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Hepatic Insulin Resistance and Defects in 
Substrate Utilization in Cystic Fibrosis
Dana S. Hardin, Adrian LeBlanc, Laurie Para, and Dan K. Seilheimer

Patients with cystic fibrosis (CF)-related diabetes
(CFRD) have clinical features of both type 1 and type 2
diabetes. Past studies have documented peripheral
insulin resistance in CF, and some studies have noted
high hepatic glucose production (HGP) in CF patients.
We hypothesized that patients with CF, similar to
patients with type 2 diabetes, have hepatic insulin resis-
tance. Cystic fibrosis is a catabolic condition, yet the eti-
ology of catabolism is poorly understood. De novo lipo-
genesis is energy wasteful and precludes ketogenesis.
Patients with CFRD rarely develop ketogenesis, despite
insulin deficiency. We speculated that CF patients have
de novo lipogenesis, and therefore evaluated substrate
utilization in CF. Using [6,6-2H2]glucose and a three-step
hyperinsulinemic-euglycemic clamp, we measured HGP in
29 adult CF subjects and 18 control volunteers. Using
indirect calorimetry, we measured lipid oxidation, oxida-
tive glucose metabolism, and resting energy expendi-
ture at baseline and at high levels of insulin. All subjects
were characterized by oral glucose tolerance testing
(OGTT) and National Diabetes Data Group criteria. The
CF subjects had increased HGP when compared with
control subjects (CF, 3.5 ± 0.6; control, 2.5 ± 0.5 mg · kg– 1 ·
h– 1; P = 0.002). Baseline HGP correlated with glucose lev-
els obtained 2 h after a glucose load given for OGTT (r =
0.69, P = 0.001). Suppression of HGP by insulin was
significantly less in all CF subgroups than in control
subjects at peripheral insulin levels of 16 and 29 µU/ml.
At peripheral insulin levels of 100 µU/ml and 198 µU/ml,
there was no difference in insulin suppression of HGP
between CF and control subjects. At baseline, there was
no significant difference between control and CF subjects
for glucose or lipid oxidation. During maximum insulin
stimulation, there was a greater tendency for nonoxida-
tive glucose metabolism in all CF subjects. The CF sub-
jects with abnormal glucose tolerance also had de novo
lipogenesis. Our results indicate that CF patients have
several defects in substrate utilization, including de
novo lipogenesis. Furthermore, these results suggest
that high hepatic glucose production and hepatic insulin
resistance contribute to the high incidence of abnormal
glucose tolerance in CF. Diabetes 48:1082–1087, 1999

C
ystic fibrosis (CF) patients have a higher inci-
dence of diabetes than any other age-matched
group (1). The type of diabetes is unique to CF and
has features of both type 1 and type 2 diabetes.

Multiple studies have demonstrated that CF patients have
decreased insulin secretion (2–4); several studies have also
described peripheral insulin resistance in CF (5–7). Hepatic
glucose production (HGP) is an important regulator of
glycemic control (8), and several studies have demonstrated
elevation of HGP in both type 1 (9) and type 2 (9,10) diabetes.
Previous studies have also noted elevated HGP in CF
(5,6,11). Insulin has a potent inhibitory effect on HGP that
allows glycogen to be stored in the liver for use during fasting.
Suppression of HGP by insulin is greatly reduced in type 2 d i a-
betic patients (12) and in patients with liver disease (13).
This condition has been termed “hepatic insulin resistance”
(9) and is associated with peripheral insulin resistance
(9,13,14). One previous study (6) describes both peripheral
and hepatic insulin resistance in CF patients with frank dia-
betes; however, the same study describes resistance to
insulin at the level of the liver but enhanced peripheral
insulin sensitivity in CF patients who do not have diabetes.
Due to these interesting findings, one purpose of our current
study was to reexamine the relationship between hepatic
and peripheral insulin sensitivity in CF.

Cystic fibrosis patients frequently have difficulty main-
taining body weight, and the disease has been described as
a catabolic condition (15,16). One mechanism of catabolism
in CF is high resting energy expenditure (REE) (17,18), yet the
etiology of high REE is not completely understood. Another
clinical condition associated with both catabolism and high
REE is HIV infection. One group (19) has described de novo
lipogenesis, an energy wasteful process (20), in HIV- i n f e c t e d
patients. We therefore wished to evaluate lipid oxidation in
CF subjects using indirect calorimetry. We also utilized indi-
rect calorimetry to evaluate oxidative and nonoxidative glu-
cose metabolism.

RESEARCH DESIGN AND METHODS

Subject recruitment. Some 29 CF subjects, 17–37 years old, were recruited from
the CF clinic at Texas Children’s Hospital/Baylor College of Medicine. Patients
were required to be medically stable at the time of the study (no hospital admissions
for 6 weeks, no oral or intravenous antibiotics for 4 weeks preceding the study).
Patients were excluded from participation if they had used oral or intravenous cor-
ticosteroid medications within 4 months of the study or if they had elevation of liver
transaminases (SGOT, SGPT) on the most recent annual visit. Many subjects used
low doses of inhaled corticosteroids; however, in proper doses, inhaled steroids do
not cause endocrine changes (21–23). Patients were also excluded from participa-
tion if they were colonized with Burkholderia cepaciaor were pregnant. All CF vol-
unteers required replacement of pancreatic enzymes (exocrine insufficient) and all
but one were weight-stable during the 3 months before the study. Eighteen normal
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volunteers in good health were recruited by advertisement. They were matched to
CF subjects for BMI, age, Tanner stage, and sex. None was an endurance-trained
athlete, a physical state known to enhance insulin sensitivity (24), and none had an
eating disorder as determined by history and physical examination. All subjects gave
written informed consent as approved by the Institutional Review Boards at the Uni-
versity of Texas and Baylor College of Medicine.
Characterization of subjects

Oral glucose tolerance test. Two weeks to 1 day before the clamp study, each
subject underwent a 3-h oral glucose tolerance test (OGTT). Subjects were cat-
egorized as having normal glucose tolerance (NGTCF), impaired glucose tolerance
(IGTCF), or diabetes (DCF) according to standards set forth by the National
Diabetes Data Group (25). The 2-h postprandial glucose levels and the fasting blood
glucose (FBG) levels, used to determine if correlation existed between HGP and
either 2-h postprandial glucose or FBG, were obtained from the OGTT in all sub-
j e c t s .
Dual X-ray absorptiometry. Body composition (lean body mass, fat mass) was
measured on the day of the metabolic studies by dual X-ray absorptiometry
(DEXA) (QDR 2000 Array Scan Mode; Hologic, Waltham, MA). This technique
makes possible noninvasive assessment of both skeletal density and soft tissue
composition with good precision. Total body scans require 10 min and have bet-
ter than 1% precision for skeletal densities, better than 2% precision for lean tis-
sue mass, and precision of 2–5% for calculation of percent fat (26). The correla-
tion between DEXA and total-body potassium estimates of lean tissue is r =
~0.95, and between DEXA and percent body fat estimate, r = ~0.9 (27).
In vivo measurements

“Step-up” euglycemic-hyperinsulinemic clamp. Each subject spent the
night before the study in the University of Texas Clinical Research Center. No
patient was allowed to eat or drink after 8:00 P.M. Regular medications were 
withheld on the morning of the study, with the exception of inhaled respiratory
treatments. Diabetic patients were given regular human insulin (Eli Lilly, Indi-
anapolis, IN) subcutaneously throughout the night every 4 h as needed to main-
tain euglycemia (final dose given at 4:00 A.M.). On arrival at the unit, the patient’s
indwelling central venous catheter was accessed, or if the patient did not have an
indwelling catheter, a 9-inch intracatheter (Becton Dickinson, Sandy, UT) was
inserted into an antecubital vein. Isotonic saline was infused in the catheter at a
low rate overnight. The next morning, an intravenous catheter was placed 
retrograde in the back of the opposite hand, and the hand was warmed with a heat-
ing pad to obtain arterialized blood samples.

To determine sensitivity of HGP to insulin, after the isotopic equilibration
period (described below), subjects underwent a three-step hyperinsulinemic-
euglycemic clamp (28). Regular human insulin was infused at rates of 10 mU · m– 2 ·
m i n– 1 in all subjects. After 90 min, the insulin dose was increased to 20 (20 CF and
11 control subjects [C]) or 40 (nine CF and seven C) mU · m– 2 · min– 1. After 90 min
at this intermediate insulin dose, the insulin infusion was increased to a final step
of 120 mU · m– 2 · min– 1 that lasted 120 min. Blood samples were taken at 5-min
intervals for the immediate determination of plasma glucose using an automated
glucose oxidase technique (Glucose Analyzer; YSI, Yellow Springs, OH). The
results were used to titrate the infusion rate of 20% glucose as needed to main-
tain euglycemia. To prevent hypokalemia and hypophosphatemia, K2H P O4 w a s
infused throughout the study. Glucose levels were clamped at 5.0 ± 0.7 mmol/l dur-
ing all insulin doses of the clamp. Insulin levels were obtained at the end of each
insulin dose and at baseline (before infusion of isotope).
Measurement of HGP. We measured HGP using a labeled glucose infusion
(GINF) method (29). A primed (2.5 mg/kg) continuous (2.0 mg · kg– 1 · h– 1) infu-
sion of [6,6-2H2]glucose was administered for 2 h before the clamp (isotopic equi-
libration period) and throughout the infusion of insulin. Isotope was also added
to the 20% dextrose infusion (used to maintain euglycemia during the clamp) in
an amount calculated to yield a D- [ 6 , 6 -2H2]glucose isotopic enrichment approxi-
mately equal to that in plasma at isotopic equilibrium. This technique, developed
by Finegood et al. (29), allows a relatively constant specific activity of isotope
throughout the duration of the clamp. Arterialized blood was obtained before iso-

tope infusion, after the 2-h isotopic equilibration period, and 90 min after the ini-
tiation of each insulin step. Three blood samples were obtained in triplicate at 
5-min intervals for each time point. Blood samples were separated, and the serum
was frozen for future determination of plasma [6,6-2H2]glucose enrichment.

HGP was calculated by subtracting the exogenous glucose infusion rate (20%
dextrose infused to maintain euglycemia during the clamp) from the total rate of
isotope appearance in serum. The rate of appearance (Ra) of D- [ 6 , 6 -2H2] g l u c o s e
was determined by Ra = i(Ei /Ep – 1), where i is the infusion rate of tracer in micro-
moles per kilogram per hour, and includes tracer added to the 20% dextrose dur-
ing the clamp; Ei is the isotopic abundance of tracer; and Ep is the isotopic abun-
dance in plasma at isotopic plateau. Calculations were made using a mean of three
measurements obtained during the final 15 min of each infusion period.

To determine an appropriate dose of tracer to be added to nonlabeled glucose
infusion, we performed preliminary studies in six CF subjects. During these stud-
ies, we infused each subject with D- [ 6 , 6 -2H2]glucose as described above and
insulin doses of 20 or 120 mU · m– 2 · min– 1 for 3 h. We measured triplicate plasma
D- [ 6 , 6 -2H2]glucose and serum glucose and insulin levels at 30-min intervals. From
our measurements of HGP, we were able to calculate a reasonable estimate for
addition of isotope to the 20% dextrose. We also were able to demonstrate stability
of D- [ 6 , 6 -2H2] flux beginning 60 min after insulin infusion.
Indirect calorimetry. To measure substrate oxidation and REE, each subject
underwent hood indirect calorimetry (Metascope; Cybermedics, Denver, CO)
for 30 min at baseline and again during the final 30 min at maximum glucose dis-
posal (insulin dose 120 mU · m– 2 · min– 1). Substrate calculations yielding infor-
mation on glucose oxidation and lipid oxidation were performed as previously
described (10,30). Nonoxidative glucose metabolism was determined by sub-
tracting the rate of glucose oxidation from the maximum glucose disposal rate (31)
obtained during the final 30 min of the high-dose insulin clamp.
Measurement of counterregulatory hormones. We measured morning cor-
tisol levels from blood collected at 6:30–7:00 A.M., before the initiation of insulin
infusion. Blood for measurement of glucagon and norepinephrine was collected
at the same time. Each sample was collected in the appropriate laboratory tube,
separated, and frozen for future analysis.
In vitro measurements

Determination of plasma isotope enrichment. Plasma samples were deriva-
tized, and plasma D- [ 6 , 6 -2H2]glucose enrichment was measured by gas chro-
matography/mass spectrometry (Metabolic Solutions, Boston, MA). Results were
reported as moles percent excess.
Measurement of insulin levels. Serum-free insulin levels were measured by
radioimmunoassay using a double-antibody technique (32) (Coat-A-Count; Diagnostic
Products, Los Angeles, CA). Results were reported as microunits per milliliter.
Measurement of cortisol, norepinephrine, and glucagon levels. M e a s-
urement of serum cortisol (morning cortisol), glucagon, and norepinephrine lev-
els were done by Endocrine Sciences Laboratory (Calabasa, CA).
Statistical analysis. Results are reported as means ± SD for each subject group
and, when noted, for the entire CF group. Repeated-measures analysis of variance
for intergroup comparisons was performed with Bonferroni correction. Student’s
t test was used for calculating significance of insulin, epinephrine, and glucagon
levels. Statistical significance was determined by P values <0.05.

R E S U LT S

We studied 29 CF and 18 control subjects. Table 1 summarizes
the clinical characteristics of the CF subgroups and the con-
trol group. Of the CF subjects, 9 were diabetic (area under the
curve [AUC] 841 ± 34), 9 had impaired glucose tolerance
(AUC 522 ± 29), and 11 had normal glucose tolerance (AUC
373 ± 49). Fasting blood glucose levels for each group are
listed in Table 1. The 2-h post–glucose load levels were as fol-
lows: NGTCF, 112 ± 14; IGTCF, 179 ± 18; and DCF, 317 ± 70.

TABLE 1
Characteristics of subjects

S u b j e c t s A g e Sex (M/F) Lean body mass H b A1 c ( % ) F B G B M I

C o n t r o l 26 ± 5 6 / 8 39.2 ± 7.7 5.1 ± 0.4 5.1 ± 0.6 20.7 ± 2.7
All CF 25 ± 6 1 2 / 1 7 41.4 ± 8.1 7.1 ± 1.7* 5.9 ± 0.7* 20.5 ± 2.8
N G T C F 23 ± 5 5 / 6 41.2 ± 8.9 5.3 ± 1.0 4.6 ± 2.9 20.9 ± 3.7
I G T C F 26 ± 6 5 / 4 41.9 ± 7.9 6.1 ± 1.1* 5.7 ± 1.2*† 19.8 ± 1.7
D C F 26 ± 6 3 / 6 43.9 ± 8.1 9.6 ± 2.7*† 7.0 ± 1.9*† 21.3 ± 3.1

Data are means ± SD. *Significantly different from control subjects; †significantly different from NGTCF.
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All diabetic subjects but one were previously known to our
group and had been treated with insulin for at least 1 year. The
patient who was previously not known as diabetic did not
receive insulin before these studies. Control subjects were
matched with the CF subjects for age, weight, lean body
mass, and sex. All control volunteers had normal glucose
tolerance (AUC 345 ± 132), and their 2-h postprandial glucose
was 119 ± 17.

Basal HGP was determined using a modified Steele equa-
tion (33) and was measured after 2 h of isotopic equilibration.
Each CF subgroup had significantly higher rates of HGP than
control subjects, and there was no significant difference in
HGP between CF subgroups (Fig. 1 and Table 2). There was
no significant correlation between basal HGP and FBG in
either CF or control subjects. However, basal HGP corre-
lated with glucose levels obtained 120 min after the carbo-
hydrate load during the OGTT (r = 0.69; P = 0.001) (Fig. 2).
A similar correlation was noted between 60-min glucose lev-
els and basal HGP. Insulin’s ability to suppress HGP was
measured by a stepwise euglycemic-hyperinsulinemic clamp.
At each insulin step, there was no significant difference
between the peripheral insulin levels achieved by control
subjects and all CF subgroups for a given insulin infusion rate.
Insulin infusion resulted in decreased HGP in all CF sub-
groups and in control subjects; however, the degree of 
suppression obtained at similar serum insulin levels was
s i g n i ficantly less in all CF subgroups than in control subjects
during insulin infusion of 10 and 20 mU · m– 2 · min– 1 ( Table 2).
Supraphysiologic doses of insulin (100 and 190 µU/ml)
resulted in similar suppression of HGP in all CF subgroups
and control subjects. We did not find statistically signific a n t
differences in insulin’s ability to suppress HGP between CF
subgroups. Results from the clamps at insulin doses of 10, 20,
and 40 mU · m– 2 · min– 1 are reported in Table 2.

Morning cortisol levels were not different between CF and
control subjects (CF, 15 ± 4; C, 13 ± 3 µg/dl; NS). At baseline,
glucagon levels were similar between control and CF subjects
( C F, 70.3 ± 24.0; C, 62.5 ± 20 pg/ml; NS), and there was no cor-
relation between glucagon levels and HGP in either control
or CF subjects. Baseline norepinephrine levels did not differ
between control and CF subjects (CF, 246 ± 32; C, 221 ± 
44 pg/ml; NS). At maximum glucose disposal, there was no 

difference between control and CF subjects for either
glucagon or norepinephrine levels.
Indirect calorimetry. As expected, REE was signific a n t l y
higher in CF than in control subjects (CF, 1610 ± 292; C, 1295
± 145 kcal/24 h; P = 0.01). At baseline, there was no signific a n t
difference in glucose oxidation between any CF subgroup and
the control group. Although not significant, there was a ten-
dency for the CF subjects to have higher lipid oxidation than
the control subjects. At maximum glucose disposal, nonox-
idative glucose metabolism, representing glycogen storage
(34), was significantly lower in CF than in control subjects.
Furthermore, the CF subjects demonstrated lipogenesis de
novo. Indirect calorimetry data are given in Table 3. At base-
line, the nonprotein respiratory quotient (NPRQ) was similar
in control subjects and all CF subgroups (C, 0.91 ± 0.1; CF, 0.89
± 0.1). After insulin stimulation, the NPRQ increased in all sub-
jects, but was >1 in the CF subgroups (NGTCF, 1.0 ± 0.2;
I G T C F, 1.1 ± 0.1; DCF, 1.1 ± 0.1; C, 0.9 ± 0.1). Differences
between CF subgroups were not statistically signific a n t .

D I S C U S S I O N

Although previous studies have described high HGP in CF
(5,6,11), this study is the first to correlate HGP with post-
prandial glucose levels and to report similarities in hepatic

TABLE 2
Insulin effects on hepatic glucose production

Insulin dose Serum insulin 
Time and HGP (mU · m– 2 · min– 1) level (µU/ml) All CF C o n t r o l N G T C F I G T C F D C F

B a s e l i n e
H G P No exogenous insulin 3 ± 1 3.5 ± 0.6* 2.5 ± 0.5 3.2 ± 0.2* 3.7 ± 0.7* 3.4 ± 0.6*

90 min 1 0
H G P 16 ± 5 2.3 ± 0.7* 0.3 ± 0.7 1.5 ± 0.9* 2.8 ± 0.6*† 2.9 ± 0.9*†
% decrease 3.8 ± 1 88 ± 1 53 ± 6* 26 ± 2*† 40 ± 4*†

180 min 2 0
H G P 29 ± 5 0.2 ± 0.1* 0.0 ± 0.1 0.2 ± 0.01* 0.2 ± 0.2* 0.3 ± 0.1*
% decrease 93 ± 1 100 ± 1 94 ± 1 94 ±1 91 ± 1

300 min 4 0
H G P 100 ± 7 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 1.0 ± 0.0 0.1 ± 0.1
% decrease 99 ± 6 100 ± 0 100 ± 0 100 ± 0 99 ± 0.1

Data are means ± SD. Percent decrease is relative to baseline HGP for each subgroup. *Significantly different from NGTCF; 
†significantly different from control subjects.

FIG. 1. Basal hepatic glucose production (mg · kg– 1 · min– 1) was meas-

ured after isotopic equilibration, and the results from all CF sub-

groups were averaged. There is a significant difference (P < 0.05)

between the control subjects and the average from all CF subjects.
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insulin resistance in CF subjects with carefully defined dif-
ferences in glucose tolerance. Furthermore, this study is the
first to describe changes in substrate utilization in CF, partic-
ularly a tendency for de novo lipogenesis. Investigators doc-
umenting elevated HGP in type 2 diabetes suggest that the
defect is genetic and is a primary contributor to the genesis of
type 2 diabetes (9). At this time, the origin of elevated HGP in
CF is unclear. Kien et al. (11) have generated the hypothesis
that elevated basal HGP in CF is a compensatory mechanism
for increased REE. That group found that elevated basal HGP
disappeared when HGP was normalized for REE. Normaliza-
tion of our basal HGP for REE finds similar loss of signific a n c e
between control and CF subjects (data not shown). Moran et
al. (6) postulated that elevated HGP may be related to
enhanced gluconeogenesis, secondary to chronic elevation of
catecholamines. Although our methods cannot distinguish
gluconeogenesis from glycogenolysis, catecholamine levels did
not differ between CF and control subjects.

We did not find significant differences in HGP between
the CF subgroups. This similarity suggests that elevation of
HGP is indeed a primary defect associated with CF. Although
we normalized blood glucose levels in the DCF subgroup

before the clamp, the lack of difference in HGP in the CF sub-
groups could reflect suppression of HGP by chronic hyper-
glycemia for days preceding the study.

To evaluate hepatic insulin sensitivity, we used a labeled
GINF method, analogous to the “hot GINF” method of Fine-
good (29), rather than a single-compartment model (35). The
single-compartment model introduces two possible errors,
one dependent on mixing volume and the other arising from
the structure of the glucose system. Both errors are depen-
dent on the plasma tracer specific activity (36). The inade-
quacy of this model for use during a hyperinsulinemic-eugly-
cemic clamp has been well documented (37,38). Past studies
(29,36) indicate that model errors can be minimized by
reducing the rate of change of glucose specific activity dur-
ing the non–steady state. We believe use of a modified hot-
GINF technique (29) allowed us to most accurately measure
HGP during the clamp. One weakness of our study is that we
did not randomize the sequence of the insulin infusion dose.
Because of the length of these studies, our results could be
i n fluenced by augmentation of existing glycogen stores from
the glucose infusion, which could have the effect of sensitiz-
ing the liver to insulin and could explain the lack of differences
in HGP suppression between CF subgroups at higher insulin
doses. Despite this possible influence, our study clearly
demonstrates differences in insulin’s ability to suppress HGP
between all CF subgroups and control volunteers at physio-
logic doses of insulin.

The only other study of hepatic insulin sensitivity in CF
using similar methodology was done by Moran et al. (6).
Both their study and ours describe elevated basal HGP and
hepatic insulin resistance in CF subgroups with abnormal glu-
cose tolerance. However, one of the most interesting differ-
ences between our current findings and those of Moran et al.
is found in the subjects with abnormal glucose tolerance
who do not have frank diabetes (EXO group in Moran et al.,
IGTCF group in our study). Moran et al. demonstrate hepatic
insulin resistance, but enhanced peripheral insulin sensitiv-
i t y, in this subgroup. In contrast, we have demonstrated both
decreased peripheral (7) and decreased hepatic insulin sen-
sitivity in subjects with impaired glucose tolerance. Austin et
al. (5) have made a similar observation in this subgroup using
a one-compartment model. The unique discordance between

TABLE 3
Substrate oxidation by indirect calorimetry

N G T C F I G T C F D M C F All CF C o n t r o l

B a s a l
Glucose oxidation 

(mg · kg– 1 · min– 1) 2.4 ± 1.3 2.1 ± 1.0 1.9 ± 1.8 2.2 ± 1.2 2.4 ± 1.4
Lipid oxidation 

(mg · kg– 1 · min– 1) 0.58 ± 0.2 0.74 ± 0.5 0.72 ± 0.5 0.69 ± 0.4 0.47 ± 0.7
After insulin

Glucose oxidation 
(mg · kg– 1 · min– 1) 4.3 ± 1.5 3.7 ± 1.0 3.2 ± 2.9 3.9 ± 1.2 4.3 ± 1.3

Lipid oxidation 
(mg · kg– 1 · min– 1) 0.07 ± 0.3 –0.22 ± 0.3* –0.12 ± 0.7* –0.10 ± 0.4* 0.02 ± 0.1

Nonoxidative glucose 
metabolism (mg · kg– 1 · min– 1) 6.9 ± 1.3* 6.7 ± 1.2* 6.3 ± 2.7* 6.7 ± 1.6* 9.7 ± 2.6

Glucose disposal rate 
(mg · kg– 1 · min– 1) 10.8 ± 1.0* 10.3 ± 1.0* 10.3 ± 2.5* 10.5 ± 1.5* 14.7 ± 2.4

Data are means ± SD. *Significantly different from control subjects.

FIG. 2. The x-axis displays basal HGP measured at isotopic steady

state. The y-axis denotes blood glucose levels obtained 2 h after a 75

mg/kg glucose load (maximum 75 mg) given for the oral glucose tol-

erance test. A strong correlation is noted.
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peripheral and hepatic insulin sensitivity as described (6)
has not been previously reported in any other clinical condi-
tion. Although we have been unable to confirm these fin d i n g s ,
differences in subject populations, such as worse pulmonary
function and clinical status, may explain the fin d i n g s .

Our group has reported insulin resistance (7) in CF subjects
with normal glucose tolerance. Our current study reveals
hepatic insulin resistance in this subgroup. Moran et al. (6)
report normal hepatic, but enhanced peripheral, insulin sen-
sitivity in normally glucose-tolerant subjects. One explanation
for these findings may be that the subjects studied by Moran
et al. were also pancreatic exocrine sufficient. We have pre-
viously reported (7) normal peripheral insulin sensitivity in
three subjects with pancreatic exocrine sufficiency, and cur-
rent evaluation of HGP in these three subjects reveals normal
hepatic insulin sensitivity (data not shown). Patients with CF
who are exocrine sufficient rarely develop CF-related diabetes
(CFRD), thus these findings could reflect inherent differ-
ences in insulin action in exocrine-sufficient CF patients.

Although CF patients are treated with antibiotics associated
with hepatotoxicity, such as semisynthetic penicillin deriva-
tives and erythromycin, none of our subjects had elevated
liver transaminases and none were being treated with urso-
dioxycholic acid. Thus, we do not believe that elevated HGP
or hepatic insulin resistance is secondary to liver disease. Both
insulin and glucagon regulate HGP (39,40), and insulin sup-
presses glucagon secretion (41). Previous investigators (4,42)
have reported normal basal glucagon levels in CF. One study
(4) noted decreased glucagon responsiveness to hypogly-
cemia and suggested that CF patients may have a defect in 
a-cell function. We found no differences in glucagon levels at
baseline and maximum insulin infusion between control and
CF subjects; however, we cannot completely rule out a role
of glucagon affecting insulin suppressibility of HGP at phys-
iologic insulin levels. Patients with CF frequently suffer from
reactive airway disease, and many receive routine treatment
with bronchodilators. Although bronchodilators are primar-
ily b2 agonists, they can have some b1 effect, resulting in
enhanced catecholamine secretion. Since there was no dif-
ference between the norepinephrine levels of control and
CF subjects, it does not appear that our findings are related
to bronchodilator therapy. Elevated cortisol levels can cause
decreased insulin sensitivity (43) and could likely affect HGP.
We did not find a difference in cortisol levels in CF and con-
trol subjects. However, it is possible that CF patients may have
different diurnal variations of cortisol secretion than the con-
trol subjects. Future analysis using 24 h urine free cortisol
measurements or obtaining cortisol levels after cortrosyn
stimulation would be helpful to completely rule out a con-
tributing role for cortisol in the abnormal glucose metabolism
found in CF.

Early studies in type 2 diabetes (9) report correlation
between HGP and fasting hyperglycemia; however, more
recent studies (44) have not found this correlation and sug-
gest (45) that the early reports documenting elevated HGP in
type 2 diabetes are inaccurate secondary to one-compart-
ment model errors. Our study did not reveal correlation
between fasting blood glucose levels (obtained at OGTT)
and HGP; however, we observed a correlation between HGP
and 120-min glucose values obtained during an OGTT done
24 h before the clamp studies. Multiple studies (2–4) have doc-
umented decreased first-phase insulin response in CF

patients, and it is possible that the correlation between HGP
and glucose levels exists secondary to decreased insulin
secretion. However, this finding could also be secondary to
failure of insulin to normally suppress HGP. Cystic fib r o s i s
patients have a very high incidence of diabetes. We believe
that failure of insulin to maximally suppress HGP causes
high postprandial glucose levels and contributes to the high
incidence of abnormal glucose tolerance found in CF.

Each of our subjects underwent indirect calorimetry for
measurement of substrate utilization. The most interesting
findings from these studies include lower rates of glycogen
storage and net whole-body lipogenesis at maximum glu-
cose disposal. One group (10) has described increased lipid
oxidation in obese subjects both with and without diabetes.
I n t e r e s t i n g l y, they also describe decreased nonoxidative glu-
cose metabolism in obesity, but normal glycogen storage in
obese type 2 diabetics. These authors suggest a contributory
role of lipid oxidation to the defects of glucose metabolism
reported in type 2 diabetes. Our current studies in CF
describe decreased nonoxidative glucose utilization in all
CF subjects, even those with impaired glucose tolerance.
Thus it does not appear that substrate oxidation plays the
same role in CFRD as it does in type 2 diabetes.

One explanation for the differences in glycogen storage
between CF and control subjects could be the high rates of
HGP found in CF. Lower rates of nonoxidative glucose
metabolism could be one explanation for the hypoglycemia-
like symptoms reported by many CF patients. This fin d i n g
could represent a metabolic defect inherent in CF, or perhaps
may represent subclinical liver disease.

Although indirect calorimetry has several limitations as
an investigative tool (30), it has been used in multiple stud-
ies to describe lipid oxidation and has been used to describe
de novo lipogenesis. Despite limitations, our results clearly
describe a tendency for CF patients to have whole-body lipo-
genesis at maximum glucose utilization. Patients with CFRD
generally do not develop ketoacidosis. Lipogenesis despite
starvation would explain lack of ketosis in these patients.

We only found whole-body lipogenesis in the CF subjects
with abnormal glucose tolerance. These findings suggest that
in CF, de novo lipogenesis is related to carbohydrate utilization.

De novo lipogenesis has been reported in HIV- i n f e c t e d
patients (19). Lipogenesis de novo is energy wasteful (20) and
could potentially contribute to the greater need for calories
in both of these conditions; however, at this time it is unclear
whether the metabolic cause of lipogenesis, or its clinical
s i g n i ficance, is similar in AIDS and CF.

At baseline, we note a tendency for the CF subjects to
have higher lipid oxidation than control subjects. A similar
tendency was reported by Mulligan et al. (46) in AIDS
patients. The significance of this finding is not understood but
may represent a metabolic abnormality that contributes to the
tendency for lipogenesis de novo during insulin stimulation.
Further studies using isotope methodologies would be help-
ful to determine the relationship of lipogenesis to substrate
availability in CF.

Our current studies describe several important metabolic
alterations in CF. We have found that CF patients have de novo
lipogenesis, which could contribute to calorie wasting and
lack of ketogenesis. They also have decreased glycogen stor-
age, which may cause their reported symptoms of hypogly-
cemia. Previously, we postulated that a CF is caused by a com-
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bined defect of insulin deficiency and insulin resistance (7).
Our current studies also suggest that high hepatic glucose pro-
duction and hepatic insulin resistance represent a third cause
of the high incidence of abnormal glucose tolerance in CF.
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