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Background: Lipoprotein Insulin Resistance Index (LP-IR) and Diabetes Risk Index are
novel spectroscopic multimarkers of insulin resistance and type 2 diabetes risk. As the
Studies of a Targeted Risk Reduction Intervention through Defined Exercise (STRRIDE)
randomized trials have previously demonstrated the ability of exercise training to improve
traditional markers of insulin action, the aim of this study was to examine the effects of
exercise amount, intensity, and mode on LP-IR and the Diabetes Risk Index.

Methods: A total of 503 adults with dyslipidemia [STRRIDE I (n = 194), STRRIDE
AT/RT (n = 139)] or prediabetes [STRRIDE-PD (n = 170)] were randomized to control or
one of 10 exercise interventions, ranging from doses of 8–23 kcal/kg/week; intensities
of 50–75% V̇O2peak; and durations of 6–8 months. Two groups included resistance
training and one included dietary intervention (7% weight loss goal). Fasting plasma
samples were obtained at baseline and 16–24 h after the final exercise bout. LP-
IR, the Diabetes Risk Index, and concentrations of the branched chain amino acids
valine and leucine were determined using nuclear magnetic resonance spectroscopy.
LP-IR and the Diabetes Risk Index scores range from 0–100 and 1–100, respectively
(greater scores indicate greater risk). Paired t-tests determined significance within
groups (p < 0.05).

Results: After training, six exercise groups significantly improved LP-IR (ranging from
−4.4 ± 8.2 to −12.4 ± 14.1), and four exercise groups significantly improved the
Diabetes Risk Index (ranging from −2.8 ± 8.2 to −8.3 ± 10.4). The most beneficial
interventions for both LP-IR and the Diabetes Risk Index were low amount/moderate
intensity aerobic, aerobic plus resistance, and aerobic plus diet.
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Summary: Multiple exercise interventions improved LP-IR and the Diabetes Risk Index.
In those with dyslipidemia, adding resistance to aerobic training elicited a synergistic
effect on insulin resistance and type 2 diabetes risk. In individuals with prediabetes,
combining a dietary intervention and weight loss with aerobic training resulted in the
most robust type 2 diabetes risk improvement.

Keywords: biomarkers, cardiometabolic health, glucose homeostasis, lifestyle intervention, lipoproteins, nuclear
magnetic resonance spectroscopy, physical activity

INTRODUCTION

Insulin resistance is one of the core pathophysiologic
contributors to the progression from normoglycemia and/or
prediabetes to type 2 diabetes (Defronzo, 2009). The hallmarks of
insulin resistance include increased fasting insulin and changes
in the lipid profile, such as increased triglycerides and decreased
high density lipoprotein (HDL) cholesterol. Insulin resistance is
also characterized by specific alterations in lipoprotein subclass
and size parameters including increased large very low density
lipoprotein (VLDL), small low density lipoprotein (LDL), and
VLDL size, and decreased large HDL, LDL size, and HDL size
(Frazier-Wood et al., 2012; Shalaurova et al., 2014). Furthermore,
insulin resistance and other obesity-associated conditions –
such as type 2 diabetes and cardiovascular disease – are often
accompanied by dysmetabolism, which can manifest as increased
branched chain amino acid concentrations (Newgard et al.,
2009; Newgard, 2012; Lynch and Adams, 2014; Yoon, 2016;
Holecek, 2018). Alterations in branched chain amino acids
and the lipoprotein profile tend to become exacerbated during
the progression to frank type 2 diabetes. Thus, assessing these
biomarkers clinically not only helps stratify risk for type 2
diabetes, but also monitor disease progression and response to
preventive treatment.

The Lipoprotein Insulin Resistance Index (LP-IR) is a
nuclear magnetic resonance spectroscopy-based multimarker
score calculated from six lipoprotein subclass and size parameters
altered by insulin resistance (Shalaurova et al., 2014). LP-
IR is strongly associated with common measures of insulin
resistance, such as homeostatic model assessment of insulin
resistance (HOMA-IR) and glucose disposal rate calculated from
a hyperinsulinemic-euglycemic clamp (Shalaurova et al., 2014),
and several large observational studies found LP-IR predicts
incident type 2 diabetes (Mackey et al., 2015; Dugani et al., 2016;
Harada et al., 2017; Flores-Guerrero et al., 2019). Combining
LP-IR with the branched chain amino acids valine and leucine
yields the recently developed Diabetes Risk Index, which has
recently been found to enhance type 2 diabetes risk stratification
even among individuals with glucose levels in the normoglycemic
or prediabetic ranges (Flores-Guerrero et al., 2020). As insulin
resistance and dysmetabolism are both related to the progression
to type 2 diabetes (Flores-Guerrero et al., 2018, 2019), the
Diabetes Risk Index provides a simple clinical score to improve
disease risk assessment.

The three Studies of a Targeted Risk Reduction Intervention
through Defined Exercise (STRRIDE) randomized trials provide
a unique opportunity to assess the effects of different amounts,

intensities, and modes of exercise on LP-IR and the Diabetes
Risk Index. STRRIDE I (NCT00200993) investigated the
separate effects of amount and intensity of aerobic exercise
on cardiometabolic risk factors in adults with dyslipidemia.
Subsequently, STRRIDE AT/RT (NCT00275145) examined the
independent and combined effects of aerobic and resistance
exercise on cardiometabolic health. Finally, STRRIDE-PD
(NCT00962962) evaluated the effects of different amounts and
intensities of aerobic exercise – with and without weight loss –
in adults with prediabetes. Notably, STRRIDE-PD included a
group similar to the lifestyle arm of the Diabetes Prevention
Program, which was a multicenter randomized clinical trial
designed to evaluate if weight loss through exercise plus dietary
changes would prevent or delay the onset of diabetes in high
risk individuals (Knowler et al., 2002). Mimicking current clinical
guidelines for prediabetes, this group allowed us to determine
how much of this “gold standard” effect was achieved with
exercise alone. Overall, several STRRIDE interventions improved
traditional markers of insulin action, and the magnitudes of these
improvements were related to the specific amount, intensity, and
mode of exercise performed (Houmard et al., 2004; AbouAssi
et al., 2015; Slentz et al., 2016). Some of the main insulin
action findings resulted from intravenous and oral glucose
tolerance tests (OGTTs), which are costly and require significant
participant commitment. Since LP-IR and the Diabetes Risk
Index are conveniently derived from a single fasted blood
sample, exploring whether these markers are beneficially altered
following structured exercise intervention is clinically important.
Therefore, we sought to determine whether our previously
documented effects of exercise amount, intensity, and mode
extend to these new spectroscopically-derived markers of insulin
resistance and type 2 diabetes risk.

MATERIALS AND METHODS

STRRIDE Study Participants
Changes in markers of insulin action, dysmetabolism, and
diabetes risk were assessed in participants from STRRIDE I
(Kraus et al., 2001), STRRIDE AT/RT (Slentz et al., 2011),
and STRRIDE-PD (Slentz et al., 2016). STRRIDE I (1999–
2003) and STRRIDE AT/RT (2004–2008) enrolled previously
sedentary, overweight or obese men and women with mild-
to-moderate dyslipidemia (classified by LDL-cholesterol: 130–
190 mg/dL or HDL-cholesterol: ≤40 mg/dL for men and
≤45 mg/dL for women). STRRIDE-PD (2009–2012) enrolled
previously sedentary, overweight or obese men and women
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with pre-diabetes (defined by two consecutive fasting glucose
concentrations ≥95 to <126 mg/dL taken 1 week apart).

In STRRIDE I, participants were randomized into one
of four groups for 8 months: (1) inactive control; (2) low
amount/moderate intensity aerobic exercise: 14 kcal/kg of body
weight/week (KKW) at 40–55% peak oxygen consumption
(V̇O2peak); (3) low amount/vigorous intensity aerobic exercise:
14 KKW at 65–80% V̇O2peak; and (4) high amount/vigorous
intensity aerobic exercise: 23 KKW at 65–80% V̇O2peak (Kraus
et al., 2001). In STRRIDE AT/RT, participants were randomized
to one of three groups for 8 months: (1) aerobic training
only: 14 KKW at 65–80% V̇O2peak; (2) resistance training
only: 3 days/week, eight exercises, three sets/exercise, 8–12
repetitions/set; and (3) full combination of the aerobic and
resistance training programs (Slentz et al., 2011). Finally,
in STRRIDE-PD, participants were randomized to one
of four aerobic training groups for 6 months: (1) low
amount/moderate intensity: 11 KKW at 40–55% V̇O2reserve;
(2) high amount/moderate intensity: 17.5 KKW at 40–55%
V̇O2researve; (3) high amount/vigorous intensity: 17.5 KKW at
65–80% V̇O2reserve; and (4) clinical lifestyle, which included
low amount/moderate intensity exercise of 11 KKW at
40–55% V̇O2reserve plus diet to achieve 7% body weight loss
(Slentz et al., 2016).

Both STRRIDE I and AT/RT study protocols were approved
by the institutional review boards at Duke University and
East Carolina University. The STRRIDE-PD study protocol was
approved by the institutional review board at Duke University.
Participants provided both verbal and signed written informed
consent.

Laboratory Measurements
Participants underwent multiple laboratory measures at both
baseline and post-intervention. Body mass and height were
assessed while participants were wearing light clothing and
no shoes.

Under medical supervision, participants completed graded
maximal cardiopulmonary exercise tests on a treadmill with
expired gas analysis (TrueMax Parvomedics; Provo, UT,
United States) and 12-lead electrocardiography. The graded
treadmill test protocol consisted of 2-min stages, starting at
3 mph and 0% grade, and then increased speed and/or grade
by approximately one metabolic equivalent per stage until
the participant reached volitional exhaustion (Duscha et al.,
2005). The same exercise testing protocol was used for all
three STRRIDE trials. To determine V̇O2peak, the two greatest,
consecutive 15-s readings were averaged.

Fasting blood samples were collected at baseline and 16–24 h
after the final exercise bout. For STRRIDE I and STRRIDE AT/RT,
fasting blood samples were obtained from the beginning of a
3-h intravenous glucose tolerance test (IVGTT). Fasting plasma
glucose was determined via a YSI 2300 analyzer (Yellow Springs,
OH, United States) and plasma insulin was determined via
immunoassay (Access Immunoassay System, Beckman Coulter,
Fullerton, CA, United States). HOMA-IR was calculated as
{[fasting insulin (uU/mL) × fasting glucose (mg/dL)]/405}.
Insulin sensitivity index was determined from the IVGTT.

During STRRIDE-PD, fasting blood samples were obtained
from the beginning of a 2-h OGTT. Plasma glucose
concentrations were determined with a Beckman–Coulter
DxC600 clinical analyzer (Brea, CA, United States), plasma
insulin was measured by electrochemiluminescent plate assay
(Meso Scale Discovery, Gaithersburg, MD, United States),
and HOMA-IR was calculated as described above. Matsuda
index was calculated from the OGTT as previously described
(Matsuda and DeFronzo, 1999).

For all three STRRIDE studies, fasted plasma samples were
analyzed on 400 MHz nuclear magnetic resonance Profilers at
LipoScience, now LabCorp (Morrisville, NC, United States), as
previously described (Jeyarajah et al., 2006). The lipoprotein
parameters as well as the branched chain amino acids were
calculated by retrospectively analyzing digitally stored spectra
using the newly developed LP4 algorithm (Wolak-Dinsmore
et al., 2018; Berends et al., 2019; Kinzer et al., 2019; Makri et al.,
2019). As previously described (Shalaurova et al., 2014), LP-IR
is a composite index calculated from the results of the following
six lipoprotein parameters: large VLDL, small LDL, and large
HDL subclass concentrations and VLDL, LDL, and HDL size.
LP-IR scores range from 0 (most insulin sensitive) to 100 (most
insulin resistant). The Diabetes Risk Index is a multimarker
index composed of LP-IR, valine, and leucine. As described
previously (Flores-Guerrero et al., 2020), the Diabetes Risk Index
was developed using logistic regression and prospective type
2 diabetes data from Multi-Ethnic Study of Atherosclerosis
(MESA) (Mackey et al., 2015). Diabetes Risk Index scores range
from 1 to 100, the latter representing those at greatest risk for
type 2 diabetes.

Intervention Details
For the aerobic training groups, participants underwent an initial
ramp period of 2–3 months to allow gradual adaptation to
their exercise prescription. The ramp period was followed by
four to six additional months of training at the appropriate
exercise prescription. Prescribed exercise intensity was based on
each participant’s baseline cardiopulmonary exercise test results.
Aerobic exercise modes included primarily treadmills, as well as
elliptical trainers, cycle ergometers, or any combination of these.

The ramp period for the resistance training groups started
with one set during weeks 1–2, two sets during weeks 3–
4, and built up to the three-set prescription on week 5. The
prescription included three sessions per week (non-consecutive
days) of three sets of 8–12 repetitions on eight Cybex weight-
lifting machines, designed to target all major muscle groups. To
ensure a progressive stimulus throughout the intervention, the
amount of weight lifted was increased by 2.75 kg each time the
participant properly performed 12 repetitions on all three sets
during two consecutive workout sessions.

Exercise intensity and duration for all aerobic exercise sessions
were verified by direct supervision and/or with the use of
downloadable heart rate monitors (Polar Electro, Woodbury, NY,
United States). Aerobic training adherence was calculated for
each participant as the number of minutes completed within the
prescribed heart rate range, divided by the number of total weekly
minutes prescribed. Resistance training sessions were verified
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by direct supervision and/or the FitLinxx Strength Training
Partner (FitLinxx, Norwalk, CT, United States). The “training
partner” automatically sent data from each session to the FitLinxx
server computer. The computers recorded total weight lifted
via laser weight plate detection and total number of repetitions
(which were only counted when participants lifted through
the full range of motion), and finally, speed of weight lifting
motion was monitored and alerts were given when participants
lifted too quickly.

Participants in the clinical lifestyle group in STRRIDE-PD
received an intervention modeled after the Diabetes Prevention
Program (Knowler et al., 2002). This group was designed to
achieve 7% weight loss via energy-intake restriction, low-fat diet,
and exercise. These participants attended four initial counseling
sessions, followed by 12 bi-weekly intensive group sessions
adapted from the Diabetes Prevention Program manual.

Statistical Analyses
Participants who completed the intervention and had pre-
and post-intervention fasting plasma samples available for
analysis were included (n = 503). Baseline characteristics
were summarized as either means and standard deviations
(continuous variables) or frequencies (categorical variables).
Paired t-tests determined post- minus pre-intervention change
score significance within groups. Cohort-specific analysis of
covariance (ANCOVA), with baseline values used as covariates,
determined differences among groups. A p-value of 0.05 was used
to indicate statistical significance. Analyses were performed using
SAS version 9.4 (SAS Institute, Cary, NC, United States).

RESULTS

Baseline characteristics for each of the three STRRIDE cohorts
are presented in Table 1. Overall, participants from STRRIDE I
(n = 194; 47.9% female; 79.9% Caucasian) were 52.4 ± 6.2 years
old and had a body mass index (BMI) of 29.7 ± 3.0 kg/m2,
an average total branched chain amino acid concentration of
396.3 ± 98.6 µmol/L, and mean LP-IR and Diabetes Risk Index
scores of 54.8 ± 25.0 and 42.6 ± 20.0, respectively. Participants
from STRRIDE AT/RT (n= 139; 56.1% female; 84.8% Caucasian)
were 48.9 ± 10.3 years old and had a BMI of 30.5 ± 3.3 kg/m2,
an average total branched chain amino acid concentration of
405.2 ± 82.0 µmol/L, and mean LP-IR and Diabetes Risk Index
scores of 52.2 ± 23.6 and 44.1 ± 18.0, respectively at baseline.
Overall, STRRIDE-PD participants (n = 170; 60.6% female;
78.2% Caucasian) were 59.3 ± 7.5 years old and had a BMI of
30.3 ± 2.8 kg/m2. In addition, STRRIDE-PD participants had a
baseline average total branched chain amino acid concentration
of 383.9± 72.9 µmol/L, and mean LP-IR and Diabetes Risk Index
scores of 55.5 ± 21.4 and 38.7 ± 17.1, respectively. Within each
STRRIDE cohort, there were no significant differences among
intervention groups at baseline for the aforementioned variables.

Figure 1 displays change scores across all groups for LP-
IR. The inactive control group did not significantly change
LP-IR. After training, six of the 10 exercise groups significantly
improved LP-IR, ranging from −4.4 ± 8.2 to −12.4 ± 14.1

TABLE 1 | Baseline characteristics for STRRIDE I, STRRIDE AT/RT, and
STRRIDE-PD participants.

STRRIDE I STRRIDE AT/RT STRRIDE-PD

Sample size, n 194 139 170

Female,% 47.9 56.1 60.6

White,% 79.9 84.8 78.2

Age, years 52.4 (6.2) 48.9 (10.3) 59.3 (7.5)

BMI, kg/m2 29.7 (3.0) 30.5 (3.3) 30.3 (2.8)

Peak V̇O2, mL/kg/min 28.1 (5.9) 27.3 (6.0) 24.5 (5.1)

Total cholesterol, mg/dL 210.5 (37.6) 191.8 (32.8) 174.0 (27.3)

LDL cholesterol, mg/dL 129.0 (29.8) 112.7 (24.7) 98.9 (20.5)

HDL cholesterol, mg/dL 48.4 (13.1) 48.3 (12.3) 46.9 (12.2)

Triglycerides, mg/dL 158.6 (98.1) 133.9 (69.5) 128.8 (70.8)

Fasting glucose, mg/dL 93.0 (10.3) 96.4 (11.9) 105.6 (9.7)

Insulin sensitivity index,
mU/L/min

3.6 (2.4) 5.1 (4.7) -

Matsuda index - - 5.2 (3.2)

HOMA-IR 2.1 (1.5) 2.1 (1.2) 2.0 (1.4)

LP-IR 54.8 (25.0) 52.2 (23.6) 55.5 (21.4)

Diabetes Risk Index 42.6 (20.0) 44.1 (18.0) 38.7 (17.1)

Total BCAA, µmol/L 396.3 (98.6) 405.2 (82.0) 383.9 (72.9)

Valine, µmol/L 210.0 (49.2) 227.8 (36.3) 220.2 (37.8)

Leucine, µmol/L 147.1 (43.7) 121.1 (33.9) 117.9 (26.3)

Values listed as means (standard deviation). BCAA, branched chain amino acids;
BMI, body mass index; HDL, high density lipoprotein; HOMA-IR, homeostatic
model assessment of insulin resistance; LDL, low density lipoprotein; LP-IR,
Lipoprotein Insulin Resistance Index.

points. In STRRIDE I, all three aerobic training programs resulted
in significant decreases in LP-IR. The low amount/moderate
intensity aerobic exercise group had the greatest improvement in
LP-IR (−9.3 ± 15.5 points; p = 0.0003), which was significantly
different from the inactive control group (−0.3 ± 17.4 points;
p = 0.9) (p = 0.04 for difference among groups). In STRRIDE
AT/RT, the aerobic plus resistance training program resulted in
a robust LP-IR improvement (−10.1 ± 16.8 points; p = 0.0003),
which was significantly different from the resistance training only
group (−1.7 ± 14.0 points; p = 0.39) (p = 0.04 for difference
among groups). In STRRIDE-PD, the clinical lifestyle program
resulted in the most robust LP-IR change (−12.4 ± 14.1 points;
p < 0.0001), and this change was significantly greater than all
other groups (p = 0.0009 for difference among groups). Both of
the high amount aerobic exercise groups had similar magnitudes
of change; however, only the high amount/vigorous intensity
group reached statistical significance [high amount/vigorous
intensity:−4.4± 8.2 points (p= 0.0016); high amount/moderate
intensity:−4.4± 16.2 points (p= 0.07)].

Across all three STRRIDE cohorts, the only group to
experience a significant change in total branched chain amino
acid concentration was the clinical lifestyle group from
STRRIDE-PD (−16.2± 50.9 µmol/L; p= 0.043). When assessing
the concentrations of valine and leucine individually, no group
experienced a significant change (Table 2).

Change scores across all groups for the Diabetes Risk Index
are shown in Figure 2. The inactive control group did not
significantly change the Diabetes Risk Index. After training, four
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FIGURE 1 | Change in Lipoprotein Insulin Resistance Index (LP-IR) following intervention across all groups from STRRIDE I, STRRIDE AT/RT, and STRRIDE-PD.
Moderate and vigorous refer to prescribed aerobic exercise intensity. Prescribed amount of exercise represented by kcal/kg of body weight/week (KKW). *Denotes
significant within-group change following intervention.

of the 10 exercise groups significantly improved the Diabetes
Risk Index, ranging from −2.8 ± 8.2 to −8.3 ± 10.4 points.
In STRRIDE I, both low amount/moderate intensity and low
amount/vigorous intensity groups improved the Diabetes Risk
Index (−4.7 ± 14.4 points, p = 0.036; −2.6 ± 8.9 points,
p = 0.052, respectively); however, these changes were only
statistically significant for the low amount/moderate intensity
group. In STRRIDE AT/RT, only the aerobic plus resistance
training group experienced a significant beneficial change in the
Diabetes Risk Index (−6.2 ± 11.0 points; p = 0.0007). Finally,
in STRRIDE-PD, both the high amount/vigorous intensity group
(−2.8 ± 8.2 points; p = 0.039) and the clinical lifestyle
group (−8.3 ± 10.4 points; p < 0.0001) experienced significant
decreases in the Diabetes Risk Index. The change in the clinical
lifestyle group was significantly greater than the change in both
the moderate intensity groups [low amount/moderate intensity:
−0.6 ± 10.0 points (p = 0.71); high amount/moderate intensity:
−1.4± 11.5 points (p= 0.43)].

DISCUSSION

The STRRIDE trials provided a unique opportunity to assess the
effects of 10 distinct exercise interventions on LP-IR and the
Diabetes Risk Index, two nuclear magnetic resonance-derived
multimarkers of insulin resistance and type 2 diabetes risk. Across
all three studies, a majority of the STRRIDE interventions elicited
notable beneficial changes in LP-IR, as six interventions resulted
in significant improvements. Additionally, four interventions
significantly improved Diabetes Risk Index scores. As both LP-IR
and the Diabetes Risk Index were sensitive to change following
exercise training, our findings highlight the clinical utility of
these novel multimarkers to assess alterations in disease risk with
lifestyle intervention.

Our findings from STRRIDE I and STRRIDE-PD suggest
differential aerobic exercise training effects based upon glycemic

status. For STRRIDE I, which consisted of participants with
dyslipidemia and normal blood glucose concentrations, the low
amount/moderate intensity intervention was the most beneficial
training program for both LP-IR and the Diabetes Risk Index.
Conversely, the effect of the low amount/moderate intensity
intervention in STRRIDE-PD was negligible for both outcomes.
For participants with prediabetes, a greater amount of aerobic
exercise was needed to elicit improvements in LP-IR and the
Diabetes Risk Index in the absence of dietary intervention.
Thus, for those with a glycemic status closer to type 2 diabetes,
changing insulin resistance and type 2 diabetes risk may be more
challenging with aerobic exercise alone.

The clinical lifestyle group in STRRIDE-PD mimicked the
Diabetes Prevention Program, allowing us to investigate how
much of the “gold standard” effect is attained with different
amounts, intensities, and modes of exercise. STRRIDE-PD’s most
effective exercise-only intervention for LP-IR and the Diabetes
Risk Index – high amount/vigorous intensity aerobic training –
achieved only 35.5 and 33.7% of the clinical lifestyle results.
Notably, greater magnitudes of the clinical lifestyle effect were
observed in STRRIDE I and STRRIDE AT/RT. STRRIDE I’s low
amount/moderate intensity aerobic intervention produced 75.0
and 56.6% of the clinical lifestyle effect for LP-IR and the Diabetes
Risk Index. In STRRIDE AT/RT, the aerobic plus resistance
training intervention resulted in 81.5 and 74.7% of the clinical
lifestyle effect for LP-IR and the Diabetes Risk Index. Thus,
achieving a large proportion of the “gold standard” effect with
exercise alone may require intervention earlier in the progression
to type 2 diabetes.

Across the STRRIDE trials, the training effects observed
for LP-IR reflect previously published findings on traditional
markers of insulin action (e.g., fasting insulin, HOMA-IR, insulin
sensitivity index from IVGTT, and Matsuda index from OGTT)
(Houmard et al., 2004; AbouAssi et al., 2015; Slentz et al.,
2016). As expected, baseline LP-IR was moderately correlated
with baseline HOMA-IR, insulin sensitivity index, the reciprocal
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TABLE 2 | Baseline and change from baseline in LP-IR, BCAA, and Diabetes Risk Index within the various intervention groups in (A) STRRIDE I, (B) STRRIDE AT/RT, and (C) STRRIDE-PD.

A Inactive control Low amount/moderate Low amount/vigorous High amount/vigorous

(n = 53) intensity (n = 44) intensity (n = 48) intensity (n = 49)

Baseline Change p value Baseline Change p value Baseline Change p value Baseline Change p value

LP-IR 53.1 ± 25.2 −0.3 ± 17.4 0.90 60.0 ± 25.0 −9.3 ± 15.5 0.0003 52.1 ± 25.4 −5.2 ± 15.9 0.03 54.7 ± 24.3 −6.1 ± 13.8 0.003

Total BCAA 380.4 ± 102.2 2.2 ± 67.7 0.81 393.4 ± 99.8 −4.6 ± 76.5 0.69 405.0 ± 87.0 0.9 ± 65.9 0.93 407.8 ± 104.8 10.7 ± 68.6 0.28

Valine 200.0 ± 49.4 3.6 ± 38.7 0.50 213.8 ± 48.3 −2.5 ± 43.5 0.71 212.3 ± 44.6 3.2 ± 37.4 0.56 215.4 ± 53.8 4.1 ± 44.6 0.52

Leucine 141.7 ± 46.7 −0.6 ± 26.3 0.86 141.3 ± 43.4 −1.6 ± 29.0 0.72 152.0 ± 39.8 −1.6 ± 25.6 0.67 153.1 ± 44.3 3.2 ± 22.3 0.32

DRI 39.9 ± 21.3 −0.2 ± 12.0 0.92 43.7 ± 18.3 −4.7 ± 14.4 0.036 43.0 ± 20.0 −2.6 ± 8.9 0.052 44.2 ± 20.4 −1.5 ± 12.2 0.41

B RT only (n = 50) AT only (n = 46) AT/RT (n = 43)

Baseline Change p value Baseline Change p value Baseline Change p value

LP-IR 48.7 ± 24.4 −1.7 ± 14.0 0.39 54.0 ± 25.5 −4.8 ± 17.2 0.07 54.3 ± 20.4 −10.1 ± 16.8 0.0003

Total BCAA 394.0 ± 84.0 −3.7 ± 66.3 0.70 410.6 ± 77.5 0.6 ± 57.8 0.94 412.5 ± 84.7 −13.3 ± 69.7 0.22

Valine 223.7 ± 36.3 0.9 ± 33.4 0.85 230.7 ± 36.4 4.0 ± 36.4 0.46 229.5 ± 36.6 −3.6 ± 36.3 0.52

Leucine 115.5 ± 36.4 −1.7 ± 28.9 0.68 124.0 ± 33.0 −3.7 ± 26.6 0.35 124.5 ± 31.7 −3.5 ± 26.4 0.39

DRI 40.8 ± 18.2 −0.8 ± 12.2 0.63 45.9 ± 19.2 −2.9 ± 11.9 0.10 46.0 ± 16.3 −6.2 ± 11.0 0.0007

C Low amount/moderate High amount/moderate High amount/vigorous Clinical lifestyle

intensity (n = 42) intensity (n = 45) intensity (n = 40) Clinical lifestyle (n = 43)

Baseline Change p value Baseline Change p value Baseline Change p value Baseline Change p value

LP-IR 54.5 ± 22.4 −0.6 ± 13.9 0.78 55.2 ± 22.6 −4.4 ± 16.2 0.07 55.2 ± 22.4 −4.4 ± 8.2 0.0016 57.1 ± 18.3 −12.4 ± 14.1 <0.0001

Total BCAA 379.0 ± 63.5 −2.8 ± 52.2 0.73 383.0 ± 73.7 2.9 ± 46.6 0.68 386.7 ± 71.1 −6.0 ± 46.2 0.42 387.2 ± 83.9 −16.2 ± 50.9 0.043

Valine 216.3 ± 33.8 −3.5 ± 32.0 0.49 221.4 ± 36.7 2.2 ± 29.4 0.62 223.1 ± 39.6 −1.6 ± 28.5 0.73 219.9 ± 41.8 −6.3 ± 31.8 0.20

Leucine 117.4 ± 21.8 1.3 ± 21.2 0.70 117.5 ± 29.2 0.9 ± 22.6 0.78 117.7 ± 23.5 −0.8 ± 19.8 0.81 118.8 ± 30.1 −6.1 ± 21.5 0.07

DRI 37.9 ± 16.8 −0.6 ± 10.0 0.71 38.5 ± 18.3 −1.4 ± 11.5 0.43 39.1 ± 17.1 −2.8 ± 8.2 0.039 39.2 ± 16.8 −8.3 ± 10.4 <0.0001

Results with p values < 0.05 are in bold. AT, aerobic training; AT only exercise prescription equivalent to Low Amount/Vigorous Intensity group from STRRIDE I; AT/RT, aerobic plus resistance training group; BCAA,
branched chain amino acids (µmol/L); DRI, Diabetes Risk Index; LP-IR, Lipoprotein Insulin Resistance Index; PD, prediabetes; RT, resistance training.
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FIGURE 2 | Change in Diabetes Risk Index following intervention across all groups from STRRIDE I, STRRIDE AT/RT, and STRRIDE-PD. Moderate and vigorous refer
to prescribed aerobic exercise intensity. Prescribed amount of exercise represented by kcal/kg of body weight/week (KKW). *Denotes significant within-group
change following intervention.

of insulin sensitivity index (i.e., 1/insulin sensitivity index as a
proxy of insulin resistance), and Matsuda index (Supplementary
Table 1). Consistent with previously reported correlations of LP-
IR with HOMA-IR and glucose disposal rate (Shalaurova et al.,
2014), the strength of these associations illustrate the various
mechanisms of overall insulin resistance each measurement
assesses. In STRRIDE I, all three of the aerobic training
interventions elicited beneficial reductions in LP-IR, while LP-
IR in the inactive control group did not change (Figure 1).
Similarly, all three aerobic interventions significantly reduced
fasting insulin and HOMA-IR, and improved insulin sensitivity
index. On the other hand, the inactive control group experienced
significant worsening of fasting insulin and HOMA-IR, and
no change in insulin sensitivity index (Houmard et al., 2004).
IVGTT-derived measures of insulin sensitivity are considered
to reflect skeletal muscle or peripheral insulin sensitivity, while
HOMA-IR is thought to reflect hepatic insulin sensitivity
(DeFronzo and Tripathy, 2009). The pattern of response of LP-
IR reflects that of IVGTT-derived insulin sensitivity in STRRIDE
I; however, change in LP-IR was not correlated with change in
insulin sensitivity index (ρ = −0.12; p = 0.10; Supplementary
Table 1). Thus, the lipoprotein-based marker LP-IR most likely
reflects another mechanism of insulin resistance – adipose tissue
insulin resistance – where the presence of high insulin levels
impairs the suppression of lipolysis (Gastaldelli et al., 2017).
Subsequently, the elevated levels of free fatty acids can impair
muscle signaling, promote hepatic gluconeogenesis, and impair
glucose-stimulated insulin response, which impact the transition
from normal glucose tolerance to type 2 diabetes (Ferrannini
et al., 1983; Roden et al., 1996, 2000; Kashyap et al., 2003;
Belfort et al., 2005; Allister et al., 2015). The same pattern
of response was observed when assessing our findings from
STRRIDE AT/RT. We found the combination of aerobic plus
resistance training resulted in a notable synergistic effect on
LP-IR, which mimicked the robust, synergistic effect previously

documented for the IVGTT-derived insulin sensitivity index
(AbouAssi et al., 2015). Similar to STRRIDE I, there was a
weak correlation between change in LP-IR with change in
insulin sensitivity index (ρ = −0.22; p = 0.02; Supplementary
Table 1). This is an important finding and confirms the concept
of preferential tissue-specificity of the LP-IR effect. Finally, in
STRRIDE-PD, incorporating dietary intervention with aerobic
training resulted in the most robust improvement in LP-IR;
without dietary intervention, a greater amount of aerobic exercise
was required to elicit a beneficial LP-IR change in those with
prediabetes. We observed similar patterns for fasting insulin and
HOMA-IR. However, LP-IR findings did not mirror the patterns
of response for OGTT-derived markers, as all four intervention
groups experienced significant improvements in insulin area
under the curve and Matsuda index (Slentz et al., 2016). Further
analysis showed that change in LP-IR was weakly correlated with
change in Matsuda index (ρ=−0.32; p < 0.0001; Supplementary
Table 1). Likely, these differences in measures reflect that OGTTs
assess more complex, integrated physiology capturing hepatic
and muscle insulin sensitivities, as well as influences of gut
hormones and neurotransmitters (Ahren et al., 2008). Thus,
improvements in any of these components will be reflected in
beneficial OGTT changes, while other measures, including LP-
IR, are more specific. In summary, LP-IR adaptations likely reflect
improvements in the adipose tissue-related mechanism of insulin
action, which contributes to both skeletal muscle and hepatic
mechanisms to improve whole-body insulin sensitivity.

As only four STRRIDE interventions resulted in significant
Diabetes Risk Index improvements (Figure 2), the changes
in the scores were not as consistent as those observed for
LP-IR. Among the groups experiencing significant reductions
in the Diabetes Risk Index, the response appeared to be driven
largely by decreases in insulin resistance (LP-IR), but not by
dysmetabolism (branched chain amino acids). Only the clinical
lifestyle group, which incorporated dietary intervention and
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weight loss, exhibited reductions in both Diabetes Risk Index
components (LP-IR and branched chain amino acids). Although
we expected weight loss to be an important contributor to
changes in plasma branched chain amino acid concentrations
(Felig et al., 1969), we did not expect null findings across all of
the exercise-only intervention groups. The greatest weight loss in
any of the exercise-only groups was 2.2% on average (data not
shown). The clinical lifestyle group exhibited an average 7.1%
reduction in body weight; however, their reduction in branched
chain amino acid concentration was just beyond the statistical
significance level. Thus, weight reduction greater than 7.0% may
be required in lifestyle interventions that include exercise, diet,
or combination thereof in order to elicit a significant reduction
in branched chain amino acids.

As demonstrated by the standard deviations in Table 2,
the mean changes in LP-IR and the Diabetes Risk Index
corresponded to a relatively high variability of response across
groups. Although heterogeneity is expected and characteristic of
a Gaussian distribution, we created waterfall plots to assess the
distribution of individual responses of LP-IR and the Diabetes
Risk Index. In STRRIDE AT/RT, the aerobic plus resistance
training group significantly and robustly improved LP-IR at
the group level, while the aerobic and resistance training only
groups did not significantly change from baseline. However,
when plotting individual change scores ordered by magnitude of
change, all three groups display a broad range of responses, from
positive to negative (Supplementary Figure 1); even the group
with the greatest average improvement included participants who
either had no significant improvement or a worsening of LP-
IR (Supplementary Figure 1C). The same pattern is observed
when assessing the individual change scores for the Diabetes Risk
Index across the four groups in STRRIDE-PD; even the clinical
lifestyle group with the robust average improvement included
participants with either no change or a worsening of score
(Supplementary Figure 2D). Despite an overall broad range of
responsiveness, the waterfall plots illustrate that – as compared to
the other groups in their respective cohorts – a larger proportion
of participants in the aerobic plus resistance and clinical lifestyle
groups fell within the distribution of beneficial responses for
LP-IR and the Diabetes Risk Index.

Previous studies have demonstrated the comparability of LP-
IR to traditional markers for determining a patient’s insulin
resistance state (Mackey et al., 2015; Dugani et al., 2016; Harada
et al., 2017; Flores-Guerrero et al., 2019). However, only one
study has assessed the effects of comprehensive lifestyle programs
incorporating exercise on LP-IR. Ellsworth et al. (2016) evaluated
two clinical lifestyle programs – differing in dietary stringency,
exercise intensity, and time commitment – in patients with type
2 diabetes, coronary artery disease, or significant cardiometabolic
risk factors. At the end of the year-long programs, the “intensive”
and “moderate” interventions led to 13.3 and 8.8% reductions in
LP-IR, respectively; for comparison, our STRRIDE interventions
resulted in significant LP-IR reductions between 8.0 and 21.8%.
Interestingly, Ellsworth et al. (2016) did not find a significant
correlation between change in exercise minutes per week during
the intervention and change in LP-IR (r = −0.112; p = 0.138).
However, both clinical lifestyle programs relied on self-reported

data and did not employ a structured exercise program.
Therefore, we are the first to investigate the effects of supervised
exercise interventions on both LP-IR and the Diabetes Risk Index.

Strengths and Limitations
Hypertriglyceridemia resulting from reasons other than insulin
resistance (e.g., familial combined hyperlipidemia) may possibly
cause elevated LP-IR and/or the Diabetes Risk Index scores in
the absence of clinical insulin resistance. However, as the average
baseline fasting triglyceride levels were modest, ranging from
128.8 ± 70.8 mg/dL (STRRIDE-PD) to 158.6 ± 98.1 mg/dL
(STRRIDE I) across the three cohorts, many participants in
STRRIDE presenting with this clinical scenario as a cause of
elevated LP-IR or the Diabetes Risk Index is unlikely. For
change in LP-IR, we were unable to detect the distinct amount
and intensity effects originally documented for STRRIDE I’s
individual lipid and lipoprotein outcomes, possibly because LP-
IR is a multimarker composed of six lipoprotein parameters
that respond differently to exercise amount and intensity. For
example, greater amounts of aerobic exercise drive improvements
in HDL particles, while moderate intensity aerobic exercise
is more beneficial for VLDL particles compared to vigorous
intensity exercise (Kraus et al., 2002). Although the individual
effects of exercise amount and intensity may not be discernible
in the multi-component biomarker of LP-IR, the change in the
composite score clearly reflects the net result of several exercise
intervention effects, demonstrated by the fact that all aerobic
interventions in STRRIDE I significantly improved LP-IR.

Aerobic exercise prescriptions were calculated at 50 and 75%
of V̇O2peak (STRRIDE I and STRRIDE AT/RT) or V̇O2reserve
(STRRIDE-PD) for moderate and vigorous intensity exercise
groups – the middle upper percentages of the prescribed intensity
ranges. For intervention feasibility, participants exercised within
a target heart rate range that corresponded to their intensity
prescription (Kraus et al., 2001). We recognize the inherent
individual variability of V̇O2 kinetics; thus, normalizing exercise
intensity based on V̇O2peak may not have resulted in homogenous
moderate or vigorous intensity exercise classifications for all
participants within their respective groups (Iannetta et al., 2020).

LP-IR and the Diabetes Risk Index were developed to address
the clinical need for simple, cost-effective diagnostic tools for
early identification of patients at greater risk for type 2 diabetes
development. As LP-IR and the Diabetes Risk Index were
sensitive to change following exercise intervention, our study
demonstrates the added clinical value of utilizing these new
multimarkers to monitor disease progression.

We also recognize that LP-IR and the Diabetes Risk Index
are primarily markers of type 2 diabetes risk. As the STRRIDE
studies were not diabetes outcomes studies, we can only infer the
effects of the interventions on true type 2 diabetes incidence and
progression. However, our group is currently conducting a series
of long-term follow-up studies on the STRRIDE cohorts (i.e., the
STRRIDE Reunion studies), which include medical histories and
fasted plasma samples approximately 10 years after STRRIDE
participation. These Reunion studies will allow us to ascertain
type 2 diabetes prevalence, examine whether baseline LP-IR and
the Diabetes Risk Index are related to future type 2 diabetes
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development, and investigate legacy effects of the different
interventions on 10-year LP-IR and Diabetes Risk Index scores.

CONCLUSION

Overall, our results show the power of multiple exercise
interventions – varying in amount, intensity, and mode – to
improve both LP-IR and Diabetes Risk Index scores, with LP-
IR exhibiting greater sensitivity to change. Adding resistance
to aerobic training elicited the greatest beneficial effect for
individuals with dyslipidemia and normal glycemic status. For
those with prediabetes, incorporating dietary intervention with
aerobic training resulted in the most robust improvements in LP-
IR and the Diabetes Risk Index. Ultimately, our results not only
provide evidence for the clinical utility of these multimarkers
to assess state of insulin resistance and type 2 diabetes risk,
but also demonstrate the profound impact different exercise
interventions can have on both traditional and novel markers of
cardiometabolic disease risk.
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Supplementary Figure 1 | Distribution of individual responses for change in
Lipoprotein Insulin Resistance Index (LP-IR) following 8 months of exercise training
in STRRIDE AT/RT. Each bar represents an individual participant’s change score.
(A) Aerobic training only, (B) resistance training only, and (C) aerobic plus
resistance training.

Supplementary Figure 2 | Distribution of individual responses for change in
Diabetes Risk Index following 6 months of exercise training in STRRIDE-PD. Each
bar represents an individual participant’s change score. (A) Low amount/moderate
intensity aerobic training, (B) high amount/moderate intensity aerobic training, (C)
high amount/vigorous intensity aerobic training, and (D) low amount/moderate
intensity aerobic training plus diet.
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