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Glucose transport and metabolism, and the effect of insulin thereon, was studied using suspensions of rat
renal tubules enriched in the proximal component. (1) [U-'*C]Glucose oxidation is a saturable process (K m
31+£02 mM; V,, 14102 pmole “CO, formed /g tissue protein per h.) Glucose oxidation and
[ C}lactate formation from glucose are inhibited in part by phlorizin and phloretin: the data suggest that the
rate-limiting entry of glucose into the cell metabolic pool occurs by both the Na-glucose cotransport system
(at the brush border) and the equilibrating, phloretin-sensitive system (at the basal-lateral membrane).
Raising external glucose from 5 to 30 mM markedly increases aerobic and anaerobic lactate formation.
Gluconeogenesis from lactate is not affected by variations of glucose concentrations. (2) 24 h after
streptozotocin administration, aerobic lactate formation is enhanced, as is the uptake of methyl a-D-gluco-
side by the tubules, while anaerobic glycolysis is depressed. Streptozotocin treatment (ST) increases both
the K, and V,_,,, of glucose oxidation; gluconeogenesis and lactate oxidation are not affected. The effect of
streptozotocin treatment on lactate formation are abolished by 1 mU /ml insulin. (3) Streptozotocin
treatment increases tissue hexokinase activity, decreases glucose-6-phosphatase, but has no significant effect
on fructose-1,6-diphosphatase, phosphoenolpyruvate carboxykinase and pyruvate dehydrogenase. The data
demonstrate fast streptozotocin-induced changes in cellular enzymes of carbohydrate metabolism. (4) The
enhancing effect of streptozotocin on methyl a-glucoside uptake is transient: 8 days after administration of
the agent, no significant difference from controls is found. (5) It is concluded that under the given
experimental conditions insulin enhances the equilibrating glucose entry by the phloretin-sensitive pathway
at the basal-lateral membrane, and transiently inhibits the Na-glucose cotransport system.

Introduction genic downhill flux of Na* associated with the
uptake of glucose (against its chemical gradient).

There is now concensus concerning the steps in At the basal-lateral face, glucose is assumed to exit
glucose absorption by renal proximal tubules: In from the cells into the peritubular space by an
the luminal (brush border) membrane, glucose is equilibrating transport system. As to specificity
transported into the cells by a secondarily active, and effects of inhibitors, the latter transport sys-
phlorizin-sensitive Na-glucose cotransport system. tem is considered to be similar to, or identical
The driving force for this system is the operation with, that found also in non-polar cells, i.e.
of the (Na‘t+ K")-ATPase (at the basal-lateral adipocytes, red blood cells, muscle, etc. (see, for
cell face) which produces the sink for the electro- example, Ref. 1). In renal cells incubated in the
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presence of methyl «-D-glucoside, the non-
metabolizable substrate of the Na-glucose cotrans-
port system, the concentration profile of this sugar
is in accordance with above view [2]: there is a
sizable cellular accumulation of this saccharide at
the brush-border membrane. The analysis of glu-
cose transport proved to be more complex since
this sugar undergoes rather rapid cellular metabo-
lism. The analysis of the concentration profile of
glucose across the renal tubular cells lead some
authors [3,4] to postulate an additional ‘glucose
pump’ at the basal-lateral cell face, directed from
the cells to the peritubular fluid. Unfortunately, a
non-metabolizable glucose analog selectively spe-
cific for the equilibrating transport system at the
basal-lateral cell membrane is not available.

The present study was undertaken with the aim
of examining whether the scattered reports on
insulin effects on renal carbohydrate metabolism
[5,6] might be amenable to an analysis of the
extent to which the two distinct transport processes
involve an insulin-controlled step. This direction
was emphasized by several considerations. (1) In
non-polar cells, e.g. in adipocytes {7] the equi-
librating glucose transport system is greatly en-
hanced by insulin. (2) Clinical and in vitro studies
(see Ref. 8) reported a stimulating effect of insulin
on Na-fluxes across epithelial cells; such an effect
might enhance the entry of sugars at the brush-
border membrane of renal tubular cells. (3) There
is considerable diversity in reports as to specific
effects of insulin (and/or conditions related to
insulin action, such as alloxan- or streptozotocin-
induced hyperglycemia) on glucose metabolism in
renal cortical tissue [5,6].

We report here data obtained on glucose trans-
port and metabolism in a simple preparation of
renal proximal tubules. Renal tubules from control
rats were compared with preparations from (a)
animals treated for 24 h with streptozotocin, and
showing massive hyperglycemia; (b) rats treated
for 10 min by an intravenous administration of
alloxan; under these conditions the breakdown of
insulin in the membrane of renal cortical cells is
greatly inhibited [5]. It will be shown here that the
above experimental conditions, as well as ad-
ditions of insulin to the tissue preparation, pro-
duce effects on glucose metabolism which indicate
that the hormone influences both sugar transport
processes.

Methods

Sprague-Dawley male rats, 100-140 g body
weight, were used. Unless otherwise stated, hyper-
glycemic rats were obtained by an i.v. injection of
streptozotocin (60 mg/kg wt. in 0.1 M citrate
buffer, pH 4.5) as described by Gertz and
Haugaard [9]. Buffer alone was administered to
control animals. Both control and experimental
animals were fed ad libitum for 24 h prior to the
start of the experiment. Animals with plasma glu-
cose levels of 16 mM or higher were used. The
above procedure was chosen in the light of evi-
dence that 24 h after administration of strepto-
zotocin, no toxic effects on several parameters of
renal function were found [10-12] and the animals
closely resemble diabetic (hypoinsulinemic) condi-
tions. At that stage plasma insulin has not yet
fallen below that in healthy controls while pan-
creatic insulin is practically absent [10,12]. In a
group of experiments, the effect of alloxan-induced
diabetes (see Ref. 5) on glucose transport and
metabolism was also tested: alloxan (20 mg/100
g) in saline was injected intravenously; the animals
were sacrificed 10 min later.

Suspensions of purified renal proximal tubules
in Krebs-Henseleit [13] bicarbonate saline (KBS)
buffer were prepared by the method of Vinay et
al. {14]. It was then found that a simplified proce-
dure could be used, differing from that of the
above authors only in the care taken for separat-
ing by slicing of the cortical tissue from the exter-
nal medulla: The decapsulated kidneys were cut
lengthwise and cortical slices (approx. thickness
0.4 mm) were cut free-hand [15]. Slices of 3 rats
were usually pooled, weighed and incubated
aerobically (5% CO, + 95% O,) at 37°C for 40-50
min in KBS buffer (10 ml per 1-2 g tissue)
containing 2 mg/ml collagenase, and 4 mg/ml
hyaluronidase. The suspension was strained
through gauze, the tubules were spun off at 4°C at
100 X g for 1 min, washed twice with fresh KBS
buffer, and the isolated tubules were resuspended
in saline (3.5-times the original weight of the
slices). 0.2 m! of this suspension plus 2 ml KBS
buffer containing the appropriate metabolic sub-
strates were then incubated in siliconized flasks in
a shaker water bath at 37°C for 60 min. The final
suspension contained approx. 2 mg tissue pro-



tein/ml (determined according to Lowry et al.
[16]). Unless otherwise stated, the incubating
salines contained 5 mM D-glucose and 2 mM
L-lactate in order to assure a steady state ap-
proximating physiological conditions for the mea-
surement of metabolic parameters. Aerobic in-
cubation: 37°C, 5% CO, in O,; anaerobic condi-
tions: 37°C, 5% CO, in N,; the presence of a stick
of yellow phosphorus in the center well of the
incubation flask assured absorption of traces of
0,.

Attempts to purify the above suspension'(FT)
further by centrifugation on a Percoll (Pharmacia,
Uppsala, Sweden) density gradient (cf. Ref. 14)
yielded only one clearly defined tissue band. The
‘crude’ suspension (Fr) corresponded microscopi-
cally (95% proximal convoluted tubules; courtesy
of Dr. B. Atkinson, Dept. of Pathology, Univ. of
Pennsylvania), in density and in metabolic param-
eters to the purified fraction F, of renal proximal
tubules of the above authors, and thus represents
a preparation enriched in proximal tubules.

Measurements of metabolic parameters. The
oxidation of D-[U** Clglucose (0.1 pCi)/ml) was
determined by the conventional procedure of trap-
ping '“CO, (see, for example, Ref. 17). Glucose
utilization was followed by using D-[5-* H]glucose
(0.2 pCi/ml) as substrate [18]. After incubation,
the tissue was quickly spun off, and 0.2 ml of the
supernatant was injected through a rubber cap on
filter paper in the center well of a conical flask;
0.2 g dry CaCl, at the bottom of the flask served
as absorbent for formed *H,O. After absorption
of all H,0 +* H,0O (overnight), the CaCl, was
dissolved in 1.0 ml H,O and was taken for de-
termination of radioactivity. Measurements of
aerobic lactate formation and gluconeogenesis:
After incubation, a portion of the tissue suspen-
sion (0.5 ml) was placed into a conical tube con-
taining 2.0 ml of H,O at 100°C and the tube was
maintained in a boiling water bath for 10 min,
thus stopping metabolism. Sugar phosphates were
removed from this extract by the ZnSO,-Ba(OH),
procedure [19]. Glucose and lactate in the super-
natant were then separated quantitatively by ion-
exchange chromatography on a Dowex AG 1-X8
column in Cl -form (approx. 50 mm long). Por-
tions of the effluent were used for the determina-
tion of the activity of ["*C]glucose (formed from
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L-[U** CJlactate) or of [*C]lactate formed from
glucose. The efficiency of the procedure for lactate
and glucose determination was checked by en-
zymic analysis of the substrates. Measurement of
methyl a-D-glucoside uptake: Suspensions of tub-
ules were incubated in saline containing 1 mM
methyl a-D-[U+* Clglucoside (0.1 wCi/ml) but de-
void of glucose or lactate in order to avoid condi-
tions where the Na-glucose cotransport system
would be competitively inhibited. After incubation
a portion of the suspension was spun off for 60 s
in an Eppendorf 3200 centrifuge, the sedimented
pellet was washed with ice-cold KBS buffer con-
taining 0.5 mM phlorizin + 0.5 mM phloretin; in
this way the efflux of cellular sugar was prevented
while extracellular sugar was eliminated. The sedi-
mented tubules were then suspended in 0.6 ml
saline, 0.5 ml of the suspension was placed in 0.5
ml of boiling H,O for 10 min in order to complete
the extraction of methyl a-D-glucoside, and the
supernatant was taken for counting. All values are
expressed in pmol formed, used or taken up per g
tissue protein [15]. Mean values (+ S.E.) are given.

Radioactivity of samples were measured by
counting 1.5 ml aqueous samples plus 5 ml scintil-
lation fluid Formula 963 (New England Nuclear
Corp.) in a Packard scintillation spectrometer
Model 3320.

Table I compares parameters of glucose
metabolism in the enriched (F+) tubule suspension
with that further purified by the Percoll density
gradient centrifugation (F,, cf. Ref. 4). It will be
seen that within the limits of experimental error
the values for glucose oxidation, lactate formation
and methyl a-D-glucoside uptake were identical in
the crude (F;) and purified (F,) tubule suspen-
sions, providing evidence that the present prepara-
tion F; represents a suspension enriched in renal
proximal tubules. The significantly lower value for
gluconeogenesis in F,, compared to Fy, may indi-
cate impairment of this metabolic process by the
centrifugation on the Percoll gradient; removal of
contaminating fragments of distal nepron segment
should be expected to increase the specific gluco-
neogenetic activity [3]. Glucose metabolism (i.e.
glucose oxidation, glucose utilization and lactate
formation) was practically stable during the 60
min. of incubation (compare also Ref. 14), and the
values given therefore approximate rates; how-



548

TABLE 1

SOME METABOLIC PARAMETERS OF RAT RENAL
PROXIMAL TUBULES

Tissue suspensions before (Fy) and after (F,) separation on a
Percoll density gradient were compared. Incubation: 60 min at
37°C, 5%CO0, +95% O,, KBS buffer with 5 mM glucose and 2
mM lactate as substrates. For the measurement of 1 mM
methyl o-['*Clglucoside uptake, no glucose or lactate were
present in the medium. Mean values+S.E., all in pmol/g
protein.

Number
of meas-
urements

Fr F,

[S-*H]Glucose utilization
(pmol JHZO formed)
[U-1C]Glucose oxidation
(pmol '4C02 formed)
L-Lactate formation

( pmol formed)
Gluconeogenesis

(pmol glucose formed) 108.8+1.2 7841406 5
Methyl a-glucoside uptake

(pmol taken up)

68.6+18 66.9+1.6 8-10
153+08 13.7+0.5 6-10

134.8+74 1246176 5

11.8+09 131407 5

ever, this does not apply to methyl glucoside up-
take.

Enzyme assays. These assays were carried out
on perfused renal cortex [14], to assure sufficient
amounts of tissue for the analyses. The cortices
were sliced, and homogenized in media given for
individual enzymic assays: hexokinase (EC 2.7.1.1),
{20); glucose-6-phosphatase (EC 3.1.3.9), [21];
fructose-1,6-diphosphatase (EC 3.1.3.11), [22];
pyruvate dehydrogenase complex (1.2.4.1), [23];
phosphoenolpyruvate carboxykinase (EC 4.1.1.32),
[24,25]; for the assay of the activity of this en-
zyme, the tissue was homogenized in a medium
containing 0.25 M sucrose, 5 mM Trns-HCl (pH
7.4) and 1 mM mercaptoethanol, and the cytosolic
fraction was analyzed. The data are reported in
units given by the respective references, normal-
ized per g tissue protein/min.

Data analysis. For each experiment, the individ-
ual analytical values were averaged and the S.E.
was assessed. The significance of difference be-
tween controls and experimental values was
evaluated by Student’s r-test. Mean values of
several experiments (+ S.E.) are also given.

Materials. Collagenase 1 was obtained from
Worthington Biochem. Corp., Freehold, NJ; other

enzymes were purchased from Boehringer Man-
nheim Biochemicals, Indianapolis, IN. Insulin was
a gift from Eli Lilly Co., Indianapolis, IN.
Streptozotocin was obtain from Sigma Chemical
Co., St. Louis, MO. Labelled sugars were obtained
in part from New England Nuclear Corp., Boston,
MA, and Amersham Corp., Arlington Heights, IL.
All other reagents were commercial products of
the highest available purity.

Resglts

Parameters of glucose metabolism in renal proximal
tubules

Table I presented data on pertinent parameters
of carbohydrate metabolism in suspensions en-
riched in rat renal proximal tubules. While in
individual experiments the measured values of
metabolic parameters were consistent, as indicated
by the relatively low S.E. (see data below), there
was some variation in values obtained in separate
experiments; in particular, L-lactate formation
from glucose proved to vary considerably. The
mean value was 127 + 14 pmol /g tissue protein
per h (20 experiments) with a range of 50-200
pmol. Such variations may reflect some dif-
ferences between groups of animals. The mean
values for lactate formation (above) and of gluco-
neogenesis from lactate (115 + 15 pmol /g protein
per h, seven experiments) were comparable to
those reported by Janssens et al. [26] when ex-
pressed in the same units, using the conversion
factor of 0.8 g protein per g dry wt. of tubules.

Glucose oxidation was in part (30-50%) in-
hibited by sclective agents known to interfere,
directly or indirectly, with the active Na-glucose
cotransport system at the brush border membrane
of tubule cells, i.e. 0.5 mM phiorizin and 0.5 mM
ouabain (Table II). Phlorizin and ouabain also
significantly inhibited (P < 0.02) aerobic L-lactate
formation from glucose by 37 + 12% (three experi-
ments). Such data are taken to indicate that in the
given preparation only some 30-50% of glucose
entering the cellular metabolic pool involves the
phlorizin-sensitive Na-glucose cotransport system;
the major portion of glucose entering the meta-
bolic pool is insensitive to phlorizin and ouabain,
and appears to enter the cells by the (equilibrat-
ing) phloretin-sensitive transport system at the



TABLE 11

EFFECT OF PHLORIZIN AND OUABAIN ON GLUCOSE
OXIDATION AND LACTATE FORMATION IN RENAL
PROXIMAL TUBULES

Suspensions of renal proximal tubules were incubated 60 min
at 37°C without (control) or with 0.5 mM phlorizin or ouabain
(experimental). Mean values of '“CO, or L-lactate formed
(pmol /g tissue protein)+ S.E. (n = 4-6).

Inhibitor Control Experimental
Glucose Phlorizin 21.0+1.1 8.7+04
oxidation Quabain 16.0+0.3 11.940.6
Lactate Phlorizin 120.4+9 85546
formation Quabain 111.74+5 497455

basal-lateral cell face. This conclusion is con-
sistent with data on the sidedness of glucose trans-
port in flounder renal tubules [27], results of stud-
ies in vivo [28] and in renal slices [29], as well as in
renal epithelial cells grown in vitro [30].

Effect of glucose concentration on substrate metabo-
lism

Glucose oxidation is a saturable process: A
double-reciprocal plot (Fig. 1) showed a linear
relationship, with an apparent K. of 3.1 +0.2
mM and a V,,, of 14+ 0.2 pmol CO,/g tissue
protein per h, corresponding to a value of 3.4
pmol /g tissue per h. The value of the apparent
K., was two to three orders of magnitude higher
than that of the first intracellular metabolic step
for glucose, i.e., the K_, for D-glucose of
107°-107% mM for the predominant renal
hexokinases, type 1 and some type III (cf. Ref. 31).

Under a variety of experimental conditions the
cellular concentration of free glucose in renal
cortical tissue appears to be lower than in the
plasma [4], and own unpublished data; see, how-
ever, Ref. 32. It may therefore be surmised that
glucose entry into the cells represents the rate-
limiting step for its subsequent metabolism at
least at the physiological glucose concentration of
5 mM, and hence the K_, for glucose oxidation
may reflect that for glucose transport. The linear-
ity of the plot in Fig. 1 suggests the involvement
of only one transport component, in contrast to
the data on the effect of some inhibitors (Table
IT). This apparent discrepancy may indicate either
only minor differences in the K, values of the
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Fig. 1. Effect of glucose concentration on *CO, formation
from ['*Clglucose by renal proximal tubules of healthy and
streptozotocin-treated rats. (STR) Suspensions of tubules were
incubated 60 min at 37°C (5% CO,, 95% O,) in media
containing 2 mM lactate and varying (0-30 mM) concentra-
tions of [U+* Clglucose. O, controls; ®, streptozotocin-treated
rats. Mean values+S.E. (in pmol “CO, formed/g tissue
protein) are given. Each point is the mean of at least six
analyses, and for most points, the mean of data from two or
three experiments.

respective transport pathways, or the quantita-
tively minor contribution of the Na-dependent
transport system. Raising the glucose concentra-
tion in the saline also greatly enhanced aerobic
and anaerobic lactate formation (see Table IV).
On the other hand, variations of the saline glucose
concentration (0-30 mM) had little effect on glu-
coneogenesis from lactate. In this respect, renal
gluconeogenesis differs from that in the liver [33].

TABLE 11

EFFECTS OF STREPTOZOTOCIN TREATMENT ON
GLUCOSE METABOLISM IN RENAL PROXIMAL TUB-
ULES

Suspensions of tubules were prepared from healthy (controls)
and streptozotocin-treated (experimental) rats of the same
group. Mean values of the metabolic parameters (all in pmol /g
tissue protein in 60 min) are given, + S.E. (number of measure-
ments in parentheses). Significance of differences: ** P < 0.01;
n.s., non-significant.

Controls Experimental
Glucose oxidation 8.840.3 (30) 94+04 (9)ns.
Gluconeogenesis 99 +23(29) 92 +2.2(16) n.s.
L-Lactate formation 67 +3.7 (6) 90 +2.8 (6)**

L-Lactate oxidation 199 +2 (4) 165 +7 (4)ns.
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Effect of streptozotocin treatment on glucose trans-
port and metabolism in renal proximal tubules

Of the four metabolic parameters for glucose
studied, streptozotocin treatment produced signifi-
cant changes (P < 0.01) only on aerobic L-lactate
formation (Table I1I). The mean increase in lactate
formation was 47 + 8% of the controls (20 experi-
ments). The effect of streptozotocin treatment on
glucose oxidation proved to be complex: When
carying glucose concentrations, a significant effect
was seen (Fig. 1). However, as opposed to the
linear double-reciprocal plot for the controls, the
results reflected a multicomponent effect of
streptozotocin treatment, i.e. for this process glu-
cose oxidation was enhanced at substrate con-
centrations higher than the apparent K, whereas
at 1 mM a slight decrease was found. Extrapolat-
ing the apparently linear portion of the Lin-
eweaver-Burk plot between 1 and 10 mM glucose,
the apparent K, was 6.3 + 0.17 mM, and the V,
was 21.5 + 0.3 pmol /g tissue protein per h; both
these values differ significantly from those in the
controls. It would follow that streptozotocin treat-
ment alters at least two separate parameters of
glucose metabolism, i.e. glucose oxidation and
lactate formation. The absence of an effect of
streptozotocin treatment on gluconeogenesis and
lactate oxidation suggests that as opposed to glu-
cose transport into the cells, lactate transport was
not affected. In renal cortical slices, alloxan treat-
ment increased gluconeogenesis [6]; while these

TABLE 1V

LACTATE FORMATION IN RENAL PROXIMAL TUB-
ULES OF HEALTHY AND STREPTOZOTOCIN-
TREATED RATS: EFFECT OF GLUCOSE CONCENTRA-
TION

Suspensions of tubules were prepared from healthy (controls)
and streptozotocin-treated (experimental) rats of the same
group. Mean values (five or six measurements) of aerobic and
anaerobic L-lactate formation in 60 min (pmol per g tissue
protein)+ S.E. in salines containing 5 or 30 mM D-glucose.

Glucose Controls Experimental
(mM)
Aerobic S 100+ 5 200+ 6
30 351+ 7 934+ 30
Anaerobic 5 438+ 9 225+10
30 2004 + 56 739+18

TABLE V

ANAEROBIC LACTATE FORMATION IN RENAL PROX-
IMAL TUBULES OF HEALTHY AND STREPTOZOTO-
CIN-TREATED RATS: EFFECT OF PHLORETIN

Suspensions of tubules from healthy (controls) and strepto-
zotocin-treated (experimental) rats were incubated anaerobi-
cally for 60 min in saline containing 5 mM glucose. Mean
values are given for L-lactate formed (pmol/g protein)+S.E.
(n =5 or 6), without and in the presence of 0.5 mM phloretin.

Lactate formed (umol /g protein)

No inhibitor Phloretin
Control 230+5 165+12
Experimental 150+ 4 75+ 5

data may appear to be at variance with the results
reported above for streptozotocin treatment, it has
to be borne in mind that the experimental condi-
tions in both sets of experiments differ.

The multicomponent effect of streptozotocin
treatment on glucose metabolism in renal prox-
imal tubules was borne out by a more detailed
study of L-lactate formation from glucose. The
enhancing effect of streptozotocin on aerobic
lactate formation was seen also when the medium
glucose concentration was raised from 5 to 30
mM, i.e. the level found in the plasma of strepto-
zotocin-treated rats (Table III). The anaerobic
lactate formation at 5 and 30 mM glucose was
several fold higher than that under oxidative con-
ditions, reflecting the pronounced Pasteur effect in
the tissue [30]. The fact that both aerobic and
anaerobic lactate formation were enhanced by in-
creasing glucose concentration from 5 to 30 mM
suggests the possibility that glucose entry is not
the only rate-limiting step for the subsequent cel-
lular metabolism of the substrate. In striking con-
trast to the enhancing effect of streptozotocin
treatment on aerobic lactate formation, under
anaerobic conditions such treatment produces a
marked depression of glycolysis. Again, this effect
was seen at both 5 and 30 mM medium glucose.
The anaerobic lactate formation was phloretin-
sensitive (Table V), as might be inferred from the
properties of the equilibrating glucose transport
system [1].

It is generally recognized that the streptozoto-
cin-induced hyperglycemia is produced by a de-
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Fig. 2. Insulin effect of lactate formation by renal proximal
tubules. Suspensions of renal tubules from healthy rats (con-
trols) and streptozotocin-treated rats of the same group were
used. Man values of lactate formed (pmol/g tissue protein in
60 min)+ S.E., 5-11 measurements. Bars: open, controls; stip-
pled, streptozotocin-treated; cross-hatched, insulin added to
incubation medium, 1 mU/ml. Significance: ** P < 0.01, * P
< 0.05 vs. appropriate controls.

crease in insulin formation and hence a gradual
decrease in the plasma level of the hormone [11,12].
Fig. 2 shows that the changes in lactate formation
by the renal tubules produced by streptozotocin
treatment can be reversed by the addition of 1 mU
of insulin per ml incubating medium; hence, the
observed data directly reflect a cellular effect of
insulin.

The decrease of anaerobic lactate formation in
renal tubules of streptozotocin-treated rats is con-
sistent with the concensus that insulin stimulates
the equilibrating glucose transport system in vari-
ous cells [7]. A decrease of available insulin in
streptozotocin-treated animals would be expected
to reduce the (phlorizin- and ouabain-insensitive)
glucose entry at the basal-lateral membrane and
hence decrease the subsequent cellular metabolism
of the substrate.

Additional evidence in favor of a direct in-
volvement of an insulin-stimulated process in the
streptozocin-induced changes in lactate formation
was sought by testing the effect of insulin on
lactate formation in alloxan-treated rats. The de-
gradation of insulin in the membrane of renal cells
[5,35] is blocked by a short treatment of the
animals with alloxan [5]; under these conditions,
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Fig. 3. Lactate formation from glucose in renal tubules from
alloxan- and streptozotoxin-treated rats; effect of insulin. Mean
values of lactate formed (umol/g tissue protein in 60 min),
+S.E., 5-6 measurements. Bars: Open, control; dotted, al-
loxan-treated; stippled, streptozotocin-treated; cross-hatched,
insulin added to incubation medium, 1 mU/ml. Significance:
** P < 0.01, * P <0.05 vs. appropriate controls.

increased aerobic lactate formation was seen (Fig.
3), implying an increased entry of glucose into the
cells; no significant changes in glucose oxidation
were found, confirming previous observations [3].
Insulin stimulated lactate formation in the con-
trols and in tubules of alloxan-treated rats (Fig.
3); thus, tubules from alloxan- and
streptozotocin-treated rats differ in their responses
to the hormone. These experiments support the
view that insulin is directly involved in the facili-
tated entry (at the basal-lateral cell face) of glu-
cose into the metabolic pool. Data not given here
in detail showed that alloxan treatment, and/or
the presence of insulin (1 mU/ml) in the incubat-
ing medium had no significant effect on gluconeo-
genesis, and glucose or lactate oxidation.

The above results provide cogent evidence in
favor of the view that insulin is involved in the
streptozotocin- and alloxan-induced effects on
lactate formation from glucose by renal proximal
tubules. However, the results do not suggest a
rationale for the anomalous effect of streptozoto-
cin on the enhancement of aerobic lactate forma-
tion (Fig. 2).

Streptozotocin effect on enzymes of carbohydrate
metabolism in renal cortical tubules
Diabetes produces significant changes in the
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cellular level of some enzymes of carbohydrate
metabolism in a variety of cells {36]. In particular,
alloxan-induced hyperglycemia resulted in in-
creased levels in renal cortex of hexokinase, but
also of enzymes of the pentose phosphate pathway
[37]. As opposed to the 28 days required to dem-
onstrate the alloxan-induced changes, strepto-
zotocin hyperglycemia is fully developed within 24
h. The effect of streptozotocin treatment on the
levels of several enzymes of carbohydrate metabo-
lism was therefore examined.

The values in Table VI in the renal cortex for
the controls are comparable to those reported by
Vinay et al. [14] for purified proximal tubules; the
only exception was the somewhat higher level of
hexokinase in our preparation. As compared to
the controls, streptozotocin treatment produced a
significant increase in tissue hexokinase (50%),
and also a decrease in glucose-6-phosphatase; these
changes attest to significant adaptive changes as
an early result of streptozotocin treatment. An
increase in hexokinase may be relevant under con-
ditions when increased amounts of glucose are
entering the cells at elevated plasma levels of
glucose. The increased aerobic and anaerobic
lactate formation at 30 mM glucose (Table VI) is
consistent with this view.

Streptozotocin effect on the Na-glucose cotransport
system

The stimulation of aerobic lactate formation by
streptozotocin treatment of the rats raised the
possibility of an activation of glucose entry into
the cellular metabolic pool by the Na-glucose
cotransport system at the brush border membrane
of renal tubular cells [1]. 1 mM methyl a-D-gluco-
side was employed as a non-metabolizable glucose
analog. In order to avoid possible competition for
the transport system by glucose formed from
lactate, no other substrate was added to the media.
Fig. 4 shows the results of one such experiment.

The tubules took up the sugar rapidly, and
within 20 min a cellular level of 25 umol /g pro-
tein was reached. This corresponds to a cellular
accumulation ratio of 5-6, similar to that found in
slices [2]. The tubules contained 3.23 + 0.05 kg
H,O0/kg dry wt. The preparation did not maintain
the maximal accumulation of methyl a-glucoside;
after 15 min, some of the accumulated sugar was

TABLE VI

EFFECT OF STREPTOZOTOCIN TREATMENT ON SOME
ENZYMES OF CARBOHYDRATE METABOLISM IN RE-
NAL CORTEX

Renal cortex was homogenized and the component enzymes
were assayed (see Methods). All data are means+S.E. of
multiple analyses in several animals (n in parentheses), and are
expressed per g protein X min.

Control Experimental

Hexokinase

(pmol NADPH formed) 13+0.7 (6) 19+12 (9)
Glucoses-6-phosphatase

(pmol P; formed) 94+3 (9 59+4 (12)
Fructose-1,6-diphosphatase

(pmol NADPH formed) 374+0.5(16) 294+0.5(13)
Phosphoenolpyruvate

carboxykinase

(umol PEP formed) 2441 (12) 31+3 (8
Pyruvate dehydrogenase

(pmol CO, formed

from pyruvate) 3041 (12) 2841 (12)

gradually lost. This property did not stem from an
absence of metabolic substrate; an identical time
curve was obtained when 5 mM sodium acetate
was present in the medium. Control experiments
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Fig. 4. Uptake of methyl a-D-glucoside by renal proximal
tubules of control and streptozotocin-treated rats. Suspensions
of tubules were incubated aerobically at 37°C in salines con-
taining 1 mM methyl p-[U}* Clglucoside. O, Controls; ®,
streptozotocin-treated rats (24 h). Each point is the mean
(+S.E.) of 5-6 determinations.



showed that methyl a-D-glucoside uptake by the
tubules displayed the usuval properties of the Na-
glucose cotransport system, i.e., major inhibitions
by 0.5 mM ouabain (74%) and 0.5 mM phlorizin
(83%) [38]. Compared with controls the transport
system for methyl a-D-glucoside was significantly
stimulated in tubules of streptozotocin-treated rats.
This result suggests a plausible explanation of the
observed enhancement of aerobic lactate forma-
tion from glucose by streptozotocin treatment.
However, since insulin stimulates transepithelial
Na flux (cf. Ref. 8), streptozotocin-induced hyper-
glycemia might then be expected to decrease
transepithelial Na flux, and hence also decrease
the Na-dependent glucose transport system. The
above results are not consistent in this respect. No
effects of streptozotocin treatment on tissue water,
Na* and K" in the renal proximal tubules were
seen (details not given here).

The apparent discrepancy was resolved when
examining the time-course of the effect of
streptozotocin treatment on methyl glucoside up-
take (Fig. 5). As compared with controls, the
enhancement of methyl a-glucoside uptake by
streptozotoxin treatment seen after 24 h can not
be detected 8 days after administration of the
agent. Hence, the observed stimulation of the Na-

24h STR 8d STR

100

pmole/g Protein/IOmin

507

Fig. 5. Effect of duration of streptozotocin treatment on methyl
a-D-glucoside uptake by renal proximal tubules. Rats were
treated with streptozotocin for 24 h (see Methods) or 8 days
[36] prior to killing the animals and preparation of renal
proximal tubules. Incubation with 1 mM methyl a-p-{'*Clglu-
coside for 10 min. Mean values (+S.E.) of two experiments
(each point four animals, 9-10 analyses). ** P < 0.01.
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glucose cotransport system is transient, and re-
flects adaptive changes reported above for some
other cellular enzymes (Table VI). It should be
noted that & days after streptozotocin treatment,
the uptake of microvillous membrane vesicles to
display a decrease in methyl glucoside uptake, as
might be predicted for an impairment of the Na-
glucose cotransport system by streptozotocin-in-
duced hypoinsulinemia (E! Seifi, S., Freibert, J.M.
and Sacktor, B., personal communication).

Discussion

An analysis of the data presented above hinges
on the view that glucose entry into renal tubular
cells at the brush border and the basal-lateral
membrane limits the rate of the subsequent glu-
cose metabolism within the cellular pool. This
view is substantiated by experimental evidence:
(a) Both glucose oxidation to CO,, and L-lactate
formation, were inhibited in part by phlorizin and
ouabain (Table II), implicating the Na-glucose
cotransport system at the brush border membrane
(cf. Ref. 1). (b) The K, of the saturable glucose
oxidation (Fig. 1) was at least one order of magni-
tude higher than the K, values for glucose found
for the two prevalent renal hexokinases, types I
and III [27]. (c) Phloretin (and cytochalasin b),
inhibitors known to interact with the equilibrating
glucose-transport (at the basal-lateral face of renal
tubular cells), inhibited lactate formation from
glucose (Table V). (d) Although no attempt was
made to carry out a full analysis of the concentra-
tion dependence of lactate formation from glu-
cose, the data in Table IV demonstrate that the
reactions of the glycolytic cycle are not limiting
the rate of glucose metabolism. The fact that the
above transport inhibitors only partially inhibited
glucose metabolism indicates that under the given
experimental conditions glucose enters the renal
tubular cells at comparative rates by both trans-
port pathways, as also shown in the LLC-PK,
cells [30]. The above view predicts that the in-
tracellular concentration of free glucose, being
determined by the respective rates of sugar entry,
exit and intracellular metabolism, could be lower
than that in the medium. Such prediction is con-
sistent with most observations [3,4], but contrasts
with the report of Tune and Burg [32].
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Hyperglycemia produced by 24 h streptozoto-
cin treatment of rats affected glucose oxidation
and lactate formation by renal proximal tubules,
but had no significant effect on gluconeogenesis
or lactate oxidation (Fig. 1, Table III). The use of
varying experimental conditions then permitted to
localize the streptozotocin effect on both glucose
transport processes, viz: (a) Under anaerobic con-
ditions, streptozotocin treatment inhibited lactate
formation from glucose (Table 1V, Fig. 2). Under
these conditions the Na-glucose cotransport is in-
operative [38] due to the absence of the required
electrochemical gradient of Na* at the membrane;
this observation locates the effect at the equilibrat-
ing glucose transport system (at the basal-lateral
membrane). (b) On the other hand, streptozotocin
treatment actually stimulated aerobic lactate for-
mation (Tables III, Fig. 2) and the active uptake
of methyl a-D-glucoside (Fig. 5). These observa-
tions localize the streptozotocin effect on the Na-
glucose cotransport system (in the microvillous
membrane). Fig. 6 summarizes schematically the
pertinent conclusions. The fact that insulin added
to the incubation medium abolished the above
effects of streptozotocin provides direct indica-
tions for an involvement of insulin in the respec-
tive transport processes. The direct insulin effect
in vitro represents a cogent argument against the
possibility that the reported results may reflect an
adaptation to hyperglycemia [39].

It is suggested that insulin stimulates glucose
entry at the basal-lateral cell face by a mechanism
similar to that visualized for insulin effects on e.g.
adipocytes [7], and in the first 24 h stimulates the
Na-glucose cotransport system by an unknown
mechanism (e.g. changes of cell pH [40,8]). The
data on the effect of alloxan treatment (Fig. 3) are
consistent with such view: As compared to con-
trols, alloxan produced a significant increase in
lactate formation. Under these conditions Mahler
and Szabo [5] found an increased glucose utiliza-
tion, and explained this by the demonstrated de-
crease in insulin degradation by renal cells. The
additional increase in lactate formation on ad-
dition of insulin then reflects the hormonal stimu-
lation of glucose entry into the cellular metabolic
pool. The above suggestion does not exclude the
possibility of insulin acting not only on the respec-
tive glucose transport processes, but also directly

PERITUBULAR
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Fig. 6. Scheme of effects of streptozotocin treatment (ST) on
the respectively glucose transport pathways.

on intracellular metabolism of the substrate [40,41].

The observed enhancement of the Na-glucose
cotransport system in renal tubules by 24 h
streptozotocin treatment (Fig. 4) was at first dif-
ficult to reconcile with evidence showing that in-
sulin actually stimulates the (Na*™ + K*)-ATPase
[8]: hence, an inhibition of methyl a-glucosidase
uptake might be expected. Fig. 5 shows that the
increase in methyl a-glucoside uptake is transient;
8 days after administration of streptozotocin, no
effect of the treatment on methyl a-glucoside up-
take could be detected, and at that stage, glucose
uptake by vesicles of microvillous membranes is
decreased [39]. This set of observations demon-
strates that an analysis of streptozotocin-induced
changes in renal metabolism has to consider also
possible alterations of intracellular enzymic activi-
ties. Table IV presents evidence that within 24 h
after streptozotocin administration the activity of
two key enzymes of glucose metabolism has sig-
nificantly changed; such relatively fast changes in
enzymes involved in renal carbohydrate metabo-
lism have also been observed after partial hepatec-
tomy [42]. These findings therefore detract from
the usefulness of streptozotocin as a tool for the
investigation of insulin effects on transport and
metabolism.

Acknowledgements
This study was supported by NIH Grant AM

12619. The authors gratefully appreciate the help-
ful suggestions of Dr. N. Haugaard.



References

Kinne, R. (1976) Curr. Top. Membranes Transp. 8, 209-267

2 Kleinzeller, A., McAvoy, EM. and McKibbin, R. (1980)

10

11
12

13

14

15
16

17

18

19
20

21

22

Biochim. Biophys. Acta 600, 513-529

Barfuss, D.W. and Dantzler, W.H. (1976) Am. J. Physiol.
23, 17161728

Milla, E. (1983) Pfluger’s Arch. Ges. Physiol. 398, 55-59
Mabhler, R.J. and Szabo, O. (1968) Endocrinology 83,
1166-1172

Flinn, R.B., Leboeuf, B. and Cahill, G.F,, Jr. (1961) Am. J.
Physiol. 200, 508-510

Gliemann, J. and Rees, M.D. (1983) Curr. Top. Membranes
Transp. 18, 339-379

Moore, R.D. (1983) Biochim. Biophys. Acta 737, 1-49
Gertz, B.J. and Haugaard, E.S. (1979) Metabolism 28,
358-362

Junod, A., Lambert, A.E., Stauffacher, W. and Renold, A.E.
(1969) J. Clin. Invest. 48, 2129

Rerup, C.C. (1970) Pharmacol. Rev. 22, 485--518

Carney, S.L., Wong, N.L.M. and Dirks, J.H. (1979) J. Lab.
Clin. Med. 93, 950-961

Krebs, H.A. and Henseleit, K. (1932) Biochem. Z. 210,
33-66

Vinay, P., Gougoux, A. and Lemieux, G. (1981) Am. J.
Physiol. 241, F403-F411

Deutsch, W. (1936) J. Physiol. 87, 56P-57P

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall,
R.J. (1951) J. Biol. Chem. 193, 265-275

Kleinzeller, A., Kolinska, J. and Bene§, 1. (1967) Biochem.
J. 104, 852-860

Brown, D. and Garratt, C.J. (1974) Anal. Biochem. 61,
492-499

Somogyi, M. (1945) J. Biol. Chem. 160, 69-73

Walker, D.G. and Holland, G. (1965) Biochem. J. 97,
845-854

Baginski, E., Foa, B. and Zak, B. (1974) in Methods of
Enzymatic Analysis (Bergmeyer, H.U., ed.), pp. 1199-1204,
Verlag Chemie, Weinheim

Latzko, E. and Gibbs, M. (1974) Methods of Enzymatic
Analysis (Bergmeyer, H.U., ed.), pp. 881-884, Verlag
Chemie, Weinheim

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

3

oo

39
40

41

42

555

Kovachich, G.B. and Haugaard, N. (1977) J. Neurochem.
28, 923-927

Czok, R. and Lamprecht, W. (1974) Methods of Enzymatic
Analysis (Bergmeyer, HU., ed.), pp. 1446-1448, Verlag
Chemie, Weinheim

Pogson, C.E. and Smith, S. (1975) Biochem. J. 152, 401-408
Janssens, P., Hems, R. and Ross, B. (1980) Biochem. J. 190,
27-37

Kleinzeller, A. and McAvoy, E.M. (1973) J. Gen. Physiol.
62, 169-184

Horsburgh, T., Cannon, J.K. and Pitts, R.F. (1978) Am. J.
Physiol. 234, F485-F489

Kleinzeller, A. and McAvoy, E.M. (1977) Abstr. of Comm,,
XXVIIth Internatl. Congr. of Physiol. Sci., Paris, Abstr. No.
1153

Mullin, J.M. and Kleinzeller, A. (1985) in Tissue Culture of
Epithelial Cells (Taub, M., ed.), pp. 71-86, Plenum Press,
New York

Katzen, H.M. and Schimke, R.T. (1965) Proc. Natl. Acad.
Sci. USA 54, 1218-1225

Tune, B.M. and Burg, M.B. (1971) Am. J. Physiol. 221,
580-585

Ruderman, M.B. and Herrerra, M.G. (1968) Am. J. Physiol.
214, 1346-1351

Krebs, H.A. (1972) in Essays in Biochemistry (Campbell,
P.N. and Dickens, F., eds.), Vol. 8, pp. 1-31, Academic
Press, London

Duckworth, L.C. (1978) Endocrinology 102, 1766-1774
Levine, R. (1982) Vitam. Horm. 39, 145-173

Sochor, M., Baquer, N.Z. and McLean, P. (1979) Biochem.
Biophys. Res. Commun. 86, 3239

Kleinzeller, A. and Kotyk, A. (1961) Biochim. Biophys.
Acta 54, 367-369

Csaky, T.Z. and Fischer, E. (1981) Diabetes 30, 568-574
Fidelman, M.L., Seeholzer, S.H., Walsh, K.B. and Moore,
R.D. (1982) Am. J. Physiol. 242, C87-C93

Ozand, P. and Narahara, H.T. (1964) J. Biol. Chem. 239,
3146-3152

Katz, N. (1979) Eur. J. Biochem. 98, 535-542



