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Abstract

Aim: Obesity is a major contributor to insulin resistance (IR) and cardiometabolic diseases, but IR 
can manifest in a tissue-specific manner, resulting in discordant IR phenotypes. This study 
characterized metabolic and clinical differences between individuals with adipose and muscle IR.

Method: Baseline data from 229 adults (40–75 years, BMI 25–40 kg/m²) in the PERSON study 
were analyzed. Participants were categorized into four groups based on indices of muscle and 
adipose insulin sensitivity. Muscle IR was assessed with a 7-point oral glucose tolerance test, and 
adipose IR was determined from fasting plasma insulin and non-esterified fatty acids. Detailed 
phenotyping was performed under controlled conditions and daily life.

Results: 42% of participants displayed discordant IR patterns. Independent of muscle IR, adipose 
IR was associated with an adverse cardiometabolic profile, including abdominal fat accumulation, 
higher fasting insulin, HOMA-IR and triglycerides, greater glycemic variability, and more liver 
fat and hepatic IR. In contrast, individuals with isolated muscle IR maintained a relatively healthy 
cardiometabolic profile, though women exhibited higher muscle fat infiltration and hepatic IR. 

Conclusion: These findings demonstrate that adipose IR is more strongly and consistently linked 
to impaired metabolic health than muscle IR, highlighting the importance of phenotype-specific 
strategies for prevention and treatment.

Keywords: Insulin resistance, type 2 diabetes, adipose tissue, skeletal muscle, obesity, cardio-
metabolic health.

1. Introduction

The global prevalence of obesity has surged dramatically, reaching epidemic proportions in recent 
decades. According to the WHO, 2.5 billion adults were overweight in 2022, and one in eight 
people lived with obesity. This alarming trend represents a pressing public health crisis that 
demands urgent attention (1). The escalating prevalence of obesity poses a substantial risk for a 
range of cardiometabolic disorders, including cardiovascular disease, type 2 diabetes, and insulin 
resistance (IR) (2-4). 

Obesity is closely linked to the development of IR, a key factor in the progression of various 
metabolic diseases. Excessive fat accumulation, particularly in the abdominal region, leads to lipid 
overflow towards non-adipose tissues, including liver and muscle (5-7). This ectopic fat 
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deposition, in particular the accumulation of bioactive lipid metabolites, impairs metabolic 
processes and contributes to the onset of IR by interfering with insulin signaling (8, 9). 

IR can manifest in multiple tissues, including the brain, liver, pancreas, skeletal muscle, and 
adipose tissue (3, 10, 11). Notably, the degree of IR can vary among these tissues, leading to 
different cardiometabolic risk profiles (12). Recent research conducted by our laboratory revealed 
that individuals with either more pronounced muscle IR or more pronounced liver IR exhibit 
distinct metabolomic, lipidomic, and systemic inflammatory profiles. For example, we found that 
individuals with liver IR and those with muscle IR display different postprandial plasma metabolite 
responses following a mixed meal, despite having similar fasting metabolite profiles (13, 14). Also, 
individuals with liver IR displayed greater disruptions in their lipidome  and metabolome profiles 
(15) compared to those with muscle IR. Furthermore, individuals with muscle IR have been found 
to exhibit more pronounced abdominal subcutaneous and systemic inflammation, while those with 
liver IR show higher expression of genes related to extracellular remodeling in abdominal 
subcutaneous adipose tissue (13, 16).

Recently, a study reported that adipose tissue IR and whole-body IR, as reflected by HOMA-IR, 
do not always coincide (12). Moreover, it has been shown that adults with discordant adipose tissue 
and whole-body IR exhibit unique metabolic features, including differences in visceral fat, 
triacylglycerol (TAG), and basal metabolic rate (12, 14). To date, human studies investigating the 
relationship between adipose tissue and skeletal muscle IR phenotypes and their independent 
association with metabolic health are lacking. To address this, we aimed to characterize the clinical 
and metabolic features of individuals with discordant IR in adipose tissue and skeletal muscle, 
leveraging detailed body composition and extensive phenotyping data from the PERSON study 
(17). We hypothesized that a substantial proportion of individuals would exhibit discordant 
patterns of adipose tissue and skeletal muscle IR. Furthermore, given the distinct physiological 
roles of adipose tissue in lipid metabolism and skeletal muscle in insulin-stimulated glucose 
disposal, we hypothesized that adipose tissue IR and muscle IR would be associated with distinct 
cardiometabolic profiles. Our approach will enhance the characterization of individuals with 
discordant IR phenotypes, reflecting distinct etiologies of cardiometabolic disease, and may inform 
the development of intervention strategies to more effectively prevent and manage obesity-related 
cardiometabolic conditions.

2. Methods

2.1 Study design and participants

The PERSON study (PERSonalized Glucose Optimization through Nutritional intervention) was 
a 12-week dietary intervention conducted at Maastricht University Medical Center⁺ (MUMC⁺) and 
Wageningen University (WUR) in the Netherlands from May 2018 to November 2021. This two-
center, randomized, double-blinded study used a parallel design and adhered to the Declaration of 
Helsinki principles. Ethical approval was obtained from the Medical Ethical Committee of 
MUMC⁺ (NL63768.068.17), and the trial was registered at ClinicalTrials.gov (NCT03708419). 
All participants provided written informed consent prior to enrollment. The details of the design 
and methodology have been previously outlined (17).
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The study enrolled participants aged 40–75 years with a BMI of 25–40 kg/m². Inclusion criteria 
were based on the presence of either a predominant liver IR or muscle IR phenotype, determined 
through a 7-point oral glucose tolerance test (OGTT). Exclusion criteria comprised unstable body 
weight in the last three months, pre-existing type 2 diabetes mellitus, conditions or medications 
impacting glucose/lipid metabolism, major gastrointestinal disorders, major abdominal surgeries, 
uncontrolled hypertension, smoking, excessive alcohol intake, and moderate to high levels of 
physical activity. Baseline data from 229 subjects were used for clinical and metabolic 
characterization. All data used for the current study were obtained in the week before the start of 
the dietary intervention. During this week, participants underwent multiple clinical test days 
involving extensive laboratory testing. These included challenge tests such as OGTT and the high-
fat mixed-meal test (HFMM), as well as body composition analysis, tissue biopsies, and 
completion of questionnaires. For the OGTT, participants were instructed to refrain from vigorous 
physical activity and alcohol consumption >1 day before the test and they consumed a standardized 
meal the evening before.

2.2 Insulin resistance assessment and classification of tissue-specific insulin resistant 
phenotypes

Whole-body insulin sensitivity, β-cell function, and insulin secretion were assessed based on 
plasma glucose and insulin concentrations measured during a 7 points OGTT. Participants 
consumed 200 ml of a 75 g glucose solution (Novolab) within 5 minutes following an overnight 
fast. Blood samples were collected from the antecubital vein via an intravenous cannula before (t 
= 0 min) and after the glucose ingestion (t = 15, 30, 45, 60, 90, and 120 min). Plasma and serum 
samples were stored at -80°C until analysis of glucose and insulin concentrations. To evaluate 
whole-body insulin sensitivity, established measures, including the HOMA-IR and Matsuda index, 
were employed. HOMA-IR was calculated as (fasting glucose [mmol/L] × fasting insulin 
[mU/L])/22.5. The Matsuda index was computed as 10,000 ÷ the square root of [(fasting plasma 
glucose [mg/dL] × fasting insulin [mU/L]) × (mean glucose [mg/dL] × mean insulin [mU/L])], 
using glucose and insulin values at time points 0, 30, 60, 90, and 120 minutes during the OGTT. 
Indicators of β-cell function and insulin secretion were also computed, including the disposition 
index, determined by multiplying the Matsuda index by the ratio of the area under the curve (AUC) 
30 min insulin to the AUC 30 min glucose, and the HOMA-β, derived from the formula (20 × 
fasting insulin [mU/L]) divided by (fasting glucose [mmol/L] – 3.5).

2.3 Estimates of tissue-specific insulin resistance

Muscle IR and liver IR were estimated using the muscle insulin sensitivity index (MISI) and 
hepatic IR index (HIRI), respectively, as proposed by Abdul-Ghani and colleagues (18). The MISI 
calculation has been optimized using the cubic spline method (19). MISI and HIRI were calculated 
as follows: 

MISI = (dGlucose/dt ÷ [mean insulin in pmol/L])

HIRI = [glucose AUC 0–30 in mmol/L × h] × [insulin AUC 0–30 in pmol/L × h]
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In the MISI formula, dGlucose/dt is the rate of decay of plasma glucose concentration (mmol/L) 
during the OGTT, calculated as the slope of the least square fit to the decline in plasma glucose 
concentration from peak to nadir. The decline in plasma glucose concentration in the second part 
of the OGTT primarily reflects glucose uptake by peripheral tissues, mainly skeletal muscle. In 
the HIRI formula, AUC 0-30 is the area under the glucose or insulin curve between baseline and 
30 min of the OGTT, calculated using the trapezoidal method, reflecting the insulin-mediated 
suppression of endogenous glucose production. These indices have been developed and validated 
against gold-standard measures of peripheral insulin sensitivity, fasting plasma insulin, and 
endogenous glucose production as assessed during a hyperinsulinemic-euglycemic clamp (17).

For measuring adipose tissue IR index (ATIRI), blood samples were drawn from an antecubital 
vein after a 12-hour overnight fast on a separate visit. ATIRI was calculated as fasting insulin 
(μU/L) × fasting non-esterified fatty acids (μmol/L)/1000.

2.4 Classification of tissue-specific insulin resistance

The individuals were divided into four groups based on the 50th percentile of the ATIRI and MISI 
scores. Individuals with muscle IR were represented by values below the MISI median, and those 
with adipose IR by values above the ATIRI median. Consequently, individuals were assigned to 
one of four groups: Insulin-sensitive muscle and adipose tissue (muscle-IS/adipose-IS, reference 
group); insulin-sensitive muscle and insulin-resistant adipose tissue (muscle-IS/adipose-IR); 
insulin-resistant muscle and insulin-sensitive adipose tissue (muscle-IR/adipose-IS); and insulin-
resistant muscle and adipose tissue (muscle-IR/adipose-IR).

2.5 Two-step hyperinsulinemic-euglycemic clamp

In a subgroup of individuals (n = 74), whole-body and tissue-specific insulin sensitivity were 
assessed using the gold standard two-step hyperinsulinemic-euglycemic clamp. The clamp was 
performed after an overnight (≥12 h) fast and participants consumed a standardized macaroni meal 
the evening before the clamp. After obtaining a skeletal muscle biopsy, a primed D-[6.6- 2H2] 
glucose tracer was infused continuously at 0.04 mg/kg/min starting at t = -120 minutes to allow 
calculations of rates of endogenous glucose production (EGP), and glucose disposal (Rd) under 
basal conditions. At t = 0, a low primed constant co-infusion of insulin at 10 mU/m2/min was 
started for 3h to determine hepatic and adipose tissue insulin sensitivity. At t = 180 min, the primed 
constant infusion of insulin was increased to 40 mU/m2/min for 2.5h to suppress EGP and 
determine peripheral insulin sensitivity. Arterialized blood samples were collected every 5 min 
from the superficial dorsal hand vein during the insulin infusion to measure glucose 
concentrations, which were maintained at ~5.0 mmol/L by co-infusion of 20% glucose at variable 
rate (glucose infusion rate, GIR). Substrate utilization was measured for 30 min during the basal, 
low insulin, and high insulin infusion step using indirect calorimetry with a ventilated hood 
(Omnical, Maastricht Instruments, Maastricht). The fat and carbohydrate oxidation were 
calculated based on the equations of Weir and Frayn (20, 21). Detailed methods have been 
described previously (17).
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2.6 Continuous glucose monitoring (CGM)

To assess glycemic variability and glycemic responses, a CGM (Medtronic iPro2 with Enlite 
sensor) was placed lateral to the umbilicus for 6 days of continuous interstitial fluid glucose 
measurements. The CGM data was calibrated as per the manufacturer's guidelines, using four daily 
capillary glucose measurements obtained with a glucometer (Contour XT, Ascensia Diabetes 
Care). The iglu package (22) (version 3.3.0) in R (version 4.0.2) was used to calculate mean 
glucose, SD, coefficient of variation (CV), time in range (between 3.9 and 7.8 mmol/L) and mean 
amplitude of glycemic excursions (MAGE).

2.7 Anthropometry and body composition

Body weight, height, waist and hip circumferences were measured in duplicate to the nearest 0.1 
kg and 0.1 cm, respectively. DXA was performed to assess whole-body and regional fat mass, fat 
percentage, and lean body mass. Fat distribution and ectopic fat deposition were assessed using 
whole body MRI and/or MRS. At MUMC⁺, a whole-body scan was performed after a ≥2 h fast 
with a 3T MRI scanner. Using a computational modeling approach (23), analyses measured the 
amount of visceral adipose tissue (VAT), intrahepatic lipid content (IHL), and muscle fat 
infiltration (MFI) in the anterior thighs. At WUR, MRI and proton magnetic resonance 
spectroscopy (1H-MRS) were used to measure abdominal fat and liver fat, respectively. Detailed 
methods for measuring body fat distribution and ectopic fat deposition have been described 
previously (12).

2.8 Plasma biomarkers analysis

Plasma inflammatory markers, including C-reactive protein (CRP), serum amyloid A (SAA), 
CD163, plasminogen activator inhibitor-1 (PAI-1), and tumor necrosis factor ligand superfamily 
member 12 (TNFSF12), were quantified in fasting plasma using Luminex immunoassays, 
conducted by DSM Nutritional Products in Kaiseraugst, Switzerland. Furthermore, total 
cholesterol, and HDL cholesterol were measured in serum obtained while fasting (t=0 min). 
Plasma glucose, insulin, and free fatty acids (FFA) were measured on a Cobas Pentra C400 using 
ABX Pentra Glucose HK CP reagents (Horiba ABX Diagnostics, Montpellier, France), ELISA 
(Meso Scale Discovery, Gaithersburg, USA), and FFA HR reagents (Wako chemicals, Neuss, 
Germany), respectively. Serum TAG, total cholesterol, and HDL cholesterol were measured on a 
Cobas Pentra C400 using ABX Pentra Triglycerides HK CP reagents, ABX Pentra Cholesterol CP 
reagents, and ABX Pentra HDL Direct, respectively. HbA1c and hepatic parameters (ALT and 
AST) were assessed during the fasting state of the screening visit at the MUMC⁺ and Ziekenhuis 
Gelderse Vallei hospitals in Ede, the Netherlands.

2.9 Habitual physical activity and dietary intake
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To assess physical activity levels, participants completed the Baecke questionnaire, which captures 
self-reported habitual physical activity and sedentary behavior. Habitual dietary intake was 
assessed by a validated 163-item semiquantitative food frequency questionnaire (24).

2.10 Statistical analysis

For the group analysis, participant characteristics are presented as mean ± SD. A Chi-square test 
was performed to assess the phenotypic differences for categorical variables. Baseline 
characteristics were compared among the four IR phenotypes (muscle-IS/adipose-IS, muscle-
IS/adipose-IR, muscle-IR/adipose-IS, and muscle-IR/adipose-IR) using ANCOVA. These 
analyses were adjusted for study center, sex and BMI to control for potential confounding effects. 
Weight and BMI were adjusted for study center and sex only. To identify pairwise differences 
between phenotypic groups, post-hoc analyses were performed using least significant difference 
(LSD) tests. Assumptions were tested by plotting residual and predicted values and by visually 
inspecting residual Q-Q plots, to test the homogeneity of variances and normality of residuals, 
respectively. Skewed variables were log-transformed to approximate normal distributions.

Continuous linear regression analysis was performed to examine the independent association of 
MISI and ATIRI with clinical and metabolic characteristics, using three models with increasing 
complexity. In model 1, data were adjusted for study center and sex; model 2 included an additional 
adjustment for BMI (model 1 + BMI), except for energy expenditure (EE), where lean body mass 
was used instead of BMI; and model 3 included additional adjustment for either ATIRI or MISI 
(model 2 + ATIRI/MISI). Specifically, in this third model, analyses on adipose IR were adjusted 
for MISI and analyses on muscle IR were adjusted for ATIRI. All parameters were standardized 
in Z-scores to compare effect estimates. In model 1, interaction by sex was evaluated by including 
an interaction term. When a significant sex interaction was detected, the results were stratified and 
presented separately for men and women. All data are reported with 95% CI.

All statistical analyses were performed using SPSS (version 27). Figures were generated using 
GraphPad Prism (version 8.0.1). A p-value of < 0.05 was considered statistically significant. 

3. Results

3.1 Participant characteristics

Data for a total of 229 participants were analyzed, of which 131 individuals (57.2%) were women. 
The mean age of participants was 60.2 years and the mean fasting glucose level was 5.43 mmol/L. 

3.2 Group analysis

Participants were categorized into four groups including muscle-IS/adipose-IS (n = 66, women: 
56.1%) as the reference group, discordant muscle-IS/adipose-IR (n = 48, women: 62.5%), 
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discordant muscle-IR/adipose-IS (n = 49, women: 42.9%), and muscle-IR/adipose-IR (n = 66, 
women: 65.6%). According to our median-based definitions of adipose tissue and muscle IR, a 
significant proportion of participants (n = 97, 42%) exhibited discordance between adipose and 
muscle IR.

Baseline measurements, clinical and metabolic characteristics of the participants are provided in 
Table 1. No significant group differences were observed with respect to age and sex (p = 0.69 and 
p=0.09, respectively). Furthermore, BMI (p < 0.001) was significantly different between the four 
groups, with a higher BMI in both adipose-IR groups (muscle-IS/adipose-IR and muscle-
IR/adipose-IR) compared to muscle-IR/adipose-IS (p = 0.01 and p < 0.001, respectively) and the 
reference group (p < 0.001 for both). No significant differences in dietary intake or habitual 
physical activity were observed among the four groups (Table S1).

3.2.1 Individuals with an adipose IR phenotype exhibit an unhealthy cardiometabolic profile, 
independent of muscle IR

First, we investigated the link between adipose tissue IR and cardiometabolic health by comparing 
participants with muscle-IS/adipose-IR to those with muscle-IS/adipose-IS. By definition, MISI 
was similar between groups and ATIRI was higher in individuals with muscle-IS/adipose-IR 
compared to muscle-IS/adipose-IS (Table 2). The muscle-IS/adipose-IR group was characterized 
by elevated weight, fasting insulin, HOMA-IR, HOMA-β, HbA1c, and FFA levels compared to 
the reference group (Table 1). Matsuda index, a measure of whole-body insulin sensitivity, was 
significantly lower in individuals with muscle-IS/adipose-IR group, whereas glycemic variability 
appeared higher in the muscle-IS/adipose-IR group, with mean glucose levels and MAGE showing 
p-values of 0.05 and 0.06, respectively (Table 2). Furthermore, individuals with muscle-
IS/adipose-IR showed significantly higher levels of HIRI and ALT compared to individuals with 
muscle-IS/adipose-IS (Figure 1). No significant differences were observed in inflammatory 
markers, dietary intake, or clamp-derived outcomes (all p > 0.05) (Table 3 and Table S1). 

Subsequently, we compared individuals with IR in only adipose tissue (muscle-IS/adipose-IR) to 
those with IR in both skeletal muscle and adipose tissue (muscle-IR/adipose-IR). Interestingly, 
apart from the expected higher MISI (Table 2), individuals with muscle-IS/adipose-IR exhibited a 
largely similar cardiometabolic risk profile compared to individuals with muscle-IR/adipose-IR, 
including comparable glycemic, lipid, and liver-related parameters (Tables 1 and 2, Figure 1), most 
of which were higher in both groups as compared to the reference group (muscle-IS/adipose-IS). 
Notably, although individuals with muscle-IS/adipose-IR and muscle-IR/adipose-IR did not differ 
significantly in HIRI or liver fat, the muscle-IS/adipose-IR group exhibited intermediate values 
relative to both the reference group and the combined IR group (muscle-IR/adipose-IR) (Figure 
1). 
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3.2.2 Individuals with adipose tissue IS exhibit a healthy cardiometabolic profile, independent 
of muscle IR

We then studied participants who were sensitive in their adipose tissue and discordant with respect 
to muscle IR; we compared those with insulin resistant skeletal muscle (muscle-IR/adipose-IS) to 
those with insulin sensitive skeletal muscle (muscle-IS/adipose-IS). Interestingly, apart from the 
expected lower MISI and Matsuda index (Table 2), individuals with muscle-IR/adipose-IS and 
muscle-IS/adipose-IS displayed a comparable cardiometabolic profile, with no significant 
differences in metabolic, glycemic variability, or clamp-derived parameters. Muscle IR, against a 
background of adipose IS, seemed to be characterized by slightly higher HIRI and liver fat, but 
these differences did not reach statistical significance (p = 0.08 and p = 0.44 respectively) (Figure 
1).

3.3 Continuous analysis

3.3.1 Associations between adipose tissue insulin resistance and cardiometabolic 
characteristics, and body fat distribution 

Continuous linear regression analysis was performed to examine the association of ATIRI with 
anthropometric and cardiometabolic characteristics, using the different models (Table S2 and 
Figure 2). As expected, given the use of similar parameters for calculations, ATIRI was positively 
associated with HOMA-IR and HOMA-β and negatively associated with Matsuda index across all 
models. ATIRI was also positively associated with body weight, HbA1c, glycemic variability 
measures, and several cardiometabolic risk parameters, while being negatively associated with rate 
of disposal (Rd), CGM time in range, and HDL cholesterol, after adjusting for study center and 
sex (Model 1) (Table S2). These associations remained significant after additional adjustment for 
BMI (Model 2) and MISI (Model 3) (Table S2 and Figure 2). With respect to substrate metabolism, 
ATIRI was positively related to fat oxidation and negatively associated with carbohydrate 
oxidation and RER during the high-insulin infusion step of the hyperinsulinemic euglycemic 
clamp, across all models (Table S2 and Figure 2).

ATIRI was positively associated with upper-body fat measures, including waist circumference, 
waist-to-hip ratio (WHR), trunk fat, android fat, and the abdominal adipose tissue (AT) index 
across all models (all p < 0.05) (Table S2 and Figure 2). Additionally, positive associations were 
observed between ATIRI and hip circumference and gynoid fat in Model 1. However, these latter 
associations were no longer significant after adjustment for BMI (Model 2) and MISI (Model 3) 
(Table S2 and Figure 2). Notably, a significant sex interaction was observed for the association 
between ATIRI and the android-to-gynoid (A/G) fat ratio. In women, a higher ATIRI was 
consistently associated with a higher A/G fat ratio across all models, indicating a more central fat 
distribution. In contrast, no such association was observed in men (Table S2 and Figure 2).

Finally, the continuous analysis further demonstrated that ATIRI was significantly associated with 
liver-related parameters (Figure 2). Specifically, ATIRI was positively linked to HIRI after 
adjustment in Model 1, and this association remained significant after additional adjustments in 
Model 2 and Model 3 (Table S2). Moreover, ATIRI was significantly associated with liver fat and 



10

liver enzyme levels, including ALT and AST, and these associations remained statistically 
significant across all models (Table S2 and Figure 2). 

3.3.2 Associations between muscle insulin resistance and cardiometabolic characteristics, and 
body fat distribution 

We then performed continuous analyses to assess associations between MISI and anthropometric 
and cardiometabolic characteristics, using different models. MISI showed a negative association 
with HOMA-β across all models (Table S3, Figure 2). Significant interactions between sex and 
MISI were found for fasting insulin, HOMA-IR, and Matsuda index. Specifically, in women, MISI 
was negatively associated with fasting insulin and HOMA-IR in Model 1 and Model 2, but after 
additional adjustment for ATIRI (Model 3), only the association between MISI and HOMA-IR 
remained significant. In contrast, no significant associations were observed in men across any of 
the models (Table S3 and Figure 2). 

The associations between MISI and several anthropometric parameters varied depending on the 
model used. In Model 1, which adjusted for study center and sex, MISI was not significantly 
associated with hip circumference, gynoid fat, or gynoid mass. However, after further adjustment 
for BMI (Model 2) and ATIRI (Model 3), these associations became positive and statistically 
significant, suggesting a link between peripheral fat distribution and muscle insulin resistance 
(Table S3). Conversely, MISI was consistently and inversely associated with visceral fat mass, 
WHR and A/G fat ratio across all models (Table S3 and Figure 2), indicating that greater muscle 
insulin sensitivity is associated with lower central fat accumulation. Interestingly, MISI 
demonstrated a strong and consistent, negative association with muscle fat in women across all 
models. This relationship was not observed in men.

Unlike ATIRI, which was adversely associated with cardiometabolic parameters and substrate 
oxidation, MISI showed only limited associations with metabolic and inflammatory markers. No 
significant relationships were observed between MISI and substrate oxidation, cardiometabolic 
parameters, or inflammatory markers overall (Table S3). However, a significant sex interaction 
was identified for the relationship between MISI and IL-6. In women, but not in men, IL-6 showed 
a negative association with MISI in Model 1. This association remained borderline significant after 
additional adjustments for BMI (p = 0.07, Model 2) and ATIRI (p = 0.05, Model 3) (Table S3).

Notably, as mentioned earlier, group analysis revealed that liver-related factors were among the 
few parameters elevated in individuals with muscle-IR/adipose-IS compared to those with muscle-
IS/adipose-IS. Particularly, HIRI and liver fat were higher in the muscle-IR/adipose-IS group 
compared to the reference group and were significantly lower compared to muscle-IR/adipose-IR 
group, resulting in intermediate values overall (Figure 1). These findings prompted us to perform 
a continuous regression analysis to further investigate the associations between muscle insulin 
sensitivity and liver-related metabolic parameters. Regression analyses showed that MISI is not 
associated with liver fat across all models (Table S3 and Figure 2). However, MISI was negatively 
associated with ALT in Models 1 and 2, yet this relationship disappeared after adjustment for 
ATIRI (Table S3 and Figure 2). Importantly, MISI was inversely associated with HIRI in women 
in Model 1, and this association remained significant even after further adjustment by BMI (Model 
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2) and ATIRI (Model 3). In contrast, no significant association was observed between MISI and 
HIRI in men in any model (Table S3 and Figure 2).

4. Discussion

While previous studies have highlighted the presence of tissue-specific IR in different conditions 
(12, 15, 25, 26), to our knowledge, no research has directly addressed the discordance in IR 
between human adipose tissue and skeletal muscle. Hence, this study aimed to investigate the 
association between IR in adipose tissue and skeletal muscle and cardiometabolic risk profile in 
individuals with overweight or obesity. Therefore, participants from the PERSON study were 
categorized into four groups based on the 50th percentile of the ATIRI and MISI scores: 1) muscle-
IS/adipose-IS (reference group), 2) muscle-IS/adipose-IR, 3) muscle-IR/adipose-IS, and 4) 
muscle-IR/adipose-IR. Interestingly, 42% of individuals exhibited discordant IR patterns between 
adipose tissue and skeletal muscle. Of these, 21% were classified as muscle-IS/adipose-IR and 
21% as muscle-IR/adipose-IS. Notably, individuals with adipose IR had a more adverse 
cardiometabolic profile than those with adipose IS, irrespective of skeletal muscle IR status. This 
was reflected in greater abdominal fat accumulation, reduced insulin sensitivity, impaired glucose 
homeostasis, increased glycemic variability, a less favorable blood lipid profile, and higher liver 
fat, HIRI and ALT levels. In contrast, individuals with muscle IR but adipose tissue IS maintained 
a relatively healthy cardiometabolic profile. Although this group showed, per definition, lower 
MISI and Matsuda index compared to those with insulin sensitive skeletal muscle (muscle-
IS/adipose-IS), no additional disturbances in glucose or lipid metabolism were observed. This 
suggests that muscle IR alone is associated with fewer cardiometabolic disturbances when adipose 
tissue remains insulin sensitive. Importantly, these findings were confirmed in the continuous 
analysis, which additionally revealed that, in women but not in men, MISI was inversely associated 
with HIRI, skeletal muscle lipid content, and HOMA-IR. This sex-specific association suggests 
that muscle IR may contribute to early, tissue-specific metabolic disturbances in women, 
highlighting the importance of considering both tissue type and sex in assessing cardiometabolic 
risk.

In order to investigate anthropometric and cardiometabolic characteristics of individuals with 
adipose IR, independent of muscle IR, we first conducted a group analysis. Participants with IR 
solely in adipose tissue (muscle-IS/adipose-IR) were characterized by lower Matsuda index, and 
elevated fasting insulin, HOMA-IR, HOMA-β, HbA1c, FFA levels and glycemic variability 
compared to the reference group (muscle-IS/adipose-IS). These differences extended to hepatic 
metabolism, as indicated by higher hepatic fat content, HIRI, and ALT levels. Interestingly, the 
metabolic profile of individuals with adipose IR alone was almost comparable to those with 
combined muscle and adipose IR (muscle-IR/adipose-IR), suggesting that the presence of adipose 
IR is the main driver for worse cardiometabolic health, and that muscle IR does not substantially 
exacerbate these metabolic disturbances. These findings are in line with the idea that adipose tissue 
plays a central role in systemic metabolic dysregulation, potentially through its effects on lipid 
overflow, hepatic fat accumulation, and systemic inflammation (27-29). 
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Continuous regression analysis further supports the key role of adipose tissue IR in metabolic 
health. Across all statistical models, adipose IR was associated with impaired glucose regulation 
and adverse metabolic health, including greater glycemic variability, higher HOMA-IR, HOMA-
β, HbA1c, TAG and FFA levels, and lower Matsuda index and HDL concentrations. Under insulin-
stimulated conditions, adipose IR was also linked to higher fat oxidation and lower carbohydrate 
oxidation (reflected by a lower RER), indicative of metabolic inflexibility. Furthermore, we found 
a positive association between adipose tissue IR and HIRI, liver fat accumulation, ALT and AST. 
This is in line with the suggestion that adipose IR may contribute to hepatic fat accumulation and 
hepatic disturbances through impaired suppression of lipolysis and reduced postprandial TAG 
clearance, resulting in increased fat supply to the liver (30-33). 

Finally, adipose IR was also positively associated with upper-body fat deposition, including higher 
android fat mass, waist circumference, and abdominal adipose tissue, independent of muscle IR. 
This is consistent with prior research, stating that body fat distribution, particularly central fat 
accumulation, is a key determinant of metabolic and cardiovascular disease risk (27, 28, 34, 35). 
These findings underscore the close biological interplay between adipose tissue dysfunction and 
central adiposity, both of which are strongly linked to adverse cardiometabolic outcomes. 
Collectively, these findings emphasize the strong interplay between adipose IR, hepatic lipid 
metabolism and overall metabolic health, irrespective of muscle IR.

We also explored the anthropometric and cardiometabolic characteristics of individuals with 
muscle IR, independent of adipose IR. Group analysis revealed that individuals classified as 
muscle-IR/adipose-IS maintained a relatively healthy metabolic profile. Despite reduced muscle 
IS, these participants showed no significant differences in blood lipid levels or glycemic variability 
compared to the healthy group (reference group). This suggests that muscle IR alone may not 
substantially impair overall metabolic health, as long as adipose tissue remains insulin sensitive. 

Interestingly, we found that there is a significant negative association between muscle IS and HIRI 
in women, but not in men. This sex-specific relationship may be driven by differences in hepatic 
lipid metabolism and hepatokine secretion, for example fetuin A and FGF21, both of which are 
known to interfere with insulin signaling, and are linked to metabolic health in a sex-specific 
manner (36, 37). In addition to hepatokines, chronic low-grade inflammation with elevated 
cytokine levels, such as IL-6 and TNF-α, may contribute to muscle-liver IR crosstalk. Although 
some research suggests that IL-6 may limit hepatic inflammation and enhance insulin action under 
certain conditions, other studies report that IL-6 can impair insulin-mediated glucose uptake in 
skeletal muscle and exacerbate IR in both muscle and liver tissues (38-42). Our study found no 
significant association between muscle IS and IL-6 levels, which may be due to the limited sample 
size. Similarly, no other significant associations were observed between muscle or adipose tissue 
IR and systemic inflammatory markers.

Interestingly, higher MISI was associated with lower visceral adipose tissue and higher peripheral 
adiposity, including hip circumference and gynoid fat, even after adjusting for adipose tissue IR. 
This finding supports previous studies suggesting that peripheral fat storage may have beneficial 
metabolic effects by acting as a protective buffer against ectopic fat accumulation and, 
consequently, reducing insulin resistance (43, 44). Specifically, greater gynoid and gluteofemoral 
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fat depots have been associated with improved insulin sensitivity, possibly due to their enhanced 
capacity for lipid storage, reduced lipolytic activity, and favorable adipokine secretion profiles 
(45-47).

Finally, our results reveal a sex-specific association between muscle IS and muscle fat 
accumulation. Specifically, we found that muscle IS was inversely associated with muscle fat in 
women across all models, whereas, surprisingly, no such relationship was observed in men. This 
difference may be influenced by sex-specific hormonal regulation (such as testosterone and 
estrogen), as well as differences in fat metabolism and mitochondrial efficiency (48-50). 
Moreover, these findings align with the broader observation that there are sex differences in body 
composition, such as higher visceral fat in men and greater peripheral fat in women, which 
contribute differently to cardiometabolic disease risk (51). However, the precise mechanisms 
underlying the relationship between muscle IR, fat distribution, and cardiometabolic outcomes in 
a sex-specific context remain to be fully elucidated. 

While the present study provides detailed insights into tissue-specific IR phenotypes and their 
associations with cardiometabolic health, some limitations should be acknowledged. The cross-
sectional design precludes conclusions regarding causality. In addition, adipose and muscle IR 
phenotypes were defined using median values of ATIRI and MISI. These cut-offs do not represent 
clinically validated thresholds and were used to distinguish individuals with relatively higher 
versus lower tissue-specific IR within the study population. Nevertheless, continuous analyses 
using ATIRI and MISI yielded largely consistent findings. Furthermore, although MISI and ATIRI 
are validated surrogate measures of tissue-specific IR, direct measurements using gold-standard 
clamp techniques were only available in a subgroup of participants. Finally, the study population 
consisted of middle-aged and older adults with overweight or obesity, which may limit the 
generalizability of our findings to other populations.

Concluding, using median values of indices of muscle and adipose IR, this study found that a 
significant number of individuals display discordant patterns of adipose tissue and muscle IR, with 
each type showing distinct associations with cardiometabolic health. Specifically, adipose tissue 
IR is strongly linked to systemic cardiometabolic dysfunction, including elevated central fat 
accumulation, disturbed glucose and lipid metabolism, increased liver fat, and hepatic IR. In 
contrast, muscle IR, in the presence of insulin-sensitive adipose tissue, is characterized by a 
relatively more favorable metabolic profile, without major disturbances in glucose or lipid 
homeostasis. Furthermore, we found sex-specific associations, with higher MISI linked to lower 
HIRI, reduced muscle fat infiltration, and lower whole-body IR in women, but not in men. These 
findings underscore the importance of considering both tissue-specific and sex-specific differences 
in metabolic health. Accordingly, tailoring dietary and lifestyle interventions to specific IR profiles 
may improve treatment outcomes. It is evident that weight loss may improve cardiometabolic 
health, including adipose tissue, muscle and liver insulin sensitivity (52). Besides that, emerging 
evidence from precision nutrition studies, suggests that modulation of dietary macronutrient 
composition according to tissue-insulin resistance phenotype (muscle or liver IR) may 
considerably enhance cardiometabolic benefits beyond the effects of general guidelines healthy 
nutrition or weight loss per se (53). In line, dietary approaches targeting adipose tissue IR, adipose 
tissue function and lipid metabolism, such as plant-based dietary patterns and diets rich in 
polyphenols and omega-3 fatty acids, may represent promising precision nutrition strategies (54, 
55). However, further prospective randomized controlled trials are needed to determine the optimal 
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interventions for tissue-specific IR phenotypes. Recent evidence demonstrating the long-term 
cardiovascular benefits of prediabetes remission highlights the importance of early identification 
and intervention in individuals at increased metabolic risk (56). In this context, the strong 
associations observed between adipose IR and adverse metabolic characteristics in the present 
study suggest that adipose IR may represent not only a marker of metabolic risk but also a potential 
target for early prevention strategies aimed at improving metabolic health and preventing disease 
progression. Future research should delve deeper into the underlying mechanisms to refine 
precision nutrition strategies for preventing and managing metabolic disorders.
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Figure legends

Figure 1: 

Comparison of liver-related metabolic factors across IR phenotypes. Hepatic insulin 
resistance index (HIRI) (A), liver fat (B) and ALT (C) presented for each phenotype. Statistical 
analyses were performed using ANCOVA with LSD post hoc tests, adjusted for study center, sex 
and BMI. * Indicates significant differences (p < 0.05) between phenotypes.
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Figure 2:

Adipose tissue and muscle insulin resistance associations with metabolic and body 
composition measures. Associations of adipose tissue insulin resistance (ATIRI; left panels) and 
muscle insulin sensitivity (MISI; right panels) with metabolic parameters (A) and anthropometric 
and body composition measures (B). Statistical analysis was performed using linear regression 
analysis. Data was adjusted for study center, sex, BMI and MISI/ATIRI (Model 3). * Indicates 
statistically significant associations (p < 0.05). Abbreviations: AT, adipose tissue; AU, arbitrary 
units; CGM, glucose continuous monitoring; TAG, triglycerides; FFA, free fatty acid; CHOox, 
carbohydrate oxidation; HIRI, hepatic IR index.
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Variable (unit) n
Muscle IS-
Adipose IS

(28.8 % of total)
n

Muscle IS-

Adipose IR
(21 % of total)

n

Muscle IR-

Adipose IS
(21.4 % of total)

n

Muscle IR-

Adipose IR
(28.8% of total)

p-value

Sex (female, %) 66 56.1 48 62.5 49 42.9 66 65.6 0.093

Age (years) 66 59.7 ± 8.1 48 59.8 ± 7.3 49 61.4 ± 7.2 66 60.1 ± 8.5 0.689

BMI (kg/m2) 66 28.3 ± 2.6* $ 48 30.9 ± 3.8* ** 49 29.1 ± 2.7** ## 66 31.2 ± 3.9$ $$ ## <0.001

Weight (kg) 66 85.1 ± 10.5* $ 48 91.1 ± 16.2* 49 87.8 ± 11.8 66 89.7 ± 13.8$ 0.063

Waist circumference (cm) 66 99.7 ± 7.7 48 103.2 ± 11.8 49 101.6 ± 9.0 66 104.2 ± 9.8 0.821

Hip circumference (cm) 66 107.3 ± 6.6$ 48 111.1 ± 8.5 49 107.0 ± 7.3 66 111.2 ± 10.3$ 0.018

Waist-to-hip ratio 66 0.93 ± 0.08 48 0.93 ± 0.09 49 0.95 ± 0.08 66 0.94 ± 0.09 0.129

Fasting insulin (pmol/L) 66 40.0 ± 10.5* $ 48 71.3 ± 44.4* ** 49 40.8 ± 9.5** ## 66 75.5 ± 65.2$ ## 0.001

Fasting glucose (mmol/L) 66 5.31 ± 0.52 48 5.61 ± 0.71** 49 5.23 ± 0.40** ## 66 5.57 ± 0.72## 0.027

HOMA-IR (AU) 66 1.42 ± 0.52* $ 48 2.34 ± 1.76* ** 49 1.60 ± 0.53** ## 66 2.48 ± 1.19$ ## <0.001
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Table 1. Baseline 
characteristics 
according to groups 
concordant or 
discordant for 
muscle and adipose 
tissue IR.

Data are presented 
as n (%) or mean ± 
SD. Differences 
between sexes were 
analyzed using the 
Chi-square test. 
Other statistical 
analyses were 
performed using 

ANCOVA with LSD post hoc tests, adjusted for study center, sex and BMI. BMI and weight were adjusted for study center and 
sex only. Values in bold represent overall statistical significance (p < 0.05). Symbols indicate significant differences between 
groups (p < 0.05): * for muscle-IS/adipose-IS vs. muscle-IS/adipose-IR, # for muscle-IS/adipose-IS vs. muscle-IR/adipose-IS, $ 
for muscle-IS/adipose-IS vs. muscle-IR/adipose-IR, ** for muscle-IS/adipose-IR vs. muscle-IR/adipose-IS, & for muscle-
IS/adipose-IR vs. muscle-IR/adipose-IR, and ## muscle-IR/adipose-IS vs. muscle-IR/adipose-IR. Abbreviations: AU, arbitrary 
units; TAG, triglycerides; FFA, free fatty acid.

HOMA-β (AU) 66 69.3 ± 21.2* $ 48 88.8 ± 47.3* 49 82.0 ± 24.8## 66 97.0 ± 38.9$ ## <0.001

HbA1c (mmol/mol) 66 35.5 ± 4.2* 48 37.3 ± 6.0* ** 49 36.5 ± 3.1** 66 36.7 ± 4.7 0.042

HbA1c (%) 66 5.40 ± 0.38 48 5.56 ± 0.55 49 5.9 ± 0.27 66 5.50 ± 0.42 0.069

TAG (mmol/L) 54 1.40 ± 0.75 45 1.47 ± 0.54 42 1.39 ± 0.56 61 1.55 ± 0.62 0.197

FFA (mmol/L) 66 0.40 ± 0.10* $ 48 0.59 ± 0.15* ** 49 0.40 ± 0.11** ## 66 0.57 ± 0.18$ ## <0.001

Total cholesterol (mmol/L) 66 5.38 ± 1.04 48 5.46 ± 0.82 49 5.32 ± 0.81 66 5.29 ± 1.21 0.491

HDL cholesterol (mmol/L) 66 1.33 ± 0.29 48 1.31 ± 0.31 49 1.34 ± 0.32 66 1.28 ± 0.31 0.087



24

Table 2. Differences in glucose metabolism, insulin sensitivity and body composition between groups classified as concordant 
or discordant for muscle and adipose tissue IR.

Variable (unit) n Muscle IS-
Adipose IS n

Muscle IS-

Adipose IR
n

Muscle IR-

Adipose IS
n

Muscle IR-

Adipose IR
p-value

MISI (AU) 66 0.25 ± 0.12# $ 48 0.24 ± 0.11** & 49 0.09 ± 0.03# ** 66 0.07 ± 0.03$ & <0.001

ATIRI (AU) 66 2.23 ± 0.55* $ 48 5.84 ± 3.25* ** 49 2.27 ± 0.62** ## 66 5.54 ± 2.31$ ## <0.001

HIRI (AU) 66 354.0 ± 194.5* $ 48 472.1 ± 212.4* 49 415.8 ± 215.4## 66 586.5 ± 378.5$ ## <0.001

Matsuda index (AU) 66 17.3 ± 6.9* # $ 48 12.6 ± 6.5* & 49 13.8 ± 5.2# ## 66 8.9 ± 4.2$ & ## <0.001

Disposition index (AU) 65 480.4 ± 269.1 47 421.4 ± 249.0 49 455.3 ± 212.0 66 401.2 ± 234.5 0.338

Insulinogenic index (AU) 65 34.4 ± 16.3 47 35.1 ± 11.9 49 40.6 ± 27.5 66 33.2 ± 14.6 0.438

Mean CGM glucose (mmol/L) 65 6.01 ± 0.51 47 6.32 ± 0.97** 49 5.94 ± 0.44** ## 66 6.27 ± 0.75## 0.019

CV glucose (%) 65 14.8 ± 4.8 47 15.5 ± 4.1 49 14.2 ± 4.0 66 16.3 ± 5.2 0.088

MAGE (mmol/L) 65 2.26 ± 0.88$ 47 2.58 ± 1.01** 49 2.15 ± 0.80** ## 66 2.68 ± 1.04## $ 0.008

Time in range 3.9-7.8 (%) 65 93.4 ± 7.9 47 90.6 ± 15.4 49 94.8 ± 5.7 66 89.7 ± 14.8 0.181
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SD glucose (mmol/L) 65 0.90 ± 0.33$ 47 0.99 ± 0.36** 49 0.85 ± 0.27** ## 66 1.03 ± 0.39## $ 0.022

Weight (kg) 66 85.1 ± 10.5* $ 48 91.1 ± 16.2* 49 87.8 ± 11.8 66 89.7 ± 13.8$ 0.063

Body fat mass (kg) 66 30.2 ± 7.0 48 35.0 ± 8.1 49 31.1 ± 7.6 66 35.1 ± 9.2 0.368

Lean body mass (kg) 66 52.3 ± 9.9 48 53.6 ± 12.2 49 53.7 ± 10.0 66 52.2 ± 10.2 0.179

Android fat (kg) 66 3.0 ± 0.7 48 3.5 ± 1.0 49 3.3 ± 0.8 66 3.5 ± 0.9 0.236

Android Mass (kg) 66 7.0 ± 1.2 48 7.8 ± 1.8 49 7.3 ± 1.2 66 7.7 ± 1.6 0.297

Gynoid fat (kg) 66 4.9 ± 1.5$ 48 5.6 ± 1.4 49 4.8 ± 1.5 66 5.5 ± 1.9$ 0.082

Gynoid Mass (kg) 66 13.1 ± 1.9$ 48 14.3 ± 2.5 49 13.1 ± 1.9 66 13.90 ± 2.6$ 0.030

Android-to-gynoid (ratio) 66 1.21 ± 0.27$ 48 1.17 ± 0.16 49 1.31 ± 0.28## 66 1.21 ± 0.24$ ## 0.016

Abdominal AT index 21 4.8 ± 1.2 28 5.6 ± 1.5 8 5.1 ± 0.9 33 6.2 ± 1.5 0.309

Visceral adipose tissue (kg) 66 1.14 ± 0.60 48 1.02 ± 0.47 48 1.46 ± 0.68 66 1.13 ± 0.58 0.111

Muscle fat (%) 21 7.4 ± 1.7 28 7.5 ± 1.5 8 7.4 ± 1.2 33 8.1 ± 1.9 0.917

Data are presented as mean ± SD. Statistical analyses were performed using ANCOVA with LSD post hoc tests, adjusted for 
study center, sex and BMI. Weight was adjusted for study center and sex only. Values in bold represent overall statistical 
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significance (p < 0.05). Symbols indicate significant differences between groups (p < 0.05): * for muscle-IS/adipose-IS vs. 
muscle-IS/adipose-IR, # for muscle-IS/adipose-IS vs. muscle-IR/adipose-IS, $ for muscle-IS/adipose-IS vs. muscle-IR/adipose-
IR, ** for muscle-IS/adipose-IR vs. muscle-IR/adipose-IS, & for muscle-IS/adipose-IR vs. muscle-IR/adipose-IR, and ## 
muscle-IR/adipose-IS vs. muscle-IR/adipose-IR. Abbreviations: MISI, muscle insulin sensitivity index; AU, arbitrary units; 
ATIRI, adipose tissue IR index; HIRI, hepatic IR index; MAGE, mean amplitude of glycemic excursions; AT, adipose tissue. 
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Table 3. Comparison of tissue-specific insulin sensitivity, energy expenditure, and substrate oxidation during a two-step hyperinsulinemic–
euglycemic clamp in groups concordant or discordant for muscle and adipose tissue IR.

Variable (unit) n Muscle IS-
Adipose IS n

Muscle IS-

Adipose IR
n

Muscle IR-

Adipose IS
n

Muscle IR-

Adipose IR
p-value

Insulin-mediated Rd (umol/kg/min) 19 35.6 ± 9.7$ 18 32.0 ± 12.8 & 10 34.0 ± 6.0## 21 24.7 ± 8.1$ & ## 0.014

Insulin-mediated NOGD (umol/kg/min) 19 21.1 ± 9.8 18 21.0 ± 10.1 10 20.8 ± 5.0 21 14.4 ± 7.3 0.077

Insulin-mediated suppression of EGP (%) 19 62.2 ± 21.4 19 59.1 ± 19.6 10 63.7 ± 13.6 20 56.7 ± 14.1 0.792

Insulin-mediated suppression of FFA (%) 19 69.2 ± 27.1 18 62.1 ± 24.0 10 74.3 ± 11.4 21 61.8 ± 10.2 0.466

Baseline EE (kJ/min) 20 4.2 ± 0.7# $ 21 4.9 ± 0.9 10 4.6 ± 0.6# 22 4.8 ± 0.8$ 0.027

Insulin-mediated EE (kJ/min) 21 5.05 ± 0.78$ 21 5.03 ± 0.98 & 10 4.83 ± 0.55 21 4.79 ± 0.80$ & 0.029

Baseline CHOox (g/min) (% of EE) 20 22.6 ± 12.9 21 18.0 ± 9.5 10 15.6 ± 9.0 22 20.9 ± 18.7 0.504

Insulin-mediated CHOox (% of EE) 20 73.0 ± 19.0 21 63.4 ± 19.2 10 71.9 ± 12.3 22 60.9 ± 21.0 0.229

Baseline fatox (% of EE) 20 62.0 ± 11.0 21 66.0 ± 8.1 10 68.1 ± 7.7 22 63.5 ± 15.9 0.504

Insulin-mediated fatox (% of EE) 20 19.2 ± 16.1 21 27.4 ± 16.1 10 20.2 ± 10.4 22 29.4 ± 17.8 0.236
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Baseline RER 20 0.78 ± 0.03 21 0.76 ± 0.02 10 0.77 ± 0.02 22 0.77 ± 0.05 0.488

Insulin-mediated RER 21 0.91 ± 0.05 21 0.89 ± 0.05 10 0.91 ± 0.03 22 0.88 ± 0.06 0.229

Delta RER (insulin-mediated minus baseline) 20 0.13 ± 0.06 21 0.13 ± 0.05 10 0.14 ± 0.04 22 0.12 ± 0.03 0.689

Data are presented as mean ± SD. Statistical analyses were performed using ANCOVA with LSD post hoc tests, adjusted for study center, 
sex and BMI. Values in bold represent overall statistical significance (p < 0.05). Symbols indicate significant differences between groups 
(p < 0.05): * for muscle-IS/adipose-IS vs. muscle-IS/adipose-IR, # for muscle-IS/adipose-IS vs. muscle-IR/adipose-IS, $ for muscle-
IS/adipose-IS vs. muscle-IR/adipose-IR, ** for muscle-IS/adipose-IR vs. muscle-IR/adipose-IS, & for muscle-IS/adipose-IR vs. muscle-
IR/adipose-IR, and ## muscle-IR/adipose-IS vs. muscle-IR/adipose-IR. Abbreviations: Rd, glucose disposal rate; NOGD, non-oxidative 
glucose disposal; EGP, endogenous glucose production; FFA, free fatty acids; EE, energy expenditure; CHOox, carbohydrate oxidation; 
fatox, fat oxidation; RER, respiratory exchange ratio.

Article highlights

• Insulin resistance (IR) can occur in independently in different organs.
• Adipose tissue and skeletal muscle IR associate with distinct metabolic profiles.
• Individuals with adipose IR are characterized by an unfavorable metabolic profile.
• Individuals with only muscle IR maintain a relatively healthy metabolic profile.
• Identifying tissue-specific IR may guide personalized prevention and treatment.
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