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Abstract

Objective.—To determine whether novel biomarkers of cardiometabolic health improve in 

response to a 12-month behavioral weight loss intervention; and to compare benefits of diet alone 

to diet in conjunction with physical activity on these biomarkers.

Methods.—Participants (n = 374) were randomized to either diet alone (DIET), diet plus 150 

min/week of prescribed moderate intensity physical activity (DIET+PA150), or diet plus 250 min/

week of prescribed moderate intensity physical activity (DIET+PA250). Biomarker concentrations 

were determined using nuclear magnetic resonance spectroscopy. Mixed models assessed for a 

time effect, group effect, or group by time interaction.

Results.—All groups significantly improved body weight (time: p<0.0001) and Lipoprotein 

Insulin Resistance Index (time: p<0.0001), Diabetes Risk Index (time: p<0.0001), branched-chain 

amino acid concentration (time: p<0.0001), and GlycA concentration (time: p<0.0001), with no 

group effect or group by time interactions.

Conclusions.—All intervention groups prompted a notable beneficial change among biomarkers 

of insulin resistance and cardiometabolic health. However, the addition of at least moderate 

intensity physical activity to a diet only intervention did not provide any additional benefit. These 

findings highlight an average weight loss of approximately 10% profoundly impacts biomarkers of 

insulin resistance and cardiometabolic disease in adults with overweight or obesity.
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INTRODUCTION

An estimated 1,307 million and 671 million adults over the age of 20 years worldwide 

are living with overweight or obesity, respectively.1 According to the World Obesity 

Foundation2, on current trends, one in five adults worldwide are expected to be affected 

by obesity by the year 2025. One third of these adults will be living with severe obesity 

and at greater risk for developing chronic diseases, such as cardiovascular disease and type 

2 diabetes.1,2 With the increased prevalence of obesity also increasing risk for chronic 

disease, monitoring disease progression or response to treatment measures, such as lifestyle 

intervention for weight loss, via biomarkers of insulin resistance and cardiometabolic health 

are of clinical importance.

Insulin resistance and cardiometabolic health are traditionally characterized by increased 

fasting insulin, blood pressure, fasting glucose, waist circumference, and changes in lipid 

profile.3–5 Alternatively, 1) systemic inflammation represented by GlycA concentrations 

– a nuclear magnetic resonance (NMR) signal originating from glycosylated acute 

phase proteins6,7; 2) dysmetabolism, represented as branched-chain amino acid (BCAA) 

concentrations8–11; and 3) specific alterations in lipoprotein subclass and size parameters, 

increased large very large triglyceride-rich lipoprotein (VLTRLP), small low density 

lipoprotein (LDL), and decreased large high density lipoprotein (HDL), LDL size and HDL 

size12,13 are emerging biomarkers indicative of insulin resistance and poor cardiometabolic 
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health. Further, NMR multimarker scores comprised of either six lipoprotein subclass and 

size parameters13 – Lipoprotein Insulin Resistance Index (LP-IR) – or a combination of both 

lipoprotein subclass and size parameters along with BCAA’s14,15 – Diabetes Risk Index – 

are indicative of disease risk and change in risk in response to lifestyle intervention.

Few clinical trials have explored the impact of weight loss via lifestyle intervention on 

these emerging biomarkers of insulin resistance and cardiometabolic health. Conventionally, 

weight loss of 5 to 10% achieved via lifestyle intervention is shown to be effective for 

improving traditional cardiovascular disease and type 2 diabetes risk factors, including: 

blood pressure16–18, decreased LDL cholesterol16,18,19, increased HDL cholesterol18–20, 

decreased TG18–21, and improved glucose tolerance.18,22

The Heart Health Study (HHS) investigated the effect of a reduced calorie diet alone 

compared to this same diet coupled with one of two doses of physical activity on weight 

loss, measures of cardiac structure, and other cardiometabolic risk factors among adults with 

overweight or obesity.23 The results showed all interventions significantly reduced body 

weight by an average of approximately 10% and improved cardiometabolic risk factors, 

with no difference between the intervention conditions.23 While primary results of the 

HHS reported on traditional cardiometabolic risk factors (total cholesterol, TG, LDL, HDL, 

glucose, insulin), the study did not include novel biomarkers such as LP-IR, Diabetes Risk 

Index, GlycA, or BCAA’s. Therefore, the use of samples from the HHS provides a unique 

opportunity to assess whether these additional emerging biomarkers of insulin resistance and 

cardiometabolic health respond to a behavioral weight loss intervention among sedentary 

adults with overweight or obesity.

METHODS

Study Design.

In the HHS (ClinicalTrials.gov NCT01500356, recruitment occurred between December 

2011 and June 2015), participants completed assessments prior to, during, and following 

the end of a 12-month behavioral weight loss intervention. Participants were randomized to 

diet alone (DIET), diet combined with progression to 150 minutes per week of prescribed 

moderate-to-vigorous intensity physical activity (MVPA) (DIET+PA150), or diet combined 

with progression to 250 minutes per week of prescribed MVPA (DIET+PA250). As 

previously reported, randomization was stratified by sex and race (white or nonwhite) in 

randomly selected block sizes. The HHS protocol was approved by the institutional review 

board at the University of Pittsburgh.

Participants.

The protocol for participant recruitment has been previously reported.23 Eligibility criteria 

have previously been reported and include an age between 18 to 55 years and body mass 

index between 25 to <40 kg/m2.24 Exclusion criteria included (1) self-reporting ≥ 60 min/

week of structured moderate-to-vigorous intensity physical activity; (2) weight loss of ≥ 5% 

within the prior 6 months or a history of bariatric surgery; (3) history of cardiometabolic 

disease, diabetes mellitus, or cancer; (4) taking medication that could affect heart rate or 
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blood pressure; (5) taking medication that could influence body weight; (6) treatment for 

psychological conditions that included medication or counseling; (7) currently pregnant, 

pregnant within the prior 6 months, or planning a pregnancy within the next 12 months; (8) 

planning on geographical relocation outside of the region within 12 months; (9) inability 

to comply with the components of the interventions; or (10) had a contraindication that 

would prohibit cardiac magnetic resonance imaging scanning. Participants provided written 

informed consent and medical clearance from their physician prior to engaging in this study. 

Of the 383 individuals randomized to participate in this study, 374 had blood samples 

available at baseline to be analyzed for the additional analysis examined in this report.

Demographic Characteristics.

Information on sex, race, and ethnicity were collected via questionnaire. Age was confirmed 

from the birth day contained on a government issued identification card (e.g., driver’s 

license and passport).

Weight, height, and Body Mass Index.

As previously reported23, body weight was assessed using a calibrated digital scale to the 

nearest 0.1 kg, with duplicate measures differing by ≤0.5 kg. Height was assessed, with 

shoes removed, using a wall-mounted stadiometer to the nearest 0.1 cm, and duplicate 

measures differing by ≤0.5 cm. Body weight and height were used to compute body mass 

index (BMI) (kg/m2).

Laboratory Measurements.

Fasting morning blood samples were collected at baseline, 6 months, and 12 months. 

Participants were instructed to fast with the exception of water, abstain from structured 

physical activity, and abstain from alcohol and smoking for at least 12 hours. This was 

confirmed by self-report prior to blood collection. Blood was collected into vacutainer tubes, 

and stored in 0.5 mL aliquots at −80°C. For this study, the stored plasma samples were used 

for NMR LipoProfile® testing.

NMR LipoProfile® testing was performed on 400 MHz NMR Profiler analyzers at 

LipoScience, now LabCorp (Morrisville, NC), as previously described.25,26 The lipoprotein 

parameters, and BCAA’s were calculated by analyzing digitally stored spectra using the 

newly developed LP4 algorithm.27,28 LP-IR is a composite index developed as previously 

described.13 LP-IR scores range from 0 (most insulin sensitive) to 100 (most insulin 

resistant). Diabetes Risk Index is a multimarker index composed of LP-IR, valine, and 

leucine.15 Diabetes Risk Index was developed using logistic regression and prospective type 

2 diabetic data from MESA.29 Diabetes Risk Index scores range from 1 to 100, a higher 

score indicates greater risk for type 2 diabetes. The GlycA signal was quantified using 

proprietary deconvolution software that uses a non-negative linear least squares algorithm 

to fit the experimental signal to individual spectral components, including proteins and 

lipoproteins as well as signals representing the GlycA NMR resonance.7,26,30 The intra-

assay and inter-assay variabilities for GlycA measurement are 1.9% and 2.6% respectively.7
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Intervention.

As previously described, participants were randomized into DIET, DIET+PA150, and 

DIET+PA250 intervention conditions for a period of 12 months.23 Participants in all 

intervention conditions were instructed to attend weekly weight loss group sessions for 

weeks 1–24. For weeks 25–52 participants were instructed to attend in-person sessions 

approximately every other week and to also receive an individual brief telephone 

intervention approximately every other week. If a participant missed a group session, a 

brief individual make-up session was offered to allow the content to be shared with the 

participant.

DIET, DIET+PA150, and DIET+PA250 were prescribed the same diet to reduce energy 

intake to 1,200 to 1,800 kcal/d based on baseline body weight, and to reduce dietary 

fat intake to 20% to 30% of total daily energy intake.23 The intervention staff reviewed 

self-monitoring records of dietary intake and provided written feedback to the participants.

Randomization groups differed in their prescribed physical activity.23 DIET was instructed 

to maintain their current level of physical activity and was not provided a prescription to 

increase their physical activity. DIET+PA150 was prescribed a progression to 150 min/week 

of unsupervised MVPA, whereas DIET+PA250 was prescribed a progression to 250 min/

week of unsupervised MVPA.

Statistical Analysis.

Linear mixed models were used to determine whether biomarkers of insulin resistance and 

cardiometabolic risk changed significantly over time, by intervention group, and group by 

time interaction, while controlling for sex and race (white/non-white), which were design 

variables adjusted in the primary analysis for the parent HHS paper. Effects of time, 

intervention group, and the interaction between group and time on the cardiometabolic 

biomarkers were examined using mixed modeling. Full models with interaction terms 

(intervention group × time) are included in the results. Similarly, mixed models were used 

to determine if weight and body mass index significantly changed over time by intervention 

group, while adjusting for sex and race (white/non-white). Statistical significance was 

defined as p < 0.05. Statistics were performed with JMP version 15.1 (SAS Institute, Cary, 

NC).

RESULTS

Baseline characteristics for all participants and by intervention group are displayed in Table 

1. Demographic characteristics are presented for the 374 participants with data included 

in the current analysis. Overall, participants were 45.5 ± 8.0 years old, female (78.9%), 

Caucasian (71.7%), with obesity (32.3 ± 3.7 kg/m2). Body weight and body mass index 

significantly decreased over time (Time effect for both measures: p<0.0001), with no group 

effect or group by time interaction (Table 2). In addition, baseline lipoprotein, amino acid, 

and NMR-derived spectroscopy biomarkers are displayed in Tables 3–5. There were no 

significant differences among the three intervention groups at baseline with regards to the 

aforementioned measures.
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Lipoprotein Subclass and Size Parameters.

Participants had a baseline average LDL-C of 98.5 ± 23.9 mg/dL, HDL-C of 53.2 ± 12.7 

mg/dL, and TG concentration of 133.1 ± 63.8 mg/dL. Intervention effects on lipoprotein 

subclass concentration and size parameters are displayed in Table 3. All investigated 

lipoprotein subclass concentration and size parameters significantly improved over time 

(Time effect for all measures: p <0.0001). There was a significant group effect found for 

concentration HDL-C, meaning the general concentration HDL-C differed across groups, 

specifically between DIET and DIET+PA250 (p =0.01). No other group effects or group by 

time interactions were observed.

Total and Specific Branched Chain Amino Acid Parameters.

At baseline, participants had an average total BCAA concentration of 406.0 ± 71.9 μmol/L, 

change in total BCAA concentration over time across intervention groups is displayed in 

Figure 1 Panel A.

Table 4 displays the intervention effects on amino acid concentrations. All BCAA 

parameters significantly improved over time (Time effect for all measures: p values ranged 

from 0.003 to <0.001). No significant group effects or group by time interactions were 

found.

Diabetes Risk and Metabolic Mortality Vulnerability Markers.

At baseline, participants had an average LP-IR score of 42.9 ± 23.5, Diabetes Risk Index 

of 43.6 ± 16.8, and GlycA level of 423.9 ± 65.0 μmol/L. Intervention effects on diabetes 

risk and metabolic mortality vulnerability biomarkers are displayed in Table 5 and Figure 

1 Panels B, C, and D. All diabetes risk and metabolic mortality biomarkers significantly 

improved over time (Time effect for all measures: p <0.0001). A significant group by time 

interaction was observed for GlycA concentration (p = 0.009), meaning the change in GlycA 

across time was significantly different among the three intervention groups. Figure 1 Panel 

D shows DIET+PA250 had the greatest reduction in GlycA concentration from baseline to 6 

months, whereas DIET and DIET+PA150 had a steady linear reduction in concentration over 

the 12-month intervention. No other group effects or group by time interactions were found.

DISCUSSION

The purpose of this secondary analysis was to extend beyond the findings from our parent 

study by assessing whether emerging biomarkers of insulin resistance and cardiometabolic 

health respond to a behavioral weight loss intervention among sedentary adults with 

overweight or obesity. We found all intervention groups prompted a notable beneficial 

change among biomarkers of insulin resistance and cardiometabolic health. However, the 

addition of moderate intensity physical activity in a dose-response approach to a diet only 

intervention did not provide any additional benefit among these biomarkers. These findings 

highlight the impact weight loss of an average of approximately 10% through dietary 

modification, alone or in combination with physical activity, achieved at 6 months and 

maintained at 12 months, can have on markers of insulin resistance and cardiometabolic 

health. An important finding from these secondary analyses are the observed changes in 
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emerging markers of insulin resistance and cardiometabolic health, which were not included 

in the parent study, did not differ between interventions involving modest dietary restriction 

alone or with the combination of dietary restriction and physical activity; suggesting the 

important contribution of weight loss to these beneficial improvements.

Lipoprotein Subclass and Size Parameters

Elevated VLTRLP, small LDL, and decreased large HDL, LDL size and HDL size are 

associated with insulin resistance and poor cardiometabolic health, therefore important 

measures to target in lifestyle interventions.12,13 We found all investigated lipoprotein 

subclass and size parameters significantly improved across the behavioral weight loss 

intervention, regardless of randomized intervention group; leading us to conclude weight 

loss is a key factor contributing to improvements in lipid profiles among adults with 

overweight or obesity.

Previously published work supports our findings in that lifestyle interventions can lead 

to beneficial changes in insulin resistance and cardiometabolic health. However, studies 

have primarily targeted older adults and/or have not focused specifically on weight loss for 

improvements in these biomarkers. The Growing Old Together (GOTO) study investigated 

the effects of a lifestyle intervention in older adults by both clinical and metabolomic 

profiles.31 The lifestyle intervention corresponded to one of the three CALERIE-Phase 1 

interventions, having participants reduce energy balance by 25% for 13 weeks, targeted by 

12.5% reduction in caloric intake and 12.5% increase in physical activity. Following the 

intervention, significant reductions in VLTRLP and small LDL in both men and women. 

Further, significant improvements in large HDL and HDL size were reported, however 

this was only among male participants. The investigators concluded, despite considerable 

heterogeneity in response, metabolic health was generally beneficially influenced following 

the 13-week intervention.31 Although our current study did not conduct sex-specific 

comparisons, we similarly found a beneficial response among insulin resistance and 

cardiometabolic health biomarkers among individuals. However, our findings add the 

importance of weight loss, regardless of how weight loss is achieved, for significant 

improvements in lipid subclass and size parameters among adults with overweight or 

obesity.

BCAA, LP-IR, and Diabetes Risk Index

Elevated BCAA’s, as a measure of dysmetabolism, are associated with worse metabolic 

health and future insulin resistance or type 2 diabetes.8–11,32 Similarly, LP-IR is strongly 

associated with measures of insulin resistance13 and predicts incidence of type 2 

diabetes.15,29,33,34 The combination of LP-IR and BCAA’s valine and leucine, produces the 

Diabetes Risk Index, of which has been found to enhance type 2 diabetes risk stratification 

among individuals in normoglycemic range and prediabetic range.14,15 We found all BCAA 

parameters, LP-IR and Diabetes Risk Index significantly improved across the behavioral 

weight loss intervention, regardless of randomized intervention group.

Previously published work has been conducted in physical activity only interventions, 

as well as weight loss via diet and physical activity interventions across individuals 
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varying in disease severity. The Studies of a Targeted Risk Reduction Intervention 

through Defined Exercise (STRRIDE) randomized trials investigated the effects of different 

amounts, intensities, and modes of exercise in LP-IR and Diabetes Risk Index. Investigators 

found significant improvement in insulin action measures35–37 and LP-IR, with limited 

improvement in Diabetes Risk Index.38 Additionally, weight loss was also shown to be an 

important contributor for changes in BCAA concentrations, which in turn led to significant 

improvement in DRI among the Clinical Lifestyle group (consisting of Diet + Low-Amount/

Moderate-Intensity exercise). Moreover, null findings were reported across all exercise-only 

interventions groups for change in BCAA concentrations. Investigators concluded a weight 

change of greater than 7.0% may be required in a lifestyle intervention to elicit a significant 

reduction in BCAAs.38 Our findings are consistent with STRRIDE, in which an average 

of approximately 10% weight loss resulted in significant improvements in LP-IR, Diabetes 

Risk Index, and BCAA parameters.

Among non-supervised conditions, Ellsworth and colleagues39 investigated if clinical 

lifestyle programs – two programs differing in dietary stringency, exercise intensity, and 

time commitment - improved LP-IR among individuals with varying severity of metabolic 

dysfunction. Following the one-year long programs, both groups lost weight, with the 

moderate program reducing LP-IR score by 8.8% and the intensive program by 13.3%. 

They concluded both programs were effective for improving insulin resistance, measured by 

change in LP-IR score. Similarly, we found all intervention groups significantly improved 

total BCAA concentration, LP-IR score, and Diabetes Risk Index from baseline to 12 

months.

GlycA

GlycA is a relatively new marker of systemic inflammation, with increased GlycA 

found to be positively correlated with BMI, insulin resistance, and markers of metabolic 

syndrome.40,41 Moreover, GlycA is shown to be associated with cardiovascular disease 

risk42 and cardiovascular disease events in numerous studies.43–45 We found GlycA 

significantly improved across all of the intervention conditions in this study, which included 

dietary restriction alone or in combination with physical activity.

Few studies have investigated the effects of lifestyle interventions on GlycA levels. The 

STRRIDE-PD trial is one of the first to investigate the effect of an exercise-based lifestyle 

intervention on GlycA.30 They aimed to evaluate how exercise-based lifestyle interventions 

modulate GlycA in persons with prediabetes. Participants (n=169) were randomized to 

one of four, six-month interventions: 1) Low-Amount/Moderate-Intensity, 2) High-Amount/

Moderate-Intensity, 3) High-Amount/Vigorous-Intensity, and 4) Clinical Lifestyle (Diet + 

Low-Amount/Moderate-Intensity). They found GlycA was significantly reduced on average 

by 3% in the High-Amount/Vigorous-Intensity group and by 4% in the Clinical Lifestyle 

intervention.30 Similarly, we found among sedentary, adults with overweight or obesity, and 

normal GlycA levels, dietary restriction alone and in combination with exercise significantly 

reduced GlycA in a 12-month intervention. Given GlycA is a relatively new marker of 

systemic inflammation, our study provides further evidence that weight loss, induced by diet 
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alone or diet in combination with physical activity, provides a beneficial impact on GlycA 

levels among adults with overweight or obesity.

Strengths and Limitations

Strengths of this study include having a randomized design and being one of the first 

lifestyle interventions that compares a diet only intervention to diet in conjunction with 

various amounts of moderate intensity exercise on novel measures of insulin resistance and 

cardiometabolic disease. Further, this study was a 12-month long behavioral weight loss 

intervention, with measures collected at baseline, 6-, and 12 months. Lastly, the behavioral 

weight loss intervention resulted in an average weight loss of approximately 10%, which is 

substantial enough to result in health benefits.

This study has limitations that are important to recognize. This is a secondary analysis, 

meaning the Heart Health study was not specifically designed to test these specific variables. 

This study included participants with a BMI range from 25 to <40 kg/m2, which may 

limit generalizability to individuals with higher or lower BMIs. Further, aside from having 

overweight or obesity, and engaging in low amounts of physical activity, this sample of 

participants was relatively healthy. Thus, whether similar findings would be observed in 

participants who have other risk factors or known cardiometabolic diseases is unable to be 

determined. Moreover, the NMR-based lipoprotein measures investigated were correlated 

within our sample; therefore other, unrelated, measures of cardiometabolic health should 

be investigated in a similar fashion in the future. Lastly, this study prescribed physical 

activity to be at least moderate intensity aerobic exercise and therefore lacks the ability 

to differentiate based on intensity or mode of exercise in conjunction with diet on novel 

biomarkers of insulin resistance and cardiometabolic disease.

CONCLUSION

In conclusion, the HHS was successful in improving biomarkers of insulin resistance and 

cardiometabolic health among sedentary adults with overweight or obesity. Further, the 

addition of at least moderate intensity physical activity in conjunction with diet did not 

provide any further beneficial changes among these biomarkers compared to a diet only 

intervention. These findings highlight the impact weight loss of at least 10% through dietary 

modification, achieved at 6 months and maintained at 12 months, can have on markers of 

insulin resistance and cardiometabolic health, regardless of physical activity participation.
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Study Importance Questions

1. What is already known about this subject

• Weight loss of 5% to 10% achieved via lifestyle intervention is 

effective for improving traditional cardiovascular disease and type 

2 diabetes risk factors including, blood pressure, LDL cholesterol, 

HDL cholesterol, triglycerides, and glucose tolerance.

2. What are the new findings in the manuscript?

• All intervention groups prompted a notable beneficial change 

among biomarkers of insulin resistance and cardiometabolic health, 

including LP-IR score, Diabetes Risk Index score, Total BCAA’s, 

and GlycA.

• The addition of at least moderate intensity physical activity to a diet 

only intervention did not provide any additional benefit on these 

novel biomarkers.

3. How might your results change the direction of research or the focus of 

clinical practice?

• These findings highlight an average weight loss of approximately 

10% profoundly impacts biomarkers of insulin resistance and 

cardiometabolic disease in adults with overweight or obesity.

• Therefore, if improving cardiometabolic disease risk is necessary for 

an individual, emphasizing weight loss, regardless of how the weight 

loss is achieved may be an important direction to focus research.
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Figure 1. 
Least squares mean change in novel insulin resistance and cardiometabolic health 

biomarkers across randomized intervention group. Error bars represent standard error. p 
values are displayed in each panel describing the time effect, group effect, and group by time 

interaction. Panel A: Change in total branched chain amino acid concentration over time; 

Panel B: Change in Lipoprotein Insulin Resistance Index score over time; Panel C: Change 

in Diabetes Risk Index over time; Panel D: Change in GlycA concentration over time.
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