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Abstract
Introduction: Metabolic adaptations to maximal physical 
exercise in people with obesity (PwO) are scarcely described. 
This cross-sectional study evaluates the metabolic response 
to exercise via the respiratory exchange ratio (RER) in PwO 
and different degrees of glycemic control. Methods: Eighty-
five PwO (body mass index 46.0 [39.0–54.0] kg/m2), that is, 
32 normoglycemic (Ob-N), 25 prediabetic (Ob-preDM), and 
28 diabetic (Ob-T2DM) subjects and 18 healthy subjects per-
formed an incremental, maximal cardiopulmonary exercise 
test. The RER was measured at rest (RERrest) and at peak ex-
ercise (RERpeak). Results: RERpeak was significantly higher 
in healthy subjects than that in PwO. Among those, RERpeak 
was significantly higher in Ob-N than that in Ob-preDM and 
Ob-T2DM (1.20 [1.15–1.27] vs. 1.18 [1.10–1.22] p = 0.04 and 
vs. 1.14 [1.10–1.18] p < 0.001, respectively). Accordingly, 

ΔRER (RERpeak-RERrest) was lower in Ob-preDM and Ob-
T2DM than that in Ob-N (0.32 [0.26–0.39] p = 0.04 and 0.29 
[0.24–0.36] p < 0.001 vs. 0.38 [0.32–0.43], respectively), while 
no significant difference was found in ΔRER between Ob-
preDM and Ob-T2DM and not even between Ob-N and 
healthy subjects. Moreover, ΔRER in PwO correlated with 
glucose area under curve (p = 0.002). Conclusions: PwO 
demonstrate restricted metabolic response during maximal 
exercise. Particularly, those with prediabetes already show 
metabolic inflexibility during exercise, similarly to those with 
type 2 diabetes. These findings also suggest a potential role 
of cardiopulmonary exercise testing in detecting early meta-
bolic alterations in PwO. © 2021 The Author(s).

Published by S. Karger AG, Basel

Introduction

Severe obesity is a disease tightly associated with met-
abolic syndrome, cardiovascular events, and all-cause 
mortality [1, 2]. The obesity epidemic is constantly ex-
panding at all ages, due to a widespread lifestyle based on 

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
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sedentary habits and overfeeding [3]. The energy surplus 
stemming basically from physical inactivity and exces-
sive caloric intake induces profound changes in meta-
bolic pathways and raises the risk of type 2 diabetes. The 
natural history of the onset of type 2 diabetes, especially 
in people with obesity, involves different metabolic steps 
of impairment of glucose metabolism and metabolic 
flexibility [2, 4]. Indeed, metabolic flexibility is a patho-
physiological concept concerning the capacity of shifting 
fuel selection in response to different metabolic requests 
(e.g., fasting, food intake, insulin stimulation) [5] and, in 
resting conditions, it can be assessed by indirect calorim-
etry [6]. Although metabolic flexibility becomes even 
more important during physical exercise to couple the 
substrate availability with the increasing metabolic de-
mands, this has only been partially investigated in sub-
jects affected by type 2 diabetes and obesity, and even less 
in those with prediabetes [5]. In people with obesity 
(PwO), it has been shown that already prediabetes is as-
sociated with early target organ damage, increased car-
diovascular risk [7], and morphological modifications of 
their adipose tissue [8]. However, this condition has not 
been extensively studied since it is still frequently consid-
ered an initial stage of diabetes and not as disease itself. 
Subjects’ substrate utilization and the associated meta-
bolic response to physical exercise can be examined by 
cardiopulmonary exercise testing (CPET), which is also 
the gold standard test for the assessment of cardiorespi-
ratory fitness, a strong prognostic marker, both for car-
diovascular and all-cause mortality [9]. CPET is a non-
invasive technique that relies primarily on the measure-
ment of minute ventilation, oxygen consumption (VO2) 
and carbon dioxide production (VCO2) during exercise 
[10, 11]. The thereby registered respiratory exchange ra-
tio (RER), simply calculated as VCO2/VO2, not only in-
dicates subjects’ efforts and exercise intensities but also 
reflects the energy substrate utilization. When RER is 
low, fats represent the primary fuel for exercise, but with 
increasing intensity, the energy is mainly supplied by 
glucose resulting in higher RER values [12]. Indeed, the 
RER may represent an interesting noninvasive function-
al marker of metabolic adaptations and (in)flexibility 
during exercise, which could be useful also in clinical set-
tings where CPET should be regularly performed [13]. 
Thus, the aim of this study was to investigate the meta-
bolic response to incremental exercise in people with se-
vere obesity and different degree of metabolic impair-
ment.

Methods

Experimental Design and Participants
This is an observational cross-sectional study conducted in 85 

PwO and 18 age- and gender-matched healthy subjects (HS) in-
cluded as controls. Participants were consecutively recruited at the 
Centre for the Study and Integrated Treatment of Obesity of the 
Padua University Hospital between January 2014 and October 
2019. PwO eligible for this study had a body mass index (BMI) ≥35 
kg/m2 with obesity-related comorbidities or a BMI ≥40 kg/m2 with 
or without comorbidities, while the inclusion criteria for the HS 
were a BMI <30 kg/m2 and a normal fasting glucose level. Patients 
with cancer, chronic inflammatory diseases, drugs or alcohol 
abuse were excluded. The prevalence of the 3 principal obesity-
related comorbidities (hypertension, dyslipidemia, and obstruc-
tive sleep apnea syndrome) was calculated on the basis of interna-
tional criteria [14–16]. Each included participant provided written 
informed consent. The study has been performed in accordance 
with the principles of the Declaration of Helsinki (revised in 2008) 
and is presented following the STROBE checklist (see online suppl. 
Table 1; see www.karger.com/doi/10.1159/000517589 for all on-
line suppl. material). The protocol was approved by the “Padua 
Ethical Committee for Clinical Research” (2892P, June 10, 2013).

Measurements
Each PwO underwent complete blood biochemical analyses af-

ter an 8-h fasting period, determining fasting plasma glucose 
(FPG), insulin, lipid profile, high-sensitivity C-reactive protein, 
interleukin-6, and leptin levels. Moreover, a 3-h 75 g oral glucose 
tolerance test was performed, measuring blood glucose and insulin 
plasma levels at baseline and 30, 90, 120, 150, and 180 min after 
glucose loading (180 mL of syrup with 82.5 g glucose monohydrate 
equal to 75 g of glucose). The oral glucose tolerance test was not 
performed in subjects with previous diagnosis of type 2 diabetes. 
Biochemical measurements were performed using diagnostic kits 
standardized according to the World Health Organization First 
International Reference Standard, as described in previous studies 
[8]. Insulin sensitivity and insulin resistance indices were calcu-
lated through the Matsuda index and the Homeostasis Model As-
sessment index (HOMAIR), respectively [17, 18]. Moreover, the 
areas under the curve for glucose and insulin (GAUC and IAUC) were 
calculated using the trapezoidal method. In accordance with the 
American Diabetes Association, PwO were divided into 3 groups 
depending on their glycemic profile, that is normoglycemic (Ob-
N), prediabetic (Ob-preDM), and diabetic (Ob-T2DM) PwO [7]. 
In subjects with type 2 diabetes, glycated hemoglobin A1c (HbA1c) 
was evaluated by high-performance liquid chromatography. Indi-
rect calorimetry was performed in fasting condition and after 15 
min of rest in a comfortable and thermo-neutral environment. A 
ventilated canopy calorimeter was used (Vmax; Sensormedics, Mi-
lan, Italy). VO2 and VCO2 were measured continuously, and val-
ues were averaged in 1-min intervals. Fasting RER (RERfast) was 
calculated by using the Weir [19] equation. Consecutively, body 
composition was analyzed by a single-frequency (300 μA, 50 kHz) 
electrical impedance analyzer (Soft Tissue Analyzer; Akern, Pon-
tassieve, Italy). Moreover, the skeletal muscle mass (SM) was cal-
culated using the equation proposed by Janssen et al. [20]: SM (kg) 
= [(Ht2/R × 0.401) + (gender × 3.825) + (age × −0.071)] + 5.102. 
Maximal isometric handgrip strength tests were performed 3 times 
for each hand, using a calibrated dynamometer (Baseline, Elms-
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ford, NY, USA) and taking the average value for analysis. ECG-
monitored CPET was performed on a treadmill or in a small mi-
nority on a cycle ergometer, depending on the subjects’ clinical 
characteristics. Ventilatory parameters were sampled breath by 
breath with the Jaeger-Masterscreen-CPX (Carefusion). The in-
cremental modified Bruce ramp protocol was used for treadmill 
testing, while a 15-Watts/min ramp protocol was used on cycle 
ergometer [21]. Peak oxygen consumption (VO2peak) and the ox-
ygen uptake efficiency slope were determined as markers of aero-
bic exercise capacity. All tests were performed until subjects’ ex-
haustion. Maximal effort was defined as a RER of at least 1.10 [10], 
and/or a maximal heart rate of ≥85% of predicted by age, and/or a 
Borg rating of perceived exertion ≥18/20 [22]. All people who did 
not reach the indicated criteria were excluded from the study. 
Functional exercise capacity was measured as metabolic equivalent 
of tasks (METs). The RER determined during CPET was measured 
at rest (RERrest), after achieving stable breathing conditions, and 
throughout the test until reaching peak exercise (RERpeak). The 
RER at submaximal intensity (RERAT) was determined by the 
mean of the RER values recorded 1 min before the anaerobic 
threshold. RER variations during exercise were calculated as RER-
peak-RERrest (ΔRER) and as a percentage of increase (ΔRER%) in 
order to correct for baseline.

Statistical Analyses
Median values with interquartile range, and percentages were 

used to describe the continuous and dichotomous clinical param-
eters, respectively. All variables were tested for normality using the 
Shapiro-Wilk test and, based on their distribution, intergroup 
comparisons were performed by a parametric one-way ANOVA 
followed by Bonferroni post hoc analysis or nonparametric Krus-
kal-Wallis test followed by the Dunn’s multiple comparison post 
hoc test. Student’s t test or the Mann-Whitney test was used when 
2 groups were compared. Pearson’s χ2 test was used to compare 
dichotomous variables. Two-sided p values <0.05 were considered 
statistically significant. Pearson’s correlation coefficient (r) and the 
respective p value were calculated to analyze correlations between 
variables. Multivariate stepwise regression analysis was performed 
to establish independent determinants. Statistical analyses were 
performed using Statistical Package for Social Science 20 (SPSS 
Inc., Chicago, IL, USA).

Results

Clinical Characteristics of Study Population
Demographic and anthropometric characteristics of 

the population are described in Table 1. Among all in-
cluded PwO, 32 were Ob-N, 25 Ob-preDM, and 28 Ob-
T2DM. The prevalence of comorbidities progressively in-
creased in the 3 groups of PwO and Ob-T2DM groups 
displayed the highest percentage of subjects affected by 
hypertension and dyslipidemia. Inflammatory cytokines 
showed no substantial difference between the 3 groups of 
PwO. Furthermore, PwO were mostly sedentary (80.7%) 
without significant differences among subgroups (Ob-N 

= 81.3%; Ob-preDM = 79.2%; Ob-T2DM = 81.5%). In 
PwO, CPET was mostly performed on a treadmill (89.4%), 
however, 11.6% were tested on a cycle ergometer with a 
similar subgroup distribution.

Metabolic Profile and Body Composition
HOMAIR was higher in Ob-T2DM subjects than both 

Ob-N (p < 0.001) and Ob-preDM (p = 0.014), whereas it 
was not significantly different between Ob-N and Ob-
preDM. However, GAUC, IAUC, and insulin sensitivity 
Matsuda index highlighted significant differences be-
tween Ob-N and Ob-preDM or Ob-T2DM subjects (Ta-
ble 1). Fifty-two percent of the Ob-preDM subjects had 
impaired FPG, 24% had impaired glucose tolerance, and 
24% had both. More than half (68%) of Ob-T2DM sub-
jects had a diagnosis established <5 years ago. Moreover, 
29% had a poor diabetes control (HbA1c higher than 69 
mmol/mol), while 40% had an HbA1c level lower than 59 
mmol/mol (in 20% of Ob-T2DM subjects HbA1c levels 
were not available). Microalbuminuria was detectable in 
6 (21%) Ob-T2DM subjects, microvascular damage in 3 
(10.7%) Ob-T2DM subjects and macrovascular damage 
only in 1 (3.6%) Ob-T2DM subject. No significant differ-
ences in fat mass (FM), fat free mass (FFM), and SM were 
observed among the 3 groups of PwO (Table  1). Last, 
handgrip strength was also similar in the 3 subgroups of 
PwO (Table 1) and significantly correlated with FFM (r = 
0.547, p = 0.001).

CPET
PwO showed significantly lower exercise tolerance 

than HS, as well as lower submaximal and maximal aero-
bic capacity (METs, VO2AT, and VO2peak/kg, respec-
tively; all p < 0.001). No difference was found in absolute 
aerobic power (Table  2). Among PwO, Ob-T2DM had 
lower exercise tolerance (METs) than Ob-preDM (p = 
0.039) and Ob-N (p = 0.024), but no difference was found 
between Ob-preDM and Ob-N. Moreover, functional ca-
pacity expressed as VO2peak/kg followed the same trend, 
showing indeed similar outcomes between Ob-preDM 
and Ob-N. Regarding the metabolic response to exercise, 
data showed similar RERfast, RERrest, and RERAT when 
people with and without obesity were compared, while 
RERpeak and the variation from rest to peak were sig-
nificantly higher in HS than in PwO (p < 0.001). More-
over, RERpeak was significantly higher in Ob-N than 
both Ob-preDM and Ob-T2DM (p = 0.04 and p = 0.001, 
respectively). Accordingly, when analyzing ΔRER from 
rest to peak exercise, Ob-N showed a significantly greater 
increase in RER than Ob-preDM (p = 0.04) and Ob-
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T2DM (p < 0.001), respectively (Fig.  1). Data further 
showed that ΔRER and ΔRER% were neither significant-
ly different between Ob-preDM and Ob-T2DM nor be-
tween HS and Ob-N. In univariate correlation analyses 
applied for PwO (Table 3), RERpeak was found positive-
ly and significantly correlated with FM, FFM and VO2/kg 
(p = 0.02, p = 0.005, p = 0.011, respectively), but inversely 
with GAUC (p = 0.014). ΔRER was directly and significant-
ly correlated with FM (p = 0.04) and VO2/kg (p = 0.024), 
while it inversely correlated with age (p = 0.006), HO-
MAIR (p = 0.038), FPG (p = 0.048), and GAUC (p = 0.002). 
ΔRER% correlated directly with VO2/kg (p = 0.048), and 
inversely with age (p = 0.006), waist circumference (p = 
0.028), GAUC (p = 0.002), and HOMAIR (p = 0.046). In 
multivariate stepwise regression analyses (Table 4) RER-
peak was found independently and directly determined 
by FFM and inversely by GAUC, while ΔRER and ΔRER% 
were independently determined by GAUC only. Also, 
when excluding Ob-T2DM and after adjusting for BMI, 
ΔRER, and ΔRER% still remained independently deter-
mined by GAUC only.

Discussion

The main finding of this study is that people with 
severe obesity and those with type 2 diabetes (Ob-
T2DM) and prediabetes (Ob-preDM) were found to 
have a similar, significantly lower, increase in the RER 
during maximal CPET than those with obesity and nor-
mal glucose levels (Ob-N). To the best of our knowl-
edge, this is the first study to analyze the metabolic re-
sponse during maximal CPET in a large population 
with a high degree of obesity, evaluated within a stan-
dardized clinical setting. This study compares subjects 
with different metabolic phenotypes, thus providing an 
overview of a hypothetical continuum from health to 
disease with increasing metabolic risk. Previous litera-
ture already documented that individuals with obesity 
and various degrees of metabolic alterations had an im-
paired metabolic flexibility during exercise [23–25]. 
However, all these studies evaluated submaximal exer-
cise and were performed on small populations, charac-
terized by overweight and/or mild to moderate obesity, 
providing partially contrasting results. Malin et al. [26] 
studied a population with overweight/moderate obesity 
and found that those with both glucose intolerance and 
fasting hyperglycemia had lower RER during continu-
ous, submaximal exercise. Moreover, Prior et al. [27] 
described that subjects with glucose intolerance had a Ta
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Fig. 1. Metabolic response to exercise in the different subpopula-
tions examined in this study. RER measured at rest, during sub-
maximal exercise, and at peak of exercise. Passing progressively 
from health to severe obesity, up to obesity complicated by pre-
diabetes or diabetes, the ability to use glucose during exercise 
seems increasingly impaired. However, in this study population, 

Ob-preDM and Ob-T2DM showed comparable metabolic re-
sponse during exercise. RER, respiratory exchange ratio; HS, 
healthy subjects; Ob-N, people with obesity and normal glycemic 
status; Ob-preDM, people with obesity and prediabetes; Ob-
T2DM, people with obesity and type 2 diabetes.

Table 3. Impact of anthropometric and functional parameters on metabolic response to exercise

RERpeak ΔRER ΔRER%

R p value r p value r p value

Age, years Ns −0.299 0.006 −0.294 0.006
BMI, kg/m2 Ns Ns Ns
Waist, cm Ns Ns −0.246 0.028
FM, kg 0.254 0.02 0.219 0.04 Ns
FFM, kg 0.305 0.005 Ns Ns
GAUC min, mmol/L −0.311 0.014 −0.387 0.002 −0.378 0.002
IAUC min, mU/L Ns Ns Ns
HOMAIR Ns −0.240 0.038 −0.232 0.046
ISIM Ns Ns Ns
FPG, mmol/L Ns −0.215 0.048 Ns
METs Ns Ns Ns
VO2, mL/min/kg 0.276 0.011 0.244 0.024 0.216 0.048

Univariate correlation analyses, performed for PwO, analyzing the metabolic response to maximal exercise. 
RERpeak, ΔRER, and ΔRER% were tested for those parameters that showed significant differences between Ob-
N, Ob-preDM, and Ob-T2DM. Correlation is expressed as Pearson’s R coefficient; p value is considered significant 
when <0.05. FM, fat mass; FFM, fat free mass; FPG, fasting plasma glucose; GAUC, glucose area under curve; IAUC, 
insulin area under curve; ISIM, insulin sensitivity Matsuda index; METs, peak metabolic equivalent of tasks; RER, 
respiratory exchange ratio; RERpeak, respiratory exchange ratio at peak of exercise; ΔRER, RERpeak-RERrest; 
PwO, people with obesity; Ob-N, people with obesity and normal glycemic status; Ob-preDM, people with obesity 
and prediabetes; Ob-T2DM, people with obesity and type 2 diabetes; HOMAIR, Homeostasis Model Assessment 
index.
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significant impairment of carbohydrate metabolism 
during submaximal exercise. They found also that met-
abolic inflexibility during exercise was related to glu-
cose intolerance [27]. In line with these findings, we 
found that RERpeak was significantly lower in Ob-
preDM and Ob-T2DM than Ob-N and HS. Indeed, no 
statistical difference was found between Ob-preDM 
and Ob-T2DM, confirming, once again, the high meta-
bolic similarity between prediabetes and type 2 diabetes 
in PwO (Fig. 1). The majority of patients with diabetes 
did not display micro- or macrovascular complications, 
and most of them had a recent diagnosis of diabetes (<5 
years), despite not all demonstrated optimal glycemic 
control. This homogeneous study population allows 
studying the role of diabetes itself by limiting the poten-
tial confounding factors of associated long-term com-
plications. Nevertheless, the metabolic response to ex-
ercise is clearly different between Ob-N and both Ob-
preDM and Ob-T2DM. Moreover, metabolic flexibility 
seems to be crucial for the metabolic response and sub-
strate selection during exercise. Evidence of such meta-
bolic inflexibility during incremental/maximal exercise 
implies a number of possible pathophysiological mech-
anisms [26, 28, 29]. The reduction in metabolic flexibil-
ity in individuals with altered fasting glucose has been 
explained by a selective impairment of insulin-stimu-
lated glucose oxidation and a reduced insulin inhibition 
of lipid oxidation. This suggests a crucial role of the 
glucose-fatty acid cycle in regulating the glucose flux, 
and an impaired regulation of the lipolysis even among 
pre-diabetic individuals [28]. Furthermore, the dysreg-

ulation in homeostasis of free fatty acids and glucose in 
prediabetic subjects could lead to ectopic fat distribu-
tion [8, 30]. These elevated levels of plasma free fatty 
acids [31] can in turn inhibit glycogen synthase and py-
ruvate dehydrogenase activity, obtaining a lower glu-
cose disposal and a restriction in glucose oxidation for 
skeletal muscles [32, 33], energetic substrates needed 
particularly at higher intensities. Indeed, we found that 
the GAUC independently correlated with the metabolic 
response during exercise (ΔRER), while RERpeak after 
excluding Ob-T2DM subjects was determined by FFM 
only. It has been well-described that skeletal muscles, 
via their insulin independent glucose oxidative capacity 
during exercise, play a key role in subjects at risk of type 
2 diabetes, suggesting the hypothesis that metabolic in-
flexibility may precede the development of insulin re-
sistance [34, 35]. Furthermore, it can be assumed that 
mitochondrial function and metabolic pathways in-
volved in metabolic flexibility may be influenced by 
physical activity levels [36]. In the present study, the 
levels of physical activity were not assessed quantita-
tively, but anamnestic information was collected about 
the active or sedentary lifestyle. Healthy subjects were 
defined as such also on the basis of their active lifestyle 
[37], while PwO showed a high prevalence of sedentary 
behavior (80.7%). Nevertheless, among subgroups of 
PwO, the prevalence of sedentary habits was similar. 
Thus, it seems unlikely that this issue could have af-
fected the study outcomes on metabolic differences in 
our population. Furthermore, the continuous exposure 
to excess of substrates that occurs in severe obesity re-

Table 4. Multivariate stepwise regression analyses evaluating metabolic response to exercise in PWO

RERpeak* ΔRER* ΔRER%*

beta p value beta p value beta p value

All PwO
FFM, kg 0.271 0.026 – –
GAUC min, mmol/L −0.295 0.016 −0.387 0.002 −0.328 0.013

Ob-N and Ob-preDM
FFM, kg 0.363 0.006 – –
GAUC min, mmol/L Ns −0.307 0.020 −0.309 0.019

Multivariate correlation analyses performed for all PwO and by excluding Ob-T2DM, evaluating the impact 
of those parameters that showed significant correlations in univariable analysis (FFM and GAUC) on parameters 
of metabolic response to exercise, that is, RERpeak, ΔRER, and ΔRER%. Correlation is expressed as beta coefficient; 
p value is considered significant in <0.05. FFM, fat free mass; GAUC, glucose area under curve; RER, respiratory 
exchange ratio; RERpeak, respiratory exchange ratio at peak of exercise; ΔRER, RERpeak-RERrest; PwO, people 
with obesity; Ob-T2DM, people with obesity and type 2 diabetes; BMI, body mass index. * Adjusted for BMI.
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duces metabolic flexibility affecting also mitochondrial 
oxidative capacity in humans [33]. In particular, mito-
chondria select the most appropriate energy source for 
each physiological condition, but in the context of 
chronic overfeeding, competition between substrates 
increases and the mitochondria are stuck in a state of 
indecision (mitochondrial “gridlock”). In this condi-
tion, insulin should exert the fundamental role to direct 
the systemic flux of substrates, but when insulin resis-
tance has been developed, metabolic consequences of 
the substrate excess are amplified, by unleashing a 
storm of nutrients that are distributed following abnor-
mal interaction between hormonal and metabolic 
mechanisms. Thus, metabolic inflexibility can be con-
sidered as both a cause and marker of mitochondrial 
congestion, which in turn influences insulin response 
and thus cellular glucose uptake [2]. Moreover, it is 
known that skeletal muscles of subjects with obesity 
have an increased content of triglycerides and poor gly-
cogen storage inducing the choice of lipids as energy 
substrate [38–40]. During exercise also, insulin-inde-
pendent mechanisms are activated, which trigger the 
translocation of GLUT4 and glucose utilization [41]. 
This is even more pronounced at vigorous intensity ex-
ercise, when glucose is the preferred fuel to sustain ef-
fort. Indeed, our data are in line with those of a recent 
study, where the metabolic response to submaximal ex-
ercise was similar when overweight and obese subjects 
were compared with healthy controls [42]. However, 
the distinctive metabolic response among subgroups of 
PwO became more pronounced at maximal exercise in-
tensities, where glucose is more and more needed as 
higher efficient energetic substrate (Fig.  1). Although 
the physiological response to exercise may be influ-
enced by fat distribution [43], in our study, the waist 
circumference was not independently related to meta-
bolic inflexibility during exercise, and the difference in 
waist circumference was significant only between Ob-
T2DM and Ob-N. Furthermore, it has been previously 
observed that the physiological response to exercise in 
patients with obesity and chronic obstructive pulmo-
nary disease was different if performed on a bike and 
compared to a treadmill [44]. Nevertheless, in the pres-
ent study, the little percentage of PwO that performed 
CPET on a cycle ergometer was similarly distributed 
among subgroups of PwO and should thus not signifi-
cantly affect study outcomes.

Data of our study have also highlighted a significant 
progressive impairment in functional capacity from HS 
to those with obesity and comorbidities, while absolute 

VO2peak did not show any significant difference between 
PwO. These results confirm previous findings and under-
line the importance of early functional evaluation in these 
subjects [45]. Future studies might specifically investigate 
if exercise and other therapeutic/lifestyle interventions 
could improve metabolic (in)flexibility during exercise. 
This work pointed out that people with obesity and pre-
diabetes already have functional metabolic changes that 
characterize those with diabetes. Therefore, more clinical 
attention should be paid to PwO and prediabetes. Indeed, 
metabolic impairment can be unmasked early by CPET, 
which is of important clinical relevance, allowing a time-
ly and more tailored multidisciplinary intervention. Fu-
ture investigations should examine the trend of metabol-
ic inflexibility in a prospective experimental design and 
evaluate the specific impact of the anaerobic metabolism 
in subjects with different metabolic impairments.

In conclusion, this study shows that people with severe 
obesity, especially when complicated by prediabetes or 
diabetes, are characterized by metabolic inflexibility mea-
sured by RER during exercise. Moreover, ΔRER is inde-
pendently determined by GAUC. Our findings suggest that 
in a population with severe obesity, subjects with predia-
betes and diabetes present similar metabolic inflexibility. 
CPET seems indeed useful for an early detection of meta-
bolic inflexibility in this population. This study provided 
further characterization of an obesity phenotype at high-
er metabolic risk, aiming to pave the way for subsequent 
studies that focus on the appropriate diagnostic assess-
ment, therapeutic goals, and timing for treatment.
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