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ARTICLEINFO ABSTRACT

Article history: We have developed a diet that over 5 weeks dramatically lowers plasma glucose in people
Received 10 December 2010 with type 2 diabetes mellitus. This diet consists of 30% carbohydrate, 30% protein, and 40%
Accepted 29 January 2011 fat and is referred to as a Low Biologically Available Glucose (LoBAG) diet. The diet also resulted

in an approximately 30% increase in fasting insulin-like growth factor-I (IGF-I). Thus, we
were interested in determining if the IGF-I elevation was due to an increase in ghrelin and
growth hormone (GH) or to a change in IGF-I binding proteins (IGFBPs). Eight men with type 2
diabetes mellitus ingested a control diet (15% protein, 55% carbohydrate, and 30% fat) and a
LoBAGs;, diet for 5 weeks in a randomized crossover design with a washout period in
between. Before and after each 5-week period, subjects had blood drawn for total glycated
hemoglobin and, at several time points over 24 hours, for GH, IGF-I, IGFBP-1, IGFBP-3,
ghrelin, glucose, and insulin. Fasting and 24-hour glucose concentrations and total glycated
hemoglobin were decreased, as expected (all Ps < .05). Fasting IGF-I increased by
approximately 30% (P = .05) and remained unchanged throughout 24 hours. Ghrelin, GH,
IGFBP-1, IGFBP-3, and insulin were not different between diets. Insulin and IGFBP-1
concentrations were reciprocal, as expected. Insulin-like growth factor-I binding protein 1
decreased as insulin increased to greater than approximately 30 to 40 uU/mL. Ingestion of a
LoBAGs3, diet by weight-stable subjects with type 2 diabetes mellitus resulted in an increase
in total IGF-I without an increase in ghrelin, GH, and IGFBP-3 or a change in IGFBP-1
regulation. The mechanism remains to be determined.

Published by Elsevier Inc.

1. Introduction with type 2 diabetes mellitus by increasing the protein and

fat content of the diet and decreasing the carbohydrate
For the past several years, we have been interested in content, particularly the starch sources. We refer to the diets
improving glucose control without weight loss in people we designed as Low Biologically Available Glucose (LoBAG) diets.

The study is filed in ClinicalTrials.gov (NCT001058225).
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A subscript indicates the percentage of carbohydrate, that is,
LoBAGs, refers to a 30% carbohydrate diet. The protein content
of these diets always is 30% of total food energy. Dietary
fat, 10% of which is saturated, makes up the remainder of
food energy. All of the studies resulted in an improvement
in 24-hour integrated glucose concentration and in gly-
cated hemoglobin (HbA;.) [1-4]. The subjects were weight
stable in all studies. In addition, in all of these studies, we
noted an increase in the fasting insulin-like growth factor-I
(IGF-I) concentration, presumably due to the increased
protein content.

The present study was designed to determine the effect of
the increased protein content in one of these diets, LoBAGso,
on the circulating growth hormone (GH) concentration and
several GH- or IGF-I-related metabolic effectors in subjects
with untreated type 2 diabetes mellitus.

2. Research design and methods

Eight male subjects with type 2 diabetes mellitus were
recruited, screened, and found to be free of hematologic
abnormalities, liver disease, kidney disease, macroalbumi-
nuria (>300 mg/24 h), untreated thyroid disease, congestive
heart failure, angina, life-threatening malignancies, prolifer-
ative retinopathy, diabetic neuropathy, peripheral vascular
disease, and serious psychological disorders. All subjects
weighed less than 136 kg (300 1b). The weight limit was set
for practical considerations regarding the amount of food to
purchase and prepare to keep an individual weight stable
throughout the study.

The participants met the National Diabetes Data Group
criteria for the diagnosis of type 2 diabetes mellitus [5] and
were not being treated with oral hypoglycemic agents during
the study. Seven of the subjects had been treated with oral
hypoglycemic agents before enrollment in the study. These
medications were discontinued. The subjects then were fol-
lowed biweekly for varying periods until the HbA,. stabilized.
Once the HbA,. was stable for approximately 6 weeks, the diet
intervention was begun. None of the subjects had been treated
with insulin or other injectable glucose-lowering agents.

Informed consent was obtained from all subjects. The
study was approved by the Department of Veterans Affairs
Medical Center and the University of Minnesota Committees

on Human Subjects. Specifically, subjects verified that they
were aware that their blood glucose concentration would
increase when they discontinued their oral hypoglycemic
medications. All subjects also obtained the approval of their
primary care provider before discontinuing their diabetes
medications (metformin and/or a sulfonylurea).

Other medications being taken by the subjects were
continued and remained unchanged during the entire study.
The subjects were instructed to maintain their current activity
level and medication dosage throughout the study. Two
weeks before beginning the study, the participants completed
a 3-day food questionnaire, with one of the days being a
Saturday or a Sunday. This information was used to calculate
the total food energy necessary to maintain body weight.
Patient characteristics are listed in Table 1. The study is filed
in ClinicalTrials.gov (NCT001058225).

This is a randomized, crossover design study in which
subjects are provided with isocaloric diets that are calculated
to keep each individual weight stable throughout the study. A
washout period of 5 to 12 weeks between diets was designed
to allow the total glycated hemoglobin (%tGHb) to return to
pre—diet intervention levels. The control diet was designed
according to the recommendations of the American Heart
Association [6], the United States Department of Agriculture
[7], and the American Cancer Society [8]. It consisted of 55%
carbohydrate, 15% protein, and 30% fat (10% monounsatu-
rated, 10% polyunsaturated, and 10% saturated fat). The test
diet consists of 30% carbohydrate, 30% protein, and 40% fat
(~10 % saturated fat), that is, a LoBAGs, diet. Six-day rotating
menus were designed. Examples of each diet have been
published previously [9].

Subjects were randomized to begin the study with either
the LoBAG;, or the control diet, as determined by a flip of a
coin. Four subjects began the study on the control diet; 4
subjects began the study on the LoBAGs, diet. Participants
were admitted to the Special Diagnostic and Treatment Unit
(SDTU), similar to a General Clinical Research Center, on the
evening before the study.

The next day, while in the SDTU, standardized meals
containing 55% carbohydrate, 30% fat, and 15% protein
were given for breakfast (8:00 am), lunch (12:00 pm), and dinner
(6:00 pMm). A snack was given at 8:00 pM. Fasting blood samples
were obtained at 7:30, 7:45, and 8:00 am. Samples then were
collected every 15 minutes for the first hour after meals, every

Table 1 - Patient characteristics

Age (y) Ht (in) Ht (cm) Wt (Ib) Wt (kg) BMI tGHb %

Concomitant diseases Medications

52 68 173 206 94 31 8.3
64 74 187 206 94 27 8.2
61 74 188 218 99 28 7.1
64 70 178 211 96 30 10.7
62 70 178 237 107 34 7.4
58 71 180 237 108 33 8.5
53 68 173 188 85 29 9.0
70 67 170 211 99 33 11.4
Mean 61 70 178 214 97 31 8.8
SEM 21 0.9 2.3 5.8 2.6 0.9 0.5

MS, HT, hypercholesterolemia Glatiramer, nifedipine

HT, dyslipidemia Atenolol, Lipitor, lisinopril

HT, depression Lisinopril, metoprolol, amitriptyline

HT, dyslipidemia Ezetimibe, fosinopril, metoprolol

HT, lumbar pain Hydrochlorothiazide, codeine,
gabapentin

Dyslipidemia Lisinopril, simvastatin
HT, dyslipidemia Lisinopril, simvastatin
Depression Mirtazapine

BMI indicates body mass index; MS, multiple sclerosis; HT, hypertension.
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30 minutes for the next 2 hours, and then hourly until the next
meal. Additional blood samples were obtained at 20-minute
intervals during the night, specifically for determining the GH
concentrations because most of GH is secreted during the
night. Thus, while in the SDTU, blood was drawn for glucose,
insulin, %tGHb, GH, IGF-1, IGFBP-1, IGFBP-3, and ghrelin.
During the day, subjects were encouraged to drink water to
ensure adequate urine output. Subjects were asked to remain
in the SDTU during the study period with minimal activity.

After this 24-hour test period, the subjects were sent home
with all food prepared for the next 2 to 3 days as appropriate
for the diet to which they were randomized. Subjects then
returned to the SDTU twice a week to pick up food and meet
with the study dietitian and study coordinator. At that time,
the subjects provided a urine specimen for analysis of
creatinine and urea to determine dietary compliance. They
also were weighed and had blood pressure and a blood glucose
concentration determined. If their body weight decreased or
increased on 2 successive occasions, the total food energy of
the meals was increased or decreased as appropriate in an
effort to maintain a stable weight throughout the study. In
addition, subjects were interviewed regarding dietary compli-
ance during each visit and food preferences were discussed.
Thus, weekly, on an outpatient basis, urine urea and
creatinine, as well as blood glucose, %tGHb, weight, and
blood pressure, were determined.

At the end of the 5-week period, the subjects again were
admitted to the SDTU and blood was drawn as described earlier.
At this time, subjects were given the meals appropriate for that
day, that is, either the LoBAGs3, or control diet to which they had
beenrandomized. Thus, the subjects were admitted to the SDTU
on 4 occasions to have blood drawn during a 24-hour period,
at the beginning and end of the 5-week control diet period, and
at the beginning and end of the 5-week LoBAG diet period.

Serum glucose concentrations were determined using a
hexokinase method on an Abbott Architect analyzer (Abbott
Laboratories, Abbott Park, IL). Serum immunoreactive insulin
was determined using an automated chemiluminescent assay
on a DPC IMMULITE platform (Diagnostic Products, Los
Angeles, CA). Growth hormone was determined on a Siemens
Immulite platform (Munich, Germany) using an enzyme-
linked immunosorbent assay method in the laboratory of
Dr Ali Iranmanesh (Salem, VA) (reference range = 1 ng/mL or
less for men). Insulin-like growth factor-I (reference range =
91-443 ng/mL, median = 240 ng/mL), IGFBP-1 (reference range
not available), and IGFBP-3 (reference range = 1500-5580 ng/
mL) all were determined using enzyme-linked immunosor-
bent assay kits manufactured by Diagnostic Systems Labora-
tories (DSL), a Beckman Coulter company (Webster, TX).

Total glycated hemoglobin was measured by boronate
affinity high-performance liquid chromatography (Biorad
Variant; Biorad Laboratories, Hercules, CA). This is a highly
specific and precise method for determination of glycation
(fructosyl derivatization) at all potential glycation sites in the
4 polypeptide chains (2 o« and 2 8 polypeptides) that make up
the globin protein in hemoglobin.

With the HbA, cation-exchange chromatography methods,
generally, what is actually measured is loss of a charge when a
fructosyl derivatization occurs on the N-terminal ends of the 2 8
chains; that is, HbA;. represents only derivatization of the N-

terminal amino acids on the 2 B chains. When direct
comparisons of total glycohemoglobin and HbA;. were done,
the total glycohemoglobin values were higher, as expected [10].
However, the methods yield similar results at present because
of national standardization of all methods currently in use.

Both %tGHb and HbA,. provide an index of the average blood
glucose concentration over the past approximately 3 months (the
average life span of the red blood cells containing hemoglobin).

Fructosamine measures glycated serum proteins (albumin
mostly, not globin in hemoglobin). The albumin molecule
turns over approximately every 2 to 3 weeks. Therefore, the
fructosamine assay is often used to reflect rapid changes in
average blood glucose concentrations, but is not as well
standardized as globin glycation methods. We have been able
to demonstrate a statistically significant decrease in %tGHb
after 2 to 3 weeks [2], and it is known that 50% of the final
decrease in tGHb occurs at approximately 34 days [11].

The total integrated 24-hour area responses were calculated,
using zero as baseline, with a computer program based on the
trapezoid rule [12]. Statistics were determined using repeated-
measures analysis of variance (ANOVA) with Prism 4 software
for the Macintosh by GraphPad (La Jolla, CA). This was followed
by Student t test for paired variates. A P value < .05 was the
criterion for significance. Data are presented as means + SEM.

3. Results

3.1. Body weight

The average body weight at the beginning of the control diet
was 98 + 3 kg (216 + 6 1b). It was essentially unchanged at the
end of the 5-week period (97 + 3 kg; 214 = 6 1b). Similarly, the
average body weights at the beginning and end of the LoBAG3,
diet were identical at 98 + 3 kg (215 + 6 1b). Thus, body weights
were stable throughout the study (data not shown).

3.2 Urea to creatinine ratio

The mean urea to creatinine ratiowas 7.5 + 0.5and 7.8 + 0.4 at
the beginning and end of the control diet period, respectively.
During the 5 weeks while ingesting the control diet, the mean
ratio was 7.1. The mean urea to creatinine ratio was 8.7 + 0.6
and 10.3 = 0.5 before and at the end of the LoBAGs;, diet period,
respectively (Table 2). The mean baseline value before
beginning the LoBAG3, diet is significantly higher than the
mean baseline value before beginning the control diet (P = .04).
This is due to one individual whose ratio was 12.1 during that
24-hour period. We have no explanation for the elevated
value. When the 12.1 value is excluded, the mean ratio is 8.2 +
0.3, and the baselines are no longer statistically different (P =
.27). During the 5 weeks of ingesting the LoBAG;, diet, the
mean ratio was 11.1. These ratios indicate good compliance
with the dietary regimen.

3.3. Glucose

The glucose excursions following meals were similar before
and after the control diet, as were the glucose area res-
ponses (Fig. 1, top). In contrast, the fasting glucose
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Table 2 - Urea to creatinine ratios

Week 0 inpatient Week 1 Week 2 Week 3 Week 4 Week 5 inpatient
Control 75+05 6.6 £ 0.5 7.0+0.5 7.2+05 7.7 +0.8 7.8+04
LoBAGsg 8.7 +0.6% 111+ 04 10.5+0.8 10.4 + 0.6 12.2+ 0.8 10.3 £ 0.5

The mean ratios for week 0 and week 5 are based on 24-hour urine collections while the subjects were in the SDTU. The ratios for weeks 1 to 4
are based on random specimens the subjects brought to the facility when they came in for their routine visits.

# The mean baseline value for the LoBAGs, is significantly higher than the baseline value for the control (P = .04). It is due to one individual
whose ratio was 12.1 during that 24-hour period. We have no explanation for the elevated value. The control meals ingested at baseline
were identical for the 2 arms of the study. Thus, there must be residual urea excreted from the prior day(s). We instructed the subjects to
return to their usual diets and eating habits during the washout period, but we did not monitor the diets during that time. The mean ratio
when the 12.1 value is excluded is 8.2 + 0.3, and the baselines are no longer statistically different (P = .27).

concentration and the postmeal glucose excursions were others). These data were as expected based on our previous
markedly attenuated following 5 weeks on the LoBAG3, diet observations [3,4].

when compared with the response before the diet (Fig. 1,

bottom). As a result, the total area response following the 3.4. Insulin

LoBAG3;, diet was significantly less compared with the areas

before and after the control diet and before the LoBAGsq diet The insulin concentrations were similar regardless of the
(ANOVA, P = .0001; P < .05 for LoBAG3, compared with all dietary regimen (Fig. 2). The total insulin areas also were
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Fig. 1 - Twenty-four-hour serum glucose response (top, control diet; bottom, LoBAGs, diet). The open triangles and broken line
represent the mean glucose response at the beginning of the study while ingesting a control diet of 55% carbohydrate, 15%
protein, and 30% fat. The closed triangles and solid line represent the glucose response after 5 weeks of ingesting a control diet.
The open circles and broken line represent the glucose response at the beginning of the test arm of the study while ingesting a
control diet of 55% carbohydrate, 15% protein, and 30% fat. The closed circles and solid line represents the glucose response
after 5 weeks of ingesting a LoBAG3;, diet consisting of 30% carbohydrate, 30% protein, and 40% fat. The insets indicate the mean
total 24-hour integrated glucose area response pre and post 5 weeks after ingesting a control (top) or LoBAG;, diet (bottom),
using zero as a baseline. *Statistical significance. B = breakfast, L = lunch, D = dinner, S = snack.
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Fig. 2 - Twenty-four-hour serum insulin response (top, control diet; bottom, LoBAG;, diet). The open triangles and broken line
represent the mean insulin response at the beginning of the study while ingesting a control diet of 55% carbohydrate, 15%
protein, and 30% fat. The closed triangles and solid line represent the insulin response after 5 weeks of ingesting a control diet.
The open circles and broken line represent the insulin response at the beginning of the test arm of the study while ingesting a
control diet of 55% carbohydrate, 15% protein, and 30% fat. The closed circles and solid line represent the insulin response after
5 weeks of ingesting a LoBAG;, diet consisting of 30% carbohydrate, 30% protein, and 40% fat. The insets indicate the mean total
24-hour integrated insulin area response pre and post 5 weeks after ingesting a control (top) or LoBAG;, diet (bottom), using

zero as a baseline.

similar and not significantly different from one another
(P = .245), as observed previously [3,4].

3.5. Percentage of total glycated hemoglobin

The %tGHb decreased from 8.6% = 0.5% to 82% =+ 0.4%
(A = 0.4) during the 5 weeks on the control diet. The
decrease during the 5 weeks on the LoBAGs, diet was
greater (8.7% + 0.5% to 7.5% + 0.4%; A = 1.2). The dif-
ference between the decrease at 5 weeks on the control vs
5 weeks on the LoBAG;, diet was statistically signifi-
cantly different (P = .03), also as observed in our previous
studies [3,4].

Glucose, insulin, and %tGHb were measured to confirm
our previous observations.

3.6. Ghrelin

The ghrelin concentration decreased following meals, as
expected. However, there was no difference in response
whether subjects were ingesting a control diet or a LoBAG
diet (Fig. 3).

3.7. Growth hormone

Growth hormone is an anabolic hormone and is largely
secreted at night. It regulates synthesis of IGF-I, IGFBP-3, and
the acid-labile subunit. The mean fasting GH concentration
was 0.27 +0.1 and 0.55 + 0.2 ng/mL at the beginning and end of
the control diet, respectively (Fig. 4, top). It was 0.19 + 0.1 ng/mL
before starting the LoBAG3, diet and 0.37 + 0.2 ng/mL 5 weeks
after ingesting the LoBAG;, diet (Fig. 4, bottom). These
differences in fasting baseline concentration were not statis-
tically significantly different (P = .11). The GH concentrations
during the nighttime hours increased in a pulsatile fashion,
as expected. The 24-hour total area responses were 9.2 + 2.1,
114 = 2.7, 9.8 + 1.6, and 12.0 + 3.5 ngh/mL before and after
5 weeks on the control diet and before and 5 weeks after ingest-
ing the LoBAGs, diet, respectively (Fig. 4, insets). The dif-
ferences were not statistically significantly different (P = .51).

3.8. Insulin-like growth factor-I

The mean fasting IGF-I concentrations were similar (260 +
57 and 248 + 45 ng/L), as were the mean total IGF-I area
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Fig. 3 - Twenty-four-hour serum ghrelin (top, control diet;
bottom, LoBAG3;, diet). The open triangles and broken line
represent the mean ghrelin response at the beginning of the
study while ingesting a control diet of 55% carbohydrate, 15%
protein, and 30% fat. The closed triangles and solid line
represent the ghrelin response after 5 weeks of ingesting a
control diet. The open circles and broken line represent the
ghrelin response at the beginning of the test arm of the study
while ingesting a control diet of 55% carbohydrate, 15%
protein, and 30% fat. The closed circles and solid line
represent the ghrelin response after 5 weeks of ingesting a
LoBAGg, diet consisting of 30% carbohydrate, 30% protein,
and 40% fat. The insets indicate the mean total 24-hour
integrated ghrelin area response pre and post 5 weeks after
ingesting a control (top) or LoOBAG3;, diet (bottom), using zero
as a baseline.

responses (6.1 + 1.4 and 59 =+ 1.1 ugh/mL) before and
after the control diet, respectively (Fig. 5, top). The mean
fasting IGF-I concentration before beginning the LoBAGs;,
arm of the study was 221 + 48 ng/mL. This was statistically
significantly increased to 289 + 52 mg/mL after 5 weeks on
the LoBAG;, diet (ANOVA = 0.044, P = .05) (Fig. 5, bottom).
The reason the pre-LoBAGso result is lower than before or
after being on the control diet is unknown. Nevertheless,
when comparing the difference between the pre- and post-
LoBAG3, (baseline control vs high protein) diet, statistical
significance was observed (P = .05) using Student paired
2-tail t test. The mean 24-hour integrated total IGF-I area
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Fig. 4 - Twenty-four-hour serum GH response (top, control
diet; bottom, LoBAG3, diet). The open triangles and broken
line represent the mean GH response at the beginning of the
study while ingesting a control diet of 55% carbohydrate, 15%
protein, and 30% fat. The closed triangles and solid line
represent the GH response after 5 weeks of ingesting a
control diet. The open circles and broken line represent the
GH response at the beginning of the test arm of the study
while ingesting a control diet of 55% carbohydrate, 15%
protein, and 30% fat. The closed circles and solid line
represent the GH response after 5 weeks of ingesting a
LoBAGg, diet consisting of 30% carbohydrate, 30% protein,
40% fat. The insets indicate the mean total 24-hour integrated
GH area response pre and post 5 weeks after ingesting a
control (top) or LOBAG3;, diet (bottom), using zero as

a baseline.

response was significantly increased from the control
following 5 weeks on the LoBAG;, diet (5.3 + 1.0 vs 6.5 =
1.3 pgh/mL) (P < .05).

3.9. Insulin-like growth factor binding protein 3

The mean fasting IGFBP-3 concentrations and the mean
24-hour area responses were similar before and after the
control diet (Fig. 6, top) and before and after 5 weeks on
the LoBAGg, diet, respectively (Fig. 6, bottom). Consequently,
the mean total area responses also were similar and were
not statistically significantly different (P = .08).
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Fig. 5 - Twenty-four-hour serum IGF-I response (top, control
diet; bottom, LoBAGs;, diet). The open triangles and broken
line represent the mean IGF-I response at the beginning of
the study while ingesting a control diet of 55% carbohydrate,
15% protein, and 30% fat. The closed triangles and solid line
represent the IGF-I response after 5 weeks of ingesting a
control diet. The open circles and broken line represent the
IGF-I response at the beginning of the test arm of the study
while ingesting a control diet of 55% carbohydrate, 15%
protein, and 30% fat. The closed circles and solid line
represent the IGF-I response after 5 weeks of ingesting a
LoBAG;, diet consisting of 30% carbohydrate, 30% protein,
and 40% fat. The insets indicate the mean total 24-hour
integrated IGF-I area response pre and post 5 weeks after
ingesting a control (top) or LOBAG3;, diet (bottom), using zero
as a baseline. *Statistical significance.

3.10. Insulin-like growth factor binding protein 1

The IGFBP-1 concentrations began to decrease within 1 hour
after ingestion of breakfast, from a fasting concentration of 10
to 14 ng/mL to a low of approximately 2 ng/mL just before
lunch (Fig. 7). This decrease occurred regardless of whether
the subjects had ingested the control diet the day of the test,
the control diet for 5 weeks, or the LoBAG;, diet for 5 weeks.
The IGFBP-1 concentrations remained low until near dinner-
time when an increase to approximately 50% of the fasting
value was observed. Approximately 1 hour after dinner, the
IGFBP-1 concentrations decreased to approximately 2 ng/mL
and remained low for 2 to 3 hours. Subsequently, the
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Fig. 6 - Twenty-four-hour serum IGFBP-3 response (top,
control diet; bottom, LoBAG3, diet). The open triangles and
broken line represent the mean IGFBP-3 response at the
beginning of the study while ingesting a control diet of 55%
carbohydrate, 15% protein, and 30% fat. The closed triangles
and solid line represent the IGFBP-3 response after 5 weeks of
ingesting a control diet. The open circles and broken line
represent the IGFBP-3 response at the beginning of the test
arm of the study while ingesting a control diet of 55%
carbohydrate, 15% protein, and 30% fat. The closed circles
and solid line represent the IGFBP-3 response after 5 weeks of
ingesting a LoBAG;, diet consisting of 30% carbohydrate, 30%
protein, and 40% fat. The insets indicate the mean total
24-hour integrated IGFBP-3 area response pre and post

5 weeks after ingesting a control (top) or LoBAGg3, diet
(bottom), using zero as a baseline.

concentrations increased continually until the next morning.
The total 24-hour integrated area responses before and after
5 weeks on the control diet or before and after 5 weeks on
the LoBAGs, diet were similar.

3.11.  Relationship between IGFBP-1 and insulin

Because insulin is known to be a major regulator of
IGFBP-1, we have included a figure demonstrating the
dynamics between the insulin concentration and the
IGFBP-1 concentration (Fig. 8). We realize that an inverse
relationship has been recognized, but to our knowledge,
24-hour data have not been published in people with type 2
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Fig. 7 - Twenty-four-hour serum IGFBP-1 response (top,
control diet; bottom, LoBAG3;, diet). The open triangles and
broken line represent the mean IGFBP-1 response at the
beginning of the study while ingesting a control diet of 55%
carbohydrate, 15% protein, and 30% fat. The closed triangles
and solid line represent the IGFBP-1 response after 5 weeks of
ingesting a control diet. The open circles and broken line
represent the IGFBP-1 response at the beginning of the test
arm of the study while ingesting a control diet of 55%
carbohydrate, 15% protein, and 30% fat. The closed circles
and solid line represent the IGFBP-1 response after 5 weeks of
ingesting a LoBAG;, diet consisting of 30% carbohydrate, 30%
protein, and 40% fat. The insets indicate the mean total
24-hour integrated IGFBP-1 area response pre and post

5 weeks after ingesting a control (top) or LoOBAG3, diet
(bottom), using zero as a baseline.

diabetes mellitus, nor has a potential difference induced by a
change in diet composition.

4, Discussion
4.1. Glucose, insulin, and %tGHb

The glucose and insulin data obtained in the current study are
similar to those we have obtained previously [3]. That is, the
LoBAG;, diet resulted in a decrease in the fasting glucose
concentration and in the 24-hour integrated glucose area
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Fig. 8 - Relationship between circulating IGFBP-1 and insulin
concentrations. The mean 24-hour serum IGFBP-1 response
(open circles, broken line) and the mean 24-hour serum
insulin response (closed circles, solid line) following 5 weeks
on a control diet (top) or following 5 weeks on a LoBAG;3, diet
(bottom). Note that the IGFBP-1 concentration increases when
the insulin concentration is between approximately 20 and
30 pyU/mL.

response without a change in the fasting and 24-hour integrated
insulin area responses. These were associated with a statisti-
cally significant decrease in %tGHb from 8.7% to 7.5%.

4.2, Ghrelin

Ghrelin is a hormone produced predominately by cells in the
fundus of the stomach [13]. It has been shown to bind to the
GH secretagogue receptor and to potently stimulate secretion
of GH [14,15]. Ghrelin is increased with fasting and decreases
following ingestion of meals. Because high-protein meals
have been suggested to increase satiety, we wanted to
determine whether ghrelin would remain low for a longer
period following ingestion of the LoBAG meals. It did not. We
also wanted to determine whether the ghrelin response was
related to the GH response; again, it was not.

4.3. Growth hormone
In our previous studies in which a LoBAG diet was compared

with a standard diet, GH was measured only in the fasted state
at 8:00 am [9,16,17]. It was not significantly increased when
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the protein content of the diets was increased from 15% in
the control arm to 30% of total food energy in the LoBAG arm.
Because the majority of GH is secreted during stage 3 and
4 sleep, as was demonstrated using a 30-second sampling
technique [18], we were interested in measuring GH during a
24-hour period in subjects with type 2 diabetes mellitus
following ingestion of high-protein mixed meals.

In the present study, blood samples were obtained for GH
determination hourly during the day, but every 20 minutes
from 11:00 pM to 3:00 aM to increase the likelihood of capturing
some of the spikes in GH release during sleep. We realize that
it would have been desirable to obtain samples more
frequently during the night, but the volume of blood required
and other technical issues made this not feasible. At the
time points measured, episodic increases in concentration
occurred during the nighttime hours, as expected (Fig. 4).
However, some occurred during the day. We did not prohibit
daytime naps [19], which may or may not explain some of the
peaks observed during the daytime hours. The GH response
was not affected by the change in dietary composition (Fig. 4).

To our knowledge, 24-hour profiles of circulating GH
concentration have not been determined in subjects with
type 2 diabetes mellitus, nor have they been determined
following ingestion of high-protein mixed meals.

As discussed below, ingestion of protein alone has been
reported to increase circulating GH concentration and inges-
tion of carbohydrates, to suppress it. In the present study, it is
clear that doubling the protein content of the diet at the
expense of carbohydrate, from 15% in the control to 30% of
total food energy in the LoBAGs, diet, did not affect the
24-hour integrated GH concentration.

The effect on GH concentration of altering the diet
composition for several days was studied many years ago
[20]. In 5 to 8 young men, an 80% carbohydrate diet ingested
over 8 to 10 days markedly reduced the 24-hour integrated GH
concentration compared with the control diet of 40% carbo-
hydrate, 40% fat, and 20% protein. A 75% fat or a 70% protein
diet did not, and also did not increase it.

In the same study, 7 women also were studied while
ingesting the high-carbohydrate and the control diet. The GH
values were not suppressed by high carbohydrate intake,
but primary data were not provided.

Although these diets were extreme in their composition,
the data suggest that dietary carbohydrate lowers GH concen-
tration in healthy men, but not significantly in women. A high-
protein diet did notincrease the GH concentration. In the same
study, 72 hours of fasting resulted in an approximately 290%
increase in GH in men but only a 125% increase in women. To
our knowledge, these are the only data in the literature
reporting 24-hour GH responses in which subjects ingested
diets of varying composition for an extended period.

In acute studies, intravenous amino acids given in large
amounts [21], as well as single meal ingestion of amino acids
[22-24] or dietary protein [25-27], have been reported to rapidly
increase the circulating GH. In several of these studies, when
carbohydrate was ingested with protein, the GH response was
attenuated. In contrast, Baker et al [28] reported that GH
was not affected by a high-protein breakfast.

More recently, a group from the Netherlands has deter-
mined the effect on circulating GH concentrations of ingestion

of drinks composed of complete soy protein, hydrolyzed soy
protein, or a mixture of amino acids resembling the compo-
sition of soy protein in healthy young women over 5 hours
[29]. All 3 drinks resulted in a similar increase in GH con-
centration. The increase was statistically significantly greater
than the response to a placebo drink (presumably water,
but not stated). When soy protein was ingested with
carbohydrate or fat, an increase in GH was observed, but not
when both carbohydrate and fat were present [30,31]. Thus,
both carbohydrate and fat were required to negate a dietary
protein-induced increase in GH.

4.4.  Insulin-like growth factor-I

Insulin-like growth factor-1 is a 70-amino acid hormone,
similar in structure to insulin. It is produced by several organs
in the body. However, the majority (~75%) is produced in the
liver under the control of GH [32]. In liver, GH also stimulates
the production of IGFBP-3 and another protein referred to as
the acid-labile subunit. These 3 protein peptides circulate
bound together in a ternary complex. This complex repre-
sents the major form in which IGF-I is present in serum [33].
Interestingly, a total of 6 well-characterized mammalian
IGFBPs have been identified that have a high affinity for
IGF-I (Kg ~107'° mol/L) [34]. In addition, 9 other proteins have
been identified that have a lower affinity for IGF-I. These have
been referred to as IGFBP-related proteins (IGFPB-rP1-9) [34].
However, the metabolic role of these IGF-I binding proteins
remains to be clarified.

Insulin-like growth factor-I was measured because it is
also an anabolic hormone. An increase in IGF-1 has been
reported to stimulate p-cell proliferation [35,36] and inhibit
apoptosis in vitro [37]. Furthermore, IGF-I has insulin-like
effects and improves insulin sensitivity [38]. However, there
is concern that it may stimulate cancer cell proliferation [39].

Determination of IGF-I concentration by immunoassay is
affected by the dissociation of IGF-I from its bound form(s),
the specificity of the antibody, the standard used to calibrate
the assay, as well as the collection and storage of the sample
[40]. Thus, as elucidated by Bidlingmaier [41] and Frystyk
et al [40], determination of total IGF-I concentration can be
difficult. In the present study, all samples were assayed in
batches using the same method (DSL) in our laboratory.
Thus, analytical variability should be minimal and should
not influence our interpretation of the present data. Of note,
we determined IGF-I concentrations using 3 different meth-
ods: DSL, ImmunoDiagnostic Systems (Fountain Hills, AZ),
and Siemens Immulite. Although the absolute value of IGF-I
was different with the various methods, the pattern of
response was similar (unpublished data).

In people ingesting typical mixed diets, circulating IGF-I is
known to be quite stable throughout a 24-hour period
(reviewed in Rajpathak et al [42]). Thus, the overnight fasting
values should approximate the average 24-hour concentra-
tion. However, to our knowledge, it was not known whether
IGF-I was stable at all time points in subjects with untreated
type 2 diabetes mellitus ingesting a LoBAG diet. Therefore,
we considered it necessary to document that the 24-hour
integrated value was elevated for 24 hours. Indeed, that was
the case in the present study (Fig. 5).



METABOLISM CLINICAL AND EXPERIMENTAL 60 (2011) 1300-1311

1309

After 5 weeks on a LoBAGs;q diet, which contained double
the protein of the baseline control diet, the fasting IGF-I
concentration was increased by 31%. This is strikingly similar
to data obtained in our previous studies of LoBAG diets, all of
which contained 30% protein, although the carbohydrate
content varied from 20% to 40%. The fasting IGF-I concentra-
tion was increased by 31% in the LoBAGy, diet [16], 34% in
the LoBAGs3, diet [9], and 40% in the LoBAG,, diet [17]. Thus,
it is likely that the increase in IGF-I was due to the increase
in protein. Insulin-like growth factor-I was reported to be
increased by a very high protein (65%) hypocaloric (6.25 kcal/
kg body weight) diet in obese female subjects many years ago
[43]. In subjects with type 1 diabetes mellitus, increasing the
protein content from 10% to 20% of total food energy did not
result in an increase in IGF-I [44].

In our study, because the increase in IGF-I was highest with
the LoBAG,, diet, which had the lowest carbohydrate, this may
represent partial inhibition of IGF-I synthesis by carbohydrate.
Nevertheless, this needs to be verified in a larger study.

To our knowledge, an effect on the circulating IGF-I
concentration of diets varying in composition, but not in
food energy, has not been reported in people either with or
without type 2 diabetes mellitus.

Insulin-like growth factor-I inhibits GH secretion by direct
feedback, but also indirectly by stimulating the release of
somatostatin [45]. Thus, a decrease in GH with an increase in
IGF-I due to the increased dietary protein would have been
expected. If this is the case, the IGF-I is extremely sensitive to
GH in this population. This we consider to be unlikely. Growth
hormone is known to be low and less responsive to stimuli
such as sleep, exercise, GH releasing hormone, etc, in older
men with an increased fat mass [33]. In addition, it has been
reported that infused IGF-I has less of an inhibitory effect on
GH release in the elderly [46]. We consider that the best
explanation for the current data is that dietary protein is
stimulating IGF-I, independent of GH.

Another example of IGF-I being regulated independently of
GH is with starvation. The GH concentration is increased,
whereas the IGF-I concentration is decreased [47-50].

In reviewing the literature, we found only 1 report in which
the total IGF-I in age-and weight-matched subjects with and
without type 2 diabetes mellitus was compared [51]. The

authors reported that the fasting total IGF-I was not different.

Theoretically, because both GH and IGF-I are anabolic
hormones, an increase in IGF-I with no change in GH should
result in an increase in lean body mass. Protein balance,
amino acid concentrations, and body composition data will be
reported separately.

4.5. Insulin-like growth factor-I binding protein 3

Insulin-like growth factor-I binding protein 3 is the most
abundant of the IGF-I binding proteins [52]. It consists of 264
amino acids, with a molecular weight of 28 700 d [34]. It is
produced in the liver, and its production is stimulated by GH.
It is reported to have distinct biological effects independent
of IGF-I binding (for review, please see Jogie-Brahim et al [53]).

In the present study, IGFBP-3 concentrations were similar
following either the control diet or the LoBAG;, diet. This
reinforces the concept that dietary protein stimulates IGF-I

independent of GH because IGFBP-3 is GH dependent, which
did not change.

The morning IGFBP-3 concentration in subjects with type 2
diabetes mellitus has been reported to be approximately
40% lower than in similar-aged control subjects [54]. The
values in our subjects with type 2 diabetes mellitus are similar
to those with type 2 diabetes mellitus in the latter report [54].
We do not have data in healthy and age- and weight-matched
control subjects. In men without diabetes, Benbassat et al
[55] reported that fasting IGFBP-3 concentrations were appro-
ximately 15% lower in older (63-81 years) compared with
younger subjects (20-39 years). From these limited data, it
appears that type 2 diabetes mellitus has a greater lowering
effect on IGFBP-3 than does aging. However, to our knowledge,
the definitive comparative study has not been done.

4.6. Insulin-like growth factor-I binding protein 1

Insulin-like growth factor-I binding protein 1is the only one of
the IGF binding proteins that shows dynamic circadian
changes. The principal regulator of IGFBP-1 concentration is
insulin. Insulin inhibits hepatic synthesis and secretion of
IGFBP-1 [51]. Indeed, an inverse relationship between IGFBP-1
and insulin in the fasting state has been reported in young as
well as in aged subjects [52,55]. However, to our knowledge,
the present study provides the first evidence of a 24-hour
relationship in older subjects with type 2 diabetes mellitus. In
the present study, when the insulin concentration decreased
to less than approximately 30 to 40 pU/mL, the IGFBP-1
concentration was increased, suggesting a threshold effect
in these subjects with type 2 diabetes mellitus. Interestingly,
several years ago, it was reported that IGFBP-1 levels rose
when insulin fell to less than 30 uU/mL, a relationship
determined using samples from fasting obese female subjects
without diabetes [43]. Because of the relationship between
IGFBP-1 and insulin, determination of IGFBP-1 concentration
has been recommended as a measurement of insulin resis-
tance [56]. Our data indicate that although subjects with type 2
diabetes mellitus are considered to be insulin resistant, the
IGFBP-1 results are similar to those in nondiabetic subjects.

In summary, to our knowledge, these are the first studies to
report the 24-hour profiles of ghrelin, GH, IGF-I, IGFBP-1, and
IGFBP-3 in older subjects with type 2 diabetes mellitus and the
effect of a change in dietary composition. The data indicate
that ingestion of a LoBAGs, diet, that is, a higher-protein—-
and lower-carbohydrate-content diet, results in an increase
in total IGF-I. The increased IGF-I occurred without an
increase in GH or IGFBP-3. These and our previous data
suggest that dietary protein regulates IGF-I concentration
independently. Regulation of IGFBP-1 by insulin also was
unchanged by the difference in diet composition.

The metabolic effects of the increase in IGF-I over the long
term remain to be determined. Dysregulation of the IGF
system has been associated with multiple aspects of cancer
progression [39], particularly IGF-I receptor expression and
activity. Thus, the argument could be made that an increase
in IGF-I may be deleterious. However, a counter argument is
most compelling. Theoretically, an increase in IGF-I could
reduce the expected increase in fat mass associated with a
decrease in lean body mass in aging [57]. Thus, a diet-
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induced increase in IGF-I could result in an improvement in,
or better maintenance of, lean body mass relative to fatness.
Added benefits include possible stimulation of p-cell proli-
feration and inhibition of apoptosis, as well as improvement
in insulin sensitivity and a decrease in %tGHb. These effects
would be of considerable benefit for the person with type 2
diabetes mellitus.
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