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concentration or insulin sensitivity in lean, physically fit men when
protein intake is elevated
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Abstract

It has been speculated that dietary carbohydrate restriction is solely responsibly for mobilization of endogenous lipid stores, elevation of
plasma free fatty acid (FFA) concentration, and an associated reduction in insulin sensitivity seen in starvation and low-carbohydrate diets.
In 6 healthy men, dietary carbohydrate was eliminated but gluconeogenic substrate supply was maintained by 3 days of very low-
carbohydrate/high-protein (HPLC) diet. Results were compared with 3-day starvation and 3-day mixed-carbohydrate diet. Intramyocellular
lipid (IMCL) concentration was measured by 'H magnetic resonance spectroscopy, and insulin sensitivity was determined by intravenous
glucose tolerance test. Fasting plasma glucose was significantly reduced ([starvation] 3.5 + 0.3 vs [HPLC] 4.2 + 0.4 and [mixed] 4.5 £ 0.3
mmol L™, P <.01), and IMCL to water ratio (25.6 + 5.9 vs 13.6 £ 6.1 and 13.6 + 3.3 x 102, P < .01) and fasting FFA (1179 + 294 vs 387
+ 232 and 378 £ 120 umol L™!, P < .05) were significantly elevated after starvation but were unchanged after HPLC. Minimal model
insulin sensitivity was reduced after starvation (5.7 + 1.5 vs 14.5 + 4.8 and 16.5 + 6.8 L min_' mU™', P < .05). Plasma glucose, plasma
FFAs, IMCLs, and insulin sensitivity are maintained when an HPLC diet is consumed, despite other forms of carbohydrate deprivation
producing marked changes in these measures. We conclude that dietary carbohydrate restriction does not cause circulating FFA to become
elevated. However, it remains possible that circulating carbohydrate status has an important influence on plasma FFA and therefore insulin
sensitivity in healthy people.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The pathologic association between excess adiposity and
the development of insulin resistance is well established
[1,2]. On the other hand, insulin resistance has also been
shown to be a rapidly adaptive, short-term physiologic
response in lean, physically fit humans. To[AUI1] fully
understand the pathophysiology linking obesity and insulin
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resistance, we must understand how ‘“healthy” insulin
resistance can develop in the lean, physically fit individual.
In the latter group, “healthy” insulin resistance is coincident
with changes in fat partitioning induced by high-fat diets and
lipid heparin infusion [3], situations that result in elevated
blood lipids, whereas in the former group, it can be improved
with thiazolidinediones [4] and nicotinic acid [5], agents that
reduce blood lipids. The common denominator in reduced
insulin sensitivity in both groups appears to be accumulation
of lipid or its precursors within skeletal muscle fiber [6,7]
resulting from a mismatch between fatty acid uptake from
the circulation and oxidation by muscle [8]. Although lean,
endurance-trained individuals are very insulin sensitive but
reportedly possess higher muscle lipid content, situations
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where the intramyocellular lipid (IMCL) store is increased
also reduce insulin sensitivity within this group [6,9].

In vitro research has also demonstrated a causative
relationship between elevated concentrations of lipids in the
extracellular environment, increased accumulation of IMCL
[10], impairment of insulin signaling [11], and reduced
glucose uptake by the muscle fiber [10,12]. However,
although insulin resistance may be caused by an excess of
lipid at a cellular level, it is not exclusively a function of
dietary fat intake.

A reduction in muscle and whole-body insulin sensitivity
is also brought about by short-term (3-day) starvation
[6,13,14]. Lean, physically fit men experience equivalent
reduction in circulating carbohydrate, accumulation of
IMCL, and reduction in insulin sensitivity when exposed
to 2 different forms of dietary carbohydrate restriction:
starvation or very low-carbohydrate/high-fat diet [6]. Thus,
despite a vast difference in whole-body energy intake, at a
cellular level, starvation and high-fat/low-carbohydrate diet
both result in IMCL accumulation and insulin resistance.
The common factors between starvation and low-carbohy-
drate/high-fat diet—induced insulin resistance in healthy
individuals are reduced endogenous (circulating) carbohy-
drate concentration and increased circulating free fatty acid
(FFA) concentration.

It has been speculated that, in lean, healthy individuals,
dietary carbohydrate restriction independently mediates
IMCL accumulation and insulin resistance [15]. However,
previous research has not been able to minimize exogenous
carbohydrate intake without also reducing circulating
carbohydrate concentrations. As such, it is not clear whether
the root cause of insulin resistance in lean, healthy individuals
is endogenous or exogenous carbohydrate restriction.

High dietary protein intake provides an excess supply
of gluconeogenic substrates and, in conjunction with
minimal dietary carbohydrate (<5% of energy), causes an
up-regulation in hepatic gluconeogenesis [16-20]. By
ensuring high dietary protein intake, yet minimizing
carbohydrate intake, we can increase the rate of hepatic
gluconeogenic substrates and presumably support normal
endogenous carbohydrate concentrations despite minimal
exogenous supply. By uncoupling exogenous and endog-
enous carbohydrate supply, it is possible to determine the
independent effects of each on IMCL accumulation and
insulin sensitivity.

The aim of this study was to compare the effects of
moderate-carbohydrate diet vs 2 forms of carbohydrate
restriction, very low-carbohydrate/high-protein (HPLC) diet
and starvation, on insulin sensitivity and IMCL. We exposed
lean, physically fit men to 2- to 3-day dietary treatments that
eliminated dietary carbohydrate but supplied differing
amounts of gluconeogenic substrates, namely, starvation
and HPLC diet, as well as approximately 3 days of
standardized moderate-carbohydrate diet. We hypothesized
that the carbohydrate restriction diets would induce equiv-
alent reductions in levels of blood glucose with an associated

increase in circulating FFA, increase in IMCL accumulation,
and reduction in insulin sensitivity when compared with the
moderate-carbohydrate diet.

2. Materials and methods

2.1. Participants

Six healthy, physically fit men (age = 38.8 &+ 12.7 years,
body mass = 72.9 + 8.8 kg) volunteered for this study. All
participants reported regularly undertaking exercise for more
than 1.5 hours daily at least 5 days per week. Participants’
physical characteristics are given in Table 1. Participants
were informed of the study protocol and risks before
providing their written consent. The study was approved
by the local institutional human ethics committee and
conformed to the Declaration of Helsinki.

2.2. Preliminary testing

One week before participation in the dietary intervention,
submaximal and maximal oxygen uptake tests were
performed on an electronically braked cycle ergometer
(Lode ergometer, Groningen, the Netherlands) as previously
described [21]. External power output and Vo, attained
during the final minute of each submaximal workload and
the maximal ramp were used to formulate regression
equations from which workloads for the control exercise
bout were derived. On a separate occasion, participants
presented at the laboratory after a 12-hour overnight fast for
measurement of resting metabolic rate (RMR) using
respiratory gas analysis lying supine after 30-minute rest.
Body density was assessed via hydrodensitometry; and
percentage body fat was then calculated using a 2-
compartment model, as previously described [22]. Under-
water body weight measurements were corrected for
measured residual lung volume using the methods of van
der Ploeg et al [23].

2.3. Experimental protocol

All participants underwent 3 supervised dietary inter-
ventions in random order, each separated by at least 7 days.
Each diet period was of 67 hours’ duration and comprised a
water-only starvation diet, an HPLC diet, or a mixed
control diet. Dietary intake and physical activity before
initiation of each diet were strictly controlled as previously
described [6].

Table 1

Participants’ physical characteristics

Body fat (%) 13.5+2.1
RMR (mL O, min") 306 + 35
VOomax (ML kg ™' min~") 75.5 + 16.0

Values are mean + standard deviation. VO, indicates maximal oxygen
consumption.
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Upon initiation of the diet, participants ingested one of
the following: a carbohydrate snack, a protein snack, or
nothing, according to their allocation to the mixed diet,
HPLC diet, or starvation, respectively. This meal provided
1 g carbohydrate per kilogram body weight (100% energy
from carbohydrate) in the mixed diet, an isocaloric meal
supplying 1% of energy from carbohydrate and 99% from
protein in the HPLC diet, or water only in the starvation
diet. Except for the starvation diet, participants ingested an
evening meal 2 hours later. In the mixed diet, this meal
contained 1.5 g carbohydrate per kilogram body weight
and supplied 50% of energy from carbohydrate, 35% of
energy from fat, and 15% of energy from protein. In the
HPLC diet, this was an isocaloric meal supplying 2% of
energy from carbohydrate, 35% of energy from fat, and
63% of energy from protein. Beginning the following
morning and continuing for the remainder of the dietary
treatment (48 hours), participants received diets in both the
mixed and HPLC treatments that provided energy to match
a daily expenditure of 1.5x RMR to maintain energy
balance. Diets were designed to deliver 50% of energy
from carbohydrate, 35% of energy from fat, and 15% of
energy from protein in the mixed diet and negligible
carbohydrate, 35% of energy from fat, and 65% of energy
from protein in the HPLC diet. After exercise in the
starvation treatment, participants continued a water-only
diet until completion of the experimental treatment. Diet
composition was quantified via Foodworks (Xyris Soft-
ware, Melbourne, Australia) using the New Zealand—
Standard database. In all dietary interventions, participants
were instructed to maintain activities of daily living and
avoid all forms of recreational exercise.

2.4. Determination of IMCL content

After 65 hours of each diet, vastus lateralis proton
magnetic resonances ('H magnetic resonance spectroscopy)
were obtained as previously described [6].

Spectral data were postprocessed by magnetic resonance
user interface software (jJMRUI version 3.0, EU Project).
Vastus lateralis IMCL content was determined by the ratio
of the methylene (—[CH,],) resonance from IMCL at
1.3 ppm and intracellular water [24]. A 10-resonance model
was used to determine IMCL concentration as we have
detailed previously [6]. Muscle water signal amplitudes
were measured from the non—water-suppressed spectrum
using Hankel Lanczos squares singular values decomposi-
tion. The 'H magnetic resonance spectroscopy processing
was performed by an experimenter who was blinded to
treatment allocation.

2.5. Intravenous glucose tolerance test

After determination of IMCL content, participants
reported to the laboratory where glucose tolerance was
assessed by frequently sampled intravenous glucose toler-
ance test (IVGTT) without modification by insulin infusion

as previously described [6,25]. Intravenous rather than oral
glucose tolerance test was chosen to avoid potential
confounding effects of diet (including starvation) [26] on
gastric emptying and subsequent glucose tolerance [27]. The
IVGTTs were undertaken after a 12-hour overnight fast (or
67-hour fast in the starvation intervention). Additional blood
samples were collected at 15, 30, 60, and 120 minutes for
determination of plasma FFA concentrations.

2.6. Blood sampling

Before the IVGTT, 3 mL of venous blood was sampled by
syringe, transferred into EDTA, placed on ice, and then
centrifuged at 2000g for 8 minutes within 30 minutes of
collection. Plasma was decanted off and stored at —85°C for
later analysis of FFA concentration. An additional 2 mL of
venous blood was drawn into a lithium heparin—pelleted
syringe. This sample was mixed and rested on ice for
approximately 5 minutes, after which 1.3 mL was transferred
into blood tubes and centrifuged at 2000g for 8 minutes, and
the plasma was frozen (—85°C) for later determination of
plasma insulin concentration. Residual blood remained on
ice in the lithium heparin—pelleted syringe for later
determination of plasma glucose concentration. Blood for
glucose, insulin, and FFA measurement was sampled
according to these methods during the ensuing IVGTT
(1 mL for EDTA) according to the sampling schedule
outlined above.

2.7. Analytical procedures and calculations

Plasma glucose concentration was measured by auto-
analyzer (EML 105; Radiometer, Copenhagen, Denmark).
The plasma concentration of FFAs was determined using a
Wako NEFA C Test kit (WAKO Chemical, Richmond, VA)
scaled for use in a microplate (Bio-Rad, Hercules, CA). All
measurements were made in duplicate, and the mean is
reported. Glucose tolerance was determined by the rate of
decline in plasma glucose concentration between 10 and
40 minutes of IVGTT (K,) as outlined by Galvin et al [28]
where K, is the slope of the least squares linear regression of
In(glucose concentration) vs time between 10 and 40 minutes
of the IVGTT. A measure of glucose tolerance was also
made by calculation of the incremental area under the curve
(1IAUC) for plasma glucose above the basal glucose
concentration for glucose vs time [29]. Insulin sensitivity
index (S;) and glucose effectiveness (S,) were determined via
the minimal model analysis of the plasma glucose and
insulin response to the IVGTT [25] using MINMOD
Millenium (version 6.02, MinMod; University of Southern
California, Los Angeles, CA). For these calculations, plasma
insulin concentrations were converted from units of
picomoles per liter to microunits per liter (1 uU L' =
6 pmol L"), and glucose concentrations were converted
from units of millimoles per liter to milligrams per deciliter
(1 mmol L™ = 18 mg dL™").
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Table 2
Forty-eight—hour dietary analysis of group daily macronutrient intake

As a percentage energy intake

Relative to body mass (kg)

Mixed HPLC Starvation Mixed HPLC Starvation
Carbohydrate (%) 495+0.7 2.0 +0.4% 0+ 0*F 52+0.7 02+0.1* 0+ 0*F
Fat (%) 343+12 346+ 1.4 0+ 0% 1.6 0.2 1.6 £0.2 0+ 0*F
Protein (%) 15.8+09 63.4+1.1% 0+ 0*F 1703 6.7+ 1.0% 0+ 0*F
Energy (kJ d") 12299 + 843 12314 + 842 0+0%" 168.9 +23.7 169.1 +23.5 0+ 0%"

Group daily macronutrient intake as percentage energy intake and relative to body mass in kilograms. Values are means + SD; n = 7 participants.

* Significantly different vs mixed diet (P < .001).
T Significantly different vs HPLC diet (P < .001).

Indices of estimated whole-body insulin sensitivity were
also obtained via (@) the ratio of the iAUC for plasma
glucose to insulin (SIAUC) [30], (b) the method proposed by
Galvin et al [28]:

SlGaivin = K¢/ (IAUC for insulin between 0 and 40 minutes of IVGTT)

and (c) the index of insulin sensitivity (ISI) described by
Matsuda and DeFronzo [31], assuming its application to the
IVGTT:

ISI = 10000/ ([glucose], x [insulin],) * ([glucose]ygrr

x [insulin] IVGTT)

where [glucose], is the resting glucose concentration in
milligrams per deciliter, [insulin], is the resting insulin
concentration in milliunits per liter, [glucose]vgrr 1s the
mean concentration of glucose during IVGTT in milligrams
per deciliter, and [insulin];ygrr is the mean concentration of
insulin during the IVGTT in milliunits per liter.

2.8. Analysis

Differences in nutritional intake, all basal measures
(plasma glucose, insulin, FFA, and IMCL to water ratio),
and differences in indices of glucose tolerance, insulin
sensitivity, and S, between conditions were compared by 1-
way repeated-measures analysis of variance. Plasma glucose,
insulin, and FFA concentrations during IVGTT were
compared by 2-way repeated-measures analysis of variance
for investigation of treatment and time (diet-time) interac-
tions. Pearson correlation coefficients (2-tailed) were used to
express the relationship between IMCL to water ratio and S;.
Statistical significance was accepted at P < .05. All values
are expressed as mean + standard deviation.

3. Results

3.1. Dietary intake

Carbohydrate intake was significantly lower in the HPLC
diet than in the mixed diet (P < .001), the diets providing
15 + 4 and 389 + 22 g d—', respectively. Dietary protein
intake was significantly higher in the HPLC vs the mixed
diet (P < .001, Table 2), yet daily fat and energy intakes

were not different between the HPLC and mixed diets.
Despite our efforts to abolish its intake, dietary carbohydrate
consumption in the HPLC was significantly greater than
during starvation (P < .001, Table 2), though by only 0.2
#0.1)gkg ' d".

3.2. IMCL content

The ratio of vastus lateralis IMCL to water ratio was
significantly higher in the starvation condition (25.6 + 5.9 x
107?) than in the mixed (13.6 + 6.1 x 10>, P < .01) or
HPLC (13.6 + 3.3 x 10>, P < .01) conditions. The ratio
of IMCL to water was not different between the mixed
and HPLC conditions (P > .99, Fig. 1). Intramyocellular
lipid content demonstrated a significant within-subject
correlation between the mixed and starvation conditions

3.5

3.0

2.5

2.0

1.5

IMCL:water (X100)

1.0

0.5

0.0

Mixed Starvation HPLC

Treatment

Fig. 1. Effect of 67 hours of mixed diet, HPLC diet, or starvation on IMCL to
water ratio. n = 6 subjects. *Significantly different from mixed diet (P <.01).
TSignificantly different from HPLC diet (P < .01). Dashed lines indicate
individual subject data.
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(r = 0.82, P < .05), but there were no significant
correlations between the HPLC condition and either the
mixed or starvation condition.

3.3. Basal plasma metabolite and insulin concentrations

Basal plasma glucose concentrations were lower after
starvation than after either the mixed (P <.01) or HPLC (P <
.05) diet. There was no difference in basal glucose
concentration between the mixed and HPLC diets (P = .63,
Table 3). The basal plasma insulin concentration was
significantly higher after the mixed diet than after either
starvation (P <.01) or the HPLC diet (P <.05), but there was
no significant difference in basal plasma insulin between
starvation and the HPLC diet (Table 3). The basal plasma
FFA concentration was significantly higher after starvation
than after either the mixed or HPLC diet (P < .01 for both),
and there was no difference between basal plasma FFA
between the mixed and HPLC diets (Table 3).

3.4. Plasma metabolite and insulin responses to IVGTT

In all 3 treatments, the plasma glucose concentration
increased rapidly after the intravenous glucose infusion at the
initiation of the IVGTT, reaching a peak between 3 and 14
minutes after initiation. Glucose concentration subsequently
declined and was not different between treatments and not
different from baseline by the last sample of the IVGTT at
180 minutes (Fig. 2A). There was a significant treatment-
time interaction effect (P < .05), with starvation resulting in
greater plasma glucose concentrations compared with mixed
from 30 to 140 minutes and compared with HPLC from 60 to
140 minutes (Fig. 2A). There was also a significant within-
subject main effect of treatment, with the overall glucose
concentration throughout the IVGTT being significantly
lower after the mixed diet (7.6 + 2.9 mmol L") than after
either the HPLC diet (8.1 + 3.4 mmol L', P < .05) or
starvation (8.2 + 2.5 mmol L™', P < .01).

There were 7 data points in which the plasma insulin
concentration was below the detectable limit of the assay
(6 pmol L™"), and a value of 5 pmol L™' was assumed for
these points. Plasma insulin concentration increased rapidly
after the intravenous glucose infusion at the initiation of the
IVGTT, reaching a peak between 3 and 8 minutes after

Table 3
Basal plasma substrate and insulin concentrations after 67 hours of dietary
intervention

Mixed HPLC Starvation
Plasma glucose (mmol LY 45+03 42+04 3.5+ 0.3%
Plasma insulin (pmol L") 19.8 £8.3 12.7 +3.8" 8.5+ 5.1%
Plasma FFAs (umol L") 378 £ 120 387 £232 1179 +294%3

Values are means = SD; n = 6 participants.
* Significantly different vs mixed diet (P < .01).
T Significantly different vs mixed diet (P < .05).
t Significantly different vs HPLC diet (P < .01).
% Significantly different vs HPLC diet (P < .05).
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Fig. 2. Effect of 67 hours of mixed diet, HPLC diet, or starvation on plasma
glucose, insulin, and FFA concentrations during an IVGTT. n = 6 subjects.
*Significantly different, starvation vs mixed diet (P < .05). Significantly
different, starvation vs HPLC diet (P < .05). Error bars indicate 1 standard
deviation.

initiation. Insulin concentration subsequently declined and
was not different from baseline by 140 minutes and not
different between treatments by 40 minutes after initiation of
the IVGTT (Fig. 2B). There was a significant treatment-time
interaction effect (P < .001), with mixed diet resulting in
greater plasma insulin concentrations compared with
starvation at baseline and from 30 to 40 minutes and
compared with HPLC diet at baseline and from 19 to 40
minutes. Starvation also resulted in significantly greater
plasma insulin concentration than HPLC diet at 3 and 19
minutes (Fig. 2B).

In all treatments, plasma FFA concentrations declined
after glucose infusion, reaching a minimum at 60 minutes,
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after which time they began to rise again (Fig. 2C). After
starvation, there were significantly greater (P <.001) plasma
FFA concentrations throughout the IVGTT compared with
the mixed or HPLC diets. There was also a significant
treatment-time interaction (P < .01) during the IVGTT, with
plasma FFA concentrations declining more rapidly after
starvation than after the mixed or HPLC diet (Fig. 2C).

3.5. Minimal model analysis

Insulin sensitivity index determined by the minimal
model was significantly lower after starvation compared
with after mixed diet (P <.01) or HPLC diet (P <.05). There
was no difference in S; between the mixed and HPLC diets
(Table 4). Glucose effectiveness was significantly greater
after the HPLC diet than after either the mixed diet or
starvation (P < .01 for both, Table 4).

3.6. Glucose tolerance

Glucose tolerance as estimated by K, was significantly
lower after starvation than after the HPLC diet (P <.05). The
K, after the mixed diet was not significantly different from
the other treatments. Glucose AUC was significantly higher
after starvation than the other treatments (P < .01 for both),
and there was no difference in AUC between the mixed and
HPLC diets (Table 4).

3.7. Other estimates of insulin sensitivity
The SIAUC was significantly impaired after starvation
(P <.01) and HPLC diet (P < .05) compared with after the

Table 4
Effect of 67 hours of mixed diet, HPLC diet, or starvation on indices of
glucose tolerance and insulin sensitivity during an IVGTT

Mixed HPLC Starvation

Minimal model

S; (L min ' muU™) 165+68 145+48 5.7+ 1.5%8

Sg x 1000 (min") 44422 132+22% 64+23%
Glucose tolerance

K, x 107 (mmol L™" min~") 1.1+£04 14+05 08=+02%

Glucose iAUC (mmol L' min) 268 +91 339+72 447 +50%%
Insulin sensitivity indices

SIAUC x 10 ' (mmol ' pU™Y)  34+12 53+16" 7.6+18%f

Slgatvin (WU ™! min?) 29+14 42+07% 2.0+04%

ISI 174+3.0 244+86 269+10.0

Values are means + SD; n = 6 participants. S; indicates minimal model
insulin sensitivity index; S,, minimal model glucose effectiveness index;
K, rate of decline of In(plasma glucose) between 10 and 40 minutes of
IVGTT [28], with higher values indicating better glucose tolerance; iIAUC,
incremental area under curve, with higher values reflecting worse glucose
tolerance; SIAUC, insulin sensitivity index = iAUC for glucose/insulin, with
higher values reflecting lower insulin sensitivity; Slgavin, insulin sensitivity
determined via the method proposed by Galvin et al (1992) [28], with higher
values indicating higher insulin sensitivity; ISI, insulin sensitivity index
[31], with higher values indicating lower insulin sensitivity.

* Significantly different vs mixed diet (P < .01).

T Significantly different vs mixed diet (P < .05).

t Significantly different vs HPLC diet (P < .01).

¥ Significantly different vs HPLC diet (P < .05).

mixed diet and was significantly more impaired after
starvation than after HPLC diet (P < .05). The Slgajyin Was
significantly greater after the HPLC diet than after the other
interventions (P < .01 for both, Table 4). There were no
significant differences in ISI between treatments.

4. Discussion

The primary finding of this study is that, in lean, healthy
men, carbohydrate restriction in the form of 3 days of HPLC
diet does not cause any change in circulating FFA
concentration, whole-body insulin sensitivity, or vastus
lateralis intramuscular lipid concentration compared with
3 days of mixed, carbohydrate-containing diet. These results
contrast with similar protocols that use other forms of dietary
carbohydrate restriction (starvation or very high-fat/low-
carbohydrate diet) and have produced marked reductions in
insulin sensitivity and increases in IMCL concentrations
[3,6,32-34].

The almost identical fasting plasma glucose and FFA
concentrations after the HPLC and mixed diets, and the
marked differences after starvation (Table 3) suggest that
there was a continuing supply of glucose entering the blood
throughout the HPLC condition. This could be accounted for
either by a failure to sufficiently reduce dietary carbohydrate
intake in the HPLC diet or by an up-regulation of
gluconeogenesis in the face of minimal carbohydrate intake
and abundant supply of gluconeogenic substrates. The latter
is more likely, as basal insulin concentrations were
significantly lower in HPLC than in the mixed condition.
Furthermore, we have previously used diets containing
approximately 2% of energy from carbohydrate to reduce
fasting plasma glucose, increase fasting FFA, and induce
insulin resistance and IMCL accumulation almost identically
to starvation [6].

To the authors’ knowledge, no study has measured the
rate of gluconeogenesis or gluconeogenic enzyme activity
in humans who have consumed a high-protein/very low-
carbohydrate (<5% of energy from carbohydrate) diet.
However, where carbohydrate is not eliminated, increased
protein intake up-regulates gluconeogenesis. Humans who
routinely consume greater amounts of protein have
increased overnight-fasted hepatic glucose output and an
increased proportion of hepatic glucose output from
gluconeogenesis (~65% vs ~45%) compared with controls
matched for age, sex, body mass index, and energy intake
[35,36]. Infusion of a physiologic dose of gluconeogenic
amino acids after an overnight fast doubles the rate of
gluconeogenesis [37,38]. If somatostatin is also infused to
prevent changes in insulin and glucagon concentrations,
amino acid infusion results in increased gluconeogenesis
and hyperglycemia [37]. Similarly, when carbohydrate
intake was eliminated by 3 to 4 weeks of starvation in
obese humans, infusion of alanine caused massive up-
regulation of gluconeogenesis and hyperglycemia [16,17].
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In the present study, the large amounts of protein
consumed would be expected, at least initially, to increase
both gluconeogenesis and hepatic glucose output. However,
the reduced fasting insulin concentration in HPLC compared
with mixed diet suggests that as liver glycogen stores were
depleted, glycogenolysis and total hepatic glucose output
declined despite increased gluconeogenesis. This is consis-
tent with data showing that gluconeogenesis accounts for
only 47% of hepatic glucose output after 14 hours of fasting
but 93% after 42 hours of starvation [39]. Thus, in the HPLC
condition, we succeeded in eliminating dietary carbohydrate
yet maintaining an endogenous carbohydrate supply, albeit
at a reduced rate.

It has been proposed that one physiologic stimulus for
IMCL accumulation and an associated insulin resistance in
the skeletal muscle of lean, healthy men is an absence of
dietary carbohydrate [6]. According to this proposal, dietary
carbohydrate restriction, reduced blood glucose, and subse-
quent suppression of insulin and increased circulating FFAs
encourage elevations in IMCL, which in turn protects blood
glucose concentrations by blunting glucose disposal by
skeletal muscle [6]. In the current study, dietary carbohydrate
restriction and replacement with protein did not cause a
reduction in blood glucose; so the alterations in circulating
FFA and IMCL were also absent. The present results suggest
therefore that circulating carbohydrate status rather than
exogenous carbohydrate intake is an important factor
influencing circulating FFA concentration and therefore
IMCL accumulation and changes in insulin sensitivity.

It is important to note that carbohydrate restriction is not
the only possible cause of elevated FFA. Circulating FFA
concentration also increases in response to high dietary fat
intake [40,41] even when carbohydrate intake is very high
[42]. This effect is likely to be responsible for some of the
elevation in circulating FFA observed during a very low-
carbohydrate/high-fat diet [40,41]. However, this increase in
circulating FFAs from an exogenous source is clearly the
result of different physiologic processes to the increase in
circulating FFAs from an endogenous source, as seen in
starvation conditions [6,32,33] and under investigation in the
current study.

The possibility exists that the physiologic stimulus for
elevated circulating FFA in starvation conditions is dietary
protein or energy restriction per se rather than circulating
carbohydrate status. However, in an evolutionary context,
the most parsimonious explanation remains that endogenous
FFA production is increased in response to reduced
circulating glucose. To conclusively demonstrate that
circulating carbohydrate status is the stimulus for elevated
circulating FFAs in low-energy conditions, it would be
necessary to show elevated circulating FFAs in response to a
normal-fat, normal-protein, and low-carbohydrate diet and
normal circulating FFAs in response to an energy-matched
low-fat, normal-protein, and moderate-carbohydrate diet.

The well-established link between an increase in
circulating FFA concentration, accumulation of IMCL and

its intermediates, and insulin resistance within a homoge-
nous population [43] is further supported by our data that
show a good correlation between IMCL to water ratio and S;
(Pearson coefficient = —0.68, P <.01). In the present study,
it is also important to consider the potential for other effects
of a high protein intake on insulin sensitivity. Where dietary
carbohydrate intake is not eliminated, high-protein diet [36]
and intravenous infusion of amino acids [38] both decrease
insulin sensitivity. Conversely, high protein intake triggers
an increase in myocellular insulin-like growth factor 1
concentration [44,45], which in turn could increase muscular
insulin sensitivity [46] or mask any decrease that would
otherwise have occurred. However, as the relationship
between IMCL and insulin sensitivity is maintained in the
present study, it is unlikely that other effects of dietary
protein are quantitatively important.

Another striking feature of the results of current study was
the very high glucose effectiveness indicated by high S,
values in the HPLC condition. The S, is an estimate of the
ability of circulating glucose to trigger its own removal from
the blood. The high glucose effectiveness in the HPLC
condition is also reflected in the high values for Slg,jyin, as
this estimate does not include measures of insulin concen-
tration and so will be inflated by high glucose effectiveness
(Table 4). To conclusively determine the tissues responsible
for the high S, values would require tracer techniques that
were not used in the current study. Notwithstanding, it seems
likely that the liver was the main site of altered non—insulin-
stimulated glucose disposal during the IVGTT in the HPLC
condition. As discussed above, hepatic glucose output is up-
regulated by high-protein feeding. In rats, when protein is
administered without simultaneous carbohydrate feeding,
the increased rate of hepatic glucose output depletes liver
glycogen despite increased gluconeogenesis [47,48]. It is
teleologically prudent that the liver should replenish its
glycogen stores before skeletal muscle, as glycogen in
skeletal muscle is difficult to recycle for use by glucose
obligate tissues [49]; and in any case, it seems likely that
skeletal muscle glycogen stores were not depleted in the
HPLC condition, as plasma glucose concentration did not
change. Furthermore, a single protein meal increases
splanchnic blood flow [50,51], which could potentiate the
influence of the liver on whole-body glucose effectiveness.
We speculate that, in the HPLC condition, the IVGTT
glucose infusion caused the liver to halt glucose output and
begin net glucose uptake more rapidly than in the mixed
condition and before an insulin response was able to trigger
glucose uptake by skeletal muscle.

The primary measure of insulin sensitivity and glucose
effectiveness used in this study was the minimal model
developed by Bergman et al [52]. The minimal model has
good correlation with the hyperinsulinemic-euglycemic
clamp [53] and low coefficient of variation [54]. Further-
more, the IVGTT will not be affected by alterations in
glucose absorption by the gut, as might be expected after
72 hours of starvation or HPLC diet. The minimal model has



1640 J.G. Green et al. / Metabolism Clinical and Experimental 59 (2010) 1633—1641

been shown to systematically overestimate S,, with the
degree of overestimation increasing with increasing insulin
response during the first 20 minutes of the IVGTT. As such,
caution should be used when comparing S, results between
groups with differing insulin response [55]. However, in the
present study, there were no between-treatment differences
in insulin response during the first 20 minutes of the IVGTT
(Fig. 2); so the overestimation should remain consistent, and
comparison between treatments is valid.

5. Conclusion

Normal levels of plasma glucose, plasma FFAs, IMCLs,
and insulin sensitivity are maintained when an HPLC diet is
consumed, despite other forms of carbohydrate deprivation
producing marked changes in these measures. We conclude
that dietary carbohydrate restriction does not per se cause
circulating FFA to become elevated. However, it remains
probable that circulating carbohydrate status has an impor-
tant influence on circulating FFA concentrations and
therefore insulin sensitivity and healthy IMCL accretion in
lean, healthy people.
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