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Turnover and Splanchnic Metabolism
of Free Fatty Acids and Ketones
in Insulin-dependent Diabetics
at Rest and in Response to Exercise
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Lars Hagenfeldt, and Philip Felig
Departments of Clinical Physiology and Medicine, Huddinge
Hospital, Department of Clinical Chemistry, Karolinska Hospital,
Stockholm, Sweden; Department of Internal Medicine, Yale
University School of Medicine, New Haven, Connecticut

Abstract. Nine insulin-dependent diabetics and
six healthy controls were studied at rest, during, and after
60 min of bicycle exercise at a work load corresponding
to 45% of their maximal oxygen intake. The catheter
technique was employed to determine splanchnic and leg
exchange of metabolites. FFA turnover and regional ex-
change was evaluated using [14C]oleate infusion. Basal
glucose (13.8±1.1 mmol/l), ketone body (1.12±0.12
mmol/l), and FFA (967±110 Amol/l) concentrations were
elevated in the diabetics in comparison with controls.

In the resting state, splanchnic ketone acid production
in the diabetics was 6-10-fold greater than in controls.
Uptake of oleic acid by the splanchnic bed was increased
2-3-fold, and the proportion of splanchnic FFA uptake
converted to ketones (61%) was threefold greater than in
controls. In contrast, splanchnic fractional extraction of
oleic acid was identical in diabetics and controls. A direct
relationship was observed between splanchnic uptake and
splanchnic inflow (plasma concentration X hepatic plasma
flow) of oleic acid that could be described by the same
regression line in the diabetic and control groups.

During exercise, splanchnic ketone production rose
in both groups. In the control group the increase in ke-
togenesis was associated with a rise in splanchnic inflow
and in uptake of oleic acid, a rise in splanchnic fractional
extraction of oleate, and an increase in the proportion of
splanchnic FFA uptake converted to ketone acids from
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20-40%. In the diabetic group, the increase in ketogenesis
occurred in the absence of a rise in splanchnic inflow or
uptake of oleic acid, but was associated with an increase
in splanchnic fractional extraction of oleic acid and a
marked increase in hepatic conversion of FFA to ketones,
so that the entire uptake of FFAwas accountable as ketone
acid output. Splanchnic uptake of oleic acid correlated
directly with splanchnic oleic acid inflow in both groups,
but the slope of the regression line was steeper than in
the resting state.

Plasma glucagon levels were higher in the diabetic
group at rest and during exercise, while plasma norepi-
nephrine showed a twofold greater increment in response
to exercise in the diabetic group (to 1,400-1,500 pg/ml).
A net uptake of ketone acids by the leg was observed
during exercise but could account for <5%of leg oxidative
metabolism in the diabetics and <1% in controls.

Despite the increase in ketogenesis during exercise, a
rise in arterial ketone acid levels was not observed in the
diabetics until postexercise recovery, during which sus-
tained increments to values of 1.8-1.9 mmol/l and sus-
tained increases in splanchnic ketone production were
observed at 30-60 min. The largest increment in blood
ketone acids and in splanchnic ketone production above
values observed in controls thus occurred in the diabetics
after 60 min of recovery from exercise.

Weconclude that: (a) In the resting state, increased
ketogenesis in the diabetic is a consequence of augmented
splanchnic inflow of FFA and increased intrahepatic con-
version of FFA to ketones, but does not depend on aug-
mented fractional extraction of circulating FFA by the
splanchnic bed. (b) Exercise-induced increases in keto-
genesis in normal subjects are due to augmented splanch-
nic inflow and fractional extraction of FFA as well as
increased intrahepatic conversion of FFA to ketones. (c)
When exercise and diabetes are combined, ketogenesis
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increases further despite the absence of a rise in splanchnic
inflow of FFA. An increase in splanchnic fractional ex-
traction of FFA and a marked increase in intrahepatic
conversion of FFA to ketones accounts for the exaggerated
ketogenic response to exercise in the diabetic. (d) Elevated
levels of plasma glucagon and/or norepinephrine may
account for the increased hepatic ketogenic response to
exercise in the diabetic. (e) Ketone utilization by muscle
increases during exercise but constitutes a quantitatively
minor oxidative fuel for muscle even in the diabetic. (f)
The accelerated ketogenesis during exercise in the diabetic
continues unabated during the recovery period, resulting
in an exaggerated postexercise ketosis.

Introduction

Insulin-dependent (type I)' diabetes is characterized by increased
lipolysis as well as by ketosis. In recent years, a considerable
body of evidence has been marshalled which demonstrates that
the regulation of ketogenesis is not only influenced by the rate
of lipolysis but also by the intrahepatic regulation of fatty acid
oxidation (1). The evidence for this concept is largely based on
studies in diabetic or fasted animals (1). With respect to studies
in humans, we have recently observed that in thyrotoxicosis,
increased ketogenesis is primarily a consequence of increased
splanchnic delivery of FFA (augmented lipolysis and increased
hepatic blood flow) rather than of altered hepatic metabolism
(2). In human type I diabetics, Sestoft et al. (3) reported that
ketone production is linearly related to splanchnic inflow of
FFA as well as being influenced by intrahepatic events. Their
data, however, are difficult to interpret. Firstly, the rate of
splanchnic ketone production observed in their healthy control
subjects was comparable to that of their diabetic subjects and
4-5-fold greater than we have observed in normal postabsorptive
subjects (2). Secondly, those authors (3) did not use isotopically
labeled fatty acids to assess splanchnic FFA exchange, thus pre-
cluding a determination of total FFA uptake by the splanchnic
bed or splanchnic fractional extraction of FFA. Thirdly, rather
than unchanged or increased rates of splanchnic glucose pro-
duction, as would be expected in type I diabetics (4), their diabetic
subjects demonstrated glucose production rates that were 40%
lower than the healthy controls (3). Thus, despite the extensive
animal data available (1), the importance of such factors as
lipolysis, hepatic blood flow, fractional extraction of FFA by
the splanchnic bed, and increased hepatic utilization of extracted
fatty acids for ketogenesis, have not been established in human
type I diabetes. The role of these various factors in determining
ketone production in the diabetic is of interest not only in the
resting state but also in response to exercise. Previous studies

1. Abbreviations used in this paper: ANOVA, analysis of variance; type
I, insulin-dependent.

from our laboratory (4) and others (5) have shown that exercise
may increase ketogenesis in the type I diabetic. On the other
hand, exercise is known to cause a reduction in hepatic blood
flow (6, 7). Consequently, exercise provides the possibility of
examining the factors influencing FFA extraction and conversion
to ketones in the absence of an increase in FFA inflow to the
splanchnic bed. In addition, previous studies have shown that
in normal subjects blood ketones rise most during recovery
from exercise (8). The effect of diabetes on this postexercise
ketosis has not, however, been established.

The present study was consequently undertaken to evaluate
splanchnic inflow, uptake, and fractional extraction of FFA and
the relationship of these processes to hepatic ketogenesis in type
I diabetics in the resting state and in response to exercise. We
also examined circulating levels of FFA and ketones during a
60-min postexercise recovery period to determine the effect of
diabetes on postexercise ketosis.

Methods

Subjects. Two groups of subjects were studied at the Department of
Clinical Physiology, Huddinge University Hospital. The patient group
consisted of nine nonobese type I patients with diabetes mellitus of
7-23 yr duration. The subjects received their last insulin injection (as
intermediate acting insulin) 24-26 h before the study. The control group
consisted of six healthy nonobese male volunteers. Clinical and laboratory
data for all subjects are given in Table I. All subjects were consuming
a weight-maintaining diet containing at least 200 g of carbohydrate per
day for 3 d before the study. The purpose, nature, and potential risks
of the study were carefully explained to all patients and control subjects
before obtaining their voluntary consent to participate. The procedures
used in these studies were approved by the institutional ethical com-
mittees.

Experimental protocol. The studies were performed in the morning
after an overnight fast (12-14 h). Teflon catheters were inserted per-
cutaneously into a femoral artery and a femoral vein. A Cournand
catheter (No. 7-8) was introduced percutaneously into a femoral vein
and manipulated under fluoroscopic control to a right-sided hepatic
vein. The tip of the catheter was placed 3-4 cm from the wedge position.
The subjects were studied in the resting state (supine), during exercise
(upright sitting), and during the postexercise recovery period (supine).
Exercise was performed for 60 mmnon a cycle ergometer (Siemens Elema,
Sweden) at a work load set at -45% of the subjects' maximal oxygen
uptake. The relative work intensities actually achieved were 46±2% in
the diabetic patients and 44±1% in the healthy controls.

FFA turnover and regional exchange were determined using intra-
venous infusion of '4C-labeled oleic acid bound to human serum albumin
(0.5 ,uCi/min) at rest and during exercise (9). Constant levels of oleic
acid specific activity were reached in all subjects at rest and after
30-40 min of exercise (Fig. 1). Hepatic and leg blood flow were measured
using indicator dilution techniques and indocyanine green dye (6, 10,
1 1). Arterial, hepatic, and femoral venous blood samples were drawn
2-3 times at 5-10-min intervals in the resting state and at 10-15-min
intervals during exercise and during a 60-min postexercise recovery
period.

Analytical methods. Plasma FFA were extracted as described by
Dole and Meinertz (12). FFA radioactivity was measured in the heptane
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Table I. Clinical Data for Diabetic and Control Subjects

Arterial concentration of
Maximal History of Dose of

Subjects Age Height Weight oxygen uptake diabetes insulin* Glucose 3-Hydroxybutrate Acetoacetate

yr cm kg 1/min yr JU mmol/I mmol/l mmol/1

Patients
MK 48 183 73 3.36 23 44 12.1 1.26 0.35
HL 27 184 83 3.20 12 48 + 32 15.6 1.73 0.64
HL 39 181 65 2.53 7 24 + 16 15.0 0.86 0.29
JB 34 179 72 3.13 26 30 + 20 10.6 0.71 0.24
TB 36 172 62 3.43 16 48 15.6 0.66 0.31
TS 41 173 80 3.19 15 52 + 8 17.0 0.27 0.18
CV 35 185 82 3.62 12 24 + 12 15.5 0.25 0.12
RS 30 184 75 3.40 7 16 6.6 1.24 0.39
LP 42 173 70 3.03 15 28 16.5 0.31 0.24

Controls
GG 33 189 93 3.40 4.2 0.04 0.03
UR 31 189 70 3.29 4.4 0.03 0.04
HR 25 174 64 3.59 4.3 0.03 0.03
RH 27 180 80 2.94 4.2 0.07 0.06
NB 31 186 90 3.60 4.6 0.02 0.05
UD 22 185 77 3.40 3.8 0.04 0.04

* Where two numbers are shown they represent morning and evening doses of insulin, respectively.

extract and subsequently corrected for radioactivity present in esterified
fatty acids remaining in the heptane phase after extraction of the free
acids into alkaline methanol. The concentrations of individual FFA
were determined by gas chromatography, using heptadecanoic acid as
internal standard (13). Glucose (14), 3-hydroxybutyrate, acetoacetate
(15), and glycerol (16) concentrations were all determined enzymatically
in whole blood. Plasma glucagon (17) and human growth hormone (18)
were determined by radioimmunoassay; epinephrine and norepinephrine
(19) were measured by a radioenzymatic technique.

Hematocrit was measured using a microcapillary hematocrit cen-
trifuge and corrected for trapped plasma. 02 saturation was measured

Oleic Acid Specific Activity
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17-

16-

15]

54
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I T I
I'. Figure 1. Oleic acid specific
rT--I activity in the resting state

and during exercise in dia-
f betic patients (filled circles)

-10 -5 0 30 35 40 min and healthy controls (un-
Rest Exercise filled circles).

spectrophotometrically (20) and hemoglobin was measured by the cyan-
methemoglobin technic (21). Expired air was analyzed using the Scho-
lander microtechnique.

Calculations and statistical methods. The turnover rate of oleic acid
was calculated as the rate of infusion of ['4C]oleic acid divided by its
steady state arterial plasma specific activity. The fractional uptake (t)
of oleic acid across the splanchnic vascular bed was calculated on the
basis of its arterial (A) and hepatic venous (HV) radioactivity: f = "C-
18: IAHV/'4C-18: 1A. The uptake of oleic acid (U, in micromoles per
minute) by the splanchnic area was calculated as the product of f, the
arterial plasma concentration of free oleic acid, and the splanchnic plasma
flow (P). Release of oleic acid (R, in micromoles per minute) was es-
timated as the difference between the uptake and the net exchange of
unlabeled oleic acid: R = U - (18: A-HV)P (2, 4).

Standard statistical methods were employed, using the paired t test
and an analysis of variance in analyzing changes from rest to exercise
within each group, using an analysis of variance as well as the unpaired
t test in comparing the diabetic and control group during exercise and
recovery, and by comparing linear regression lines (22). Data in the text,
tables, and figures are given as mean±SEM.

Results

Resting state. The arterial concentrations of substrates for di-
abetic patients and control subjects are given in Table II. The
arterial glucose concentrations were measured on three occasions
at 5-min intervals in all subjects in the resting state. The mean
values obtained in the diabetics were 13.9+1.1, 13.8±1.2, and
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Table H. Arterial Concentrations of Substrates in Diabetic Patients (P) and Control Subjects (C) at Rest, during and after Exercise

Exercise Recovery

Rest* 30 min 60 min 10 min 20 min 30 min 45 min 60 min

FFA (Mimol/l) P 967±1 10§ 1,073±102t 1,132±123t 1,617±64t 1,498±114t 1,279±125t 1,103±142t 1,163±152*
C 339±58 519±79 676±85 1,120+172 859±156 642±113 533±84 576±95

3-OH-butyrate P 810±171* 533±104* 656±110§ 1,089±154§ 1,260±139§ 1,339±168§ 1,369±205§ 1,384±212§
(MAmol/l) C 38±6 45±5 89±18 257±36 300±36 259±46 190±46 167±38

Acetoacetate P 306±50§ 208±34§ 259±36§ 360±53* 428±55* 431±58t 487±59§ 496±65§
(Omol/l) C 43±6 33±4 56±9 108±6 144±13 135±23 117±31 108±26

Glycerol P 89±9§ 279±21§ 340±27t 226±17* 156±16t 111±18t 104±20t 124±25*
(,umol/l) C 38±5 134±18 192±25 138±22 77±10 49±7 42±6 52±10

Glucose P 13.8± 1.l § 13.9±1.3§ 13.2±1.5§ 13.7±1.3§ 13.9±1.3§ 13.4±1.4§ 13.9±1.3§ 13.9±1.4§
(mmol/l) C 4.4±0.1 4.6±0.2 4.5±0.2 4.7±0.3 4.6±0.2 4.5±0.2 4.6±0.2 4.6±0.2

Means±SEM.
* Data in the resting state were calculated from the mean of 2-3 observations obtained at 5-10-min intervals in each subject.
* P vs. controls <0.05.
§ P vs. controls <0.01.

13.8±1.2 mmol/l. Similarly, FFA, 3-hydroxybutyrate, aceto-
acetate, and glycerol concentrations measured at 0-min intervals
yielded mean values varying <5%, indicating a relatively steady
state at rest with regard to the concentrations of circulating
metabolites. Basal glucose, total ketone acids, FFA, and glycerol
concentrations were, as expected, elevated in the diabetics in
comparison with the controls.

Table III shows the arterial concentrations of glucagon, epi-
nephrine, norepinephrine, and growth hormone. Arterial glu-
cagon concentrations in the diabetics exceeded that of the con-

trols. However, plasma epinephrine, norepinephrine, and growth
hormone were comparable in the two groups. In Table IV, data
on oleic acid turnover and splanchnic metabolism of oleic acid
and ketones are shown. The arterial concentration as well as
the total turnover of oleic acid was increased 2-3-fold in the
diabetic group. Fractional turnover of oleic acid was not, how-
ever, altered in the diabetics.

The splanchnic uptake as well as the release of oleic acid
was increased 2-4-fold in the diabetic group. The elevation in
oleic acid uptake could not be attributed to an increased ex-

Table III. Arterial Concentrations of Glucagon, Epinephrine, Norepinephrine, and Human Growth Hormone (HGH) in Diabetic Patients

(P) and Control Subjects (C) at Rest, during and after Exercise

Exercise Recovery

Rest* 15 min 30 min 45 min 60 min 10 min 30 min 60 min

Glucagon P 194±35* 204±47 212±46 214±48 213±47 219±41 236±46 220±44

(pg/ml) C 98±14 101±16 105±15 107±15 113±10 119±14 115±13 102±14

Epinephrine P 110±28 158±41 161±34 185±32 309±130 110±20 110±21 114±27

(pg/ml) C 88±19 147±38 114±30 161±44 253±69 96±27 78±14 95±21

Norpinephrine P 271±54 1,093±180* 1,646±409t 1,339±281t 1,468±339 534±104 484±129 387±73

(pg/ml) C 281±124 476±43 542±53 635±83 728±143 303±49 229±55 240±63

HGH(ng/ml) P 14±5 15±4 13±4 11±3 15±3 10±2 5±1 3±1

C 10±4 9±3 20±9 23±10 21±10 13±5 6±3 3±1

* Data are given as mean±SE.
* P < 0.05 when compared with controls.
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Table IV. Arterial Concentration, Turnover, and Splanchnic Exchange of Oleic Acid and Ketone Acids in Diabetic Patients (P)
and Controls (C) at Rest and during Exercise*

Rest Exercise Pt

Oleic acid concentration (,umol/l) P 375±50§ 422±55" ns
C 129±25 257±36 P < 0.001

Oleic acid turnover (Mmol/min) P 360±47§ 595±70 P < 0.01
C 146±35 404±74 P < 0.01

Fractional oleic acid turnover (min-') P 0.33±0.02 0.51±0.04 P < 0.001
C 0.34±0.02 0.53±0.03 P < 0.001

Splanchnic fractional uptake of oleic acid P 0.36±0.01 0.45±0.02 P < 0.01
C 0.36±0.03 0.43±0.03 0.05 < P < 0.01

Splanchnic oleic acid uptake (Mmol/min¶) P 111± 16§ 82±15 ns
C 40±7 68±14 P < 0.05

Splanchnic oleic acid release (Mumol/min) P 35±7§ 38±4 ns
C 10±3 31±4 P < 0.001

3-Hydroxybutyrate output (Mmol/min) P 413±39§ 614±95§ P < 0.05
C 39±10 170±33 P < 0.01

Acetoacetate output (tmol/min) P 275±35§ 276±37§ ns
C 48±12 134±31 P < 0.05

ns, not significant.
* Values are given as mean±SE.
f Significance of difference between rest and exercise values.
§ P < 0.01 when compared with controls.
11 P < 0.05 when compared with controls.
¶ Oleic acid uptake was calculated as the product of the fractional uptake of oleic acid, the arterial concentration of oleic acid, and estimated
hepatic plasma flow.

traction of oleic acid by the splanchnic bed, since its fractional
extraction was identical in the patients and controls. On the
other hand, oleic acid delivery to the splanchnic bed (arterial
concentration X plasma flow) was increased in the diabetic group
(116±23 vs. 308±38 gmol/min, P < 0.05). Furthermore, as

Oeic Acid Uptake Figure 2. Splanchnic oleic
acid uptake in relation to
oleic acid inflow in the rest-

150 / ing state in diabetic and
'7 /control subjects. Oleic acid

E / inflow is expressed as the
E 100- / product of estimated he-

/ * patic blood flow and arte-
rial oleic acid concentra-

50- /'° tion. Filled symbols repre-
sent diabetic patients and

Oleic Acid Inflow unfilled circles correspond
100 2 300 460 560 to normal controls. The

Vn-d/min solid line denotes the
regression line determined for all subjects (Y = 0.38 X -5.0, r
= 0.98, P < 0.001).

shown in Fig. 2, a direct linear correlation was observed in both
the diabetics and controls between splanchnic delivery (inflow)
of oleic acid and its uptake by the splanchnic bed. The slope
of the regression line was the same in the diabetics and controls.

The splanchnic production of ketone acids was markedly
increased in the diabetics. Output of 3-hydroxybutyrate was
increased 10-fold, while output of acetoacetate was increased
5-6-fold. As shown in Fig. 3, the proportion of splanchnic uptake
of FFA that was converted to ketone acids was threefold greater
in the diabetics. In the controls, only 20% of splanchnic FFA
uptake could be accounted for as ketone body output, while in
the diabetics this value rose to 61%. Estimated hepatic blood
flow was comparable in controls (1,560±60 ml/min) and dia-
betics (1,520±100 ml/min).

Leg exchange of oleic acid and ketones is shown in Table
V. In the resting state there was a 67-100% increase in leg
uptake and release of oleic acid in the diabetics. Fractional
extraction of oleic acid was, however, lower in the diabetics as
compared with controls. Uptake of both ketone acids by the
leg was increased 5-6-fold in the diabetics. Uptake of ketone
acids by the legs (both legs) could account for 22%of splanchnic
ketone production in the diabetics and 32% in the controls.

1371 Free Fatty Acids and Ketones in Diabetes and Exercise
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Figure 3. Splanchnic uptake of FFA and production of ketone bodies
at rest (above) and during exercise (below). Splanchnic FFA uptake
was calculated from oleic acid uptake and the percentage oleic acid
in plasma FFA. For comparison with ketone body production it was
converted into 4-carbon equivalents, assuming a mean chain length
of 17.4 carbon atoms per fatty acid.

Exercise. During exercise, arterial concentrations (Table II)
of FFA rose twofold (P < 0.001) while ketone acids increased
30-130% (P < 0.05) in the controls (Table II). In contrast, in
the diabetics, arterial FFA rose only 20% (P < 0.05) while ketone
acids fell by 20-30% (P < 0.01). Nevertheless, arterial FFA and
ketone acids remained markedly higher (2-10-fold) in the di-
abetic group (P < 0.001 by analysis of variance [ANOVA]). In
both groups, parallel 3-4-fold elevations in glycerol and un-
changed concentrations of glucose were observed (Table II).
Glycerol and glucose levels were thus significantly higher in the
diabetics throughout exercise (P < 0.001, by ANOVA).

Plasma glucagon and growth hormone (Table III) showed
no significant increase in either group in response to exercise.
In contrast, twofold increments in epinephrine were observed
in both groups in response to exercise (P < 0.01). Plasma nor-
epinephrine showed a twofold greater rise in the diabetics as
compared with the controls (Table III). Plasma glucagon levels
were also significantly higher in the diabetics during exercise
(P < 0.02 by ANOVA).

The arterial concentration and total turnover of oleic acid
increased by 100 and 175%, respectively, in the controls during
exercise (Table IV) while the corresponding values for the di-
abetics were 15 and 65%. The fractional turnover of oleic acid

showed comparable increases in the diabetic and control groups
in response to exercise (Table IV). Estimated hepatic blood flow
fell by 35% in the controls (to 1,040±80 ml/min, P < 0.001)
and by 50% in the diabetic subjects (to 755±30 ml/min,
P < 0.001) during exercise.

The effect of exercise on splanchnic metabolism of oleic
acid differed in the diabetic and control subjects (Table IV).
While splanchnic uptake of oleic acid rose by 70%during exercise
in the control group (P < 0.05), it tended to fall in the diabetics
in response to exercise (Table IV). These differing responses to
exercise were attributable to differences in splanchnic delivery
(inflow) of oleic acid. In the control group, splanchnic delivery
of oleic acid rose by 25% as compared with the resting state
(148±24 vs. 116±23 ,gmol/min, P < 0.05). In contrast, in the
diabetics, splanchnic inflow of oleic acid declined below resting
values (178±27 vs. 308±38 ,umol/min, P < 0.02). As in the
resting state, in both the diabetics and controls, a direct linear
correlation was observed between splanchnic delivery of oleic
acid and its splanchnic uptake during exercise (Fig. 4). The slope
of the regression line was the same for the diabetics and controls
during exercise (Fig. 4). However, the regression line was steeper
than that observed in the resting state (Fig. 2) (P < 0.05). In
keeping with the latter finding, splanchnic fractional extraction
of oleic acid rose by 20-25% during exercise in both controls
and diabetics (Table IV).

Despite the differing responses in normals and diabetics with
respect to splanchnic uptake and inflow of FFA, splanchnic
production of ketones rose in both groups in response to exercise

Table V. Leg Exchange of FFA, 3-Hydroxybutyrate, Acetoacetate,
and Oxygen in Diabetic Patients (P) and Healthy Controls (C)
at Rest and during Exercise (Mean±SE)

Exercise
Rest (60 min) P

Oleic acid uptake P 50±5t 198±20§ <0.001
(mol/min) C 25±7 139±16 <0.001

Oleic acid release P 55±5§ 94±14§ <0.05
(,mol/min) C 33±9 32±24 ns

Fractional oleic acid P 0.34±0.03t 0.18±0.01 <0.001
uptake C 0.51±0.02 0.16±0.01 <0.001

3-Hydroxybutyrate P 66±8t 242±36f <0.001
uptake (gmol/min) C 12±4 28±6 <0.05

Acetoacetate uptake P 86±20§ 78±44 ns

(,mol/min) C 16±4 22±6 ns

Oxygen uptake P 1.86±0.34 38.4±2.4 <0.001
(mmol/min) C 2.16±0.16 41.8±3.0 <0.001

ns, not significant.
* Significance of difference between rest and exercise values.
t Significantly different from control value, P < 0.01.
§ Significantly different from control value, P < 0.05.
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(Table IV). The augmented ketogenesis in the diabetic group

was a consequence of increased intrahepatic conversion of FFA
to ketones. During exercise, ketone production accounted for
the entire splanchnic uptake of FFA (103%), but accounted for
only 60%of the uptake in the resting state (Fig. 3). In the control
group, the fraction of FFA converted to ketones also rose above
resting values, but to more than 40% (Fig. 3).

In Table V, the effect of exercise on leg metabolism of oleic
acid and ketones is shown. Uptake of oleic acid increased
4-5-fold in control and diabetic subjects despite a reduction in
fractional extraction. Uptake of 3-hydroxybutyrate rose fourfold
in the diabetics and twofold in the controls. Acetoacetate uptake
was unchanged in both groups. Ketone acid uptake (assuming
complete oxidation) could account for <5%of leg oxygen uptake
in the diabetics and <1% in controls during exercise. Leg blood
flow was 0.4±0.05 1/min in both patients and controls in the
resting state and rose to 2.6±0.2 1/min in the diabetics and to
3.1±0.2 1/min in controls during exercise. Leg oxygen uptake
rose -20-fold during exercise (Table V).

Recovery. During recovery from exercise (Table II), arterial
FFA levels reached peak values at 10 min and remained elevated
above basal at 60 min in the diabetics as well as in controls. In
both groups, arterial ketone acids rose markedly in the first 10
min of recovery. Thereafter, there was a further rise in the
diabetic group followed by a sustained elevation in ketone acids
that persisted throughout the recovery period, so that total ketone
acids at 60 min of recovery reached values of 1.9±0.3
mmol/l. In contrast, in the control group, ketone acids reached
peak values at 20 min, declining thereafter by 25-30%. As a

result, the absolute difference in total ketone acid concentration
between diabetics and controls was twofold greater at 60 min
of recovery than during exercise (1.6 vs. 0.77 mmol/l). Arterial
norepinephrine levels also remained 50-100% above basal in
the diabetics, but rapidly returned to baseline in the control
group during recovery (Table III). The higher levels of plasma
glucagon and norepinephrine observed in the diabetics during
exercise also persisted in recovery (Table III, P < 0.01) by
ANOVA).

In the diabetics, splanchnic production of 3-hydroxybutyrate
and acetoacetate rose 10-30% after the end of exercise (P
< 0.05-0.01) and remained elevated above the basal rate at 60
min of recovery (Fig. 5). In contrast, splanchnic production of

ketone acids in the controls rose rapidly, to a peak value at 10
min after exercise, and declined rapidly between 20 and 30 min
of recovery, reaching values twice the basal rate at 60 min of
recovery (Fig. 5). As a result, the largest increment in splanchnic
ketone production in the diabetics as compared with controls
was observed at 60 min of recovery (Fig. 5).

Discussion

The rate of hepatic ketogenesis can be influenced by extrahepatic
as well as hepatic processes. The extrahepatic processes include
the rate of FFA release from adipose tissue (lipolysis) and the
blood flow to the liver, which together determine the splanchnic
inflow of FFA. The hepatic processes include the fractional
extraction of FFA by the liver and the intrahepatic disposal of
fatty acids (i.e., oxidation vs. reesterification with glycerol). The
present study provides data on the relative importance of these
varying processes in type I diabetes, during exercise and when
diabetes and exercise are combined (Fig. 6).

The current data demonstrate that in the resting state the
two major factors influencing the rate of ketogenesis are lipolysis
and intrahepatic disposal of FFA. Splanchnic inflow of FFA
was elevated in the diabetic group as a consequence of augmented
net lipolysis (reflected by the combined elevation in arterial FFA
and glycerol), inasmuch as estimated hepatic blood flow and
fractional turnover of FFA were comparable in the two groups.
In addition, the proportion of splanchnic FFA uptake attrib-
utable to ketone production was threefold greater in the diabetics.
On the other hand, identical values for splanchnic fractional
extraction of FFA (determined as oleic acid) were observed in
the diabetics and controls. The present study thus provides ev-
idence in intact humans that the role of the liver in enhancing
ketogenesis in diabetes is by altering the fate of the extracted
fatty acids rather than by increasing the extraction ratio of avail-
able fatty acids. This conclusion is further substantiated by the
virtually identical regression lines for diabetic and normal sub-
jects with respect to the relation between splanchnic inflow of

Splanchnic Ketone Acid Output
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Figure S. Splanchnic production of ketone acids in diabetic subjects
(filled circles) and healthy controls (unfilled circles) during and after
exercise.
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oleic acid and its uptake by the splanchnic bed. These findings
are in strong agreement with the in vitro data of McGarry and
Foster (1) indicating that preferential utilization of FFA for
oxidation is the major factor responsible for increased ketone
formation in livers from diabetic animals.

In accord with earlier observations (4, 5), the diabetics showed
an increase in ketogeiesis in response to exercise. An acceleration
in ketogenesis was also observed in the controls. The regulatory
factors responsible for these exercise-induced increases showed
similarities as well as differences when the diabetics and controls
were compared. FFA delivery to ihe splanchnic bed continued
to exert comparable effects on ketogenesis in the two groups,
as reflected by the identical regression lines relating oleic acid
inflow and its uptake by the splanchnic bed during exercise in
the diabetics and controls (Fig. 3). In addition, in both groups,
splanchnic fractional extraction of fatty acids rose above resting
levels during exercise. Furthermore, the slope of the regression
line relating splanchnic uptake of oleic acid to its inflow was
significantly steeper during exercise than in the resting state.
These findings indicate that in contrast to the effects of diabetes,
the enhanced ketogenesis induced by exercise includes an in-
crease in splanchnic fractional extraction of available FFA.

In contrast to the similarity of responses with respect to
fractional extraction of FFA, exercise induced differing effects
in the controls and diabetics with regard to splanchnic inflow
and splanchnic uptake of FFA. Splanchnic uptake of FFA tended
to fall during exercise in the diabetics. This decline was a con-
sequence of a decrease in splanchnic inflow of FFA, which was
attributable to a 50% reduction in estimated hepatic blood flow
inasmuch as arterial FFA levels tended to rise by 15-20% in
response to exercise in the diabetics. In contrast, in the normal
subjects, a twofold increase in arterial FFA more than com-
pensated for the reduction in hepatic blood flow so that splanch-
hic inflow of FFA and its uptake by the splanchnic bed rose as
compared with the resting state.

Despite these differing effects of exercise on splanchnic FFA
delivery in diabetic as compared with normal subjects, both
groups responded to exercise with an increase in ketogenesis.
In the diabetic group, this increase in ketone production was a
consequence of a marked shift in the intrahepatic disposition

of FFA. With regard to splanchnic balance of lipid substrates,
it is noteworthy that during exercise the output of ketones by
the diabetics corresponded to the entire splanchnic uptake of
FFA. These findings thus indicate that the importance of in-
creased hepatic oxidation of FFA as a determining factor in
ketogenesis in the diabetic (1) is even further exaggerated when
diabetes is combined with exercise.

The regulatory sites in the control of ketogenesis influenced
by diabetes, exercise, and exercise combined with diabetes are
summarized in Fig. 5. In diabetes, increased ketogenesis is at-
tributable to augmented lipolysis (resulting in increased FFA
delivery) and increased hepatic conversion (oxidation) of FFA
to ketone acids. In exercise, increased ketogenesis is due to an
augmentation in splanchnic fractional extraction of FFA in ad-
dition to increases in lipolysis and in intrahepatic conversion
of FFA to ketones. Finally, when exercise and diabetes are com-
bined, increased ketogenesis is due to augmented fractional ex-
traction of FFA and to an even further increase in hepatic
conversion of FFA to ketone acids.

Concerning the mechanisms of these changes in FFA and
ketone metabolism, insulin lack and insulin lack plus glucagon
excess, respectively, have been implicated in the increase in
lipolysis and augmented hepatic oxidation of FFA, which occur
in diabetes (1). The changes in lipolysis and in hepatic conversion
of FFA to ketones associated with exercise may also be attrib-
utable to the hypoinsulinemia (23) and hyperglucagonemic (23)
effects of exercise. Note, however, that plasma glucagon did not
rise in either group in response to exercise, perhaps because of
the low intensity of the exercise performed and because it was
limited to only 1 h in duration (24). Onthe other hand, plasma
catecholamines rose in response to the exercise and may have
contributed to the augmented fractional extraction of FFA by
the splanchnic bed, which was observed in the controls as well
as in the diabetics in response to exercise. Furthermore, the
exaggerated rise in plasma norepinephrine may have been a
factor in the exaggerated increase in intrahepatic conversion of
FFA to ketones, which was observed in the diabetic patients
during exercise. The possibility also exists that catecholamines
contributed to ketogenesis by increasing lipolysis of stored tri-
glyceride in the liver. Previous studies have, in fact, suggested
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that an hepatic effect of norepinephrine is responsible at least
in part for its action in enhancing ketogenesis (25). The exag-
gerated norepinephrine response to exercise observed in the
current study is also in keeping with earlier findings in type I
diabetics (26).

In a previous study we observed that the increase in keto-
genesis induced by exercise in diabetics is dependent, in part,
on the status of diabetic control before initiating the exercise
(4). In those patients in whomarterial ketone acid levels exceeded
3.0 mmol/l at rest, a greater ketogenic effect was observed than
in patients with ketone levels of < 1.0 mmol/l (4). The present
study did not include measurements of plasma C-peptide or
free insulin to assess insulin availability in the diabetics. Nev-
ertheless, the current observations provide evidence of complete
conversion of splanchnic FFA uptake to ketones during exercise
in subjects with ketone acid levels < 3.0 mM(0.4-2.4 mmol/
1) in the resting state. These findings thus suggest that the aug-
mentation in exercise-induced ketogenesis, which accompanies
deteriorating control of diabetes (4), is likely to be a consequence
of enhanced splanchnic inflow of FFA and/or increased
splanchnic fractional extraction of FFA, rather than an increase
in the proportion of FFA converted to ketones. In keeping with
this conclusion, examination of the data from our earlier report
(4) reveals that in patients with ketone acid levels > 3.0 mmol/
I in the resting state, splanchnic fractional extraction of FFA
was greater than in the present study (78 vs. 45%), while the
proportion of FFA converted to ketones was comparable to the
present findings (>90%).

It should be noted that Sestoft et al. (3) failed to observe
an increase in ketogenesis in either diabetic or control subjects
in response to exercise. However, in that study, ketone pro-
duction was evaluated after only 20 min of exercise, at which
point arterial FFA levels had failed to rise above basal in either
group (3). Their data on ketone production are also difficult to
interpret, since their control subjects showed splanchnic pro-
duction rates for ketone acids that were comparable to those
of their diabetic subjects and 4-5-fold greater than we have
observed in normal postabsorptive subjects in this or previous
studies (2). Despite these differences, those authors also observed
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a direct relation between splanchnic inflow and splanchnic up-
take of FFA, and found evidence of a greater intrahepatic con-
version of FFA to ketones in diabetics (3).

In an earlier study, with respect to ketone acid utilization,
we observed linear regressions of the arterio-venous concentra-
tion differences for ketone acids across the forearm on their
respective arterial concentrations in healthy subjects at rest (27).
The regression coefficients were -0.5 for both ketone acids. In
the present study these observations have been extended into
the range of ketone acid concentrations encountered in diabetic
patients. By combining the current data with those from an
earlier study of diabetic patients in whom higher ketone acid
levels were found (4), this relation can be examined over a range
of concentrations extending to 1.6 mmol/l for acetoacetate and
3.5 mmol/l for 3-OH-butyrate. It is then found that at high
concentrations of the ketone acids, a better fit between arterial
concentration and muscle uptake is obtained with curvilinear
rather than linear regressions (Figs. 7 and 8). For arterial ketone
concentrations in the normal range (below 0.3 mmol/l for 3-
hydroxybutyrate and below 0.15 mmol/l for acetoacetate), the
curved regressions are still rising steeply. These results, therefore,
do not imply that there is a difference between diabetics and
nondiabetics, but rather that at high ketone acid concentrations
an additional factor that counteracts muscle uptake becomes
increasingly important. The effect is more pronounced by 3-
hydroxybutyrate than for acetoacetate (Figs. 7 and 8). Aceto-
acetate and 3-hydroxybutyrate are interconvertible in the mi-
tochondria through the 3-hydroxybutyrate dehydrogenase re-
action, and uptake of one of the acids should thus also be affected
by the concentration of the other. In fact, the arterial-femoral
venous difference for 3-hydroxybutyrate also fitted well to a
multiple regression with arterial 3-hydroxybutyrate (XI) and
arterial acetoacetate (X2) as independent variables (Y = 0.021
X- 0.309 X2 + 0.151, r = 0.74, P < 0.01). The finding in
the diabetics of a diminishing acetoacetate uptake and the tran-
sition from uptake to release of 3-hydroxybutyrate during rising
ketone acid concentration is similar to what is observed during
the hyperketonemia of progressive starvation (28, 29).

During exercise, a significant uptake of ketone acids by the
leg muscles was observed in the controls, and was in keeping
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with earlier observations (4) on the diabetics. However, as a
substrate for oxidative metabolism during exercise, ketone acid
uptake is of minor importance. In the controls, it corresponded
to <1% of the leg oxygen consumption, and in the diabetics,
accounted for <5% of the oxygen consumption.

Despite the increase in ketogenesis that occurred during
exercise, the hyperketonemic effect of exercise was not apparent
in the diabetics until the postexercise recovery period. In fact,
the largest increment in circulating ketones in the diabetics as
compared with the control group was observed at 60 min of
recovery. Previous studies have shown that the ketonemic effect
of exercise in normal subjects is also marked in the recovery
period (8). The current results indicate that the hyperketonemic
response during recovery is not only greater but more sustained
in type I diabetics. Moreover, our data demonstrate that this is
caused by continued splanchnic overproduction of ketone acids
in the diabetics throughout the recovery period, whereas in the
controls, splanchnic ketone acid production rapidly declines
after a peak at 10-20 min of recovery (Fig. 5). These findings
thus suggest that the exercise-induced decompensation of dia-
betes that may occur when diabetics are poorly regulated in the
resting state (4), may, with respect to blood ketone levels and
ketogenesis, be more manifest in the postexercise recovery period.
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