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Abstract

Objective—To determine if consumption of a reduced-carbohydrate (CHO) diet would result in
preferential loss of adipose tissue under eucaloric conditions, and whether changes in adiposity
were associated with changes in postprandial insulin concentration.

Methods—In a crossover-diet intervention, 30 women with PCOS consumed a reduced-CHO
diet (41:19:40%energy from CHO:protein:fat) for 8 weeks and a standard diet (55:18:27) for 8
weeks. Body composition by DXA and fat distribution by CT were assessed at baseline and
following each diet phase. Insulin AUC was obtained from a solid meal test (SMT) during each
diet phase.

Results—Participants lost 3.7% and 2.2% total fat following the reduced-CHO diet and STD
diet, resp. (p<0.05 for difference between diets). The reduced-CHO diet induced a decrease in
subcutaneous-abdominal, intra-abdominal, and thigh-intermuscular adipose tissue (—=7.1%, —4.6%,
and —11.5%, resp.), and the STD diet induced a decrease in total lean mass. Loss of fat mass
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following the reduced CHO diet arm was associated with lower insulin AUC (p<0.05) during the
SMT.

Conclusions—In women with PCOS, consumption of a diet lower in CHO resulted in
preferential loss of fat mass from metabolically harmful adipose depots, whereas a diet high in
CHO appeared to promote repartitioning of lean mass to fat mass.

Keywords
macronutrient composition; obesity; intra-abdominal adipose tissue

1. Introduction

Polycystic Ovary Syndrome (PCOS) is the most common endocrine disorder affecting
nearly 8-10% of premenopausal women 1. Primary features of the syndrome include
biochemical or clinical hyperandrogenism, ovulatory dysfunction and polycystic ovaries 2.
Other common features include insulin resistance, elevated circulating insulin, and
metabolic dysfunction 3, which may be mechanistically linked to weight gain and obesity in
this population®>. In PCOS, elevated insulin may contribute to excess adiposity by limiting
fat mobilization and oxidation, thus making weight maintenance and weight loss a
significant challenge. Obesity, specifically abdominal or ectopic adiposity, may contribute to
the severity of symptoms and progression of comorbidities associated with PCOS. Non-
pharmacological interventions to limit adiposity in the PCOS population are needed.

A number of studies have demonstrated that weight loss and diet quality may contribute to
improvement of symptoms associated with PCOS 8-9, However, whether qualitative aspects
of the diet affect weight or body composition and fat distribution independent of energy
restriction among women with PCOS is unclear. Diets reduced in carbohydrate (CHO) with
a low glycemic load may be more likely to lower postprandial glucose and the subsequent
insulin secretory response when compared to diets higher in CHO content19:11, we
previously reported a significant reduction in intra-abdominal adipose tissue among women
in response to a diet reduced in CHO content during weight maintenance conditions, and a
preferential loss of fat mass during weight loss conditions 12, These findings suggest that a
diet reduced in CHO may be an optimal dietary approach to reducing total and abdominal
adiposity among women with PCOS, considering their prevailing hyperinsulinemia.

The objective of the present study was to determine if, in women with PCOS, consumption
of a diet moderately reduced in CHO would reduce total and regional adipose tissue during
weight maintenance conditions, and whether changes in adiposity would be associated with
lower postprandial insulin concentrations.

2. Material and Methods

2.1 Participants

Thirty women with PCOS defined using the NIH 1990 criteria were recruited. The
diagnostic criteria included i) hyperandrogenism and/or hyperandrogenemia, (ii) oligo-
ovulation, and (iii) the exclusion of other existing disorders such as Cushing’s syndrome,
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hyperprolactinemia, or congenital (non-classic) adrenal hyperplasia. Specific inclusion and
exclusion criteria have been described elsewherel3. In brief, exclusion criteria included
structured exercise >2 hours per week, pregnancy, current breastfeeding, use of medication
that could affect body composition or glucose metabolism (including oral contraceptives,
cholesterol medications, and blood pressure medications), current use of tobacco, use of
illegal drugs in last 6 months, major food allergies or food dislikes, and a medical history
that contra-indicated inclusion in the study. Participants had a BMI under 45 kg/m? and
were weight stable 6-months prior to enrolling in the study. Prior to enrollment in the study,
participants were informed of the protocol and engaged in oral and written consent. The
protocol for this study was approved by the Institutional Review Board for Human Use at
UAB, and all participants signed informed consent prior to initiation of testing.

2.2 Protocol

The study design was a crossover dietary intervention. Participants consumed a reduced-
CHO diet for 8 weeks and a standard (STD) diet for 8-weeks separated by a 4-week washout
period. Participants completed a 4-day food record (3 weekdays, 1 weekend day) for
assessment of typical nutrient intake prior to beginning the dietary intervention, and again
following the 4-week washout period. Diet order (reduced-CHO first then STD diet, or STD
diet first then reduced-CHO diet) was assigned using a randomization scheme following
baseline testing. Dual-energy X-ray absorptiometry (DXA) and computed tomography (CT)
scans were acquired for all participants at baseline of each diet arm and following
completion of each diet arm. A solid meal test (SMT) to determine glucose and insulin
response to the study meal was performed at the 4-week midpoint of each diet arm. Sample
size calculations were based on our previous data from a weight maintenance study in a
population of obese men and women!2. In this study, we detected a decrease in IAAT of
11.0 £9.7 cm? after 8 weeks of consumption of a eucaloric reduced-CHO diet. Assuming a
change of 11.0 + 9.7 cm?, a two-sided paired t-test, and a significance alpha level of 0.05,
we would have over 80% power to detect a significant change in IAAT with 17 participants
per diet group. In the present study, we enrolled 30 women to allow for attrition; 23
completed both arms of the intervention, and 27 completed the reduced-CHO arm.

2.3 Diets

All food was provided to the participants for each 8-week diet arm by the UAB Clinical
Research Unit (CRU) Metabolic Kitchen. For the duration of the study, participants reported
to the CRU several times each week to be weighed and to collect food for off-site
consumption. Participants were blinded to diet order, and either first consumed a reduced
CHO diet (41% CHO, 19% protein, and 40% fat) for 8-weeks or the STD (55% CHO, 18%
protein, and 27% fat) diet for 8-weeks. The glycemic index of the reduced CHO diet was
~50 and that of the STD diet was ~60. Details of the two diets were previously reported 13.
Intervention diet menus were designed using Nutrition Data System for Research (NDSR)
software versions 2009 and 2011 (Nutrition Coordinating Center, University of Minnesota,
Minneapolis, MN). Examples of meals provided from each diet are shown in Table 1. Total
energy requirements were determined by using each individual’s measured resting energy
expenditure from indirect calorimetry with an activity factor of 1.35. Participants were asked
to maintain their baseline level of physical activity throughout the study period.
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2.4 Body composition and fat distribution

Total body fat mass and lean mass were measured by DXA (iDXA, GE-Lunar Corporation,
Madison, WI). 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 midthigh were
taken. Scans were later analyzed for cross-sectional area (cm?) 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 as previously
described14. 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 groups. This technique has been
previously described by us and others'5:16. All scans were analyzed by the same image
analyst (AG). The coefficient of variation (CV) for repeat cross-section analysis of scans
among 40 subjects in our laboratory is <2%7

2.5 Solid meal test

A SMT was used to determine the glucose and insulin response over 4-hours following
consumption of a study meal. At the 4-week midpoint of each diet arm, participants
consumed one breakfast at the CRU following a 12-hour fast. The breakfast consumed was
composed of the assigned menu items for that day and differed by diet arm. Participants
were required to consume all food items included in the assigned breakfast meal and
complete the meal in less than 20 minutes. To perform the test, a flexible intravenous
catheter was placed in the antecubital space of the left arm. Blood samples were collected
prior to meal consumption at baseline (time “zero™), and at times 15, 60, 90, 120,180, and
240 minutes. Sera were stored at —85°C. Samples were analyzed for insulin and glucose to
determine glucose and insulin area-under-the-curve (AUC) using the trapezoidal

method 18:19

2.6 Assays for glucose and insulin

Analyses were conducted in the Core Laboratory of the Center for Clinical and Translational
Science, Nutrition and Obesity Research Center, and Diabetes Research Center. Glucose
was measured 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 CV of 3.1%. Insulin was assayed with immunofluorescence technology on a
TOSOH AIlA-I1I analyzer (TOSOH, South San Francisco, CA). ). In our laboratory, this
assay had an intra-assay CV of 1.5%, and an interassay CV of 4.4 %.

2.7 Statistical analysis

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.
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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
body composition, fat distribution, and serum analytes by diet arm. Analysis of covariance
(ANCOVA) was used to determine the effect of diet on main outcome measures. Outcome
measures at week 8 (postintervention) were used as the dependent variables, and baseline
outcome measures were used as covariates. ANCOVA was also used to determine the effect
of diet on change in total fat mass independent of change in total lean mass. Change in total
fat mass was the dependent variable, and baseline total fat mass and change in total lean
mass were covariates. Diet sequence was tested as a confounding variable in statistical
models, and was found to not affect outcomes of interest. Thus, diet sequence was not
included in the final models. Multiple linear regression modeling was used to determine
independent associations of change in fat mass with insulin AUC derived from the solid
meal test adjusted for glucose AUC and baseline fat mass.

Twenty-three women completed both arms of the study, 27 women completed only the
reduced-CHO arm, and four women discontinued the intervention for various reasons
unrelated to the study. The study participants were an ethnically diverse sample of women
(43%, 4%, and 53% were Caucasian, Hispanic and African-American, resp.) with an
average age of 31+ 5.8 years and a body mass index (BMI) of 31.8+5.7 kg/m? at baseline.
Although diets were designed to be weight-maintaining, participants lost weight across the
intervention. On average, weight change was —1.3+£2.3 kg for women on the STD diet arm,
and —1.4+2.0 kg for women on the reduced-CHO diet arm, and did not differ by diet arm
(p=0.56).

Changes in body composition, fat distribution, and serum analyte variables over the 16-week
intervention period are reported by diet arm in Table 2 and Figure 1. Following both diet
arms, paired t-tests indicated there were significant reductions in weight, total fat mass, and
thigh-SAT. Participants lost 3.7% total body fat mass following the 8-week reduced-CHO
diet arm and 2.2% total fat mass following the 8-week STD diet (p<0.001 and p<0.05,

resp. ) arm. However, only the reduced-CHO diet resulted in significant decreases in IAAT,
SAAT, and thigh-IMAT (=7.1%, —4.6%, and —11.5%, resp., p<0.01).

The STD diet, but not the reduced-CHO diet, resulted in a significant decrease in total lean
mass (—1.3%, p<0.05). Change in fat mass was significantly greater following the reduced-
CHO diet arm compared to the STD diet arm after adjustment for baseline total fat mass and
change in lean mass (p<0.05 for difference between diets, Figure 2). Loss of fat mass was
associated with lower insulin AUC (Standardized $=0.50, p<0.05, Figure 3) during the solid
meal test, whereas there was no association during the STD diet arm.

4. Discussion

Weight gain and obesity are particularly problematic among women with PCOS. It is likely
that common features of the syndrome, such as hyperinsulinemia, metabolic dysfunction and
hyperandrogenemia, are mechanistically linked to accumulation of excess adiposity,
specifically to the abdominal region. Regardless of BMI, a fat distribution pattern
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characterized by proportionally greater abdominal adiposity may further exacerbate inherent
metabolic abnormalities associated with the syndrome. To date, the optimal dietary strategy
to reduce propensity for weight gain in this population remains equivocal. In the current
study, we tested the hypothesis that a diet reduced in CHO content would result in greater
loss of fat mass compared to a higher-CHO diet matched for caloric content. Although the
diets were designed to be weight maintaining, women lost some weight across both arms of
the study. On average, this weight change was small (-1.6? kg) and did not differ with diet
arm. Thus, it was unlikely to have influenced the results. However, results indicate that the
reduced-CHO diet had more favorable effects on body composition than the STD diet by
inducing greater loss of fat mass while preserving lean mass. Following the reduced-CHO
diet, loss of fat mass appeared to be due primarily to loss of adiposity from the abdominal
region and other metabolically harmful depots, such as thigh-IMAT. These data suggest that
a diet lower in CHO may be effective in improving body composition and fat distribution
among women with PCOS.

The primary finding in this tightly-controlled crossover dietary intervention was that the
reduced-CHO diet resulted in preferential loss of fat mass compared to the STD diet. Loss of
fat mass was achieved without caloric restriction, but rather with only a moderate reduction
in CHO content and an increase in dietary fat. This shift in body composition to
proportionally less fat mass relative to lean mass suggests that a reduced-CHO diet improves
fat oxidation while preserving lean mass. These findings are supported by the results of our
previous study, reporting significantly greater fat mass loss relative to lean mass following a
hypocaloric moderately reduced-CHO diet in healthy overweight/obese men and women 12,
Other studies have examined the effects of reduced-CHO or low glycemic load diets under
hypocaloric conditions in women with PCOS without significant group differences in weight
loss 6-8:20_ |n these studies, the weight loss design and lack of robust measures of body
composition may have limited the ability to detect preferential loss of fat mass in the lower
CHO groups. Change in gross weight did not significantly differ by diet arm in our study;
thus, using this outcome alone would have masked the differences in changes in body
composition that occurred. Inconsistencies in the literature regarding the effects of diets
differing in macronutrient composition on weight loss in women with PCOS 6-8:20 may also
be due to differences in study design and methodologies that affect diet adherence. In our
study, all food was provided throughout both arms of our dietary intervention, likely
minimizing the potential for non-compliance. Thus, we believe these results provide
substantial evidence that reducing CHO consumption may be optimal for women with
PCOS.

Other studies have reported favorable changes in body composition under the conditions of a
reduced CHO intake in healthy populations 21-23, In a 10 week weight loss trial among
healthy adult women, Layman et al observed favorable effects of a low CHO/high protein
vs. high CHO/low protein diet on body composition despite similar weight loss between diet
groups. These investigators held the fat content constant on both experimental diets and
were unable to determine if the preferential loss of fat to lean mass among their subjects was
due to limiting CHO or increasing protein content of the study diets 21. To our knowledge,
the current study is the first conducted in women with PCOS to report significant loss of fat
mass and preservation of lean mass in response to a moderately reduced CHO weight
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maintenance diet without manipulation of protein content on the compared experimental
diets. Further research is needed to determine the specific metabolic effects of CHO
consumption on energy partitioning in the context of a weight maintaining diet.

The differences in loss of fat mass between the reduced CHO diet and the STD diet
appeared to be explained primarily by loss of adipose tissue from two major sub-
compartments of the abdomen. Following the reduced-CHO arm, participants had a 7.1%
reduction in intra-abdominal and a 4.6% reduction in subcutaneous abdominal fat.
Numerous studies have reported that women with PCOS tend to demonstrate a fat
distribution pattern synonymous with adverse metabolic health 424, and various reports
suggest that both intra-abdominal and subcutaneous adipose tissue are associated with
chronic low-grade inflammation, dyslipidemia, and insulin resistance in this

population 24-26, Results from the present study, indicating loss of SAAT and IAAT under
weight maintenance conditions, are analogous with the results of our previous study, during
which healthy women consuming a reduced CHO weight maintenance diet had a significant
reduction in IAAT. We believe this is the first study to report significant loss of IAAT and
SAAT in response to a reduced CHO weight maintenance diet among women with PCOS.

During the reduced-CHO diet, participants also had a significant decrease in thigh IMAT,
while there were comparable decreases in thigh SAT with each diet. Thigh IMAT is an
ectopic adipose tissue depot located within and between muscle groups and fibers that has
been associated with numerous diabetes and cardiovascular disease risk factors 27-29,
Conversely, thigh SAT has been linked favorably with metabolic health 16 and it is thought
this adipose tissue depot may be protective against development of metabolic disease.
Altogether, our data suggests the reduced CHO diet primarily induced loss of adipose tissue
from metabolically harmful depots, i.e. thigh IMAT, SAAT and IAAT, thus profoundly
improving fat distribution pattern, and potentially metabolic health, in these women.

The physiological mechanism(s) underlying the greater loss of adipose tissue on the
reduced-CHO diet, independent of caloric restriction, is unclear, but may be related to
alterations in insulin secretion. Insulin greatly influences carbohydrate and lipid metabolism,
promoting glycogen synthesis and glucose oxidation, and also promoting triglyceride
storage 30, In addition, insulin itself promotes adipogenesis 3°. By lowering fasting and
postprandial insulin, a reduced CHO diet may enhance lipolysis, promoting use of lipid as a
fuel source and reducing adipocyte size, and decreasing adipogenesis and the development
of new adipose tissue.

We previously reported, in this same population, that consumption of the reduced CHO diet
compared to a higher CHO diet resulted in a decrease in fasting insulin, an increase in acute
phase insulin response, and no change in overall insulin response to a liquid meal challenge
(10), suggesting reduced chronic exposure to insulin. In this study, we observed that lower
postprandial insulin during the lower CHO solid meal test was associated with greater loss
of fat mass during the lower-CHO diet arm. Taken together, these observations suggest that
by chronically limiting the insulin response to a meal and reducing fasting insulin, a reduced
CHO diet may be permissive to increased fatty acid mobilization and oxidation from adipose
tissue, and to reduced adipogenesis.
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Preservation of lean mass during the reduced-CHO diet arm may also be the result of an
overall reduction in insulin exposure. Participants had a significant loss of lean mass during
the STD (i.e. higher CHO) diet, which may be explained by the effects of greater fasting and
postprandial insulin levels on substrate oxidation and preferential use of metabolic fuel
sources. Considering that one of the primary actions of insulin is to limit fatty acid
mobilization and oxidation, thus protecting adipose tissue stores, greater insulin secretion in
response to greater glucose stimuli from the higher CHO containing diet may have induced
repartitioning of energy from lean tissue to adipose tissue.

The present study has several strengths. All food was provided throughout both arms of the
study to control subject intake and study menus were composed of foods that could be
practically incorporated into free-living intake. This is the first tightly controlled dietary
intervention among women with PCOS to use a robust measure of body composition and fat
distribution to examine changes to precise adipose tissue depots. Further, the weight
maintenance design allowed observation of the effects of macronutrient composition
independent of caloric restriction on the outcome of interest. In addition, the crossover
design minimized potential inter-subject variability in response to the diets. Limitations of
this study include the relatively small sample size and the inability to determine the
independent effects of dietary fat vs. CHO content.

4.1 Conclusion

In conclusion, the primary finding in this tightly-controlled crossover dietary intervention
was that in women with PCOS consumption of a weight-maintaining diet lower in CHO
content resulted in profound improvements in body composition and fat distribution by
inducing preferential loss of fat mass, specifically from ectopic, metabolically harmful,
adipose depots. In contrast, a diet higher in CHO appeared to promote repartitioning of lean
mass to fat mass. Additionally, overall reduced insulin exposure with the reduced-CHO diet
may be in part responsible for the selective depletion of adipose tissue and preservation of
lean body mass. Overall, our results provide substantial evidence that reducing CHO
consumption may be ideal for women with PCOS.
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Fig. 1.

Mgean (xSE) difference in 8-wk total fat mass, total lean mass, % fat, intra-abdominal
adipose tissue (IAAT), subcutaneous abdominal adipose tissue (SAAT), and thigh
intermuscular adipose tissue (IMAT) by diet. *p<0.05, **p<0.01, ***p<0.001 for paired t-
test. Reduced CHO, reduced carbohydrate; STD. standard.
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Fig. 2.

Change in fat mass, adjusted for baseline total fat (kg) and change in total lean (kg) by
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ANCOVA, was significantly greater following the reduced carbohydrate (CHO) diet arm
compared to the standard (STD) diet arm; *p<0.05 for diet effect (a.). Change in fat mass

following the reduced CHO diet arm was associated with insulin area-under-the-curve

(AUC) derived from the reduced CHO solid meal test (model adjusted for baseline total fat
mass; standardized =0.50, p<0.05) (b)

Metabolism. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Goss et al.

Table 1

Example day of meals for the reduced CHO diet and the standard (STD) diet

Reduced-CHO diet (1800 calorie)

STD diet (1800 calorie)

Breakfast

Pear, fresh

Oatmeal, instant
Butter, regular

Sugar

Egg, boiled

2% Milk

Bacon, regular

Lunch

Chicken Vegetable Soup
Black bean vegetarian burger
Hamburger bun
American cheese
Mustard

Mayonnaise, regular
Ketchup

Bugles, original1
Orange, fresh

Dinner

Chicken breast

Green beans, frozen
Lima beans, frozen
Butter, regular
Graham crackers, plain

Peanut butter, regular

1 medium

1 packet (28 g)
10¢g

1 packet (4 g)

1 large

236.6 mL

2 slices (28.4 g)

39699
1 each (67 g)

1 medium

1 slice (42 g)

1 packet (6 g)
1 packet (12 g)
1 packet (10 g)
159

1 small

1 breast (85 g)
1cup

1 cup

10g

2 squares
2139

White bagel
Cream cheese, regular
Boiled egg

Orange juice

White bread

Peanut butter, regular
Jelly, regular

Light canned peaches
Baby carrots, fresh

Ranch dressing, fat free

Breaded chicken patty, pre-cooked
Hamburger bun, white

Ketchup

Mustard

Broccoli, frozen

Hard candy

Pretzels

Orange juice

1 medium
2844
2 large
118.3 mL

2 slices

21.3g

2 packets (28 g)
22729

10 medium
1249

1 each (129 g)
1 medium

1 packet (10 g)
1 packet (6 g)
1cup

3 each (18 g)
28449

118.3 mL

lBugIes, Generals Mills, Minneapolis, MN, USA
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