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Abstract

 

Release of glucose by liver and kidney are both increased in
diabetic animals. Although the overall release of glucose
into the circulation is increased in humans with diabetes,
excessive release of glucose by either their liver or kidney
has not as yet been demonstrated. The present experiments
were therefore undertaken to assess the relative contribu-
tions of hepatic and renal glucose release to the excessive
glucose release found in type 2 diabetes. Using a combina-
tion of isotopic and balance techniques to determine total
systemic glucose release and renal glucose release in postab-
sorptive type 2 diabetic subjects and age–weight-matched
nondiabetic volunteers, their hepatic glucose release was
then calculated as the difference between total systemic glu-
cose release and renal glucose release. Renal glucose release
was increased nearly 300% in diabetic subjects (321
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glucose uptake was markedly increased in diabetic subjects
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renal glucose uptake in the diabetic subjects (92
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 0.043). Renal glucose uptake was inversely
correlated with renal FFA uptake (
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which was reduced by 
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 60% in diabetic subjects (10.9
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vs. 27.0
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mol/min, 
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 0.002). We conclude that in
type 2 diabetes, both liver and kidney contribute to glucose
overproduction and that renal glucose uptake is markedly
increased. The latter may suppress renal FFA uptake via a
glucose–fatty acid cycle and explain the accumulation of
glycogen commonly found in the diabetic kidney. (
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Introduction

 

Excessive release of glucose into the circulation is a major fac-
tor responsible for fasting hyperglycemia in type 2 diabetes.
This has generally been attributed exclusively to the liver (1,
2), since this organ had been thought to be the sole source of

glucose in postabsorptive humans (3), and since increased he-
patic glucose release had been found in diabetic animals (4, 5).
However, increased renal glucose release has also been dem-
onstrated in diabetic animals (6–9). Moreover, recent studies
(10, 11) indicate that the human kidney may normally account
for as much as 25% of postabsorptive glucose production. It is
possible, therefore, that renal glucose release may contribute
to the excessive glucose release in patients with type 2 diabetes.

Overall release of glucose into the systemic circulation is
measured isotopically based on the dilution of the specific ac-
tivity or enrichment of an infused isotope of glucose by release
of endogenous unlabeled glucose (12). Liver and kidney can be
considered the only organs capable of releasing glucose, since
other tissues contain negligible activity of glucose-6-phos-
phatase (13). To assess their release of glucose, a combination
of net balance and isotopic techniques must be used, because
liver and kidney simultaneously take up and release glucose
(12). With this approach, release of glucose by one of these or-
gans is calculated as the difference between its glucose uptake
(i.e., arterial glucose concentration 

 

3

 

 glucose fractional ex-
traction 

 

3

 

 blood flow) and its net glucose balance (i.e., [arte-
rial–venous glucose concentration] 

 

3

 

 blood flow) (12, 14): The
release of glucose by the other organ can then be calculated by
subtraction from the simultaneously obtained overall isotopic
rate of release of glucose into the circulation.

The measurement of net balance of glucose across an organ
provides different information, namely, the difference be-
tween the uptake and release of glucose by that organ. It is
possible, for example, that glucose uptake by an organ can ex-
ceed its glucose release so that there is net glucose uptake by
the organ, while its release of unlabeled glucose contributes to
the isotopically determined overall release of glucose into the
systemic circulation. Thus net balance measurements may not
necessarily reflect the contribution of an organ’s release of glu-
cose to overall systemic glucose release.

In the only study to our knowledge using the combined net
balance–isotopic approach (hepatic venous catheter tech-
nique) to assess hepatic glucose release in type 2 diabetes (14),
overall glucose release, but not hepatic glucose release, was
significantly increased. Although these findings could be inter-
preted as providing evidence for increased renal glucose re-
lease in type 2 diabetes, it is possible that the failure to find in-
creased hepatic glucose release was merely the result of the
lack of sufficient statistical power due to the small number of
subjects studied. Similar studies using this approach to directly
assess renal glucose release in type 2 diabetes have not been
reported.

These studies were therefore undertaken to evaluate the
contribution of renal and hepatic glucose release to the in-
creased overall glucose release found in type 2 diabetes. We
used the combined isotopic–net balance approach (renal
venous catheter technique) to determine overall glucose re-
lease and renal glucose release in subjects with type 2 diabetes
and age–weight-matched nondiabetic volunteers and then cal-
culated their hepatic glucose release as the difference between
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overall and renal glucose release. In addition, using a similar
approach, we compared renal FFA and glucose uptake in our
subjects. The increased plasma FFA concentrations found in
type 2 diabetes have been proposed to result mainly from de-
creased FFA clearance (15–17). Since there appears to be a re-
ciprocal relationship between renal glucose uptake and renal
FFA uptake suggesting operation of a renal glucose–fatty acid
cycle (11, 18, 19), we hypothesized there was increased renal
glucose uptake in patients with type 2 diabetes, as has been
demonstrated in diabetic animals (20), and that this might sup-
press renal FFA uptake.

 

Methods

 

Subjects.

 

Informed written consent was obtained from 15 nondia-
betic volunteers (six men, nine women, HbA
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 5.5

 

6

 

0.1%) and 14
subjects with type 2 diabetes (10 men, four women, HbA

 

1C

 

8.2

 

6

 

0.3%) of comparable age (43
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3 vs. 50
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2 yr, 
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 0.07) and body
mass index (27.8
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1.1 vs. 28.1
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0.9 kg/m
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P
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 0.85). None of the dia-
betic subjects had been treated with insulin; those being treated with
oral hypoglycemic agents had been withdrawn from their medication
4 d before the experiment. All diabetic subjects had no signs of ne-
phropathy (i.e., no microalbuminuria) and subjects with coronary ar-
tery disease, proliferative retinopathy, or autonomic neuropathy
were excluded. Nondiabetic volunteers had normal glucose tolerance
tests according to World Health Organization criteria (21) and no
family history of diabetes mellitus. Data of 10 of the 15 nondiabetic
subjects have been included in a previous publication (11).

 

Protocol.

 

Subjects were admitted to the University of Rochester
General Clinical Research Center between 6:00 and 7:00 p.m. in the
evening before experiments; they consumed a standard meal (10 kcal/
kg, 50% carbohydrate, 35% fat, and 15% protein) between 7:00 and
8:00 p.m. and fasted overnight until experiments were completed.

At 

 

z

 

 5:30 a.m., an antecubital vein was cannulated and a primed-
continuous infusion of [6 

 

2

 

3

 

H]glucose (

 

z

 

 60–180 

 

m

 

Ci, 

 

z

 

 0.60 

 

m

 

Ci/
min; Amersham International, Amersham, UK) was begun. The bo-
lus of [

 

3

 

H]glucose was adjusted for the prevailing hyperglycemia in
the diabetic subjects (

 

z

 

 60 

 

m

 

Ci 

 

3

 

 millimolar plasma glucose/5 mM).
For other studies to be reported separately, four of the nondiabetic
volunteers and five of the diabetic subjects were also infused with
[

 

14

 

C]glutamine and [

 

13

 

C]lactate. Between 8:00 and 9:00 a.m., a renal
vein was catheterized under fluoroscopy and the position of the cath-
eter tip was ascertained by injecting a small amount of iodinated
contrast material. The catheter was then continuously infused with
a saline solution (heparinized at 5.6 U/min) to maintain patency. At

 

z

 

 9:00 a.m., a continuous infusion of [9,10 

 

2

 

3

 

H]palmitate (0.15–0.25

 

m

 

Ci/min; Amersham International) was started in nine diabetic sub-
jects and in 12 nondiabetic subjects. Shortly thereafter, a dorsal hand
vein was cannulated and kept in a thermoregulated Plexiglass box at
65

 

8

 

C for sampling arterialized venous blood, and an antecubital
venous infusion of 

 

p

 

-aminohippuric acid (12 mg/min) was started for
determination of renal blood flow. Starting at 

 

z

 

 10:00 a.m., three
blood samples were collected simultaneously from the dorsal hand
vein and the renal vein at 30-min intervals. Timed urine collections
were made over 

 

z

 

 6 h from 

 

z

 

 5:30 a.m. to 

 

z

 

 11:30 a.m.

 

Analytical procedures.

 

Blood samples were collected in oxalate–
fluoride tubes for glucose- and palmitate-specific activities and for
glucose, FFA, lactate, alanine, glycerol, and 

 

b

 

-hydroxybutyrate con-
centrations. Blood samples for insulin and glucagon concentrations
were collected in EDTA tubes containing a protease inhibitor.
Whole-blood glucose and urinary glucose were immediately deter-
mined in triplicate with a glucose analyzer (Yellow Springs Instru-
ment Co., Yellow Springs, OH). Glucose determinations had a coeffi-
cient of variation of 0.9%. For other determinations, blood samples
were placed immediately in a 4

 

8

 

C ice bath, and plasma was separated
within 30 min by centrifugation at 4

 

8

 

C. Plasma [6-

 

3

 

H]glucose- and

[9,10-

 

3

 

H]palmitate-specific activities and plasma FFA concentrations
were determined by HPLC methods with coefficients of variation of
0.5, 3.8, and 2.3%, respectively, as previously described (11). Plasma

 

p

 

-aminohippuric acid concentration was measured by a colorimetric
method (22). Plasma lactate, alanine, glycerol, and 

 

b

 

-hydroxybu-
tyrate concentrations were measured by standard microfluorometric
assays and plasma insulin and glucagon were measured by RIA as
previously described (23–25).

 

Calculations.

 

Systemic (total) release and uptake of glucose and
palmitate were determined isotopically using standard steady-state
equations (26), i.e., the infusion rate of the tracer in dpm
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kg
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min
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divided by the arterial tracer–specific activity in dpm
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mol

 

2

 

1

 

. Since
palmitate represents 30% of total plasma FFA (17), systemic palmi-
tate release and uptake were divided by 0.3 to extrapolate data to to-
tal FFA. Systemic glucose and FFA clearance were calculated as their
systemic uptake divided by their arterial concentration. Hepatic glu-
cose release was calculated as the difference between total systemic
glucose release and renal glucose release (see below).

Renal plasma flow (RPF)
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 was determined by the 

 

p

 

-aminohip-
puric acid clearance technique (22) and renal blood flow (RBF) was
calculated as RPF/(1 

 

2

 

 hematocrit). Fractional extraction (FX) of
glucose across the kidney was calculated as (arterial [6
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3

 

H]glucose-
specific activity 
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 arterial glucose concentration 

 

2

 

 renal vein
[6
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H]glucose-specific activity 
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 renal vein glucose concentration)/
(arterial [6
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3

 

H]glucose-specific activity 
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 arterial glucose concentra-
tion). Renal glucose uptake (RGU) was calculated as RBF 

 

3

 

 arterial
glucose concentration 

 

3

 

 FX 

 

2

 

 urinary glucose excretion. The latter
was determined as urine volume 

 

3

 

 urine glucose concentration/urine
collection period. Renal glucose net balance (RGNB) was calculated
as RBF 

 

3

 

 (arterial glucose concentration 

 

2

 

 renal vein glucose con-
centration). Renal glucose release was calculated as RGU 

 

2 

 

RGNB.
Analogous equations were used for FFA, lactate, alanine, glyc-

erol, and 

 

b

 

-hydroxybutyrate, except that RPF was used for FFA, ala-
nine, glycerol, and 

 

b

 

-hydroxybutyrate since organ exchange of these
metabolites occurs via plasma. In addition, since arterial and renal
venous palmitate-specific activities were not found to be significantly
different in both diabetic and nondiabetic subjects, indicating no re-
lease into the circulation of FFA from renal stores, as has been previ-
ously found in humans (11) and dogs (27), FX of FFA was calculated
as the difference in their arterial and renal venous concentrations di-
vided by their arterial concentration.

 

Data analysis.

 

Data are given as mean

 

6

 

SEM and were evaluated
using nonpaired 

 

t

 

 tests. Least-squares linear regression was used to
assess correlations. A 

 

P

 

 value 

 

,

 

 0.05 was considered statistically sig-
nificant.

 

Results

 

Substrate and hormone concentrations and glucose- and palmi-
tate-specific activities (Tables I and II).

 

Arterial and venous
concentrations and specific activities of glucose and FFA are
given in Table I. Other substrate and hormone concentrations
are given in Table II. Arterial glucose, FFA, and lactate con-
centrations were increased in the diabetic subjects, whereas
there were no significant differences between the two groups
in arterial alanine, glycerol, 

 

b

 

-hydroxybutyrate, insulin or glu-
cagon levels.

 

Systemic glucose and FFA fluxes (Figs. 1 and 2). Rates of
systemic (total) glucose release (Fig. 1) were increased in dia-
betic subjects (15.060.9 vs. 10.260.3 mmol?kg21?min21 in non-

1. Abbreviations used in this paper: FX, fractional extraction; RBF,
renal blood flow; RGNB, renal glucose net balance; RGU, renal glu-
cose uptake; RPF, renal plasma flow.
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diabetic volunteers, P , 0.001, respectively) and their systemic
glucose clearance was reduced (1.6360.10 vs. 2.1760.07
ml?kg21?min21 in nondiabetic volunteers, P , 0.001). Systemic
FFA release in the diabetic subjects was not significantly dif-
ferent from that of nondiabetic volunteers (4.4360.26 vs.
4.6460.21, mmol?kg21?min21, P 5 0.56), whereas their systemic
FFA clearance was significantly reduced (8.060.9 vs. 13.961.6
ml?kg21?min21, P 5 0.011) (Fig. 2).

Renal substrate metabolism (Table III, Figs. 1 and 3). RBF
(1,3696103 vs. 1,320675 ml/min, P 5 0.72) and RPF (831662
vs. 837647 ml/min, P 5 0.95) flow were comparable in diabetic
and nondiabetic subjects. (Table III).

RGNB was positive in the diabetic subjects (indicating net
uptake) and negative in the nondiabetic volunteers (indicating

net output). Renal glucose release (Fig. 1) was increased
nearly threefold in the diabetic subjects (321636 vs. 125615
mmol/min, P , 0.001) and was correlated significantly with
both arterial glucose concentration (r 5 0.78, P , 0.001) and
systemic glucose release (r 5 0.86, P , 0.001; Fig. 3).

Urinary glucose excretion averaged 57.5629.3 and 1.660.4
mmol/min, respectively, in diabetic and nondiabetic subjects
(P , 0.001). RGU, which represented renal tissue glucose up-
take since it was corrected for glycosuria, was markedly in-
creased in the diabetic subjects (353648 vs. 103610 mmol/min,

Table I. RBF, Arterial, Renal Vein Glucose, Fatty Acid Concentrations, and Specific Activities

4.5 h* 5.0 h 5.5 h Mean

RBF (liters/min)
Nondiabetic subjects 1.3360.07 1.3260.08 1.3160.08 1.3260.08
Diabetic subjects 1.3960.10 1.4060.10 1.3560.10 1.3860.10

Arterial glucose concentration (mM)
Nondiabetic subjects 4.7460.07 4.6560.06 4.6760.07 4.6960.07
Diabetic subjects 9.6660.75 9.6860.76 9.5460.75 9.6360.75

Renal vein glucose concentration (mM)
Nondiabetic subjects 4.7560.06 4.6860.07 4.6760.07 4.7160.07
Diabetic subjects 9.6160.73 9.6360.74 9.4860.73 9.5760.73

Arterial glucose-specific activity (dpm/mmol)
Nondiabetic subjects 15846264 15516270 15996267 15896265
Diabetic subjects 10016147 10066146 10156147 10086147

Renal vein glucose-specific activity (dpm/mmol)
Nondiabetic subjects 15526259 15246269 15706264 15596262
Diabetic subjects 9706141 9806143 9896142 9796142

Arterial FFA concentration (mM)
Nondiabetic subjects 401635 380634 398635 399635
Diabetic subjects 539646 533645 537643 536644

Renal vein FFA concentration (mM)
Nondiabetic subjects 373632 348631 358630 365631
Diabetic subjects 526644 520644 519639 522642

Arterial palmitate-specific activity (dpm/mmol)
Nondiabetic subjects 33486278 32906303 33726307 33326289
Diabetic subjects 31386387 31756391 31866388 31666387

Renal vein palmitate-specific activity (dpm/mmol)
Nondiabetic subjects 33836290 32566290 33856301 33456285
Diabetic subjects 31146416 31896387 32526408 31856402

*Time after beginning tritiated glucose infusion.

Table II. Arterial Substrate and Hormone
Concentrations (Mean6SEM)

Nondiabetic
subjects

Diabetic
subjects P

Lactate (mM) 651647 1077691 , 0.001
Glycerol (mM) 8269 8267 0.99
Alanine (mM) 236628 280629 0.32
b-Hydroxybutyrate (mM) 395668 5886159 0.29
Insulin (pM) 5164 6066 0.26
Glucagon (ng/liter) 8468 8065 0.71 Figure 1. Systemic, renal, and hepatic glucose release in nondiabetic 

volunteers and diabetic subjects. Mean6SEM.
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P , 0.001). This was not merely a consequence of hyperglyce-
mia, since renal glucose FX was significantly greater in the dia-
betic subjects (3.0460.28 vs. 1.7260.16%, P , 0.001).

In contrast, renal FFA FX and renal FFA uptake were
both reduced . 60% in the diabetic subjects (10.962.7 vs.
27.063.3 mmol/min, P , 0.002, and 2.3660.59 vs. 8.1260.62%,
P , 0.001). There was a significant inverse relationship be-
tween RGU and FFA uptake (r 5 20.51, P , 0.01).

Although net renal lactate uptake was increased z 50% in
the diabetic subjects (Table II), this was not statistically signifi-
cant. Net renal release of alanine was increased in the diabetic
subjects (16.563.5 vs. 4.662.4 mmol/min, P 5 0.021). Net renal
uptakes of glycerol and b-hydroxybutyrate were not signifi-
cantly different between the groups.

Hepatic glucose release (Fig. 1). Since liver and kidney are
the only organs capable of releasing free glucose into the circu-
lation, hepatic glucose release was estimated as the difference
between isotopically determined systemic (total) glucose re-
lease and renal glucose release. Calculated in this manner, he-
patic glucose release was increased z 30% in diabetic subjects
(11.360.7 vs. 8.760.3 mmol?kg21?min21, P 5 0.003) (Fig. 1). Al-
though the relative increase in renal glucose release was
greater than that of hepatic glucose release (z 300 vs. z 30%),
the absolute increases in hepatic and renal glucose release
were comparable (2.6060.70 vs. 2.2160.32 mmol?kg21?min21,
respectively, P 5 0.26).

Discussion

These studies indicate that both hepatic and renal glucose
release are increased in postabsorptive patients with type 2
diabetes and that the increments in glucose release by kidney

(2.260.3 mmol?kg21?min21) and liver (2.660.7 mmol?kg21?min21)
are comparable. These results thus provide evidence that kid-
ney and liver are of approximately equal importance for the
excessive isotopically determined glucose release found in type
2 diabetes. Increases in both hepatic and renal glucose release
have been previously demonstrated in diabetic animals (4–9),
and thus our results are not necessarily unexpected. However,
this appears to be the first demonstration in humans with type
2 diabetes, since a previous study using a similar approach
failed to find increased hepatic glucose release (14).

Theoretically, the increase in renal glucose release in the
diabetic subjects could have resulted from excessive detritia-
tion of reabsorbed labeled glucose after its filtration at the
glomerulus, since there was more glucose filtered and reab-
sorbed in the diabetic subjects. However, when normal volun-
teers have been infused with glucose, raising their plasma glu-
cose to levels comparable to those of our diabetic subjects
(z 12 mM), their systemic glucose release measured isotopi-
cally was suppressed to zero (28). This suggests that there is no
detritiation of labeled glucose during its reabsorption from the

Figure 2. Systemic FFA turnover (release and disposal) and clear-
ance in nondiabetic volunteers and diabetic subjects.

Figure 3. Correlation of renal glucose release with 
plasma glucose concentration and systemic glu-
cose release in nondiabetic volunteers and dia-
betic subjects.

Table III. Renal Substrate Exchange (Mean6SEM)

Non-
diabetic
subjects

Diabetic
subjects P

Glucose
Arterial-Venous Difference (mM) 214611 59633 0.051
Net balance (mmol/min) 221614 92650 0.043
Fractional extraction (%) 1.760.2 3.060.3 , 0.001
Uptake (mmol/min) 103610 353648 , 0.001
Release (mmol/min) 125616 321636 , 0.001

FFA
Arterial-Venous Difference (mM) 3464 1564 , 0.004
Fractional extraction (%) 8.160.6 2.460.6 , 0.001
Uptake (mmol/min) 2763 1163 , 0.002

Lactate
Arterial-Venous Difference (mM) 128613 176629 0.16
Net balance (mmol/min) 10569 153637 0.22

Glycerol
Arterial-Venous Difference (mM) 4464 3864 0.37
Net balance (mmol/min) 3563 3264 0.58

Alanine
Arterial-Venous Difference (mM) 2663 21963 0.031
Net balance (mmol/min) 2562 21763 0.021

b-Hydroxybutyrate
Arterial-Venous Difference (mM) 2769 67621 0.10
Net balance (mmol/min) 2169 51614 0.09
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renal tubule. Otherwise there would have been continued re-
lease of detritiated glucose into the circulation and the isotopi-
cally measured glucose appearance would not have been zero.

Since there was actual net renal uptake of glucose in our di-
abetic subjects, one could argue that the kidney made no net
contribution to the overall increased release of glucose found
in this condition. While this may be true, it should be pointed
out that total systemic glucose release measured isotopically
depends on dilution of the specific activity of the infused glu-
cose tracer by release of unlabeled glucose by both liver and
kidney regardless of the amount of glucose taken up by these
organs, and had the kidney not released unlabeled glucose, to-
tal systemic glucose release would have been lower. Another
way to consider the contribution of renal glucose release to the
hyperglycemia in type 2 diabetes is as follows. At steady state,
whole-body glucose release equals whole-body glucose up-
take. If renal glucose release decreased in the diabetic subjects,
whole-body glucose uptake would then exceed whole-body
glucose release, and plasma glucose levels would fall. This in
turn would cause, by simple mass action effects, whole-body
glucose uptake to decrease until a new steady state would be
established where again whole-body glucose release equaled
whole-body glucose uptake.

Finally, and perhaps most importantly, the measurements
of renal glucose release and uptake in the present study were
made after establishment of hyperglycemia. It is difficult to ex-
trapolate from this condition of steady-state hyperglycemia to
the net effect of the kidney in the initiation of hyperglycemia.
This depends on the rate of systemic glucose release exceeding
the rate of systemic glucose uptake. To a certain extent, the in-
creased renal glucose uptake found in our diabetic subjects de-
pended on the mass action effects of hyperglycemia and the
possible induction of glucose transporters by sustained hyper-
glycemia (see below). It is therefore possible that before estab-
lishment of hyperglycemia, renal glucose release might have
exceeded renal glucose uptake. If such were the case, the kid-
ney would have made a net contribution to the initiation of hy-
perglycemia.

There are several possible mechanisms that could explain
the simultaneous increase in glucose release by liver and kid-
ney. Increases in both hepatic and renal gluconeogenic enzyme
activity have been found in experimental diabetic animals (29–
31) and presumably could also occur in humans. Insulin sup-
presses glucose release in both tissues (1, 32), and therefore
the insulin resistance characteristically found in this condition
(1, 2) could play a role. Moreover FFA, whose plasma concen-
trations are usually increased in type 2 diabetes (33), stimulate
gluconeogenesis in both tissues (34, 35). Finally, in vitro stud-
ies indicate that increased availability of gluconeogenic sub-
strates such as lactate would be expected to increase gluconeo-
genesis in both organs to a comparable extent (36).

Normally, renal glucose release in humans is largely if not
exclusively attributable to gluconeogenesis (10). One would
therefore expect increased renal glucose release in patients
with type 2 diabetes to be mainly the result of increased gluco-
neogenesis. Nevertheless, we failed to find evidence for in-
creased renal uptake of alanine and glycerol, and although re-
nal lactate net uptake was increased by 50%, this was not
statistically significant. It should be noted, however, that these
measurements represent net and not total renal uptake. An in-
crease in lactate release resulting from glycolysis of the in-
creased glucose taken up by the kidney could have masked an

increase in lactate uptake. Furthermore, we did not determine
renal uptake of glutamine, another important renal gluconeo-
genic precursor (37). Nevertheless, these observations raise
the possibility that the increased renal glucose release found in
patients with type 2 diabetes might have involved increased
glycogenolysis.

The nondiabetic kidney contains little glycogen (38) and
cells that do form glycogen lack glucose-6-phosphatase (39)
and therefore can not release it as free glucose. However, it is
well established that the diabetic kidney contains substantial
glycogen and this occurs in cells capable of releasing it as free
glucose (38). It is possible, therefore, that there might have
been breakdown of this glycogen in our diabetic subjects,
which contributed to their increased renal glucose release.

The demonstration in these studies of a hitherto unappreci-
ated role of the kidney in overproduction of glucose in type 2
diabetes has several implications. It is possible that the re-
duced insulin requirements found in type 1 and type 2 diabetic
patients with end-stage renal disease might involve reduced re-
nal glucose release and not be solely attributable to reduced
renal insulin clearance as is commonly thought (40). More-
over, reduced glucose release by the kidney might also explain
the tendency for diabetic as well as nondiabetic patients with
end-stage renal disease to develop hypoglycemia (41).

Previous studies have demonstrated increased renal glu-
cose uptake in diabetic animals (20) and in humans with type 1
diabetes (42). In these studies renal glucose uptake was in-
creased more than threefold in subjects with type 2 diabetes. It
is noteworthy, however, that our subjects’ increased renal glu-
cose uptake was not merely due to the mass action effect of hy-
perglycemia. Their renal glucose fractional extraction was in-
creased nearly twofold. This indicates more efficient renal
uptake of glucose and could reflect induction of increased glu-
cose transporters by hyperglycemia and increased hexokinase
activity, which have been found in kidneys of diabetic animals
(20, 43, 44).

The increased renal glucose uptake found in the present
studies in patients with type 2 diabetes and that observed pre-
viously in patients with type 1 diabetes (42) provides a possible
explanation for the excessive renal glycogen accumulation
found in humans with diabetes (38). It also has implications
regarding the pathogenesis of diabetic nephropathy. Accumu-
lation of extracellular matrix, considered to be of major im-
portance (45), has been shown to be stimulated by high extra-
cellular glucose concentrations (46) and by overexpression of
Glut 1 transporters (47), suggesting that it may be dependent
upon increased renal glucose uptake. Moreover, increased re-
nal glucose uptake is associated with or could lead to activa-
tion of protein kinase C (48) and to enhancement of polyol
pathway flux and nonenzymatic glycosylation of renal proteins
(49), all of which may contribute to development of diabetic
nephropathy.

Finally, although increased release of FFA from adipocytes
is widely thought to occur in type 2 diabetes (50), these studies
confirm previous observations (15–17) that systemic FFA re-
lease is not increased in this condition, but rather, that sys-
temic FFA clearance is decreased. Furthermore, we found that
renal FFA uptake and fractional extraction were markedly de-
creased in our patients and that there was an inverse relation-
ship between renal FFA and glucose uptake. These observa-
tions suggest that increased renal glucose uptake may suppress
renal FFA uptake in type 2 diabetes and provide further sup-



624 Meyer et al.

port for the concept of a renal glucose fatty cycle in humans
(11).

In conclusion, these studies provide evidence that in type 2
diabetes both renal and hepatic glucose release are increased
to a comparable extent, thus implicating both organs as being
important for the overproduction of glucose found in this con-
dition. Our results also indicate that renal glucose uptake is
markedly increased in type 2 diabetes. This could explain the
accumulation of glycogen found in diabetic kidneys and may
play a role in the development in diabetic nephropathy.
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