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ABSTRACT

Background. Weight loss improves insulin sensitivity and liver fat but reduces lean mass. Whether reductions
in intermuscular adipose tissue (IMAT) exceed muscle loss and how these effects compare with endurance
exercise training without weight loss remains unclear.

Methods. In a 12-week randomized intervention, forty-six individuals with obesity were assigned to weight loss
(WL - age 39.7+1.3; BMI 35.2+0.9; W/M 8/9), endurance exercise training without weight loss (EX - age
39.7+1.6; BMI 36.0+1.1; W/M 8/8), or delayed-control intervention groups (age 39.8+1.4; BMI<36.8+1.3; W/M
6/7). Changes in IMAT volume, skeletal muscle mass, and liver fat measured by MRI; insulin sensitivity
assessed by hyperinsulinemic—euglycemic clamp; and plasma lipidomics and metabolomics by LC-MS based
methods.

Results. WL reduced body weight (-10.5%; p<0.001), liver steatosis (-33.1%; p<0.0001),"and IMAT volume (-
12.7%; p<0.0001), while improving insulin sensitivity (42%; p=0.004). IMAT decreased significantly more than
skeletal muscle mass (-4.2%, p=0.17), indicating improved muscle quality..EX increased insulin sensitivity
(23%; P=0.04) and VO,peak (7.6%; p<0.001) but did not significantly change IMAT or liver fat. DXA
overestimated muscle loss compared with MRI. WL decreased plasma. sphingolipids and diacylglycerols,
whereas EX reduced acylcarnitines. Plasma triacylglycerols and branched-chain amino acids were strongly
correlated with liver fat, and triacylglycerols showed the strongest association with IMAT volume.

Conclusions. Weight loss is more effective than endurance exercise training without weight loss for reducing
IMAT and liver steatosis, with IMAT loss exceeding muscle loss..Plasma lipids and metabolites signatures are
associated with liver fat and IMAT, supporting their potential utility as non-invasive biomarkers.



INTRODUCTION

Loss of muscle mass during weight loss is attracting considerable attention with new anti-obesity
medications, and there is concern whether the loss of muscle mass is appropriate or more dramatic than expected
for the amount of weight lost (1). Weight loss is known to decrease muscle mass, and several reports also showed
decreased intermuscular adipose tissue (IMAT) content (2-4). However, the relative change in IMAT compared to
muscle mass is less clear. Weight loss may improve muscle quality, if the decrease in IMAT outpaces the loss of
muscle mass (3), yet this is not a consistent observation (5). The most effective lifestyle intervention to decrease
IMAT is also not clear. Caloric restriction with or without exercise training resulted in similar decreases in IMAT
content (5,6). Yet weight loss and exercise training have also been reported not.to change IMAT content (7).
Exercise training alone has also been reported to decrease IMAT (8,9), prevent its accumulation over time (10-12),
or not change IMAT content (13). Differences between these reports, such as duration and amount of weight loss,
duration and intensity of exercise training, as well as population differences between studies may help explain
variable responses in the literature. Combined, the independent effects of weight loss and exercise training on

IMAT content are unclear.

In patients with Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD), weight loss and
exercise training decrease hepatic fat and.are the foundation for lifestyle interventions (14,15). Weight loss alone
consistently decreases hepatic fat inindividuals without existing liver disease with the amount of weight lost
predicting the decrease in"hepatic fat fraction (16,17). In individuals without MASLD, exercise training can decrease
hepatic fat independent of weight loss (18,19), yet this is not a universal finding (20). However, in individuals with
obesity without documented liver disease, direct comparisons of the change in hepatic fat with weight loss and
exercise training are less common. Several studies found that adding exercise to a weight loss intervention does
not result in further reductions in hepatic fat and that weight loss plays a more important role (21,22). Further,
there is considerable interest in developing plasma biomarkers that can predict changes in liver fat content without

the need for expensive MRI test or invasive liver biopsies (23).



We hypothesized that weight loss, compared with exercise training alone or control, would lead to greater
reductions in IMAT and hepatic fat and that these changes would be reflected in plasma lipidomic and
metabolomic profiles. Accordingly, we measured changes in IMAT, muscle mass, and hepatic fat fraction before
and after insulin-sensitizing lifestyle interventions in individuals with obesity and identified circulating lipids and

metabolites associated with IMAT and liver steatosis.

MATERIALS AND METHODS

Participants

Forty-six men and women with obesity, with and without pre-diabetes or type 2 diabetes, completed this
study (Table 1). Participants gave written informed consent and exclusion criteria included a body mass index (BMI)
<30 or >40 kg/m?, fasting triglycerides >150 mg/dL, or liver; kidney, thyroid, or lung disease. Participants were 29 to
50 years old, sedentary (<1 hour/week planned physical.activity), and weight stable (<5 lb weight change) for at
least 6 months prior to enrollment. Medication usewas stable for participants in this study and included:
SSRI/NDRI - 15, ACE inhibitors — 2, Thiazide diuretics — 1, Statins — 3, metformin — 1, Beta blockers — 2, proton pump
inhibitors — 4. This study was approved by the Colorado Multiple Institution Review Board at the University of

Colorado Denver and is registered on ClinicalTrials.gov (NCT03077360).

Overall Study Design

Participants were randomized into one of three groups including a 12-week weight loss only (WL), exercise
training intervention without weight loss (EX), or delayed intervention control. Preliminary testing included MRI for
upper leg'muscle mass, IMAT content, and hepatic fat fraction, as well as upper leg muscle strength testing. After
preliminary testing, a standardized diet was provided for 3 days prior to completing a standard 3-hour
hyperinsulinemic/euglycemic clamp. After the 12-week intervention, all pre-intervention testing was repeated.
Prior to the post-intervention testing, individuals in the exercise training intervention refrained from exercise for 48

hours and individuals in the weight loss intervention were weight stabilized for 2 weeks.



Preliminary Testing

Screening occurred at the University of Colorado Anschutz Clinical Translational Research Center (CTRC)
following a 12-hour overnight fast. Participants underwent a review of medical history, physical examination,
fasting blood draw, and body composition assessment by DXA analysis (Lunar DPX-1Q, Lunar Corporation,

Madison, WI). A 3-day dietary history was collected using the DHQII validated dietary questionnaire.

MRI

A mutlti-slice MRl was used to quantify IMAT and muscle content in both upper legs (~20 axial images, 10
mm thickness) with 10 mm spacing between images starting superior to the patella (Siemans, Skyra 3Tesla).
Muscle volume was quantified using standard methods with anatomical cross-sectional area evaluated in each T1
weighted, high resolution, gradient echo profile scan, and multiplied by thelength of the muscle as described
previously (24). IMAT was quantified using the validated Sirlin 6-echo method and normalized to muscle volume
(25,26). Hepatic fat fraction (HFF) was quantified with'an abdominal MRI using an MRI-PDFF methodology based
on the Dixon method (27). Briefly, hepatic imaging was acquired using a multi-breath-hold gradient echo sequence
covering the whole liver. Fat fraction maps‘were generated in OsiriX using the Lipoquant plug-in and HFF was

calculated as the weighted average_ of the'mean fat fraction for all slices.

Muscle Strength Testing

Upper leg muscle strength testing was performed using an isokinetic dynamometer (Cybex NORM,
Computer Sports Medicine, Stoughton, MA, USA) with isokinetic, concentric knee extension and flexion measured
at 60°/sec from 100° of knee flexion to 0°. After practice trials for familiarization, participants completed four
maximal efforts through their full range of motion. Peak torque measurements were recorded to measure

maximum voluntary strength of the knee extensors.

VOypeak Testing
VO2zpeak was determined by indirect calorimetry during a Balke treadmill exercise test. The walking

speed for the test was determined by finding the speed at 0% incline that elicits 70% of the age predicted



maximum heart rate. This speed was then fixed, with the grade increasing by 2% every 2 minutes until they
could not continue.

Single-Stage hyperinsulinemic euglycemic clamp with controlled activity and diet.

Three days prior to the clamp, all participants consumed provided food for 3 days prior to the metabolic
study to minimize the known confounding influence of alterations in dietary fat on plasma (28). Energy
requirements were estimated based on DXA determined fat free mass according to the following equation (Daily
energy intake = 1.4 x[372 + (23.9 x FFM)] with the macronutrient intake designed to match the individual’s normal
intake (29). Two days (48 hours) prior to the metabolic study participants were asked to refrain from planned
physical activity, including the last exercise training bout, to determine the effects of chronic, not acute, endurance
exercise training on plasma lipid content and insulin sensitivity. The night priorto the metabolic study, participants
were admitted for an overnight stay to the inpatient CTRC to ensure compliance with the 12-hour overnight fast.
The next morning, a percutaneous vastus lateralis muscle 'biopsy and hyperinsulinemic-euglycemic clamp (40
mlU/kg/min) with [6,6-?H,]glucose infusion (Cambridge Isotope Labs, Tewksbury, MA) were performed as
previously described (8). During the last 30 minutes of the clamp, respiratory gas exchange was measured by indirect
calorimetry, and arterialized blood was collected for hormone and substrate measurements. Insulin stimulated
glucose Rd was averaged over the.last 30 minutes of the clamp as the measurement of insulin sensitivity. When
applicable, women were tested during the mid-follicular phase of the menstrual cycle to control for potential

effects on insulin sensitivity.

Weight loss intervention

Nutrition supervision and education: The delivery of this weight loss program was supervised by the Clinical
Core of the Nutrition and Obesity Research Center (NORC) at the Anschutz Health and Wellness Center. Participants
attended weekly one-on-one sessions with a registered dietician for nutritional counseling. Each week a different topic
was addressed to help educate participants on diet, exercise, healthy living, and weight loss. Individuals were asked

not to change their activity level during the intervention period to isolate the impact of weight loss in the outcomes.



Dietary intervention for Weight Loss: Participants in the WL group received a low-calorie diet consisting of a
meal replacement product that can be consumed as a liquid or made into a variety of food forms (Health Nutrition
Technology Inc., Carmel California). Participants were provided powdered HealthOne formula and instructed to
consume 4-5 portions per day based on sex, body weight, and tolerability, providing 890-1090 kcal/d, 75-90 g of
protein, 15-16 g fat and 110-134 g of carbohydrate and 100% of the DRI of all vitamins, minerals and micronutrients
along with 4-5 servings per day of vegetables. To promote gall bladder contraction and reducethe risk of gallstone
formation participants were asked to consume 2 teaspoons (10g) per day of vegetable oil..Participants were allowed to

consume non-caloric beverages but no other food intake was allowed.

Dietary intervention for Weight Stabilization. After the 3-month dietary weight loss intervention, participants
underwent a 2-week weight stabilization period (<5 lb weight change) to avoid confounding effects of negative
energy balance on insulin sensitivity. This 2-week diet consisted.of 3 meal replacements and one conventional meal
per day to stabilize weight. This phase was supervised by research dieticians who have extensive experience helping
participants maintain a reduced state for metabolic studies at the University of Colorado Anschutz CTRC during which

the average change in body weight was 0.8+0.3%.

Endurance Training Intervention

EX group participants underwent supervised endurance exercise training using well-described procedures
used by the NORC Energy Balance Core (30-33). Volunteers were asked to attend 4 sessions per week, 60 min per
session, which includeda short warm-up of stretching exercises and walking, 40-50 min of endurance exercise, and a
cool-down. The exercise program consisted primarily of brisk walking or jogging, and was supplemented with rowing,
stepping, or elliptical exercise to provide variety and relieve joint discomfort when necessary. Individualized exercise
prescriptions accounted for the fitness level of the participant, preferences regarding type of exercise, and any
orthopedic limitations. The initial exercise prescription was 30 minutes at 65% of maximal HR, based on the highest
HR attained during the baseline maximal exercise test, which was repeated after 6 weeks of training. During the first 2
to 3 weeks of training, exercise duration and intensity was gradually increased to 45 min at 80 to 85% of maximal HR.

The exercise prescription was updated every 2 weeks and was carefully geared to the participant’s exercise capacity.



The rate at which the intensity of the exercise was increased was determined by the magnitude of the training-induced
increases in exercise capacity, and the participant’s reaction to the exercise in terms of fatigue and musculoskeletal
symptoms. Participants in the EX group completed 89% of the weekly exercise sessions. The average duration of
each exercise session was 48.1 +/- 3 minutes, at 81.5 +/- 1.2 % of maximal heart rate. Individuals were asked to
maintain body weight and instructed to weigh weekly and to increase energy intake with typical macronutrient

content if fluctuations were observed.

Delayed Intervention Control

Individuals were asked maintain their baseline diet and exercise habits during the 12-week intervention. To

monitor weight stability, they were contacted every 2 weeks and asked to.report their body weight.

Weight Stabilization

After the 3-month intervention, participants transitioned to a 2-week weight maintenance diet consisting of 3
meal replacements and one conventional meal per day to stabilize weight. This phase was supervised by research
dieticians who have extensive experience helping participants maintain a reduced state for metabolic studies at the

University of Colorado Anschutz CTRC.

Post-Intervention Testing

After completing the weight stability period of the weight loss protocol, or at least 48 hours following their last
exercise training session;or following the delayed intervention control, individuals repeated the DXA, MRI, muscle

strength testing, as well as the 3-day dietary control prior to repeating the insulin clamp visit.

Plasma Metabolomic and Lipidomic Analysis

Metabolites from plasma were measured using high-performance liquid chromatography and high-
resolution quadrupole orbitrap mass spectrometry by the Metabolomic Core Facility at the University of Colorado
Anschutz Medical Campus, as previously described (34). Plasma lipids, triacylglycerols, diacylglycerols,
sphingolipids, acylcarnitines, and phospholipids, were measured using previously established LC-MS/MS methods

at the NORC Lipidomic Core at the University of Colorado Anschutz Medical Campus (35-37). Concentrations were
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determined using stable isotope dilution with standard curves for saturated and unsaturated lipids for each class.
Glucose isotopic enrichment was measured using gas chromatography-mass spectrometry (Thermo 1SQ) as

previously described (38).

Statistical Analysis

Data are presented as mean * SEM. Differences in clinical variables before and after theiinterventions were
calculated using a 2-way ANOVA. When differences after the intervention were found (p<0.05), changes by group
were calculated using the Sidak method which corrects for multiple comparisons and adjusted p-values reported.
Differences in mean changes in normally distributed data between groups were analyzed using a 1-way ANOVA
(GraphPad Prism, Boston, MA). When significant differences were detected using a 1-way ANOVA, changes in the
weight loss and exercise training groups were compared to the control group while adjusting for multiple
comparisons using Dunnett’s multiple comparisons test with adjusted p-values reported. Significant relationships
between plasma lipids or metabolites and hepatic steatosis or IMAT content were determined using Pearson’s
correlation coefficient for normally distributed data and Spearman’s correlation coefficient for non-normally
distributed data. For analyses involving multiple comparisons, p-values were adjusted using the Benjamini-
Hochberg false discovery rate procedure. Statistical significance was defined as FDR-adjusted p < 0.05. For lipids,
a hierarchical multiple testing correction was applied, with p-values first adjusted for total lipid class-level
comparisons and then forindividual lipid species within each significant class. A p-value of less than 0.05 was

considered significant.

Data and Resource Availability

The data‘'sets generated in this study are available upon request from the corresponding author. No

applicable resources were generated during the study.

RESULTS
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Table 1 summarizes the demographic data for this study, which was completed by 17 participants (8
women/9 men) in the WL group, 16 (8 women/8 men) in the EX group, and 13 (6 women/7 men) in the control
group. Initial BMI, body fat, VO,peak, and insulin sensitivity did not differ between groups. After the WL
intervention, body weight decreased by 10.5% (p=<0.001) and body fat by 5.0% (p=0.009). This rate of weight loss
over 12 weeks is similar to the weight loss achieved using Tirzepatide and Retatrutide (39,40). BMI| or body fat did
not significantly change in the EX or control groups, however VO,peak increased by 7.6% (p<0.001) with exercise
training. Insulin sensitivity, measured by insulin stimulated glucose Rd, improved significantly.in both the WL
(p=0.004) and EX interventions (p=0.04), with a greater increase after weight loss (42%) compared to exercise
training (23%). Some muscle strength measurements from this study have been previously published by our group
(41). Strength measured as peak torque at 60°/sec tended to decrease after weight loss but was not significantly
different from the control group (p=0.076). There were no other significant.differences observed for exercise

training or control groups.

Changes in IMAT Volume, Muscle Mass, and Liver Steatosis After Intervention

Weight loss resulted in a significant decrease in IMAT (Figure 1A). The percent change in IMAT was
significantly greater following weight loss compared to both the EX (p<0.0001) and control groups (p<0.0001).
Notably, in the WL group the decrease in IMAT was significantly greater than the loss in muscle mass (p<0.0001)
(Figure 1A). Before the intervention, men had greater IMAT content than women (p=0.04, Supplemental Figure S1)
(42), and the reduction inAMAT after weight loss was significantly greater in men compared to women with or
without co-varying for initial IMAT content (Figure 1B). As expected, muscle mass also decreased with weight loss,
but the average change of -4.2% did not significantly differ from the EX (p=0.12) or control groups (p=0.17), and

there wereno differences in the change in muscle mass by sex.

Consistent with the MRI results, DXA measurements showed that weight loss caused significant decreases
in both leg fat mass (p<0.0001) and lean mass (p<0.0001) (Figure 1C). The reduction in leg fat mass was
significantly greater compared to both the EX (p<0.0001) and control groups (p<0.0001). Similarly, the decrease in

lean mass in the WL group was significantly greater than the EX (p<0.0001) and control groups (p=0.0017).
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Interestingly, the relative decrease in leg lean mass by DXA was significantly greater than the relative decrease in
quadricep muscle mass by MRI (p=0.006) (Figure 1D). After combining pre- and post-intervention data, IMAT
volume and insulin sensitivity measured by hyperinsulinaemic-euglycaemic clamp glucose rate of
disappearance, Rd, were inversely correlated (p=0.004, Figure 1E). In addition, the intervention induced change in
IMAT volume was inversely associated with the change in insulin sensitivity (p=0.037, Figure 1F). These data

reinforce the literature showing a strong relationship between IMAT content and insulin sensitivity (43).

Hepatic fat fraction assessed by MRI also decreased significantly after weightloss (p<0.0001), whereas no
significant changes were observed in the EX or control groups (Figure 2A). The percent change in hepatic fat

fraction did not differ by sex (Figure 2B).

Plasma Lipidomics and Metabolomics

Plasma lipidomic and metabolomic profiles were significantly altered following the WL and EX
interventions compared to the control group (Figure 3). In the WL group, changes in the total lipid classes and
metabolites pre- and post-intervention compared torcontrol are shown in Figures 3A and B. Using cutoffs of
adjusted p-value<0.05 and a log,FC>2, three lipid classes (deoxydihydroceramides, 1,2-diacylglycerols, and
phosphatidylglycerol) decreased while total lysophosphatidylcholine increased after WL intervention (Figure 3A).
Three metabolites, sphingosine-1-phosphate, sphinganine-1-phosphate, and C18:1 carnitine, were significantly
reduced in the WL compared to control group (Figure 3B). In contrast, no significant changes in total lipid classes
in the plasma of the EX.group'‘compared to control were observed (Figure 3C). However, six metabolites were

significantly reduced in'the EX compared to control group including docosahexaenoic acid, docosapentaenoic

acid, (5-L-glutamyl)-L-glutamine, C14:1 carnitine, C14:0 carnitine and C18:1 carnitine (Figure 3D).

After combining pre- and post-intervention data liver steatosis and plasma lipidomics and metabolomics
data, several plasma lipid classes and metabolites were correlated to liver steatosis measured using MRI. As
shown in Figures 4A-K, total triacylglycerol (p=0.003), phosphatidylinositol (p=0.005), dihydroceramide (p=0.008),
deoxydihydroceramide (p=0.01), phosphatidyglycerol (p=0.012), 1,2-diacylglycerol (p=0.015), acylcarnitine

(p=0.018), lysophosphatidylinositol (p=0.02), 1,3-diacyglycerol (p=0.022), ceramide (p=0.025), and

12



phosphatidylcholine (p=0.028) were positively correlated to liver steatosis after adjustment for multiple
comparisons. The lipid species within each class that were significantly related to hepatic steatosis are listed in
Supplemental Table S1 (42). After adjusting for multiple comparisons, twenty-two metabolites, including
branched-chain amino acids, amino acids, and acylcarnitines, were significantly correlated with hepatic steatosis
measured from MRI (Table 2). Additionally, several plasma lipid classes were also predictive of IMAT content
(Figures 5A-F). Significant positive relationships were observed for plasma total triacylglycerol (p=0.001),
phosphatidylglycerol (p=0.003), lysophosphatidylinositol (p=0.005), 1,2-diacyglycerol (p=0.009), total
phosphatidylethanolamine (p=0.011), and phosphatidylserine (p=0.015). The individual lipid species significantly
related to IMAT content within each of these lipid classes are listed in Supplemental Table S2 (42). There were no
plasma metabolites that were significantly correlated with IMAT content after correcting for multiple comparisons.
After adjusting for multiple comparisons, we also found no significant relationships between the change in these

lipidomic and metabolic variables and the change in liver fat or IMAT volume.

DISCUSSION

The most effective lifestyle intervention to decrease IMAT is uncertain as both weight loss and exercise
training have been shown to decrease IMAT in diverse populations. Weight loss also decreases lean muscle mass.
However, if the reduction, of IMAT exceeds the loss of muscle mass, overall muscle quality could still improve.
Additionally, weight.loss'decreases hepatic fat, and exercise training has been shown to lower steatosis in
individuals with MASLD, yet the impact of exercise training on individuals without liver disease is less clear. This
study was designed to compare the impact of weight loss only and exercise training without weight loss against a
delayed.intervention control group on changes in IMAT, muscle mass, and hepatic fat measured by MRI. Plasma
lipidomic and metabolomic analysis was performed to identify circulating markers that are predictive of liver

steatosis and IMAT in individuals with obesity.

Lifestyle interventions (weight loss and/or exercise training) reveal that weight loss is the most effective

strategy to reduce IMAT, with decreases reported in both men and women (2-5,44,45), although not all studies
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agree (46). Adding aerobic or resistance exercise training to weight loss typically does not result in a further
reduction in IMAT volume beyond weight loss alone (5,6,44,47). These previous studies included nutrition
intervention strategies such as ours, as well as bariatric surgical procedures, and ranged from 3 months to 18
months in duration. Together, they show that weight loss reliably decreases IMAT content when measured by
MRI or CT as the only negative study reported changes in IMAT content by histological evaluation. The impact
of exercise only without weight loss in humans is less clear, with reports of either decreased(8,9,48) or
unchanged IMAT volume (13,47). Other studies suggest exercise training primarily prevents the accumulation
of IMAT over time in older adults (7,10,12), which is consistent with lifelong exercisers_having less IMAT than
age-matched sedentary peers (11). IMAT also increases after detraining, further supporting the idea that
chronic exercise dampens its accumulation over time (49). In addition to our'study, the two other studies that
did not report a change in IMAT content with exercise training were. 12 weeks in duration, so it is possible that
more prolonged exercise training is required to observe a reduction in IMAT. Our data contribute to the
literature and reinforce the concept that exercise training without weight loss does not decrease IMAT, though it
is possible that longer exercise training periods may be required (8).

Weight loss causes IMAT to decline more dramatically than muscle mass, resulting in improvements in
muscle quality (4,5,44,45). Our data parallel the literature with a greater reduction in IMAT volume than in skeletal
muscle mass in the weight loss cohort.IMAT:is negatively related to muscle strength in both cross-sectional and
reduced physical activity studies after normalizing to cross-sectional area, suggesting that IMAT itself could
negatively impact muscle strength (50-52). While mechanistic evidence is lacking, the IMAT secretome decreases
muscle insulin sensitivity.(53), raising the possibility that secreted factors could also impact strength. Prior
research also demonstrates lower density and smaller cross-sectional area of contractile muscle fibers in wild
type mice compared to those with blocked IMAT formation, suggesting that IMAT may decrease skeletal muscle
strength through the inhibition of muscle fiber regeneration and atrophy of fibers (54). Improved muscle quality
after weight loss suggests reduced IMAT may benefit muscle strength. Consistent with this, weight loss has been
associated with improvement in muscle strength (3) and decreases in IMAT often correlate more strongly with
improvements in functional strength than changes in muscle cross-sectional area (55), though not all studies

agree (10). Cross-sectional studies have also reported significant relationships between IMAT content and
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functional strength (56,57). Overall, these findings suggest that when IMAT loss exceeds muscle mass loss, muscle

quality, strength, and function are maintained or improved.

Sex differences in IMAT have been reported inconsistently with studies showing more IMAT in men (58,59),
in Asian men specifically (60), in women (8,61), or no difference between sexes (5,7,62-64). Our data add to the
literature showing greater IMAT content in men compared to women before the intervention. Sex differences in
IMAT are impacted by age, with most studies showing no difference between sexes performed in post-menopausal
women (7,62,63). Differences may also be muscle group specific, as greater IMAT volume in women compared to
men was only found in the adductor magnus muscle while no changes were observed in other leg muscle groups
(65). However, sex differences in IMAT with weight loss or exercise training havereceived less attention, with one
report showing similar loss of IMAT after 8-9 months of exercise training in men and women (8). In contrast, we
found a greater proportional reduction in IMAT volume in men compared to women after the WL intervention. This

may be due to the greater starting concentration in men, or ittmay suggest that weight loss is more efficacious to

decrease IMAT in men compared to women.

Direct comparisons of DXA and MRI-based measurements of lean mass in individuals with obesity after a
weight loss intervention are not common. Our findings are similar to the only other direct study in the literature,
which found that DXA overestimated loss of lean mass compared to MRl measurements of muscle mass (66). In
our study, DXA measured nearly twice the loss of lean muscle mass compared to MRI. Similar discrepancies have
been found in exercise training studies, where DXA overestimated gains in lean body mass while underestimated
losses compared to MRI (67), and overall was considered imprecise to measure changes in muscle mass in
response to exercise (68). These findings have significant public health implications, particularly when interpreting
composition.of weight loss for the new GLP1 receptor agonists (69,70), underscoring the need for caution when

relying solely on DXA to assess skeletal muscle mass.

The changes in plasma lipidomic and metabolomic profiles following WL and EX interventions are
consistent with distinct intervention-specific metabolic alterations. Following the WL intervention, decreased
plasma deoxydihydroceramides and 1,2-diacylglycerols along with increased lysophosphatidylcholine are

observed and have previously been associated with enhanced insulin sensitivity (71-73). Additionally,
15



decreased sphingosine-1-phosphate is noteworthy as higher circulating concentrations are linked to obesity
and metabolic dysfunction (74). In contrast, the EX group exhibited no significant changes in total lipid classes
but showed consistent reductions in several metabolites, including docosahexaenoic acid, docosapentaenoic
acid, and some acylcarnitines, consistent with enhanced mitochondrial fatty acid oxidation, a hallmark of
exercise adaptation (75). Together, circulating lipidomic and metabolomic profiles reveal intervention-specific
signatures of increased insulin sensitivity.

Weight loss decreases hepatic fat content progressively, with greater weight loss resulting in greater loss of
hepatic fat (17,76). Our data are very similar by showing that weight loss decreased hepaticfat in individuals with
obesity but without known MASLD/MASH. A meta-analysis on exercise training found strong evidence that exercise
decreases hepatic steatosis in individuals with MASLD (14), which parallels decreases in hepatic steatosis after
exercise training in individuals without known MASLD (19,77). However, others report no changes in hepatic fat
after training (20), which is similar to results from the current study. Itis not obvious why our study did not find
reductions in hepatic fat, other than our protocol prevented changes in body weight. Change in body weight with
exercise training explains our divergent results in.ssome but.not all studies (19). Independent of changes in hepatic
steatosis, previous publications reported exercise training can change triacylglycerol saturation (78) and alter
hepatokine secretion, including FGF21 and fetuin-A (79), which could contribute to exercise-induced insulin
sensitization. Our data suggests'that weight loss is more effective at decreasing hepatic fat compared to

endurance exercise training.

The high cost and limited availability of imaging methods underscore the need for non-invasive plasma
biomarkers that predict the presence and severity of MASLD, MASH, and liver fibrosis. Clinical panels have
demonstrated predictive power for detecting MASH with significant or advanced fibrosis (23) with less focus on
hepatic steatosis. Newer methods of imaging, primarily Fibroscan, are also more accurate for staging fibrosis,
rather than assessing liver steatosis (80). Most existing biomarker panels combine clinical lab values, demographic
variables, and plasma proteomics. However, plasma metabolomic and lipidomic profiling can provide a broad
spectrum of candidate biomarkers for non-invasive diagnosis and stratification of MASLD and MASH (81). Elevated

branched-chain and aromatic amino acids, glutamate, and related metabolites are consistently associated to
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MASH and correlate with insulin resistance, fibrosis, and liver steatosis, while reduced glycine, serine, and betaine
levels are linked to more severe steatosis (82-86). Lipidomic profiling has further identified triacylglycerol and
diacylglycerol species as markers of disease stage (86-88). Phospholipids and sphingolipids provide additional
diagnostic value, with reductions in lysophosphatidylcholines and ether lipids and elevations in ceramides and
sphingomyelins consistently reported, which correlate with MRI-measured liver steatosis in type 2.diabetes (89-
91). These advances have enabled the development of predictive panels such as oxNASH (92), OWLiver (86-88),
Lipid Triplet (93), and NASH ClinLipMet (82), which integrate clinical, metabolomic, andlipidomic data and achieve
predictive power of 0.71-0.95. Most lipidomic predictive panels distinguish types.of MASLD with less ability to
discriminate simple steatosis (81). Our findings reveal multiple plasma lipid'classes (Figure 4) and a broad set of
plasma metabolites (Table 2) that are strongly correlated with MRI-measured liver steatosis in individuals with
obesity without known liver disease. These results provide further evidence that circulating lipids and metabolites
can be used to predict liver steatosis and validate prior cross-sectional observations. By linking specific lipid and
metabolite signatures to hepatic steatosis, our studyhighlights the potential of plasma metabolomic and lipidomic
profiling as a non-invasive strategy for detecting the development of MASLD and discriminating MASLD from

MASH, which could result in more accurate predictive biomarker panels.

In contrast, efforts to identify plasma predictors of IMAT are limited. One proteomic study reported 722
proteins associated with IMAT content (94). To develop plasma biomarker panels that predict IMAT volume, broad
measurement of the predictive power of the metabolome and lipidome are warranted but not yet published. Our
work is the first to show plasma lipids, but not metabolites, correlate with IMAT content. While this data could
simply reflect co-linearity of plasma lipids with BMI and adiposity, they also suggest that IMAT expansion may be

driven‘in part by circulating lipids.

This study has several limitations. MRI based measurements of muscle mass were limited to the dominant
quadriceps muscle, whereas DXA assessed the entire limb, raising the possibility that the quadriceps muscle mass
does not represent the entire limb. The exercise intervention did not include a resistance training component,
which could have differential impacts on IMAT. Although several plasma lipid classes and metabolites correlated

with hepatic fat and IMAT, these associations are cross-sectional and do not establish causality. Finally, while our
17



lipidomic and metabolomic results highlight potential plasma predictors of hepatic fat and IMAT, a larger cross-

sectional study across the spectrum of MASLD/MASH severity is needed to validate these observations.

In summary, weight loss is more effective than aerobic exercise training to reduce IMAT volume and hepatic
fat in humans. DXA overestimated loss of muscle mass compared to MRI by roughly twofold, highlighting the need
for careful evaluation of body composition data. Further, several classes of plasma lipids and metabolites revealed
were strong correlations to hepatic fat and IMAT, supporting the potential utility in developing non+invasive

biomarker panels to estimate hepatic steatosis and intermuscular adipose tissue content.

18



ACKNOWLEDGMENTS

Acknowledgments. The authors thank the University of Colorado School of Medicine Metabolomics Core,
CTRC staff and NORC nutrition team for contributions to this article.

Grants. This work was supported by the American Diabetes Association grant 1-14-CE-05 to B.C.B and the
Colorado Nutrition Obesity Research Center grant P30DK048520. The Metabolomics Core Facility is supported
by the Colorado Cancer Center support grant P30CA046934.

Disclosures. The authors declare no competing interests.

Author Contributions. KZB performed plasma lipidomic analysis, metabolomic data analysis, helped with data
interpretation, and write/edit the manuscript, AG helped with participant testing, EM helped recruit and complete
testing on all individuals in this study, SZ helped with participant recruitment andtesting, plasma lipidomic
analysis, data interpretation and manuscript preparation, SB derivatized plasma samples for glucose kinetics
analysis, MGC provided medical oversight, performed all biopsies; and edited the manuscript, JSB helped with the
statistical analysis for this study, SB analyzed the muscle strength data and helped write/edit the manuscript, BCB
designed the study, performed participant testing, analyzed data, and wrote the manuscript. BCB is the guarantor
of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the

data and the accuracy of the data analysis.

Data Availability Statement. The data sets generated in this study are available upon request from the

corresponding author..No applicable resources were generated during the study.

19



REFERENCES

10.

11.

12.

13.

14.

Conte C, Hall KD, Klein S. Is Weight Loss-Induced Muscle Mass Loss Clinically Relevant?
JAMA. 2024;332(1):9-10.
Toro-Ramos T, Goodpaster BH, Janumala I, Lin S, Strain GW, Thornton JC, Kang P,
Courcoulas AP, Pomp A, Gallagher D. Continued loss in visceral and intermuscular adipose
tissue in weight-stable women following bariatric surgery. Obesity (Silver Spring).
2015;23(1):62-69.
Miller GD, Carr JJ, Fernandez AZ. Regional fat changes following weight reduction from
laparoscopic Roux-en-Y gastric bypass surgery. Diabetes Obes Metab. 2011;13(2):189-192.
Goss AM, Gower B, Soleymani T, Stewart M, Pendergrass M, Lockhart M, Krantz O, Dowla S,
Bush N, Garr Barry V, Fontaine KR. Effects of weight loss during a very.low carbohydrate diet
on specific adipose tissue depots and insulin sensitivity in older adults with obesity: a
randomized clinical trial. Nutr Metab (Lond). 2020;17:64.
Yaskolka Meir A, Shelef I, Schwarzfuchs D, Gepner Y, Tene L, Zelicha H, Tsaban G, Bilitzky
A, Komy O, Cohen N, Bril N, Rein M, Serfaty D, Kenigsbuch S, Chassidim Y, Zeller L,
Ceglarek U, Stumvoll M, Bluher M, Thiery J, Stampfer MJ, Rudich A, Shai I. Intermuscular
adipose tissue and thigh muscle area dynamics.during an 18-month randomized weight loss
trial. J Appl Physiol (1985). 2016;121(2):518-527.
Murphy JC, McDaniel JL, Mora K, Villareal DT, Fontana L, Weiss EP. Preferential reductions in
intermuscular and visceral adipose tissue with exercise-induced weight loss compared with
calorie restriction. J Appl Physiol. 2012;112(1):79-85.
Gallagher D, Heshka S, Kelley DE, Thornton J, Boxt L, Pi-Sunyer FX, Patricio J, Mancino J,
Clark JM, Group MRIASGoLAR. Changes in adipose tissue depots and metabolic markers
following a 1-year diet and exercise intervention in overweight and obese patients with type 2
diabetes. Diabetes Care. 2014;37(12):3325-3332.
Durheim MT, Slentz CA,.Bateman'LA, Mabe SK, Kraus WE. Relationships between exercise-
induced reductions in.thigh intermuscular adipose tissue, changes in lipoprotein particle size,
and visceral adiposity. Am J Physiol Endocrinol Metab. 2008;295(2):E407-412.
Waters DL, Aguirre L, Gurney B, Sinacore DR, Fowler K, Gregori G, Armamento-Villareal R,
Qualls C, Villareal DT. Effect of Aerobic or Resistance Exercise, or Both, on Intermuscular and
Visceral Fat and Physical and Metabolic Function in Older Adults With Obesity While Dieting. J
Gerontol-A"'Biol Sci Med Sci. 2022;77(1):131-139.
Goodpaster BH, Chomentowski P, Ward BK, Rossi A, Glynn NW, Delmonico MJ, Kritchevsky
SB,Pahor M, Newman AB. Effects of physical activity on strength and skeletal muscle fat
infiltration in older adults: a randomized controlled trial. J Appl Physiol (1985).
2008;105(5):1498-1503.
Chambers TL, Burnett TR, Raue U, Lee GA, Finch WH, Graham BM, Trappe TA, Trappe S.
Skeletal muscle size, function, and adiposity with lifelong aerobic exercise. J Appl Physiol
(1985). 2020;128(2):368-378.
Ghasemikaram M, Chaudry O, Nagel AM, Uder M, Jakob F, Kemmler W, Kohl M, Engelke K.
Effects of 16 months of high intensity resistance training on thigh muscle fat infiltration in
elderly men with osteosarcopenia. Geroscience. 2021;43(2):607-617.
Jacobs JL, Marcus RL, Morrell G, LaStayo P. Resistance exercise with older fallers: its impact
on intermuscular adipose tissue. Biomed Res Int. 2014;2014:398960.
Orci LA, Gariani K, Oldani G, Delaune V, Morel P, Toso C. Exercise-based Interventions for
Nonalcoholic Fatty Liver Disease: A Meta-analysis and Meta-regression. Clin Gastroenterol
Hepatol. 2016;14(10):1398-1411.

20



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Stine JG, DiJoseph K, Pattison Z, Harrington A, Chinchilli VM, Schmitz KH, Loomba R.
Exercise Training Is Associated With Treatment Response in Liver Fat Content by Magnetic
Resonance Imaging Independent of Clinically Significant Body Weight Loss in Patients With
Nonalcoholic Fatty Liver Disease: A Systematic Review and Meta-Analysis. Am J
Gastroenterol. 2023;118(7):1204-1213.

Tiikkainen M, Bergholm R, Vehkavaara S, Rissanen A, Hakkinen AM, Tamminen M, Teramo
K, Yki-Jarvinen H. Effects of identical weight loss on body composition and features of insulin
resistance in obese women with high and low liver fat content. Diabetes. 2003;52(3):701-707.
Magkos F, Fraterrigo G, Yoshino J, Luecking C, Kirbach K, Kelly SC, de las Fuentes L, He S,
Okunade AL, Patterson BW, Klein S. Effects of Moderate and Subsequent Progressive Weight
Loss on Metabolic Function and Adipose Tissue Biology in Humans with Obesity. Cell Metab.
2016;23(4):591-601.

Brouwers B, Schrauwen-Hinderling VB, Jelenik T, Gemmink A, Sparks LM, Havekes B, Bruls
Y, Dahlmans D, Roden M, Hesselink MKC, Schrauwen P. Exercise training-reduces
intrahepatic lipid content in people with and people without nonalcoholic. fatty liver. Am J
Physiol Endocrinol Metab. 2018;314(2):E165-E173.

Johnson NA, Sachinwalla T, Walton DW, Smith K, Armstrong A; Thompson MW, George J.
Aerobic exercise training reduces hepatic and visceral lipids in obese individuals without
weight loss. Hepatology. 2009;50(4):1105-1112.

Shojaee-Moradie F, Baynes KC, Pentecost C, Bell JD, Thomas EL, Jackson NC, Stolinski M,
Whyte M, Lovell D, Bowes SB, Gibney J, Jones RH, Umpleby AM. Exercise training reduces
fatty acid availability and improves the insulin sensitivity of glucose metabolism. Diabetologia.
2007;50(2):404-413.

Larson-Meyer DE, Heilbronn LK, Redman LM, Newcomer BR, Frisard MI, Anton S, Smith SR,
Alfonso A, Ravussin E. Effect of calorie restriction with or without exercise on insulin
sensitivity, beta-cell function, fat cell'size, and ectopic lipid in overweight subjects. Diabetes
Care. 2006;29(6):1337-1344.

Yoshimura E, Kumahara H, Tobina T, Matsuda T, Ayabe M, Kiyonaga A, Anzai K, Higaki Y,
Tanaka H. Lifestyle intervention involving calorie restriction with or without aerobic exercise
training improves liver fat'in adults'with visceral adiposity. J Obes. 2014;2014:197216.

Vali Y, Lee J, Boursier'J, PettaS, Wonders K, Tiniakos D, Bedossa P, Geier A, Francque S,
Allison M, Papatheodoridis G, Cortez-Pinto H, Pais R, Dufour JF, Leeming DJ, Harrison SA,
Chen Y, CobboldJF, Pavlides M, Holleboom AG, Yki-Jarvinen H, Crespo J, Karsdal M, Ostroff
R, Zafarmand MH, Torstenson R, Duffin K, Yunis C, Brass C, Ekstedt M, Aithal GP,
Schattenberg JM, Bugianesi E, Romero-Gomez M, Ratziu V, Anstee QM, Bossuyt PM, Liver
Investigation: Testing Marker Utility in Steatohepatitis consortium i. Biomarkers for staging
fibrosis ‘and nen-alcoholic steatohepatitis in non-alcoholic fatty liver disease (the LITMUS
project): .a comparative diagnostic accuracy study. Lancet Gastroenterol Hepatol.
2023;8(8):714-725.

Morse Cl, Degens H, Jones DA. The validity of estimating quadriceps volume from single MRI
cross-sections in young men. Eur J Appl Physiol. 2007;100(3):267-274.

Mashhood A, Railkar R, Yokoo T, Levin Y, Clark L, Fox-Bosetti S, Middleton MS, Riek J, Kauh
E, Dardzinski BJ, Williams D, Sirlin C, Shire NJ. Reproducibility of hepatic fat fraction
measurement by magnetic resonance imaging. Journal of magnetic resonance imaging : JMRI.
2013;37(6):1359-1370.

Noureddin M, Lam J, Peterson MR, Middleton M, Hamilton G, Le TA, Bettencourt R,
Changchien C, Brenner DA, Sirlin C, Loomba R. Utility of magnetic resonance imaging versus
histology for quantifying changes in liver fat in nonalcoholic fatty liver disease trials.
Hepatology. 2013;58(6):1930-1940.

Cree-Green M, Wiromrat P, Stuppy JJ, Thurston J, Bergman BC, Baumgartner AD, Bacon S,
Scherzinger A, Pyle L, Nadeau KJ. Muscle Insulin Resistance in Youth with Obesity and

21



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Normoglycemia is Associated with Altered Fat Metabolism. Obesity (Silver Spring).
2019;27(12):2046-2054.

Kien CL, Everingham Kl, R DS, Fukagawa NK, Muoio DM. Short-term effects of dietary fatty
acids on muscle lipid composition and serum acylcarnitine profile in human subjects. Obesity.
2011;19(2):305-311.

Grunwald GK, Melanson EL, Forster JE, Seagle HM, Sharp TA, Hill JO. Comparison of
methods for achieving 24-hour energy balance in a whole-room indirect calorimeter. Obes
Res. 2003;11(6):752-759.

Gozansky WS, Van Pelt RE, Jankowski CM, Schwartz RS, Kohrt WM. Protection of bone
mass by estrogens and raloxifene during exercise-induced weight Loss. The dournal of clinical
endocrinology and metabolism. 2005;90(1):52-59.

Kirwan JP, Kohrt WM, Wojta DM, Bourey RE, Holloszy JO. Endurance exercise training
reduces glucose-stimulated insulin levels in 60- to 70-year-old men and women. J Gerontol.
1993;48(3):M84-90.

Kohrt WM, Barry DW, Van Pelt RE, Jankowski CM, Wolfe P, Schwartz RS. Timing of ibuprofen
use and bone mineral density adaptations to exercise training..J Bone Miner Res.
2010;25(6):1415-1422.

Kohrt WM, Malley MT, Coggan AR, Spina RJ, Ogawa T, ‘Ehsani AA, Bourey RE, Martin WH,
3rd, Holloszy JO. Effects of gender, age, and fitness level on response of VO2max to training
in 60-71 yr olds. J Appl Physiol (1985). 1991;71(5):2004-2011.

Nemkov T, Hansen KC, D'Alessandro A. A three-minute method for high-throughput
quantitative metabolomics and quantitative tracing.experiments of central carbon and nitrogen
pathways. Rapid Commun Mass Spectrom. 2017;31(8):663-673.

Harrison KA, Bergman BC. HPLC-MS/MS Methods for Diacylglycerol and Sphingolipid
Molecular Species in Skeletal Muscle. Methods Mol Biol. 2019;1978:137-152.

Zarini S, Brozinick JT, Zemski Berry KA;. Garfield A, Perreault L, Kerege A, Bui HH, Sanders P,
Siddall P, Kuo MS, Bergman BC. Serum dihydroceramides correlate with insulin sensitivity in
humans and decrease insulin_sensitivity in vitro. J Lipid Res. 2022;63(10):100270.

Chassen SS, Zemski-Berry. K, Raymond-Whish S, Driver C, Hobbins JC, Powell TL. Altered
Cord Blood Lipid Concentrations Correlate with Birth Weight and Doppler Velocimetry of Fetal
Vessels in Human Fetal Growth'Restriction Pregnancies. Cells. 2022;11(19).

Bergman BC, Howard D, Schauer |IE, Maahs DM, Snell-Bergeon JK, Eckel RH, Perreault L,
Rewers M. Features of hepatic and skeletal muscle insulin resistance unique to type 1
diabetes. J Clin Endocrinol Metab. 2012;97(5):1663-1672.

Jastreboff AM, Aronne LJ, Ahmad NN, Wharton S, Connery L, Alves B, Kiyosue A, Zhang S,
Liu B, Bunck MC, Stefanski A. Tirzepatide Once Weekly for the Treatment of Obesity. N Engl J
Med. 2022;387(3):205-216.

Jastreboff AM, Kaplan LM, Frias JP, Wu Q, Du Y, Gurbuz S, Coskun T, Haupt A, Milicevic Z,
Hartman/ML. Triple-Hormone-Receptor Agonist Retatrutide for Obesity - A Phase 2 Trial. N
Engl.J Med. 2023;389(6):514-526.

Bodkin SG, Smith AC, Bergman BC, Huo D, Weber KA, Zarini S, Kahn D, Garfield A, Macias
E, Harris-Love MO. Utilization of Mid-Thigh Magnetic Resonance Imaging to Predict Lean
Body Mass and Knee Extensor Strength in Obese Adults. Front Rehabil Sci. 2022;3.

Zemski Berry K. Weight Loss Reduces IMAT and Liver Fat Compared to Exercise: Implications
for Muscle Quality and Metabolic Health. Zenodo. 10.5281/zenodo.18167103

Goodpaster BH, Bergman BC, Brennan AM, Sparks LM. Intermuscular adipose tissue in
metabolic disease. Nat Rev Endocrinol. 2023;19(5):285-298.

Janssen |, Fortier A, Hudson R, Ross R. Effects of an energy-restrictive diet with or without
exercise on abdominal fat, intermuscular fat, and metabolic risk factors in obese women.
Diabetes Care. 2002;25(3):431-438.

22



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Mazzali G, Di Francesco V, Zoico E, Fantin F, Zamboni G, Benati C, Bambara V, Negri M,
Bosello O, Zamboni M. Interrelations between fat distribution, muscle lipid content,
adipocytokines, and insulin resistance: effect of moderate weight loss in older women. Am J
Clin Nutr. 2006;84(5):1193-1199.

Greco AV, Mingrone G, Giancaterini A, Manco M, Morroni M, Cinti S, Granzotto M, Vettor R,
Camastra S, Ferrannini E. Insulin resistance in morbid obesity: reversal with intramyocellular
fat depletion. Diabetes. 2002;51(1):144-151.

Christiansen T, Paulsen SK, Bruun JM, Overgaard K, Ringgaard S, Pedersen SB,.Positano V,
Richelsen B. Comparable reduction of the visceral adipose tissue depot after a diet-induced
weight loss with or without aerobic exercise in obese subjects: a 12-week randomized
intervention study. Eur J Endocrinol. 2009;160(5):759-767.

Ikenaga M, Yamada Y, Kose Y, Morimura K, Higaki Y, Kiyonaga A, Tanaka H, Nakagawa
Study G. Effects of a 12-week, short-interval, intermittent, low-intensity, slow-jogging program
on skeletal muscle, fat infiltration, and fitness in older adults: randomized controlled trial. Eur J
Appl Physiol. 2017;117(1):7-15.

Popadic Gacesa JZ, Kozic DB, Grujic NG. Triceps brachii strength and regional body
composition changes after detraining quantified by MRI. Journal of magnetic resonance
imaging : JMRI. 2011;33(5):1114-1120.

Goodpaster BH, Carlson CL, Visser M, Kelley DE, Scherzinger A, Harris TB, Stamm E,
Newman AB. Attenuation of skeletal muscle and strength inthe elderly: The Health ABC
Study. J Appl Physiol (1985). 2001;90(6):2157-2165.

Hilton TN, Tuttle LJ, Bohnert KL, Mueller MJ, Sinacore DR. Excessive adipose tissue
infiltration in skeletal muscle in individuals with obesity, diabetes mellitus, and peripheral
neuropathy: association with performance and function. Phys Ther. 2008;88(11):1336-1344.
Manini TM, Clark BC, Nalls MA, Goodpaster BH, Ploutz-Snyder LL, Harris TB. Reduced
physical activity increases intermuscular.adipose tissue in healthy young adults. Am J Clin
Nutr. 2007;85(2):377-384.

Sachs S, Zarini S, Kahn DE, Harrison KA, Perreault L, Phang T, Newsom SA, Strauss A,
Kerege A, Schoen JA, Bessesen DH, Schwarzmayr T, Graf E, Lutter D, Krumsiek J, Hofmann
SM, Bergman BC. Intermuscular adipose tissue directly modulates skeletal muscle insulin
sensitivity in humans. Am J Physiol Endocrinol Metab. 2019;316(5):E866-e879.

Norris AM, Palzkill VR, Appu AB, Fierman KE, Noble CD, Ryan TE, Kopinke D. Intramuscular
adipose tissue restricts functional muscle recovery. Cell Rep. 2025;44(8):116021.

Santanasto AJ; Glynn NW, Newman MA, Taylor CA, Brooks MM, Goodpaster BH, Newman
AB. Impact.of weight loss on physical function with changes in strength, muscle mass, and
muscle fatuinfiltration in overweight to moderately obese older adults: a randomized clinical
trial. J Obes. 2011;2011.

Tuttle LJ, Sinacore DR, Mueller MJ. Intermuscular adipose tissue is muscle specific and
associated with poor functional performance. Journal of aging research. 2012;2012:172957.
Visser M, Kritchevsky SB, Goodpaster BH, Newman AB, Nevitt M, Stamm E, Harris TB. Leg
muscle mass and composition in relation to lower extremity performance in men and women
aged 70 to 79: the health, aging and body composition study. J Am Geriatr Soc.
2002;50(5):897-904.

Boettcher M, Machann J, Stefan N, Thamer C, Haring HU, Claussen CD, Fritsche A, Schick F.
Intermuscular adipose tissue (IMAT): association with other adipose tissue compartments and
insulin sensitivity. Journal of magnetic resonance imaging : JMRI. 2009;29(6):1340-1345.
Gallagher D, Kuznia P, Heshka S, Albu J, Heymsfield SB, Goodpaster B, Visser M, Harris TB.
Adipose tissue in muscle: a novel depot similar in size to visceral adipose tissue. Am J Clin
Nutr. 2005;81(4):903-910.

23



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Yim JE, Heshka S, Albu JB, Heymsfield S, Gallagher D. Femoral-gluteal subcutaneous and
intermuscular adipose tissues have independent and opposing relationships with CVD risk. J
Appl Physiol (1985). 2008;104(3):700-707.

Kim J, Heshka S, Gallagher D, Kotler DP, Mayer L, Albu J, Shen W, Freda PU, Heymsfield SB.
Intermuscular adipose tissue-free skeletal muscle mass: estimation by dual-energy X-ray
absorptiometry in adults. J Appl Physiol (1985). 2004;97(2):655-660.

Goodpaster BH, Krishnaswami S, Harris TB, Katsiaras A, Kritchevsky SB, Simonsick EM,
Nevitt M, Holvoet P, Newman AB. Obesity, regional body fat distribution, and the metabolic
syndrome in older men and women. Arch Intern Med. 2005;165(7):777-783.

Goodpaster BH, Krishnaswami S, Resnick H, Kelley DE, Haggerty C, Harris TB, Schwartz AV,
Kritchevsky S, Newman AB. Association between regional adipose tissue distribution and both
type 2 diabetes and impaired glucose tolerance in elderly men and women. Diabetes Care.
2003;26(2):372-379.

Bellissimo MP, Fleischer CC, Reiter DA, Goss AM, Zhou L, Smith MR, Kohimeier J,
Tirouvanziam R, Tran PH, Hao L, Crain BH, Wells GD, Jones DP, Ziegler TR, Alvarez JA. Sex
differences in the relationships between body composition, fat distribution, and mitochondrial
energy metabolism: a pilot study. Nutr Metab (Lond). 2022;19(1):37-

Lu X, Yue J, Liu Q,He S, Dong Y, Zhang M, Qi Y, Yang M, Zhang W, Xu H, Lu Q, Ma J. Thigh
muscle fat fraction is independently associated with impaired glucose metabolism in individuals
with obesity. Endocr Connect. 2023;12(11).

Pourhassan M, Schautz B, Braun W, Gluer CC, Bosy-Westphal A, Muller MJ. Impact of body-
composition methodology on the composition of weight loss and weight gain. Eur J Clin Nutr.
2013;67(5):446-454.

Lee S, Kuk JL. Changes in fat and skeletal muscle with exercise training in obese adolescents:
comparison of whole-body MRI and dual energy X-ray absorptiometry. Obesity (Silver Spring).
2013;21(10):2063-2071.

Tavoian D, Ampomah K, Amano S, Law. TD, Clark BC. Changes in DXA-derived lean mass
and MRI-derived cross-sectional area of the thigh are modestly associated. Scientific reports.
2019;9(1):10028.

Wilding JPH, Batterham RL, Calanna S, Davies M, Van Gaal LF, Lingvay |, McGowan BM,
Rosenstock J, Tran MTD, Wadden TA, Wharton S, Yokote K, Zeuthen N, Kushner RF, Group
SS. Once-Weekly Semaglutide in Adults with Overweight or Obesity. N Engl J Med.
2021;384(11):989-1002.

Jastreboff AM; Aronne LJ, Ahmad NN, Wharton S, Connery L, Alves B, Kiyosue A, Zhang S,
Liu B, Bunck MC; Stefanski A, Investigators S-. Tirzepatide Once Weekly for the Treatment of
Obesity. N°‘Engl J Med. 2022;387(3):205-216.

Zarini S, Zemski Berry KA, Kahn DE, Garfield A, Perreault L, Kerege A, Bergman BC.
Deoxysphingolipids: Atypical Skeletal Muscle Lipids Related to Insulin Resistance in Humans
That Decrease Insulin Sensitivity In Vitro. Diabetes. 2023;72(7):884-897.

Erion. DM, Shulman GI. Diacylglycerol-mediated insulin resistance. Nat Med. 2010;16(4):400-
402.

van der Kolk BW, Vogelzangs N, Jocken JWE, Valsesia A, Hankemeier T, Astrup A, Saris
WHM, Arts ICW, van Greevenbroek MMJ, Blaak EE. Plasma lipid profiling of tissue-specific
insulin resistance in human obesity. Int J Obes (Lond). 2019;43(5):989-998.

Kowalski GM, Carey AL, Selathurai A, Kingwell BA, Bruce CR. Plasma sphingosine-1-
phosphate is elevated in obesity. PLoS One. 2013;8(9):e72449.

Koves TR, Ussher JR, Noland RC, Slentz D, Mosedale M, llkayeva O, Bain J, Stevens R, Dyck
JR, Newgard CB, Lopaschuk GD, Muoio DM. Mitochondrial overload and incomplete fatty acid
oxidation contribute to skeletal muscle insulin resistance. Cell Metab. 2008;7(1):45-56.
Andersen T, Gluud C, Franzmann MB, Christoffersen P. Hepatic effects of dietary weight loss
in morbidly obese subjects. J Hepatol. 1991;12(2):224-229.

24



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Slentz CA, Bateman LA, Willis LH, Shields AT, Tanner CJ, Piner LW, Hawk VH, Muehlbauer
MJ, Samsa GP, Nelson RC, Huffman KM, Bales CW, Houmard JA, Kraus WE. Effects of
aerobic vs. resistance training on visceral and liver fat stores, liver enzymes, and insulin
resistance by HOMA in overweight adults from STRRIDE AT/RT. Am J Physiol Endocrinol
Metab. 2011;301(5):E1033-1039.
Haus JM, Solomon TP, Kelly KR, Fealy CE, Kullman EL, Scelsi AR, Lu L, Pagadala MR,
McCullough AJ, Flask CA, Kirwan JP. Improved hepatic lipid composition following short-term
exercise in nonalcoholic fatty liver disease. J Clin Endocrinol Metab. 2013;98(7):E1181-1188.
Ennequin G, Sirvent P, Whitham M. Role of exercise-induced hepatokines in metabolic
disorders. Am J Physiol Endocrinol Metab. 2019;317(1):E11-e24.
Loomba R, Ramiji A, Hassanein T, Yoshida EM, Pang E, Schneider C, Curry MP, Afdhal NH.
Velacur ACE outperforms FibroScan CAP for diagnosis of MASLD. Hepatol Commun.
2024;8(4).
Masoodi M, Gastaldelli A, Hyétylainen T, Arretxe E, Alonso C, Gaggini M,"Brosnan J, Anstee
QM, Millet O, Ortiz P, Mato JM, Dufour JF, Oresi¢ M. Metabolomics and lipidomics in NAFLD:
biomarkers and non-invasive diagnostic tests. Nat Rev Gastroenterol Hepatol.
2021;18(12):835-856.
Zhou Y, OreSi¢ M, Leivonen M, Gopalacharyulu P, Hyysalo J, Arola J, Verrijken A, Francque
S, Van Gaal L, Hyétylainen T, Yki-Jarvinen H. Noninvasive Detection of Nonalcoholic
Steatohepatitis Using Clinical Markers and Circulating Levels of Lipids and Metabolites. Clin
Gastroenterol Hepatol. 2016;14(10):1463-1472.e1466.
Kalhan SC, Guo L, Edmison J, Dasarathy S, McCullough AJ, Hanson RW, Milburn M. Plasma
metabolomic profile in nonalcoholic fatty liver disease. Metabolism. 2011;60(3):404-413.
Gaggini M, Carli F, Rosso C, Buzzigoli E; Marietti M, Della Latta V, Ciociaro D, Abate ML,
Gambino R, Cassader M, Bugianesi E, Gastaldelli A. Altered amino acid concentrations in
NAFLD: Impact of obesity and insulin resistance. Hepatology. 2018;67(1):145-158.
Kakazu E, Sano A, Morosawa T, Inoue J, Ninomiya M, Iwata T, Nakamura T, Takai S, Sawada
S, Katagiri H, Shimosegawa T;"Masamune A. Branched chain amino acids are associated with
the heterogeneity of the area of lipid droplets in hepatocytes of patients with non-alcoholic fatty
liver disease. Hepatol Res. 2019;49(8):860-871.
Barr J, Caballeria J, Martinez-Arranz |, Dominguez-Diez A, Alonso C, Muntané J, Pérez-
Cormenzana M, Garcia-Monzon C, Mayo R, Martin-Duce A, Romero-Gémez M, Lo lacono O,
Tordjman J, Andrade RJ, Pérez-Carreras M, Le Marchand-Brustel Y, Tran A, Fernandez-
Escalante C, Arévalo E, Garcia-Unzueta M, Clement K, Crespo J, Gual P, Gémez-Fleitas M,
Martinez-Chantar ML, Castro A, Lu SC, Vazquez-Chantada M, Mato JM. Obesity-dependent
metabolic-sighatures associated with nonalcoholic fatty liver disease progression. J Proteome
Res. 2012;11(4):2521-2532.
Mayo R, Crespo J, Martinez-Arranz |, Banales JM, Arias M, Mincholé |, Aller de la Fuente R,
Jimenez-Aguero R, Alonso C, de Luis DA, Vitek L, Stritesky J, Caballeria J, Romero-Gomez
M, Martin-Duce A, Muguerza Huguet JM, Busteros-Moraza JI, Idowu MO, Castro A, Martinez-
Chantar ML, Ortiz P, Bruha R, Lu SC, Bedossa P, Noureddin M, Sanyal AJ, Mato JM.
Metabolomic-based noninvasive serum test to diagnose nonalcoholic steatohepatitis: Results
from discovery and validation cohorts. Hepatol Commun. 2018;2(7):807-820.
Bril F, Millan L, Kalavalapalli S, McPhaul MJ, Caulfield MP, Martinez-Arranz I, Alonso C, Ortiz
Betes P, Mato JM, Cusi K. Use of a metabolomic approach to non-invasively diagnose non-
alcoholic fatty liver disease in patients with type 2 diabetes mellitus. Diabetes Obes Metab.
2018;20(7):1702-1709.
Denimal D, Béland-Bonenfant S, Pais-de-Barros JP, Rouland A, Bouillet B, Duvillard L, Vergés
B, Petit JM. Plasma ceramides are associated with MRI-based liver fat content but not with
noninvasive scores of liver fibrosis in patients with type 2 diabetes. Cardiovasc Diabetol.
2023;22(1):310.

25



90.

91.

92.

93.

94.

Vvedenskaya O, Rose TD, Knittelfelder O, Palladini A, Wodke JAH, Schuhmann K, Ackerman
JM, Wang Y, Has C, Brosch M, Thangapandi VR, Buch S, Zlllig T, Hartler J, Kofeler HC,
Récken C, Coskun U, Klipp E, von Schoenfels W, Gross J, Schafmayer C, Hampe J, Pauling
JK, Shevchenko A. Nonalcoholic fatty liver disease stratification by liver lipidomics. J Lipid Res.
2021;62:100104.

Gorden DL, Myers DS, Ivanova PT, Fahy E, Maurya MR, Gupta S, Min J, Spann NJ,
McDonald JG, Kelly SL, Duan J, Sullards MC, Leiker TJ, Barkley RM, Quehenberger O,
Armando AM, Milne SB, Mathews TP, Armstrong MD, Li C, Melvin WV, Clements.RH,
Washington MK, Mendonsa AM, Witztum JL, Guan Z, Glass CK, Murphy RC, Dennis EA,
Merrill AH, Jr., Russell DW, Subramaniam S, Brown HA. Biomarkers of NAFLD progression: a
lipidomics approach to an epidemic. J Lipid Res. 2015;56(3):722-736.

Feldstein AE, Lopez R, Tamimi TA, Yerian L, Chung YM, Berk M, Zhang R, Mclintyre TM,
Hazen SL. Mass spectrometric profiling of oxidized lipid products in human nonalcoholic fatty
liver disease and nonalcoholic steatohepatitis. J Lipid Res. 2010;51(10):3046-3054.

OreSi¢ M, Hyodtylainen T, Kotronen A, Gopalacharyulu P, Nygren H, Arola J, Castillo S, Mattila
|, Hakkarainen A, Borra RJ, Honka MJ, Verrijken A, Francque.S, lozzo P, Leivonen M, Jaser
N, Juuti A, Sgrensen Tl, Nuutila P, Van Gaal L, Yki-Jarvinen H.-Prediction of non-alcoholic
fatty-liver disease and liver fat content by serum molecular lipids. Diabetologia.
2013;56(10):2266-2274.

Tanaka T, Rosano C, Huang X, Tian Q, Landman BA, Moore AZ, Miljkovic I, Perry A, Khan S,
Kalhan R, Carr JJ, Terry JG, Yaffe K, Walker KA;.Candia J, Ferrucci L. Plasma proteomic
analysis of intermuscular fat links muscle integrity with processing speed in older adults.
Alzheimers Dement. 2025;21(5):e70261.

26



Figure Legends

Figure 1. Changes in IMAT and muscle following a weight loss, exercise training or control 12-week intervention. (A)
IMAT and muscle volume measured by MRI. (B) IMAT by sex. (C) Leg fat mass and lean mass measured by DXA. (D)
Comparison of MRI versus DXA lean mass change in the weight loss group. Values are mean = SEM; n = 13-17
participants /group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. WL — weight loss, EX — exercise training. Pearson
correlation between (E) insulin sensitivity measured by hyperinsulinaemic-euglycaemic clamp rate of
disappearance, Rd, and IMAT volume and (F) change in insulin sensitivity measured by hyperinsulinaemic-
euglycaemic clamp and change in IMAT volume in pre- vs post-intervention samples. WL - gray circles, EX —yellow
squares, CTRL - blue triangles; pre-intervention -filled, post-intervention — open.

Figure 2. Change in liver steatosis following a 12-week weight loss, exercise training, or control intervention. (A)
Percent liver fat pre- and post-intervention (B) Change in liver fat by sex. Values.are means + SEM; n=13-17
participants /group. *p<0.05, ****p<0.0001. WL - weight loss, EX —exercise training.

Figure 3. Volcano plots illustrating differential changes in plasma lipid and metabolite profiles following a 12 -week
weight loss or exercise intervention. Plots show -log10(p-value) versus log,(fold change) for total lipid classes and
metabolites for weight loss versus control (A, B) and exercise training versus control (C, D). Red indicates a
decrease and blue indicates an increase relative to.control; n = 13-17 participants /group. WL —weight loss, EX -
exercise training, ctrl — control, dDHCer — deoxydihydroceramide, PG — phosphatidylglycerol, 1,2-DAG -
diacylglycerol, S1P - sphingosine-1-phosphate, Sa1P — sphinganine-1-phosphate, DPA — docosapentaenoic acid,
DHA - docosahexaenoic acid.

Figure 4. Correlations between plasma lipids and percent liver fat in pre- and post-intervention samples. Pearson
correlation coefficients are shown for total (A) triacylglycerol (TAG), (B) phosphatidylinositol (PI), (C)
dihydroceramide (dHCer), (D).deoxydihydroceramide (dDHCer), (E) phosphatidylglycerol (PG), (F) 1,2-
diacylglycerol (1;2-DAG), (G) acylcarnitine (AC), (H) lysophosphatidylinositol (LPI), (1) 1,3-diacylglycerol (1,3-DAG),
(J) ceramide (Cer), and(K) phosphatidylcholine (PC), measured by LC-MS/MS. n = 13-17 participants /group. WL -
gray circles, EX - yellow squares, CTRL - blue triangles; pre-intervention - filled, post-intervention — open. P-values
are corrected forrmultiple comparisons.

Figure 5. Correlations between plasma lipids and IMAT volume in pre- and post-intervention samples. Pearson
correlation coefficients are shown for total (A) triacylglycerol (TAG), (B) phosphatidylglycerol (PG), (C)
lysophosphatidylinositol (LPI), (D) 1,2-diacylglycerol (1,2-DAG), (E) phosphatidylethanolamine (PE), and (F)
phosphatidylserine (PS), measured by LC-MS/MS. n = 13-17 participants /group. WL - gray circles, EX — yellow
squares, CTRL - blue triangles; pre-intervention —filled, post-intervention —open. P-values are corrected for
multiple comparisons.
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Table 1. Participant Demographics

Variable Weight Loss Only Exercise Training Only Control
Pre Post Pre Post Pre Post

N (W/M) 17 (8/9) 16 (8/8) 13 (6/7)
Race (Caucasian/Black/Asian) 14/1/2 13/3/0 11/2/0
NGT/Pre-diabetes/T2D 10/6/1 12/4/0 6/7/0
Age (yrs) 39.7+1.3 39.7+1.6 39.8+1.4
BMI (kg/m?) 35.2+0.9 31.5+1.08 36.0+1.1 35.8+1.1 36.8+1.3 37.0+1.4
Body Weight (kg) 103.8+3.1 92.842.88 107.1+4.1 106.6+4.1 104.5#5.0 105.1£5.1
Body Fat (%) 40.7+1.4  38.6£1.78 41.6%1.5 41.7+1.3 40.6£1.2 40.941.6
DXA Lean Mass (kg) 57.2+2.0 52.8+1.9§ 58.6+3.2 58.5+3.0 58.6+3.4 58.2+3.6
DXA Fat Mass (kg) 43.4£3.0 35.3+2.08 43.0%1.6 43.4%1.7 41.62.1 41.7%2.1
MRI IMAT (g/cm?) 4.5+0.3 3.9+0.38 4.5%0.3 4.5+0.3 5.2+0.4 5.3+0.5
MRI Skeletal Muscle (g/cm?) 75.6+4.1 72.4+4.18§ 76.9x4.5 78.3+4.9 81.4%5.4 81.4%5.1
HbA1c (%) 5.6£0.1 5.5+0.1 5.540.1
Fasting Glucose (mg/dL) 94.15 89.5+3 95.2+2 92.1+2 93.6+2 90.0%2
Fasting Insulin (uU/mL) 7.8+1 5.8+0.68§ 9.2+0.8 8.7+0.6 9.0+1.3 9.0+1.0
Fasting FFA (uEqQ/L) 632+44 554+37 617+38 557+46 549+31 526+48
Fasting TG (mg/dL) 129.6+13.9  98.5+9.3§  122.6£12.3« 124.4+14.3 113.5%12.8 119.3+15.3
VO,peak (L/min) 2.740.1 2.6£0.1 2.7+0.2 2.9+0.28 2.610.2 2.6+0.2
Glucose Rd during insulin 3.940.3  5.3+0.58 " 3.740.3  4.440.45  3.940.5  3.740.5
clamp (mg/kg/min)
Glucose Ra (mg/kg/min) 2.240.1 2.3+0.1 2.240.1 2.10.1 2.2+0.1 2.0+0.1
Peak Torque (Newton*meters) 183+14 167+10 166+15 173+19 125420 137114

Values are mean + SEM. § = significantly different than pre, p<0.05.
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Table 2. Plasma metabolites significantly related to hepatic steatosis

Benjamini-Hochberg

Metabolite Pearsonr P (two-tailed) adjusted p-value
L-Leucine/isoleucine 0.4765 <0.0001 0.0004
L-Lysine 0.4028 <0.0001 0.0008
L-Tyrosine 0.4264 <0.0001 0.0012
Kynurenine 0.3982 <0.0001 0.0015
L-Palmitoylcarnitine 0.4216 <0.0001 0.0019
O-Dodecenoyl-carnitine 0.3763 0.0002 0.0023
Xanthine 0.3735 0.0003 0.0027
L-Glutamate 0.3581 0.0005 0.0031
L-Phenylalanine 0.3545 0.0006 0.0035
L-Tryptophan 0.3479 0.0007 0.0038
D-Ribose 0.3262 0.0016 0.0042
L-Valine 0.3216 0.0019 0.0046
Urate 0.3195 0.002 0.0050
5-Oxoproline 0.317 0.0022 0.0054
Dehydroascorbate 0.3015 0.0037 0.0058
Allantoate 0.3001 0.0039 0.0062
(5-L-Glutamyl)-L-glutamine 0.2982 0.0041 0.0065
Hypoxanthine 0.2971 0.0042 0.0069
Tetrahydrofolate 0.2889 0.0055 0.0073
L-Proline 0.2883 0.0056 0.0077
O-Dodecanoyl-carnitine 0.2863 0.0059 0.0081
L-Cystine 0.2777 0.0077 0.0085
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