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FAT DISTRIBUTION AND METABOLIC HEALTH: THE EFFECTS OF 
MACRONUTRIENT MANIPULATION ON FAT DISTRIBUTION, WEIGHT LOSS, 

AND GLUCOSE METABOLISM 
 

AMY MISKIMON GOSS 

NUTRITION SCIENCES 

ABSTRACT 

Fat distribution pattern may contribute to risk of development of metabolic 

diseases such and type 2 diabetes and cardiovascular disease.  However, the precise 

nature of the relationships between adipose tissue depots and metabolic health remains 

controversial.  Additionally, further research is needed to identify optimal dietary 

approaches to reduce disease risk and visceral adiposity among overweight and obese 

individuals, who may already be on a trajectory for development of metabolic disease.  

Therefore, the goal of this project was to examine relationships of adipose tissue depots 

with insulin sensitivity, and then to determine if  diets differing in CHO and fat content 

can modulate fat distribution, thereby improving indices of metabolic health.  Thus, the 

first aim of this project was to identify independent associations of adipose tissue depots 

with insulin sensitivity among postmenopausal women.  Additional aims of this project 

were to determine whether consumption of a low vs high glycemic load (GL) diet would 

reduce total and visceral adipose tissue under both eucaloric and hypocaloric conditions, 

and further to determine if under eucaloric conditions, the low GL/higher fat diet 

influenced sex hormone-binding globulin (SHBG) and parameters of glucose 

metabolism. 

To address the first aim, 97 healthy, early postmenopausal women underwent 

testing of: body composition by dual-energy X-ray absorptiometry (DXA), fat 
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distribution by computed tomography (CT), and insulin sensitivity by frequently sampled 

intravenous glucose tolerance test.  For the next two aims, 69 healthy overweight 

participants were assigned to either a low GL diet (43%CHO, 18%PRO, 39%FAT) or 

high GL diet (55%CHO, 18%PRO, 27%FAT).  Body composition was assessed by DXA 

and fat distribution by CT at baseline and after 8 weeks of a eucaloric diet intervention 

and 8 weeks of a hypocaloric diet intervention.  Additionally, for the third aim, serum 

fasting SHBG, fasting glucose, fasting insulin, and glucose area under the curve 

following a standard liquid mixed macronutrient meal were assessed at baseline and 

following the eucaloric phase. 

Results from these studies indicate that maintaining greater SAT and lesser IAAT 

or thigh IMAT promotes or reflects greater insulin sensitivity.  Also, consumption of a 

low vs high GL diet resulted in preferential loss of IAAT during weight maintenance and 

greater total fat loss during caloric restriction.  However, during eucaloric conditions this 

diet also resulted in reduced SHBG, which was associated with change in fasting and 

post-challenge glucose.   
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INTRODUCTION 

Overview of Fat Distribution and Metabolic Health  

 It is well known that obesity is a risk factor for development of cardiovascular and 

metabolic disease.  However, research over the past two decades has clearly 

demonstrated that use of body mass index (BMI) alone may not accurately predict 

disease development.  Elevated disease risk may be less dependent on the amount of 

triglyceride accumulation, but rather on the location of triglyceride storage (1). 

Specifically, abdominal adiposity has emerged as a stronger predictor of metabolic 

disease than BMI.  Accumulation of adipose tissue in the intra-abdominal cavity has been 

associated with poor cardiovascular and metabolic outcomes independent of total 

adiposity (2-4).  Similar associations have also been observed when lipid accumulates in 

the liver and skeletal muscle (5;6), whereas accumulation of lipid in subcutaneous depots 

has been associated favorably with indices of metabolic health (7;8).  Thus, 

proportionally greater adipose tissue distributed to visceral and ectopic depots compared 

to the subcutaneous depots describes a high risk fat distribution phenotype.  However, it 

remains equivocal whether distribution of lipid to non-subcutaneous spaces is causal in 

regards to poor metabolic health, or rather is a marker for underlying metabolic 

abnormalities. 

 Intra-abdominal adipose tissue (IAAT) correlates directly with intrahepatic fat 

content and intermuscular adipose tissue (IMAT) and it has been suggested that these are 

coordinated depots (9-12).  Lipid deposition to the intra-abdominal cavity and ectopic 
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depots is likely related to dysfunction of subcutaneous adipose tissue.  Under normal 

conditions, subcutaneous adipose tissue sequesters non-esterified fatty acids (NEFA) 

released from adipose tissue, and fatty acids from dietary sources (13).   It has been 

suggested that under certain pathological conditions, such as obesity, there is a 

downregulation of lipid storage to subcutaneous depots resulting from a maladaptive 

response to postprandial increases in fatty acids (14).  A reduction in the uptake of 

triglyceride to subcutaneous adipose tissue depots may lead to greater lipid storage to the 

visceral and ectopic depots (13;14).  Factors contributing to reduced lipid uptake to 

subcutaneous adipose tissue and increased lipid storage to ectopic depots remain unclear; 

however it is likely a complex, multifactorial process involving the interaction of genetic 

and environmental factors including sex, physical activity and diet. 

 Lipid storage to the visceral and ectopic depots may not only serve as a biomarker 

for the downregulation of lipid storage to subcutaneous depots, but it may also directly 

contribute to metabolic disease progression.  Adipose tissue acts as energy storage organ, 

but it has also been identified as an endocrine organ secreting adipokines, such as tumor 

necrosis factor-α, interleukin-6, leptin, resistin, visfatin, and adiponectin (15). Evidence 

suggests visceral and ectopic adipose tissue depots are associated with the dysregulation 

of production and secretions of these bioactive substances which may contribute to 

hepatic and skeletal muscle insulin resistance (15).  It is also possible that free fatty acids 

(FFA) originating from these depots directly influence processes related to glucose 

metabolism and insulin sensitivity (16-18).  Studies have reported evidence suggesting 

that FFAs released from IAAT directly into hepatic portal vein may be responsible for 

deleterious effects on insulin signaling and gluconeogenesis (19).  Likewise, IMAT may 
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have similar effects on skeletal muscle insulin sensitivity due to the close proximity of 

this adipose tissue depot to the muscle (20); however, results from studies examining this 

depot are discrepant (21-23).  Further research is warranted to identify the precise 

mechanisms linking visceral and ectopic adipose tissue to metabolic disease, and to 

determine if modifiable lifestyle factors, such as diet, can modulate fat distribution and 

disease risk. 

Effects of Dietary Macronutrient Manipulation on Weight Loss, Fat Distribution, 
and Glucose Homeostasis 

Excess caloric intake leads to excess adiposity and altered metabolic outcomes; 

however, diet quality may have metabolic affects unique from caloric content.  In 

particular, glycemic index (GI), the extent to which a food increases serum glucose 

concentrations, has been proposed as potentially affecting weight change, body 

composition, or even fat distribution.  By increasing insulin to a greater extent or for a 

longer time, foods with a relatively high GI may affect specific metabolic processes, such 

as lipolysis, lipogenesis, or substrate oxidation (24-26).  These processes in turn may 

affect hunger, satiety, food intake, or energy expenditure, factors that could impact 

energy balance, body composition, and location of triglyceride storage.  A diet comprised 

of low glycemic index foods may elicit a reduced insulin response and thus, have 

significant effects on weight loss and fat distribution. 

Weight Loss  

Numerous studies have been conducted in a variety of populations, ranging from 

young children to adults, examining the efficacy of low glycemic load (GL) or GI diets 

on weight and fat mass loss (27).  The majority of the controlled trials used a parallel 

design in order to compare a low vs high GL/GI diet (27).  However, these studies have 
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shown inconsistent findings in regards to the effectiveness of low GL/GI diets yielding 

greater weight loss and total fat loss compared to other dietary approaches.  These 

inconsistencies may be due to differences in methodology, underlying physiological 

differences in study populations, and other confounding factors affecting diet adherence 

and efficacy.  

Fat distribution 

In addition to affecting total body weight and fat mass, diet quality may also 

affect the specific location of the fat that is deposited or mobilized.  Results of some 

studies have indicated that relatively greater consumption of lower GI foods is associated 

with a smaller waist circumference (28;29).  Among the studies that have reported 

associations between diet and fat distribution independent of weight loss, many have also 

reported sex differences in these associations (29).  Halkjaer et al found that carbohydrate 

(CHO) energy intake from fruits and vegetables was inversely associated with change in 

waist circumference over a 5 year period, and conversely, CHO energy intake from all 

other food groups was positively associated with change in waist circumference (29).  

Further, these associations were significantly stronger in women than in men.  Similarly, 

high intake of refined grains was associated with gain in waist circumference adjusted for 

BMI over 6 years in women but not men (28).  A dietary counseling study among men 

and women with type 2 diabetes reported consumption of a moderately reduced CHO diet 

resulted in preferential visceral adipose tissue loss among women but not men (30). 

Males and females are generally thought to distribute fat differently, such that males 

exhibit the android or centripetal fat distribution pattern, whereas females have greater 
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lipid storage to the gluteofemoral region (31); therefore, it is possible diet quality 

influences lipid storage differently in regards to sex. 

A low GL/GI diet may influence fat distribution independent of weight loss by 

lowering postprandial glucose and insulin response.  However, whether these effects 

mediate improvement in metabolic outcomes is not clear. In a canine model, a eucaloric 

higher fat/reduced CHO diet induced hepatic insulin resistance and elevated 

gluconeogenic gene expression (19).  This effect appeared to be mediated by an 

upregulation in fatty acid turnover in the visceral cavity, leading to elevated exposure of 

the liver to FFAs, via the hepatic portal vein.  Studies have also reported that adipose 

tissue in the visceral cavity is resistant to insulin and suppression of lipolysis from this 

cavity requires 2-4 fold more insulin than subcutaneous depots (32;33). Thus, it seems 

plausible to speculate that a reduced insulin secretory response to a low GL/GI diet may 

lead to a reduction in adipose tissue in the intra-abdominal cavity given the propensity of 

this depot to mobilize FFA.  However, to date, no human studies have been conducted to 

confirm this mechanism.  Further studies are needed in order to identify the effects of diet 

on fat distribution, and more importantly whether these effects are accompanied by 

improvement in hepatic metabolism and glucose homeostasis. 

 

SHBG and Glucose Homeostasis 

Sex-hormone binding globulin (SHBG), a protein predominantly secreted by the 

liver, has been gaining momentum in the literature as a potential predictor of 

development of type 2 diabetes (34;35).   It has been proposed that low circulating SHBG 

may be used as a clinical indicator of elevated risk of development of metabolic 
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abnormalities (35).  The primary function of SHBG is classically known as the regulation 

of circulating sex hormone bioavailability by inhibiting receptor binding (36).   However, 

studies have linked circulating SHBG with metabolic disease independent of the action of 

sex hormones.  Therefore, SHBG may have a direct role in disease development or may 

be a biomarker for metabolic health.  Numerous physiological factors associated with 

obesity have been linked to low circulating SHBG such as elevated fasting insulin and 

glucose, intrahepatic lipid content, and IAAT accumulation (37-40); however, whether 

SHBG plays a causal role or is simply a biomarker for underlying metabolic aberrations 

is unknown. 

Studies have reported a link between fat distribution and SHBG production (37).  

IAAT is inversely correlated to circulating SHBG (37), an association which may be, in 

part, due to the proximity of this adipose tissue depot to the liver (41).   The SHBG 

promoter region is regulated by transcription factor hepatic nuclear factor-4α that has a 

ligand binding domain for endogenous FFAs (10;42;43).  The binding of FFAs to this 

ligand binding domain can alter the transcriptional activity of SHBG gene expression 

(44).  Therefore, it is possible that the draining of FFAs from the intra-abdominal cavity 

may directly alter SHBG gene expression, or may indirectly influence SHBG production 

by modulating hepatic gluconeogenesis (19).  Evidence suggests there is an independent 

relationship between glucose and hepatic SHBG production (34;40).  The increased flux 

in NEFAs from IAAT may alter liver metabolism by increasing hepatic insulin resistance 

and hepatic glucose production, and through this mechanism suppress SHBG production 

  Recent data indicate that diet-induced changes to glucose homeostasis may be an 

important mediating factor in altering hepatic SHBG production (40;44).  Glucose 



7 
 

homeostasis is determined in part by hepatic glucose production, which is increased as a 

result of hepatic insulin resistance and triglyceride accumulation (45).  Low blood 

concentrations of SHBG have been observed among obese individuals (46) and studies 

consistently report that weight loss through caloric restriction results in increased blood 

concentrations (40;46), an effect that may be mediated by reduction in intrahepatic fat 

content and improvements in fasting insulin and glucose.  However, whether dietary fat 

or CHO can influence hepatic SHBG production independent of weight loss is not clear, 

but evidence suggests a diet relatively high in fat increases fasting glucose concentration 

(47) and therefore, may alter SHBG production. 

Objectives 

In light of the evidence presented in this review, the need for further understanding of the 

relationships among the adipose tissue and metabolic health becomes apparent.  Further, 

there is a lack of well-controlled dietary intervention studies in the literature elucidating 

how diet quality may influence fat distribution, propensity for weight loss, and 

parameters of glucose metabolism.  Therefore, the objectives of this project were to: 1) 

examine the independent relationships of various fat depots with insulin sensitivity, 2) 

determine the effects of dietary macronutrient manipulation on changes in fat distribution 

under eucaloric conditions and weight loss during hypocaloric conditions , and 3) 

determine the effects of macronutrient manipulation on glucose metabolism and SHBG, 

and identify the interrelationships among changes in glucose metabolism, SHBG, and fat 

distribution.  
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Experimental Aims 

Experimental Aim 1 

The first aim was to examine the cross-sectional relationships of various fat depots with 

insulin sensitivity.  To investigate this aim, 97 early, healthy postmenopausal women 

underwent insulin sensitivity testing, assessed by using a frequently sampled intravenous 

glucose tolerance test with minimal model analysis.  Fat distribution was determined 

using computed tomography (CT) scanning of the abdomen and midthigh.  Body 

composition data were also collected using dual energy x-ray absorptiometry (DXA). 

Experimental Aim 2  

The second experimental aim was to determine whether consumption of an 8-wk low GL 

diet vs high GL diet would facilitate changes in fat distribution under eucaloric 

conditions and, additionally, to determine if consumption of an 8-wk low GL diet vs high 

GL diet would produce greater weight loss under hypocaloric conditions among 69 

healthy overweight or obese men and women.  At week 0 and week 8 of the eucaloric and 

hypocaloric phase, fat distribution was assessed by using CT scanning and body 

composition was assessed by using DXA.  Thus, changes in fat distribution and body 

composition were compared between diet groups. 

Experimental Aim 3 

The third experimental aim was to investigate changes in variables related to glucose 

metabolism (fasting glucose, fasting insulin, glucose area under the curve (AUC), and 

insulin AUC and SHBG in response to an 8-week eucaloric diet higher in fat vs. an 8-
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week diet lower in fat.  This aim included the examination of the baseline relationships 

between circulating SHBG, glucose metabolism, and fat distribution and the relationships 

of change in these variables following the diet intervention period.  At week 0 and week 

8 of the eucaloric diet intervention, a fasting blood draw was conducted to assess glucose, 

insulin, and SHBG.  Additionally, glucose and insulin AUC were calculated following 

consumption of a standard liquid mixed meal challenge.  Fat distribution was assessed by 

using CT scanning and body composition was assessed by using DXA. 

 The investigations performed to address each of the experimental aims are 

described in detail in the following three manuscripts. 
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ABSTRACT 

Background 

Evidence suggests intermuscular adipose tissue (IMAT) may be linked to insulin 

resistance, whereas thigh subcutaneous adipose tissue (SAT) may be related favorably 

with indices of metabolic health.  However, whether adipose tissue depots of the thigh are 

differentially related to insulin sensitivity independent of total adiposity and other 

adipose tissue depots has not been determined.  The objective of this study was to 

identify independent associations of the subcompartments of adipose tissue of the thigh 

with insulin sensitivity among 97 healthy early postmenopausal women.   

Methods 

 Computed tomography (CT) scans of the mid-thigh were used to assess Thigh-SAT, 

Thigh perimuscular adipose tissue (PMAT), and Thigh-IMAT.  CT scans at the L4-L5 

intervertebral space were used to assess intra-abdominal adipose tissue (IAAT) and 

Abdominal-SAT.  Total body fat was measured by dual-energy X-ray absorptiometry 

(DXA).  The insulin sensitivity index (SI) was assessed by using a frequently sampled 

intravenous glucose tolerance test with minimal model analysis.  

Results 

 Results indicated SI was positively associated with Thigh-SAT independent of total fat 

mass and other adipose tissue compartments.  Among all women combined, SI was 

inversely associated with Thigh-IMAT independent of total fat mass.  However, the 
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relationship between SI and Thigh-IMAT was independent of IAAT only among women 

with high levels of Thigh-IMAT and IAAT.   

Conclusions 

 This is the first study to demonstrate independent, opposing relationships of Thigh-SAT 

and Thigh-IMAT with insulin sensitivity in healthy postmenopausal women.   Further 

research is needed to determine if these associations are causal in nature. 

INTRODUCTION 

Adipose tissue depots are differentially associated with risk of diseases such as 

type 2 diabetes and cardiovascular disease.  Whereas intra-abdominal adipose tissue 

(IAAT) is associated with glucose intolerance and insulin resistance, thigh adipose tissue 

is associated favorably with measures of glucose and lipid metabolism1;2.  However, it is 

unknown whether differences in fat distribution have causal associations with metabolic 

health or primarily reflect underlying metabolic processes that affect both glucose/lipid 

metabolism and the location of triglyceride storage.   

Further, the nature of the relationship between leg fat and insulin sensitivity is not 

entirely clear.  While some studies demonstrate relationships linking proportionally 

greater leg fat to favorable fasting insulin and glucose concentrations and blood lipid 

profile3, other studies have demonstrated an inverse relationship between leg fat and 

insulin sensitivity4;5.   Discrepancies among studies may be explained by differences in 

adjustment for confounders in statistical models and differences in the specific adipose 

tissue compartments examined.  The thigh region is comprised of multiple adipose tissue 

compartments including subcutaneous adipose tissue (SAT), perimuscular adipose tissue 



13 
 

(PMAT), and intermuscular adipose tissue (IMAT).  Lipid is also found within muscle 

cells as intramyocellular lipid (IMCL).  Further, divergent relationships may exist as to 

the way in which these adipose tissue compartments contribute to metabolic health.  

Whole body-IMAT is proposed to be an adipose tissue depot similar in size to IAAT6;7.  

Evidence suggests adipose tissue infiltration in skeletal amuscle, like IAAT, is associated 

with greater circulating inflammatory markers and may contribute to insulin resistance 

and other cardio-metabolic disease risk factors8;9.  Conversely, Thigh-SAT may be 

positively related to insulin sensitivity when examined independently of the other adipose 

tissue depots of the thigh10;11.  Thus, use of total thigh fat as an independent variable does 

not allow for visualization of the opposing effects of the individual compartments, and 

may lead to discrepant results depending upon the extent to which each of the 

compartments contributes to the total measure.   No study has simultaneously shown 

independent, opposing relationships among these thigh adipose tissue depots and a robust 

measure of insulin sensitivity. 

Among the studies that have aimed to characterize the multiple adipose tissue 

compartments of the thigh and their contributions to metabolic health, differences in the 

definition of Thigh-IMAT, study populations, and scan location and modality may have 

lead to discrepant results.   Although Thigh-IMAT is often considered as all adipose 

tissue deposited beneath the fascia lata within and adjacent to skeletal muscle, sub-

compartments within Thigh-IMAT have been identified5.  Goodpaster et al described the 

adipose tissue compartments of the thigh as Thigh SAT, Thigh-PMAT (also described as 

subfascial adipose tissue), and Thigh-IMAT5.  With this characterization, Thigh-IMAT 

was inversely associated, Thigh-PMAT tended to be inversely associated, and Thigh-
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SAT was not associated with insulin sensitivity in subjects with obesity and type 2 

diabetes5.  These relationships were not independent of total body fat.  Other study 

populations within which Thigh-IMAT and insulin resistance are associated include 

elderly men or those with at least one risk factor for diabetes9.  No study has examined 

the relationship of insulin sensitivity with thigh adipose tissue distribution in a healthy, 

relatively homogeneous study population, specifically early postmenopausal women.  

These associations may be important considering that changes occur in both disease 

risk12;13 and body fat distribution14;15 following menopause. 

 The primary purpose of this study was to investigate independent associations of 

Thigh-SAT, Thigh-PMAT, and Thigh-IMAT with insulin sensitivity in healthy early 

postmenopausal women.  A secondary aim was to identify associations between Thigh-

IMAT and other adipose tissue compartments such as IAAT, Thigh-PMAT, and Thigh-

SAT.  We hypothesized that Thigh-SAT would be positively associated with, and Thigh-

IMAT and Thigh-PMAT would be inversely associated with, insulin sensitivity, and 

furthermore, that Thigh-IMAT would be positively associated with IAAT. 

METHODS AND PROCEDURES 

Participants and protocol 

 Subjects were 97 healthy postmenopausal women aged 45-60 years who 

participated in one of two studies at the University of Alabama at Birmingham (UAB). 

Metabolic testing and body composition assessment took place under controlled 

conditions during an in-patient visit to the Department of Nutrition Sciences and the 

General Clinical Research Center (GCRC) at UAB.    Women who experienced a natural 



15 
 

menopause, with the time of cessation of menstruation of at least 6 months, or 

hysterectomy, and FSH level >30 IU/mL (FSH ranged 44–138 IU/mL) were included in 

the study.  Fifty-two percent of the women recruited for the study were using hormone 

replacement therapy (HRT) and had been using HRT for an of average 2.8 yrs.  Among 

the women recruited, 9% were African American (n=9) and 91% European American 

(n=78).  Five of the African American women were HRT users.  None of the women 

smoked.  The protocol was approved by the Institutional Review Board for Human Use at 

UAB, and all subjects signed an informed consent prior to testing. 

 

Body composition and fat distribution 

 Mid-thigh and abdominal cross-sectional tissue areas were analyzed by computed 

tomography (CT) scanning using a HiLight/Advantage scanner (General Electric, 

Milwaukee, WI).  Thigh muscle and thigh adipose tissue areas were determined using a 

one slice mid-thigh (between the superior border of the patella and the inferior anterior 

iliac crest) CT scan.  A scout scan was conducted to identify the L4-L5 intervertebral 

spaces and was followed by a 5-mm scan of the abdomen at the identified site.  Scans 

were later analyzed for cross-sectional area (cm2) of adipose tissue and muscle tissue 

using SliceOmatic image analysis software (version 4.2: Tomovision, Montreal, Canada).  

The abdomen scan was used to analyze IAAT and Abdominal-SAT.  Thigh-IMAT and 

Thigh-PMAT were separated from Thigh-SAT by manually drawing a line along the 

fascia lata surrounding the thigh muscle.   Subsequently, Thigh-IMAT was partitioned 

from Thigh-PMAT by manually drawing a line around the muscle itself to capture 

adipose tissue located directly between and within muscle groups.  
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 Total and regional body composition were measured by dual-energy X-ray 

absorptiometry (DXA) using a Lunar DPX-L densitometer (LUNAR Radiation Corp., 

Madison, WI). Subjects were scanned in light clothing while lying flat on their backs 

with arms at their sides. DXA scans were performed and analyzed with adult software 

version 1.5g. The software provided measures of total fat (kg), total lean (kg), and leg fat 

(kg).  

Insulin sensitivity testing 

Glucose tolerance and insulin sensitivity were measured by frequently sampled 

intravenous glucose tolerance (FSIGT) test16 and details were described elsewhere17;18.  

In brief, the FSIGT test involves intravenous glucose administration (11.4 g/m2)at time 

“0”, and subsequent tolbutamide injection(125 mg/m2) or insulin infusion (0.02 units/kg 

over 5 min) 20 minutes later.  For both tests, three samples were collected prior to 

glucose administration, and glucose and insulin values averaged to determine mean 

fasting values.  For the tolbutamide-modified test, 29 additional blood samples (2 ml 

each) were collected at time points +2 to +180 minutes relative to the initiation of glucose 

administration.  For the insulin-modified test, 31 additional blood samples (2 ml each) 

were collected at time points +2 to +240 minutes.   All samples were analyzed for insulin 

and glucose concentrations.  The insulin sensitivity index (SI) was calculated using 

MINMOD computer software (version 3.0)19;20.   In this study, the tolbutamide-modified 

method was used for 81 women and the insulin-modified method was used for 16 

women.  SI values from tolbutamide-modified tests are reported to be approximately 16% 

higher than those from insulin-modified tests21.  Between-study differences in FSIGT 



17 
 

were accounted for statistically by including a variable for FSIGT method (“test type” 

variable) in analyses as previously described22.  

Assay of glucose and insulin 

 Glucose was measured in 10 µl sera using an Ektachem DT II System (Johnson 

and Johnson Clinical Diagnostics, Rochester, NY).  For the majority of the 

postmenopausal women (those who had the tolbutamide-modified FSIGT), insulin was 

assayed in duplicate 200 µl aliquots with “Coat-A-Count” kits (Diagnostic Products 

Corporation, Los Angeles, CA).  In our laboratory, this assay has a sensitivity of 1.9 

µIU/ml, a mean intra-assay coefficient of variation of 5%, and a mean interassay 

coefficient of variation of 6%.  For the remainder of the women (those who had the 

insulin-modified FSIGT), insulin was assayed in duplicate 100 µl aliquots with reagents 

from Linco Research Products Inc.  (St. Charles. MO).  In our laboratory, this assay has a 

sensitivity of 3.35 µIU/ml, a mean intra-assay coefficient of variation of 3.49%, and a 

mean interassay coefficient of variation of 5.57%.  Commercial quality control sera of 

low, medium, and high insulin concentration are included in every assay to monitor 

variation over time.  Difference in methodology was accounted for by inclusion of a “test 

type” variable in analyses. 

Statistical methods 

 Descriptive statistics were computed for all study variables of interest.  Variables 

known to deviate from a normal distribution, such as SI, were log 10 transformed prior to 

statistical analysis.  All statistical tests were two-sided and were performed using a type I 

error rate of 0.05.  Statistical analyses were performed using SAS (version 9.1; SAS 
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Institute, Inc., Cary, NC).  Pearson correlation coefficients were calculated to determine 

associations of SI with Thigh-SAT, Thigh-PMAT, Thigh-IMAT, IAAT, Abdominal -

SAT, and total fat mass.  Partial correlation coefficients were calculated to determine 

associations of SI with Thigh-SAT, Thigh-PMAT, Thigh-IMAT, IAAT, and Abdominal-

SAT adjusted for total fat mass.  Thigh-IMAT was further adjusted for thigh muscle area.  

Multiple linear regression analysis was conducted to determine independent associations 

of SI with Thigh-SAT, Thigh-IMAT, total fat, and IAAT.    This model was also adjusted 

for thigh muscle area.  All final models were adjusted for “test type.”  HRT use was also 

tested as in all models as a confounding variable; however, HRT use was not significant 

and subsequently was excluded from models.     

 To further explore the interrelationships among IAAT, Thigh-SAT, and SI, 

subjects were characterized into four fat distribution phenotype groups based on IAAT 

and Thigh-SAT.  The median IAAT (103.2 cm2) and median Thigh-SAT (238.5 cm2) 

were used to classify subjects into 1 of 4 groups including 1) high IAAT/high Thigh-

SAT, 2) high IAAT/low Thigh-SAT, 3) low IAAT/high Thigh-SAT, and 4) low 

IAAT/low Thigh-SAT.  Analysis of covariance (ANCOVA) was used to compare group 

differences in SI adjusted for total fat.  Additionally, because IAAT has a profound effect 

on hepatic SI that may mask other contributions to whole-body insulin sensitivity, 

subjects were dichotomized into 2 groups, low (<103.2 cm2) or high (>103.2 cm2) IAAT 

using the median IAAT value of the entire study population.   Multiple linear regression 

analysis was conducted to determine independent associations of SI and Thigh-IMAT, % 

fat, and IAAT within each group. 
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Pearson correlation coefficients were calculated to determine associations among 

fat distribution variables: Thigh-SAT, Thigh-PMAT, Thigh-IMAT, IAAT, and 

Abdominal-SAT.   Partial correlation coefficients were also calculated to determine 

associations among Thigh-SAT, Thigh-PMAT, Thigh-IMAT, IAAT, and Abdominal-

SAT independent of total fat mass.   

RESULTS 

Subject characteristics are shown in Table 1.  Pearson simple correlation analysis 

indicated all fat distribution variables were significantly inversely associated with SI 

(Table2).  Partial correlation analysis indicated that Thigh-IMAT and IAAT were 

inversely associated with SI independent of total fat mass.  Partial correlation analysis 

also indicated that Thigh-SAT was positively associated with SI independent of total fat 

(Table 2).   Multiple linear regression analysis indicated that SI was positively associated 

with Thigh-SAT and inversely associated with IAAT independent of total fat mass and 

other leg fat variables (Table 3).   

Subgroup analysis by fat distribution phenotype (Figure 1) indicated subjects in 

the high IAAT/low Thigh-SAT group had significantly lower adjusted SI when compared 

with all other subgroups (high IAAT/high Thigh-SAT; p=0.01, low IAAT/high Thigh-

SAT; p<0.001, low IAAT/low Thigh-SAT; p=0.005).  There were no other significant 

between-group differences in adjusted SI.  Multiple linear regression analysis by 

subgroup (“high” or “low” IAAT) indicated that SI was inversely associated Thigh-IMAT 

independent of %fat and IAAT amongst subjects with >130 cm2 IAAT, and SI was 
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inversely associated with IAAT and %fat amongst subjects with <130 cm2 IAAT (Table 

4). 

Simple correlation coefficients among all fat distribution variables are shown in 

Table 5a. All variables were significantly positively associated.  The highest correlation 

coefficients calculated were between Abdominal-SAT and thigh SAT (r=0.73), IAAT and 

Thigh-IMAT (r=0.69), and IAAT and Abdominal-SAT (0.69).  Partial correlation 

coefficients for adipose tissue compartments of the thigh and IAAT adjusted for total fat 

mass are shown in Table 5b.  Thigh-IMAT was significantly positively associated with 

IAAT and Thigh-PMAT.  Thigh-SAT was significantly inversely associated with IAAT 

independent of total fat.   

DISCUSSION 

The major finding of this study is that Thigh-SAT was positively and 

independently associated with SI, whereas Thigh-IMAT was inversely associated with SI. 

This is the first study to demonstrate opposing relationships between thigh adipose tissue 

compartments of the thigh and SI among postmenopausal women.  Our findings suggest 

maintenance of greater Thigh-SAT and lesser Thigh-IMAT may promote or reflect 

favorable metabolic health among early postmenopausal women. 

In this study, Thigh-SAT, after adjustment for total adiposity, was positively and 

independently associated with insulin sensitivity in all women combined.  When women 

were divided based on their fat distribution pattern, those with low Thigh-SAT/high 

IAAT had lower SI.  These findings agree with other studies linking greater Thigh-SAT, 

relative to other fat depots, to favorable metabolic indices10;11;23.  However, few other 



21 
 

studies have used well-accepted measures of insulin sensitivity.  Among obese HIV-

positive women, Thigh-SAT was positively associated with SI from FSIGT10.  However, 

to our knowledge, this is the first study to observe an independent association of Thigh-

SAT with SI among healthy postmenopausal women. 

The physiological basis for the positive association between Thigh-SAT and SI is 

not clear.  Subcutaneous adipose tissue under normal conditions sequesters nonesterified 

fatty acids released from adipose tissue, and fatty acids from dietary sources24.   It has 

been suggested that under certain pathological conditions, such as obesity, there is a 

down regulation of lipid storage to subcutaneous depots resulting from a maladaptive 

response to postprandial increases in fatty acids25.  A reduction in the uptake of 

triglyceride to subcutaneous adipose tissue depots may lead to greater lipid storage to 

ectopic depots known to be adversely associated with both hepatic and peripheral insulin 

sensitivity24;25.  It is possible that other factors involved in regulating insulin sensitivity, 

such as genotype, dietary intake, physical activity, and inflammation, are also responsible 

for the degree of triglyceride storage to subcutaneous depots, thus mediating the 

association between insulin sensitivity and subcutaneous adipose tissue.   Although in the 

present study we cannot draw cause–and-effect conclusions, we believe our findings 

support the hypothesis that Thigh-SAT either exhibits protective effects on insulin 

sensitivity, or reflects a metabolic state compatible with maintenance of relatively high 

insulin sensitivity among postmenopausal women.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

In our study, greater Thigh-IMAT was associated with lower insulin sensitivity, 

independent of total body fat.  Few studies have examined the relationship between 

Thigh-IMAT and insulin sensitivity using appropriate measures of insulin sensitivity, 
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such as clamp or FSIGT, and appropriately adjusting for other confounding variables.  In 

a study involving middle-aged men and women, calf IMAT was significantly inversely 

associated with glucose infusion rate from the hyperinsulinemic euglycemic clamp4.  

Among subjects with obesity and type 2 diabetes, an inverse association was observed 

between insulin sensitivity assessed by hyperinsulinemic euglycemic clamp and Thigh-

IMAT5.  However, neither study considered whether the relationship was independent of 

total fat mass.  Similarly in a study of premenopausal women, whole-body IMAT was 

inversely associated with insulin sensitivity in both African Americans and Caucasians; 

however this relationship was not adjusted for total adiposity26.  Thus, our study is the 

first to demonstrate that Thigh-IMAT is associated with a robust measure of insulin 

sensitivity after accounting for total body adiposity. 

Although our observed association between Thigh-IMAT and SI was independent 

of total fat, it was not independent of IAAT.  In all women combined, IAAT but not 

Thigh-IMAT was independently associated with SI.   However, when women were 

divided based on their degree of intra-abdominal adiposity, Thigh-IMAT was 

independently associated with SI among those women with high, but not low, IAAT.   In 

this group, IAAT was not independently associated with SI, possibly because all women 

had levels of IAAT above the threshold for metabolic dysfunction26;27.  It has been 

suggested that IAAT specifically impairs hepatic insulin sensitivity by increasing 

exposure of the liver to fatty acids.  In contrast, due to its location, Thigh-IMAT is likely 

to affect skeletal muscle insulin sensitivity.  Because the SI index we used captures both 

hepatic and peripheral insulin sensitivity, it may be difficult to isolate relationships that 

are specific to skeletal muscle in subjects with high volumes of IAAT.  Thus, when 
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variance attributable to IAAT was minimized, the association of Thigh-IMAT with 

insulin sensitivity was apparent.  However, it is also possible that the greater Thigh-

IMAT in the women with greater IAAT played a role in the stronger association of 

Thigh-IMAT with SI in this group.   

A secondary aim of this study was to characterize the associations of Thigh-

IMAT and Thigh-PMAT with other adipose tissue depots.  Our results suggested a 

positive, independent, relationship between Thigh-IMAT and IAAT, in agreement with 

other studies6;7.  These results support the concept of coordinated accumulation of ectopic 

adipose tissue.  While the mechanisms leading to this coordinate deposition are unclear, 

lipid deposition to both IAAT and Thigh-IMAT may result from the downregulation of 

lipid uptake by the subcutaneous adipose tissue depots.  An estrogenic hormone profile is 

also thought to direct lipid deposition to the subcutaneous depots28.  Therefore, among 

postmenopausal women, decline in circulating estrogen may further contribute to a shift 

in lipid deposition from subcutaneous depots to ectopic depots.  Our results also indicated 

that Thigh-IMAT and Thigh-PMAT are highly correlated.  However, only Thigh-IMAT 

was independently associated with SI.  Therefore we recommend that these adipose tissue 

compartments be separated when conducting analyses concerning thigh fat distribution 

and metabolic health.   

This study has several strengths.  Measures of fat distribution and body 

composition were obtained using DXA and CT scanning.  To our knowledge, this is the 

only study identifying independent relationships of the adipose tissue compartments of 

the thigh with SI among healthy early postmenopausal women.  Limitations to this study 

include the cross-sectional study design and relatively small number of subjects.  We did 
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not have statistical power to examine potential race/ethnicity differences in the 

relationships of interest.  We did not assess hepatic fat content or liver function, 

therefore, we are unable to determine independent relationships of  hepatic fat with other 

ectopic lipid depots and insulin sensitivity.  Further, we did not assess IMCL which may 

also adversely affect insulin sensitivity. 

In conclusion, results suggested that among healthy early postmenopausal 

women, maintenance of greater Thigh-SAT may exhibit protective effects on insulin 

sensitivity, or may reflect a fat distribution pattern synonymous with good metabolic 

health. Thigh-IMAT was inversely and independently associated with insulin sensitivity 

among women with high but not low levels of IAAT.   These results identify 

independent, opposing relationships of adipose tissue depots of the thigh with metabolic 

health among a relatively homogenous population of healthy postmenopausal women, 

thus emphasizing the importance of considering fat distribution phenotype in identifying 

risk of development of metabolic disease among otherwise healthy, aging women.  

Further studies are needed to determine whether a cause-and-effect association exists 

between Thigh-SAT and insulin sensitivity, and to also determine whether adipose tissue 

infiltration in skeletal muscle independently influences peripheral insulin sensitivity. 
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Table 1.  Subject characteristics (n=97) 

Variable Mean±SD 

Age (yrs) 50.8 ± 2.8 

BMI (kg/m2) 26.2 ± 4.7 

Fasting Insulin (µIU/ml) 9.9 ± 5.1 

Fasting Glucose (mg/dL) 94.4 ± 8.7 

SI [x10-4min-1/(µIU/ml)] 5.7 ± 3.7 

Total Fat  (kg)  27.3 ± 9.1 

Total Lean (kg) 38.9 ± 4.4 

Thigh Muscle (cm2) 213.5 ± 31.1 

Thigh-SAT (cm2) 256.4 ± 91.1 

Thigh-PMAT (cm2) 15.9 ± 6.2 

Thigh-IMAT (cm2) 10.9 ± 5.3 

IAAT (cm2) 114.1 ± 51.4 

Abdominal-SAT (cm2) 316.8 ± 122.4 

 

BMI, body mass index; SI, insulin sensitivity index; SAT, subcutaneous adipose tissue; 
PMAT, perimuscular adipose tissue; IMAT, intermuscular adipose tissue; IAAT, intra-
abdominal adipose tissue. 
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Table 2. Pearson simple and partial correlation analysis with SI as the dependent 

variables 

 SI 

 Simple r Partial r 

Thigh-SAT -0.36*** 0.34*** 

Thigh-PMAT -0.37*** 0.07 

Thigh-IMAT -0.54*** -0.24* 

IAAT -0.40*** -0.36*** 

Abdominal-SAT -0.53*** 0.03 

Total fat -0.61*** --- 

All partial correlations adjusted for total fat mass. Thigh-IMAT is also adjusted for thigh 

muscle area; SI, insulin sensitivity index; SAT, subcutaneous adipose tissue; PMAT, 

perimuscular adipose tissue; IMAT, intermuscular adipose tissue; IAAT, intra-abdominal 

adipose tissue; ***p<0.001; **p<0.01; *p<0.05 
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Table 3.  Multiple linear regression models with SI as the dependent variables 

 Variable estimate ± SEE Std β P 

     Thigh-SAT 0.96 ±0.30 0.48 <0.01 

     Thigh-IMAT 0.00 ± 0.01 0.05 0.72 

     Total fat -1.42 ± 0.41 -0.71 <0.001 

     IAAT -0.00 ± 0.00 -0.40 <0.01 

Model adjusted for thigh muscle area and test type; data reported as standardized β; SI, 

insulin sensitivity index; SAT, subcutaneous adipose tissue; IMAT, intermuscular 

adipose tissue; IAAT, intra-abdominal adipose tissue. 

 

 

 

Table 4.  Multiple linear regression models with SI as the dependent variable 

 High IAAT (>103.2 cm2) Low IAAT (<103.2 cm2) 

 Std β P Std β P 

Thigh-IMAT -0.81 0.01 0.12 0.48 

IAAT -0.05 0.80 -0.33 0.05 

% Fat 0.28 0.24 -0.37 0.03 

Models also adjusted for test type.  Data reported as standardized β; SI, insulin sensitivity 

index; IMAT, intermuscular adipose tissue; IAAT, intra-abdominal adipose tissue 
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Table 5. Pearson simple (a) and partial (b) correlation analysis among fat 

distribution variables 

a. Simple (r) Thigh IMAT Thigh PMAT Thigh SAT SAAT 

IAAT 0.69*** 0.52*** 0.54*** 0.69*** 

SAAT 0.63*** 0.55*** 0.73***  

Thigh SAT 0.49*** 0.52***   

Thigh 

PMAT 

0.62***    

 

b. Partial (r) Thigh IMAT Thigh PMAT Thigh SAT SAAT 

IAAT 0.25**  <0.01 -0.29*** 0.18 

SAAT 0.20 -0.01 0.09 ----- 

Thigh SAT -0.09 0.02 ----- ----- 

Thigh 

PMAT 

0.38***    

Data for partial analysis are adjusted for total fat mass; SAT, subcutaneous adipose 

tissue; PMAT, perimuscular adipose tissue; IMAT, intermuscular adipose tissue; IAAT, 

intra-abdominal adipose tissue; SAAT, subcutaneous abdominal adipose tissue; ***p 

<0.001; **p<0.01; *p<0.05 
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Figure 1.  SI adjusted means by fat distribution phenotype group (SI adjusted for total fat 
and FSIGT method).  Subjects with high IAAT/low Thigh-SAT had significantly lower 
adjusted SI than all other groups.  There were no other significant between-group 
differences.  NS; not significant, *P<0.01 
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ABSTRACT 

Background 

Qualitative aspects of diet may affect body composition and propensity for weight gain or 

loss.  We tested the hypothesis that consumption of a relatively low glycemic load (GL) 

diet would reduce total and visceral adipose tissue under both eucaloric and hypocaloric 

conditions. 

Methods 

Participants were 69 healthy overweight men and women.  Body composition was 

assessed by DXA and fat distribution by CT scan at baseline, after 8 weeks of a eucaloric 

diet intervention, and after 8 weeks of a hypocaloric (1000 kcal/d deficit) diet 

intervention. Participants were provided all food for both phases, and randomized to 

either a low GL diet (<45 points per 1000 kcal; n=40) or high GL diet (>75 points per 

1000 kcal, n=29).   

Results 

After the eucaloric phase, participants who consumed the low GL diet had 11% less intra-

abdominal fat (IAAT) than those who consumed the high GL diet (P<0.05, adjusted for 

total fat mass and baseline IAAT).  Participants lost an average of 5.8 kg during the 

hypocaloric phase, with no differences in the amount of weight loss with diet assignment 

(P=0.39).  Following weight loss, participants who consumed the low GL diet had 4.4% 

less total fat mass than those who consumed the high GL diet (P<0.05, adjusted for lean 

mass and baseline fat mass).   
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Conclusion 

Consumption of a relatively low GL diet may affect energy partitioning, both inducing 

reduction in IAAT independent of weight change, and enhancing loss of fat relative to 

lean mass during weight loss. 

INTRODUCTION 

 The concept that diet quality may have metabolic effects unique from caloric 

content has been gaining momentum.  In particular, glycemic index (GI), the extent to 

which a food increases serum glucose concentrations, has been proposed as potentially 

affecting weight change or body composition.  By increasing insulin to a greater extent or 

for a longer time, foods with a relatively high GI may affect specific metabolic processes, 

such as lipolysis, lipogenesis, or substrate oxidation1-3.  These processes in turn may 

affect hunger, satiety, food intake, or energy expenditure, factors that could impact 

energy balance and body composition. 

 In addition to affecting body weight per se, diet quality also may affect energy 

partitioning; i.e., the amount of fat mass relative to fat-free mass that is deposited or lost.  

Consumption of high GL diets, and subsequent elevated insulin response, may selectively 

preserve fat mass due to the lipogenic actions of insulin. Further, diet quality also may 

affect the specific location of the fat that is deposited or mobilized.  Results of some 

studies have indicated that relatively greater consumption of lower GI foods is associated 

with a smaller waist circumference4; although a sex-effect has been reported4-6.  Males 

and females are generally thought to distribute weight differently, such that males have 

an android or centripetal fat distribution pattern, whereas females have greater lipid 
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storage to the gluteo-femoral region.  Whether sex affects the impact of diet quality on 

body composition and fat distribution under weight maintenance conditions has not been 

extensively examined.   

 The objective of this study was to test the hypothesis that consumption of a 

relatively low GL diet would reduce total and regional adipose tissue during both weight 

maintenance and weight loss conditions.  A secondary aim was to determine if there is a 

sexual dimorphism in outcomes of interest.   

METHODS 

Participants 

Participants were 69 healthy overweight or obese (BMI>25) African American 

and European Americans (52% European American; 45% male), aged 21-50 years.  

Females were all premenopausal.  Race was self reported during a telephone screen.  

Inclusion and exclusion criteria have been described elsewhere7.  In brief, participants 

were relatively sedentary (<2 hr/wk activity), non-diabetic, non-smokers, and weight 

stable for 6 months prior to enrolling in the study (i.e. no weight change greater than 2.29 

kg).  The protocol was approved by the Institutional Review Board for Human Use at 

UAB, and all subjects signed an informed consent prior to testing. 

Procedures 

Participants completed a 4 day food record (3 week days, 1 weekend day) for 

assessment of typical, free-living, nutrient intake prior to beginning the 16-wk dietary 

intervention.  After completing the food record, all subjects consumed the same diet for 

habituation (3 days).  The dietary intervention included 2 phases: 8-wks under eucaloric 

conditions followed by 8-wks under hypocaloric conditions.  Dual-energy X-ray 
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absorptiometry (DXA) and computed tomography (CT) scans were acquired for all 

participants at baseline, following the 8-wk eucaloric phase, and following the 

subsequent 8-wk hypocaloric phase.  For the duration of the intervention, participants 

reported to the General Clinical Research Center each weekday morning to be weighed, 

eat breakfast, and collect food for their remaining meals.  On Fridays, participants picked 

up food for Saturday and Sunday to consume at home.  All food was provided by the 

General Clinical Research Unit (GCRC) Metabolic Kitchen. Body weight was recorded 

five times weekly to monitor weight maintenance and weight loss.   

Diets 

Participants were blinded to an assigned diet which was either the low GL diet 

(<45 points per 1000 kcal; 43% CHO, 18% protein, 39% fat, n=40) or the high GL diet ( 

>75 points per 1000 kcal, 59% CHO, 18% protein, 27% fat, n=29).  Macronutrient 

composition and GL points for the intervention diets were identical for both the eucaloric 

and hypocaloric phases.  Intervention diet menus were designed using Nutrition Data 

System for Research (NDSR) software versions 2006 and 2007 (Nutrition Coordinating 

Center (NCC), University of Minnesota, Minneapolis, MN).  Diet composition and 

sample menus were previously reported elsewhere7;8.  In brief, both the low GL diet and 

the high GL diet included foods typical to an American diet.  Breakfast menus on the low 

GL diet included (but were not limited to) items such as: oatmeal or rye bread, bacon, 

eggs, and fruit.  Breakfast menus on the high GL diet included (but were not limited to) 

items such as: pancakes, waffles, or cereal with milk or yogurt, and fruit juice.  Lunch 

and dinner menus on both diets generally consisted of a main entrée supplemented with 

items such as a roll with margarine and vegetables (e.g. green beans, broccoli, or salad).  
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Main entrée items for lunch and dinner were either frozen packaged meals such as 

roasted turkey, lasagna, or chicken with pasta by Lean Cuisine (Stouffer’s Nestle, Solon, 

OH) or Healthy Choice (ConAgra Foods, Omaha, NE) or entrées prepared by the 

metabolic kitchen staff (e.g. sandwich or grilled chicken breast).   Glucose was used as 

the reference for determining GL points.  Energy requirements were determined by the 

Harris Benedict equation with an activity factor of 1.35 for females and 1.5 for males 

during the eucaloric phase.  Energy intake was adjusted if necessary to maintain body 

weight within 2 kg of baseline weight. The addition or reduction in calories to the 

assigned diets did not affect the macronutrient compositions or GL.  Estimated energy 

requirements established during the eucaloric phase were reduced by 1000 kcal to 

achieve a 1-2 lb weight reduction per wk during the hypocaloric phase of the study.  

Subjects were asked to maintain their baseline physical activity level throughout the 

intervention time period. 

Body composition and fat distribution 

Total body fat mass and lean mass were measured by DXA using a Lunar Prodigy 

densitometer (GE-Lunar Corporation, Madison, WI, software version 12.3). Participants 

were required to wear light clothing, remove all metal objects from their body, and lie 

supine with arms at their sides while undergoing a total body scan.  Intra-abdominal 

adipose tissue (IAAT), subcutaneous abdominal adipose tissue (SAAT), thigh muscle, 

thigh subcutaneous adipose tissue (SAT), thigh perimuscular adipose tissue (PMAT), and 

thigh intermuscular adipose tissue (IMAT) were determined by computed tomography 

(CT) scanning.  A five millimeter axial scan at the level of the umbilicus (approximately 

the L4-L5 intervertebral space) and another at mid-thigh were taken.   Scans were later 
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analyzed for cross-sectional area (cm2) of adipose tissue and muscle tissue using 

SliceOmatic image analysis software (version 4.3: Tomovision, Montreal, Canada).  The 

abdomen scan was used to analyze IAAT and SAAT.  Thigh IMAT and PMAT were 

separated from thigh SAT by manually drawing a line along the fascia lata surrounding 

the thigh muscle.   Subsequently, IMAT was partitioned from PMAT by manually 

drawing a line around the muscle itself to capture adipose tissue located directly between 

and within muscle groups9;10. All scans were analyzed by the same image analyst (AG). 

Statistical methods 

 Descriptive statistics were computed for all variables of interest. Variables known 

to deviate from a normal distribution were log 10 transformed prior to statistical analysis.  

All statistical tests were two-sided and were performed using a type I error rate of 0.05.  

Statistical analyses were performed using SAS (version 9.1; SAS Institute, Inc., Cary, 

NC).   Two-way repeated measures analysis of variance was used to examine the effects 

of time (baseline to follow-up), diet group (high GL vs low GL diets) and time x diet 

group interaction for measures of body composition and fat distribution from both 

eucaloric and hypocaloric diet phases. Analysis of covariance (ANCOVA) was used to 

determine the effect of diet on changes in individual adipose tissue depots after adjusting 

for change in total fat mass during the eucaloric phase.  ANCOVA was also used to 

determine the effect of diet on change in total fat mass independent of total lean mass 

during the hypocaloric phase.  Dependent variables were 8-wk (post-intervention) 

outcomes, and baseline outcome measures were used as covariates.  For subgroup 

analyses by sex, paired t-tests were used to examine changes in body composition and fat 

distribution from baseline to follow-up during the eucaloric phase.  Subgroup analysis by 
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sex was not conducted following the hypocaloric phase due to subgroup sample size 

limitations during this phase of the study. 

RESULTS 

Descriptive information on the subject population is shown in Table 1.  By study 

design, subjects were overweight or obese at baseline of the eucaloric phase (BMI 25-

46.9 kg/m2).  BMI was significantly higher in the high GL diet group at baseline of both 

phases.  At baseline of the eucaloric phase, average weight and age did not statistically 

differ by diet group, and the low GL group had significantly greater total fat mass 

(P=0.02) and greater thigh SAT (p<0.05).  There were no other significant differences in 

regional adiposity by diet group at baseline of the eucaloric or hypocaloric phase.   

Eucaloric phase 

Although each subject’s daily energy intake was calculated on an individual basis 

to maintain body mass during the eucaloric phase, fluctuations in body mass occurred 

over the 8 week intervention period.  On average, a change of - 1.03% (-1.0 kg) in body 

mass (range = -2.10% to +4.05%; -2.07 kg to +4.00 kg) was observed, which did not 

statistically differ with diet assignment. 

Changes in body composition and fat distribution variables over the 8-week 

eucaloric dietary intervention period are reported in Table 2.  Significant time effects 

were observed for SAAT such that it decreased in both diet groups over the 8-wk 

eucaloric period.  A significant time by group effect was observed for IAAT, such that a 

greater loss over the eucaloric intervention period was observed in the low GL group 

relative to the high GL group.  IAAT remained significantly lower (11%) after the 8-wk 
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eucaloric intervention in the low GL diet group compared to the high GL diet group after 

adjustment for baseline IAAT and 8-wk total fat mass (P<0.05). 

Subgroup analysis by sex indicated all groups lost total fat mass from baseline to 

8 wks of the eucaloric phase, such that men lost 4.2% on the high GL diet (P<0.001) and 

6.3% on the low GL diet (P<0.001) and women lost 4.9% on the high GL diet (P<0.01) 

and 3.1% on the low GL diet (P<0.05).  Only women in the low GL group lost IAAT, 

such that on average women in this group lost 15.1% (P=0.001), while women in the high 

GL diet group lost 1% (P=0.82), men in the high GL diet group gained 4.2% (P=0.55), 

and men in the low GL diet group lost 4.3% (P=0.44) (Figure 1).  All subgroups, except 

the women in the low GL diet group, lost SAAT, such that men on the high GL diet lost 

5.7%(P<0.01), men on the low GL diet lost 8%(P<0.001), women on the high GL diet 

lost 6.9%(P<0.01), and women on the low GL diet lost 1% (P<0.12).  Women on both the 

low GL diet and high GL diet lost thigh SAT (5.8%, 9.8%, respectively, P<0.01) and 

thigh IMAT (9.4%, 11.9%, respectively, P<0.05).   Only men in the low GL diet group 

lost thigh SAT (10.4%) and thigh PMAT (15.5%) (P< 0.01 for both; data not shown).  

Race did not have an effect on outcomes of interest and was equally distributed across 

subgroups by sex. 

Hypocaloric phase 

Changes in body composition and fat distribution resulting from the 8-wk 

hypocaloric diet intervention phase are reported in Table 3.  Significant time effects were 

observed for weight, total lean, and IAAT reflecting that these outcomes decreased in 

both groups over the 8-wk intervention.  A significant time by group effect was observed 
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for total fat, such that the Low GL diet group lost more fat mass over the hypocaloric 

intervention period.  No group effects were observed for the hypocaloric diet phase.  

Total fat mass remained significantly lower after the 8-wk hypocaloric intervention in the 

low GL diet group compared to the high GL diet group after adjustment for baseline total 

fat mass and follow up total lean mass (P<0.05)  (Figure 2). 

DISCUSSION 

  The goal of the present study was to test the hypothesis that consumption of a 

relatively low GL diet compared to a high GL diet would result in preferential visceral fat 

loss and greater total fat loss following both weight maintenance and weight loss 

conditions.  We also aimed to examine if there were sex-specific differences in outcomes 

of interest.  Following the eucaloric phase, we found participants who consumed the low 

GL diet had 11% less IAAT after adjustment for total fat mass than those who consumed 

the high GL diet.  However, in subgroup analysis, loss of IAAT in the low GL group was 

specific to women, who lost an average of 15.1% IAAT.  Following the hypocaloric 

phase, we found participants who consumed the low GL diet had 4.4 % less total fat mass 

than those who consumed the high GL diet.  Our findings suggest that consuming a low 

GL diet may promote loss of abdominal fat, even with little or no change in weight, and 

may also promote greater loss of total body fat during weight loss when compared to a 

high GL diet.    

 Our results indicate that consuming a low GL diet may promote loss of IAAT, 

even under weight maintenance conditions.  Several cross-sectional studies have linked 

greater intake of low GI foods to smaller waist circumference, a proxy measure of 

visceral adiposity4-6.   However, to our knowledge this is the first tightly controlled 



43 
 

dietary intervention including a robust, direct measure of body fat distribution to report a 

significant reduction in IAAT as the result of a low GL diet in healthy overweight and 

obese subjects.  The precise mechanisms leading to preferential IAAT loss during weight 

maintenance conditions following the consumption of a low GL diet are not clear, 

however may be related to insulin secretion.  We previously reported, in this same 

population, that consumption of a low GL diet for 8 weeks relative to a high GL diet 

resulted in a lower insulin secretory response to a fixed meal challenge7.  The reduced 

postprandial insulin response following consumption of a low GL diet may be permissive 

to increased fatty acid mobilization from adipose tissue within the abdominal cavity, as 

has been observed with total body fat11.   

We found the reduction in IAAT during eucaloric conditions to be specific to 

women on the low GL diet, such that this was the only subgroup to significantly lose 

IAAT.  Our findings are in congruence with other studies linking the consumption of 

lower GI foods to a smaller waist circumference specifically in women4-6.  Halkjaer et al 

found that CHO energy intake from fruits and vegetables was inversely associated with 

change in waist circumference over a 5 year period, and conversely, CHO energy intake 

from all other food groups was positively associated with change in waist circumference5.  

Further, these associations were significantly stronger in women than in men.  Similarly, 

high intake of refined grains was associated with gain in waist circumference adjusted for 

BMI over 6 years in women but not men4.  A dietary counseling study among men and 

women with type 2 diabetes reported consumption of a moderately reduced CHO diet 

resulted in preferential visceral adipose tissue loss among women but not men12.  Taken 

together, findings from these studies suggest macronutrient composition of the diet and 
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CHO quality may have an effect on fat distribution that is specific to women.  However, 

the mechanisms regulating specific loss of IAAT among women following a low GL diet 

are unknown.  Further investigation is warranted to explore whether interactions between 

the changes in postprandial insulin dynamics and the sex hormone environment may 

underlie sex differences in adipose distribution.   

The reason for sexual dimorphic results in response to the diets is not clear; 

however it is possible that a repartitioning of lipid played a role.  Women on the low GL 

diet tended to have more thigh SAT (P=0.09) and SAAT (P<0.05) than women on the 

high GL diet at the end of the eucaloric phase (data not shown; adjusted for baseline 

value, and changes in total fat and IAAT), which may suggest that triglyceride was 

preferentially stored in subcutaneous adipose tissue in women consuming the low GL 

diet.  Greater circulating estrogen in women may promote deposition of lipid in the 

hip/thigh area13, an effect that may have been facilitated by the low GL diet.   

Following the 8-wk hypocaloric diet phase, participants who consumed the low 

GL diet had significantly greater total body fat loss (4.4 %) than those who consumed the 

high GL diet.  Other studies have shown inconsistent findings in regards to the 

effectiveness of low GL diets yielding greater weight loss and total fat loss compared to 

other dietary approaches14.  These inconsistencies may be due to differences in 

methodology, underlying physiological differences in study populations, and other 

confounding factors affecting diet adherence and efficacy.  To our knowledge this is the 

first tightly controlled dietary intervention study to report a significant difference in total 

body fat loss after 8 wks of consuming a low GL diet with only a modest reduction in % 

CHO when compared to a high GL. 
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Greater fat loss resulting from consumption of the hypocaloric low GL diet may 

be related to effects of glycemic load on fat oxidation and energy expenditure.  Animal 

and human studies have demonstrated impaired metabolic flexibility and reduced fat 

oxidation resulting from consumption of a high CHO diet15;16.   The observed changes in 

fat oxidation in these studies may be related to a greater postprandial insulin response 

following consumption of a diet with high GI or CHO content.  Evidence also suggests a 

low GL vs. high GL diet  may increase postprandial energy expenditure, also known as 

diet-induced thermogenesis (DIT), by reducing the rate of CHO absorption and 

disposal17-19. However, in the present study, it is also possible the higher fat content on 

the low GL diet influenced energy metabolism during weight loss.  Both the percentage 

fat from omega-3 and oleic acid and the absolute amount of omega-3 and oleic acid were 

higher in the low GL diet7,  Data from animal and human studies indicate long chain 

omega-3 fatty acids may induce body fat loss by influencing fat oxidation and energy 

expenditure20.  Therefore, it seems possible the difference in fat and/or CHO content 

between the low and high GL diet may have affected the outcomes.  The effects of 

elevated postprandial energy expenditure in conjunction with an increased propensity to 

oxidize fat may have contributed to greater fat mass loss among those consuming the low 

GL diet in our study.   Further research is needed to determine if the here-observed 

greater total body fat loss under weight loss conditions on a low GL diet vs. high GL diet 

is attributable to greater fatty acid oxidation or postprandial energy expenditure, and 

whether these effects were induced by CHO or fat content in a low GL diet.    

 Strengths of this study included control of subject intake by supplying all food 

over the study period; use of a eucaloric diet arm, which avoided confounding by large 
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changes in energy balance; use of robust measures to determine body composition and fat 

distribution; diets comprised of foods that may be practically consumed and a 

macronutrient profile with only a modest reduction in CHO.  Limitations to this study 

included a relatively small sample size in subgroups by gender and inability to determine 

independent effects of dietary CHO vs. fat.  Also, observed changes in total fat and fat 

distribution during the eucaloric phase may have hindered observation of further changes 

during the hypocaloric phase of the intervention.  

 In conclusion, consumption of a relatively low GL diet may induce loss of IAAT 

during weight maintenance conditions, especially in women.  During weight loss, 

consumption of a low GL diet may affect energy partitioning, enhancing loss of fat 

relative to lean mass compared to a high GL, low-fat diet.   Further studies are needed to 

identify mechanisms linking low GL diet to loss of visceral and total fat, and for gender-

specific effects.    
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Table 1. Baseline characteristics of study population by diet group during eucaloric 
and hypocaloric phases 

 1Data reported as mean ± SD; EA, European American; BMI, body mass index 

2 P<0.05 (2-sample t test for significant differences between diet groups at 
baseline of both phases). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Variable Diet Eucaloric Phase Hypocaloric Phase 

n  High GL 

Low GL  

29 

40 

28 

31 

Sex (% male)  High GL 

Low GL  

48% (n=14) 

43% (n=17) 

46% (n=13) 

45% (n=14) 

Race (% EA) High GL 

Low GL  

48% (n=14) 

55% (n=22) 

50% (n=14) 

58% (n=18) 

Age (yr) High GL 

Low GL  

34.6 ± 8.11 

35.6 ± 8.51 

34.7 ± 8.11 

35.9 ± 8.41 

BMI (kg/m2)2 High GL 

Low GL  

31.4 ± 4.41 

33.5 ± 4.31  

30.9 ± 4.51 

32.4 ± 4.11 
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Table 2. Fat distribution and body composition outcomes for eucaloric phase by diet 

Variable Diet Baseline 

 

Follow-up 

 

Change   
(%) 

Time
† 

Group
† 

Group   
*time† 

Weight       
(kg) 

High GL 96.1±20.3 95.2±20.7 -1.6±0.4 0.47 0.36 0.39 

Low GL 99.8±18.1 98.6±17.9 -1.9±2.2 

Total Lean 
(kg) 

High GL 56.4±1.6 56.2±1.5 -0.4±0.4 0.60 0.99 0.73 

Low GL 55.7±1.3 55.3±1.3 -0.5±0.5 

Total Fat    
(kg) 

High GL 36.8±7.9 35.1±8.1 -4.7±0.8 0.07 0.02 0.69 

Low GL 41.3±8.7 39.4±9.7 -5.0±1.0 

IAAT         
(cm2) 

High GL 80.6±48.3 82.4±57.9 -1.3±3.5 0.12 0.19 0.03 

Low GL 89.5±46.3 81.5±49.4 -10.9±3.0 

SAAT        
(cm2) 

High GL 409.9±125.3 384.5±118.6 -6.1±1.5 0.02 0.33 0.66 

Low GL 426.0±112.0 404.2±121.6 -6.1±1.2 

Thigh 
SAT (cm2) 

High GL 241.7± 89.1 229.5±87.9 -3.9±3.2 0.82 0.02 0.26 

Low GL 298.2±110.6 276.5±109.8 -8.3±8.3 

Thigh 
IMAT 
(cm2) 

High GL 14.1±6.9 13.0±6.7 -5.6±4.7 0.40 0.36 0.98 

Low GL 15.0±6.4 13.8±6.4 -10.1±3.2 

Thigh 
PMAT 
(cm2) 

High GL 18.2±5.5 18.0±6.0 -0.9±3.3 0.45 0.20 0.15 

Low GL 20.7±7.9 19.4±8.2 -5.2±3.6 

Thigh  
muscle 
(cm2) 

High GL 317.1± 93.5 322.9±75.4 -0.5±1.0 0.17 0.70 0.12 

Low GL 333.4± 72.6 325.7±12.5 -2.2±1.1 

Baseline and follow-up data reported as mean ± SD. The percent change from baseline is 
reported as mean±SEM. P, p-value; IAAT, intra-abdominal adipose tissue; SAAT, 
subcutaneous abdominal adipose tissue; SAT, subcutaneous adipose tissue; IMAT, 
intermuscular adipose tissue; PMAT, perimuscular adipose tissue. 

†, P-value for 2-way ANOVA for unadjusted data 
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Table 3. Fat distribution and body composition outcomes for hypocaloric phase by 
diet 

Variable Diet Baseline 

 

Follow-up 

 

Change 
(%) 

Time† Grou
p† 

Group  
*time† 

Weight       
(kg) 

High GL 94.3±20.4 89.4±20.9 -4.3±0.8 <0.001 0.52 0.41 

Low GL 98.4±17.9 92.9±18.1 -6.1±3.9 

Total Lean 
(kg) 

High GL 55.5±1.5 53.7±1.5 -3.3±0.7 0.01 0.87 0.36 

Low GL 55.3±1.3 54.1±1.3 -2.2±0.5 

Total Fat    
(kg) 

High GL 34.9±8.2 32.4±9.4 -8.3±1.4 0.16 0.03 0.02 

Low GL 39.1±9.7 35.3±9.8 -10.5±1.2 

IAAT         
(cm2) 

High GL 86.6±59.3 71.1±50.0 -13.6±3.3 0.05 0.92 0.45 

Low GL 84.5±50.4 73.6±45.5 -13.8±3.3 

SAAT        
(cm2) 

High GL 378.4±116.6 342.7±131.3 -10.8±1.6 0.07 0.60 0.37 

Low GL 404.8±107.7 358.0±99.3 -11.7±8.0 

Thigh 
SAT (cm2) 

High GL 225.4±89.1 207.2±81.6 -7.9±2.3 0.34 0.06 0.31 

Low GL 285.6±104.9 253.7±102.4 -9.2±1.4 

Thigh 
IMAT 
(cm2) 

High GL 12.9±6.8 10.5±5.5 -17.4±3.6 0.39 0.36 0.99 

Low GL 14.3±6.2 11.8±5.3 -17.5±1.7 

Thigh 
PMAT 
(cm2) 

High GL 17.8±5.8 16.6±6.6 -0.08±3.3 0.21 0.37 0.55 

Low GL 19.1±7.8 18.4±7.3 -2.6±2.6 

Thigh  
muscle 
(cm2) 

High GL 320.2±71.9 312.4±70.3 -2.3±0.7 0.11 0.95 0.90 

Low GL 324.8±35.7 317.4±73.2 -2.1±0.6 

Baseline and follow-up data reported as mean ± SD. The percent change from baseline is 
reported as mean±SEM. P, p-value; IAAT, intra-abdominal adipose tissue; SAAT, 
subcutaneous abdominal adipose tissue; SAT, subcutaneous adipose tissue; IMAT, 
intermuscular adipose tissue; PMAT, perimuscular adipose tissue. 

†, P-value for 2-way ANOVA for unadjusted data 
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Figure 1.  Mean % change in IAAT (cm2) following consumption of the eucaloric high 
GL and low GL diets by gender.  Men consuming the high GL diet gained 4.1% (NS) and 
men consuming the low GL diet lost 4.4% (NS) IAAT.  Women consuming the high GL 
diet lost 1% (NS) and women consuming the low GL diet lost 15.1% (P<0.01) IAAT. 
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Figure 2.  Change in total fat mass (kg) adjusted for total lean mass (kg) following the 8-
wk hypocaloric phase by diet.  Low GL diet group had significantly less total fat mass 
relative to lean mass following the hypocaloric phase (P<0.05) 
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ABSTRACT 

Background 

Low circulating sex hormone binding globulin (SHBG) has been linked to increased risk 

of type 2 diabetes.  Previous studies have reported an association between fasting 

glycemia and circulating SHBG.  Macronutrient composition of the diet may regulate 

SHBG production mediated by dietary effects on glucose homeostasis.  The objective of 

this study was to examine the effects of an 8-wk high fat weight maintenance diet on 

SHBG concentrations and determine independent associations of fasting and post-

challenge glucose with SHBG in healthy overweight and obese men and women.  

Methods 

69 healthy overweight men and women were assigned to either a 8-wk high fat (39% 

energy from fat) or control (27% energy from fat) weight maintenance diet  Serum 

SHBG, fasting glucose, fasting insulin, and glucose area under the curve (AUC) were 

assessed.  Body composition was determined by dual-energy X-ray absorptiometry and 

fat distribution was determined by computed tomography scanning. 

Results 

In the group consuming the high fat diet, there was a significant reduction in SHBG and a 

significant increase in fasting glucose.  There was a significant association of fasting 

glucose with change in SHBG (P=0.03).  Glucose AUC following a fixed meal challenge 

was also significantly associated with change in SHBG (P<0.01). 
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Conclusions 

During weight maintenance conditions, consumption of a high fat diet was associated 

with suppression of SHBG.  Associations between changes in fasting or post-challenge 

glucose and changes in SHBG suggested that these variables may be linked in a cause-

and-effect manner. 

INTRODUCTION 

Sex-hormone binding globulin (SHBG) is a protein predominantly secreted by the 

liver.  The primary function of SHBG is classically known as the regulation of the bound 

fraction of circulating sex hormones (1).   However, studies have linked circulating 

SHBG with insulin sensitivity and type 2 diabetes independent of the action of sex 

hormones(2-4).  Therefore, SHBG may have a direct role in disease development or may 

be a biomarker for metabolic health. 

Type 2 diabetes and metabolic syndrome are associated with low circulating 

SHBG (5-7).  Obesity also results in low circulating SHBG (8).    Numerous 

physiological factors associated with obesity have been linked to low circulating SHBG 

such as elevated fasting insulin and glucose, hepatic lipid accumulation, and intra-

abdominal adipose tissue (IAAT) accumulation (9-12).   While data from some studies 

indicate that insulin may decrease the release of SHBG from the hepatocyte (10;11), 

more recent studies provide convincing evidence that fasting glucose and hepatic lipid, 

not insulin, are important determinants of hepatic SHBG secretion (12).  The precise 

nature of the relationships among these factors and hepatic SHBG secretion has yet to be 

fully elucidated. 
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Recent data indicate that diet-induced changes to glucose homeostasis may be an 

important mediating factor in altering hepatic SHBG production (12;13).  Glucose 

homeostasis is determined in part by hepatic glucose production, which is increased as a 

result of hepatic insulin resistance and triglyceride accumulation (14).  Whether dietary 

fat can increase hepatic glucose production through this mechanism is not clear, but we 

have shown that a diet relatively high in fat increases fasting glucose concentrations (15). 

Based on these findings, it seems plausible that consumption of a higher fat diet may 

induce suppression of hepatic SHBG production mediated by changes in glucose 

homeostasis.  Currently, no studies have examined the effects of macronutrient 

composition on circulating SHBG concentrations under weight maintenance conditions 

and to what extent diet-effects may be mediated by glucose metabolism. 

 The primary purpose of this investigation was to examine the effects of an 8-wk 

high fat weight maintenance diet on SHBG concentrations in healthy overweight and 

obese men and women.  Further, we aimed to investigate the independent associations of 

fasting and post-challenge glucose with SHBG.  We hypothesized that SHBG would be 

reduced following an 8-wk higher fat weight maintenance diet (39% energy from fat) 

relative to a control diet (27% energy from fat), and that change in SHBG would be 

associated with change in fasting glucose and glucose area-under-the-curve (AUC). 
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METHODS 

Participants 

Participants were 69 healthy overweight or obese (BMI>25) African American 

and European Americans (52% European American; 45% male), aged 21-50 years.  

Females were all premenopausal.  Race was self reported during a telephone screen.  

Inclusion and exclusion criteria have been described elsewhere (16).  In brief, participants 

were relatively sedentary (<2 hr/wk activity), non-diabetic, non-smokers, and weight 

stable for 6 months prior to enrolling in the study (i.e. no weight change greater than 2.29 

kg).  The protocol was approved by the Institutional Review Board for Human Use at 

UAB, and all subjects signed an informed consent prior to testing. 

Dietary Interventions 

Participants completed a 4-day food record (3 week days, 1 weekend day) for 

assessment of typical, free-living, nutrient intake prior to beginning the 8-wk dietary 

intervention.  After completing the food record, all subjects consumed the same diet for 

habituation (3 days).  The dietary intervention included 8-wks of weight maintenance 

conditions.  For the duration of the intervention, participants reported to the General 

Clinical Research Center (GCRC) each weekday morning to be weighed, eat breakfast, 

and collect food for their remaining meals.  On Fridays, participants picked up food for 

Saturday and Sunday to consume at home.  All food was provided by the GCRC 

Metabolic Kitchen. Body weight was recorded five times weekly to monitor adherence 

and weight maintenance.   

Participants were assigned to a diet which was either the high fat diet (43% CHO, 

18% protein, 39% fat, with <10% saturated fat, n=40) or the control diet (55% CHO, 
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18% protein, 27% fat, with <10% saturated fat, n=29).  The high fat diet was higher in 

both percentage and absolute amount of fat from omega-3 and oleic acid.  Intervention 

diet menus were designed using Nutrition Data System for Research (NDSR) software 

versions 2006 and 2007 (Nutrition Coordinating Center (NCC), University of Minnesota, 

Minneapolis, MN).  Specific diet composition and sample menus were previously 

reported elsewhere (15;16).  Energy requirements were determined by the Harris 

Benedict equation with an activity factor of 1.35 for females and 1.5 for males for weight 

maintenance.  Energy intake was adjusted if necessary to maintain body weight within 2 

kg of baseline weight.  

Analysis of glucose and hormones 

 Concentrations of glucose, insulin, and SHBG were analyzed in the Core 

Laboratory of the GCRC, Nutrition Obesity Research Center, and Diabetes Research and 

Training Center.  SHBG was measured in 10 µl aliquots with IRMA (immunoradiometric 

assay) (Siemens Corporation [previously DPC, Los Angeles, CA]).  In our laboratory, 

this assay had an intra-assay coefficient of variation (CV) of 6.2%, and an interassay 

coefficient of variation of 9.2 % with a sensitivity of 0.68 nmol/L.  Glucose was 

measured in 3 µl sera using the glucose oxidase method (Stanbio Laboratory, Boerne, 

TX).  In our laboratory, this assay had an intra-assay coefficient of variation (CV) of 

1.2%, and an interassay coefficient of variation of 3.1%.  Insulin was assayed in 50 µl 

aliquots with immunofluorescence technology on a TOSOH AIA-II analyzer (TOSOH, 

South San Francisco, CA). ).  In our laboratory, this assay had an intra-assay coefficient 

of variation (CV) of 1.5%, and an interassay coefficient of variation of 4.4 %.   
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Liquid meal tolerance test 

Glucose AUC was determined from data derived from a liquid meal tolerance 

test.  The details of this test have been described elsewhere(16).  In brief, participants 

fasted overnight prior to the test.  Following the placement of a flexible intravenous 

catheter, participants consumed a liquid meal (7 kcal/kg of body weight as 24% fat, 

58.6% as CHO, and 17.4% protein) over 5 minutes, starting at time point “zero”.  Blood 

samples were collected at time point -15 and -5 minutes prior to liquid meal consumption 

(time zero).  Samples were collected every five minutes from zero to 30 minutes, every 

10 minutes from 30 to 180 minutes, and at 210 and 240 minutes.  Sera were stored at -

85°C.  The glucose and insulin AUC was calculated by using the trapezoidal method 

(17;18).  

Body composition and fat distribution 

Total body fat mass and lean mass were measured by DXA using a Lunar Prodigy 

densitometer (GE-Lunar Corporation, Madison, WI, software version 12.3). Participants 

were required to wear light clothing, remove all metal objects from their body, and lie 

supine with arms at their sides while undergoing a total body scan.  Intra-abdominal 

adipose tissue (IAAT) was determined by computed tomography (CT) scanning.  A five 

millimeter axial scan at the level of the umbilicus (approximately the L4-L5 

intervertebral space) was taken.   Scans were later analyzed for cross-sectional area (cm2) 

of adipose tissue using SliceOmatic image analysis software (version 4.3: Tomovision, 

Montreal, Canada).  All scans were analyzed by the same image analyst (AG). 
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Statistical analyses 

 Descriptive statistics were computed for all study variables of interest.  Variables 

known to deviate from a normal distribution were log 10 transformed prior to statistical 

analysis.  All statistical tests were two-sided and were performed using a type I error rate 

of 0.05.  Statistical analyses were performed using SAS (version 9.1; SAS Institute, Inc., 

Cary, NC).  Paired t-test was used to determine the difference in baseline and 8-wk post 

intervention serum analytes, AUC data, body composition, and fat distribution by diet 

group.   Simple correlation coefficients were determined for baseline SHBG, total fat 

mass, total lean mass, IAAT, fasting insulin, insulin AUC, fasting glucose, and glucose 

AUC.  Multiple linear regression modeling was used to determine independent 

associations of SHBG with IAAT, fasting insulin, fasting glucose, insulin AUC, and 

glucose AUC at baseline.  In order to determine associations among changes in these 

variables over time, change scores (baseline minus follow-up ) were calculated, and 

simple correlation coefficients were determined for changes in SHBG, IAAT, fasting 

insulin, fasting glucose, insulin AUC, and glucose AUC.  Repeated-measures mixed-

model analyses, a robust method for determining longitudinal associations among 

variables, were used to examine the associations among dependent variable SHBG with 

independent variables IAAT, fasting insulin, fasting glucose, insulin AUC, and glucose 

AUC after adjusting for time, diet group, and weight change.  Fasting glucose adjusted 

for fasting insulin, and glucose AUC adjusted for insulin AUC, were examined as 

independent variables in separate mixed-models to avoid collinearity among the 

variables. 
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RESULTS 

Descriptive information on the subject population is shown in Table 1.  By study 

design, subjects were overweight or obese at baseline (BMI 25-46.9 kg/m2).  Average 

weight and age at baseline did not statistically differ by diet group.  Although each 

subject’s daily energy intake was calculated on an individual basis to maintain body 

mass, fluctuations in body mass occurred over the 8 week intervention period.  On 

average, a change of - 1.03% (-1.0 kg) in body mass (range = -2.10% to +4.05%; -2.07 kg 

to +4.00 kg) was observed, which did not statistically differ with diet assignment. 

Changes in body composition, fat distribution, and serum analyte variables over 

the 8-week weight maintenance dietary intervention period are reported in Table 2.  In 

both groups, there were significant reductions in weight and total fat mass.  Serum 

triglycerides were significantly reduced in the control group.  Only the high fat diet group 

had significant reductions in SHBG and IAAT, and a significant increase in fasting 

glucose. 

In univariate analyses of baseline data, there were significant correlations between 

SHBG and fasting glucose ((r=-0.51, P<0.001), fasting insulin (r=-0.36, <0.01), IAAT 

(r=-0.43, P<0.001), and glucose AUC (r=-0.60, P<0.001). Table 3 shows the results from 

multiple linear regression models for dependent variable baseline SHBG.   As shown in 

model 1, fasting glucose was significantly associated with SHBG independent of IAAT 

and fasting insulin.  In model 2, glucose AUC was significantly associated with SHBG 

independent of IAAT and insulin AUC.   
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Table 4 shows results from repeated-measures mixed models for dependent 

variable change in SHBG.  As shown in this model, there was a significant association of 

fasting glucose with change in SHBG (P=0.03), independent of diet group and changes in 

IAAT, fasting insulin, and weight.  When glucose AUC was substituted for fasting 

glucose (Table 5), glucose AUC was significantly associated with change in SHBG 

(P<0.01) independent of diet group and changes in IAAT, insulin AUC, and weight. 

DISCUSSION 

The goal of the present study was to determine the effects of consumption of a 

high fat weight maintenance diet on circulating SHBG in a healthy overweight/obese 

population.   We also aimed to identify the independent determinants of SHBG, and if 

diet-induced changes in these determinants were related to changes in SHBG over the 8 

week intervention.  We found that participants who consumed the high fat diet showed a 

decrease in SHBG and an increase in fasting glucose.  At baseline, and over the course of 

the intervention, SHBG was significantly associated with both fasting and post-challenge 

glucose, independent of IAAT and insulin.  Our findings suggest that consumption of a 

high fat diet may inhibit hepatic SHBG production, which may in part be mediated by 

alterations in fasting glucose and glucose response to a meal. 

As a result of consumption of the high fat weight maintenance diet, there was a 

significant reduction in SHBG.  This finding is consistent with one previous study 

observing reduced SHBG among 6 normal weight men following consumption of a high 

fat diet for 4 weeks(19).   A number of studies have suggested that a reduction in CHO 

intake or glycemic load may increase SHBG by limiting hepatic de novo lipogenesis and 
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triglyceride production.  However, based on our data, it seems possible that limiting CHO 

and consuming relatively more fat instead may, in fact, suppress SHBG production. 

Studies have shown that elevated hepatic fat content is strongly correlated with 

circulating SHBG in humans (12).  Although triglycerides decreased in high fat diet 

group suggesting no diet-effect on hepatic lipogenesis, it is possible that increased dietary 

fat results in increased exposure of the liver to fatty acids, which in turn may directly 

inhibit SHBG gene expression by binding  to hepatic nuclear factor-4α (20) or may have 

increased hepatic gluconeogenesis (14).      

The observed reduction in circulating SHBG with the high fat diet may have been, 

in part, mediated by diet-induced changes in glucose metabolism. In this study, we 

observed independent, inverse associations of SHBG with fasting and post-challenge 

glucose, both at baseline and following the intervention.  Results from several previous 

studies support the concept that glucose may affect SHBG production (12;20).  In mouse 

and in vitro models, Selva et al found that treatment with glucose and fructose suppressed 

hepatic SHBG gene expression, an effect that was associated with induction of 

lipogenesis(20). Peters et al observed a cross-sectional relationship between fasting 

glucose and SHBG, independent of hepatic lipid and other confounding factors (12).  

Taken together, we believe these observations provide convincing evidence that glucose 

may be involved in the regulation of SHBG production.  However, it is also possible that 

SHBG influences hepatic gluconeogenesis, thus regulating fasting glycemia (21).  Further 

studies are needed to clarify the cause and effect nature of associations between glucose 

and SHBG. 
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Although several studies have examined associations between fasting glucose and 

SHBG, we are aware of one other study reporting data concerning post-challenge glucose 

(22).  In the present study, we observed that glucose AUC was strongly associated with 

SHBG at baseline, and that the change in glucose AUC over the course of the 

intervention was a strong predictor of the change in SHBG.  Glucose AUC appeared 

more strongly related to SHBG than fasting glucose, and when both were simultaneously 

placed in multiple regression models, only glucose AUC was significant (data not 

shown).  Glucose AUC integrates and reflects a number of processes, including insulin 

secretion, insulin sensitivity, glucose production, and glucose disposal.  We previously 

reported that, in this study, the high fat weight maintenance diet was associated with 

reductions in both beta-cell responsiveness to glucose and insulin sensitivity (15;16).  

Thus it is possible that changes in these processes could lead to a depression in 

postprandial glucose disappearance and thereby to increased exposure of the liver to 

glucose. Further studies are needed to identify if and how postprandial glucose regulates 

SHBG production. 

Consistently, studies have shown that weight loss results in an increase in 

circulating SHBG.  In particular, loss of IAAT has been associated with an increase in 

SHBG, presumably by decreasing exposure of the liver to free fatty acids.  Although the 

current study was designed for weight maintenance, both diet groups experienced weight 

and fat loss within ~2 kg.  In addition, the high fat diet group experienced a significant 

reduction in IAAT.  Thus, it is possible that changes in IAAT over the course of the 

intervention affected SHBG production.  However, we did not observe an association 

between the change in IAAT and the change in SHBG.  In fact, given that the higher fat 
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diet was associated with decreases in both IAAT and SHBG, our data do not support the 

hypothesis that greater IAAT is causally linked to lower SHBG. 

Altogether, when taking into account data from previous studies and data from the 

present study, it seems likely that SHBG production is regulated by a number of 

processes related to glucose metabolism.  Thus, we propose a model whereby hepatic fat 

content, insulin sensitivity, and beta-cell responsiveness contribute to the regulation of 

hepatocyte SHBG production (Fig. 1).  Hepatic fat content may directly influence SHBG 

production by the hepatocyte, but also indirectly by influencing hepatic gluconeogenesis 

(12;14).  Beta-cell responsiveness, skeletal muscle insulin-stimulated glucose uptake, and 

hepatic insulin-mediated suppression of glucose production are also major determinants 

of glucose homeostasis that may be indirectly related to SHBG production.    

Strengths of this study included control of subject intake by supplying all food 

over the study period; weight maintenance study design; use of robust measures to 

determine body composition and fat distribution; and diets comprised of foods that may 

be practically consumed and a macronutrient profile with only a modest reduction in 

carbohydrate.  Limitations to this study included a relatively small sample size and 

inability to determine independent effects of dietary CHO vs. fat.  Also, measurement of 

hepatic fat would have provided greater insight into mechanistic involvement of this 

variable in the regulation of SHBG production. 

In conclusion, during weight maintenance conditions, consumption of a high fat 

diet was associated with suppression of SHBG.  Associations between changes in fasting 

or post-challenge glucose and changes in SHBG suggested that these variables may be 

linked in a cause-and-effect manner.  Further study is needed to clarify whether dietary 
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fat depresses SHBG by elevating glucose, and if so, whether the target for this effect is 

the liver, pancreas, skeletal muscle, or a combination of these tissues.    
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Table 1. Baseline characteristics of study population by diet group 

 

 

 

 

 

 

 

 

 

 

 

 

1Data reported as mean ± SD; EA, European American; BMI, body mass index 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Diet  

 High Fat 
(n=40) 

Control 
(n=29) 

P for difference 

Gender, % male 43%  

 

48%  0.64 

Race, % EA 55% 

 

48% 0.58 

Age, yr 35.6 ± 8.51 

 

34.6 ± 8.11 0.63 

BMI, kg/m2 33.5 ± 4.31  

 

31.4 ± 4.41 0.05 
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Table 2. Baseline and follow-up measurements of body composition and serum 
analytes by diet group 

Variable Diet Baseline Follow-up P for time 

Body Composition     

Weight, kg High fat  100.5±3.1 98.6±3.1 <0.001 

Control 96.6±3.8 95.1±3.8 <0.001 

Total fat mass, kg High fat  41.3±1.5 39.4±1.7 <0.001 

Control 36.8±1.5 35.1±1.5 <0.001 

Total lean mass, kg High fat  55.7±2.3 55.3±2.3 0.12 

Control 56.4±2.9 56.2±2.8 0.26 

IAAT, cm2 High fat  89.5±7.93 81.5±8.5 0.01 

Control 80.6±9.1 82.4±10.9 0.61 

Serum Analytes     

SHBG, nmol/L High fat  45.7±7.6 39.0±6.2 <0.01 

Control 41.7±6.9 41.1±6.1 0.91 

Fasting Glucose, 
mg/dL 

High fat  100.1±1.9 103.0±1.7 0.03 

Control 98.1±1.7 97.6±8.8 0.81 

Fasting Insulin, 
µIU/mL 

High fat  12.3±1.3 11.5±7.9 0.26 

Control 11.8±1.2 11.4±6.3 0.55 

Glucose AUC High fat  26270.6±3403.1 26911.7±3465.3 0.19 

Control 26829.7±3614.6 26633.4±3304.7 0.69 

Insulin AUC High fat  874.2±675.2 974.8±7480.5 0.07 

Control 1339.8±368.3 1301.7±1003.9 0.64 

Triglycerides, 
mg/dL 

High fat  125.0±77.1 112.8±72.9 0.07 

Control 134.8±77.4 120.5±71.2 0.02 
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LDL, mg/dL High fat  121.8±24.6 121.1±27.3 0.87 

Control 117.4±32.1 112.5±33.6 0.07 

Baseline and follow-up data reported as mean ± SD; IAAT, intra-abdominal adipose 
tissue; SHBG, sex hormone-binding globulin; AUC, area under the curve; LDL, low-
density lipoprotein. 

 

 
 
 
 
 
 
 
Table 3.  Multiple linear regression models with baseline SHBG as the dependent 
variable 

Model 1 Variable estimate ± 
SEE 

Std β P 

     IAAT -0.00 ± 0.00 -0.11 0.39 

     Fasting insulin -0.79 ± 0.40 -0.25 0.06 

     Fasting glucose -6.60 ± 1.92 -0.39 <0.01 

Model 2 Variable estimate ± 
SEE 

Std β P 

     IAAT -0.00 ± 0.00 -0.11 0.42 

     Insulin AUC -0.41 ± 0.22 -0.19 0.07 

     Glucose AUC -3.41 ± 0.67 -0.62 <0.001 

Models also adjusted for total body fat.  Bold values indicate significant effects.  Data 
reported as standardized β; IAAT, intra-abdominal adipose tissue; AUC, area under the 
curve. 
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Table 4. Repeated measures mixed models for dependent variable SHBG  

Term Estimate s.e P 
    Intercept 3.841 0.295 <0.001 

    Time -0.072 0.132 0.586 

    Diet -0.179 0.139 0.199 

     IAAT 0.004 0.003 0.290 

     Fasting insulin -0.003 0.016 0.806 

     Fasting glucose -0.019 0.009 0.034 

Model also adjusted for weight change.  Bold values indicate significant effects.  IAAT, 
fasting insulin, and fasting glucose reported as change variables (baseline – follow-up 
values).  IAAT, intra-abdominal adipose tissue 

 
 
 
 
Table 5. Repeated measures mixed models for dependent variable SHBG  

Term Estimate s.e P 
    Intercept 3.841 0.295 <0.001 

    Time -0.066 0.134 0.619 

    Diet -0.217 0.150 0.152 

     IAAT 0.005 0.004 0.199 

    Insulin AUC -0.000 0.000 0.473 

    Glucose AUC -0.000 0.000 0.006 

Model also adjusted for weight change.  Bold values indicate significant effects. IAAT, 
insulin AUC, and glucose AUC reported as change variables (baseline – follow-up 
values). IAAT, intra-abdominal adipose tissue; AUC, area under the curve. 
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Figure 1.  Proposed model incorporating data from previous studies and the current study 
regarding the major determining factors of hepatic SHBG production.  Dietary intake 
may indirectly regulate the production of SHBG by influencing processes related to 
glucose metabolism.  Data from the current study suggests a high fat diet suppresses 
SHBG, an effect potentially mediated by reduced whole body insulin sensitivity and a 
decline in β-cell responsiveness.  Hepatic fat content may directly regulate SHBG 
production or by influencing hepatic gluconeogenesis.  
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GENERAL DISCUSSION 

 The primary aims of these studies were to 1) examine the relationships of various 

fat depots with insulin sensitivity, 2) compare the effects of an 8-week low vs high GL 

diet on changes in fat distribution during eucaloric conditions and on weight loss during 

hypocaloric conditions, and 3) examine the interrelationships among changes in glucose 

metabolism, SHBG, and fat distribution in response to a eucaloric 8-week high vs low fat 

diet.   In a cross-sectional study design, we observed significant differential associations 

among fat depots and insulin sensitivity among healthy, early postmenopausal women.  

These findings indicate that maintenance of relatively greater fat distribution to thigh 

subcutaneous adipose tissue and lesser accumulation of adipose tissue to the intra-

abdominal cavity and thigh muscle may either contribute to or reflect greater insulin 

sensitivity.  We then conducted a dietary intervention in order to examine diet as a 

potential modifiable lifestyle factor that may reduce the risk of metabolic disease.  We 

found that a low GL diet resulted in preferential loss of IAAT and greater weight loss 

when compared to a high GL diet.  However, despite a significant reduction in IAAT in 

response to consumption of the low GL diet during eucaloric conditions, this did not 

result in improved metabolic outcomes.   We observed that consumption of the low GL 

diet resulted in higher fasting glycemia and reduced circulating SHBG, effects that may 

have been mediated by changes in beta cell responsiveness and insulin sensitivity 

(47;48).  Further investigation is warranted to identify causal relationships among fat 
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distribution and insulin sensitivity, and also therapeutic dietary approaches to improve 

metabolic processes among overweight and obese individuals independent of weight loss. 

Fat Distribution and Insulin Sensitivity 

 Among our population of healthy postmenopausal women, we observed opposing 

relationships of the thigh adipose tissue depots and SI, a robust measure of insulin 

sensitivity.  Few studies have employed such a well accepted measure of insulin 

sensitivity in observing such relationships (20), and even those studies did not report 

simultaneous differential relationships among thigh adipose tissue depots and insulin 

sensitivity.  Thigh SAT was positively and independently associated with insulin 

sensitivity following adjustment for total adiposity.    Likewise, results also indicated that 

a fat distribution  phenotype characterized by high IAAT and low thigh SAT had 

significantly lower insulin sensitivity than a phenotype characterized be high IAAT and 

high thigh SAT.  These findings suggest that maintenance of greater thigh SAT may 

either promote or reflect greater insulin sensitivity. 

 Data from the present study suggest IAAT and thigh IMAT may be coordinated 

depots.   IAAT and thigh IMAT were inversely associated with insulin sensitivity, 

independent of total adiposity.  However, thigh IMAT was not associated with SI 

independent of IAAT.  Subjects were then dichotomized into groups based on high vs 

low IAAT.  Among those with high IAAT, thigh IMAT was significantly, inversely 

associated with insulin sensitivity.  We believe this data suggests that those with high 

levels of IAAT may also have high levels of thigh IMAT, perhaps above a threshold for 

impairment of skeletal muscle insulin sensitivity.  It is also possible that by 
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dichotomizing the group based on high vs low IAAT, variance in insulin sensitivity 

attributable to IAAT was minimized, therefore the relationship between thigh IMAT and 

insulin sensitivity became apparent.  Further studies assessing insulin sensitivity by the 

hyperinsulinemic euglycemic clamp are warranted to differentiate the contributions of 

adipose tissue depots to hepatic vs skeletal muscle insulin sensitivity.  Given the cross-

sectional design of the current study, we cannot draw cause and effect conclusions; 

however, we believe this data supports the need for interventions designed to reduce 

IAAT and thigh IMAT, in light of the observed relationships with insulin sensitivity even 

in a relatively normal weight group of postmenopausal women.  This study also 

emphasizes the need to determine if reduction in visceral and ectopic adiposity is linked 

to improvement in insulin sensitivity and glucose metabolism. 

Macronutrient Manipulation: Fat Distribution and Weight Loss 

Numerous studies have reported associations between the intake of low GI foods 

and smaller waist circumference (28-30); however few studies have reported preferential 

loss of IAAT following a dietary intervention under weight maintenance conditions.  In 

the present study, consumption of a low vs high GL diet resulted in significant reduction 

in IAAT in the absence of significant weight loss.  Sub-group analysis by diet group and 

sex indicated that the significant loss in IAAT was specific to women consuming the low 

GL diet.  These findings are congruent with previous studies reporting sex differences in 

associations of diet with waist circumference, such that a smaller waist circumference has 

been associated intake in low GI foods in women but not men (28-30).  It seems possible 

that an interaction between changes in postprandial insulin dynamics and the sex 
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hormone environment in response to the low GL diet may underlie the observed sex-

dimorphic results.   

The reason for this difference between subgroups is not clear, however these 

differences may be related to suppression of SHBG.  Peter et al reported an inverse 

association of circulating SHBG with fasting glucose (40).  In our data, it was previously 

reported that consumption of the low vs high GL diet resulted in reduced beta-cell 

responsiveness and insulin sensitivity (47;48).  Changes in these regulatory mechanisms 

involved in glucose homeostasis may have acted to suppress SHBG.  Lower SHBG 

would increase bioavailability of estradiol, which promotes deposition of fat in the 

gluteo-femoral region (31).  Thus, it seems possible that the interaction of gender and diet 

resulted in a unique repartitioning of fat from visceral to subcutaneous depots in women 

who consumed the lower GL diet. 

The low GL diet resulted in greater weight and fat loss than the high GL diet 

under hypocaloric conditions in a healthy overweight and obese population.  Those 

consuming the low GL diet had 4.4kg less total fat mass compared to those consuming 

the high GL diet following the 8-week intervention.  The mechanisms contributing to the 

observed greater loss in fat mass in response to the low GL diet are unclear.  However, 

animal and human studies suggest a high GI diet may suppress fat oxidation (49;50), an 

effect that is likely mediated by insulin.   Evidence also suggests a low GL vs. high GL 

diet may increase postprandial energy expenditure, also known as dietary induced 

thermogenesis (DIT) (51).  Scazzina et al reported that a low GL, low GI breakfast 

consistently resulted in increased postprandial energy expenditure when compared to 
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breakfasts containing high GI foods (51).  Taken together, the findings suggest that the 

low GL diet may have affected a number of processes that would have led to greater fat 

mass loss when compared to a high GL diet. 

  The literature currently lacks tightly controlled dietary intervention studies 

regarding the efficacy of low GL/GI diets to induce greater weight or fat loss than other 

dietary approaches.  Therefore, findings from the current study mark an important 

contribution to the literature, indicating that a low GL diet may be a useful strategy for 

weight loss in the management of obesity.  However, in regards to lowering disease risk, 

a low GL diet may not be an optimal approach for overweight or obese individuals who 

are maintaining their weight.  Significant loss of IAAT among those consuming the low 

GL diet during the eucaloric phase was not accompanied by improved metabolic 

outcomes.   Our population included overweight and obese individuals with either normal 

glucose-tolerance or impaired fasting glucose.  The low GL diet appeared to reduce 

insulin sensitivity among the normal glucose tolerant subjects and reduce beta cell 

responsiveness among all subjects (47;48).  While these effects may be perceived as 

detrimental to the progression of overt disease development, we cannot rule out the 

possibility that these attributes of the eucaloric low GL diet arm influenced degree of 

weight loss in the subsequent hypocaloric arm of the study.   It is also possible that a low 

GL diet may be ideal for populations without underlying metabolic abnormalities; thus, it 

may be important to identify the metabolic effects of diets differing in GL in lean, healthy 

populations.  Conversely, a low GL diet may further perturb processes related to glucose 

metabolism among those with a predisposition to disease development. 

. 
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Macronutrient Manipulation: SHBG and Glucose Metabolism 

The low GL diet was 39% calories from fat, an aspect of the diet that may have 

altered metabolic outcomes among overweight and obese individuals under eucaloric 

conditions.  Consumption of the 8-week low GL diet resulted in significantly elevated 

fasting glycemia and reduced SHBG.  These findings suggest that any positive 

contribution of loss of IAAT to metabolic health was masked by the adverse effects of 

the diet on aspects of glucose metabolism.  It is also possible that the loss of IAAT 

contributed to changes in glucose metabolism.  Elevated exposure of the liver to FFA 

draining into the hepatic portal vein from the intra-abdominal cavity may have altered 

gluconeogenesis and hepatic insulin sensitivity (41).  In a canine model, Kabir et al 

reported an increase in both hepatic insulin resistance and gluconeogenic gene expression 

following feeding of a high fat eucaloric diet for 12 weeks (19).  These changes in 

hepatic metabolism appeared to be related to elevated FFA mobilization in the visceral 

cavity.  Thus, it is possible loss of IAAT affected hepatic glucose production.  Although a 

relationship between IAAT and SHBG has been previously reported (37), in the current 

study change in IAAT was not directly associated with SHBG. 

Following the 8-week eucaloric diet phase, change in SHBG was significantly 

associated with change in fasting and postchallenge glucose, independent of diet, insulin, 

IAAT, and total fat mass.  Epidemiological data reports low circulating SHBG among 

populations with type 2 diabetes (35); thus it has been hypothesized that SHBG is directly 

involved in the development of type 2 diabetes by influencing hepatic glucose 

production.  One previous human study has reported a cross-sectional relationship 

between fasting glucose and SHBG, independent of possible confounding factors such as 
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insulin, IAAT, and liver fat (40).   Therefore, the current study adds to the literature by 

demonstrating an independent relationship between change in SHBG and fasting glucose 

following a dietary intervention.  We also observed a significant relationship between 

change in SHBG and glucose AUC.   While other factors are likely involved in the 

regulation of SHBG production such as total fat mass, hepatic fat content, and IAAT, the 

here-observed associations suggest that under the eucaloric conditions of this dietary 

intervention, changes to glucose metabolism were likely involved in suppressing SHBG 

production.  Given that glucose AUC reflects a number of processes related to glucose 

metabolism, rather than just hepatic glucose production, we believe this provides further 

evidence supporting the hypothesis that SHBG is a biomarker for underlying metabolic 

aberrations. 

Strengths and Limitations 

The strengths of these studies included robust methods used to assess body 

composition, fat distribution, and insulin sensitivity.  For the dietary intervention studies, 

strengths included strict control of food intake by providing all foods to be consumed 

over the course of both the eucaloric intervention period and the hypocaloric diet period.  

Also, registered dietitians planned menus for both dietary approaches, and provided 

oversight for food distribution and compliance.  The diet menus included foods that could 

be practically consumed on a typical American diet.   By design, the eucaloric arm 

allowed for elimination of confounding of results by significant weight loss.  Limitations 

to these studies include the relatively small number of subjects and the cross-sectional 

design of the first aim.  We did not assess hepatic fat content or liver function; therefore, 

we are unable to determine independent relationships of hepatic fat with other ectopic 
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lipid depots and insulin sensitivity.  Also, measurement of hepatic fat would have 

provided greater insight into mechanistic involvement of this variable in the regulation of 

SHBG production.  We did not have statistical power to examine potential ethnic 

differences in the relationships of interest or to examine data in subgroups by ethnicity.  

The dietary intervention was designed to examine diets differing in percent fat and CHO, 

therefore it is possible that differences in the types of CHO and fats included in each of 

the diets affected outcomes of interest. 

 

Future Directions 

 The studies included in this project contribute to the current understanding of the 

relationship between fat distribution and metabolic health, and the impact of dietary 

macronutrient composition on fat distribution, weight loss, and glucose metabolism.  This 

was the first study to report differential relationships of adipose tissue depots of the thigh 

with insulin sensitivity among healthy, relatively normal weight postmenopausal women.   

The causal nature of these associations remains equivocal and in order to address this 

issue, it seems imperative to first understand the factors determining the degree of 

triglyceride storage to subcutaneous adipose tissue, assuming the downregulation of this 

process is the primary defect leading to accrual of lipid elsewhere.  Further investigations 

are warranted to identify whether visceral and ectopic adipose tissue directly influences 

insulin sensitivity, or whether other mediating factors explain these observed 

associations.   
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 The low GL diet resulted in greater weight loss than the high GL load diet over 8 

weeks, but whether this particular dietary approach is optimal in regards to maintaining 

long-term weight loss is an important issue that needs to be addressed.  Further, the 

effects of the low GL dietary approach on metabolic outcomes during weight 

maintenance may have been unique to an overweight/obese phenotype and cannot be 

extrapolated to lean or weight-reduced populations.  In addition, future studies are needed 

to determine the effects of a higher fat/reduced CHO diet on SHBG production in 

populations with hyperandrogenemia, polycystic ovary syndrome, or other disease states 

that may benefit from greater circulating SHBG. 
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