equilibration period. Values represent mean + S.E. Numbers of experiments are
given in Table 1.

Sodium (Fig. 2)
Although plasma sodium concentrations were not significantly different, the lower

GFR in the two phlorizin series caused reductions in the filtered load of sodium and
were accompanied by significant decreases in the rate of sodium excretion, the
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extent of the latter being significantly greater (Table 2) with the higher dose of
phlorizin. In contrast, the absolute rate of sodium reabsorption (difference between
filtered load and sodium excretion) was not significantly altered.

Expressed as a fraction of the filtered load, sodium excretion decreased with
increasing dose of phlorizin, i.e. fractional sodium reabsorption increased (Table 2,
Fig. 2).

TABLE 2. Effect of increasing doses of phlorizin on renal parameters
(analysis of variance)

Parameter

GFR (ml. min-)
Urine flow (IA. min-)
Urine oamolality
(m-osmole kg water-')
- CR2o (sa1. min-')
Sodium excreted
(PAmole min-)

Sodium reabsorbed
(Pmole min-)

Fractional sodium
reabsorption
Potassium excreted
moleoe min-)

Potassium reabsorbed
moleoe min-)

Fractional potassium
reabsorption
Urinary glucose con-
centration (m-mole 1.-i)
Glucose excreted
(Cumole min-)

Glucose reabsorbed
(Pomole min-)

Fractional glucose
reabsorption
Glucose reabsorption/GFR
(emole ml.-")

Degrees
of

free-
dom Variance

2 0 499
2 29766

2 65907
2 4290

2 365-9

2 3936-6

2 40-17

2 4'16

2 10-60

2 156-0

F p Effect

4-54 < 0 05 Decreased
13-72 < 0 001 Decreased

5-61 < 0 01 Increased
4-43 < 0 05 Increased

10-43 < 0 001 Decreased

1-80 NS

4.43 < 0 05 Decreased

6-84 < 0 01 Decreased

2-10

2-68

NS

NS

106-39 146-9 << 0 001 Increased

2 116-0 305-0 << 0 001 Increased

2 386-2 106-5 < 0-001 Decreased

2 55904 178-3 < 0.001 Decreased

2 138-3 174'8 < 0.001 Decreased

PotaW8ium
The filtered load and rate of excretion of potassium decreased with increasing

dose of phlorizin but to values such that potassium reabsorption, both absolute
and fractional, did not change significantly (Table 2). The quantitative data are not
presented.

Gluco8e (Fig. 3)
As expected, phlorizin had significant effects on glucose handling by the kidney.

Glucose concentration in the urine increased from a mean of 0-19 in controls to
10-77 in series 2 and 30-43 (all m-mole 1.-i) in series 3. The absolute and fractional
excretion of glucose increased with increasing dose of phlorizin and absolute
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Fig. 2. Effects of low and high doses of phlorizin on urinary excretion and fractional
reabsorption (as %) of sodium, compared with control experiments. Details as in Fig. 1.
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Fig. 3. Effects of low and high doses of phlorizin on renal glucose handling, compared
with controls: A, glucose excretion rate; B, glucose reabsorption rate (T0); C, glucose
reabsorption/glomerular filtration rate (T0,/GrFR); D, fractional reabsorption (as %).
Details in Fig. 1.
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reabsorption of glucose concomitantly decreased. Fractional reabsorption of glucose
averaged 99-6% in the control series; this was significantly reduced to about 75%
in series 2 and to about 30 %/ in series 3. For all of these renal aspects of glucose
handling the statistical significance was very high (P < 0.001). To allow for effects
of changes in GFR on glucose absorption, TG/GFR (the amount of glucose reabsorbed
factored by GFR) is also plotted (Fig. 3); the differences in glucose reabsorption
between the series remained very highly significant.

Control Low dose High dose

y=0 0345x+0 696 y=00312 x-1 644 y=0 0331x-4 301
r=0 538 r=0 896 r=0 853
P<0.001 P<0.001 P<0.001

12

C

0. rC 0

.0
4

.

0. 0

100 180 260 100 180 260 100 180 260
Sodium reabsorption (jimole. min 1)

Fig. 4. Relation between glucose reabsorption rate and sodium reabsorption rate in
controls and in experiments with low and high doses of phlorizin. Each value represents
an individual urine collection period. Numbers of experiments as given in Table 1.

When the relationship between glucose reabsorption and sodium reabsorption was
examined, it was evident that for each series there was a highly significant positive
correlation (Fig. 4). The slopes of the regression lines were not significantly different
between series whereas the intercept was (P < 0.001 for each comparison). Thus
even when phlorizin is present, there is a significant relation between glucose and
sodium reabsorption.

DISCUSSION

Although the conventional classical description of glucose handling by the kidney
includes complete reabsorption by the proximal tubules at filtered loads below TmG,
the use of sufficiently sensitive glucose assay methods in the present and other
investigations (Rhode & Deetjen, 1968; Frohnert, Hohmann, Zwiebel & Baumann,
1970; von Baeyer, von Conta, Haberle & Deetjen, 1973; von Baeyer, 1975) makes
it clear that even at normal plasma glucose concentrations, some glucose is
always present in the urine of rats, albeit at low (approximately 0-2 m-mole L.-i)
concentrations. The significance of this in relation to glucose handling by proximal
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convoluted tubule (Bishop et al. 1978) and by more distal segments of the nephron
(J. H. V. Bishop, R. Green & S. Thomas, to be published) will be discussed elsewhere.

Effect of phlorizin on renal function
Increasing the dose of phlorizin increased the absolute and fractional excretion of

glucose, urinary osmolality, and negative free water clearance; and reduced GFR,
urine flow rate, absolute and fractional excretion of sodium, absolute excretion of
potassium and absolute and fractional rates of glucose reabsorption.
The effect of phlorizin on glucose excretion has been known for many years (see

Smith, 1951; Lotspeich & Woronkow, 1958; Lotspeich, 1960) although the dose used
in different species has varied widely; to our knowledge, no dose-response data have
been published for the rat. Huang & Woosley (1968) presented data for the rat using
only our lower doses, which in dogs gives inhibition of glucose reabsorption by
70-80% (Lotspeich & Woronkow, 1958). In dogs, a tenfold increase in phlorizin dose
had little further effect on reabsorption. Smith (1951) collected data which showed
that if given in sufficiently high dose intravenously (349,umole as a single injection),
complete inhibition of glucose reabsorption occurred in both dog and man but this
was accompanied by 'a marked reduction in all clearances by profound circulatory
effects'.
As compared with previous data on dogs the present results show that, for com-

parable low doses, phlorizin has a less marked effect on glucose reabsorption in rats
than in dogs. However, because the range of inhibition of glucose reabsorption proved
to be sufficient for the intended examination of the relationship between glucose and
sodium handling, as discussed below, and because increasing dosage of phlorizin was
accompanied by other effects on the kidney (Table 2) we have preferred not to use
larger doses of phlorizin.
The effect of phlorizin on urine flow rate was surprising. Glycosuria might be

expected to produce an increased urine flow as an osmotic diuretic effect, even though
the amount of glucose excreted was small relative to the glycosuria which occurs at
elevated plasma glucose levels. The reasons for this unexpected decrease in flow rate
are not known but it seems most likely to be secondary to the decrease in GFR.
Although decrease of GFR with phlorizin has been noted at massive doses (see

Smith, 1951), there seems to be no previous report concerning lower doses such as
those used here. Close inspection of the data from individual experiments reported
by others (Lotspeich & Woronkow, 1958; Lotspeich, 1960) shows, however, that the
effect may have been present but was not discussed. The possibility that the decrease
in GFR is secondary to a negative water balance in the initial equilibration period
(1 hr), due to a glucose osmotic diuresis, may be discounted; during this period, urine
flow remained so low that any such effect on water balance was trivial. Alternative
speculations are that phlorizin might exert direct or indirect (via changes in luminal
fluid composition) effects on the macula densa with consequent feed-back reductions
in GFR (Thurau & Levine, 1971); or that circulatory consequences of phlorizin
administration (Smith, 1951) might contribute to changes in cardiac output and so to
changes in GFR. In this respect it has been shown that plasma glucose levels above
180 m-mole 1.-1 are accompanied by increased GFR (Br0chner-Mortensen, 1973);
whether the converse applies is not known.
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As urine osmolality rose with phlorizin dose, the negative free water clearance also
increased. It has been proposed that such changes in negative free water clearance
indicate changes in the ascending limb of the loop of Henle or the distal tubule
(Goldberg, 1973). While such an interpretation is controversial, it does seem reason-
able to infer that phlorizin may be acting at sites other than the proximal tubule and
on substances other than glucose. But whether this effect represents a direct action
of phlorizin on nephron permeability characteristics or secondary effects of glucose on
distal tubular fluid, or effects of phlorizin on other body parameters cannot be
determined. The results of our separate study on proximal tubular handling of glucose,
ions and water (Bishop et al. 1978) provide more direct evidence that even within
this tubular segment, phlorizin has effects additional to those on glucose transport.

Effect of glucose on sodium
The absolute amounts of sodium and potassium reabsorbed were not different

between the three series (Table 2); although because the lowering of GFR in the
phlorizin experiments led to reductions in filtered load, fractional reabsorption of
sodium increased with increasing doses of phlorizin. Fractional reabsorption of
potassium was not significantly different between the series. Thus the thesis that
reduced glucose reabsorption substantially alters sodium reabsorption cannot be
sustained for the whole kindey, at least under the circumstances of the present study.
The absolute amount of sodium reabsorbed was not significantly different between
the three series even though the amount of glucose reabsorbed fell by up to 70-80 o/o
It must be stressed, however, that in absolute quantity, the variation in the amount
of glucose reabsorbed was only 6 jimole min-; and that if any effect of glucose is
mediated solely via the proposed 1:1 stoichiometric relationship between glucose
and sodium (Ullrich, Rumrich & Kl6ss, 1974), the consequent change in the amount
of sodium reabsorbed would have been difficult to detect in a total of approximately
190 /mole min-. The only valid conclusion is that any effect of glucose on sodium
must be small relative to the total amount of sodium reabsorbed. This is in agreement
with the evidence from experiments on frog kidney (Vogel & Kr6ger, 1966; Vogel,
Tervooren & Stoeckert, 1966) in which, while glucose transport was influenced by
primary changes in sodium transport, sodium was not significantly affected by
primary changes in glucose; and also with the conclusions of our micropuncture
study on proximal tubule (Bishop et al. 1978).
However, while the values for sodium reabsorption (means and range of variation)

were essentially similar as between the three series of experiments, there was
a sufficiently wide range of values within any one series to permit examination of
a possible relationship between glucose and sodium reabsorption for that series
(Fig. 4). This showed an apparent relationship between sodium and glucose
reabsorption as was described by Kurtzman, White, Rogers & Flynn (1972). This
might be interpreted as evidence supporting a direct causal relationship. But, in our
view, the present data are more reasonably interpreted on the basis that the relation
between glucose and sodium is, at least in part, an indirect consequence of a more
direct relationship of each to another parameter, namely GFR. Figs. 5 and 6 show
that both sodium and glucose reabsorption correlate well with GFR as previously
described (Kurtzman et al. 1972; Kurtzman & Pillay, 1973). It should be noted that
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the relationship between sodium reabsorption and GFR (Fig. 5) is not significantly
different between series either in slope or intercept and that the correlation was very
high (Pk 094 in all series), indicating that in all three states of glucose reabsorption,
the kidney was achieving glomerulo-tubular balance for sodium. Fig. 6 shows that
there was also a positive correlation between glucose reabsorption and GFR

Control
y=1 24 9x-7 1
r=0 965
P<0.001

1 0 1.5 20 1 0

Low dose

y= 1 35 9x-25-5
r=0 940
P<0.001

1 .5
GFR (ml. min- 1)

2 0

High dose

y=128 lx-5-6
r=0 984
P<0.001

Fig. 5. Relation between sodium reabsorption rate and glomerular filtration rate (GFR)
in controls and in experiments with low and high doses of phlorizin. Details as in
Fig. 4.
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Fig. 6. Relation between glucose reabsorption rate and glomerular filtration rate (GFR)
in controls and in experiments with low and high doses of phlorizin. Details as in Fig. 4.
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(P < 0.001 in all series) and that again there were no significant differences between
the slopes of the regression lines. However, in contrast to the sodium/GFR data,
intercepts were significantly different (P < 0.001 for each comparison), a finding
similar to the relationship between glucose and sodium reabsorption (cf. Fig. 4).

Following the classical studies of renal glucose handling (Shannon & Fisher, 1938),
it has been conventional to factor glucose reabsorption by GFR in order to allow for
differences in GFR between animals. More recently, numerous workers (van Liew,
Deetjen & Boylan, 1967; Keyes & Swanson, 1971; Kurtzman et al. 1972; Schultze &
Berger, 1973; Kwong & Bennett, 1974) have shown that there is no clear TmG when

Control Low dose High dose
y=0 13x-9 16 y=0 12x-9 96

r=0 086 r=0 627 r=0 451
P n.s. P<0*001 P<0 005

8

E~ _ _0 C* '

80 90 10@ 80 00 80 90 10

dose~~~~~~~~~~~~~~

80 90 100 80 90 100 80 90 100
Fractional reabsorption of sodium (%)

Fig. 7. Relation between glucose reabsorption rate/glomerular filtration rate (TO/GFR)
and fractional reabsorption of sodium (as %) in controls and in experiments with low
and high doses of phlorizin. Details as in Fig. 4.

changes in GFR occur and so have used the same factoring. Using this procedure in
examining glucose and sodium handling, an inverse relationship has been demon-
strated between glucose reabsorption/GFR and fractional excretion of sodium
(Kurtzman et al. 1972; Lennon, Lemann, Piering & Larson, 1974). Kurtzman et al.
(1972) showed this for circumstances where the filtered load of glucose was greater
than 1.5 x the reabsorbed load, whereas Lennon et al. (1974) demonstrated the
relationship in man in conditions where the individuals were 'non-glycosuric' to
conventional clinical tests. Although, as discussed above, we consider that our data
indicate that absolute glucose and sodium reabsorption are both related to GFR, we
also present the glucose data in the form of glucose reabsorption/GFR to permit
comparison with the results of previous workers (Fig. 7). In the control series the
correlation between glucose reabsorbed/GFR and fractional sodium reabsorption
was low (r = 0-086) and not significant; indeed when individual experiments are
examined, it is apparent that fractional reabsorption of sodium may vary widely
even when glucose reabsorption/GFR is relatively constant. When phlorizin was
infused and glucose present in increased amounts in the urine, there was a significant
correlation between glucose reabsorption/GFR and fractional reabsorption of sodium
(Fig. 7). There were no significant differences between the two series either in the
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slope of the regression line or in its intercept. Kurtzman et al. (1972) and Lennon
et al. (1974) interpreted their data as showing interdependence of sodium and glucose
reabsorption. But if, as discussed above, absolute glucose and sodium reabsorption
are related mainly via GFR in the circumstances of our experiments, then the
relation between glucose reabsorption/GFR and fractional reabsorption of sodium
within each phlorizin series may represent an indirect consequence of some other
effect; for example, it is conceivable that the osmotic effects of increasing glucose
concentration in distal parts of the nephron may secondarily alter the amount of
sodium excreted.

In apparent contrast with our conclusions, there appears to be no doubt from
electrical studies on proximal tubule (Kokko, 1973; Fromter & Gesssner, 1974;
Burg, Patlak, Green & Villey, 1976) and from studies on isolated brush borders
(Kinne, 1975; Kinne, Murer, Kinne-Saffran, Thees & Sachs, 1975) that there is some
influence of glucose on sodium; but such studies provide no information as to the
quantitative significance of this effect relative to the total renal reabsorption of
sodium. In studies on proximal tubular handling of fluid and glucose, it has been
argued that the data provide evidence of a direct relationship between sodium and
glucose (Burg et al. 1976; Weinmann et al. 1976), but the quantitative significance
of this has been disputed (Green & Giebisch, 1975). Proximal tubular handling of
sodium and glucose is examined in detail in another paper (Bishop et al. 1978).

In conclusion, we consider that for the whole kidney, our data indicate that any
effect of glucose of sodium reabsorption is relatively small, and that it may include
indirect effects acting through changes in GFR, in osmolality of the distal tubular
fluid, or even in renal metabolism. This is in agreement with the work of Vogel &
Kroger (1966) and Vogel et al. (1966) on frog kidney. Considering that glucose re-
absorption is normally essentially complete in the first part of the proximal tubule
(Rohde & Deetjen, 1968), that nephron reabsorption of sodium is influenced by
multiple factors (Green & Giebisch, 1976) and that the sequential reabsorption of
sodium along the nephron displays different characteristics (Jacobson & Kokko,
1976), this is not surprising. Furthermore, even for glucose, segments of the nephron
distal to the proximal convoluted tubule possess transport properties (von Baeyer,
1975; Bishop et al. 1976) that may influence excretion by the whole kidney. It would
appear that while glucose may be required for a fraction of the total sodium
reabsorption, this is not a quantitatively significant factor in sodium balance as
determined for the whole kidney.

We are indebted to Mr K. Fletcher for technical help and the M.R.C. for financial support
(grant no. G973/253/B).

REFERENCES

ALVARADO, F. & CRANE, R. K. (1964). Studies on the mechanism of intestinal absorption of
sugars. Biochim. biophys. Acta 93, 116-135.

BERGERMEYER, H. V. (1963). Methods of Enzymatic Analysis, pp. 117-123. New York: Academic.
BISHOP, J. H. V., GREEN, R. & THOMAS, S. (1975). The effect of glucose on fluid reabsorption in

rat renal proximal convoluted tubules. J. Physiol. 249, 44P.
BISHOP, J. H. V., GREEN, R. & THOMAS, S. (1976). Glucose reabsorption in short loops of Henle

in the rat. J. Physiol. 257, 55P.
BISHOP, J. H. V., GREEN, R. & THOMAS, S. (1978). Effects of glucose on water and sodium

reabsorption in the proximal convoluted tubule of rat kidney. J. Physiol. 275, 481-493.

478



RENAL EFFECTS OF PHLORIZIN
BROCHNER-MORTENSEN, J. (1973). The glomerular filtration rate during moderate hyper-

glycaemia in normal man. Acta med. scand. 194, 31-37.
BURG, M. B., PATLAK, C. S., GREEN, N. & VILLEY, D. (1976). Organic solutes in fluid absorption
by renal proximal convoluted tubule. Am. J. Physiol. 231, 627-637.

CARDINAL, J., LUTZ, M. D., BURG, M. B. & ORLOFF, J. (1975). Lack of relationship of potential
difference to fluid reabsorption in the proximal renal tubule. Kidney int. 7, 94-102.

CRANE, R. K. (1962). Hypothesis for mechanism of intestinal active transport of sugars. Fedn
Proc. 21, 891-895.

FRASCH, W., FROHNERT, P. P., BODE, F., BAUMANN, K. & KINNE, R. (1970). Competitive
inhibition of phlorizin binding by D-glucose, and the influence of sodium: a study on isolated
brush border membrane of rat kidney. Pfiuigerm Arch. 320, 265-284.

FROHNERT, P. P, HOHMANN, B., ZWEIBEL, R. & BAUMANN, K. (1970). Free flow micropuncture
studies of glucose transport in the rat nephron. Pfluigers Arch. 315, 66-85.

FROMTER, E. & GESSNER, K. (1974). Active transport potentials, membrane diffusion potentials
and streaming potentials across rat kidney proximal tubule. Pfluigerm Arch. 351, 85-98.

GOLDBERG, M. (1973). The renal physiology of diuretics. In Handbook of Physiology, section 8,
Renal Physiology, ed. ORLOFF, J. & BERLINER, R. W., pp. 1003-1031. Washington, D.C.:
American Physiological Society.

GREEN, R. & GIEBIsCH, G. (1975). Ionic requirements of proximal tubular transport.
I. Bicarbonate and chloride. Am. J. Physiol. 229. 1205-1215.

GREEN, R. & GIEBISCH, G. (1976). Some factors influencing sodium and fluid reabsorption
in vivo in the proximal convoluted tubule of rats. Proc. 6th Int. Congr. Nephrol., 1975, pp.
96-101. Basel: Karger.

HUANG, K. G. & WOOSLEY, R. L. (1968). Renal tubular secretion of L-glucose. Am. J. Physiol.
214, 342-347.

JACOBSON, H. R. & KOKKO, J. P. (1976). Intrinsic differences in various segments of the proximal
convoluted tubule. J. clin. Invest. 57, 818-825.

KEYES, J. L. & SWANSON, R. E. (1971). Dependence of glucose Tm on G.F.R. and tubular volume
in the dog kidney. Am. J. Physiol. 221, 1-7.

KINNE, R. (1975). Polarity of the renal proximal tubular cell. Function and enzyme pattern of
the isolated plasma membrane. Med. Clins N. Am. 59, 615-627.

KINNE, R., MURER, H., KINNE-SAFFRAN, E., THEES, M. & SACHS, G. (1975). Sugar transport
by renal plasma membrane vesicles. J. Membrane Biol. 21, 375-395.

KOKKO, J. P. (1973). Proximal tubule potential difference. Dependence on glucose, HCO3- and
amino acids. J. clin. Invest. 52, 1362-1367.

KURTZMAN, N. A. & PILLAY, V. K. G. (1973). Renal reabsorption of glucose in health and
disease. Arch8. intern. Med. 131, 901-904.

KURTZMAN, N. A., WHITE, M. G., ROGERS, P. W. & FLYNN, J. S. (1972). Relationship of
sodium reabsorption and G.F.R. to renal glucose reabsorption. J. clin. Invest. 51, 127-133.

KWONG, T-F., & BENNETT, C. M. (1974). Relationship between glomerular filtration rate and
maximum tubular reabsorption rate of glucose. Kidney mnt. 5, 23-29.

LENNON, E. J., LEMANN, J., PIERING, W. F. & LARSON, L. S. (1974). The effect of glucose on
urinary cation excretion during chronic extracellular volume expansion in normal man.
J. clin. Invest. 53, 1424-1433.

LOTSPEICH, W. D. (1960). Phlorizin and the cellular transport of glucose. Harvey Lect. 56, 63-91.
LOTSPEICH, W. D. & WORONKOW, S. (1958). Some quantitative studies on phlorizin inhibition

of glucose transport in the kidney. Am. J. Physiol. 195, 331-336.
MOREL, F. F. & DEROUFFIGNAC, C. (1973). Kidney. A. Rev. Physiol. 35, 17-54.
ROHDE, R. & DEETJEN, P. (1968). Die glucose Resorption in der Ratteniere. Pfluigers Arch. 302,

219-232.
Ross, B. D., FREGA, N. & LEAF, A. (1976). The role of glucose in sodium transport in the isolated

perfused rat kidney. Proc. 6th Int. Congr. Nephrol., 1975, pp. 179-186. Basel: Karger.
SCHULTZE, R. G. & BERGER, H. (1973). The influence of G.F.R. and saline expansion on TmG

of the dog kidney. Kidney int. 3, 291-297.
SHANNON, J. A. & FISHER, S. (1938). The renal tubular reabsorption of glucose in the normal dog.
Am. J. Physiol. 122, 765-774.

SILVERMAN, M. (1976). Glucose transport in the Kidney. Biochim. biophys. Acta 457, 303-351.

479



J. H. V. BISHOP AND OTHERS
SMITH, H. W. (1951). The Kidney: Structure and Function in Health and Disease. New York:

Oxford University Press.
TRIMBLE, M. E. & BOWMAN, R. H. (1973). Renal Na+ and K+ transport: effects of glucose,

palmitate and a-bromo palmitate. Am. J. Physiol 225, 1057-1062.
THURAU, K. & LEVINE, D. Z. (1971). Renal Circulation. In The Kidney, vol. III, ed. ROUILLER,

C. & MULLER, A. F., pp. 1-70. New York: Academic Press.
ULLRICH, K. J. (1976). Renal tubular mechanisms of organic solute transport. Kidney int. 9,

134-148.
ULLRICH, K. J., RUMRICH, G. & KL6SS, S. (1974). Specificity and sodium dependence ofthe active

sugar transport in the proximal convolution of the rat kidney. Pfluigers Arch. 351, 35-48.
VAN LIEW, J. B., DEETJEN, P. & BOYLAN, J. W. (1967). Glucose reabsorption in the rat kidney.
Dependence on glomerular filtration. Pflugers Arch. ges. Physiol. 295, 232-244.

VOGEL, G. & KROGER, WV. (1966). Die Bedeuting des Transportes der Konzentration und der
Darbietungsrichtung von Na+ fur den tubularen glucose- und PAH-Transport. Pflugers Arch.
ges. Physiol. 288, 342-358.

VOGEL, G., TERVOOREN, U. & STOECKERT, I. (1966). Untersuchungen zur Abhangigkeit des
renal tubularen Glucose-Transportes vem ionen-angebot Sowie des Na+-transportes vem
angebot Glucose. Pflugers Arch. ges. Physiol. 288, 359-368.

VON BAYER, H. (1975). Glucose transport in the short loop of Henle of the rat kidney. Pfiugerm
Arch. 357, 317-323.

VON BAYER, H., VON CONTA, C., HAEBERLE, D. & DEETJEN, P. (1973). Determination of trans-
port constants for glucose in proximal tubules of the rat kidney. Pflugers Arch. 343, 273-286.

W\EINMANN, E. J., SUKI, W. N. & EKNOYAN, G. (1976). D-glucose enhancement of water re-
absorption in proximal tubule of the rat kidney. Am. J. Physiol. 231, 777-778.

480


