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Abstract 

 

Markers of regional subcutaneous adipose tissue (dys)function 

in childhood-onset versus adult-onset obesity before and after weight loss 

 

Jessica Murphy, Ph.D. 

Concordia University, 2024 

 

People with childhood-onset obesity have greater risk of type 2 diabetes than people with 

adult-onset obesity. However, we do not understand the mechanisms contributing to this disease 

risk discrepancy or whether these mechanisms can be reversed. A decline in subcutaneous 

adipose tissue (SAT) function (i.e., the ability to safely store lipids and regulate adipokine 

production) is linked to type 2 diabetes and may therefore vary by age of obesity onset. This 

dissertation aimed to compare markers of regional SAT (dys)function between people with 

childhood-onset and adult-onset obesity.  

Original article 1 investigated the longstanding yet controversial notion that SAT is 

hyperplastic (has many small adipocytes) in childhood-onset obesity and hypertrophic (has fewer 

large adipocytes) in adult-onset obesity. This notion held true only for abdominal SAT in 

females. The degree of abdominal SAT hypertrophy or hyperplasia was unaffected by age of 

obesity onset in males. In contrast, femoral SAT was hypertrophic in both males and females 

with childhood-onset obesity compared to their counterparts with adult-onset obesity.  

Original articles 2 & 3 examined preadipocyte DNA damage (ɔH2AX), senescence 

markers (p53 and p21), and SAT immune cell profiles in females with childhood-onset and 

adult-onset obesity, both before and after moderate (~10%) weight loss. Compared to females 

with adult-onset obesity, those with childhood-onset obesity had a greater proportion of 

preadipocytes with DNA damage and senescence markers in abdominal and femoral SAT, but a 
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slightly lower proportion of M1-like ópro-inflammatoryô macrophages in abdominal SAT. The 

proportions of M1-like macrophages in femoral SAT and M2-like óanti-inflammatoryô 

macrophages, CD3+CD4+ T cells, and CD3+CD8+ T cells in abdominal and femoral SAT did not 

differ between groups. After weight loss, preadipocyte DNA damage declined in both females 

with childhood-onset and adult-onset obesity. Other changes, however, occurred only in females 

with adult-onset obesity: the intensity of p21 in p53+p21+ femoral preadipocytes and the 

proportion of M1-like macrophages in abdominal SAT decreased, while the proportion of 

CD3+CD4+ T cells in abdominal and femoral SAT increased.  

Recognizing the differences in markers of SAT (dys)function between people with 

childhood-onset and adult-onset obesity may help guide the development of tailored treatment 

strategies. 
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INTRODUCTION: Review article.                                                                                                                                                                                                                                                                                                                          

Childhood-onset versus adult-onset obesity: from adipose tissue biology to cardiometabolic 

risk and treatment outcomes 

                                                                                                          

 

Introduction 

 Every adult living with obesity has a story, and like every story, theirs has a beginning. 

For some, their obesity story began in childhood and continued into adulthood. For others, 

adulthood marked the start of their obesity story. Although researchers have hypothesized that 

childhood-onset and adult-onset obesity are two types of obesity,1ï3 we do not fully understand 

how the age of obesity onset shapes disease progression and treatment outcomes. 

Excess adipose tissue is a defining feature of obesity. As adipose tissue expands, it 

undergoes a remodelling process that can turn pathogenic. Dysfunctional adipose tissue loses its 

ability to safely store lipids and regulate adipokine production. Instead, it directs lipids to ectopic 

sites like the liver and muscle and shifts toward a pro-inflammatory state, disrupting whole-body 

metabolism.4,5 

There is reason to believe that the mechanisms linking adipose tissue remodelling to 

adipose tissue dysfunction and cardiometabolic disease vary between people with childhood-

onset and adult-onset obesity. The biology of obesity development and the ability to adapt to 

excess adiposity may differ at distinct life stages.6ï8 Furthermore, the length of time a person has 

lived with obesity likely affects the degree of exposure to metabolic aberrations. Such nuances in 

cardiometabolic disease mechanisms may indicate a need for treatment strategies tailored to the 

age of obesity onset.  

In this review, we compare the adipose tissue biology, cardiometabolic risk, and 

treatment outcomes between people with childhood-onset and adult-onset obesity.  
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Methods 

We searched PubMed for human studies published in English or French from inception to 

March 31, 2024 using variations of the following search strategy: (adult or child or adolescent or 

teenager or youth or juvenile or pediatric) and (obesity or overweight or adiposity or body mass 

index or body weight or fat or adipose tissue) and (age of onset or onset or age factors or time 

factors or time or timing or pattern or trajectory or duration or exposure or change). To identify 

studies relevant to our objective, we then refined our search by adding terms for adipose tissue 

characteristics, cardiometabolic risk factors and diseases, or obesity treatments. We also searched 

the reference lists of included studies.  

We discuss all relevant literature on white adipose biology, treatment outcomes, and the 

following cardiometabolic risk factors and diseases: insulin resistance, systemic inflammation, 

carotid intima media thickness, arterial stiffness, hypertension, dyslipidemia, non-alcoholic fatty 

liver disease, type 2 diabetes, and major adverse cardiovascular events (e.g., acute myocardial 

infarction, stroke).  

To facilitate understanding of how obesity progresses from childhood, we described 

studies that compared the adipose tissue biology of lean children and children with overweight or 

obesity. We prioritized studies that compared our outcomes of interest between adults with 

different onsets of common obesity provided at least one group developed overweight or obesity 

in childhood or adolescence. In addition, we included studies that examined the association 

between age of obesity onset as a continuous variable (spanning childhood/adolescence to 

adulthood) and our outcomes of interest.  

We also incorporated cohort studies that assessed how adiposity trajectories or changes in 

adiposity status from childhood to adulthood associate with adult cardiometabolic risk factors or 
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diseases. These studies included groups with different onsets of obesity, but typically only 

reported multivariate-adjusted odds ratios (OR), risk ratios (RR), or hazard ratios (HR) with 95% 

confidence intervals and p-values for each group versus a common reference group (e.g., people 

with persistent normal weight, group 0). We therefore performed a series of computations to 

statistically compare the odds, risk, or hazard rate of diseases between different obesity-onset 

groups.  

For example, the OR, RR, or HR (relative effect, R) for a group with childhood-onset 

obesity (group 1) versus a group with adult-onset obesity (group 2) can be computed as R1vs.2 = 

R1vs.0/R2vs.0. The lower (L) and upper (U) 95% confidence limits for R1vs.2 can be computed as L = 

R1vs.2 Ĭ exp(-1.96s1vs.2) and U = R1vs.2 Ĭ exp(1.96s1vs.2), respectively, where s is the standard 

error.  s1vs.2 = (s1vs.0 
2 + s2vs.0 

2 ï 2C1vs.2), where s1vs.0  = ln(U1vs.0/ L1vs.0)/3.92, s2vs.0 =  ln(U2vs.0/ 

L2vs.0)/3.92 , and C is the covariance.9 We computed the covariance using the method outlined by 

Orsini et al.10 that first requires estimating the number of cases (e.g. number of people with type 

2 diabetes) in each group in the analysis given the multivariate-adjusted ln ORs, RRs, or HRs. 

This first step was possible when the crude number of cases and the total number of participants 

(for studies reporting OR or RR) or the crude number of cases and the total person-time follow-

up (for studies reporting HR) for each group were known. When the total number of participants 

but not the person-time follow-up for each group was available for studies reporting HR, we used 

the traditional life-table denominator (number of participants ï number of cases/2) as a 

proportional substitute for person-time.11 With this information, we estimated the number of 

cases as per Greenland and Longnecker12 using the SAS %METADOSE macro developed by Li 

and Spiegelman.13  
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After computing the covariance then the standard error of R, we determined the p-value 

for the hypothesis R = 1 (i.e., no difference between groups) by looking up the absolute Z-

statistic (|ln(R)/s|) in a two-tail table for the standard normal distribution using SAS version 9.4 

(SAS Institute, Cary, NC, USA). For each study, we performed these computations using the 

group with the latest obesity onset and, where relevant, the mildest obesity as the reference group 

(Table S2). We showed sex-stratified analyses when possible. When the above information 

required to compare odds, risk, or hazard rate of cardiometabolic diseases between obesity-onset 

groups was not reported or could not be obtained from the study authors, we displayed the 

original study findings (i.e., with the original reference group) (Table S3) and discussed any 

reported comparisons between obesity onset groups.   

Although we were interested in studying adults with obesity, we included studies that 

combined adults with overweight and obesity. However, if studies on the same dataset presented 

results for adults with overweight or obesity or for adults with obesity, we discussed the latter. 

Furthermore, we presented results for adiposity trajectories from childhood that culminated in 

adult overweight or adult obesity. For overlapping studies, we selected the one with the largest 

sample size.  

Box 1 highlights key methodological considerations for determining the age of obesity 

onset.  

 

Box 1. Methodological considerations for determining the age of obesity onset in research 

studies 

 

Prospective, longitudinal studies (e.g., birth cohort studies) can accurately determine 

when people develop obesity, per growth charts and BMI criteria14ï17 by regularly collecting 
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weight and height measurements from childhood through adulthood. However, these studies are 

resource-intensive and require long-term commitment from both researchers and participants. 

Although frequent on-site measurements of weight and height would be ideal, they are likely 

impractical due to personnel constraints and participant burden. Alternatively, if study resources 

permit, researchers could provide participants with scales and instructions for at-home 

measurements, observed periodically by trained data assessors through videoconferencing.18 

Electronic scales that transmit data directly to researchers,19 used successfully by both children20 

and adults,21 offer another convenient option. Numberless scales with this capability may help 

avoid potential distress or changes in behaviour associated with frequent weighing. Researchers 

could routinely compare these home measurements with those taken on calibrated scales during 

on-site study visits. Despite these methodological advances, to date, there have been no 

prospective, longitudinal studies specifically designed to examine the association between the 

age of obesity onset and subsequent health outcomes. 

Most studies investigating the age of obesity onset are conducted cross-sectionally in 

adults with obesity. These studies must rely on retrospective data such as medical records of 

weight and height, recalled adiposity status, and childhood photographs to determine the age of 

obesity onset. Given the challenge of determining the exact age of obesity onset, these studies 

typically strive to broadly classify obesity as childhood-onset or adult-onset. The World Health 

Organization (WHO) considers adulthood to begin after age 19 years,22 when most adolescents 

will have completed puberty (Tanner stage V).23,24 However, the age cut-off distinguishing 

adulthood from childhood can vary across health organizations and studies, typically falling 

between 18 and 21 years.  
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Medical records of childhood weights and heights provide objective evidence of 

childhood adiposity status, but they can be difficult to obtain. Participants can sometimes retrieve 

their weights and heights from immunization records (vaccine booklets), but usually only for 

infancy and early childhood. This information alone would be insufficient to definitively classify 

participants as having childhood-onset or adult-onset obesity, as a normal BMI in early 

childhood does not preclude obesity development later in childhood.  

Accordingly, some studies use a participantôs height and recalled body weight at the end 

of adolescence or the start of adulthood (18ï21 years) to determine childhood adiposity status. A 

BMI greater than or equal to 30 kg/m2 at this age would indicate childhood-onset obesity. While 

a meta-analysis found that people overestimate their body weight from childhood or young 

adulthood by an average of only 0.87 kg (95% CI: 0.19, 1.56; p < 0.001),25 factors pertinent to 

obesity-onset research may influence this accuracy. People with higher BMIs tend to 

underestimate their past weight, whereas those who gain more weight over the recollection 

period tend to overestimate their past weight.26,27 Furthermore, studies have shown that around 

20ï25% of older adults will not even attempt to recall their past body weight.27,28 It is unclear 

how weight recall may be affected if participants know they are in a study focused on the age of 

obesity onset. 

Alternatively, participants can be asked to recall their childhood adiposity status, rather 

than their childhood body weight, through interviews or questionnaires. People are more likely to 

remember the age at which they developed obesity if their weight gain occurred suddenly or 

drastically or coincided with a significant life change (e.g., parentsô divorce or starting 

university). Some may never remember living without obesity, while others may recall being 

teased for their weight or referred for weight management at a specific age. However, those who 
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gained weight gradually over several years may struggle to pinpoint when they first developed 

overweight or obesity. Therefore, most participants would find óDid you have overweight or 

obesity as a child or teenager?ô easier to answer than óAt what age did you first consider yourself 

to have overweight or obesity?ô. Conducting a thorough weight history interview, as 

recommended for clinical practice,29 may help participants recall adiposity changes throughout 

their lives. Researchers can include prompts about significant life events or periods (e.g., starting 

school or puberty) to help participants anchor their memories to specific times. Of note, some 

participants may prefer phrases such as óexcess weightô, óhigh BMIô, or ólarger body size than 

peersô rather than óoverweightô or óobesityô to describe their adiposity status.  

Importantly, the self-report method used to determine childhood adiposity status may 

impact whether participants are classified as having childhood-onset or adult-onset obesity. In 

1985, Wing et al. found that 64% of applicants to a behavioral weight management program 

were classified as having childhood-onset obesity based on their response to óWere you 

overweight as a child or teenager?ô. In contrast, only 37% were classified as having childhood-

onset obesity based on self-reported body weight at age 21, which indicated they were at least 

20% overweight according to Metropolitan Life Insurance tables.30 This discrepancy may stem 

from participants underestimating their body weight at age 21, misinterpreting what constitutes 

childhood overweight, or misperceiving their childhood adiposity status.  

Body rating scales are valuable tools for helping participants recall their body sizes at 

younger ages. They present a series of silhouettes for each sex, ranging from very thin to very 

large, allowing participants to select the figure that most closely matches their body size at 

different ages or life stages. As a visual aid with concrete reference points, these scales can 

improve the accuracy of recalled adiposity status.25 The original Stunkard scale features nine 
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adult figures for each sex,31 with figures 5 and 6 as the optimal cut-offs for overweight and 

obesity, respectively.32ï34  

Drawing on Stunkardôs scale as a guide, Collins developed a similar scale featuring seven 

male and female child figures.35 While optimal cut-offs have not been established for Collinsôs 

scale, researchers have used figures 5 and 7 for identifying overweight and obesity, 

respectively.36ï38 In Truby and Paxtonôs 7-figure Childrenôs Body Image Scale (CBIS),39 figures 

6 and 7 align, respectively, with the Ó85th (overweight) and Ó95th (obesity) BMI-per-age 

percentiles on the United States Centres for Disease Control and Prevention growth charts for 

both boys and girls.40 Using the International Obesity Taskforce BMI cut-offs, this alignment 

held for girls, but for boys, the cut-offs corresponded to figures 5 and 6, respectively.40 Notably, 

other child and adult body rating scales have been culturally tailored for greater inclusivity.41ï46    

Childhood photographs can help distinguish whether participants have childhood-onset or 

adult-onset obesity. In todayôs digital age, accessing old photographs is straightforward, but 

obtaining printed photographs from older generations may require additional effort. Although 

photographs provide objective evidence of appearance, interpreting adiposity status still involves 

subjective judgment by the researcher. To minimize this bias, researchers can compare 

photographs against standardized body rating scales.  

When feasible, researchers should employ multiple methods to determine the age of 

obesity onset. The primary focus here is on BMI-defined obesity, which indicates a point at 

which excess adiposity may pose a health risk. Researchers wishing to study the clinical 

manifestations or stages of childhood-onset versus adult-onset obesity may consider utilizing the 

Edmonton Obesity Staging Systems (EOSS and EOSS-pediatrics).47,48 Retrospective application 
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of these systems could involve detailed interviews or chart reviews to understand the evolution 

of clinical obesity and its stages over time.  

 

Adipose tissue biology 

Adipose tissue expansion 

Seminal studies in the 1970s shaped our understanding of human adipose tissue 

expansion, which would persist well into the 21st century. Researchers established that adipose 

tissue can expand by increasing adipocyte size (hypertrophy) and/or number (hyperplasia), with 

a caveat. They inferred that adipocytes can enlarge at all life stages but increase in number only 

during childhood and adolescenceðand never die.49ï51   

Infancy (0ï1 year), the age of adiposity rebound (~5ï7 years), and adolescence (~10ï18 

years) are sensitive periods for adipose tissue accrual,7,52 but whether hyperplasia or hypertrophy 

dominates at these life stages is debatable.53 Regardless, both adipose tissue expansion 

mechanisms are accelerated in children with obesity such that by the time these children reach 

adulthood, they have both larger and more numerous adipocytes than their lean counterparts 

(Figure 1).54,55  

Early studies comparing adipose tissue cellularity (adipocyte size and number) between 

people with childhood-onset and adult-onset obesity support the idea that fat gain in adulthood 

can only occur through the enlargement of existing adipocytes. Adults who acquired obesity in 

adulthood had fewer, larger adipocytes, while those with persistent obesity from childhood had 

more, smaller adipocytes.56ï60 Furthermore, a small 1970s overfeeding study found that after 

normal-weight men gained 15ï25% of their body weight, the size of their adipocytes from three 

subcutaneous regions increased, but their adipocyte number remained unchanged.61  
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While the notion that óadipocytes are formed in childhood and remain for lifeô prevailed, 

researchers discovered that adults with severe obesityðeven when acquired in adulthoodðhad 

hyperplastic adipose tissue.60 This finding provided a glimpse of possibility that adipocytes can 

form in adulthood. Emerging evidence from in vitro experiments further supported this 

possibility: adipocyte precursor cells from adult humans with and without obesity could 

differentiate into mature adipocytes.62ï65 Shortly thereafter, in vitro experiments also 

demonstrated that human adipocytes could undergo apoptosis.66      

In 2008, a landmark carbon dating study officially altered our view of the paradigm that 

óadipocytes are formed in childhood and remain for lifeô. Spalding et al. discovered that, in 

adulthood, subcutaneous abdominal adipocytes do indeed turn overðroughly every 10 years.67 

In other words, adipocytes can form in adulthood, but they die at the same rate, keeping 

adipocyte number constant. Accordingly, this study still suggested that adipocyte number is set 

toward the end of adolescenceðat least in their sample of lean adults and adults with childhood-

onset obesity. A caveat of this study, however, is that it could not determine how weight gain in 

adulthood modifies adipocyte turnover. Adipocyte renewal aside, can people with adult-onset 

obesity experience a net increase in adipocyte number? 

Subsequent overfeeding68 and longitudinal studies69 confirmed that lean adults can gain 

fat through both adipocyte hypertrophy and hyperplasia. These findings ignited Arner et al.70 to 

re-evaluate the earlier work that paralleled childhood-onset obesity with hyperplastic obesity and 

adult-onset obesity with hypertrophic obesity.56ï60 If adults can increase their number of 

adipocytes, then why would adipose tissue cellularity differ between people with childhood-

onset and adult-onset obesity? A major drawback of earlier studies was their inability to 

delineate whether cellularity varies by adipose tissue region. After measuring adipocyte size in 
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one or more adipose regions that often differed among participants, they computed the total 

number of adipocytes in the body as total fat mass divided by average adipocyte size. This 

approach assumes little variability in adipose tissue cellularity throughout the body.  

Overcoming this limitation, Arner et al. used abdominal subcutaneous adipocyte size and 

DXA-estimated android SAT mass to specifically examine cellularity in abdominal SAT.70 Of 

note, in their study, people with childhood-onset (Ò18 years) overweight or obesity were younger 

yet gained more weight in adulthood than their group with adult-onset (>18 years) overweight or 

obesity. Accordingly, their childhood-onset group had more android SAT than their adult-onset 

group, a difference attributed to both greater adipocyte size and number. However, the 

abdominal SAT morphology index, indicating the degree of hypertrophy or hyperplasia 

independent of adipose tissue mass,69 was similar between the two groups.70  

Correspondingly, our group found a similar mean subcutaneous abdominal adipocyte size 

among younger (<40 years old) and older (>55 years old) female bariatric surgery patients with a 

childhood (<18 years old) or adult (>18 years old) onset of obesity matched for BMI and type 2 

diabetes status.71 However, we found that mean visceral adipocyte size was smallest in the 

younger female group with childhood-onset obesity.71 Although we were unable to obtain data 

on regional fat mass and, consequently, adipocyte number, our findings suggest that cellularity 

may vary with obesity onset across different adipose tissue regions.  

Recently, we confirmed this variation in young, healthy adults with mild to moderate 

obesity. We found that, compared to their counterparts with adult-onset (>18 years old) obesity, 

only females with childhood-onset (pre-/peri-puberty) obesity had hyperplastic abdominal SAT. 

In contrast, both sexes with childhood-onset obesity had hypertrophic femoral SAT (Figure 1 and 

Table S1).72 These findings challenge the simplistic narrative that childhood-onset obesity is 
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uniformly hyperplastic and that adult-onset obesity is uniformly hypertrophic. Longitudinal 

studies are required to determine the evolution of regional adipose tissue cellularity in childhood-

onset versus adult-onset obesity. 

Preadipocyte (dys)function 

Even if people with childhood-onset and adult-onset obesity end up with similar adipose 

tissue cellularity, their adipose tissue function may differ. Healthy subcutaneous adipose tissue is 

largely defined by its ability to expand and store lipidsðbut the mechanism matters. Adipocyte 

hyperplasia, recognized as a more metabolically favourable expansion mechanism than adipocyte 

hypertrophy73, relies on the capacity to generate new adipocytes through adipogenesis. During 

adipogenesis, adipocyte progenitor cells (APC) commit to the adipocyte lineage as preadipocytes, 

proliferate, and then differentiate into adipocytes. Abundant and functional preadipocytes are, 

therefore, essential to healthy adipose tissue expansion.  

In children with obesity, APC abundance is not diminished,55,74 nor is adipogenic 

potential.55 In fact, compared to lean children, children with obesity have enhanced proliferation 

capacity and similar differentiation capacity (Figure 1).55 But could their increased preadipocyte 

proliferation in childhood hinder their capacity for healthy adipose tissue expansion in adulthood?  

Like all proliferative cells, preadipocytes cannot proliferate forever. Every time a cell 

divides, its telomeres, the protective caps at the ends of chromosomes, shorten. Critically short or 

damaged telomeres can trigger the DNA damage response and lead to cellular senescence, a state 

of permanent cell cycle arrest. Senescent preadipocytes can no longer proliferate or 

differentiateðnor do they die. They persist in adipose tissue and develop a senescence-

associated secretory phenotype (SASP) that can damage neighbouring cells. While cellular 
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senescence increases with aging and obesity, it is plausible that rapidly proliferating 

preadipocytes in children with obesity senesce prematurely.   

Results from our lab support the idea that, regardless of mechanism, preadipocytes begin 

the senescence program early in childhood-onset obesity. We found that, compared to females 

with adult-onset obesity, those with childhood-onset obesity have more preadipocytes with DNA 

damage and p53/p21 senescence markers in abdominal and femoral subcutaneous adipose tissue 

(SAT) (Figure 1 and Table S1). This finding occurred despite similar levels of RAD51, a DNA 

repair marker, in preadipocytes from both obesity-onset groups. In people with childhood-onset 

obesity, senescent preadipocytes may impair adipogenesis, leaving SAT hypertrophy as the 

likely expansion mechanism when faced with a positive energy balance.75 People with adult-

onset obesity, on the other hand, may preserve their adipogenic potential, prolonging capacity for 

hyperplastic SAT expansion. Future studies comparing the adipogenic potential of people with 

childhood-onset and adult-onset obesity are needed to confirm or refute this hypothesis. 

Adipose tissue fibrosis, immune cells, and senescence 

During hypertrophic expansion, adipose tissue undergoes structural and functional 

alterations that drive its pathogenicity over time. As adipocytes enlarge, new blood vessels must 

form to meet the tissueôs oxygen demand. Additionally, the tissueôs scaffolding, the extracellular 

matrix (ECM), must remodel to accommodate larger, lipid-laden adipocytes. In theory, if these 

adaptive processes were uninhibited, then adipocytes could enlarge indefinitely, and lipids would 

not óspill overô and accumulate in ectopic sites. But this is not the case. In time, enlarging 

adipocytes outstrip their blood supply and uncontrolled hypoxia ensues.76,77 Hypoxia triggers 

fibrosis, the excessive deposition of ECM proteins, namely collagens.78ï80 Consequently, the 

ECM morphs from flexible to rigid and restricts further adipocyte enlargement. Though the 
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sequence of events is unclear, fibrosis often coincides with immune cell infiltration, adipocyte 

death, and cellular senescence.81,82 Together, these features create a proinflammatory milieu and 

wreak havoc on local and systemic metabolism. Whatôs more, some of these features can appear 

in adipose tissue as early as childhood, but they may not always assume a villainous role.  

Sbarbati et al. were the first to show evidence of fibrosis and immune cell infiltration in 

abdominal SAT from children with obesity.83  Using electron microscopy, they observed what 

they called an óelementary inflammatory lesionô: adipocyte debris with macrophages, a few 

granulocytes and lymphocytes, and mild fibrosis.83 Children with severe obesity had the largest 

SAT inflammatory lesions and children without obesity had none.83  

Landgraf et al. confirmed an increased macrophage presence in SAT sampled primarily 

from the lower body of children with obesity. Compared to lean children, those with obesity had 

double the number of CD68+ macrophages (20 vs. 10) per 100 adipocytes.55 Additionally, 43% 

of children with obesity and only 9% of lean children had crown-like structures, where 

macrophages surround a dead or dying adipocyte.55 Because CD68 is a general macrophage 

marker, it does not capture the different macrophage phenotypes, broadly classified as M1-like 

or proinflammatory and M2-like or anti-inflammatory.  

Tam et al. quantified total and M2-like abdominal SAT macrophages in children with and 

without overweight or obesity. Using HAM56 instead of CD68 as a general macrophage marker, 

they found a slightly higher number of macrophages per 100 adipocytes in children with 

overweight or obesity (8 vs. 4) and detected crown-like structures in only one out of the 19 

children with overweight or obesity.84 Unlike Landgraf et al., Tam et al. did not include children 

with severe obesity, which, combined with the use of a different macrophage marker, may 

explain the dampened effect of obesity in their study.  
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As Tam et al. found no difference in the number of M2-like CD206 macrophages 

between lean children and children with obesity, the increased SAT total macrophage burden in 

children with obesity likely stems from M1-like macrophages (Figure 1).84 Mujkiĺ et al., using 

CD163 as another M2-like macrophage marker, corroborated this finding for abdominal SAT.85 

However, they found more M2-like macrophages in the VAT of children with overweight or 

obesity.85 Crown-like structures, though rare, were more common in both the abdominal SAT 

and VAT of children with overweight or obesity.85  

It is important to note that the M1/ M2 macrophage classification is oversimplistic. 

Macrophages can switch between phenotypes and can even exhibit both states simultaneously.86 

Therefore, how macrophages influence adipose tissue inflammation is complex. Furthermore, 

other immune cells loom in adipose tissue, some of which Tam et al. examined in children. They 

identified mast cells, very few T cells, and no neutrophils in abdominal SAT, regardless of the 

childrenôs adiposity status (Figure 1).84   

Though adipose tissue fibrosis tends to accompany immune cell infiltration as a 

maladaptive response to obesity in adults,87 the story may differ in children. Using Massonôs 

trichrome staining, Mujkiĺ et al. found that, compared to lean children, children with overweight 

or obesity had a similar amount of collagen in VAT and slightly more collagen in abdominal 

SAT.85 Using picrosirius staining, the preferred method for collagen quantification, Tam et al. 

found the opposite for abdominal SAT.84 Not only did they find less collagen with increasing 

adiposity (Figure 1), but also with increasing age; the oldest children with the greatest adiposity 

had the least abdominal SAT collagen.84 This finding, the authors proposed, may reflect normal 

remodelling to accommodate increased adipocyte size with growth.84 Consistent with this idea, 

they found minimal pericellular fibrosis (Figure 1), the collagen surrounding adipocytes, in both 
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lean children and children with overweight and obesity.84 Pericellular fibrosis is more closely 

linked to adipose tissue dysfunction and metabolic abnormalities than total collagen,88 especially 

when rich in collagen IV.89,90 Irrespective of their adiposity status, the children in Tam et al.ôs 

study had virtually no collagen IV in their abdominal SAT.   

Only one study from our lab has compared adipose tissue macrophages and fibrosis 

between people with childhood-onset and adult-onset obesity. We showed that the number of 

total, M1-like (CD11c+), and M2-like (CD163+) macrophages per 100 adipocytes in both visceral 

adipose tissue and abdominal SAT did not differ between younger (< 40 years old) and older (> 

55 years old) female bariatric surgery patients with childhood-onset (< 18 years old) or adult-

onset (> 18 years old) obesity.71 We also found no effect of obesity onset on pericellular fibrosis 

in abdominal SAT and VAT (Figure 1).71   

Our results, combined with those in children, suggest that while ATM infiltration has a 

head start in people with childhood-onset obesity, it can catch up in people with adult-onset 

obesity. Additionally, pericellular fibrosis appears to accumulate predominantly in adulthood, 

regardless of the age of obesity onset. However, since we studied bariatric surgery patients with 

severe obesity, we cannot comment on ATM infiltration and fibrosis in the early stages of 

obesity development in adulthood. To clarify this aspect, studies on people with milder forms of 

childhood-onset and adult-onset obesity are necessary.    

Cellular senescence is another feature of adipose tissue dysfunction contributing to 

chronic, low-grade inflammation. Besides preadipocytes discussed above, other cells in adipose 

tissue, including macrophages, endothelial cells, and even adipocytes themselves, can senesce. ɓ-

galactosidase (gal) staining in adipose tissue indicates the total number of cells, regardless of 

type, that have committed to senescence. Interestingly, although females with childhood-onset 
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obesity had more preadipocytes with p53/p21 senescence markers in abdominal and femoral 

SAT than those with adult-onset obesity, the groups had a similar percentage of ɓ-gal-positive 

cells in both SAT regions.91 Further studies should examine which cells preferentially commit to 

senescence, and the downstream consequences, in people with different ages of obesity onset.  

Adipokine production 

Does the ensuing adipose tissue inflammatory environment, shaped by hypertrophic 

adipocytes, immune cells, and senescent cells, differ between people with childhood-onset and 

adult-onset obesity? At present, we can only address this question based on adipokine gene 

expression in adipose tissue. As expected, children with obesity exhibit higher leptin gene 

expression in SAT and VAT than lean children. In contrast, adiponectin, TNF-Ŭ, and resistin 

gene expression in SAT and VAT, as well as IL-6 gene expression in SAT, are comparable 

between these two groups of children.55,92,93 However, our results suggest that differences in 

adipokine gene expression patterns emerge when these children become adults with obesity. We 

found that, compared to adult females with childhood-onset obesity, those with adult-onset 

obesity have increased IL-6 and leptin gene expression but similar TNF-Ŭ, resistin, and 

adiponectin gene expression in both abdominal and femoral SAT (Figure 1 and Table S1).3 

These findings, drawn from select adipokinesðout of the hundreds discovered to dateðindicate 

a more proinflammatory SAT environment in those with adult-onset obesity. Future 

investigations should directly assess how adipokine production in SAT and VAT explants differs 

between people with childhood-onset and adult-onset obesity.     

Lipid handling 

 Beyond adipokine production, adipose tissue assumes a crucial role in lipid handling and 

energy homeostasis. Operating as a dynamic hub, adipose tissue responds to energy needs by 
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releasing (lipolysis) or storing lipids (lipogenesis). Lipolysis is primarily stimulated by 

catecholamines and suppressed by insulin. An in vitro study showed that, compared to lean 

children, children with obesity have lower basal (unstimulated) lipolysis per adipocyte but 

similar catecholamine (isoproterenol)-stimulated lipolysis per adipocyte in SAT.55 An in vivo 

study arrived at a similar conclusion for basal lipolysis normalized for fat mass. However, this 

study found blunted catecholamine (epinephrine)-stimulated lipolysis in children with obesity 

(Figure 1).94 A subsequent in situ microdialysis study found that this catecholamine resistance 

may be due to impaired ɓ2-adrenergic stimulation of lipolysis.95 

Blunted insulin-mediated suppression of lipolysis largely defines adipose tissue insulin 

resistance and can be quantified with a multi-step pancreatic clamp or a one-step 

hyperinsulinemic-euglycemic clamp with a palmitate tracer.96 However, studies comparing 

adipose tissue insulin resistance between children with and without obesity have relied on 

surrogate measures calculated from insulin and free fatty acid concentrations. Using this 

approach, Reinehr et al. found greater fasting adipose tissue insulin resistance in children with 

obesity than in those without obesity.97 Moreover, Hagman et al. found that both fasting and 

post-prandial adipose tissue insulin resistance indices increased with greater obesity severity in 

children.98 Insulin also stimulates lipogenesis, which, to our knowledge, has not been compared 

between lean children and children with obesity.  

Although the measurement technique and data normalization method can influence 

results,99,100 contrary to findings in children, obesity in adults generally increases basal lipolysis 

and decreases catecholamine-stimulated lipolysis in SAT.101 Obesity in adults also impairs 

insulin-mediated suppression of lipolysis.101 While adipose tissue insulin resistance has not been 

compared between people with childhood-onset and adult-onset obesity, Arner et al. found no 
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effect of age of obesity onset on in vitro basal and catecholamine-stimulated lipolysis in 

abdominal SAT (Figure 1 and Table S1).70 Catecholamine-stimulated lipolysis is closely linked 

to long-term lipid removal in abdominal SAT,102 which Arner et al. also found was not different 

between people with an obesity onset before or after age 18 (Table S1).103  

Our research suggests that lipogenic capacity, on the other hand, may be heightened in 

people who develop obesity in adulthood. We found that, compared to females with childhood-

onset obesity, those with adult-onset obesity have elevated levels of acetyl-CoA in abdominal 

and femoral SAT.3 Since the participants were fasting, the acetyl-CoA was likely nucleocytosolic 

because mitochondrial acetyl-CoA would be consumed in the tricarboxylic acid cycle.104 

Cytosolic acetyl-CoA is critical for de novo lipogenesis (DNL). Correspondingly, we also found 

that females with adult-onset obesity had increased expression of genes regulating cytosolic 

acetyl-CoA and DNL in their abdominal and femoral SAT (Figure 1 and Table S1).  

Adipocyte mitochondria play a central role in energy homeostasis, regulating both lipolysis and 

lipogenesis.105 Compared to lean children, children with obesity have compromised 

mitochondrial function and structure in abdominal SAT (Figure 1).106 Furthermore, results from 

our lab suggest that when obesity persists from childhood to adulthood, dysfunctional SAT 

mitochondria do too. We found that, compared to females with adult-onset obesity, those with 

childhood-onset obesity have a lower abundance of mitochondrial complex II and IV in 

abdominal and femoral SAT, despite a higher NAD+/NADH ratio (Figure 1 and Table S1).3 Of 

note, dysfunctional mitochondria contribute to oxidative stress which can drive other aspects of 

adipose tissue dysfunction, including cellular senescence. It remains to be seen how 

mitochondrial dysfunction in adipose tissue influences lipid handling and the progression of 
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metabolic abnormalities like insulin resistance in people with childhood-onset and adult-onset 

obesity.  
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Adipose tissue distribution 

Where people store body fat influences their cardiometabolic health. People who 

accumulate fat centrally (android- or apple-shaped), especially in VAT, have increased 

cardiometabolic risk compared to people who preferentially store fat in lower body SAT 

(gynoid- or pear-shaped).107ï111 VATôs pathogenicity stems from both its location and activity. 

VAT is more lipolytic and proinflammatory than SAT, and because VAT drains into the portal 

circulation, it exposes the liver to high levels of free fatty acids112 and proinflammatory 

cytokines.113 The latter is most convincingly linked to insulin resistance and metabolic 

derangements.113   

In the 1960s, Albrink et al. hypothesized that adipose tissue is peripherally distributed in 

childhood-onset obesity and centrally distributed in adult-onset obesity.1 Today, several factors 

are well-known to affect adipose tissue distribution, including genetics,114 sex,115 and age,116 but 

does the age of obesity onset belong on this list? Cross-sectional and longitudinal studies of 

adipose tissue distribution in children and adults with and without obesity suggest that Albrinkôs 

hypothesis may, in part, be true. SAT deposition predominates in childhood and adolescence, 

both with increasing age117ï119 and adiposity.120ï122 Still, compared to lean children, those with 

obesity have more adipose tissue in all regions of the body.121 This difference, however, is most 

striking for abdominal SAT.121 In other words, in children with obesity, adipose tissue 

distribution centralizesðsubcutaneously.  

After puberty, sex differences in adipose tissue distribution become most 

apparent.118,123,124 Adult males have more VAT,118,123 while adult females have more SAT,118,123 

predominately distributed in the lower body.123 In both sexes, SAT and VAT tend to increase 

with age but at variable rates.118,123,125 Throughout adulthood in males and after around age 30 in 
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females, SAT accumulates less rapidly than VAT, decreasing the proportion of SAT relative to 

VAT.118,123 This proportional decline in SAT with age occurs ubiquitously in males, while only 

in the lower body in females.123 Females tend to experience the greatest increase in VAT around 

menopause.118,123,126 Accordingly, the adipose tissue distribution of post-menopausal females is 

closer to that of males. 

Adipose tissue distribution, nevertheless, can vary widely among people across the 

lifespan. Even among adolescents with obesity, a subset preferentially stores abdominal adipose 

tissue viscerally.127 Compared to adolescents with obesity who preferentially store abdominal 

adipose tissue subcutaneously, these adolescents have abdominal SAT with larger adipocytes, 

elevated inflammatory markers, and decreased expression of genes related to adipogenesis, 

lipogenesis, and insulin sensitivity,127,128 supporting the view that VAT accumulation signifies 

SAT dysfunction.129ï132 These adolescents also have worse insulin resistance and more liver 

fat,127 which may increase their risk of developing cardiometabolic disease before adulthood.  

From the above findings, one would expect that at the same adiposity, healthy people 

with different ages of obesity onset would, on average, have differently sized adipose tissue 

depots. Males and females with childhood-onset obesity would have greater abdominal SAT; 

females with premenopausal-onset obesity, greater lower-body SAT; and males with adult-onset 

obesity and females with postmenopausal-onset obesity, greater VAT. 

The limited studies that have directly compared adipose tissue distribution between 

people with childhood-onset and adult-onset obesity, however, tell a different story. Using DXA 

and computed tomography, we found similar quantities of total, gynoid, trunk, and leg fat and 

android SAT and VAT in a small sample of healthy, premenopausal females with childhood-

onset and adult-onset obesity (BMI Ó 30 and < 40 kg/m2).91 Arner et al. corroborated these 
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results for DXA-estimated android visceral fat, but found greater total, gynoid, and android fat in 

females with childhood-onset overweight than in those with adult-onset overweight (BMI > 25 

kg/m2).70 Furthermore, Arner et al. found that compared to males with adult-onset overweight, 

those with childhood-onset overweight had greater quantities of fat in all regions measured.70 

The greater total adiposity and lower age and diabetes prevalence in their childhood-onset 

groups, nevertheless, muddies interpretation.  

Interestingly, studies in the clinical setting with no upper BMI limit routinely find that 

people with childhood-onset obesity have greater adiposity than those with adult-onset 

obesity.133ï135 Weight gain does not usually stop once children with obesity become adults; it 

typically continues throughout adulthood, increasing the risk of severe obesity.136,137 Therefore, 

adipose tissue accumulation in adulthood may largely shape adipose tissue distribution in both 

people with childhood-onset and adult-onset obesity. This idea is supported by a mendelian 

randomization study that isolated the effects of childhood and adult body size on adult abdominal 

adipose tissue distribution. Whereas adult body size was independently associated with both 

abdominal SAT and VAT in adulthood, childhood body size was not associated with adult 

abdominal SAT and was negatively associated with adult abdominal VAT.138 Longitudinal 

studies are needed to understand how adipose tissue distribution changes from the age of obesity 

onset onward.  

Cardiometabolic Risk 

How does cardiometabolic disease evolve in people with different ages of obesity onset? 

Does their unique adipose tissue biology brew unique cardiometabolic risk profiles, and whose 

risk profile is more likely to lead to overt cardiometabolic disease?  
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Many children with obesity already bear the burden of cardiometabolic risk factors such 

as insulin resistance139 and systemic, low-grade inflammation.140 The link between childhood 

obesity and adult cardiometabolic diseases, however, largely stems from the strong tracking of 

obesity from childhood to adulthood.141 Mendelian randomization has confirmed that childhood 

adiposity is not causally related to adult type 2 diabetes and coronary heart disease independently 

of adult adiposity.142 What is not clear, though, is whether the pathogenesis of cardiometabolic 

diseases in people with adult-onset obesity can begin later but progress faster than in people with 

childhood-onset obesity. For insulin resistance, this may be the case.  

Two cross-sectional studies examined the effect of self-reported age of obesity onset on 

whole-body insulin resistance using the gold standard clamp technique. Muscelli et al. found that 

after adjusting for age, sex, and BMI, insulin resistance worsened with a later onset of obesity.143 

Similarly, in post-menopausal females, Brochu et al. found that, second to VAT mass, an adult-

onset of obesity was the best predictor of insulin resistance.144  

Are people with childhood-onset obesity, then, less likely to develop cardiometabolic 

disease? According to three cross-sectional studies of bariatric surgery candidates, the answer is 

uncertain. In two of these studies, the participants with childhood-onset obesity were over ten 

years younger than those with adult-onset obesity (age ~ mid-30s vs. ~ late-40s).133,135 It may 

seem perplexing, then, why the prevalences of type 2 diabetes, hypertension, and dyslipidemia 

were lower in participants with childhood-onset obesity in one study133 and not the other.135 The 

only discernible difference between these two studies was the average age of obesity onset in the 

childhood-onset group: 7 years in the study reporting lower disease prevalence in the childhood-

onset group,133 and 12 years in the study reporting similar disease prevalences between obesity-

onset groups.135 This raises the question of whether a peri-puberty onset of obesity is more 
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detrimental to metabolic health than a pre-puberty onset of obesity. In the only study to consider 

childhood-onset (0ï11 years), adolescent-onset (12ï20 years), and adult-onset (>20 years) 

obesity, Borgeraas et al. refuted this hypothesis.145 After adjusting for age and BMI, they found 

that, compared to adult-onset obesity, adolescent-onset obesity did not increase the odds of type 

2 diabetes, coronary heart disease, hypertension, or dyslipidemia;145 conversely, childhood-onset 

obesity increased the odds of coronary heart disease by 82% in men and the odds of type 2 

diabetes by 25% in women.145  

Population-based cohort studies tracking adiposity changes and cardiometabolic risk over 

the life course could provide valuable datasets to clarify the above findings. Unfortunately, many 

fall short. Using BMI cut points, most of these studies assessed adiposity status once in 

childhood or adolescence and once in adulthood, time points that spanned up to two decades. 

Therefore, people with obesity at both time points would have childhood- or adolescent-onset 

obesity, but their adiposity status could have fluctuated between time points. Furthermore, 

people with obesity only at the adult time point could, in theory, have childhood-, adolescent-, or 

adult-onset obesity. At best, these studies allow for comparisons between people with an óearlyô 

versus ólaterô onset of obesity without pinpointing the exact age or life stage of onset.  

Another shortcoming is that several cohort studies categorized adiposity status as with or 

without overweight/obesity at one or both time points, making it impossible to isolate the effect 

of early- versus later-onset obesity. In these studies, cardiometabolic risk factors seldom differed 

between people with early-onset and people with later-onset overweight/obesity. Blood CRP 

concentration did not differ between groups,146 nor did carotid artery intima media thickness 

(cIMT)147,148 or pulse wave velocity (PWV),149 markers of atherosclerosis and arterial stiffness, 

respectively. The odds or risk of high-risk cIMT150,151 or PWV,151 indicators of subclinical 
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cardiovascular disease, were also similar between people with early-onset and people with later-

onset overweight/obesity. When early- versus later-onset obesity was examined in the Bogalusa 

Heart Study, however, the cIMT narrative changed. People with obesity at both the 

childhood/adolescent and adult time points had greater cIMT than those with obesity only at the 

adult time point.152  

How studies categorized adiposity status in adulthood also appeared to influence findings 

for dyslipidemia and hypertension (Tables S2 and S3). In adults with overweight/obesity, 

childhood overweight/obesity status did not affect the odds of high LDL, HDL, or 

triglycerides,153 nor the risk of hypertension.154 In adults with obesity, this trend held for high 

HDL and triglycerides,150 but not always for high LDL and hypertension. In a pooled analysis of 

two US cohorts, one Australian cohort, and one Finnish cohort, early-onset obesity increased the 

risk of hypertension in males and high LDL-cholesterol in females compared to later-onset 

obesity.150 Moreover, in the National Longitudinal Study of Adolescent to Adult (ADD) Health 

study, adults with early-onset obesity had greater odds of hypertension than those with later-

onset obesity.155 

In contrast, cohorts from various countries found no difference in the odds of 

NAFLD156,157  and MACE158 and the rate of cardiovascular mortality159,160 between people with 

early-onset and later-onset obesity (Tables S2 and S3).  

Among the cohort studies assessing adiposity status once in childhood/adolescence and 

once in adulthood, most found no difference in the odds,161 risk150, or hazard rate162 of type 2 

diabetes between people with early- and later-onset overweight or obesity (Table S2). The et al., 

however, reported a more than 2-fold greater odds of type 2 diabetes in males and females with 

early-onset obesity compared to those with later-onset obesity.163 What distinguishes The et al.ôs 
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study from the others is the timing of their childhood/adolescent assessment. The et al. first 

assessed participants in mid- to late-adolescence (12-17 years), while the other studies included 

young children. As such, The et al.ôs later onset group likely had more participants with adult-

onset obesity. Furthermore, compared to childhood obesity, adolescent obesity is more likely to 

persist into adulthood.164,165 The et al.ôs findings, therefore, may also stem from a greater 

likelihood of obesity persisting rather than fluctuating between time points in their early-onset 

group.  

Cohort studies that assessed adiposity status twice during childhood/adolescence and 

once in adulthood confirm that when children with overweight/obesity become normal-weight in 

adolescence before developing overweight/obesity again by adulthood, their type 2 diabetes 

odds166,167 or hazard rate168 mirror those of people with overweight/obesity only at the adult time 

point (Tables S2 and S3). Results from 3 pooled British cohorts suggest this pattern holds for 

coronary heart disease and hypertension167 (Table S3).  

An unresolved question is whether cardiometabolic risk depends on the persistence of 

overweight/obesity from a specific period in childhood or adolescence. In the BMI 

Epidemiology Study in Gothenburg, Sweden, there were no differences in the hazard rates of 

type 2 diabetes,169 heart failure,170 stroke,171 acute coronary events,172 or cardiovascular 

mortality173 between people who developed overweight/obesity before age 8 and people who 

developed overweight/obesity between age 8 and 20 (Table S2). Findings from Danish, US, and 

British cohorts support this conclusion for type 2 diabetes. People with persistent obesity, 

whether from childhood or adolescence, had similar odds,174 risk,166 or hazard rates168 of type 2 

diabetes, which were greater than those with adult-onset obesity. An exception was a pooled 

analysis of three birth cohorts that only detected a difference in type 2 diabetes odds between 
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those with childhood-onset and adult-onset obesity.167 In this study, the odds of coronary heart 

disease also tended to be higher in those with childhood-onset than adult-onset obesity, but the 

odds of hypertension were unaffected by the age of obesity onset.167  

The above cohort studies leave us wondering whether the magnitude of changes in 

adiposity between life stages and the adiposity attained in adulthood plays a role in the link 

between the age of obesity onset and cardiometabolic risk. When reported, adult BMI tended to 

increase with an earlier onset of overweight/obesity,154,167,168,174 yet this was only accounted for 

in one study.174   

Attard et al.ôs unique approach to analyzing the ADD Health data helped solve these 

unknowns (Table S3).175 They derived nine obesity trajectories well-represented in the ADD 

Health cohort based on BMI at age 15, 20, and 27. Four of these trajectories culminated in mild 

obesity (BMI å 30 kg/m2 at age 27), and five culminated in moderate obesity (BMI å 37 kg/m2 at 

age 27). Of the mild obesity trajectories, one had an obesity onset before age 15 years 

(childhood/early adolescent-onset), one between age 15 and 20 years (late adolescent-onset), and 

two between age 20 and 27 years (adult-onset). The adult-onset trajectories differed in their BMI 

changes (å 1, 4, or 8 kg/m2) from age 15 to 20 and age 20 to 27. One had a medium BMI 

increase (å 4 kg/m2) between both age intervals, and the other had a small BMI increase (å 1 

kg/m2) between age 15 and 20 and a large BMI increase (å8 kg/m2) between age 20 and 27.175   

All five moderate obesity trajectories had childhood- or adolescent-onset obesity.  Four 

developed obesity by age 15, and one, between ages 15 and 20. One trajectory maintained stable, 

moderate obesity from age 15 onwards. Three trajectories had mild obesity at age 15 but differed 

in the magnitude of their BMI changes between age intervals. The trajectory that started with 

normal weight at age 15 had large increases in BMI between both age intervals.175  
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Attard et al. compared the odds of systemic inflammation (CRP Ó 3 mg/L), hypertension, 

and diabetes among the mild obesity trajectories and among the moderate obesity trajectories, by 

sex.175 The odds of all outcomes were higher in men and women with severe obesity than those 

with mild obesity, most strikingly, for systemic inflammation. In women with both mild and 

moderate obesity, those with the largest BMI increase between age 20 and 27 had the greatest 

odds of systemic inflammation compared to their respective trajectory groups. For women with 

mild obesity, those with the highest odds, therefore, had adult-onset obesity. In contrast, for men 

there was little variability in the odds of systemic inflammation among the mild trajectory groups 

and among the severe trajectory groups.175  

The age of obesity onset, rather than the magnitude of BMI change, determined the odds 

of diabetes for both men and women in the mild obesity trajectories. Compared to people with 

adult-onset obesity, people with childhood/early adolescent-onset obesity and people with late 

adolescent-onset obesity had similarly increased odds of diabetes. Likewise, people who 

acquired moderate obesity before age 15 or between age 15 and 20, tended to have greater odds 

of diabetes than people who developed moderate obesity after age 20. Conversely, the odds of 

hypertension varied little among both the mild and moderate obesity trajectories for men and 

women.175   

 Norris et al. reinforced the importance of obesity severity in cardiometabolic risk.176 

They fitted annual BMI values between ages 10 and 40 for participants from three British birth 

cohorts, and compared the risk of hypertension, low HDL cholesterol, and diabetes between 

people with childhood-onset obesity (onset between ages 10 and 20) and four groups of people 

with adult-onset obesity (onset between ages 20 and 25, 25 and 30, 30 and 35, and 35 and 40) 

(Table S2). They reported a trend for increased risk of hypertension, low HDL cholesterol, and 
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diabetes with an earlier onset of obesity. However, when adjusting for average obesity severity, 

this relationship only persisted for diabetes.176  

Building on the findings of Attard et al. and Norris et al., some cohort studies used group-

based trajectory modelling or growth mixture modelling to identify distinct patterns of 

overweight/obesity development over the life course (Table S2). Several patterns emerged from 

these studies. While childhood-onset and adult-onset overweight/obesity usually developed 

progressively, a few studies identified a trajectory group with stable overweight/obesity from 

childhood onward. Correa-Burrows et al. found that early adulthood BMI, CRP, and HOMA-IR 

did not differ between those with progressive adolescent-onset obesity and those with stable, 

persistent obesity from early childhood.177 In contrast, other studies suggest that progressive 

childhood-onset obesity may be more detrimental to cardiometabolic health than stable 

childhood-onset obesity. Norris et al. found an elevated early adulthood BMI, CRP, and PWV in 

those with progressive adolescent-onset obesity compared to those with stable childhood-onset 

obesity; however, they found no difference in cIMT between groups.178 Furthermore, Fagherazzi 

et al. found that females with rapid-onset obesity around puberty had a greater hazard rate of 

type 2 diabetes than those with stable obesity from age 8.179 These studies only followed 

participants into their early 20s, so they did not identify a trajectory group with adult-onset 

obesity.177ï179 

Some cohorts, likely reflecting their pre-obesity epidemic origins, identified a trajectory 

group with adult-onset overweight that did not escalate to obesity.178,180ï185 When this was the 

case and adiposity was not adjusted for, the trajectories with childhood-onset obesity had greater 

odds, risk, or hazard rate of high cIMT,180 hypertension,180,181 type 2 diabetes,180ï183 and 

sometimes dyslipidemia181 and MACE.184 In people whose overweight began around the 
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transition to adulthood (age 18ï20) and progressed to obesity, the risk of high cIMT, 

hypertension, dyslipidemia, and type 2 diabetes did not differ from those whose overweight-to-

obesity trajectories began in childhood or adolescence.180 Though seldom identified, an 

overweight to obesity trajectory beginning after age 20ðtrue adult-onset overweight/obesityð

posed a lower risk of type 2 diabetes than an overweight/obesity onset before age 20.182,183,186 

Figure 2 summarizes the evidence on cardiometabolic risk in people with childhood-or 

adolescent-onset obesity versus people with adult-onset obesity, assuming they are of similar age 

and adiposity. There is compelling evidence that type 2 diabetes risk is greater in people with 

childhood- or adolescent-onset obesity than in people with adult-onset obesityðeven though 

cross-sectional studies suggest the opposite for insulin resistance. These opposing findings 

suggest that ɓ-cell dysfunction, rather than insulin resistance, may be the dominant defect 

leading to type 2 diabetes in people with childhood-onset or adolescent-onset obesity. Aligning 

with this hypothesis, holding glycemia and insulin resistance constant, adolescence with obesity 

have hyperresponsive ɓ-cells compared to adults with obesity.187ï189 Hyperresponsive, 

overworked ɓ-cells could fail prematurely, accelerating the progression to type 2 diabetes.190 

Longitudinal studies are needed determine the impact of the age of obesity onset on the decline 

in ɓ-cell function and insulin sensitivity in people who develop type 2 diabetes.   

The evidence base for the association between the age of obesity onset and other 

cardiometabolic risk factors and diseases is limited (Figure 2). While the age of obesity onset 

does not appear to affect the risk of hypertension and low HDL cholesterol, its effect on cIMT, 

PWV, systemic inflammation, high LDL, high triglycerides, NAFLD, and MACE is 

inconclusive. Modern cohort studies comparing cardiometabolic risk between people with 

confirmed childhood-onset and adult-onset obesity are required to clarify these associations. 
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Treatment outcomes: weight loss and beyond 

Weight loss and weight loss maintenance after lifestyle and pharmacological interventions 

Childhood-onset obesity has historically been viewed as a barrier to diet-induced weight 

loss. This notion arose from short-term weight loss studies in the 1950s191,192 and was 

perpetuated by the discovery of how adipose tissue cellularity changes with weight loss: 

adipocyte size decreases while adipocyte number remains stable.56,61 Since people with 
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childhood-onset obesity were presumed to have hyperplastic adipose tissue, their adipocytes 

could theoretically shrink to below-average size with ongoing weight loss56 and, according to 

Grinker and Hirsch, acquire a óstarvation-likeô state.193   

The 1950s weight loss studies concluded that compared to adult-onset obesity, childhood-

onset obesity was more difficult to treat with a hypocaloric diet (Table S4)191,192. But was their 

conclusion justified? Teasing out sources of weight loss variability (e.g., age of obesity onset) 

requires careful study design considerations from the energy deficit prescribed to the weight loss 

outcome examined. Since baseline energy requirements vary among individuals, best practice is 

to prescribe percent energy deficits and report percent weight loss. Neither Young et al.191 nor 

Mullins192 specified the prescribed energy intake or deficit, and both compared óweight loss 

successô between obesity-onset groups. Young et al. deemed 50% of participants with childhood-

onset obesity ócomplete failuresô but did not clearly define weight loss success191. Mullins set 

targets of less than 10% excess weight (defined by Kemsley194) for those with mild obesity and 

less than 20% excess weight for those with moderate or severe obesity.192 Such weight loss 

targets would naturally penalize their childhood-onset group that had more people with severe 

obesity. Therefore, based on these early studies alone, we cannot affirm childhood-onset obesity 

more resistant to diet-induced weight loss than adult-onset obesity. 

Thirteen studies with a similar aim followed (Table S4 and Stein et al.195 and Bosello et 

al.196), and only three reported worse weight loss outcomes in people with childhood-onset 

obesity.195,197 Drenick and Johnson197 subjected participants to the most extreme intervention, a 

2-month hospitalized fast followed by a very low-calorie diet. Their groups had similar excess 

weight at baseline, yet participants with an obesity onset before age 10 years were least likely to 

dip below 30% excess weight. However, these participants were also less likely to fast for the 
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full two months. Stein et al. aimed to identify predictors of weight loss success by conducting a 

stepwise regression. They included the age of obesity onset as a continuous variable ranging 

from infancy to 50 years old. Along with intervention length and excess weight at baseline, an 

older age of obesity onset predicted greater weight loss.195 Similarly, Bosello et al. reported a 

moderate, positive correlation between age of obesity onset and percent weight loss after a 6-

month, 1000 kcal/day diet.196      

Three lifestyle intervention studies found slightly greater absolute198,199 or percent200 

weight loss in people with childhood-onset obesity than people with adult-onset obesity (Table 

S4). Although the prescribed energy deficits were not specified, higher baseline adiposity in the 

childhood-onset group may explain this result in two199,200 of the three studies.   

After most lifestyle interventions, however, the age of obesity onset did not dictate 

weight loss success (Figure 3 and Table S4).201ï206,135,207 Whether the intervention was a very 

low-calorie formula diet or a multi- component behavioural weight loss program, people with 

childhood- and adult-onset obesity fared similarly. They both can lose weight, but as two recent 

studies showed, their success turns challenging over the long term.135,205 Rupp et al. prescribed 

the only lifestyle intervention with a formal exercise component. Both their obesity-onset groups 

lost around 9 kg after 6 months but gradually gained a few kilograms over the next year.205 Prado 

et al. tested the only lifestyle intervention combined with pharmacotherapy. They prescribed 

some medications approved for long-term weight management by health regulatory agencies 

(liraglutide, a glucagon-like peptide (GLP)-1 receptor agonist (RA); and orlistat, a gastric and 

pancreatic lipase inhibitor) but did not specify the extent of their use. On average, weight loss 

stabilized at a modest 2ï3 kg after one year, with only 15% of participants losing more than 10% 

of their initial weight.135 Semaglutide, a newer GLP-1 RA, and tirzepatide, a dual GLP-



46 
 

1/glucose-dependent insulinotropic polypeptide (GIP) RA, have shown greater promise for 

weight loss,208ï211 but no studies have compared their efficacy between people with childhood- 

and adult-onset obesity. Nevertheless, we await the results of the RESETTLE randomized 

controlled trial testing the combined effect of lifestyle intervention and semaglutide on the 

change in BMI in young adults with childhood-onset obesity who had poor success with lifestyle 

intervention alone.212  

 Between-study differences in obesity-onset categorization and intervention 

characteristics, often poorly described, preclude us from drawing nuanced conclusions about the 

suitability of specific lifestyle interventions for people with childhood-onset versus adult-onset 

obesity. However, we can conclude that childhood-onset obesity is not resistant to diet-induced 

weight loss, as previously thought.  

 When studying people in free-living conditions, distinguishing between physiology-

driven and adherence-driven sources of weight loss variability can be challenging. Ashwell et al. 

eliminated this challenge by conducting an inpatient study where they fed participants 800 

kcal/day on average for 3 weeks.213 Their results aligned with those of most outpatient studies. 

They found no relationship between the age of obesity onset as a continuous variable and short-

term weight loss with or without adjusting for baseline adiposity.213  

 Weight loss (typically 5ï10%) is only one goal of obesity treatment; maintaining weight 

loss and preventing weight regain are equally important. With ongoing weight loss, changes in 

physiology make dietary adherence difficult and favour weight regain.214 In 1972, Grinker and 

Hirsch suggested that people with childhood-onset obesity (presumably hyperplastic obesity) 

fight a harder battle to maintain weight loss and prevent weight regain due their tiny, óstarvedô 
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post-weight loss adipocytes.193 The low level of the appetite-supressing hormone leptin that 

cooccurs with abnormally small adipocytes after weight loss supports this hypothesis.215 

Bjºrntorp and colleagues, in a way, put Grinker and Hirschôs hypothesis to the test.216,217 

They sought to compare weight loss prognosis between females with hyperplastic and 

hypertrophic obesity. Participants consumed 1100 kcal/day as outpatients until weight loss 

plateaued. Both participants with hyperplastic and hypertrophic obesity hit a weight loss plateau 

when their average adipocyte size from three subcutaneous regions was similar to that of lean 

controls.216 After their weight plateaued, the hyperplastic group maintained their weight for 15 

weeks, while the hypertrophic group succeeded for 51 weeks.217 Moreover, weight regain 

occurred at a rate three times faster in the hyperplastic group than in the hypertrophic group.217 

These findings remained when the groups were matched for total body fat.217     

Bosello et al. compared both the age of obesity onset and pre-intervention gluteal adipose 

tissue cellularity among females who either continued to lose weight, maintained their reduced 

weight, or gained weight in the six months after a 6-month dietary intervention (1000 

kcal/day).196 The age of obesity onset was determined using both recalled body weight and 

photographic evidence when possible. The age of obesity onset correlated positively with 

adipocyte size and negatively with adipocyte number. The group that continued to lose weight 

and the group that maintained their reduced weight had an older average age of obesity onset, a 

larger adipocyte size, and a lower adipocyte number than the group that regained weight. 

Notably, the average age of obesity onset still fell in the childhood range for all three groups: 16 

years for the weight losers, 13 years for the weight maintainers, and 7 years for the weight 

regainers.196  
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Taken together, people with childhood-onset obesity may be more susceptible to weight 

regain after weight lossðif childhood-onset obesity is synonymous with hyperplastic obesity.  

Weight loss and weight loss maintenance after bariatric surgery 

Six studies examined the association between age of obesity onset and weight loss 

outcomes after bariatric surgery (Table S4). However, most suffered from the same flaws as the 

lifestyle intervention studies, failing to report baseline demographic characteristics and adiposity 

in each group. One study reported similar weight loss in people with an obesity onset pre- or 

post-puberty 5 years after vertical banded gastroplasty,218 a procedure seldom used today. 

Erdogdu et al. found that one year after laparoscopic sleeve gastrectomy, those with an obesity 

onset around puberty lost a greater percent of their excess weight than those with a pre- or post-

puberty onset of obesity.219 Another study reported that one year after Roux-en-Y gastric bypass 

surgery, people with childhood-onset or adolescent-onset obesity were less likely to lose at least 

60% of their excess weight than those adult-onset obesity.220  

Three bariatric surgery studies used adiposity status at the end of adolescence (18ï20 

years) to classify obesity-onset groups and reported slightly better weight loss outcomes in 

people with childhood/adolescent-onset obesity.134,221,222 Only Kristensson et al.134 compared 

percent total weight loss, a recommended weight loss outcome for bariatric surgery,223ï225 

between patient groups. Bariatric surgery patients who developed obesity by age 20 experienced 

a slightly higher percent weight loss than those who developed obesity after age 20, but the 

difference was not clinically meaningful (Figure 3).134 On average, participants attained a 25% 

weight loss one year after bariatric surgery, then gradually gained weight until stabilizing at a 15-

20% weight loss 8ï10 years post-surgery.134 Based on this long-term study, the age at which 

obesity begins does not appear to influence weight-loss success following bariatric surgery.  
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Cardiometabolic outcomes after obesity treatment 

Beyond weight management, obesity treatment aims to improve cardiometabolic healthð

but does it do so equally for people with childhood-onset and adult-onset obesity? No studies 

have addressed this question with lifestyle or pharmacological interventions. However, 

Kristensson et al. compared the cardiometabolic benefit of bariatric surgery between adults who 

had normal weight, overweight, or obesity at age 20.134 Compared to controls receiving standard 

obesity treatment, those who underwent bariatric surgery had increased type 2 diabetes remission 

and decreased type 2 diabetes incidence after 2 and 10 years of follow-up. The magnitude of 

these improvements was not influenced by adiposity status at age 20 (Figure 3). The incidence of 

macrovascular complications up to 26 years after bariatric surgery was also similarly reduced in 

the three groups compared to controls. Across groups, however, bariatric surgery did not reduce 

cardiovascular disease incidence compared to standard treatment (Figure 3).134   

Changes in adipose tissue biology after obesity treatment  

While weight gain leads to pathological adipose tissue remodelling that drives 

cardiometabolic disease, weight loss is presumed to have the opposite effect. Body composition, 

multi-organ insulin sensitivity, and ɓ-cell function improve with as little as 5% weight loss, but 

greater weight loss is required to see favourable changes in adipose tissue expression of genes 

involved in cholesterol flux, lipid synthesis, extracellular matrix remodelling, oxidative stress, 

and inflammation. These changes occur in a dose-dependant manner between 5 and 16% weight 

loss.226  

Few studies have examined the relationship between age of obesity onset and changes in 

adipose tissue biology after weight loss. Our group found similar changes in adipose tissue 

distribution after diet- and exercise-induced weight loss.91 Petrus et al. showed that 5 years after 
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bariatric surgery, subcutaneous abdominal adipocyte size was similarly reduced in females with 

childhood-onset and adult-onset obesity.69 Of note, baseline adipocyte size was also similar 

between groups. Using the same cohort, Arner et al found that in both groups, the adipocyte size 

reduction was mainly driven by decreased lipid uptake rather than increased lipid removal 

(Figure 3).103 

To prevent metabolic dysfunction, adipose tissue must safely store lipids and secrete anti-

inflammatory, insulin-sensitizing adipokines. Cellular senescence can disturb both processes and, 

therefore, stands as a therapeutic target for cardiometabolic disease. Our group compared 

changes in abdominal and femoral SAT senescence markers between females with childhood-

onset and adult-onset obesity after diet- and exercise-induced weight loss. At baseline, DNA 

damage, an early event in the senescence process, was more pronounced in the preadipocytes of 

females with childhood-onset obesity. Interestingly, following 10% weigh loss, DNA damage in 

femoral preadipocytes decreased to a similar level in both groups. In abdominal preadipocytes, 

the DNA damage burden declined similarly in both groups, remaining higher in the childhood-

onset group after weight loss. Concurrently, the DNA repair protein RAD51 increased 

comparably across both obesity-onset groups. DNA damage activates the p53/p21 senescence 

pathway, and ɓ-galactosidase activity indicates senescence commitment. Although the 

proportion of p53+ and p21+ preadipocytes and ɓ-galactosidase+ cells in SAT remained stable 

with weight loss, the total p21 intensity in p53+/p21+ femoral preadipocytes decreased in females 

with adult-onset obesity (Figure 3). This finding may indicate that moderate weight loss can slow 

the progression of senescence in people with adult-onset obesity but not eliminate preadipocytes 

that have already entered the senescence pathway. 
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CƛƎǳǊŜ оΦ ¢ǊŜŀǘƳŜƴǘ ƻǳǘŎƻƳŜǎ ƛƴ ǇŜƻǇƭŜ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ǾŜǊǎǳǎ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅ 

 
CƻǊ ŜŀŎƘ ǘǊŜŀǘƳŜƴǘ ƻǳǘŎƻƳŜΣ ŀ ǘǊƛŀƴƎƭŜ όҌύ ǇƻƛƴǝƴƎ ǘƻ ǘƘŜ ǊƛƎƘǘ ƛƴŘƛŎŀǘŜǎ ŀ ƎǊŜŀǘŜǊ ŎƘŀƴƎŜ ƛƴ ǇŜƻǇƭŜ 
ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅ ǘƘŀƴ ǇŜƻǇƭŜ ǿƛǘƘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΣ ŀƴŘ ŀ ǘǊƛŀƴƎƭŜ όҌύ ǇƻƛƴǝƴƎ ǘƻ ǘƘŜ ƭŜƊ 
ƛƴŘƛŎŀǘŜǎ ǘƘŜ ƻǇǇƻǎƛǘŜΤ ŀ ǊŜŎǘŀƴƎƭŜ όҒύ ƛƴŘƛŎŀǘŜǎ ƴƻ ŘƛũŜǊŜƴŎŜ ƛƴ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ŎƘŀƴƎŜ ōŜǘǿŜŜƴ 
ƻōŜǎƛǘȅπƻƴǎŜǘ ƎǊƻǳǇǎΦ 
 
ϝǘƘŜ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƎǊƻǳǇ ƘŀŘ ŀ ƎǊŜŀǘŜǊ 5b! ŘŀƳŀƎŜ ōǳǊŘŜƴ ǘƘŀƴ ǘƘŜ ŀŘǳƭǘπƻƴǎŜǘ ƎǊƻǳǇ ǇǊŜπǿŜƛƎƘǘ 
ƭƻǎǎΣ ōǳǘ ǘƘŜ ƎǊƻǳǇǎ ŀǧŀƛƴŜŘ ŀ ǎƛƳƛƭŀǊ 5b! ŘŀƳŀƎŜ ōǳǊŘŜƴ ŀƊŜǊ ǿŜƛƎƘǘ ƭƻǎǎ 
ϞǘƘŜ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƎǊƻǳǇ ƘŀŘ ŀ ƎǊŜŀǘŜǊ 5b! ŘŀƳŀƎŜ ōǳǊŘŜƴ ǘƘŀƴ ǘƘŜ ŀŘǳƭǘπƻƴǎŜǘ ƎǊƻǳǇ ōƻǘƘ ōŜŦƻǊŜ 
ŀƴŘ ŀƊŜǊ ǿŜƛƎƘǘπƭƻǎǎ 
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There is still a lot to learn about how adipose tissue biology changes after lifestyle, 

pharmacological, and surgical obesity treatments in people with childhood-onset and adult-onset 

obesity. It is crucial to investigate other markers of adipose tissue dysfunction, such as the 

immune landscape, which modulates local and systemic inflammation. We also need to expand 

our understanding of how treatment-induced adipose tissue remodelling impacts cardiometabolic 

risk and weight regain. 

Conclusion 

Historically, people with childhood-onset obesity and people with adult-onset obesity 

were considered distinctðin adipose tissue cellularity and weight loss capacity. Today, this 

simplistic view has evolved. Childhood-onset obesity is not uniformly hyperplastic, nor is adult-

onset obesity uniformly hypertrophic. Furthermore, people with childhood-onset obesity do not 

struggle more to lose weight during lifestyle and surgical interventions.  

Recent studies, motivated by growing evidence of increased type 2 diabetes risk in people 

with childhood-onset obesity, examined features of adipose tissue dysfunction intricately linked 

to cardiometabolic disease. While the age of obesity onset does not seem to affect pericellular 

fibrosis and macrophage infiltration in female bariatric surgery patients,71 it may impact other 

adipose tissue characteristics in females with milder obesity and no comorbidities. As some 

markers of adipose tissue dysfunction already present in children with obesity, it is plausible that 

once severe obesity and cardiometabolic disease manifest in adulthood, biological differences 

between those with childhood-onset and adult onset become less apparent.  

 One intriguing finding is that healthy females with childhood-onset obesity have more 

subcutaneous preadipocytes with senescence markers compared to females with adult-onset 

obesity.91 This preliminary finding aligns with the hypothesis that obesity is an accelerated form 
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of aging. Senescent cells in adipose tissue represent a novel treatment target for age- and obesity-

related diseases, but clinical trials of senolytic agents are currently only underway for patients 

with severe chronic diseases.227 In females with childhood-onset or adult-onset obesity, moderate 

weight loss after lifestyle intervention may steer cells away from senescence, but it may not be 

enough to ameliorate senescent cells already present in adipose tissue. Despite this challenge, 

bariatric surgery similarly increases type 2 diabetes remission and decreases type 2 diabetes 

incidence in those with severe childhood-onset and adult-onset obesity.134   

Beyond preadipocyte aging, we have little biological evidence to explain the increased 

type 2 diabetes risk in people with childhood-onset obesity compared to those with adult-onset 

obesity. Furthermore, we have a limited understanding of how the age of obesity onset affects 

other cardiometabolic diseases, and whether the link between adipose tissue dysfunction and 

these diseases mirrors that of type 2 diabetes. Future primary studies, using objective measures to 

determine the age of obesity onset whenever possible, should explore other indicators of adipose 

tissue (dys)function, including adipogenesis, the immune cell landscape, and secretory profiles, 

both before and after evidence-based lifestyle, surgical, and pharmacological weight loss 

interventions. These studies should be conducted in male and female adults with varying stages 

of obesity and cardiometabolic risk to better understand the effect of age of obesity onset on 

disease progression. Additionally, studies in which both subcutaneous and visceral adipose tissue 

samples can be collected from children and adults undergoing elective or bariatric surgery will 

contribute significantly to this objective.  

Cohort studies that rigorously track the age of obesity onset and cardiometabolic risk 

should also be initiated. The worldôs adult population with obesity is projected to reach 1Ā5 

billion by the year 2035,228 due in part to the rising childhood obesity prevalence228 and strong 
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tracking of obesity from childhood to adulthood.229 Most of these adults, however, will develop 

obesity during adulthood.165 Fortunately, as techniques to study adipose tissue continue to 

evolve, so does our potential to identify therapeutic targets that may differ between people with 

childhood-onset and adult-onset obesity.  

Our review underscores the evolving understanding of childhood-onset and adult-onset 

obesity, which is far from complete. Although we cannot draw firm conclusions about how the 

age of obesity onset impacts adipose tissue biology, cardiometabolic risk, and treatment 

outcomes, current evidence affirms that it is a factor worth considering in clinical practice and 

future research. Importantly, obesity can impair other aspects of health not discussed in this 

review. The biomechanical and psychosocial consequences of obesity may also differ between 

people with childhood-onset and adult-onset obesity. Adult obesity is a chronic disease requiring 

lifelong management. Continuing to uncover the similarities and differences between childhood-

onset and adult-onset obesity will help clinicians better manage every chapter of a personôs 

obesity storyðregardless of when it began.  

Supporting Information
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¢ŀōƭŜ {мΦ {ǳƳƳŀǊȅ ƻŦ ǊŜƎƛƻƴŀƭ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ōƛƻƭƻƎȅ ƛƴ ŀŘǳƭǘǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ǾŜǊǎǳǎ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅ ōȅ ǎŜȄ ŀƴŘ ƻōŜǎƛǘȅ ǎŜǾŜǊƛǘȅ 

/ƘŀǊŀŎǘŜǊƛǎǝŎ 

{ǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ 
±ƛǎŎŜǊŀƭ ŀŘƛǇƻǎŜ ǝǎǎǳŜ 

CŜƳƻǊŀƭ !ōŘƻƳƛƴŀƭ 

aƛƭŘ ǘƻ ƳƻŘŜǊŀǘŜ ƻōŜǎƛǘȅ {ŜǾŜǊŜ ƻōŜǎƛǘȅ 

aŀƭŜǎ CŜƳŀƭŜǎ aŀƭŜǎ CŜƳŀƭŜǎ aŀƭŜǎ CŜƳŀƭŜǎ aŀƭŜǎ CŜƳŀƭŜǎ 

{ǘǊǳŎǘǳǊŀƭ ŀƴŘ ŎŜƭƭǳƭŀǊ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ 

!ŘƛǇƻŎȅǘŜ ƘȅǇŜǊǘǊƻǇƘȅ /h Ҕ !h /h Ҕ !h /h Ғ !h /h ғ !h ϊϊ ϊϊ ϊϊ ϊϊ 

!ŘƛǇƻŎȅǘŜ ƘȅǇŜǊǇƭŀǎƛŀ /h ғ !h /h ғ !h /h Ғ !h /h Ҕ !h ϊϊ ϊϊ ϊϊ ϊϊ 

!ŘƛǇƻŎȅǘŜ ǎƛȊŜ /h Ҕ !h /h Ғ !h /h Ғ !h /h ғ !h ϊϊ /h Ғ !h ϊϊ /h Ғ !h 

tŜǊƛŎŜƭƭǳƭŀǊ ŬōǊƻǎƛǎ ϊϊ ϊϊ ϊϊ ϊϊ ϊϊ /h Ғ !h ϊϊ /h Ғ !h 

tǊŜŀŘƛǇƻŎȅǘŜǎ ǿƛǘƘ 
5b! ŘŀƳŀƎŜ όɹIн!·ύ 

ϊϊ /h Ҕ !h ϊϊ /h Ҕ !h ϊϊ ϊϊ 
ϊϊ 

ϊϊ 

tǊŜŀŘƛǇƻŎȅǘŜǎ ǿƛǘƘ Ǉро 
ŀƴŘκƻǊ Ǉнм 

ϊϊ /h Ҕ !h ϊϊ /h Ҕ !h ϊϊ ϊϊ 
ϊϊ 

ϊϊ 

tǊŜŀŘƛǇƻŎȅǘŜ w!5рм 
ό5b! ǊŜǇŀƛǊ ǇǊƻǘŜƛƴύ 

ϊϊ /h Ғ !h ϊϊ /h Ғ !h ϊϊ ϊϊ 
ϊϊ 

ϊϊ 

aƛǘƻŎƘƻƴŘǊƛŀƭ ƛƴǘŜƎǊƛǘȅ ϊϊ /h ғ !h ϊϊ /h ғ !h ϊϊ ϊϊ ϊϊ ϊϊ 

aмπƭƛƪŜ ƳŀŎǊƻǇƘŀƎŜǎ ϊϊ ϊϊ ϊϊ ϊϊ ϊϊ /h Ғ !h ϊϊ /h Ғ !h 

aнπƭƛƪŜ ƳŀŎǊƻǇƘŀƎŜǎ ϊϊ ϊϊ ϊϊ ϊϊ ϊϊ /h Ғ !h ϊϊ /h Ғ !h 

CǳƴŎǝƻƴŀƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ 

.ŀǎŀƭ [ƛǇƻƭȅǎƛǎ ϊϊ ϊϊ /h Ғ !h ϊϊ ϊϊ 

/ŀǘŜŎƘƻƭŀƳƛƴŜπ
ǎǝƳǳƭŀǘŜŘ ƭƛǇƻƭȅǎƛǎ 

ϊϊ ϊϊ /h Ғ !h 
ϊϊ ϊϊ 

[ƛǇƛŘ ǘǳǊƴƻǾŜǊ ϊϊ ϊϊ   ϊϊ ϊϊ  ϊϊ 

b!5Ҍκb!5I  ϊϊ /h Ҕ !h ϊϊ /h Ҕ !h ϊϊ ϊϊ  ϊϊ 

!ŎŜǘȅƭπ/ƻ! ϊϊ /h ғ !h ϊϊ /h ғ !h ϊϊ ϊϊ  ϊϊ 

{ŜƴŜǎŎŜƴŎŜπŀǎǎƻŎƛŀǘŜŘ 
π̡ƎŀƭŀŎǘƻǎƛŘŀǎŜ ŀŎǝǾƛǘȅ 

ϊϊ /h Ғ !h ϊϊ /h Ғ !h ϊϊ 
ϊϊ 

 ϊϊ 

DŜƴŜ ŜȄǇǊŜǎǎƛƻƴ 

!ŎŜǘȅƭπ/ƻ! ǊŜƎǳƭŀǝƻƴ ϊϊ /h ғ !h ϊϊ /h ғ !h ϊϊ ϊϊ ϊϊ ϊϊ 

5Ŝ ƴƻǾƻ ƭƛǇƻƎŜƴŜǎƛǎ ϊϊ /h ғ !h ϊϊ /h ғ !h ϊϊ ϊϊ ϊϊ ϊϊ 

[ŜǇǝƴ ϊϊ /h ғ !h ϊϊ /h ғ !h ϊϊ ϊϊ ϊϊ ϊϊ 

!ŘƛǇƻƴŜŎǝƴ ϊϊ /h Ғ !h ϊϊ /h Ғ !h ϊϊ ϊϊ ϊϊ ϊϊ 

LƴǘŜǊƭŜǳƪƛƴπс ϊϊ /h ғ !h ϊϊ /h ғ !h ϊϊ ϊϊ ϊϊ ϊϊ 

¢ǳƳƻǳǊ ƴŜŎǊƻǎƛǎπh ϊϊ /h Ғ !h ϊϊ /h Ғ !h ϊϊ ϊϊ ϊϊ ϊϊ 

wŜǎƛǎǝƴ ϊϊ /h Ғ !h ϊϊ /h Ғ !h ϊϊ ϊϊ ϊϊ ϊϊ 
!ōōǊŜǾƛŀǝƻƴǎΥ  

!ŎŜǘȅƭπ/ƻ!Υ ŀŎŜǘȅƭπŎƻŜƴȊȅƳŜ !Τ !hΥ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /hΥ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ b!5Ҍκb!5IΥ ƴƛŎƻǝƴŀƳƛŘŜ ŀŘŜƴƛƴŜ ŘƛƴǳŎƭŜƻǝŘŜκǘƘŜ ǊŜŘǳŎŜŘ ŦƻǊƳ ƻŦ b!5Ҍ
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¢ŀōƭŜ {нΦ  /ƻƳǇŀǊƛǎƻƴǎ ƻŦ ǘƘŜ ƻŘŘǎΣ ǊƛǎƪΣ ƻǊ ƘŀȊŀǊŘ ǊŀǘŜ ƻŦ ŎŀǊŘƛƻƳŜǘŀōƻƭƛŎ ŘƛǎŜŀǎŜǎ ōŜǘǿŜŜƴ ǇŜƻǇƭŜ ǿƛǘƘ ŘƛũŜǊŜƴǘ ŀƎŜǎ ƻŦ ƻǾŜǊǿŜƛƎƘǘ ƻǊ ƻōŜǎƛǘȅ ƻƴǎŜǘ ƛƴ 
ŎƻƘƻǊǘ ǎǘǳŘƛŜǎ 

 

Reference  

Cohort, 

country   

(birth year) 

Sample size 

(% female) 

S
u

b
g
ro

u
p 

Overweight/

obesity 

onset group 

Ages adiposity assessed 

Age 

outcome 

assessed 

Number with 

outcome/ 

Group size 

Relative effect  

Adiposity statusa  Outcome Type 
Point estimate 

(95% CI) 
ǇπǾŀƭǳŜ Adjustment variables 

Hypertension 

Studies assessing adiposity status at two time points  

Merten, 

2009b 

ADD Health, 

USA (1975ς84) 

10439 

 (52% F) 

    12т19 yc  19ς26 y   19ς26 y  

OR 

  

race/ethnicity, sex, and socioeconomic status in 

adolescence and adulthood 
  CH/ADL OB Ҧ OB   

HTN 
177/1081 1.64 (1.37, 1.96) <0.001 

  ADL/AD NW/OW Ҧ OB   170/1579 Reference  

Juonala et 

al., 2011d 

BHS, USA 

(1962ς84) 

MUSC, USA 

(1952ς68) 

CHAD, 

Australia 

(1970ς78) 

6328  

(53% F) 

     4ς19 ye  24ς42 y   24ς42 y  

RR 

   

age, sex, height, length of follow-up, and cohort 

M 
CH/ADL OW/OB Ҧ OB   

HTN 
94/254 1.39 (1.05, 1.83) 0.020 

CH/ADL/AD NW Ҧ OB   116/386 Reference  

     4ς19 ye  24ς42 y   24ς42 y    

F 
CH/ADL OW/OB Ҧ OB   

HTN 
48/246 1.23 (0.87, 1.75) 0.248 

CH/ADL/AD NW Ҧ OB   83/426 Reference   

Hou et al., 

2019f 

CHNS, China 

(1974ς2006) 

2095  

(40% F) 

    6ς17 yg  18ς37 yh   18ς37 y     
sex, age, and percentiles of systolic and diastolic blood 

pressure in childhood, and smoking status and alcohol 

consumption in early adulthood 

  CH/ADL1 OW/OB Ҧ OW/OB   
HTN 

11/79 1.01 (0.51, 2.00) 0.976 

  CH/ADL2 NW Ҧ OW/OB   50/301 Reference  

Studies assessing adiposity status at three or more time points 

Norris et al., 

2020 

 

MRC NSHD, UK 

(1946) 

NCDS, UK 

(1958) 

BCS70, UK 

(1970) 

20746 

 (51% F) 

    10ς20 ye,i   20ς40 yi 44ς53 y  

 

 RR 

  

  

 sex, cohort, age at follow-up, ethnicity, birth weight, 

childhood social class, and obesity severity 

  CH/ADL OB Ҧ OB 

HTN 

92/206 1.07 (0.8, 1.42) 0.657 

  AD1 NW/OW Ҧ OB from 20ς25 y 226/442 1.07 (0.88, 1.3) 0.522 

  AD2 NW/OW Ҧ OB from 25ς30 y 334/636 1.07 (0.93, 1.22) 0.359 

  AD3 NW/OW Ҧ OB from 30ς35 y 460/833 1.13 (1.02, 1.26) 0.024 

  AD4 NW/OW Ҧ OB from 35ς40 y 430/739 Reference  

Studies assessing adiposity trajectories 

Islam et al., 

2019j 

CHNS, China 

(1929ς83) 

5276 

(48% F) 

  Җ т ŀƎŜs: 6ς80 yh,k 26ς80 y  

OR 

  
age, sex, living region, education, smoking, alcohol 

consumption, physical activity, and unhealthy dietary 

pattern at the last follow-up 

 CH StableOW5ς20 y  Ҧ  Prog.OW20ς45 y  Ҧ  Prog. Class IIOB45ς80 y 
HTN 

181/332 2.00 (1.39, 2.88) <0.001 

 AD StableNW5ς18 y  Ҧ  Prog.NW/OW18ς60 y  Ҧ  StableOW60ς80 y   604/1437 Reference  

Buscot et al., 

2018l 

YFS, Finland 

(1962ς74) 

2631  

(54% F) 

    җ о ŀƎŜǎΥ сς18 ye, 19ς36 y, 37ς49 y  37ς49 y  

HR 

  

sex, year of birth, family history of hypertension, and 

socioeconomic status and physical activity in adulthood 

  CH StableOW6ς15 y  Ҧ  Prog. Class IIIOB15ς49 y 

HTN 

13/33 2.40 (1.31, 4.40) 0.005 

  ADL StableNW/OW6ς12 y  Ҧ  Prog.OW12ς25 y  Ҧ  Stable Class IOB25ς50 y   41/113 1.84 (1.20, 2.82) 0.005 

  AD1 StableNW6ς20 y  Ҧ  Prog.OW20ς30 y  Ҧ  Prog. Class IIOB 30ς50 y 36/110 1.71 (1.07, 2.74) 0.026 

 AD2 StableNW6ς25 y Ҧ  Prog.OW25ς40 y  Ҧ  StableOW40ς49 y 236/879 Reference  
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Dyslipidemia 

Studies assessing adiposity status at two time points  

Merten, 
2009b 

ADD Health, 
USA (1975ς84) 

10439 
 (52% F) 

    12т19 yc  19ς26 y   19ς26 y  

OR 

  

race/ethnicity, sex, and socioeconomic status in 
adolescence and adulthood 

  CH/ADL OB Ҧ OB   High 
cholesterol 

111/1081 1.69 (1.33, 2.15) <0.001 

  ADL/AD NW/OW Ҧ OB   99/1579 Reference  

Juonala et 
al., 2011d 

Bogalusa, USA 
(1962ς84) 
MUSC, USA 
(1952ς68) 
CHAD, 
Australia 
(1970ς78) 

6328  
(53% F) 

   4ς19 ye  24ς42 y   24ς42 y  

RR 

   

  
age, sex, height, length of follow-up, and cohort 

  
  

M 
CH/ADL OW/OB Ҧ OB   

High LDL-C 
48/254 0.88 (0.62, 1.26) 0.492 

CH/ADL/AD NW Ҧ OB   86/386 Reference  

    4ς19 ye  24ς42 y   24ς42 y    

F 
CH/ADL OW/OB Ҧ OB   

High LDL-C 
41/246 2.08 (1.31, 3.3) 0.002 

CH/ADL/AD NW Ҧ OB   35/426 Reference  

   4ς19 ye  24ς42 y   24ς42 y     

M 
CH/ADL OW/OB Ҧ OB   

Low HDL-C 
120/254 0.85 (0.48, 1.51) 0.580 

CH/ADL/AD NW Ҧ OB   200/386 Reference  

    4ς19 ye  24ς42 y   24ς42 y    

F 
CH/ADL OW/OB Ҧ OB   

Low HDL-C 
75/246 1.10 (0.8, 1.51) 0.555 

CH/ADL/AD NW Ҧ OB   109/426 Reference  

   4ς19 ye  24ς42 y   24ς42 y     

M 
CH/ADL OW/OB Ҧ OB   

High TG 
86/254 0.94 (0.73, 1.21) 0.616 

CH/ADL/AD NW Ҧ OB   138/386 Reference  

    4ς19 ye  24ς42 y   24ς42 y    

F 
CH/ADL OW/OB Ҧ OB   

High TG 
31/246 0.91 (0.58, 1.42) 0.667  

CH/ADL/AD NW Ҧ OB   64/426 Reference   

Studies assessing adiposity status at three or more time points 

Norris et al., 
2020 

MRC NSHD, UK 
(1946) 
NCDS, UK 
(1958) 
BCS70, UK 
(1970) 

20746  
(51% F) 

    10ς20 ye,i   20ς40 yi 44ς53 y  

RR 

  

sex, cohort, age at follow-up, ethnicity, birth weight, 
childhood social class, and obesity severity 

  CH/ADL OB Ҧ OB 

Low HDL-C 

107/206 1.25 (0.91, 1.72) 0.172 

  AD1 NW/OW Ҧ OB from 20ς25 y 251/442 1.20 (0.96, 1.51) 0.117 

  AD2 NW/OW Ҧ OB from 25ς30 y 407/636 1.05 (0.86, 1.28) 0.626 

  AD3 NW/OW Ҧ OB from 30ς35 y 555/833 1.00 (0.85, 1.18) 1.000 

  AD4 NW/OW Ҧ OB from 35ς40 y  521/739 Reference  

Studies assessing adiposity trajectories 

Islam et al., 
2019j 

CHNS, China 
(1929ς83) 

5276 
(48% F) 

  Җ т ŀƎŜs: 6ς80 yh,k 26ς80 y  

OR 

  
age, sex, living region, education, smoking, alcohol 
consumption, physical activity, and unhealthy dietary 
pattern at the last follow-up 

 CH StableOW5ς20 y  Ҧ  Prog.OW20ς45 y  Ҧ  Prog. Class IIOB45ς80 y 
DLP 

178/332 2.48 (1.01, 2.15) 0.042 

 AD StableNW5ς18 y  Ҧ  Prog.NW/OW18ς60 y  Ҧ  StableOW60ς80 y   661/1437 Reference  

Buscot et al., 
2018l 

YFS, Finland 
(1962ς74) 

2631  
(54% F) 

    җ о ŀƎŜǎΥ сς18 ye, 19ς36 y, 37ς49 y  37ς49 y  

HR 

     

  CH StableOW6ς15 y  Ҧ  Prog. Class IIIOB15ς49 y 

High LDL-C 

7/33 1.35 (0.80, 2.28) 0.264  

  ADL StableNW/OW6ς12 y  Ҧ  Prog.OW12ς25 y  Ҧ  Stable Class IOB25ς49 y   21/113 1.07 (0.74, 1.55) 0.716 
  
sex, year of birth, family history of hypertension, and 
socioeconomic status and physical activity in adulthood 

  AD1 StableNW6ς20 y  Ҧ  Prog.OW20ς30 y  Ҧ  Prog. Class IIOB 30ς49 y 20/110 1.16 (0.78, 1.73) 0.462 

 AD2 StableNW6ς25 y Ҧ  Prog.OW25ς40 y  Ҧ  StableOW40ς49 y 145/879 Reference  
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    җ о ŀƎŜǎΥ сς18 ye, 19ς36 y, 37ς49 y  37ς49 y  

 

  

 

  CH StableOW6ς15 y  Ҧ  Prog. Class IIIOB15ς49 y 

Low HDL-C 

13/33 1.10 (0.74, 1.67) 0.635 

  ADL StableNW/OW6ς12 y  Ҧ  Prog.OW12ς25 y  Ҧ  Stable Class IOB25ς49 y   45/113 1.14 (0.75, 1.72) 0.540 

  AD1 StableNW6ς20 y  Ҧ  Prog.OW20ς30 y  Ҧ  Prog. Class IIOB 30ς49 y 46/110 1.09 (0.32, 3.67) 0.891 

 AD2 StableNW6ς25 y Ҧ  Prog.OW20ς40 y  Ҧ  StableOW40ς49 y 231/879 Reference  

    җ о ŀƎŜǎΥ сς18 ye, 19ς36 y, 37ς49 y  37ς49 y    

  CH StableOW6ς15 y  Ҧ  Prog. Class IIIOB15ς49 y 

High TG 

6/33 1.11 (0.40, 3.05) 0.839 

  ADL StableNW/OW6ς12 y  Ҧ  Prog.OW12ς25 y  Ҧ  Stable Class IOB25ς49 y   29/113 1.47 (0.96, 2.25) 0.080 

  AD1 StableNW6ς20 y  Ҧ  Prog.OW20ς30 y  Ҧ  Prog. Class IIOB 30ς49 y 30/110 1.77 (1.07, 2.92) 0.026 

 AD2 StableNW6ς25 y Ҧ  Prog.OW20ς40 y  Ҧ  StableOW40ς49 y 156/879 Reference  

Non-Alcoholic Fatty Liver Disease 

Studies assessing adiposity status at two time points  

Yan et al., 
2017d 

Beijing BP, 
China  
(1969ς1982) 

1350  
(46% F) 

   6ς18 ye  28ς45 y   28ς45 y  

OR 

  

childhood age, length of follow-up, and total cholesterol, 
triglycerides, HDL-C, LDL-C, smoking, alcohol 
consumption, and physical activity in adulthood 

M 
CH/ADL OW/OB Ҧ OB   

NAFLD 
27/40 0.89 (0.35, 2.29) 0.812 

CH/ADL/AD NW Ҧ OB   50/66 Reference  

  6ς18 ye  28ς45 y   28ς45 y    

F 
CH/ADL OW/OB Ҧ OB   

NAFLD 
10/14 2.56 (0.49, 13.26) 0.263 

CH/ADL/AD NW Ҧ OB   18/29 Reference  

Cuthbertson 
et al., 2023d  

YFS, Finland 
(1962ς1977) 

2020  
(54% F) 

    3ς18 ye   34ς49 y   34ς49 y      

age, sex, adulthood alcohol consumption, physical 
exercise, and smoking 

  CH/ADL OW/OB Ҧ OB   
NAFLD 

49/95 1.11 (0.64, 1.93) 0.707 

  CH/ADL/AD NW Ҧ OB   148/317 Reference  

Type 2 diabetes 

Studies assessing adiposity status at two time points  

The et al.,  
2013b 

ADD Health, 
USA (1975ς84) 

10481  
(53% F) 

    12ς17 yc  18ς34 y   24ς34 y   

OR 

    

age, race/ethnicity, education, and parental history of 
diabetes 

M 
CH/ADL OB Ҧ OB   

Diabetes 
173/1324m 2.27 (1.41, 3.64)n 0.001 

ADL/AD NW/OW Ҧ OB   139/2244m Reference  

    12ς17 yc  18ς34 y   24ς34 y     

F 
CH/ADL OB Ҧ OB   

Diabetes 
173/1324m 2.08 (1.34, 3.24)n 0.001 

ADL/AD NW Ҧ OB   139/2244m Reference 
 

Liang et al., 
2015b 

Beijing BP, 
China (1969ς
89) 

1209  
(55% F) 

    6ς18 yo  30ς42 yh   30ς42 y     

age, sex, family history of diabetes, smoking, alcohol 
consumption, and physical inactivity in adulthood 

  CH/ADL OB Ҧ OB   
Diabetes 

18/95 1.95 (0.88, 4.35) 0.100 

  CH/ADL/AD NW/OW Ҧ OB   14/140 Reference  

Juonala et 
al., 2011d 

Bogalusa, USA 
(1962ς84) 
MUSC, USA 
(1952ς68) 
CHAD, 
Australia 
(1970ς78) 
YFS, Finland 
(1962ς77) 

6328 
(53% F) 

    4ς19 ye  24ς42 y   24ς42 y   

RR 

  

age, height, length of follow-up, and cohort 

 
M 

CH/ADL OW/OB Ҧ OB   
T2D 

18/254 1.37 (0.67, 2.83) 0.389 

CH/ADL/AD NW Ҧ OB   18/386 Reference  

F 

  4ς19 ye  24ς42 y   24ς42 y     

CH/ADL OW/OB Ҧ OB   
T2D 

19/246 1.09 (0.57, 2.07) 0.802 

CH/ADL/AD NW Ҧ OB   29/426 Reference  
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Ohlsson et 
al., 2019f 

BEST 
Gottenburg, 
Sweden  
(1945ς61) 

36176  
(0% F) 

    8 yc,p  20 yq   20ς55 y   

HR  

  

birth year and country of birth 

  CH OW/OB Ҧ OW/OB   
T2D 

85/947 1.03 (0.79, 1.35) 0.816 

  CH/ADL NW Ҧ OW/OB   152/1719 Reference  

    8 yc,p  20 yq   > 55 y     

  CH OW/OB Ҧ OW/OB   
T2D 

64/608 1.07 (0.75, 1.53) 0.724 

  CH/ADL NW Ҧ OW/OB   74/1044 Reference  

Choudhary 
et al., 2022f 

NFBC, Finland 
(1966) 

6372 
(54% F) 

    7 ye  31 y   32ς50 y     

sex, education, smoking, physical activity, and diet score 
at 31 y 

M 
CH OW/OB Ҧ OW/OB   

T2D 
10/98 0.83 (0.36, 1.92) 0.669 

CH/ADL/AD NW Ҧ OW/OB   64/823 Reference  

    7 ye  31 y   32ς50 y     

F 
CH OW/OB Ҧ OW/OB   

T2D 
11/123 1.12 (0.51, 2.45) 0.784 

CH/ADL/AD NW Ҧ OW/OB   48/600 Reference   

Studies assessing adiposity status at three or more time points 

Norris et al., 
2020 

 
MRC NSHD, UK 
(1946) 
NCDS, UK 
(1958) 
BCS70, UK 
(1970) 

20746  
(51% F) 

    10ς20 ye,i   20ς40 yi 44ς53 y   

RR 

    

sex, cohort, age at follow-up, ethnicity, birth weight, 
childhood social class, and obesity severity 

  CH/ADL OB Ҧ OB 

Diabetes 

106/206 1.50 (1.09, 2.07) 0.014 

  AD1 NW/OW Ҧ OB from 20ς25 y 190/442 1.55 (1.22, 1.98) <0.001 

  AD2 NW/OW Ҧ OB from 25ς30 y 212/636 1.20 (0.98, 1.47) 0.083 

  AD3 NW/OW Ҧ OB from 30ς35 y 246/833 1.15 (0.94, 1.40) 0.164 

  AD4 NW/OW Ҧ OB from 35ς40 y  185/739 Reference  

Bjerregaard 
et al., 2018r  

CSHRR, 
Denmark 
(1930ς89) 

62565  
(0% F) 

    7 yc   13 yc   17ς26 y 30ς60 y   

HR 

  

Intelligence-test score, education, and age at 
conscription 

  

CH OW/OB Ҧ OW/OB Ҧ OW/OB 

T2D 

191/971 1.23 (1.04, 1.46) 0.015 

CH/ADL NW Ҧ OW/OB Ҧ OW/OB 186/956 1.19 (1.01, 1.42) 0.043 

CH OW/OB Ҧ NW Ҧ OW/OB 48/374 0.79 (0.58, 1.06) 0.114 

ADL/AD NW Ҧ NW Ҧ OW/OB 451/2807 Reference  

    7 yc   13 yc   17ς26 y 60ς76 y     

  

CH OW/OB Ҧ OW/OB Ҧ OW/OB 

T2D 

57/971 0.93 (0.69, 1.25) 0.632 

CH/ADL NW Ҧ OW/OB Ҧ OW/OB 77/956 1.31 (1.01, 1.71) 0.045 

CH OW/OB Ҧ NW Ҧ OW/OB 21/374 0.75 (0.47, 1.17) 0.205 

ADL/AD NW Ҧ NW Ҧ OW/OB 184/2807 Reference   

Studies assessing adiposity trajectories 

Islam et al., 
2019j 

CHNS, China 
(1929ς83) 

5276 
(48% F) 

  Җ т ŀƎŜΥ 6ς80 yh,k 26ς80 y  

OR 

  
age, sex, living region, education, smoking, alcohol 
consumption, physical activity, and unhealthy dietary 
pattern at the last follow-up 

 CH StableOW5ς20 y  Ҧ  Prog.OW20ς45 y  Ҧ  Prog. Class IIOB45ς80 y 
T2D 

70/332 2.84 (1.82, 4.44) <0.001 

 AD StableNW5ς18 y  Ҧ  Prog.NW/OW18ς60 y  Ҧ  StableOW60ς80 y   158/1437 Reference  

Buscot et al., 
2018l 

YFS, Finland 
(1962ς74) 

2631  
(54% F) 

    җ о ŀƎŜǎΥ сς18 ye, 19ς36 y, 37ς49 y  37ς49 y   

RR 

  

sex, year of birth, family history of hypertension, and 
socioeconomic status and physical activity in adulthood 

  CH StableOW6ς15 y  Ҧ  Prog. Class IIIOB15ς49 y 

T2D 

7/33 7.89 (3.69, 16.91) <0.001 

  ADL StableNW/OW6ς12 y  Ҧ  Prog.OW12ς25 y  Ҧ  Stable Class IOB25ς49 y   14/113 4.46 (2.16, 9.24) <0.001 

  AD1 StableNW6ς20 y  Ҧ  Prog.OW20ς30 y  Ҧ  Prog. Class IIOB 30ς49 y 19/110 4.83 (2.08, 11.24) <0.001 

 AD2 StableNW6ς25 y Ҧ  Prog.OW25ς40 y  Ҧ  StableOW40ς49 y 31/879 Reference  
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Yacamán-
Méndez et 
al., 2021s 

SDPP, Sweden 
(1936ς63) 

7203  
(67% F) 

    5 ages: 7 yt, 18 yt, 25ς46 y, 30ς51 y, 35ς56 y 35ς76 y   

 

  

age, family history of type 2 diabetes, general health, 
comorbidities, self-reported physical activity, smoking, 
and alcohol consumption for both sexes, and history of 
gestational diabetes for females 

M   

CH StableOW/OB7ς55 y 

T2D 

42/141 1.55 (1.09, 2.21) 0.015 

AD1 StableNW7ς18 y  Ҧ  Prog.OW/OB18ς38 y  Ҧ  StableOW/OB38ς55 y 199/654 1.60 (1.23, 2.08) <0.001 

AD2 StableNW7ς38 y  Ҧ  Prog.OW/OB38ς55 y 60/334 Reference  

     5 ages: 7 yt, 18 yt, 25ς46 y, 30ς51 y, 35ς56 y 35ς76 y     

F 

CH StableOW/OB7ς55 y 

T2D 

62/313 1.22 (0.89, 1.67) 0.215 

AD1 StableNW7ς18 y  Ҧ  Prog.OW/OB18ς38 y  Ҧ  StableOW/OB38ς55 y 184/822 1.51 (1.18, 1.93) <0.001 

AD2 StableNW7ς38 y  Ҧ  Prog.OW/OB38ς55 y 95/652 Reference  

Fagherazzi et 
al., 2015u 

E3N, France 
(1925ς51)  

81110  
(100% F) 

    4 ages: 8 yv, age of menarchev, 20ς25 yv, 35ς40 yv 42ς82 y   

HR 

  education, smoking, physical activity, hypertension, 
hypercholesterolemia, family history of diabetes, use of 
hormone replacement therapy, age at menarche, number 
of children, use of oral contraceptives, menopausal 
status, birth length, and birth weight 

  CH StableOB8ς40 y 
T2D 

135/4056 0.75 (0.58, 0.96) 0.023 

  CH/ADL NW8 y  Ҧ  RapidOBage of menarche  Ҧ  StableOBage of menarcheς40 y 125/2433 Reference  

Zheng et al., 
2017w 

NHS, USA 
(1921ς46)  
HPFS, USA 
(1911ς46) 

122498  
(69% F) 

    7 ages: 5 yv, 10 yv, 20 yv, 30 yv, 40 yv, 50 yx, 55 yx > 55 y      

height, race, smoking, regular aspirin use, menopausal 
hormone therapy, physical activity, alcohol consumption, 
Alternate Healthy Eating Index score, and family history of 
diabetes 

M 
CH StableOW5ς20 y  Ҧ  Prog.OW20ς48 y Ҧ  Prog.OB48ς55 y 

Diabetes 
396/3708 1.19 (1.05, 1.34) 0.005 

AD Prog.NW5ς45 y  Ҧ  Prog.OW40ς55 y 979/10703 Reference  

  7 ages: 5 yv, 10 yv, 20 yv, 30 yv, 40 yv, 50 yx, 55 yx > 55 y    

F 
AD1 

StableNW5ς10 y  Ҧ  Prog.NW10ς33 y  Ҧ  Prog.OW35ς45 y Ҧ  Prog.OB45ς55 y  
Diabetes 

1372/8562 0.91 (0.84, 0.97) 0.008 

AD2 Prog.NW5ς48 y Ҧ Prog.OW48ς53 y Ҧ Prog.OB53ς55 y 2138/11983 Reference  

Luo et al., 
2020y 

ALSWH. 
Australia 
(1973ς78) 

11192  
(100% F) 

 

 2ς7 ages: 18ς42 y 21ς42 y    

age, physical activity, smoking, alcohol consumption, 
education, income adequacy, stress score, and history of 
gestational diabetes 

CH/ADL1 
Prog.OB20ς33 y  Ҧ  Prog.OB33ς39 y   

T2D 

32/3118 6.75 (3.78, 12.05) <0.001 

CH/ADL2 Prog.OW20ς28 y  Ҧ  Prog.OB28ς39 y   67/2335 3.19 (2.08, 4.89) <0.001 

  AD Prog.NW20ς28 y  Ҧ  Prog.OW28ς39 y   21/289 Reference  

Lv et al., 
2020z 

CHNS, China 
(1943ς1991) 

7289 
(52 % F) 

 

 3ς9 ages: 20ς50 y 20ς50 y    

age, sex, BMI, smoking, and alcohol consumption CH/ADL Prog.OW20ς35 y  Ҧ  Prog.OB35ς40 y  Ҧ  StableOB40ς50 y   

Diabetes 
27/239 1.50 (0.58, 3.91) 0.407 

AD Prog.NW20ς35 y  Ҧ  Prog.OW35ς50 y 82/1914  Reference  

Major adverse cardiovascular events 

Studies assessing adiposity status at two time points  

Morrison et 
al., 2012f 

NHLBI LRC & 
PFS, USA 
(1953ς71) 

770  
(54% F) 

    5ς20 yc   29ς48 y   29ς48 y   

OR 

   

NA   CH OW/OB Ҧ OB   
MACE 

7/113 1.57 (0.51, 4.81) 0.428 

  CH/ADL/AD NW Ҧ OB   6/149 Reference  

Ohlsson et 
al., 2016f  

BEST 
Gottenburg, 
Sweden  
(1945ς61) 

37672  
(0% F) 

   8 yc,p   20 yq   >20 y  

HR 

  

birth year and country of birth 

  CH OW/OB Ҧ OW/OB   CVD 
Mortality 

30/990 0.77 (0.5, 1.19) 0.244 

  CH/ADL NW Ҧ OW/OB   66/1800 Reference  

   8 yc,Ǉ  20 yq   >30 y    

  CH OW/OB Ҧ OW/OB   CVD 
Mortality 

29/969 0.75 (0.49, 1.16) 0.198 

  CH/ADL NW Ҧ OW/OB   66/1757 Reference  

   8 yc,Ǉ  20 yq   >40 y    

  CH OW/OB Ҧ OW/OB   CVD 
Mortality 

28/939 0.74 (0.47, 1.15) 0.176 

  CH/ADL NW Ҧ OW/OB   65/1721 Reference  
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   8 yc,Ǉ  20 yq   >50 y  

 

  

   CH OW/OB Ҧ OW/OB   CVD 
Mortality 

20/897 0.83 (0.49, 1.42) 0.498 

  CH/ADL NW Ҧ OW/OB   41/1643 Reference  

Ohlsson et 
al., 2017f 

BEST 
Gottenburg, 
Sweden 
(1945ς61) 

37669  
(0% F) 

    8  yc,Ǉ   20 yq   >20 y  
 

  

birth year and country of birth   CH OW/OB Ҧ OW/OB   
Stroke 

36/990 0.94 (0.63, 1.42) 0.783 

  CH/ADL NW Ҧ OW/OB   67/1800 Reference  

Kindblom et 
al., 2018f 

BEST 
Gottenburg, 
Sweden 
(1945ς61) 

37670  
(0% F) 

    8  yc,Ǉ   20 yq   >20 y    

birth year and country of birth   CH OW/OB Ҧ OW/OB   Heart 
Failure 

21/990 0.91 (0.54, 1.52) 0.711 

  CH/ADL NW Ҧ OW/OB   40/1800 Reference  

Kindblom et 
al., 2021f 

BEST 
Gottenburg, 
Sweden 
(1945ς61) 

37672 
(0% F) 

  8  yc,Ǉ   20 yq   >20 y  

 

  

birth year and country of birth 

 CH OW/OB Ҧ OW/OB   
ACE 

74/990 0.82 (0.63, 1.08) 0.168 

 CH/ADL NW Ҧ OW/OB   156/1800 Reference  

  8  yc,Ǉ   20 yq   >20 y    

 CH OW/OB Ҧ OW/OB   ACE 
Mortality 

13/990 0.54 (0.29, 1.01) 0.052 

 CH/ADL NW Ҧ OW/OB   41/1800 Reference  

Studies assessing adiposity trajectories 

Yang et al., 
2019aa 

MCCS, 
Australia 
(1920ς54) 

29881  
(59% F) 

   4 ages: 18ς21 y, 40ς69 y, 43ς77 y, and 48ς85 y >48ς85 y  

HR 

  

age, birth cohort, height, sex, country of birth, 
Socioeconomic Indexes for Areas, education, smoking 
status at latest BMI assessment, and Mediterranean Diet 
Score, alcohol consumption, and physical activity at 
baseline (age 40ς69 y) 

  CH/ADL Prog.OW18ς28 y  Ҧ  Prog.OB28ς60 y  Ҧ  Stable. Class IIOB60ς90 y  

CVD 
mortality 

43/948 2.67 (1.63, 4.37) <0.001 

  CH/ADL  OW18 y  Ҧ  Stable Class IOB 68/933 1.51 (0.95, 2.39) 0.083 

  AD1 Prog.NW18ς28 y  Ҧ  Prog.OW/OB18ς60 y  Ҧ  Stable Class IOB60ς90 y 138/2893 1.28 (0.92, 1.79) 0.145 

  AD2 Prog.NW18ς35 y  Ҧ  Prog.OW/OB35ς60 y  Ҧ  StableOW/OB60ς90 y 349/8130 Reference  

Zheng et al., 
2017w 

 
 

NHS, USA 
(1921ς46) 
HPFS, USA 
(1911ς46) 

122498  
(69% F) 

    7 ages: 5 y, 10 y, 20 y, 30 y, 40 y, 50 y, 55 y >55 y     

height, race, smoking, regular aspirin use, menopausal 
hormone therapy, physical activity, alcohol consumption, 
Alternate Healthy Eating Index score, and family history 
of diabetes 

M 
CH StableOW5ς20 y  Ҧ  Prog.OW20ς48 y Ҧ  Prog.OB48ς55 y 

MACE 
463/3938 1.05 (0.95, 1.17) 0.312 

AD Prog.NW5ς45 y  Ҧ  Prog.OW40ς55 y 1470/11162 Reference  

  7 ages: 5 y, 10 y, 20 y, 30 y, 40 y, 50 y, 55 y >55 y    

F 
AD1 StableNW5ς10 y  Ҧ  Prog.NW10ς33 y  Ҧ  Prog.OW35ς45 y Ҧ  Prog.OB45ς55 y 

MACE 
788/9690 1.12 (1.02, 1.23) 0.013 

AD2 Prog.NW5ς48 y Ҧ Prog.OW48ς53 y Ҧ Prog.OB53ς55 y 979/13201 Reference  

    7 ages: 5 yv, 10 yv, 20 yv, 30 yv, 40 yv, 50 yx, 55 yx >55 y     

M 
CH StableOW5ς20 y  Ҧ  Prog.OW20ς48 y Ҧ  Prog.OB48ς55 y 

CHD 
354/3942 1.06 (0.95, 1.2) 0.304 

AD Prog.NW5ς45 y  Ҧ  Prog.OW40ς55 y 1116/11170 Reference  

  7 ages: 5 yv, 10 yv, 20 yv, 30 yv, 40 yv, 50 yx, 55 yx >55 y    

F 
AD1 StableNW5ς10 y  Ҧ  Prog.NW10ς33 y  Ҧ  Prog.OW35ς45 y Ҧ  Prog.OB45ς55 y 

CHD 
448/9717 1.17 (1.04, 1.33) 0.012 

AD2 Prog.NW5ς48 y Ҧ Prog.OW48ς53 y Ҧ Prog.OB53ς55 y 528/13245 Reference  

    7 ages: 5 yv, 10 yv, 20 yv, 30 yv, 40 yv, 50 yx, 55 yx >55 y     

M 
CH StableOW5ς20 y  Ҧ  Prog.OW20ς48 y Ҧ  Prog.OB48ς55 y 

Stroke 
419/11183 0.99 (0.81, 1.21) 0.922 

AD Prog.NW5ς45 y  Ҧ  Prog.OW40ς55 y 121/3951 Reference  

  7 ages: 5 yv, 10 yv, 20 yv, 30 yv, 40 yv, 50 yx, 55 yx >55 y    

F 
AD1 StableNW5ς10 y  Ҧ  Prog.NW10ς33 y  Ҧ  Prog.OW35ς45 y Ҧ  Prog.OB45ς55 y 

Stroke 
371/9714 1.03 (0.9, 1.18) 0.647 

AD2 Prog.NW5ς48 y Ҧ Prog.OW48ς53 y Ҧ Prog.OB53ς55 y 504/13240 Reference  
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The table displays the results of cohort studies in which the odds, risk, or hazard rate of cardiometabolic diseases could be statistically compared between different obesity-onset groups as detailed in the Methods. 

These studies assessed adiposity status at two or three time points between childhood and adulthood or assessed adiposity trajectories between childhood and adulthood. Obesity-onset was classified based on 

these adiposity status changes or trajectories. We used the group with the latest overweight/obesity onset (and where relevant, the least severe overweight/obesity) as the reference group.  We discuss other 

relevant comparisons in the text.  

aAdiposity status in adulthood was defined according to standard BMI categories unless otherwise indicated (normal weight: 18.5ς<25 kg/m2; overweight: 25ς<30 kg/m2Τ ƻōŜǎƛǘȅΥ җ ол ƪƎκƳ2): Obesity: preventing 

and managing the global epidemic. Report of a WHO consultation. World Health Organ Tech Rep Ser 894, iςxii, 1ς253 (2000). 

bModel also included the following adiposity status changes: NW/OW -> NW/OW and OB -> NW/OW 

cAdiposity status in childhood/adolescence was defined according to the United States Centers for Disease Control and Prevention sex- and age-specific percentiles (normal weight: 5ς<85th; overweight: 85ς<95th; 

ƻōŜǎƛǘȅΥ җ фрǘƘύΥ YǳŎȊƳŀǊǎƪƛΣ wΦ WΦ Ŝǘ ŀƭΦ нллл CDC Growth Charts for the United States: methods and development. Vital Health Stat. 11. 1ς190 (2002).  

dModel also included the following adiposity status changes: NW -> NW/OW and OW/OB -> NW/OW 

eAdiposity status in childhood/adolescence was defined according to the international sex- and age-specific percentiles that extrapolate to the standard adult BMI categories:  Cole, T. J., Bellizzi, M. C., Flegal, K. M. 

& Dietz, W. H. Establishing a standard definition for child overweight and obesity worldwide: international survey. BMJ 320, 1240 (2000). 

faƻŘŜƭ ŀƭǎƻ ƛƴŎƭǳŘŜŘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŀŘƛǇƻǎƛǘȅ ǎǘŀǘǳǎ ŎƘŀƴƎŜǎΥ b² Ҧ b² ŀƴŘ h²κh. Ҧ b²  

gAdiposity status in childhood/adolescence was defined according to the Working Group on Obesity in China sex and age-specific BMI percentiles that extrapolate to BMI cutoffs of overweight (24 kg/m2) and 

obesity (28 kg/m2) at 18 years in Chinese adults: Li H, et al. Body mass index cut-offs for overweight and obesity in Chinese children and adolescents aged 2-18 years. Zhonghua Liu Xing Bing Xue Za Zhi. 31, 616ς620 

(2010). 

hAdiposity status in adulthood was defined according to the Working Group on Obesity in China (overweight: 24ς<28 kg/m2Τ ƻōŜǎƛǘȅΥ җ ну ƪƎκƳ2ύΥ .ŜƛπCŀƴΣ ½Φ ϧ ǘƘŜ /ƻƻǇŜǊŀǘƛǾŜ aŜǘŀπŀƴŀƭȅǎƛǎ DǊƻǳǇ ƻŦ ²ƻǊƪƛƴƎ 

Group on Obesity in China. Predictive values of body mass index and waist circumference for risk factors of certain related dƛǎŜŀǎŜǎ ƛƴ /ƘƛƴŜǎŜ ŀŘǳƭǘǎΥ ǎǘǳŘȅ ƻƴ ƻǇǘƛƳŀƭ ŎǳǘπƻŦŦ Ǉƻƛƴǘǎ ƻŦ ōƻŘȅ mass index and waist 

circumference in Chinese adults. Asia Pac. J. Clin. Nutr. 11, (2002). 

iModels were used to fit annual BMI values between 10 and 40 years for each participant.  

jModel also included the following adiposity trajectories: stable NW and low-NW progressive to NW that stabilizes in mid-adulthood 

kAdiposity status in childhood/adolescence was defined according to the Working Group on Obesity in China sex and age-specific BMI percentiles (normal weight: 5ς<85th; overweight: 85ςғфрǘƘΤ ƻōŜǎƛǘȅΥ җ фрth): 

Ji, C.-Y. & Working Group on Obesity in China. Report on childhood obesity in China (1)--body mass index reference for screening overweight and obesity in Chinese school-age children. Biomed. Environ. Sci. BES 

18, 390ς400 (2005). 

lModel also included the following adiposity trajectories: stable NW and OW/OB resolving to NW in adulthood 

mFor males and females combined 

nReported by study authors 

oAdiposity status at age 6 was defined as in c and adiposity status at age 7-18 y was defines as in k. 

pBMI was calculated using all paired height and weight measurements from 6.5 to 9.5 y and age-adjusted to 8 y using linear regression models 

qBMI was calculated using all paired height and weight measurements from 17.5 to 22 y and age-adjusted to 20 y using linear regression models 

rModel also included the following adiposity status changes: NW Ҧ NW Ҧ NW, OW/OB Ҧ NW Ҧ NW, OB/OW Ҧ OW/OB Ҧ NW, and NW Ҧ OW/OB Ҧ NW 

sModel also include the following adiposity trajectories: Stable NW and low-NW progressing to NW in early-adulthood and stabilizing in mid-adulthood 

t!ŘƛǇƻǎƛǘȅ ǎǘŀǘǳǎ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ ǉǳŜǎǘƛƻƴΣ Ψ/ƻƳǇŀǊŜŘ ǘƻ ƻǘƘŜǊǎ ƻŦ ȅƻǳǊ ǎŀƳŜ ŀƎŜΣ ǿƘŀǘ ǿŀǎ ȅƻǳǊ ǿŜƛƎƘǘ ǎǘŀǘǳǎ ŀǘ ŀƎŜ т ŀƴŘ муΩ όмύ ǾŜǊȅ ƭŜŀƴΣ όнύ ǎƻƳŜǿƘŀǘ ƭŜŀƴΣ όоύ ƴƻǊƳŀƭ ǿŜƛƎƘǘΣ όпύ ǎƻƳŜǿƘŀǘ 

overweight, (5) very overweight.  

uModel also included the following adiposity status trajectories: stable NW, stable high-NW, low-NW progressing to NW and low-NW increasing to NW at puberty and remained stable 

vParticipants were asked to recall their adiposity status using the Stunkard body rating scale: Stunkard, A. J., Sørensen, T. & Schulsinger, F. Use of the Danish Adoption Register for the study of obesity and thinness. 

Res. Publ. - Assoc. Res. Nerv. Ment. Dis. 60, 115ς120 (1983). 

wModel also included the following adiposity status trajectories: stable low-NW, stable NW, low-NW that progresses to NW by mid-adulthood 

xMeasured BMI was converted to the same scale as the somatotypes in the Stunkard body rating scale:  Stunkard, A. J., Sørensen, T. & Schulsinger, F. Use of the Danish Adoption Register for the study of obesity 

and thinness. Res. Publ. - Assoc. Res. Nerv. Ment. Dis. 60, 115ς120 (1983). 

yModel also included the following adiposity trajectories: stable low-NW, stable mid-NW, and low-NW that progressively increases to mid-NW 



63 
 

zModel also included the following adiposity trajectories: low NW increasing to mid-NW 

aaModel also included the following adiposity trajectories: stable low-NW and stable high-NW 

 
Abbreviations: 

ACE: acute coronary events; AD: adult-onset; ADL: adolescent-onset; ADD Health: the National Longitudinal Study of Adolescent to Adult Health; ALSWH: !ǳǎǘǊŀƭƛŀƴ [ƻƴƎƛǘǳŘƛƴŀƭ {ǘǳŘȅ ƻƴ ²ƻƳŜƴΩǎ IŜŀƭǘƘ; BCS70: 
The British Cohort Study 1970; Beijing BP: the Beijing Blood Pressure Cohort Study; BEST Gottenburg: the BMI Epidemiology Study Gothenburg; BMI: body mass index; BHS: the Bogalusa Heart Study; CDAH: the 
Childhood Determinants of Adult Health study; CH: childhood-onset; CHD: coronary heart disease; CHNS: China Health Nutrition Survey; CI: confidence interval; CSHRR: the Copenhagen School Health Record 
Register; CVD: cardiovascular disease; DLP: dyslipidemia; E3N: the Etude Epidémiologique auprès de femmes de la Mutuelle Générale de l'Education Nationale cohort; F: females; GCS: the Golestan Cohort Study; 
HDL-C: high-density lipoprotein cholesterol; HR: hazard ratio; HTN: hypertension; LDL-C: low-density lipoprotein cholesterol; M: male; MACE: major adverse cardiovascular event; MCCS: The Melbourne 
Collaborative Cohort Study; MRC NSHD: Medical Research Council National Survey of Health and Development; MUSC: the Muscatine Study; NA: not applicable NAFLD: non-alcoholic fatty liver disease; NCDS: The 
National Childhood Development Survey; NFBC 1966: Northern Finland Birth Cohort 1966; NHLBI LRC & PFS: National Heart, Lung, and Blood Institute Lipid Research Clinics study and Princeton follow-up study; 
NHS: the Nurses' Health Study; HPFS: the Health Professionals follow-up Study; NHSII: ¢ƘŜ bǳǊǎŜǎΩ IŜŀƭǘƘ {ǘǳŘȅ LLΤ NW: normal weight; OW: overweight; OB: obesity; OR: odds ratio; PHBPC: Prevention of High 
Blood Pressure in Children study; Prog.: progressive; RR: risk ratio; SDPP: the Stockholm Diabetes Prevention Program cohort; T2D: type 2 diabetes; TG: triglycerides; UK: United Kingdom; USA: United States of 
America; YFS: the Cardiovascular Risk in Young Finns Study 
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¢ŀōƭŜ {оΦ  /ƻƘƻǊǘ ǎǘǳŘƛŜǎ ŀǎǎŜǎǎƛƴƎ ǘƘŜ ƻŘŘǎΣ Ǌƛǎƪ ƻǊ ƘŀȊŀǊŘ ǊŀǘŜ ƻŦ ŎŀǊŘƛƻƳŜǘŀōƻƭƛŎ ŘƛǎŜŀǎŜǎ ƛƴ ǇŜƻǇƭŜ ǿƛǘƘ ŘƛũŜǊŜƴǘ ŀƎŜǎ ƻŦ ƻǾŜǊǿŜƛƎƘǘ ƻǊ ƻōŜǎƛǘȅ ƻƴǎŜǘ 

ǾŜǊǎǳǎ ǇŜƻǇƭŜ ǿƘƻ ƘŀǾŜ ƴŜǾŜǊ ƭƛǾŜŘ ǿƛǘƘ ƻǾŜǊǿŜƛƎƘǘ ƻǊ ƻōŜǎƛǘȅ 

 

 

 

 

Reference 
Cohort, country 

(birth year) 

Sample 
size 

(% female) S
u

b
g
ro

u
p 

 

Overweight/
obesity 

onset group 

Ages adiposity assessed 
Age 

outcome 
assessed 

Relative effect 
Comparisons between 
obesity onset groups 

Adiposity statusa Outcome Type 
Point estimate  

(95% CI) 
Adjustment variables 

Hypertension 

Studies assessing adiposity status at three or more time points  

Park et al, 
2013b 

MRC NSHD, UK 
(1946) 
NCDS, UK (1958) 
BCS70, UK (1970) 

11476  
(51% F) 

  7-10 yc  15ς16 yc  34ς53 y 34ς53 y 

OR 

 

sex, year of birth, exact age and height 
at childhood BMI measurement, birth 
weight, socioeconomic status at birth 
and in adulthood, and smoking status in 
adulthood 

CH1 Ғ ADL/ADd
 

 CH1 OW/OB Ҧ OW/OB Ҧ OB 

HTN 

2.56 (1.40, 4.68) 

 CH/ADL NW Ҧ OW/OB Ҧ OB 3.01 (2.11, 4.29) 
 CH2 OW/OB Ҧ NW Ҧ OB 2.91 (1.54, 5.49) 

 ADL/AD NW Ҧ NW Ҧ OB 2.28 (1.76, 2.95) 

 Never NW Ҧ NW Ҧ NW Reference 

Attard et al, 
2013 

ADD Health, USA 
(1975ς83) 

13984  
(48% F) 

  15 y   20 y  27 y 24ς32 y   

CH/ADL2 > CH/ADL3d 

M
; 
m

o
d

e
ra

te
 o

b
e
si

ty CH/ADL1 OBBMI~36 Ҧ OB~36 kg/m^2 Ҧ OB~36 kg/m^2 

HTN 

3.56 (2.74, 4.61) 

age in 1996, smoking status in 1996, 
2001-2002, and 2008-2009, race, region, 
cluster at the school level, parental 
history of diabetes, anti-inflammatory 
medication use, presence of subclinical 
infection markers, and current 
infections/inflammatory disease 

CH/ADL2 OB~30 kg/m^2 Ҧ OB~36 kg/m^2 Ҧ OB~36 kg/m^2 3.99 (3.16, 5.03) 

CH/ADL 3  OB~30 kg/m^2 Ҧ OB~33 kg/m^2 Ҧ OB~36 kg/m^2 3.35 (2.77, 4.06) 

CH/ADL 4 OB~30 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~36 kg/m^2 3.30 (2.64, 4.12) 

ADL  NW~23 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~36 kg/m^2 3.38 (2.48, 4.61) 

Never NW~23 kg/m^2 Ҧ NW~23 kg/m^2 Ҧ NW~23 kg/m^2 Reference 

  15 y   20 y  27 y 24ς32 y  

AD1 > AD2
d 

M
; 
m

ild
 o

b
e
si

ty 

CH/ADL 1 OB~30 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~30 kg/m^2 

HTN 

2.08 (1.81, 2.39) 

ADL2  NW~23 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~30 kg/m^2 2.13 (1.73, 2.61) 

AD1  NW~23 kg/m^2 Ҧ OW~26 kg/m^2 Ҧ OB~30 kg/m^2 1.99 (1.66, 2.38) 

AD2  NW~23 kg/m^2 Ҧ NW~23 kg/m^2 Ҧ OB~30 kg/m^2 1.76 (1.44, 2.14) 

Never NW~23 kg/m^2 Ҧ NW23 kg/m^2 Ҧ NW23 kg/m^2 Reference 

  15 y   20 y  27 y 24ς32 y  

CH/ADL2 > CH/ADL1 &  
CH/ADL3d

    

F
; 
m

o
d

e
ra

te
 o

b
e
si

ty CH/ADL1 OB~36 kg/m^2 Ҧ OB~36 kg/m^2 Ҧ OB~36 kg/m^2 

HTN 

2.84 (2.27, 3.55) 

CH/ADL2 OB~30 kg/m^2 Ҧ OB~36 kg/m^2 Ҧ OB~36 kg/m^2 3.43 (2.84, 4.13) 

CH/ADL 3  OB~30 kg/m^2 Ҧ OB~33 kg/m^2 Ҧ OB~36 kg/m^2 2.90 (2.46, 3.42) 

CH/ADL 4 OB~30 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~36 kg/m^2 2.85 (2.34, 3.47) 

ADL  NW~23 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~36 kg/m^2 3.20 (2.54, 4.02) 

Never NW~23 kg/m^2 Ҧ NW~23 kg/m^2 Ҧ NW~23 kg/m 2̂ Reference 
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  15 y   20 y  27 y 24ς32 y 

 

 

 AD1 > AD2
d 

F
; 
m

ild
 o

b
e
s
ity 

CH/ADL 1 OB~30 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~30 kg/m^2 

HTN 

1.83 (1.63, 2.07) 

ADL2  NW~23 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~30 kg/m^2 2.06 (1.76, 2.41) 

AD1  NW~23 kg/m^2 Ҧ OW~26 kg/m^2 Ҧ OB~30 kg/m^2 1.93 (1.69, 2.20) 

AD2  NW~23 kg/m^2 Ҧ NW~23 kg/m^2 Ҧ OB~30 kg/m^2 1.71 (1.47, 2.00) 

Never NW~23 kg/m^2 Ҧ NW23 kg/m^2 Ҧ NW23 kg/m^2 Reference 

Dyslipidemia 

Studies assessing adiposity status at two time points 

Yan et al., 
2019e 

BHS, USA  
(1955ς92)  
MUSC, USA 
(1952ς73)   
NGHS, USA 
(1977ς78)  
PHBPC, USA 
(1969ς72)  
YFS, Finland 
(1962ς77)  

5195  
(60% F) 

  3ς19 yf  20ς52 y   25ς52 y   

race, sex, age, and cohort 

No group differencesg 
 

CH/ADL OW/OB Ҧ OW/OB   

High LDL-C 

 2.02 (1.74, 2.78)  

 
CH/ADL/AD NW Ҧ OW/OB   

OR 

2.37 (1.84, 3.03)  
 Never NW Ҧ NW   Reference 

  3ς19 yf  20ς52 y   25ς52 y  

No group differencesg 

 

CH/ADL OW/OB Ҧ OW/OB   

Low HDL-C 

3.88 (3.18, 4.72)  

 

CH/ADL/AD NW Ҧ OW/OB   3.38 (2.74, 4.19)  

 Never NW Ҧ NW   Reference 

  3ς19 yf  20ς52 y   25ς52 y  

No group differencesg 

 

CH/ADL OW/OB Ҧ OW/OB   

High TG 

3.05 (2.35, 3.97) 

 

CH/ADL/AD NW Ҧ OW/OB   3.20 (2.43, 4.22)  

 Never NW Ҧ NW   Reference 

Type 2 diabetes 

Studies assessing adiposity status at three or more time points  

Power 
and 
Thomas, 
2011 

NCDS, UK (1958) 
7855  
(50% F) 

  7,11, or 16 yc  23 or 33 y  45 y 45 y 

OR 
 

 
BMI, waist circumference, sex, total 
cholesterol, HDL-C, family history of 
diabetes, menopausal status, smoking 
and alcohol consumption at 42 years, 
social class in childhood and at 45 years, 
and qualifications by 42 years 

Linear trend from Never 
to CH/ADLd 

 

 CH/ADL OB Ҧ OB Ҧ OB 

T2D 

4.38 (1.86, 10.31) 

 CH/ADL/AD NW/OW Ҧ OB Ҧ OB 3.96 (2.10, 7.43) 

 AD NW/OW Ҧ NW/OW Ҧ OB 1.13 (0.61, 2.08) 

    Never NW/OW Ҧ NW/OW Ҧ NW/OW Reference 

Park et al, 
2013b 

MRC NSHD, UK 
(1946) 
NCDS, UK (1958) 
BCS70, UK (1970) 

11476  
(51% F) 

  7ς10 yc  15ς16 yc  34ς53 y 34ς53 y  

sex, year of birth, exact age and height 
at childhood BMI measurement, birth 
weight, socioeconomic status at birth 
and in adulthood, and smoking status in 
adulthood 

CH1 > ADL/ADd 

 CH1 OW/OB Ҧ OW/OB Ҧ OB 

T2D 

12.60 (6.61, 23.98) 

 CH/ADL NW Ҧ OW/OB Ҧ OB 6.61 (3.61, 12.09) 

 CH2 OW/OB Ҧ NW Ҧ OB 4.70 (1.89, 11.67) 

 ADL/AD NW Ҧ NW Ҧ OB 5.47 (3.39, 8.82) 

 Never NW Ҧ NW Ҧ NW Reference 
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Attard et al, 
2013 

ADD Health, USA 
(1975ς83) 

13984  
(48% F) 

 

 15 y   20 y  27 y 24ς32 y 

 

 

age in 1996, smoking status in 1996, 
2001-2002, and 2008-2009, race, region, 
cluster at the school level, parental 
history of diabetes, anti-inflammatory 
medication use, presence of subclinical 
infection markers, and current 
infections/inflammatory disease 

CH/ADL2 > CH/ADL3 &  
CH/ADL4 & ADLd 
 
CH/ADL4 > ADLd 
   
 

M
; 
m

o
d

e
ra

te
 o

b
e
s
ity CH/ADL1 

                            

OBBMI~36  
Ҧ OB~36 kg/m^2 Ҧ OB~36 kg/m^2 

Diabetes 

4.37 (3.07, 6.22) 

CH/ADL2 OB~30 kg/m^2 Ҧ OB~36 kg/m^2 Ҧ OB~36 kg/m^2 4.90 (3.10, 7.74) 

CH/ADL 3  OB~30 kg/m^2 Ҧ OB~33 kg/m^2 Ҧ OB~36 kg/m^2 3.39 (2.53, 4.55) 

CH/ADL 4 OB~30 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~36 kg/m^2 2.99 (2.20, 4.08) 

ADL  NW~23 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~36 kg/m^2 3.02 (1.77, 5.17) 

Never NW~23 kg/m^2 Ҧ NW~23 kg/m^2 Ҧ NW~23 kg/m^2 Reference 

  15 y   20 y  27 y 24ς32 y  

CH/ADL1 & ADL2 & AD1 > 
AD2

d 
 
ADL2 > AD1

d 
M

; 
m

ild
 o

b
e
si

ty 

CH/ADL OB~30 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~30 kg/m^2 

Diabetes 

2.33 (1.92, 2.83) 

ADL NW~23 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~30 kg/m^2 2.35 (1.51, 3.66) 

AD1  NW~23 kg/m^2 Ҧ OW~26 kg/m^2 Ҧ OB~30 kg/m^2 1.84 (1.37, 2.47) 

AD2  NW~23 kg/m^2 Ҧ NW~23 kg/m^2 Ҧ OB~30 kg/m^2 1.44 (1.10, 1.87) 

Never NW~23 kg/m^2 Ҧ NW23 kg/m^2 Ҧ NW23 kg/m^2 Reference 

  15 y   20 y  27 y 24ς32 y  

CH/ADL2 > CH/ADL3 &  
CH/ADL4 & ADLd 
 
CH/ADL4 > ADLd 
   
 

F
; 
m

o
d

e
ra

te
 o

b
e
si

ty CH/ADL1 
                            

OB~36 kg/m^2 
Ҧ OB~36 kg/m^2 Ҧ OB~36 kg/m^2 

Diabetes 

2.99 (2.16, 4.14) 

CH/ADL2 OB~30 kg/m^2 Ҧ OB~36 kg/m^2 Ҧ OB~36 kg/m^2 3.41 (2.41, 4.81) 

CH/ADL 3  OB~30 kg/m^2 Ҧ OB~33 kg/m^2 Ҧ OB~36 kg/m^2 2.46 (1.93, 3.13) 

CH/ADL 4 OB~30 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~36 kg/m^2 2.18 (1.62, 2.94) 

ADL  NW~23 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~36 kg/m^2 2.30 (1.52, 3.49) 

Never NW~23 kg/m^2 Ҧ NW~23 kg/m^2 Ҧ NW~23 kg/m 2̂ Reference 

  15 y   20 y  27 y 24ς32 y  

CH/ADL1 & ADL2 & AD1 > 
AD2

d 
 
ADL2 > AD1

d 

F
; 
m

ild
 o

b
e
si

ty 

CH/ADL OB~30 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~30 kg/m^2 

Diabetes 

1.88 (1.58, 2.23) 

ADL NW~23 kg/m^2 Ҧ OB~30 kg/m^2 Ҧ OB~30 kg/m^2 1.98 (1.39, 2.82) 

AD1  NW~23 kg/m^2 Ҧ OW~26 kg/m^2 Ҧ OB~30 kg/m^2 1.58 (1.25,1.99) 

AD2  NW~23 kg/m^2 Ҧ NW~23 kg/m^2 Ҧ OB~30 kg/m^2 1.27 (0.99, 1.62) 

Never NW~23 kg/m^2 Ҧ NW23 kg/m^2 Ҧ NW23 kg/m^2 Reference 

Yeung et 
al, 2010b 

NHSII, USA 
(1947ς64) 

109172 
(100% F) 

  

  10 yh  18 y  25ς42 y 41ς58 y  

 RR 

 

age, race, smoking status, parental 
history of diabetes, parity, age at first 
birth, and physical activity 
  

CH1 & CH/ADL > CH2 & 
ADg 

  CH1 OW/OB Ҧ OW/OB Ҧ OW/OB 

T2D 

15.10 (13.21, 17.26) 

  CH/ADL NW Ҧ OW/OB Ҧ OW/OB 14.37 (12.73, 16.22) 

  CH2 OW/OB Ҧ NW Ҧ OW/OB 8.72 (7.47, 10.18) 

  AD NW Ҧ NW Ҧ OW/OB 8.23 (7.41, 9.15) 

  Never NW Ҧ NW Ҧ NW Reference 
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The table displays the results of cohort studies in which the odds, risk, or hazard rate of cardiometabolic diseases could not be statistically compared between different obesity-onset groups. The results are 

therefore displayed with the original reference group (those with persistent normal weight). These studies assessed adiposity status at two or three time points between childhood and adulthood. Obesity-onset 

was classified based on these adiposity status changes. We present the results of comparisons between obesity-onset groups, as stated by the study authors or derived from our interpretation.  

aAdiposity status in adulthood was defined according to standard BMI categories unless otherwise indicated (normal weight: 18.5ς<25 kg/m2; overweight: 25ς<30 kg/m2Τ ƻōŜǎƛǘȅΥ җ ол ƪƎκƳ2): Obesity: preventing 

and managing the global epidemic. Report of a WHO consultation. World Health Organ Tech Rep Ser 894, iςxii, 1ς253 (2000). 

bModel included adiposity statuses OW/OB Ҧ NW Ҧ NW, OB/OW -> OW/OB Ҧ NW, and NW Ҧ OW/OB -> NW 

cAdiposity status in childhood/adolescence was defined according to the international sex- and age-specific percentiles that extrapolate to the standard adult BMI categories: de Onis, M. et al. Development of a 

WHO growth reference for school-aged children and adolescents. Bull. World Health Organ. 85, 660ς667 (2007). 

dReported by the study authors 

eModel included adiposity status OW/OB Ҧ NW 

fNW: BMI < race-sex specific median; OW/OB: BMI > race-sex specific median 

gOur interpretation 

hParticipants were asked to recall their adiposity status using the Stunkard body rating scale (h²κh.Υ ǎƻƳŀǘƻǘȅǇŜ җ р): Stunkard, A. J., Sørensen, T. & Schulsinger, F. Use of the Danish Adoption Register for the 

study of obesity and thinness. Res. Publ. - Assoc. Res. Nerv. Ment. Dis. 60, 115ς120 (1983). 

Major adverse cardiovascular events 

Studies assessing adiposity status at two time points  

Shimazu et 
al., 2009i 
  
  
  
  

Ohsaki NHI, 
Japan (1915ς54) 
  
  
  
  

30080  
(51% F) 
  
  
  
  

  20 y   40ς79 y   40ς85 y 

HR 

 

age, sex, smoking status, alcohol 
consumption, daily, walking duration, 
and education 

No group differencesg 

 CH/ADL1 OB Ҧ OB   

CVD 
mortality 

2.74 (1.36, 5.54) 

 CH/AD2 OW Ҧ OB   1.80 (0.99, 3.28) 

 AD NW Ҧ OB   1.58 (0.97, 2.57) 

 Never NW Ҧ NW/OW   Reference 

Etemadi et 
al., 2014j 
  
  
  
  
  
  

GCS, Iran  
(1929ς64) 
  
  
  
  
  
  

50006 
(58% F) 
  
  
  
  
  
  

   15 yk   30 yk   40ς75 y  

age, smoking, socioeconomic status, 
ethnicity, residence, education, opium 
use, and physical activity 

No group differencesg 
M 

CH/ADL OB Ҧ OB   

CVD 
mortality 

1.32 (0.93, 1.88) 

ADL/AD UW/NW/OW Ҧ OB   1.57 (1.17, 2.10) 

NA NW Ҧ NW   Reference 

        

No group differencesg 
F 

CH/ADL OB Ҧ OB   1.41 (1.12, 1.78) 

ADL/AD NW/OW Ҧ OB   1.71 (1.30, 2.25) 

Never NW Ҧ NW   Reference 

Studies that assessed adiposity status at three or more time points  

Park et al, 
2013b 

MRC NSHD, UK 
(1946) 
NCDS, UK (1958) 
BCS70, UK (1970) 

11476  
(51% F) 

  7ς10 yc  15ς16 yc  34ς53 y 34ς53 y 

OR 

 

sex, year of birth, exact age and height 
at childhood BMI measurement, birth 
weight, socioeconomic status at birth 
and in adulthood, and smoking status in 
adulthood 

CH > ADL/AD (trend)d  

 CH1 OW/OB Ҧ OW/OB Ҧ OB 

T2D 

6.62 (1.94, 22.67) 

 CH/ADL NW Ҧ OW/OB Ҧ OB 3.74 (1.35, 10.35) 

 CH2 OW/OB Ҧ NW Ҧ OB 1.10 (0.14, 8.48) 

 ADL/AD NW Ҧ NW Ҧ OB 3.83 (1.98, 7.42) 

 Never NW Ҧ NW Ҧ NW Reference 
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iModel also included the following adiposity status changes: NW Ҧ OW and OW Ҧ OW  

jModel included adiposity statuses UW Ҧ UW, UW Ҧ NW/OW/OB, and OB Ҧ NW/OW 

kParticipants were asked to recall their adiposity status using the Stunkard body rating scale (¦²Υ ǎƻƳŀǘƻǘȅǇŜ мΤ b²Υ ǎƻƳŀǘƻǘȅǇŜ н ϧ оΤ h²Υ ǎƻƳŀǘƻǘȅǇŜ п ϧ рΤ h.Υ ǎƻƳŀǘƻǘȅǇŜ җ с): Stunkard, A. J., Sørensen, T. & 

Schulsinger, F. Use of the Danish Adoption Register for the study of obesity and thinness. Res. Publ. - Assoc. Res. Nerv. Ment. Dis. 60, 115ς120 (1983). 

Abbreviations: 

AD: adult-onset; ADL: adolescent-onset; ADD Health: the National Longitudinal Study of Adolescent to Adult Health; BCS70: The British Cohort Study 1970; BMI: body mass index; BHS: the Bogalusa Heart Study; 
CH: childhood-onset; CI: confidence interval; CVD: cardiovascular disease; F: females; GCS: Golestan Cohort Study; HDL-C: high-density lipoprotein cholesterol; HR: hazard ratio; HTN: hypertension; LDL-C: low-
density lipoprotein cholesterol; M: male; MRC NSHD: Medical Research Council National Survey of Health and Development; NCDS: The National Childhood Development Survey; HPFS: the Health Professionals 
follow-up Study; NHSII: ¢ƘŜ bǳǊǎŜǎΩ IŜŀƭǘƘ {ǘǳŘȅ LLΤ NW: normal weight; Ohsaki NHI: National Health Insurance Cohort Study OW: overweight; OB: obesity; OR: odds ratio; RR: risk ratio; T2D: type 2 diabetes; TG: 
triglycerides; UK: United Kingdom; UW: underweight; USA: United States of America; YFS: the Cardiovasc 
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¢ŀōƭŜ {пΦ ²ŜƛƎƘǘ ƭƻǎǎ ƻǳǘŎƻƳŜǎ ƛƴ ǇŜƻǇƭŜ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ŀƴŘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅ 

Reference 
  

Intervention Obesity onset Baseline participant characteristics Weight loss 

Description 
Lengtha or 
follow-up 
periodb  

Method of determination Group 
N  

(% F) 

Mean (SD or range) or n (%)c 
Group difference 

summaryd 
Age (y) 

Weight/ 
adiposity measures 

Outcome 
 

Lifestyle and/or pharmacological weight loss interventions 

Young et al., 
1955 

Á Experimental community 
nutrition clinic 
Á Weekly visits with physician and 

nutritionist  
Á A variety of WL diets  

җо ǿƪ 
Self-report 
Á Weight history interview 

CO<18 y 

143 (85% Fe) (6-70) NR 

ΨŎƻƳǇƭŜǘŜ ŦŀƛƭǳǊŜǎΩΥ рл҈ 
ΨŦŀƛǊƭȅ ǎǳŎŎŜǎǎŦǳƭΩΥ ол҈ 

CO < AO  

AOҗ му ȅ ΨŎƻƳǇƭŜǘŜ ŦŀƛƭǳǊŜǎΩΥ мр҈  
ΨŦŀƛǊƭȅ ǎǳŎŎŜǎǎŦǳƭΩΥ рт҈  

Mullins et al., 
1958 

Á Hypocaloric diet (kcal/d NR) 
Á Drugs, mainly 

dextroamphetamine sulphate, 
when not possible to treat by 
dietary means alone 

4 mo 

Self-report 
Á Classified according to 

whether they had been 
known as 'fatty' at school 
όΨǘƘŜ Ƴƻǎǘ ǇǊŀŎǘƛŎŀƭ ǎƛƴƎƭŜ 
ŎǊƛǘŜǊƛƻƴΩύ 

CO 32 (84%) (18-69) 
EW 20-25%: 4 (12%) 
EW 25-50%: 11 (35%) 
EW >50%: 17 (35%) 

Poorf: 20 (62%) 
Moderateg: 8 (25%) 
Goodh: 0 (0%) 
Not yet known: 4 (13%) 

 
CO < AO 

AO 69 (71%) (20-79) 
EW 20-25%: 28 (41%) 
EW 25-50%: 21 (30%) 
EW >50%: 20 (29%) 

Poorf: 27 (39%) 
Moderateg: 17 (25%) 
Goodh: 10 (14%) 
Not yet known: 15 (22%) 

Johnson et al, 
1976 

Á Hypocaloric diet (800 to 1200 
kcal/d)  
Á Encouraged to establish a regular 

exercise program 

4-28 mo NR 

CO1-11 y 32 (59%) 33 EW: 93 % 

²[ җ мл҈ ƻǊ 9² Җ нл҈  
 

at 4-6 mo: 19 (59%) 
at 7-10 mo: 10 (67%) 
at 11-15 mo: 11 (65%) 
at 16-28 mo: 7 (64%) 

Ø 

CO/AOҗ мн ȅ 22 (82%) 44 EW: 74 % 

²[ җ мл҈ ƻǊ 9² Җ нл҈ 
 

at 4-6 mo: 10 (45%) 
at 7-10 mo: 4 (50%) 
at 11-15 mo: 9 (56%) 
at 16-28 mo: 6 (60%) 

Rodin et al, 
1977 

Á Hospital outpatient weight 
reduction clinic 

10 wk NR 

CO< 10 y 18 (100%) 32.5 EW: 85.5 % WL: 8.7 kg 

NR 

AO> 19 y 15 (100%) 40.5 EW: 69.7 % WL: 6.7 kg 

Drenick et al., 
1978 
 

Á Hospitalized fast (planned for 2 
mo duration but could be longer 
if desired by the patient and 
considered medically safe by the 
physician). 
Á Patients with OW after fasting 

were encouraged to adhere to a 
VLCD (500 kcal/d; 50 g of protein) 
and to continue to reduce weight 
as outpatients (not followed 
regularly) 

~2 mo  
 

Self-report 
Á Weight history (NR if 

interview or 
questionnaire) 

CO0-5 y 27  

(7%) 

42  

(25-76) 

EW: 95 % 
W: 147 kg 

  
EW <30%: 7 (25.9%) 

COҖмл ȅ <  
CO/AO>10 y 

CO6-10 y 15  42  
EW: 88 % 
W: 139 kg 

EW <30%: 4 (26.7%) 

CO11-15y 19  37  
EW: 85 %  
W: 139 kg 

EW <30%: 4 (47.4%) 

CO16-21 y 32 40  
EW: 93 % 
W: 152 kg 

EW <30%: 9 (40.6%) 

AOҗнн ȅ 68  44  
EW: 90 % 
W: 146 kg 

EW <30%: 27 (39.7%) 
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Jeffery et al., 
1978 

Á Behavioural weight loss 
Intervention in clinical setting 
Á Weekly individual meetings with 

therapist to review eating and 
exercise records  
Á Weekly group sessions with 

lessons on the following topics: 
self-monitoring, stimulus control 
techniques, slowing the rate of 
eating, generating social support, 
exercise, dietary planning, 
preplanning, and individual 
problem solving  

20 wk 
Self-report 
Á Weight history 

questionnaire 

COҖ нл ȅ 
 
47  

(82%) 41 (16-63) 

EW: 65 % WL: 7.0 kg 

CO > AO 

AO> 20 y 24  EW: 72 % WL : 5.4 kg 

Genender et 
al., 1982 

Á Hypocaloric diet (Optifast; 300 
kcal/d) 
Á Offered extended care resources: 

psychological support groups, 
individual psychotherapy (when 
indicated or requested), behavior 
modification classes, and 
nutrition and exercise counseling 

22 wk 
(mean)  

Self-reported 
Á NR if interview or 

questionnaire 

 
CO1-12 y 

F; EW 40-150% 
34 (100%) 39 (18-64) 

EW: 79 (40-150) % 
W: 109 kg 

EWL: 58 % 
WL: 26 kg 

Ø 
CO13-19 y 

F; EW 40-150% 
62 (100%) 33 (16-61) 

EW: 81 (40-150) % 
W: 108 kg 

EWL: 58 % 
WL: 27 kg 

AOҗнл ȅ 

F; EW 40-150% 
302 (100%) 44 (21-67) 

EW: 75 (40-150) % 
W: 102 kg 

EWL: 61 % 
WL: 27 kg 

CO1-12 y 

M; EW 40-150% 
42 (0%) 39 (18-64) 

EW:78 (40-150) % 
W:126 kg 

EWL : 70 % 
WL: 38 kg 

Ø 
CO13-19 y 

M; EW 40-150% 
86 (0%) 33 (16-61) 

EW: 82 (40-150) % 
W: 133 kg 

EWL : 58 % 
WL : 33 kg 

AOҗнл ȅ 

M; EW 40-150% 
445 (0%) 44 (21-67) 

EW: 74 (40-150) % 
W:121 kg 

EWL : 66 % 
WL : 33 kg 

CO13-19 y 

F; EW 150-250% 
2 (100%) 43  (16-61) 

EW: 178 (150-250) % 
W: 151 kg 

EWL: 17 % 
WL: 17 kg 

Ø 

AOҗнл ȅ 

F; EW 150-250% 
4 (100%) 47 (21-67) 

EW: 170 (150-250) % 
W: 153 kg 

EWL: 34 % 
WL: 33 kg 

CO13-19 y 

M; EW 150-250% 
4 (0%) 32 (16-61) 

EW: 188 (150-250) % 
W: 200 kg 

EWL: 48 % 
WL: 64 kg 

Ø 

AOҗнл ȅ 

M; EW 150-250% 
5 (0%) 47 (21-67) 

EW: 170 (150-250) % 
W: 177 kg 

EWL: 57 % 
WL: 62 kg 

Nasr et al., 
1982 

Á Behavioural weight management 
intervention 
Á Dietary regimen (protein sparing 

modified fast; 1.5-2.0 g 
protein/kg IW), fitness 
counseling, behavior 
modification, and supportive 
psychotherapy 

3 mo 

Self-report 
Á Weight history 

questionnaire and 
interview 

COҖ мм ȅ 8 (75%) 33 (26-39) BMI: 46 (29-73) kg/m2 WL: 19.5 (3.6) % 

CO > AO 

AOҗму ȅ 8 (75%) 39 (26-63) BMI: 39 (26-63) kg/m2 WL: 16.2 (2.8) % 

Sorbara et al., 
2002 

Á Medically supervised liquid 
formula diet (900 kcal/d): 5 
packets of Procal (R-Kane) and  

4 wk 
Self-report 

  

CO< 18 y 
36 (70%) 42 (11) 

W: 102 (19) kg 

BMI: 37 (6) kg/m2  

FM: 44 (7) % 

 

BMIL: NR kg/m2 
Ø 
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Á 3.5 cups of 1% milk, plus 2 
packets of fiber supplements 
weekly one-on-one counseling 
sessions 

Á Questionnaire: Eating and 
Weight Patterns-Revised 
(QEWP-R) 

  

AOҗ му ȅ 
20 (70%) 44 (9) 

W: 98 (17) kg 

BMI: 37 (4) kg/m2  

FM: 42 (5) % 

BMIL: NR kg/m2 

Guerdjikova 
et al., 2007 

Á Fee-for-service weight 
management program 
Á Psychopharmacological 

treatment of any identified 
psychiatric illness that might 
contribute to overeating and/or 
physical inactivity 
Á Behavioral dietary counseling 

(focusing on healthy eating, 
exercise, and other lifestyle 
changes) strongly encouraged but 
not mandatory 

6 mo 

Self-report 
Á Written report of weight 

history and obesity onset 
and 2 interviews 
Á Patients recollected and 

recorded the weight, 
height, and age when they 
first considered 
themselves to have 
OW/OB and felt distressed 
because of their weight 
Á Calculated BMI, Z-score 

for weight-for-age, and 
percentile for BMI-for-age  
Á Childhood-onset (2-17 y): 

Z-score > 2 and percentile 
for BMI-for-age > 95  
Á Adult-ƻƴǎŜǘ όҗ му ȅύΥ .aL җ 

30 kg/m2 

  
CO2-17 y 

44 (66%) 42 (9) 
  
W: 136 (32) kg 
BMI: 45 (9) kg/m2 

WL: 6.3 % 

Ø 

  
AOҗ му ȅ 

69 (65%) 44 (13) 
W: 119 (27) kg 
BMI: 43 (9) kg/m2 

WL: 5.3 % 

Rupp et al., 
2016 

Á Participants were randomized 
into one of three intervention 
groups: standard behavioral 
weight loss; standard behavioral 
weight loss with additional 
strategies at the initiation of the 
intervention; or standard 
behavioral weight loss with 
additional strategies at 
predetermined times over the 
intervention period. 
Á All three intervention groups 

received group intervention 
sessions; a dietary prescription 
for reduced caloric intake (1200 
ƪŎŀƭκŘ ŦƻǊ ǇŀǊǘƛŎƛǇŀƴǘǎ ǿŜƛƎƘƛƴƎ Җ 
90 kg) and 1500 kcal/d for 
participants weighting > 90 kg; 
20-30% fat) and a prescription for 
physical activity (progressive from 
100 min/wk to 200 min/wk at 
moderate-to-vigorous intensity) 
Á Additional strategies in 2 of the 

intervention groups included 
supervised exercise at group 
sessions, additional campaign to 
promote physical activity, and 
additional telephone contacts 

1.5 y 

Self-report 
Á Weight history 

questionnaire asked 
Ψ{ŜƭŜŎǘ ǿƘŜǘƘŜǊ ȅƻǳ ǿŜǊŜ 
extremely underweight, 
underweight, normal 
weight, overweight or 
extremely overweight at 
each of the following 
ŀƎŜǎΩΥ ǇǊŜ-school; 
elementary school; junior 
high (12ς14 y); high school 
(15ς18 y); 19ς25 y; and 
26ς35 y 
Á ΨƧǳǾŜƴƛƭŜ ƻƴǎŜǘΩΥ 

overweight or extremely 
overweight at age 15ς17 y  
Á ΨŀŘǳƭǘ ƻƴǎŜǘΩΥ ƻǾŜǊǿŜƛƎƘǘ 

or extremely overweight 
ŀǘ ŀƎŜ җ мф ȅ  
Á Excluded if reported being 

overweight or extremely 
overweight at age < 15 y 
but not at age 15ς17 y 
Á  

  
COҖ му ȅ 

61 (82%) 40 (32-48)j 
Wk: 102 (99, 105) kg 
BMI: 34 (3) kg/m2 

WLk 
 

at 6 mo: 8.7 (6.7, 10.8) kg  
at 1 y: 7.8 (5.2, 10.4) kg 
at 1.5 y: 5.2 (2.5, 8.0) kg 

Ø 

 
AO> 18 y 

116 (77% ) 47 (40-50)j 
Wk: 99 (97, 102) kg 
BMI: 33 (3) kg/m2 

WLk 
 

at 6 mo: 9.4 (7.9, 11.0) kg 
at 1 y: 8.8 (6.9, 10.6) kg 
at 1.5 y: 7.1 (5.2, 9.1) kg 
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Akter et al.,  
2020 

Á Hypocaloric diet (1120 kcal/d): 
randomized to total meal 
replacement (Optifast 800) or 
typical diet (portion control to 
reduce calories but no significant 
changes to typical foods eaten) 

3 wk 

Self-report 
Á Weight history 
ǉǳŜǎǘƛƻƴƴŀƛǊŜ ŀǎƪŜŘΣ Ψ!ǘ 
what age did you first 
consider yourself 
ƻǾŜǊǿŜƛƎƘǘΚΩ  
Á Response options: never; 
ŎƘƛƭŘƘƻƻŘ όлπмнύΤ 
ŀŘƻƭŜǎŎŜƴŎŜ όмоπмтύΤ 
ȅƻǳƴƎ ŀŘǳƭǘ όмуπнрύΤ ŀŘǳƭǘ 
όнсπпфύΤ ƭŀǘŜ ŀŘǳƭǘ όрлҌύ 

 CO0-12 y 8 (63%) 

32 (13) BMI: 35 (3) kg/m2  

WLi: 3.05 kg 
FLi: 2.11 kg  

 Ø 
  

 CO13-17 y 4 (50%) 
WLi: 3.8 kg  
FLi: 0.06 kg  

 AO18-25 y 8 (50%) 
WLi: 4.57 kg  
FLi: 2.82 kg  

 AO26-49 y 7 (57%) 
WLi: 2.97 kg  
FLi: 1.64 kg 

AOҗ рл ȅ 1 (100%) 
WLi: 1.5 kg  
FLi: 0.9 kg  

Prado et al.,  
2023 

Á Obesity outpatient clinic 
Á Medical, psychological, and 

nutritional care appointments 
Á Prescription of medications for 

weight loss: sibutramine, 
topiramate, liraglutide, 
fluoxetine, orlistat, bupropion, or 
a combination of two or more 
drugs  

2 y 
(mean) 

Self-report 
Á Questionnaire 

CO< 18 y 40 (78%) 36 (10) 
W: 124 (28) kg 
BMI: 46 (9) kg/m2 

at 1 y 
 

WLj: 2.6 (-0.4, 6.1) kg 
WLj: 2.1 (-0.3, 6.4) % 
²[ җ мл҈Υ с όмрΦл҈ύ 
 
at end of treatment 
 

WLj: 2.4 (-2.4, 6.6) kg 

Ø 

  
AOҗ му ȅ 

84 (87%) 48 (11) 
W: 109 (19) kg  
BMI: 41 (6) kg/m2 

at 1 y 
 

WLj: 3.0 (-0.8, 7.1) kg 
WLj: 2.8 (-0.9, 7.5) % 
²[ җ мл҈Υ мн όмпΦр҈ύ 
 
at end of treatment 
 

WLj: 2.4 (-1.2, 7.9) kg 

Almeida et 
al., 2024 

Á Hypocaloric diet (20% energy 
deficit): 50ς60% carbohydrate, 
20ς30% fat, 20% protein. 
Á 10% increase in energy 

expenditure through aerobic 
exercise: three 45-minute 
treadmill or elliptical sessions per 
week with one session supervised 
Á Weekly follow-ups 
 

12 wk 

 
Self-report 
Á Weight history interview 
Á Aked to recall body size at 

age 10, puberty, age 20, 
and current age using the 
Collinsl and Stunkardm 
body rating scales as 
appropriate.  

 
Objective 
Á Participants provided 

photographic proof of 
body size around puberty 
(10ς14 years old for 
females and 12ς15 years 
for males).  
Á The photograph was 

compared against the 
Collinsl body rating scale 

COpre/peri-puberty 13 (68%) 30 (1)n 

W: 95 (3)n kg 
FM: 40 (1)n kg 
FM: 43 (1)n % 

WL: 3.6 kg 
FM: 2.5 kg 
FM: 1.1 % 

Ø 

AO> 18 y 12 (67%) 31 (1)n 
W: 91 (3)n kg 
FM: 38 (1)n kg 
FM: 42 (1)n % 

WL: 3.6 kg 
FM: 3.5 kg 
FM: 2.1 % 
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Bariatric surgery interventions 

Pekkarinen et 
al., 1994 

Á Vertical banded gastroplasty 
5.4 y 
(mean)  

NR 

Copre-puberty 

27 (70%) 36 (22-48) 
W: 141 (108-206) kg 
BMI: 50 (39-65) kg/m2 

EW: 116 (NR) % 

WL: NR kg 

Ø 

CO/AOpost-puberty WL: NR kg 

Rowe et al., 
2000 

Á Silastic ring vertical stapled 
gastroplasty 

6 mo 
Self-report 
Á Weight history interview 

CO< 18 y 

35 (91%) 41 (21-54) 
W: 124 (94-167) kg 
BMI: 46 (36-60) kg/m2 

BMIL: NR % 

CO Җ му ȅ > AO > 18 y  

AO җ му ȅ BMIL: NR % 

Sillén et 
al.,2017 

Á Roux-en-Y gastric bypass surgery 1 y 
Self-report 
Á Questionnaire 

COChildhood 

281 (70%) 41 (16-67) 
W: 136 (85-254) kg 
BMI: 46 (32-81) kg/m2 

9²[ җ сл҈Υ со όсоΦс҈ύ 

COChildhood < 
COAdolescence < AO 

 COAdolescence 9²[ җсл҈Υ рт όтмΦо҈ύ 

AO 9²[ җ сл҈Υ тр όумΦр҈ύ 

Erdogdu et 
al., 2018 

Á Laparoscopic sleeve gastrectomy 
s 

1 y 

 
Self-report 
Á NR if questionnaire or 

interview 
Á Puberty period defined by 

pubertal development 
scale 
Á Childhood obesity: BMI 

percentile > 95th 
Á Obesity onset was 

classified as pre-puberty, 
puberty, and post-puberty  

  
COpre-puberty 

81 (88%) 37 (16-59) 
W: 130 (101-183) kg 
BMI: 47 (40-67) kg/m2 

EWL: 62.9 (15.9) % 
EBMIL: 76.1 (19.8) % 

EWL: 
COpuberty < COpre-  

puberty & CO/AOpost-

puberty 

 

EBMIL: Ø 

  
COpuberty  

22 (95%) 32 (22-45) 
W: 126 (101-175) kg 
BMI: 46 (35-56) 

EWL: 72.7 (12.8) % 
EBMIL: 85.6 (13.8) % 

 CO/AOpost-puberty  62 (79%) 41 (23-61) 
W: 123 (92-165) kg 
BMI: 45 (35-67) kg/m2 

EWL: 62.2 (17.0) % 
EBMIL: 75.2 (21.8) % 

Kristensson 
et al., 2020 

Á Gastric bypass, banding, or 
vertical-banded gastroplasty 

10 y 

Self-report 
Á Questionnaire: weight at 

age 20 y 
Á BMI at age 20 y: <25 

kg/m2 (normal weight), 
25ς29.9 kg/m2 
όƻǾŜǊǿŜƛƎƘǘύΣ ƻǊ җол 
kg/m2 (obesity)  

  
COh. Җ нл ȅ  

528 (69%) 45 (6) 
W: 127 (18) kg 
BMI: 44 (5) kg/m2 

WLo 
 

at 6 mo: 22.9 (22.3, 23.5) % 
at 1 y: 26.7 (25.9, 27.5) % 
at 2 y: 25.1 (24.2, 26.1) % 
at 3 y: 23.2 (22.1, 24,2) % 
at 4 y: 21.2 (20.2, 22.3) % 
at 6 y: 19.9 (18.8, 21.0) % 
at 8 y: 18.5 (17.3, 19.6) % 
at 10 y: 18.3 (17.1, 19.5) % 

COh. Җ нл ȅ >   
COh² Җ нл ȅΣ h. Ҕ нл ȅ &  
AOb² Җ нл ȅΣ h. Ҕ нл ȅ 

  
COh² Җ нл ȅΣ h. Ҕ нл ȅ 

744 (69%) 47 (6) 
  
W: 120 (16)  kg 
BMI: 42 (4) kg/m2 

WLo 
 

at 6 mo: 21.7 (21.1, 22.2) % 
at 1 y: 24.3 (23.6, 25.0) % 
at 2 y: 22.8 (22.0, 23.5) % 
at 3 y: 20.2 (19.4, 21.0) % 
at 4 y: 19.1 (18.2, 20.0) % 
at 6 y: 17.3 (16.4, 18.3) % 
at 8 y: 17.0 (15.9, 18.0) % 
at 10 y: 17.0 (16.0, 18.0) % 

  
AOb² Җ нл ȅΣ h. Ҕ нл ȅ 

725 (74%) 49 (6) 
  
W: 118 (15) kg 
BMI:42 (4) kg/m2 

WLl 
 

at 6 mo: 21.6 (21.1, 22.2) % 
at 1 y: 24.5 (23.8, 25.3) % 
at 2 y: 23.2 (22.4, 24.0) % 
at 3 y: 20.6 (19.8, 21.5) % 
at 4 y: 19.8 (18.9, 20.7) % 
at 6 y: 17.7 (16.8, 18.7) % 
at 8 y: 17.1 (16.0, 18.1) % 
at 10 y: 17.1 (16.1, 18.2) % 
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Fink et al., 
2023 

Á Roux-en-y gastric bypass, sleeve 
gastrectomy, or one-anastomosis 
gastric bypass 

1 y NR 

CO< 18 y 
14404 (74%) 44 (12) 

W: 142 (27) kg 
BMI: 49 (8) kg/m2 

OR of WL < 20% at 1-year 
post-surgery (AO vs. CO): 
0.84 

 
CO<18 y > AOҗму ȅ 

AOҗ му ȅ 

 

ŀCƻǊ ƭƛŦŜǎǘȅƭŜ ŀƴŘκƻǊ ǇƘŀǊƳŀŎƻƭƻƎƛŎŀƭ ƛƴǘŜǊǾŜƴǝƻƴǎ 

ōCƻǊ ōŀǊƛŀǘǊƛŎ ǎǳǊƎŜǊȅ ƛƴǘŜǊǾŜƴǝƻƴǎ 

cUnless otherwise stated or not reported 

dBased on p<0.05 

 ŜtŜǊŎŜƴǘ ŦŜƳŀƭŜ  ƛǎ ŦǊƻƳ ƻǊƛƎƛƴŀƭ ŎƻƘƻǊǘ όb Ґ мрнύ 

fEWL < 30% 

gEWL > 30% but EW > 10% in cases of mild (EW 20-25%) obesity and EW >20% in cases of moderate (EW 25-50%) or severe (EW >50%) obesity  

ƘEW < 10% in cases of mild (EW 20-25%) obesity and EW <20% in cases of moderate (EW 25-50%) or severe (EW >50%) obesity  

ƛ!ŘƧǳǎǝƴƎ ŦƻǊ ŀƎŜΣ ǎŜȄΣ ŘƛŜǘ ƎǊƻǳǇΣ ŀƴŘ ǇǊŜƛƴǘŜǊǾŜƴǝƻƴ ōƻŘȅ ǿŜƛƎƘǘΣ Ŧŀǘ ƳŀǎǎΣ ŀƴŘ .aL  

ƧaŜŘƛŀƴ όƛƴǘŜǊǉǳŀǊǝƭŜ ǊŀƴƎŜύ 

ƪ!ŘƧǳǎǘŜŘ ŦƻǊ ŀƎŜΣ ƎŜƴŘŜǊΣ ǊŀŎŜΣ ǘǊŜŀǘƳŜƴǘΣ ƎǊƻǳǇΣ ŀƴŘ ǘǊŜŀǘƳŜƴǘ ƎǊƻǳǇπōȅπǝƳŜ ƛƴǘŜǊŀŎǝƻƴ  

ƭ/ƻƭƭƛƴǎ a9Φ .ƻŘȅ ŬƎǳǊŜ ǇŜǊŎŜǇǝƻƴǎ ŀƴŘ ǇǊŜŦŜǊŜƴŎŜǎ ŀƳƻƴƎ ǇǊŜŀŘƻƭŜǎŎŜƴǘ ŎƘƛƭŘǊŜƴΦ Lƴǘ W 9ŀǘ 5ƛǎƻǊŘΦ мффмΤмлόнύΥмффπнлу 

Ƴ{ǘǳƴƪŀǊŘ !WΣ {ƻǊŜƴǎŜƴ ¢Σ {ŎƘǳƭǎƛƴƎŜǊ CΦ ¦ǎŜ ƻŦ ǘƘŜ 5ŀƴƛǎƘ !ŘƻǇǝƻƴ wŜƎƛǎǘŜǊ ŦƻǊ ǘƘŜ ǎǘǳŘȅ ƻŦ ƻōŜǎƛǘȅ ŀƴŘ ǘƘƛƴƴŜǎǎΦ wŜǎ tǳōƭ !ǎǎƻŎ wŜǎ bŜǊǾ aŜƴǘ 5ƛǎΦ мфуоΤслΥммрπмнлΦ 

ƴ{ǘŀƴŘŀǊŘ ŜǊǊƻǊ ƻŦ ǘƘŜ ƳŜŀƴ 

ƻaŜŀƴ όфр҈ ŎƻƴŬŘŜƴŎŜ ƛƴǘŜǊǾŀƭύ 

 

!ōōǊŜǾƛŀǝƻƴǎΥ  

!hΥ ƎǊƻǳǇ ǿƛǘƘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ .aLΥ ōƻŘȅ Ƴŀǎǎ ƛƴŘŜȄΤ BMILΥ ōƻŘȅ Ƴŀǎǎ ƛƴŘŜȄ ƭƻǎǎ όŘŜŎǊŜŀǎŜ ƛƴ .aLύΤ /hΥ ƎǊƻǳǇ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ 9.aL[Υ ŜȄŎŜǎǎ ōƻŘȅ Ƴŀǎǎ ƛƴŘŜȄ ƭƻǎǎΤ 9²Υ ŜȄŎŜǎǎ ǿŜƛƎƘǘΤ 9²[Υ ŜȄŎŜǎǎ 

ǿŜƛƎƘǘ ƭƻǎǎΤ  CΥ ŦŜƳŀƭŜΤ  C[Υ Ŧŀǘ ƭƻǎǎ όōȅ ōƛƻŜƭŜŎǘǊƛŎŀƭ ƛƳǇŜŘŀƴŎŜ ŀƴŀƭȅǎƛǎύΤ CaΥ Ŧŀǘ ƭŀǎǎΤ hwΥ ƻŘŘǎ ǊŀǝƻΤ h²Υ ƻǾŜǊǿŜƛƎƘǘΤ h.Υ ƻōŜǎƛǘȅΤ {5Υ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴΤ bwΥ ƴƻǘ ǊŜǇƻǊǘŜŘΤ ²Υ ǿŜƛƎƘǘΤ ²[Υ ǿŜƛƎƘǘ ƭƻǎǎ  
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A note on animal models of childhood-onset versus adult-onset obesity 

 

Although animal models have been indispensable for understanding obesity and driving treatment 

development, they have contributed little to distinguishing childhood-onset obesity from adult-onset 

obesity. Nonetheless, evidence from these models aligns with human studies, which show worse insulin 

resistance in adult-onset obesity despite a greater risk of type 2 diabetes in childhood-onset obesity. 

Two studies have investigated how diet-induced obesity initiated at different ages in C57BL/6J 

mice affects glucose homeostasis. Cordoba-Chacon et al. fed male C57Bl/6J mice a high-fat diet from 4 

weeks old (peripubertal-onset) to 20 weeks old or from 12 weeks old (young-adult-onset) to 25 weeks 

old.230 Nishikawa et al. fed both male and female C57Bl/6J mice a high-fat diet for 9 weeks starting at 4 

weeks old (peripubertal-onset) or 52 weeks old (mid-adult-onset).231  

In both studies, adult-onset obesity resulted in greater weight gain compared to peripubertal-onset 

obesity,230,231 although this difference was less pronounced in female mice.231 Nishikawa et al. also 

reported a larger increase in the ratio of fat to body weight in mice with mid-adult-onset obesity compared 

to peripubertal-onset obesity, consistent with findings that C57BL/6J mice are relatively resistant to diet-

induced obesity until 8 weeks of age.232,233 

Despite greater weight gain in mice with adult-onset obesity, their glucose tolerance was either 

better231 or not different230 from those with peripubertal-onset obesity. Insulin tolerance measured over 

120 minutes was also not different between mice with peripubertal- and mid-adult-onset obesity.230 

However, insulin tolerance during the first 60 minutes, a more accurate reflection of whole-body insulin 

sensitivity,234 was impaired in the mice with mid-adult-onset obesity.230 While advancing age could 

theoretically also reduce insulin sensitivity in the mid-adult-onset group, this is rarely observed in 

C57BL/6J mice under these experimental conditions.235  

Worse insulin sensitivity but similar glucose tolerance in mice with adult-onset obesity compared 

to those with peri-pubertal-onset obesity may suggest that type 2 diabetes pathogenesis varies by age of 

obesity onset. Since glucose tolerance reflects both insulin sensitivity and insulin secretion, the absence of 
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a clear difference between onset groups may suggest that ɓ-cell dysfunction is accelerated in mice with 

peri-pubertal onset obesity. However, C57BL/6J mice rarely develop ɓ-cell dysfunction or diabetes on a 

high-fat diet, making them suboptimal for studying diabetes risk.233  

Using the Swiss Webster mouse strain, susceptible to high-fat diet-induced ɓ-cell dysfunction and 

diabetes, Glavas et al. confirmed that despite greater insulin resistance in male mice with adult-onset 

obesity, those with peri-pubertal onset obesity have a greater incidence and earlier onset of diabetes.236 

Female Swiss Webster mice did not develop diabetes even into old age, regardless of the age of obesity 

onset. However, adult-onset obesity in these female mice was associated with hepatic steatosis and 

gonadal white adipose tissue fibrosis.236 

Mechanistic studies and detailed examinations of adipose tissue biology in animal models should 

aim to uncover the underlying biological processes, such as inflammatory pathways, lipid handling, and 

cellular aging, that contribute to the distinct metabolic risk in childhood-onset and adult-onset obesity.  

Large animal models, such as sheep and pigs, which more closely approximate human 

physiology, have been developed for studying childhood-onset obesity.237ï239 However, comparative 

studies including large animals with adult-onset obesity are lacking. These models hold significant 

potential for bridging the gap between rodent studies and clinical applications.233 

Moving forward, refining animal models to better capture the complexities of childhood-onset 

and adult-onset obesity will be essential. This includes carefully aligning the timing of high-fat or 

cafeteria-style feeding with developmental stages that parallel human life240 and considering genetic 

diversity, sex, and strain in experimental designs.233 These refinements will enhance the translational 

value of animal studies, addressing key gaps in our understanding of how childhood-onset and adult-onset 

obesity shape long-term metabolic health and facilitating the development of tailored treatments.  
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Rationale, objectives, and hypotheses                                                                

 

People with childhood-onset obesity have a greater risk of type 2 diabetes than people 

with adult-onset obesity. However, we do not understand the mechanisms contributing to this 

disease risk discrepancy or whether these mechanisms can be reversed. A decline in 

subcutaneous adipose tissue (SAT) function (i.e., the ability to safely store lipids and regulate 

adipokine production) is linked to type 2 diabetes and may therefore occur differently in people 

with childhood-onset and adult-onset obesity. Comparing markers of SAT dysfunction between 

people with childhood-onset and adult-onset obesity, before the onset of comorbidities, could 

help identify potential targets for tailored treatment strategies. Additionally, examining how 

these markers change after a conventional diet and exercise intervention will provide preliminary 

evidence on whether weight loss alone can modify SAT dysfunction in each group or if 

alternative strategies should be considered. 

The overarching objective of this study was to compare markers of regional SAT 

(dys)function and cardiometabolic characteristics between people with childhood-onset and 

adult-onset obesity before and after moderate (~10% weight loss). 

The primary objectives of the present dissertation were as follows: 

Original article 1 

¶ To examine the effect of age of obesity onset (childhood-onset vs. adult-onset), sex, and 

their interaction on abdominal and femoral SAT morphology (degree of adipocyte 

hyperplasia or hypertrophy). 

Original article 2 
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¶ To examine the effect of age of obesity onset (childhood-onset vs. adult-onset) on 

senescence markers in abdominal and femoral SAT before and after moderate (~10%) 

weight loss. 

Original article 3 

¶ To examine the effect of age of obesity onset (childhood-onset vs. adult-onset) on 

abdominal and femoral SAT immune cells (macrophage and T-cell populations) before 

and after moderate (~10%) weight loss. 

We hypothesized the following: 

Original article 1 

¶ Compared to males and females with adult-onset obesity, those with childhood-onset 

obesity will have hyperplastic abdominal and femoral SAT. 

Original article 2 

¶ Compared to people with adult-onset obesity, those with childhood-onset obesity will 

have more cells with senescence markers in abdominal and femoral SAT at baseline. 

¶ Compared to people with adult-onset obesity, those with childhood-onset obesity will 

have a blunted decrease in these senescence markers after moderate (~10%) weight loss. 

Original article 3 

¶ Compared to people with adult-onset obesity, those with childhood-onset obesity will 

have a greater proportion of M1-like, proinflammatory macrophages and cytotoxic T 

cells in abdominal and femoral SAT at baseline. 

¶ Compared to people with adult-onset obesity, those with childhood-onset obesity will 

have a blunted decrease in these immune cells after moderate (~10%) weight loss. 
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Bridge 1  

 

In original article 1, we open this dissertation by investigating the longstanding notion 

that subcutaneous adipose tissue is hyperplastic in childhood-onset obesity and hypertrophic in 

adult-onset obesity. Given that hyperplastic SAT is considered metabolically protective, this 

notion does not align with the increased risk of type 2 diabetes associated with childhood-onset 

obesity.  
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Original article 1.                                                                                                                          

Age of obesity onset affects subcutaneous adipose tissue cellularity differently in the 

abdominal and femoral region 

 

 

¶ Presented as published (Editorsô choice article):  

 

Murphy J, Dera A, Morais JA, Tsoukas MA, Khor N, Sazonova T, Guimar«es Almeida L, 

Cooke AB, Daskalopoulou SS, Tam BT, Santosa S. Age of obesity onset affects 

subcutaneous adipose tissue cellularity differently in the abdominal and femoral region. 

Obesity. 2024 Aug;32(8):1508ï17. DOI: 10.1002/oby.24059 

 

Abstract   

Objective: We aimed to examine the effect of age of obesity onset, sex, and their interaction on 

abdominal and femoral subcutaneous adipose tissue (SAT) morphology (degree of adipocyte 

hyperplasia or hypertrophy).  

Methods: In this cross-sectional study, we isolated adipocytes via collagenase digestion from 

abdominal and femoral SAT biopsies taken from male and female adults with childhood-onset 

obesity (CO; n = 8 males, n = 16 females) or adult-onset obesity (AO; n = 8 males, n = 13 

females). Regional body composition was measured with dual-energy x-ray absorptiometry and a 

single-slice abdominal computed tomography scan. Mean adipocyte size was measured in 

abdominal and femoral SAT and was used to quantify morphology in android and gynoid 

subcutaneous fat, respectively.  

Results: Abdominal SAT morphology was more hyperplastic in females with CO than females 

with AO (p = 0.004) but did not differ between males with CO and males with AO (p = 0.996). 

Conversely, femoral SAT morphology was more hypertrophic in males and females with CO 

than those with AO.  

https://onlinelibrary.wiley.com/doi/10.1002/oby.24059
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Conclusions: Age of obesity onset appears to affect SAT morphology differently in the 

abdominal and femoral regions of male and female adults. Our findings challenge the notion that 

SAT is uniformly hyperplastic in CO and hypertrophic in AO. 

Introduction 

In the 1970s, a paradigm arose that equated childhood-onset obesity (CO) with 

hyperplastic obesity (many small adipocytes) and adult-onset obesity (AO) with hypertrophic 

obesity (fewer large adipocytes). However, the studies that shaped this paradigm had 

limitations.56ï60 They measured adipocyte size in one or multiple adipose tissue regions, which 

often varied among participants, and then divided total fat mass by average adipocyte size to 

estimate total adipocyte number. Because adipocyte size can vary largely among regions,59 and 

adipose tissue is not evenly distributed throughout the body, this approach can over- or 

underestimate total adipocyte number. Moreover, it cannot determine whether the degree of 

hypertrophy or hyperplasia varies across adipose tissue regions.  

Since the 1970s, additional evidence has accumulated questioning the rigidity of the 

cellularity-based classification of CO and AO. Hyperplastic adipose tissue is considered 

metabolically protective, and hypertrophic adipose tissue is considered metabolically harmful73; 

however, cardiometabolic risk is greater in CO than AO.167 Could this paradox mean that 

hyperplasia is not always benign or that AO is not always hypertrophic? Weight gain studies in 

lean adults have supported both possibilities. Contrary to the longstanding belief that adipocyte 

number is established in childhood, adults can accumulate adipose tissue through 

hyperplasia,69,241,242 which, in turn, can associate with poor metabolic health.243  

Nevertheless, the labeling of CO as hyperplastic and AO as hypertrophic has only 

recently been challenged. Overcoming the limitations of earlier studies, Arner et al. measured 
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adipocyte size in abdominal subcutaneous adipose tissue (SAT) and computed adipocyte number 

in dual-energy x-ray absorptiometry (DXA)-estimated abdominal subcutaneous fat, not total 

body fat.70 They concluded that the degree of abdominal SAT hypertrophy or hyperplasia does 

not differ between people with CO and AO.70 This novel contribution to the literature stemmed 

from a secondary analysis that classified CO and AO based on recalled body weight at age 18 

years. The groups differed in age, adiposity, and health status, and the group with CO gained 

more weight per year during adulthood than the group with AO. Also, the generalizability of the 

findings to other adipose tissue regions remains unknown.  

In the present study, we aimed to assess the effect of age of obesity onset (CO vs. AO), 

sex, and their interaction on abdominal and femoral SAT cellularity. We also explored how the 

degree of hypertrophy or hyperplasia in abdominal and femoral SAT relates to cardiometabolic 

risk factors, stratified by age of obesity onset and sex.  

Methods 

Participants and procedures  

Between April 1, 2016, and November 30, 2019, we recruited healthy adults from 

Montr®al, Qu®bec, Canada, to participate in a study investigating adipose tissue characteristics in 

CO and AO. Eligibility criteria were as follows: obesity onset either pre- or peri-puberty (CO) or 

after the age of 18 years (AO); age between 25 and 40 years; body mass index (BMI) Ó 30 kg/m2 

and < 40 kg/m2; sedentary or lightly active lifestyle; weight stability (Ñ2 kg) for at least 2 

months; no use of nicotine-containing products; and no medication use (e.g., antidepressants, 

antihypertensives), surgeries (e.g., gastric bypass), or past or current medical conditions that 

could affect metabolism or the ability to complete the study. Females who were menopausal, 

pregnant, or breastfeeding were also ineligible. Participants provided photographic proof of body 
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size around puberty (age ~10ï14 years for females, age ~12ï15 years for males) and verified 

their body size at different ages using the Collins Childhood Body Rating Scales35 and the 

Stunkard Body Rating Scale.31 Ethical approval was obtained from the Concordia University 

Human Research Ethics Committee. All participants provided written informed consent.    

Study procedures occurred after a 12-h fast and included measurements of body 

composition and arterial stiffness, a blood draw, and an abdominal (lateral periumbilical region) 

and femoral (lateral upper thigh) SAT biopsy. The biopsy procedure has been previously 

described.244 

Body composition  

Total, android, and gynoid fat mass (detailed elsewhere245) were assessed using DXA 

(Lunar Prodigy Advance, GE HealthCare, Madison, Wisconsin) with Encore Software (version 

14.10, GE HealthCare). The android region ( waist) extends upward from the pelvis cut by 20% 

of the distance between the pelvis and neck cuts.245 The upper boundary of the gynoid region 

(hips/upper thighs) is below the pelvis cut by 1.5 times the height of the android region. The 

height of the gynoid region is two times the height of the android region.  

SAT and visceral adipose tissue (VAT) were quantified from an L2ïL3 single-slice (10 

mm) computed tomography (Revolution Evo, GE Medical Systems, Inc., Milwaukee, 

Wisconsin) image using sliceOmatic Software (version 5.0, TomoVision, Montr®al, Qu®bec). 

The ratios of SAT to total adipose tissue and VAT to total adipose tissue were multiplied by the 

DXA android fat region to compute android SAT and VAT quantities, respectively.91 

Cardiometabolic risk factors  

Serum concentrations of glucose, triglycerides, total cholesterol, and high-density 

lipoprotein (HDL) cholesterol were measured at the McGill University Health Centre central 
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laboratory in Montr®al using standard procedures.91 Low-density lipoprotein (LDL) cholesterol 

was calculated using the Friedewald equation.246 Plasma insulin concentration was measured by 

enzyme-linked immunosorbent assay (ELISA; R&D Systems, Toronto, Ontario), and the 

homeostatic model assessment for insulin resistance (HOMA-IR) was computed as follows: 

(glucose in millimoles per liter insulin in picomoles per liter)/135.247 To assess arterial stiffness, 

we measured carotid-femoral pulse wave velocity using applanation tonometry (SphygmoCor, 

ATCOR Medical, Sydney, Australia) as previously described.248  

Adipokines  

Plasma concentrations of leptin, adiponectin, interleukin (IL)-8 (R&D Systems), and IL-6 

(Abcam, Cambridge, UK) were measured by ELISA. Plasminogen activator inhibitor-1 (PAI-1), 

monocyte chemoattractant protein-1 (MCP-1), and resistin were measured using a Human 

ProcartaPlex Simplex Kit (Invitrogen, Thermo Fisher Scientific Inc., Waltham, Massachusetts). 

Adiponectin is an anti-inflammatory, insulin-sensitizing adipokine, whereas the other selected 

adipokines are proinflammatory and implicated in cardiometabolic risk.249ï251     

Regional SAT cellularity  

Adipocytes were isolated from approximately 1 g of abdominal and femoral SAT by collagenase 

digestion and then imaged using phase contrast microscopy (Motic AE2000 TRI, Motic 

[Xiamen] Electric Group Co., Ltd., Xiamen, China), as previously described.252 Consistent with 

the literature, the areas of 100 random adipocytes were measured (FIJI software253) and 

converted to volumes assuming a spherical shape. Mean adipocyte mass was calculated from 

mean adipocyte volume using a density of 0.915 g/mL (triolein).254 Adipocyte number in each 

region was determined by dividing subcutaneous android and gynoid fat mass by mean 

abdominal and femoral adipocyte mass, respectively. We computed the abdominal and femoral 
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SAT morphology index developed by Arner et al.255 based on the relationship between mean 

adipocyte volume and regional fat mass derived by Spalding et al.67: mean adipocyte volume (in 

picoliters [pL]) = a regional fat mass (in kilograms)/(1 + [b regional fat mass (in kilograms)]). To 

do so, we fit our data to the equation using PROC NLIN in SAS version 9.4 (SAS Institute, Inc., 

Cary, North Carolina). We then computed the morphology index for each participant as the 

difference between actual and predicted mean adipocyte volume. Therefore, a positive 

morphology value indicates hypertrophic SAT, and a negative morphology value indicates 

hyperplastic SAT, relative to the predicted morphology for a given fat mass.  

Statistical analyses  

Two-way ANOVA was used to test the effects of obesity onset, sex, and their interaction 

on participant characteristics, adipokine concentrations, and regional adipose tissue cellularity 

(adipocyte size, adipocyte number, and morphology). When the interaction was statistically 

significant, group differences were tested with Tukey post-hoc tests. The normality of residuals 

for each model was assessed using the ShapiroïWilk test and visual inspection. Dependent 

variables were natural log-transformed when necessary. When the homogeneity of variances 

assumption was violated, as per Leveneôs test and visual inspection, robust standard errors were 

used. Results are presented as least-squares means and 95% confidence intervals (CI).  

Because adiposity can influence adipocyte size and number,254,256 we considered regional 

fat mass (android and gynoid subcutaneous fat as appropriate) as a potential covariate in our 

ANOVA for adipocyte size and number. Of note, the morphology index is independent of 

regional fat mass. We therefore examined the relationships (Pearson correlation) between 

regional fat mass and adipocyte size and number. We considered it necessary to adjust for 

regional fat mass when it differed among our groups and was linearly related to our outcome 
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(i.e., it met the criteria for a confounder) or when it improved the model R2. Before including the 

covariate in the model, we verified that regression slopes were similar across groups by testing 

the interaction between group and the covariate.  

Spearman rho (ɟ) correlation was used to assess the relationships between the regional 

SAT morphology indexes and cardiometabolic variables by sex and obesity onset. Missing data 

were dealt with by pairwise deletion. All analyses were conducted using SAS version 9.4. 

Statistical significance was set at p < 0.05.  

Results 

Participant characteristics  

Figure S1 shows the participant flow diagram. Our final sample consisted of 8 males and 

16 females with CO and 8 males and 13 females with AO. Body fat percentage was highest in 

females with CO and AO, intermediate in males with CO, and lowest in males with AO (Table 

1). Regardless of obesity onset, males had more visceral fat than females. Compared with the 

other three groups, males with AO had less total and android subcutaneous fat. Although the four 

groups were similar in most cardiometabolic risk factors, HOMA-IR was higher in participants 

with CO than those with AO across sexes.  

Group differences in leptin concentrations paralleled those for body fat percentage (Table 

2). Regardless of obesity onset, IL-8 was higher and resistin lower in males than females. All 

other adipokine concentrations were similar among groups.  
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¢ŀōƭŜ мΦ 5ŜƳƻƎǊŀǇƘƛŎ ŀƴŘ ŎƭƛƴƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ōȅ ǎŜȄ ŀƴŘ ƻōŜǎƛǘȅ ƻƴǎŜǘ 

Characteristic 

Females Males 
Effect, p value 

Childhood-onset 

Obesity  

(n = 16) 

Adult-onset 

 Obesity  

(n = 13) 

Childhood-onset 

Obesity  

(n = 8) 

Adult-onset 

 Obesity  

(n = 8) 

Obesity 

Onset 
Sex 

Obesity 

Onset  

x Sex 
Age (years) 30.5 (28.6, 32.4) 30.9 (28.8, 33.1) 30.5 (27.8, 33.2) 30.3 (27.5, 33.0) 0.943 0.780 0.780 

Body Mass Index (kg/m2) 33.6 (32.2, 35.1) 34.2 (32.6, 37.8)      35.9 (33.9, 37.9)
  

    30.8 (28.8, 32.8)d,e 

 
0.015 0.509 0.003 

Lean Body Mass (kg)a
 

 

46.6 (44.1, 49.2) 48.2 (45.5, 50.9) 62.7 (54.3, 71.0) 63.4 (57.8, 69.0) 0.669 <0.001 0.869 

Total Body Fat (kg) 40.4 (37.1, 43.8) 42.7 (39.0, 46.3) 43.1 (38.4, 47.8)     32.9 (28.2, 37.6)d,e 

 
0.062 0.093 0.005 

Total Body Fat (%) 45.0 (43.0, 47.0) 45.4 (43.3, 47.6)      39.6 (36.9, 42.4)c,d  

  
    33.1 (30.3, 35.9)c-e 

  
0.016 <0.001 0.006 

Android Visceral Fat (kg) 0.75 (0.53, 0.98) 0.83 (0.57, 1.07) 1.51 (1.19, 1.82) 1.66 (1.34, 1.98) 0.432 <.0.001 0.744 

Android Subcutaneous Fat 

(kg) 

2.9 (2.6, 3.2) 2.8 (2.5, 3.2) 3.1 (2.7, 3.5)         1.8 (1.4, 2.2)c-e 

  
<0.001 0.038 0.001 

Gynoid Fat (kg) 7.3 (6.5, 8.0) 8.0 (7.2, 8.8)         6.5 (5.5, 7.5)
  

5.0 (4.0, 6.1)c-e 
  0.392 <0.001 0.019 

Log HOMA-IRa,b 

 

2.1 (1.5, 2.8) 1.9 (1.7, 2.1) 2.2 (1.7, 2.8) 1.4 (1.1, 1.7) 0.027 0.415 0.214 

Log Triglycerides(mmol/L)b
 

 

0.05 (-0.19, 0.28) 0.10 (-0.16, 0.36) 0.38 (0.05, 0.71) 0.43 (0.10, 0.76) 0.733 0.027 0.981 

HDL Cholesterol (mmol/L) 1.3 (1.2, 1.5) 1.2 (1.1, 1.4) 1.2 (1.0, 1.4) 1.1 (0.9, 1.3) 0.268 0.059 0.893 

LDL Cholesterol (mmol/L) 2.7 (2.3, 3.1) 2.6 (2.2, 3.1) 2.8 (2.3, 3.4) 2.7 (2.1, 3.2) 0.684 0.750 0.848 

Total/HDL Cholesterol 3.5 (3.0, 4.0) 3.7 (3.2, 4.3) 4.3 (3.6, 5.0) 4.2 (3.5, 4.9) 0.926 0.052 0.628 

cfPWV (m/s) 7.2 (6.7, 7.6) 7.2 (6.7, 7.8) 7.5 (6.8, 8.3)  7.6 (6.7, 7.8) 0.862 0.269 0.896 
 

Results are least-squares means (95% CI). For females with CO, n = 14 for HOMA-IR. For males with CO, n = 7 for HOMA-IR and cfPWV. 

When the obesity onset x sex interaction was statistically significant (p < 0.05), groups were compared with Tukey post-hoc tests (all P < 0.05): 
aRobust standard errors used due to unequal variances. 
bNatural log-transformed. 
cDifferent from females with CO, p < 0.05. 
dDifferent from females with AO, p < 0.05. 
eDifferent from males with CO, p < 0.05 

 

Abbreviations: 
cfPWV = carotid-femoral pulse wave velocity; HDL = high-density lipoprotein; HOMA-IR = homeostatic model assessment of insulin resistance;  
LDL = low-density lipoprotein 

 



88 
 

¢ŀōƭŜ нΦ !ŘƛǇƻƪƛƴŜ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ōȅ ǎŜȄ ŀƴŘ ƻōŜǎƛǘȅ ƻƴǎŜǘ 

/ƘŀǊŀŎǘŜǊƛǎǝŎ 

CŜƳŀƭŜǎ aŀƭŜǎ 
9ũŜŎǘΣ t 

/ƘƛƭŘƘƻƻŘπƻƴǎŜǘ  
hōŜǎƛǘȅ  
όƴ Ґ мсύ 

!ŘǳƭǘπƻƴǎŜǘ 
hōŜǎƛǘȅ  
όƴ Ґ моύ 

/ƘƛƭŘƘƻƻŘπƻƴǎŜǘ 
hōŜǎƛǘȅ  
όƴ Ґ уύ 

!ŘǳƭǘπhƴǎŜǘ 
hōŜǎƛǘȅ 
όƴ Ґ уύ 

hōŜǎƛǘȅ 
hƴǎŜǘ 

{ŜȄ 
hōŜǎƛǘȅ 
hƴǎŜǘ 
 Ȅ {ŜȄ 

[ƻƎ [ŜǇǝƴόǇƎκƳ[ύŀΣō 

 
млΦф όмлΦуΣ ммΦмύ ммΦл όмлΦуΣ ммΦмύ     млΦо όмлΦмΣ млΦрύŎΣŘ  

 
        фΦс όфΦнΣ млΦлύŎπŜ 

 
лΦллф ғлΦллм лΦллп 

!ŘƛǇƻƴŜŎǝƴ όҡƎκƳ[ύ  пΦф όпΦлΣ рΦтύ пΦо όоΦпΣ рΦоύ пΦн όнΦфΣ рΦрύ оΦо όмΦфΣ пΦтύ лΦнлу лΦмнс лΦтпс 

[ƻƎ L[πс όǇƎκƳ[ύō 

  
мΦр όмΦнΣ мΦуύ мΦо όмΦлΣ мΦсύ мΦл όлΦсΣ мΦрύ мΦо όлΦуΣ мΦтύ лΦумр лΦмсл лΦнтф 

[ƻƎ L[πу όǇƎκƳ[ύō 

  
мΦн όмΦлΣ мΦпύ мΦн όмΦлΣ мΦпύ мΦр όмΦнΣ мΦуύ мΦс όмΦоΣ мΦуύ лΦсун лΦллт лΦстн 

[ƻƎ t!Lπм όǇƎκƳ[ύō 

 
уΦф όуΦсΣ фΦоύ уΦф όуΦрΣ фΦоύ фΦн όуΦтΣ фΦтύ уΦф όуΦпΣ фΦрύ лΦпнт лΦпмн лΦслс 

[ƻƎ a/tπм όǇƎκƳ[ύō 

 
пΦс όпΦпΣ пΦфύ пΦу όпΦсΣ рΦмύ пΦт όпΦпΣ рΦлύ рΦл όпΦтΣ рΦоύ лΦлсн лΦптс лΦсфс 

wŜǎƛǎǝƴ όƴƎκƳ[ύ рΦт όоΦуΣ тΦтύ тΦм όпΦфΣ фΦнύ пΦм όмΦпΣ сΦуύ оΦп όлΦсΣ сΦмύ лΦтфс лΦлом лΦофо 
 

Results are least-squares means (95% CI). For males with CO, n = 7 for leptin, adiponectin, IL-6, and IL-8. For males with AO, n = 6 for adiponectin. 

When the obesity onset x sex interaction was statistically significant (p < 0.05), groups were compared with Tukey post-hoc tests.  
aRobust standard errors used due to unequal variances. 
bNatural log-transformed. 
cDifferent from females with CO, p < 0.05. 
dDifferent from females with AO, p < 0.05. 
eDifferent from males with CO, p < 0.05 

 

!ōōǊŜǾƛŀǝƻƴǎΥ 
 L[ Ґ ƛƴǘŜǊƭŜǳƪƛƴΤ a/tπм Ґ ƳƻƴƻŎȅǘŜ ŎƘŜƳƻŀǧǊŀŎǘŀƴǘ ǇǊƻǘŜƛƴπмΤ t!Lπм Ґ ǇƭŀǎƳƛƴƻƎŜƴ ŀŎǝǾŀǘƻǊ ƛƴƘƛōƛǘƻǊπм 
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Regional SAT cellularity  

Figure 1 shows the relationships between regional fat mass and mean adipocyte size used to 

compute the morphology indexes. Of note, because the best fit line was flat in the abdominal 

region, the morphology index was equivalent to adipocyte volume but on a different scale 

reflecting relative hypertrophy (positive value) or hyperplasia (negative value).  

Because our groups differed in adiposity, we needed to determine whether regional fat 

mass should be included as a covariate in our models assessing the effects of obesity onset, sex, 

and their interaction on adipocyte volume and number. To do so, we assessed the linear 

relationships between regional fat mass and adipocyte volume and number. In both regions, fat 

mass was not associated with adipocyte volume (Figure S2). Moreover, adding regional fat mass 

to the models predicting adipocyte volume did not improve the model R2. Android subcutaneous 

fat mass associated with abdominal adipocyte number (r = 0.53; p < 0.001), but gynoid fat mass 

did not associate with femoral adipocyte number. For models predicting both abdominal and 

femoral adipocyte number, the R2 improved when regional fat mass was added as a covariate. 

For consistency, we displayed the unadjusted and adjusted analyses for abdominal and femoral 

adipocyte size and number. However, we based our interpretation on the unadjusted models for 

adipocyte size and adjusted models for adipocyte number. For illustrative purposes, we also 

correlated all SAT cellularity outcomes with BMI and percent body fat (Figures S3 and S4). 

Only abdominal adipocyte number correlated with percent body fat (r = 0.39; p = 0.008).  
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CƛƎǳǊŜ мΦ ¢ƘŜ ǊŜƭŀǝƻƴǎƘƛǇǎ ōŜǘǿŜŜƴ ǊŜƎƛƻƴŀƭ Ŧŀǘ Ƴŀǎǎ ŀƴŘ ƳŜŀƴ ŀŘƛǇƻŎȅǘŜ ǎƛȊŜ  
!h Ґ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅ 

 

Table 3 shows the abdominal and femoral SAT cellularity results by sex and obesity 

onset. Mean abdominal adipocyte volume was lower in females with CO than females with AO 

(p = 0.004) but did not differ between males with CO and males with AO (p = 0.996). 

Abdominal adipocyte number was greater in participants with CO than those with AO across 
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sexes with (p < 0.001) and without (p = 0.034) adjusting for android subcutaneous fat mass. 

Abdominal SAT morphology was more hyperplastic (less hypertrophic) in females with CO than 

females with AO (p = 0.004) but did not differ between males with CO and males with AO (p = 

0.996). Both males with CO and AO had an abdominal SAT morphology that was relatively 

hypertrophic (morphology index > 0) on average. Femoral adipocyte volume was lower in males 

with AO than males with CO (p = 0.027) but did not differ between females with CO and 

females with AO (p = 0.981). Femoral adipocyte number was greater in participants with AO 

than those with CO across sexes (p = 0.030), but this difference only persisted in males (p = 

0.027) when adjusting for gynoid fat mass. Femoral SAT morphology was more hyperplastic 

(less hypertrophic) in participants with AO than those with CO across sexes (p = 0.024).  
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¢ŀōƭŜ оΦ !ōŘƻƳƛƴŀƭ ŀƴŘ ŦŜƳƻǊŀƭ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ŎŜƭƭǳƭŀǊƛǘȅ ōȅ ǎŜȄ ŀƴŘ ƻōŜǎƛǘȅ ƻƴǎŜǘ 

 

CŜƳŀƭŜ aŀƭŜ 
9ũŜŎǘΣ Ǉ ǾŀƭǳŜ 

/ƘƛƭŘƘƻƻŘπƻƴǎŜǘ 
hōŜǎƛǘȅ  
όƴ Ґ мсύ 

!ŘǳƭǘπƻƴǎŜǘ 
 hōŜǎƛǘȅ 
 όƴ Ґ моύ 

/ƘƛƭŘƘƻƻŘπƻƴǎŜǘ 
hōŜǎƛǘȅ 
 όƴ Ґ уύ 

!ŘǳƭǘπƻƴǎŜǘ 
hōŜǎƛǘȅ 
όƴ Ґ уύ 

hōŜǎƛǘȅ 
hƴǎŜǘ 

{ŜȄ 
hōŜǎƛǘȅ 
hƴǎŜǘ  
Ȅ {ŜȄ 

!ōŘƻƳƛƴŀƭ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ŎŜƭƭǳƭŀǊƛǘȅ 

aŜŀƴ ŀŘƛǇƻŎȅǘŜ ǾƻƭǳƳŜ όǇ[ύ стф όпфмΣ усуύ   ммут όфтуΣ мофсύŘ млрм όтупΣ момтύ млмл όтпоΣ мнтсύ лΦлрн лΦплф лΦлно 

aŜŀƴ ŀŘƛǇƻŎȅǘŜ ǾƻƭǳƳŜ όǇ[ύŀ сун όпууΣ утсύ ммуф όфтсΣ мплнύŘ млрф όттсΣ мопнύ ффн όссоΣ монмύ лΦммт лΦптс лΦлоф 

!ŘƛǇƻŎȅǘŜ ƴǳƳōŜǊ όȄмлфύō рΦл όпΦлΣ сΦпύ нΦт όнΦмΣ оΦрύ оΦр όнΦрΣ пΦфύ нΦл όмΦпΣ нΦуύ ғлΦллм лΦлоп лΦуон 

!ŘƛǇƻŎȅǘŜ ƴǳƳōŜǊ όȄмлфύŀΣō пΦт όоΦуΣ рΦфύ нΦс όнΦлΣ оΦоύ оΦл όнΦнΣ пΦнύ нΦу όмΦфΣ пΦмύ лΦлоп лΦнлл лΦлфп 

aƻǊǇƘƻƭƻƎȅ ƛƴŘŜȄ όǇ[ύ πнтн όπпслΣ πуоύ нос όнтΣ ппрύŘ млл όπмстΣ остύ рф όπнлуΣ онрύ лΦлрн лΦплф лΦлно 

CŜƳƻǊŀƭ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ŎŜƭƭǳƭŀǊƛǘȅ 

aŜŀƴ ŀŘƛǇƻŎȅǘŜ ǾƻƭǳƳŜ όǇ[ύ фрф όтрфΣ ммруύ флн όсумΣ ммноύ млфт όумрΣ мотфύ рмт όнорΣ тффύŜ лΦлмп лΦонм лΦлпл 

aŜŀƴ ŀŘƛǇƻŎȅǘŜ ǾƻƭǳƳŜ όǇ[ύŎ фрр όтрмΣ ммрфύ уфл όспуΣ ммомύ ммлм όумпΣ моуфύ роф όнлфΣ утлύ лΦлмт лΦпфр лΦлтл 

!ŘƛǇƻŎȅǘŜ ƴǳƳōŜǊ όȄмлфύō фΦл όсΦуΣ ммΦуύ млΦп όтΦтΣ мпΦмύ сΦф όпΦтΣ млΦмύ мнΦт όуΦсΣ муΦсύ лΦлол лΦупо лΦмтт 

!ŘƛǇƻŎȅǘŜ ƴǳƳōŜǊ όȄмлфύōΣŎ уΦс όсΦсΣ ммΦнύ фΦм όсΦтΣ мнΦрύ тΦо όрΦлΣ млΦрύ мсΦм όмлΦрΣ нпΦтύŜ лΦлмн лΦомл лΦлоу 

aƻǊǇƘƻƭƻƎȅ ƛƴŘŜȄ όǇ[ύ рл όπмрмΣ нрлύ  πпн όπнспΣ мумύ ннт όπрсΣ моύ πнсн όπрпсΣ нмύ лΦлнп лΦусп лΦммс 

 

wŜǎǳƭǘǎ ŀǊŜ ƭŜŀǎǘπǎǉǳŀǊŜǎ ƳŜŀƴǎ όфр҈ /LύΦ ²ƘŜƴ ǘƘŜ ƻōŜǎƛǘȅ ƻƴǎŜǘ Ȅ ǎŜȄ ƛƴǘŜǊŀŎǝƻƴ ǿŀǎ ǎǘŀǝǎǝŎŀƭƭȅ ǎƛƎƴƛŬŎŀƴǘ όǇ ғ лΦлрύΣ ƎǊƻǳǇǎ ǿŜǊŜ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ¢ǳƪŜȅ ǇƻǎǘπƘƻŎ ǘŜǎǘǎ  
ŀ!ŘƧǳǎǘŜŘ ŦƻǊ ŀƴŘǊƻƛŘ ǎǳōŎǳǘŀƴŜƻǳǎ Ŧŀǘ ƳŀǎǎΦ 
ōbŀǘǳǊŀƭ ƭƻƎπǘǊŀƴǎŦƻǊƳŜŘ ǇǊƛƻǊ ǘƻ ŀƴŀƭȅǎƛǎ ōǳǘ ǊŜǎǳƭǘǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ŀǎ ōŀŎƪπǘǊŀƴǎŦƻǊƳŜŘ ǾŀƭǳŜǎΦ 
Ŏ!ŘƧǳǎǘŜŘ ŦƻǊ ƎȅƴƻƛŘ Ŧŀǘ ƳŀǎǎΦ 
Ř5ƛũŜǊŜƴǘ ŦǊƻƳ ŦŜƳŀƭŜǎ ǿƛǘƘ /hΣ Ǉ ғ лΦлрΦ 
Ŝ5ƛũŜǊŜƴǘ ŦƻǊƳ ƳŀƭŜǎ ǿƛǘƘ /hΣ Ǉ ғ лΦлрΦ  
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Relationships between regional SAT cellularity and cardiometabolic variables  

Table S1 shows the correlations between regional SAT morphology and cardiometabolic 

variables by group. In females with CO, abdominal SAT hypertrophy correlated with MCP-1 (ɟ 

= 0.54; p = 0.033), while femoral SAT morphology did not correlate with any cardiometabolic 

variables. In females with AO, both abdominal and femoral SAT hyperplasia correlated with 

resistin (ɟ = 0.62; p = 0.025 and ɟ = 0.78; p = 0.002, respectively). Femoral SAT hyperplasia 

also correlated with PAI-1 (ɟ = 0.59; p = 0.033) and arterial stiffness (ɟ = 0.59; p = 0.033). 

Femoral SAT hypertrophy, on the other hand, correlated with triglycerides (ɟ = 0.61; p = 0.028). 

In males with CO, abdominal SAT morphology did not correlate with any cardiometabolic 

variables. Femoral SAT hyperplasia correlated with android VAT (ɟ = 0.74; p = 0.037) and the 

total-to-HDL-cholesterol ratio (ɟ = 0.76; p = 0.028). In males with AO, abdominal SAT 

morphology did not correlate with any cardiometabolic variables, while femoral SAT 

hyperplasia correlated negatively with HDL cholesterol (ɟ = 0.81; p = 0.015).  

Discussion 

We sought to investigate the longstanding notion that hyperplastic SAT is a feature of CO 

and that hypertrophic SAT is a feature of AO. Our findings were distinct in abdominal and 

femoral SAT. Abdominal SAT morphology was hyperplastic in females with CO compared with 

females with AO but did not significantly differ between males with CO and males with AO. 

Conversely, femoral SAT morphology was hyperplastic in both males and females with AO 

compared with those with CO.  

Our study was, in part, motivated by the methodological limitations of the 1970s studies 

that shaped the paradigm equating CO with hyperplastic obesity and AO with hypertrophic 

obesity.56ï60 These studies could not delineate which adipose tissue regions drove their findings 
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because they lacked the technology to measure regional fat mass. The recent study by Arner et 

al. overcame this limitation using DXA-estimated android SAT and concluded that abdominal 

SAT morphology does not vary by age of obesity onset.70 We enhanced their approach by 

directly measuring abdominal SAT with the gold standard, computed tomography, but concluded 

the opposite in females. Our studies differed in other important ways, which may explain the 

conflicting results. The study by Arner et al. classified overweight/obesity onset based on 

recalled body weight at age 18 years.70 In contrast, we defined CO as obesity acquired pre- or 

peri-puberty, a sensitive period for body fat accrual, and we verified the age of obesity onset with 

photographic evidence and body rating scales. Moreover, we employed narrow inclusion criteria 

that resulted in groups well-matched for potential confounders, including age and health status.  

Collectively, findings from prospective studies align with the greater abdominal SAT 

hypertrophy in our females with AO and the greater femoral SAT hyperplasia in our males and 

females with AO compared with their counterparts with CO. A longitudinal study found that 

children with obesity enter adulthood with greater gluteal adipocyte size and number than lean 

children.54 Based on cross-sectional studies comparing lean adults with those with obesity,56,60,257 

we anticipate this finding to be consistent across SAT regions. To our knowledge, no studies 

have examined how continued weight gain in adults with CO affects SAT cellularity. However, 

an overfeeding study showed that lean adults gained SAT primarily through hypertrophy in the 

abdominal region and hyperplasia in the femoral region.241 This study also showed that baseline 

adipocyte size determined how adipose tissue expanded. Femoral SAT hyperplasia occurred at 

lower baseline femoral adipocyte sizes in males than females, and abdominal SAT hyperplasia 

occurred only in females with large baseline abdominal adipocytes.241 A longitudinal study 



95 
 

confirmed that, in lean female adults, abdominal adipocytes increase in both size and number 

after an 18% body weight gain over 10 years.69  

Our study was also spurred by the conflicting concept that hyperplastic SAT is 

considered both a feature of CO56ï60 and metabolic health73; however, CO increases type 2 

diabetes risk compared with AO.167 By design, we studied young adults without any 

comorbidities, but those with CO still had higher HOMA-IR than those with AO. Given that 

excess adipose tissue is the first prerequisite for obesity, studying SAT expansion mechanisms 

via cellularity is a way to capture initial abnormalities that may, in turn, contribute to adipose 

tissue dysfunction and eventual disease risk. In our study, circulating adipokines and 

cardiometabolic risk factors did not consistently correlate with SAT hypertrophy or hyperplasia 

in any group. Because this analysis was exploratory, the correlations should be interpreted with 

caution. It is possible that studying participants with more variability in cardiometabolic risk 

factors would have captured more consistent correlations with SAT morphology. Nevertheless, 

we can draw from the current literature to understand how the distinct SAT cellularity profiles in 

males and females with CO and AO might impact cardiometabolic health over the long-term.  

We found that increased femoral SAT hypertrophy distinguished both males and females 

with CO from those with AO. Although abdominal SAT hypertrophy has been extensively linked 

to insulin resistance, high-risk lipid profiles, and systemic inflammation and can even predict 

type 2 diabetes,73,258 lower body SAT hypertrophy has been less well-studied. In males with 

obesity and hypertension, Achimastos et al. showed that gluteal adipocyte size associated with 

mean arterial pressure.259 Across a wide adiposity range, Imbeault et al. reported that femoral 

adipocyte size correlated with fasting plasma insulin in premenopausal females and with high-

risk lipid profiles in both males and premenopausal females.260 Moreover, Espinosa De Ycaza et 
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al. found that femoral adipocyte size correlated as strongly as abdominal subcutaneous adipocyte 

size with adipose tissue insulin resistance.261  

In our study, abdominal SAT hypertrophy was similar in males with CO and AO but was 

greater in females with AO than those with CO. This finding ignites the question of why 

hypertrophic femoral SAT in females with CO may be more harmful than hypertrophic 

abdominal SAT in females with AO. We hypothesize that the pathological potential of 

abdominal SAT hypertrophy in females with AO is offset by their hyperplastic femoral SAT, 

which can still safely accommodate lipids. Conversely, in females with CO, limited lipid storage 

capacity in metabolically protective femoral SAT could promote lipid storage in more harmful 

abdominal SAT and VAT depots, as observed after lower body SAT lipectomy.262 Our previous 

findings in female bariatric surgery patients (mean BMI = 48 kg/m2) with CO and AO matched 

for BMI and diabetes prevalence supports this hypothesis.71 Although we did not examine lower 

body SAT, we found that abdominal subcutaneous adipocyte size did not differ between obesity-

onset groups.71 Because males have lower gluteofemoral fat storage capacity than females,263 it 

is possible that abdominal SAT turns hypertrophic at a lower obesity severity in males with CO.  

It is also plausible that abdominal adipocytes in females with CO become dysfunctional 

at a lower size threshold. According to the expandability hypothesis, enlarged adipocytes 

indicate impaired adipogenic potential.264 Both enlarged adipocytes and reduced adipogenesis 

have been linked to senescent preadipocytes in abdominal SAT.75 Correspondingly, we have 

previously shown that females with CO have more senescent preadipocytes in abdominal and 

femoral SAT than those with AO.91 Even though females with CO have hyperplastic abdominal 

and hypertrophic femoral SAT, their abdominal SAT has more senescent preadipocytes than 

their femoral SAT.91 In females with CO, we found that abdominal SAT hypertrophy correlated 
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with MCP-1, a chemokine that attracts monocytes and is linked to macrophage infiltration.265 A 

study in children with obesity showed that subcutaneous adipocyte size associated with 

macrophage infiltration, systemic inflammation, and insulin resistance.55 Therefore, the 

pathological nature of enlarged adipocytes, even in predominantly hyperplastic SAT, may begin 

in childhood.  

An alternative view is that hyperplasia is not a benign expansion mechanism. White et al. 

showed that, in lean males, an increase in proportion of small adipocytes during overfeeding 

correlated with visceral and ectopic fat accumulation.242 They also showed that, in females with 

obesity, in vivo adipogenesis in both abdominal and femoral SAT related to VAT and insulin 

resistance.243 In our study, femoral SAT hyperplasia correlated with inflammatory markers and 

cardiometabolic risk factors in females with AO and males with CO and AO. Another interesting 

observation was that males with AO had a VAT mass similar to those with CO despite having 

lower total adiposity. We suspect that the femoral SAT hyperplasia in AO may not be as 

protective in males as it is in females. We hypothesize that, in males, hyperplasia may reflect 

failed adipocyte hypertrophy. The hypertrophic femoral SAT in males with CO may be due to 

the greater capacity for peripheral SAT expansion in childhood. After puberty, central adipose 

tissue expansion predominates in males. Others have shown that both a high proportion of small 

adipocytes and an increased peak diameter of large adipocytes associate with cardiometabolic 

risk.266 This characteristic adipocyte size distribution has even been seen in insulin-resistant 

children with a high ratio of visceral to subcutaneous abdominal fat.128 Therefore, both SAT 

hypertrophy and hyperplasia may contribute to cardiometabolic risk. Further studies are needed 

to elucidate the mechanisms.  
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We used the collagenase digestion method to measure adipocyte size. Although this is a 

common and well-accepted methodology, it yields one adipocyte population and is limited to a 

measure of mean adipocyte size. We therefore could not examine the small and large adipocyte 

populations that are identified with the osmium tetroxide technique. Our study is also limited by 

its small sample size. Larger studies, especially in males, are required to replicate our findings. 

We acknowledge that we cannot generalize our findings to adults with severe obesity or 

comorbidities.  

The present study challenges the view that SAT is uniformly hyperplastic in CO and 

hypertrophic in AO. For the first time, we found that this cellularity-based classification of CO 

and AO depends on sex and does not apply to all SAT regions. We found that hyperplastic 

abdominal SAT was characteristic of CO in females only, whereas hyperplastic femoral SAT 

was characteristic of AO in both males and females. Longitudinal studies are necessary to clarify 

when regional SAT hypertrophy and hyperplasia diverge in males and females with different 

ages of obesity onset. Future studies are also required to better understand the cardiometabolic 

consequences of regional SAT hyperplasia versus hypertrophy in adults with newly acquired 

versus lifelong obesity.   
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CƛƎǳǊŜ {мΦ tŀǊǝŎƛǇŀƴǘ ƅƻǿ ŘƛŀƎǊŀƳ
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CƛƎǳǊŜ {нΦ ¢ƘŜ ƭƛƴŜŀǊ ǊŜƭŀǝƻƴǎƘƛǇǎ ōŜǘǿŜŜƴ ǊŜƎƛƻƴŀƭ ǎǳōŎǳǘŀƴŜƻǳǎ Ŧŀǘ Ƴŀǎǎ ŀƴŘ ŀŘƛǇƻǎŜ ǝǎǎǳŜ 

ŎŜƭƭǳƭŀǊƛǘȅ 

Ǌ Ґ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǝƻƴ ŎƻŜŶŎƛŜƴǘ 
!h Ґ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅ 
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CƛƎǳǊŜ {оΦ ¢ƘŜ ƭƛƴŜŀǊ ǊŜƭŀǝƻƴǎƘƛǇǎ ōŜǘǿŜŜƴ ōƻŘȅ Ƴŀǎǎ ƛƴŘŜȄ ŀƴŘ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ŎŜƭƭǳƭŀǊƛǘȅ 

Ǌ Ґ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǝƻƴ ŎƻŜŶŎƛŜƴǘ 
!h Ґ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅ 
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CƛƎǳǊŜ {пΦ ¢ƘŜ ƭƛƴŜŀǊ ǊŜƭŀǝƻƴǎƘƛǇǎ ōŜǘǿŜŜƴ ǇŜǊŎŜƴǘ ōƻŘȅ Ŧŀǘ ŀƴŘ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ŎŜƭƭǳƭŀǊƛǘȅ 

Ǌ Ґ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǝƻƴ ŎƻŜŶŎƛŜƴǘ 
!h Ґ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅ
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¢ŀōƭŜ {мΦ {ǇŜŀǊƳŀƴ ŎƻǊǊŜƭŀǝƻƴǎ ōŜǘǿŜŜƴ ǊŜƎƛƻƴŀƭ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ƳƻǊǇƘƻƭƻƎȅ ŀƴŘ ŎŀǊŘƛƻƳŜǘŀōƻƭƛŎ ƻǳǘŎƻƳŜǎ ōȅ ǎŜȄ ŀƴŘ 

ƻōŜǎƛǘȅ ƻƴǎŜǘ 

/ŀǊŘƛƻƳŜǘŀōƻƭƛŎ ƻǳǘŎƻƳŜ 

CŜƳŀƭŜǎ aŀƭŜǎ 

/ƘƛƭŘƘƻƻŘπƻƴǎŜǘ hōŜǎƛǘȅ όƴ Ґ мсύŀ !ŘǳƭǘπƻƴǎŜǘ hōŜǎƛǘȅ όƴ Ґ моύō /ƘƛƭŘƘƻƻŘπƻƴǎŜǘ hōŜǎƛǘȅ όƴ Ґ уύŎ !ŘǳƭǘπƻƴǎŜǘ hōŜǎƛǘȅ όƴ Ґ уύŘ 

!ōŘƻƳƛƴŀƭ CŜƳƻǊŀƭ !ōŘƻƳƛƴŀƭ CŜƳƻǊŀƭ !ōŘƻƳƛƴŀƭ CŜƳƻǊŀƭ !ōŘƻƳƛƴŀƭ CŜƳƻǊŀƭ 

 ́ Ǉ  ́ Ǉ  ́ Ǉ  ́ Ǉ  ́ Ǉ  ́ Ǉ  ́ Ǉ  ́ Ǉ 

[ŜǇǝƴ лΦлм лΦфуо πлΦпп лΦлур πлΦлн лΦфру лΦлм лΦфтф лΦму лΦтлн лΦсм лΦмпу лΦпо лΦнуф πлΦнп лΦртл 
!ŘƛǇƻƴŜŎǝƴ πлΦло лΦфно лΦмп лΦсмл πлΦмл лΦтпу πлΦлт лΦумт лΦлп лΦфоф лΦон лΦпун лΦнл лΦтлп лΦрп лΦнсс 
L[πс лΦнф лΦнтф лΦнп лΦоул πлΦом лΦнфт лΦнм лΦпун лΦнф лΦрор лΦлт лΦутф πлΦоо лΦпнл πлΦнп лΦртл 
L[πу лΦоо лΦнмт лΦмс лΦррт πлΦнр лΦпмр πлΦмн лΦтлт лΦлп лΦфоф лΦсм лΦмпу лΦрр лΦмсл лΦпу лΦноо 
t!Lπм πлΦнл лΦпср πлΦнм лΦппп πлΦор лΦнпт πлΦрф лΦлоо πлΦнп лΦртл лΦнф лΦпфо лΦмп лΦтос πлΦмл лΦуно 
a/tπм лΦрп лΦлоо лΦоо лΦнлф πлΦнр лΦплр πлΦно лΦппу πлΦоу лΦорн лΦпл лΦонл πлΦрн лΦмуо лΦпо лΦнуф 
wŜǎƛǎǝƴ πлΦмф лΦпфн πлΦну лΦолл πлΦсн лΦлнр πлΦту лΦллн лΦоо лΦпнл πлΦлт лΦуст лΦом лΦпрс πлΦпо лΦнуф 
!ƴŘǊƻƛŘ ±!¢ Ƴŀǎǎ лΦпо лΦлфп лΦоп лΦмфс лΦнр лΦпмр лΦпф лΦлфл πлΦпу лΦноо πлΦтп лΦлот πлΦрр лΦмсл лΦлн лΦфрр 
Iha!πLw πлΦом лΦнуу πлΦну лΦонс πлΦлп лΦфлм лΦпм лΦмсн πлΦнр лΦруф лΦнф лΦрор лΦмн лΦттф лΦмп лΦтос 
¢ǊƛƎƭȅŎŜǊƛŘŜǎ πлΦнл лΦпср лΦлс лΦунл лΦпф лΦлуф лΦсм лΦлну лΦмл лΦуно πлΦмл лΦуно лΦлт лΦуст πлΦмф лΦсрм 
[5[ ŎƘƻƭŜǎǘŜǊƻƭ πлΦнт лΦомс πлΦму лΦрлф лΦнл лΦрлр лΦмп лΦсрр лΦпр лΦнсл лΦрн лΦмуо лΦлт лΦуст лΦум лΦлмр 
I5[ ŎƘƻƭŜǎǘŜǊƻƭ πлΦлф лΦтпр лΦом лΦнпт лΦнф лΦооп лΦоо лΦнтм лΦлн лΦфрр πлΦоу лΦорн лΦоо лΦпнл лΦнп лΦртл 
¢ƻǘŀƭπǘƻπI5[ /ƘƻƭŜǎǘŜǊƻƭ лΦло лΦфмп лΦон лΦннс лΦлс лΦупр лΦмс лΦрфм πлΦпо лΦнуф πлΦтс лΦлну лΦоу лΦорн лΦлр лΦфмм 
!ǊǘŜǊƛŀƭ {ǝũƴŜǎǎ πлΦлр лΦурп лΦмо лΦспп πлΦпо лΦмпп πлΦрф лΦлоо πлΦнр лΦруф πлΦос лΦпон лΦнф лΦпфо πлΦрн лΦмуо 

 

ˊΥ {ǇŜŀǊƳŀƴΩǎ ǊƘƻΤ ŀƴ Ґ мп ŦƻǊ Iha!πLwΤōƴ Ґ мм ŦƻǊ ƭŜǇǝƴΤ Ŏƴ Ґ т ŦƻǊ [ŜǇǝƴΣ !ŘƛǇƻƴŜŎǝƴΣ L[πсΣ ŀƴŘ L[πуΤ Řƴ Ґ с ŦƻǊ !ŘƛǇƻƴŜŎǝƴ  

Ǉ ǾŀƭǳŜǎ ƘŀǾŜ ƴƻǘ ōŜŜƴ ŀŘƧǳǎǘŜŘ ŦƻǊ ƳǳƭǝǇƭƛŎƛǘȅ  
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Bridge 2 

 

In original article 1, we challenged the longstanding notion that SAT is uniformly 

hyperplastic in childhood-onset obesity and hypertrophic in adult-onset obesity. Our findings 

indicated that SAT expansion patterns in childhood-onset and adult-onset obesity vary by sex 

and body region.  

In original article 2, we shift perspectives to investigate whether childhood-onset obesity 

accelerates adipose tissue aging and whether lifestyle intervention can reverse this process. To do 

so, we compare senescence-related markers in abdominal and femoral SATðand their changes 

after moderate (~10%) weight lossðbetween females with childhood-onset and adult-onset 

obesity. 
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Original article 2.                                                                                                                      

Senescence markers in subcutaneous preadipocytes differ in childhood- versus adult-onset 

obesity before and after weight loss          

                                                                 

 

¶ Presented as published: 

 

Murphy J, Tam BT, Kirkland JL, Tchkonia T, Giorgadze N, Pirtskhalava T, Tsoukas MA, 

Morais JA, Santosa S. Senescence markers in subcutaneous preadipocytes differ in 

childhood- versus adult-onset obesity before and after weight loss. Obesity. 2023 

Jun;31(6):1610ï9. DOI: 10.1002/oby.23745 

 

Abstract   

Objective: The aim of this study was to determine the effect of age of obesity onset on 

senescence-related markers in abdominal (AB) and femoral (FEM) subcutaneous adipose tissue 

(SAT) before and after moderate (~10%) weight loss.   

Methods: AB and FEM SAT were collected from human females with childhood-onset obesity 

(CO) or adult-onset obesity (AO) before and after diet- and exercise-induced weight loss. 

Immunofluorescence analysis of ɔH2AX/RAD51 (DNA damage/ repair markers) and p53/p21 

(senescence markers) was conducted in cultured preadipocytes, and senescence-associated ɓ-

galactosidase (SA-ɓ-gal) activity was measured in SAT.   

Results: CO had proportionately more AB and FEM preadipocytes with DNA damage 

(ɔH2AX+) and senescence markers (p53+ and/or p21+) than AO at baseline. The proportion of 

ɔH2AX+ FEM preadipocytes declined with weight loss in CO and was similar between groups 

after weight loss. The number of ɔH2AX foci in ɔH2AX+ preadipocytes decreased similarly 

between groups and regions with weight loss in parallel with an increase in RAD51. The 

proportion of p53+ and p21+ preadipocytes and SA-ɓ-gal+ cells in SAT did not change with 

weight loss, but the total p21 intensity in p53+/p21+ FEM preadipocytes declined in AO.   

https://onlinelibrary.wiley.com/doi/full/10.1002/oby.23745
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.23745
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Conclusions: These results provide preliminary evidence that females with CO have an 

accelerated preadipocyte aging state that improves with weight loss in terms of DNA damage but 

not senescence.  

Introduction 

The path to adult obesity and the disease risk that follows are not uniform. A pooled 

analysis of three birth cohorts showed that adults with persistent obesity from childhood have 

twice the odds of developing type 2 diabetes than those who acquired obesity in adulthood.167 As 

childhood obesity commonly tracks into adulthood,229 understanding the biological mechanisms 

driving this disease risk discrepancy is imperative to inform treatment strategies.  

We hypothesize that adults with childhood-onset obesity (CO) are at greater risk for 

metabolic disease because of accelerated aging.267 Adipose tissue senescence is one fundamental 

aging process that is strongly implicated in metabolic dysfunction.268 Senescent cells accumulate 

in human subcutaneous adipose tissue (SAT) with aging and obesity,75,269 and they correlate with 

reduced replicative potential, impaired adipogenesis,75,270,271 and insulin resistance.272 Increased 

type 2 diabetes risk in lifelong obesity may, therefore, stem from an exacerbated senescent cell 

burden in SAT.  

Characterized by a state of stable cell growth arrest, senescent cells prevent the 

proliferation of aged or damaged cells but concurrently develop a proinflammatory secretory 

phenotype. Cellular senescence can be initiated by multiple stimuli including telomere damage 

and oxidative stress that trigger the DNA damage response (DDR), classically marked by 

ɔH2AX. The DDR drives DNA repair and activates the tumor suppressor protein p53. When 

DNA repair is delayed or not possible, persistent p53 signaling upregulates the cyclin-dependent 
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kinase inhibitor p21, leading to cell cycle arrest. Senescence-associated ɓ-galactosidase (SA-ɓ-

gal) activity is associated with a committed senescent state.  

Weight loss through lifestyle modification remains a key objective of initial obesity 

treatment. In mice with diet-induced obesity, markers of AT senescence decrease after weight 

loss through calorie restriction273 or exercise.274 Whether weight loss can alleviate AT 

senescence in humans, independent of obesity onset, remains unknown. The present study aimed 

to determine the effect of CO versus adult-onset obesity (AO) on the multistep process of 

senescence in regional SAT before and after moderate (~10%) weight loss.  

Methods 

Participants and study design  

We recruited healthy, nonsmoking, premenopausal females (age = 25ï40 years; BMI = 

30ï39 kg/m2) from Montr®al, Qu®bec, Canada, who acquired obesity either in pre /peri-puberty 

(CO; n = 8) or after the age of 18 (AO; n = 9). To determine obesity onset, participants provided 

photographic proof of body size around puberty (~10ï14 years old). Participants were also 

interviewed about their weight history and they verified their body size at different ages using 

the Collinsô Childhood Body Rating Scales35 and the Stunkard Body Rating Scale.31 To be 

included, participants had to be sedentary or lightly active and weight stable (Ñ2 kg) for at least 2 

months. We excluded individuals who used medications (e.g., antidepressants, antihypertensives) 

or had any surgeries (e.g., gastric bypass) or past or current medical conditions that could affect 

research outcomes or the ability to complete the study. Females who were pregnant or 

breastfeeding were also excluded. Ethical approval was obtained from the Concordia University 

Human Research Ethics Committee, and all participants provided written informed consent.  
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All study visits were conducted at Concordia Universityôs PERFORM Centre. The study 

consisted of a baseline 2-week weight stabilization period, a weight loss period that ended when 

participants lost approximately 10% of their initial body weight, and a final 2-week weight 

stabilization period. Assessments were completed toward the end of each weight stabilization 

period. Participants were instructed to maintain their usual eating and physical activity habits 

during the weight stabilization periods and to refrain from exercise for at least 48 hours before 

assessments. The visits occurred after a 12-hour fast and included anthropometric and body 

composition measurements, indirect calorimetry, a blood draw, and abdominal (AB) (lateral 

periumbilical region) and femoral (FEM) (lateral upper thigh) SAT biopsies. Indirect calorimetry 

and clinical blood measurements are described in the online Supporting Information Methods. 

The biopsy procedure has been previously described.244 Five participants with CO and six 

participants with AO completed both baseline and final assessments.  

Anthropometric and body composition measurements  

Participants wore light clothing and no shoes during the anthropometric and body 

composition measurements. Height was recorded to the nearest 0.1 cm at the first study visit 

using a fixed-wall stadiometer (Seca 216, Seca Corp., Chino, California). Body weight was 

measured to the nearest 0.1 kg using a calibrated scale (DIN 2, AmCells Corp., Vista, 

California).  

Total and regional body composition was assessed by one of two highly trained operators 

using dual-energy x-ray absorptiometry (DXA; Lunar Prodigy Advance, GE Healthcare, 

Madison, Wisconsin) with Encore Software (version 14.10; GE Healthcare). When required, 

regions of interest were manually adjusted and verified by both operators. The DXA scanner has 
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shown high intraobserver agreement for measurement of regional percent fat (Supporting 

Information Table S1).  

SAT and visceral AT (VAT) were quantified from an L2ïL3 single-slice (10 mm) 

computed tomography (CT; Revolution Evo, GE Healthcare) image using SliceOMatic Software 

(version 5.0; Tomovision, Montr®al, Qu®bec). The ratios of SAT and VAT to total AT (TAT) 

were multiplied by the DXA android fat region to compute android SAT and VAT quantities 

(e.g., CT VAT [cm2]/CT TAT [cm2] DXA android total fat [kg] = android VAT [kg]).275  

Preadipocyte culture and immunofluorescence staining of senescence-related markers  

Preadipocytes from approximately 1 g of SAT were isolated and cultured as previously 

described.276 Cells were grown to subconfluence on gelatin-coated cover slips in 24-well plates 

and fixed in 4% paraformaldehyde for 15 minutes. Cells were then washed three times with 

phosphate-buffered saline (PBS), permeabilized with 0.3% Triton X-100 (in PBS) for 12 

minutes, washed three times with PBS, and blocked with 1.5% bovine serum albumin (BSA) (in 

PBS) for 1 hour. After another three washes with PBS, cells were double-stained and incubated 

with the following two primary antibody cocktails (diluted in 1.5% BSA) overnight at 4 ÁC: (1) 

anti-ɔH2AX (3:200; Santa Cruz Biotechnology, Dallas, Texas) and anti-RAD51 (1:300; Abcam, 

Toronto, Ontario); and (2) anti-phospho-p53 (Ser15) (3:500; Thermo Fisher Scientific 

[Invitrogen], Waltham, Massachusetts) and anti-p21 (3:200; Santa Cruz Biotechnology). ɔH2AX 

and RAD51 are markers of DNA damage and repair, respectively; and p53 and p21 are proteins 

in the p53/p21 pathway of cell cycle arrest. After three 5-minute washes, cells were incubated 

with Alexa 488 (1:300) and Alexa 568 secondary (1:200) antibodies (Thermo Fisher Scientific 

[Thermo Scientific]) in blocking solution for 1 hour at room temperature then counterstained 

with DAPI (1:1500) to visualize nuclei.  
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Images were acquired using fluorescence microscopy (Leica DMI6000, Concord, 

Ontario), and data from five random fields ( 500ï600 cells) were generated using macros in 

FIJI.253 The FIJI Analyze Particle tool was used to create a region of interest (ROI) around each 

nucleus so that results could be expressed per nucleus. We quantified the number of ɔH2AX and 

phospho-p53 nuclear foci using the FIJI FindFoci plugin.277 We also computed the percentage of 

cells positive (Ó1 foci) for these markers. Because p21 was present in only a select number of 

nuclei per image and stained throughout the nucleus, we quantified the percentage of cells 

positive for p21 and the total p21 intensity within these cells. RAD51 stained diffusely 

throughout most nuclei, so we quantified the total RAD51 intensity per cell.  

Assessment of SA-ɓ-gal activity in AT  

SA-ɓ-gal activity was assessed in approximately 100 mg of SAT as previously 

described.278 SA-ɓ-gal positive cells, identified as blue dots, were manually counted from five 

random fields using phase contrast microscopy (Leica DMI6000). Nuclei were imaged in the 

same field using fluorescence microscopy and counted using FIJI software. The percentage of 

cells positive for SA-ɓ-gal was calculated as the number of blue dots divided by the number of 

nuclei.  

Ex vivo analysis of AT inflammation  

To test the association between senescence markers and AT inflammation, AB and FEM 

SAT explants were cultured in Medium 199 (M199; Thermo Fisher Scientific [Gibco]) 

supplemented with insulin, dexamethasone, antibiotics, and NaHCO3 (3 mL medium per 100 mg 

SAT). After 24 hours, the medium was replaced with fresh medium that did not contain insulin 

and dexamethasone. The conditioned medium was collected 24 hours later, and the concentration 
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of the anti-inflammatory, insulin-sensitizing adipokine adiponectin was measured by enzyme-

linked immunosorbent assay (ELISA; R&D Systems, Oakville, Ontario).   

Lifestyle weight loss protocol  

Baseline daily energy needs were calculated as resting energy expenditure multiplied by 

an activity factor of 1.2 to 1.3 (representing a sedentary to lightly active lifestyle). The goal of 

the weight loss protocol was to achieve a 30% energy deficit through a 20% reduction in energy 

intake and a 10% increase in energy expenditure based on a previous protocol.279 Follow-ups and 

weigh-ins were scheduled weekly throughout the protocol. Participants were instructed how to 

achieve their daily energy intake goal using exchange lists for meal planning that aimed to 

provide 50% to 60% carbohydrate, 20% protein, and 20% to 30% fat.  

To achieve the energy expenditure target, participants engaged in three 45-minute 

moderate-to-vigorous intensity aerobic exercise sessions per week while wearing a heart rate 

monitor. The exercise program comprised treadmill and/or elliptical sessions at the PERFORM 

Centre and it was preprogrammed on a Technogym key (Technogym USA Corp., Fairfield, New 

Jersey). Target heart rates were calculated from the Karvonen equation (heart rate reserve [HRR] 

intensity + resting heart rate), where HRR is age-predicted maximum heart rate (220ðage) 

minus resting heart rate.280 Exercise intensity was prescribed at 40% to 50% HRR for weeks 1 to 

2 and 50% to 60% HRR for weeks 3 to 4. Thereafter, intervals alternating between 60% and 80% 

HRR were incorporated into the sessions. Participants were taught how to use the Borg Rating of 

Perceived Exertion scale to gauge exercise intensity for sessions that needed to occur outside of 

the PERFORM Centre without a heart rate monitor. Participantsô exercise activity was monitored 

weekly throughout the study.  
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Statistical analyses  

Data were analyzed using SAS version 9.4 (SAS Institute Inc.). Baseline participant 

characteristics were expressed as means (SEM) and analyzed with independent t tests.  

For our primary analyses, we used marginal models (SAS PROC MIXED with 

REPEATED statement) with restricted maximum likelihood estimation to accommodate 

unbalanced data and flexibly alter the covariance structure of the residuals. The models included 

the senescence related markers as outcomes and group (obesity onset), SAT region, time (weight 

loss), and all two way and three way interactions as fixed factors. The models for body 

composition and metabolic variables (secondary outcomes) included group, time, and the group-

by time interaction as fixed factors. We selected a compound symmetry, compound symmetry 

heterogeneous, or unstructured covariance structure for each model based on the results of 

likelihood ratio ɢ2 tests. The normality of residuals for each model was assessed by the Shapiro

Wilk test and visual inspection. When necessary, dependent variables with values greater than 

zero were natural log or square-root transformed, and dependent variables with zero values 

were square root or cube root transformed. The degrees of freedom were estimated using the 

KenwardïRoger method.281 Significant interactions were decomposed with relevant within and 

between group contrasts. When the three way interaction was significant, the group-by time and 

group by region interactions were tested at each level of the third variable (region and time, 

respectively) and then decomposed with simple contrasts if significant.  

The model results were expressed as least squares means (lsmeans) (95% CI) or 

differences in lsmeans (95% CI). The lsmeans from transformed data were back transformed to 

the original scale to facilitate interpretation. When reported, the differences in lsmeans were only 

back transformed for the logged outcomes since the result gives the ratio of the geometric 
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lsmeans,282 and it can be interpreted as a fold difference. Effect sizes were computed as Cohenôs 

d (d = 2t(sqrt(df))) using the model t values and degrees of freedom (df),283 then converted to 

Hedgeôs g (g = d(1 ī 3/(4df ī 1)) to adjust for small sample size bias.284 Statistical significance 

was set at p < 0.1 for interactions and p < 0.05 for main effects and contrasts as in previous 

studies.285,286  

We used Spearman correlation coefficient (ɟ) to assess the relationship between 

senescence markers and the following: obesity duration, homeostatic model assessment of 

insulin resistance, and android VAT at baseline; and adiponectin concentrations in AT

conditioned media before and after weight loss.  

Results 

Participant characteristics  

Table 1 shows the baseline demographic and clinical characteristics of the participants 

with CO and AO. The groups were similar in mean age, body mass index (BMI), and insulin 

sensitivity. Mean serum glucose and lipid concentrations were comparable between groups and 

they fell within the normal ranges. Baseline characteristics did not differ between participants 

who completed and did not complete the weight loss protocol (data not shown). Participants who 

completed the weight loss protocol lost an average of 8 kg (CO: 8.4 Ñ 0.6 kg; AO: 8.2 Ñ 1.9 kg) 

or 9% of their initial weight (CO: 9.3% Ñ 0.7%; AO: 8.5% Ñ 1.8%). On average, more than 75% 

of the lost weight was fat (CO: 75.4% Ñ 5.1%; AO: 79.3% Ñ 5.9%).  
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¢ŀōƭŜ мΦ 5ŜƳƻƎǊŀǇƘƛŎ ŀƴŘ ŎƭƛƴƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ƻŦ ǎǘǳŘȅ ǇŀǊǝŎƛǇŀƴǘǎ 

/ƘŀǊŀŎǘŜǊƛǎǝŎ 
/ƘƛƭŘƘƻƻŘπƻƴǎŜǘ 
hōŜǎƛǘȅ 
όƴ Ґ уύ 

!ŘǳƭǘπƻƴǎŜǘ 
hōŜǎƛǘȅ 
όƴ Ґ фύ 

Ǉ ǾŀƭǳŜ 

!ƎŜ όȅŜŀǊǎύ омΦл όмΦоύ омΦн όлΦуύ лΦууп 

    

.ƻŘȅ aŀǎǎ LƴŘŜȄ όƪƎκƳнύ ооΦн όмΦмύ ооΦо όмΦлύ лΦфпл 

5ǳǊŀǝƻƴ ƻŦ hōŜǎƛǘȅ όȅŜŀǊǎύ   ннΦс όнΦоύ тΦу όмΦтύ ғлΦллм 

DƭǳŎƻǎŜ όƳƳƻƭκ[ύ пΦр όлΦнύŀ пΦс όлΦмύ лΦсфл 

[ƻƎ Lƴǎǳƭƛƴ ό¦κƳ[ύ оΦн όлΦпύŀ оΦр όлΦмύ лΦотф 

[ƻƎ Iha!πLw мΦс όлΦпύŀ мΦф όлΦмύ лΦорп 

¢ǊƛƎƭȅŎŜǊƛŘŜǎ όƳƳƻƭκ[ύ мΦл όлΦнύ мΦн όлΦмύ лΦрнл 

¢ƻǘŀƭ /ƘƻƭŜǎǘŜǊƻƭ όƳƳƻƭκ[ύ пΦп όлΦоύ пΦп όлΦоύ лΦупс 

I5[π/ƘƻƭŜǎǘŜǊƻƭ όƳƳƻƭκ[ύ мΦо όлΦмύ мΦо όлΦмύ лΦтпн 

[5[π/ƘƻƭŜǎǘŜǊƻƭ όƳƳƻƭκ[ύ нΦс όлΦнύ нΦс όлΦоύ лΦурф 

wŜǎǳƭǘǎ ŀǊŜ ƳŜŀƴǎ ό{9aύ  
ŀƴ Ґ т  

!ōōǊŜǾƛŀǝƻƴǎΥ  
HDL = high-density lipoprotein; HOMA-IR = homeostatic model assessment of insulin resistance; LDL = low-density lipoprotein  
 

 

Body composition and resting metabolism  

There were no group or group-by-time interaction effects on regional body composition 

(Table 2). Across groups, fat mass decreased in the trunk and legs. Android SAT and VAT mass 

also declined. Although the android to gynoid fat ratio did not change with weight loss, the trunk 

to total fat ratio decreased and the leg to total fat ratio increased, suggesting a preferential loss of 

trunk fat and preservation of leg fat. The changes in percent fat in all regions of the body 

exceeded the least significant changes previously reported (Table S1). Lean tissue declined in the 

total body but not the legs.  
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There were no group or group-by-time interaction effects on metabolic outcomes (Table 

2). Resting energy expenditure decreased with weight loss across groups, but the respiratory 

exchange ratio did not change.
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¢ŀōƭŜ нΦ ²ŜƛƎƘǘΣ ōƻŘȅ ŎƻƳǇƻǎƛǝƻƴΣ ŀƴŘ ǊŜǎǝƴƎ ƳŜǘŀōƻƭƛǎƳ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ǿŜƛƎƘǘ ƭƻǎǎ 

/ƘŀǊŀŎǘŜǊƛǎǝŎ 

.ŀǎŜƭƛƴŜ  Cƛƴŀƭ  9ũŜŎǘΣ Ǉ ǾŀƭǳŜ 

/ƘƛƭŘƘƻƻŘπƻƴǎŜǘ 
hōŜǎƛǘȅ  
όƴ Ґ уύ 

!ŘǳƭǘπƻƴǎŜǘ 
hōŜǎƛǘȅ 
 όƴ Ґ фύ 

/ƘƛƭŘƘƻƻŘπƻƴǎŜǘ 
hōŜǎƛǘȅ 
 όƴ Ґ рύ 

!ŘǳƭǘπƻƴǎŜǘ 
hōŜǎƛǘȅ  
όƴ Ґ сύ 

DǊƻǳǇ ¢ƛƳŜ 
DǊƻǳǇ Ȅ 
¢ƛƳŜ 

²ŜƛƎƘǘ όƪƎύ фмΦм όупΦсΣ фтΦсύ фоΦф όутΦтΣ мллΦлύ унΦт όтрΦфΣ уфΦпύ урΦу όтфΦпΣ фнΦмύ лΦпфп ғлΦллм лΦутп 

¢ƻǘŀƭ .ƻŘȅ Cŀǘ όƪƎύ плΦп όосΦлΣ ппΦуύ пнΦр όоуΦоΣ псΦсύ ооΦф όнфΦоΣ оуΦсύ осΦо όонΦлΣ плΦтύ лΦппн ғлΦллм лΦуоу 

¢ƻǘŀƭ .ƻŘȅ Cŀǘ ό҈ύ ппΦт όпмΦрΣ птΦфύ прΦр όпнΦрΣ пуΦрύ пмΦл όотΦтΣ ппΦоύ пнΦр όофΦпΣ прΦсύ лΦрсф ғлΦллм лΦрол 

¢ƻǘŀƭ [Ŝŀƴ aŀǎǎ όƪƎύ птΦм όпоΦмΣ рмΦлύ пуΦм όппΦпΣ рмΦуύ прΦо όпмΦоΣ пфΦоύ псΦс όпнΦфΣ рлΦпύ лΦспм лΦллн лΦтоф 

[ŜƎ Cŀǘ όƪƎύŀ моΦу όммΦтΣ мсΦнύ мрΦм όмнΦфΣ мтΦсύ ммΦу όмлΦлΣ моΦфύ моΦо όммΦоΣ мрΦсύ лΦонс ғлΦллм лΦпрл 

[ŜƎ [Ŝŀƴ aŀǎǎ όƪƎύ мтΦу όмпΦтΣ нлΦуύ мтΦф όмрΦлΣ нлΦуύ мтΦл όмрΦмΣ муΦуύ мтΦп όмрΦтΣ мфΦлύ лΦтст лΦпоо лΦуоф 

¢Ǌǳƴƪ Cŀǘ όƪƎύ нмΦр όмфΦмΣ нпΦлύ ннΦл όмфΦтΣ нпΦоύ мтΦс όмпΦфΣ нлΦнύ муΦо όмрΦфΣ нлΦуύ лΦсфф ғлΦлллм лΦтфм 

!ƴŘǊƻƛŘ ±!¢ όƪƎύō лΦт όлΦпΣ лΦфύ лΦу όлΦсΣ мΦмύ лΦр όлΦнΣ лΦтύ лΦс όлΦпΣ лΦфύ лΦонп лΦллу лΦтрп 

!ƴŘǊƻƛŘ {!¢ όƪƎύŎ оΦм όнΦтΣ оΦсύ нΦф όнΦпΣ оΦоύ нΦр όнΦмΣ оΦлύ нΦр όнΦлΣ нΦфύ лΦррм ғлΦллм лΦммм 

!ƴŘǊƻƛŘ Cŀǘ όƪƎύκDȅƴƻƛŘ Cŀǘ όƪƎύ  лΦрр όлΦптΣ лΦснύ лΦпу όлΦпмΣ лΦррύ лΦрм όлΦппΣ лΦрфύ лΦпу όлΦпмΣ лΦррύ лΦолл лΦнуф лΦлуо 

¢Ǌǳƴƪ Cŀǘ όƪƎύκ¢ƻǘŀƭ Cŀǘ όƪƎύ лΦрп όлΦрлΣ лΦртύ лΦрн όлΦпфΣ лΦррύ лΦрн όлΦпфΣ лΦрсύ лΦрл όлΦптΣ лΦроύ лΦооо лΦлос лΦулн 

[ŜƎ Cŀǘ όƪƎύκ¢ƻǘŀƭ Cŀǘ όƪƎύ лΦор όлΦомΣ лΦоуύ лΦос όлΦооΣ лΦофύ лΦос όлΦонΣ лΦплύ лΦот όлΦопΣ лΦпмύ лΦрут лΦлпс лΦуру 

wŜǎǝƴƎ 9ƴŜǊƎȅ 9ȄǇŜƴŘƛǘǳǊŜ όƪŎŀƭκŘŀȅύ мсум όмрптΣ мумпύ мттс όмсрлΣ мфлнύ мром όмосфΣ мсфоύ мсур όмротΣ муопύ лΦмрс лΦлпф лΦрут 

wŜǎǇƛǊŀǘƻǊȅ 9ȄŎƘŀƴƎŜ wŀǝƻ лΦус όлΦуоΣ лΦуфύ лΦус όлΦупΣ лΦуфύ лΦуп όлΦумΣ лΦууύ лΦус όлΦунΣ лΦуфύ лΦсот лΦпро лΦтнн 

 

wŜǎǳƭǘǎ ŀǊŜ ƳŜŀƴǎ όфр ҈ /Lύ 
ŀƴŀǘǳǊŀƭ ƭƻƎ ǘǊŀƴǎŦƻǊƳŜŘ ǇǊƛƻǊ ǘƻ ŀƴŀƭȅǎŜǎ ǿƛǘƘ ǊŜǎǳƭǘǎ ǇǊŜǎŜƴǘŜŘ ŀǎ ōŀŎƪπǘǊŀƴǎŦƻǊƳŜŘ ƳŜŀƴǎ όфр҈ /Lύ 
ōŎŀƭŎǳƭŀǘŜŘ ŀǎ ŎƻƳǇǳǘŜŘ ǘƻƳƻƎǊŀǇƘȅ ±!¢ όŎƳнύκŎƻƳǇǳǘŜŘ ǘƻƳƻƎǊŀǇƘȅ ǘƻǘŀƭ ŀŘƛǇƻǎŜ ǝǎǎǳŜ όŎƳнύ Ҏ ŘǳŀƭπŜƴŜǊƎȅ ŀōǎƻǊǇǝƻƳŜǘǊȅ ŀƴŘǊƻƛŘ ǘƻǘŀƭ Ŧŀǘ όƪƎύ  
ŎŎŀƭŎǳƭŀǘŜŘ ŀǎ ŎƻƳǇǳǘŜŘ ǘƻƳƻƎǊŀǇƘȅ {!¢ όŎƳнύκ ŎƻƳǇǳǘŜŘ ǘƻƳƻƎǊŀǇƘȅ ǘƻǘŀƭ ŀŘƛǇƻǎŜ ǝǎǎǳŜ όŎƳнύ Ҏ ŘǳŀƭπŜƴŜǊƎȅ ŀōǎƻǊǇǝƻƳŜǘǊȅ ŀƴŘǊƻƛŘ ǘƻǘŀƭ Ŧŀǘ όƪƎύ  

!ōōǊŜǾƛŀǝƻƴǎΥ {!¢ Ґ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜΤ ±!¢ Ґ ǾƛǎŎŜǊŀƭ ŀŘƛǇƻǎŜ ǝǎǎǳŜ 
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Senescence-related markers in preadipocytes and adipose tissue 

Figures S1ïS3 show representative microscope images for the senescence-related 

markers by group, region, and time. There was a group-by-region-by-time interaction on the 

percentage of ɔH2AX+ cells (Figure 1A). The group-by-time interaction was statistically 

significant in FEM but not AB. The percentage of ɔH2AX+ FEM preadipocytes was greater in 

CO than AO at baseline (15.9 percentage points [95% confidence interval (CI): 1.0 to 30.9]; p = 

0.039; g = 1.14), and it decreased with weight loss in CO only (23.6 percentage points [95% CI: 

45.9 to 1.2]; p = 0.041; g = 1.62). As a result, the percentage of ɔH2AX+ FEM preadipocytes was 

similar between groups after weight loss. In contrast, the percentage of ɔH2AX+ AB 

preadipocytes was greater in CO than AO across time (10.8 percentage points [95% CI: 1.4 to 

20.2]; p = 0.028; g = 1.36), and it did not significantly change with weight loss across groups. 

The group-by-region interaction was not statistically significant at baseline; AB had a greater 

percentage of ɔH2AX+ cells than FEM across groups (9.3 percentage points [95% CI: 2.3 to 

16.4]; p = 0.013; g = 1.43), and this regional difference persisted in CO (23.7 percentage points 

[95% CI: 12.5 to 34.8]; p = 0.002; g = 3.77) but not AO after weight loss (group-by-region 

interaction after weight loss).  

There was a main effect of time on the mean number of ɔH2AX foci (Figure 1B) and 

total RAD51 intensity (Figure 1C) in ɔH2AX+ cells. On average, these cells had 0.50 (95% CI: 

0.07-0.92; p = 0.024; g = 0.79) less ɔH2AX foci and a 1.17-fold (12,450 arbitrary units [au] 

(95% CI: 163-24,736; p = 0.047; g = 0.68) greater total RAD51 intensity after weight loss. There 

was a significant group-by-region interaction on the total RAD51 intensity in both ɔH2AX+ 

(Figure 1C) and ɔH2AX cells (Figure 1D). Across time, the total RAD51 intensity did not differ 

between regions in CO; however, in AO, FEM had a 1.23-fold (17,058 au [95% CI: 1361-
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32,754]; p = 0.0341; g = 0.78) and 1.26-fold (95% CI: 1.08-1.49; p = 0.0089; g = 1.93) greater 

total RAD51 intensity than AB in ɔH2AX+ and ɔH2AX preadipocytes, respectively.  

 

CƛƎǳǊŜ мΦ wŜƎƛƻƴŀƭ ǇǊŜŀŘƛǇƻŎȅǘŜ Iɹн!· ŀƴŘ w!5рм ŎƻƴǘŜƴǘ ƛƴ ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ŀƴŘ ŀŘǳƭǘπ

ƻƴǎŜǘ ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 
 
!π5 hǳǘŎƻƳŜǎ ōȅ ƎǊƻǳǇ ŀƴŘ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ǊŜƎƛƻƴ ƻǾŜǊ ǝƳŜΦ  
 
Lƴ !Σ ƴŜƎŀǝǾŜ ŎƻƴŬŘŜƴŎŜ ƭƛƳƛǘǎ ǿŜǊŜ ǊŜǇƭŀŎŜŘ ōȅ лΦ ¢ƘŜ ƻǳǘŎƻƳŜ ǿŀǎ ƴŀǘǳǊŀƭ ƭƻƎπǘǊŀƴǎŦƻǊƳŜŘ ƛƴ 5 ǇǊƛƻǊ ǘƻ 
ŀƴŀƭȅǎƛǎ ōǳǘ ƛǎ ŘƛǎǇƭŀȅŜŘ ŀǎ ōŀŎƪπǘǊŀƴǎŦƻǊƳŜŘ ǾŀƭǳŜǎΦ wŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀǎ ƭŜŀǎǘπǎǉǳŀǊŜǎ ƳŜŀƴǎ όфр҈ /LύΦ 
 
Lƴ !Σ *ǊŜƎƛƻƴΣ Ǉ ғ лΦллмΤ ÄƎǊƻǳǇπōȅπǊŜƎƛƻƴΣ Ǉ Ґ лΦлспΤ  ÆƎǊƻǳǇπōȅπǊŜƎƛƻƴπōȅπǝƳŜΣ Ǉ Ґ лΦлмоΥ ƎǊƻǳǇπōȅπǝƳŜ ƛƴ !.Σ Ǉ Ґ 
лΦумр όŀŎǊƻǎǎ ǝƳŜΥ /h Ҕ !hΣ Ǉ Ґ лΦлнуΤ ŀŎǊƻǎǎ ƎǊƻǳǇǎΥ ōŀǎŜƭƛƴŜ Ґ ŬƴŀƭΣ Ǉ Ґ лΦнмтύΤ ƎǊƻǳǇπōȅπǝƳŜ ƛƴ C9aΣ Ǉ Ґ лΦлфт 
όōŀǎŜƭƛƴŜΥ /h Ҕ !hΣ Ǉ Ґ лΦлофΤ /hΥ ōŀǎŜƭƛƴŜ Ҕ ŬƴŀƭΣ Ǉ Ґ лΦлпмΤ !hΥ ōŀǎŜƭƛƴŜ Ґ ŬƴŀƭΣ Ǉ Ґ лΦуумΤ ŬƴŀƭΥ /h Ґ !hΣ Ǉ Ґ 
лΦосоύΤ ƎǊƻǳǇπōȅπǊŜƎƛƻƴ ŀǘ ōŀǎŜƭƛƴŜΣ Ǉ Ґ лΦопм όŀŎǊƻǎǎ ƎǊƻǳǇǎΥ !. Ҕ C9aΣ Ǉ Ґ лΦлмоύΤ ƎǊƻǳǇπōȅπǊŜƎƛƻƴ ŀǘ ŬƴŀƭΣ Ǉ Ґ 
лΦлмс ό/hΥ !. Ҕ C9aΣ t Ґ лΦллнΤ !hΥ !. Ґ C9aΣ Ǉ Ґ лΦпннύΦ  
 
Lƴ .Σ ÀǝƳŜΣ Ǉ Ґ лΦлнпΥ ōŀǎŜƭƛƴŜ Ҕ ŬƴŀƭΦ  
 
Lƴ /Σ ÀǝƳŜΣ Ǉ Ґ лΦлптΥ ōŀǎŜƭƛƴŜ ғ ŬƴŀƭΤ ÄƎǊƻǳǇπōȅπǊŜƎƛƻƴΣ Ǉ Ґ лΦлтс όŀŎǊƻǎǎ ǝƳŜ ƛƴ /hΥ !. Ґ C9aΣ Ǉ Ґ лΦслпΤ ŀŎǊƻǎǎ 
ǝƳŜ ƛƴ !hΥ !. ғ C9aΣ Ǉ Ґ лΦлопύΦ  
 
Lƴ 5Σ ÄƎǊƻǳǇπōȅπǊŜƎƛƻƴΣ Ǉ Ґ лΦллм όŀŎǊƻǎǎ ǝƳŜ ƛƴ /hΥ !. Ґ C9aΣ Ǉ Ґ лΦмнлΤ ŀŎǊƻǎǎ ǝƳŜ ƛƴ !hΥ !. ғ C9aΣ Ǉ Ґ лΦллфύ 
 
!. Ґ ŀōŘƻƳƛƴŀƭ ǊŜƎƛƻƴΤ !h Ґ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ C9a Ґ ŦŜƳƻǊŀƭ ǊŜƎƛƻƴ 
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Most preadipocytes were negative for both p53 and p21 (Figure 2A). The AB region had 

a lower proportion of p53 /p21 cells (region effect, p < 0.001; g = 3.34) and a higher proportion 

of p53 /p21+ cells (region effect, p = 0.002; g = 2.63) than FEM. CO had a lower proportion of 

p53 /p21 cells (group effect, p = 0.034; g = 1.16) and hence a higher proportion of p53+ and/or 

p21+ cells. There was a three-way interaction on the percentage of p53+/p21 cells, but the group-

by-time and group-by-region interactions were not significant at each level of region and time, 

respectively. There was no time effect across groups in either region and no region effect across 

groups at each time point.  

There were no obesity onset, region, time, or interaction effects on the number of p53 

foci in p53+/p21  cells (Figure 2B) or the total p21 intensity in p53/p21+ cells (Figure 2C).  

There was a group-by-region-by-time interaction on the number of p53 foci in p53+/p21+ 

cells (Figure 2D). The group-by-region interaction was not significant at baseline; the number of 

p53 foci was similar between regions across groups. The group-by-time interaction was 

significant in AB whereby the p53 foci count increased nonsignificantly in AO and decreased 

nonsignificantly in CO. In FEM, the group-by-time interaction was not statistically significant; 

the number of p53 foci did not change across groups. Still, there was a group-by-region 

interaction after weight loss; the number of p53 foci was 2.42-fold (95% CI: 1.11-5.24; p = 

0.027; g = 0.90;) lower in FEM than AB in AO but it did not differ between regions in CO.  

There was also a three-way interaction on the total p21 intensity in p21+/p53+ cells 

(Figure 2E). The group-by-time interaction was significant in FEM but not AB. In FEM, the total 

p21 intensity was not different between groups at baseline and it declined with weight loss in AO 

(1.57-fold [95% CI: 1.05-2.34]; p = 0.029; g = 0.85) but not CO. Hence, the FEM p21 intensity 

was 1.61-fold (95% CI: 1.01-2.54; p = 0.044; g = 0.68) lower in AO than CO after weight loss. 
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In AB, the total p21 intensity was similar between groups across time and it did not change with 

weight loss. The region-by-group interaction was not significant at baseline or after weight loss; 

the regions did not differ across groups at both time points.  
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CƛƎǳǊŜ нΦ wŜƎƛƻƴŀƭ ǇǊŜŀŘƛǇƻŎȅǘŜ Ǉро ŀƴŘ Ǉнм ŎƻƴǘŜƴǘ ƛƴ ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ŀƴŘ ŀŘǳƭǘπƻƴǎŜǘ 

ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 
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There was a region effect (FEM > AB; p = 0.008; g = 1.97) but no group, time, or 

interaction effects on the percentage of SA-ɓ-gal+ cells in SAT (Figure 3).  

 

CƛƎǳǊŜ оΦ wŜƎƛƻƴŀƭ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ǎŜƴŜǎŎŜƴŎŜπŀǎǎƻŎƛŀǘŜŘ π̡ƎŀƭŀŎǘƻǎƛŘŀǎŜ ŀŎǝǾƛǘȅ ƛƴ 

ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ŀƴŘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 

 
tŜǊŎŜƴǘ {!π̡πƎŀƭҌ ŎŜƭƭǎ ōȅ ƎǊƻǳǇ ŀƴŘ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ǊŜƎƛƻƴ ƻǾŜǊ ǝƳŜΦ ¢ƘŜ ƻǳǘŎƻƳŜ ǿŀǎ ŎǳōŜ Ǌƻƻǘπ
ǘǊŀƴǎŦƻǊƳŜŘ ǇǊƛƻǊ ǘƻ ŀƴŀƭȅǎƛǎ ōǳǘ ƛǎ ŘƛǎǇƭŀȅŜŘ ŀǎ ǘƘŜ ōŀŎƪπǘǊŀƴǎŦƻǊƳŜŘ ǾŀƭǳŜǎΦ wŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀǎ ƭŜŀǎǘπ
ǎǉǳŀǊŜǎ ƳŜŀƴǎ όфр҈ /LύΦ 
 
*ǊŜƎƛƻƴΣ Ǉ ғ лΦллмΥ !. ғ C9aΦ 
 
!. Ґ ŀōŘƻƳƛƴŀƭ ǊŜƎƛƻƴΤ !h Ґ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ C9a Ґ ŦŜƳƻǊŀƭ ǊŜƎƛƻƴ 

 

Obesity duration tended to correlate with the percentage of FEM ɔH2AX+ cells (ɟ = 0.49; 

p = 0.066) and the number of p53 foci in AB p53+p21+ cells (ɟ = 0.53; p = 0.051) and negatively 

with the RAD51 intensity in FEM ɔH2AX+ cells (ɟ = 0.48; p = 0.069). Homeostatic model 

assessment of insulin resistance (ɟ = 0.67; p = 0.008) and VAT (ɟ = 0.47; p = 0.088) were 

positively associated with the p21 intensity in AB p53p21+ cells. At baseline, adiponectin 

concentration in SAT-conditioned medium was negatively associated with the percentage of 

p53+p21 cells in AB (ɟ = 0.66; p = 0.014) and the number of p53 foci in p53+p21 cells in FEM 

(ɟ = 0.53; p = 0.051). After weight loss, adiponectin was not associated with the senescence 

markers in AB but it tended to correlate with the percentage of p53p21 cells in FEM (ɟ = 0.61; 

p = 0.060). 
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Discussion 

This study is the first to examine the effect of obesity onset age on regional SAT 

senescence and the senolytic potential of moderate weight loss in females. We found that 

compared with females with AO, those with CO had proportionately more AB and FEM 

preadipocytes with DNA damage (ɔH2AX) and senescence markers (p53 and/or p21). 

Preadipocyte DNA damage decreased in both SAT regions with weight loss regardless of obesity 

onset and it became similar between groups in the FEM region. Though most senescence 

markers did not change with weight loss, the total p21 intensity in p53+/p21+ FEM preadipocytes 

declined in females with AO.  

Different mechanisms may contribute to the increased DNA damage and senescent cell 

burden in CO. SAT telomere length is inversely associated with adiposity and age.287 Moreover, 

children with obesity have higher rates of preadipocyte proliferation than their lean 

counterparts.288 It is therefore conceivable that preadipocytes from adults with lifelong obesity 

would reach replicative senescence prematurely. We have previously shown that females with 

CO have impaired SAT mitochondrial integrity compared with females with AO.3 Hence, an 

earlier and prolonged exposure to excess adiposity may exacerbate some of the triggers that 

accelerate preadipocyte aging.  

We identified distinct baseline regional differences in senescence-related markers at the 

preadipocyte and AT level. Both the percentages of ɔH2AX+ and p53/p21+ preadipocytes were 

greater in AB than FEM SAT, but p53 content was not different between regions. In line with 

our results, mitochondrial dysfunction is exacerbated in AB compared with gluteal SAT in 

females with obesity.3 Furthermore, DNA damage can activate p53-independent upregulation of 

p21 through transforming growth factor-ɓ (TGFɓ) signaling289; and obesity elevates TGFɓ 
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release from AB SAT.290 Our findings also correspond with the observation that AB SAT has 

proportionately more M1 macrophages than FEM SAT.291 Senescent preadipocytes can recruit 

proinflammatory macrophages via their senescence-associated secretory phenotype.269  

In contrast to our preadipocyte results, we found a greater proportion of SA-ɓ-gal+ cells 

in FEM than AB SAT, which is consistent with a recent study.278 There are potential 

explanations for why our findings at the preadipocyte and adipose tissue level do not align. 

Positive ɓ-gal staining has been reported in adipose tissue endothelial cells,292 macrophages,293 

and adipocytes,294 so it is possible that the SA-ɓ-gal+ cells in SAT represent other cell types 

besides preadipocytes. Moreover, the p53/p21 senescence pathway is preferentially activated in 

response to telomere attrition,295 whereas SA-ɓ-gal activity is a marker for lysosomal number 

that is associated with cellular senescence.296  

Preadipocyte DNA damage declined with weight loss across groups and SAT regions, 

most drastically in the FEM region of the CO group. In the Comprehensive Assessment of the 

Long-Term Effects of Reducing Intake of Energy (CALERIE) randomized controlled trial, DNA 

damage in whole blood significantly decreased after moderate weight loss by calorie restriction 

with or without exercise.297 The effect of weight loss on DNA damage may therefore act locally 

in adipose tissue and systemically. A decline in DNA damage can result from a reduction in 

DNA damaging stimuli or an improvement in DNA repair. RAD51 is vital for homologous 

recombination, one of the mechanisms that repairs DNA double-stranded breaks, especially in 

telomeres.298 RAD51 also plays a role in the general maintenance of telomere integrity.299 As 

RAD51 foci form rapidly in response to DNA damage,300 the diffuse RAD51 staining pattern 

observed in our study indicates a lack of active homologous recombination.301 Nuclei with 

ɔH2AX foci but no RAD51 foci are characteristic of persistent, irreparable DNA damage300 that 
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can occur in uncapped telomeres.302 It is plausible that increased RAD51 protein content in 

ɔH2AX+ cells with weight loss represents an enhanced capacity for RAD51 foci formation and 

hence DNA repair. The same concept may apply to the greater RAD51 protein content in FEM 

than AB preadipocytes in the females with AO.  

Despite the decline in DNA damage with weight loss, the downstream target of the DDR, 

p53, did not change. Still, the total p21 intensity in p53+p21+ FEM preadipocytes decreased in 

the AO group. The same degree of p53 activation can generate variable p21 protein levels, 

which, on the lower end, may reflect upregulated p21 degradation to maintain genomic 

stability.303 Low levels of p21 are less likely to inhibit cell cycle progression.304 Therefore, 

although there was no reduction in the percentage of p53+/p21+ preadipocytes, a lower p21 

protein level may prevent senescence commitment.  

The unique group-specific responses to weight lossðreduced ɔH2AX+ cells in the CO 

group and lower p21 burden in the AO groupðoccurred in the FEM region. This finding is 

interesting because the AB preadipocytes had a greater senescence burden at baseline, and 

females in both groups lost most of their fat from the upper body. It is possible that senescence 

markers in FEM preadipocytes decline at a lower weight loss threshold. Magkos et al. showed 

that a weight loss of 11% to 16% was required to downregulate the expression of inflammatory 

genes in AB SAT.226 How greater weight loss affects senescence markers in AB preadipocytes 

requires further research.  

From a primary prevention standpoint, we studied young adults without obesity-related 

comorbidities. Metabolically healthy obesity is often transient,305 and early adulthood can be an 

opportune time for weight loss interventions.306 In mice, adipose tissue senescence precedes the 

development of insulin resistance, a major risk factor for type 2 diabetes.307 The aged 
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preadipocytes in our participants, especially the CO group, may indicate subclinical metabolic 

dysfunction that can in part improve with weight loss. Although our results are preliminary and 

they do not have direct clinical implications, they support the recommendation to consider the 

age of obesity onset when evaluating disease risk and developing care plans for people living 

with obesity.29  

Our study has several strengths. The translational, multidisciplinary nature of this study is 

unique and advances our understanding of human health. We took extra care to verify age of 

obesity onset by both photographic proof and body rating scales. We included participants within 

a narrow age range to avoid potential overlap of obesity duration in our two groups and minimize 

the confounding effect of age. Our groups were similar in important covariates, namely age, 

body composition, and health status, both before and after weight loss. These similarities allowed 

us to better understand the effects of age of obesity onset on our outcomes. Furthermore, we 

studied multiple markers implicated in the multistep process of senescence in both AB and FEM 

SAT. By using immunofluorescence analysis, we were able to assess colocalization of related 

markers.  

We acknowledge that our research has limitations. We studied a small sample of young, 

healthy females, which limits the generalizability of our findings. Subsequent studies should 

replicate our research and examine the added complexities of severe obesity, comorbidities, and 

advanced age. Research that includes males and investigates sex differences is also warranted. 

We recognize that our assessment of regional SAT senescence was not exhaustive. However, our 

results provide a foundation for further investigation as they show for the first time that, 

compared with females with AO, females with CO have signs of exacerbated preadipocyte aging 

that are less improved with weight loss. How the age of obesity onset affects other senescence 
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markers and components of the SAT inflammatory environment warrants further investigation. 

Future studies should also assess the effects of continued weight loss, weight maintenance, and 

weight regain.  

Our study provides initial evidence that adult females with CO have accelerated 

preadipocyte aging. After moderate weight loss, preadipocyte DNA damage declined regardless 

of obesity onset. In terms of senescence markers, only the p21 intensity in FEM p53+/ p21+ 

preadipocytes decreased in females with AO. Hence, moderate weight loss does not seem to 

eliminate senescent preadipocytes, but it may reduce senescence initiation and, in AO, alter the 

senescence fate. Whether our findings impact the type 2 diabetes risk discrepancy between 

individuals with CO and AO remains to be determined. Further characterization of the effects of 

age of obesity onset on the evolution of the disease is necessary. Investigation of complementary 

treatments that target senescent cells in obesity, such as senolytic agents, is an important avenue 

for future research. 

Supporting Information 

Supplementary Methods: Indirect Calorimetry 

Participants rested supine for 1 hour in a darkened, quiet, thermoneutral room prior to 

indirect calorimetry. Oxygen consumption and carbon dioxide production were quantified 

continuously for 30 minutes using a calibrated, flow-through open-circuit indirect calorimeter 

(Field Metabolic System and Flow Kit 500, Sable Systems, Las Vegas, NV, USA). The first 10 

minutes of the measurement were excluded to account for participant acclimatization.   

Supplementary Methods: Clinical Blood Measurements 

At baseline, serum concentrations of glucose, total cholesterol, HDL cholesterol, and 

triglycerides were measured on the Beckman Coulter AU5800 system (Brea, CA, USA) at the 
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McGill University Health Centre Central Laboratory. LDL cholesterol was calculated as total 

cholesterol ï (HDL cholesterol + (triglycerides/2.2)). Plasma insulin was measured by ELISA 

(R&D Systems, ON, Canada). We computed the homeostatic assessment of insulin resistance 

(HOMA-IR) index to assess insulin sensitivity.1 

Supplementary References 
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Homeostasis model assessment: insulin resistance and beta-cell function from fasting plasma 

glucose and insulin concentrations in man. Diabetologia. 1985;28(7):412-9. 
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/ƘŀǊŀŎǘŜǊƛǎǝŎ 

5ŜŎǊŜŀǎŜ  9ũŜŎǘΣ Ǉ ǾŀƭǳŜ tǊŜŎƛǎƛƻƴŀ 

/ƘƛƭŘƘƻƻŘπ
ƻƴǎŜǘ hōŜǎƛǘȅ 

!ŘǳƭǘπƻƴǎŜǘ 
hōŜǎƛǘȅ 

DǊƻǳǇ ¢ƛƳŜ 
DǊƻǳǇ Ȅ 
¢ƛƳŜ 

L// wa{π{5 
/ƻŜŶŎƛŜƴǘ  
ƻŦ ±ŀǊƛŀǝƻƴ 
ό҈ύ 

[Ŝŀǎǘ  
{ƛƎƴƛŬŎŀƴǘ 
/ƘŀƴƎŜ 

¢ƻǘŀƭ .ƻŘȅ Cŀǘ ό҈ύ оΦт όмΦфΣ рΦсύ оΦл όмΦоΣ пΦтύ лΦрсф ғлΦллм лΦрол лΦффп лΦнс нΦл мΦт 

¢Ǌǳƴƪ Cŀǘ ό҈ύ пΦс όмΦфΣ тΦоύ оΦп όлΦфΣ рΦуύ лΦусс ғлΦллм лΦпрф лΦффл лΦпо оΦм нΦу 

[ŜƎ Cŀǘ ό҈ύ нΦф όмΦсΣ пΦнύ нΦс όмΦпΣ оΦуύ лΦоул ғлΦллм лΦтнр лΦффт лΦот мΦу мΦс 

!ƴŘǊƻƛŘ Cŀǘ ό҈ύ рΦр όнΦнΣ уΦуύ оΦн όлΦнΣ сΦоύ лΦфну лΦллн лΦнту лΦффн лΦрп мΦс мΦс 

DȅƴƻƛŘ Cŀǘ ό҈ύ оΦс όнΦмΣ рΦнύ пΦн όнΦуΣ рΦтύ лΦнтп ғлΦллм лΦрор лΦффр лΦрм мΦн мΦн 

5ŜŎǊŜŀǎŜǎ ŀǊŜ ŘƛũŜǊŜƴŎŜǎ ƛƴ ƭŜŀǎǘπǎǉǳŀǊŜǎ ƳŜŀƴǎ όфр ҈ /Lύ ŦǊƻƳ ōŜŦƻǊŜ ǘƻ ŀƊŜǊ ǿŜƛƎƘǘ ƭƻǎǎ 
ŀǊŜǇƻǊǘŜŘ ƛƴ ŀ ƘŜǘŜǊƻƎŜƴŜƻǳǎ ǇƻǇǳƭŀǝƻƴ ǿƛǘƘ ŀ ǿƛŘŜ ŀƎŜ ŀƴŘ .aL ǊŀƴƎŜ όƴ Ґ нроύ ǿƘƻ ƘŀŘ о ǊŜǇŜŀǘ ǎŎŀƴǎ ǇŜǊŦƻǊƳŜŘ ōȅ ǘƘŜ ǎŀƳŜ ǘŜŎƘƴƛŎƛŀƴΥ YŀƳƛƴǎƪȅ [!Σ hȊŜƳŜƪ /Σ ²ƛƭƭƛŀƳǎ Y[Σ .ȅǳƴ ²Φ 

tǊŜŎƛǎƛƻƴ ƻŦ ǘƻǘŀƭ ŀƴŘ ǊŜƎƛƻƴŀƭ ōƻŘȅ Ŧŀǘ ŜǎǝƳŀǘŜǎ ŦǊƻƳ ŘǳŀƭπŜƴŜǊƎȅ ·πǊŀȅ ŀōǎƻǊǇǝƻƳŜǘŜǊ ƳŜŀǎǳǊŜƳŜƴǘǎΦ W bǳǘǊ IŜŀƭǘƘ !ƎƛƴƎΦ нлмпΤмуόсύΥрфмπпΦ 

!ōōǊŜǾƛŀǝƻƴǎΥ  

L// Ґ ƛƴǘǊŀπŎƭŀǎǎ ŎƻǊǊŜƭŀǝƻƴ ŎƻŜŶŎƛŜƴǘΤ wa{π{5 Ґ Ǌƻƻǘ ƳŜŀƴ ǎǉǳŀǊŜ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ 
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CƛƎǳǊŜ {мΦ wŜǇǊŜǎŜƴǘŀǝǾŜ ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ƛƳŀƎŜǎ ƻŦ ǊŜƎƛƻƴŀƭ ǇǊŜŀŘƛǇƻŎȅǘŜ Iɹн!· ŀƴŘ w!5рм ŎƻƴǘŜƴǘ ƛƴ ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ 

ŀƴŘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 

 
tǊŜŀŘƛǇƻŎȅǘŜǎ ǿŜǊŜ ǎǘŀƛƴŜŘ ǿƛǘƘ ŀƴǝπɹIн!· όƭŜƊ ǇŀƴŜƭΣ ȅŜƭƭƻǿύ ŀƴŘ ŀƴǝπw!5рм όƳƛŘŘƭŜ ǇŀƴŜƭΣ ƳŀƎŜƴǘŀύΦ ¢ƘŜ ǊƛƎƘǘ ǇŀƴŜƭ ǎƘƻǿǎ ǘƘŜ ƛƳŀƎŜǎ ƳŜǊƎŜŘ ǿƛǘƘ 5!tL 

όōƭǳŜύ ǘƘŀǘ ǎǘŀƛƴǎ ƴǳŎƭŜƛΦ ¢ƘŜ ōǊƛƎƘǘƴŜǎǎ ŀƴŘ ŎƻƴǘǊŀǎǘ ƻŦ Iɹн!· ŀƴŘ w!5рм ǿŜǊŜ ŀŘƧǳǎǘŜŘ Ŝǉǳŀƭƭȅ ŀŎǊƻǎǎ ƛƳŀƎŜǎΦ {ŎŀƭŜ ōŀǊ ƛǎ мл ҡƳΦ 

ɾ Iн!· w!5рм ɾ Iн!· w!5рм aŜǊƎŜ aŜǊƎŜ 

Cƛƴŀƭ .ŀǎŜƭƛƴŜ 

/ 



131 
 

 
 

CƛƎǳǊŜ {нΦ wŜǇǊŜǎŜƴǘŀǝǾŜ ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ƛƳŀƎŜǎ ƻŦ ǊŜƎƛƻƴŀƭ ǇǊŜŀŘƛǇƻŎȅǘŜ Ǉро ŀƴŘ Ǉнм ŎƻƴǘŜƴǘ ƛƴ ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ŀƴŘ 

ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 

 
tǊŜŀŘƛǇƻŎȅǘŜǎ ǿŜǊŜ ǎǘŀƛƴŜŘ ǿƛǘƘ ŀƴǝπǇƘƻǎǇƘƻπǇро ό{ŜǊмрύ όƭŜƊ ǇŀƴŜƭΣ ȅŜƭƭƻǿύ ŀƴŘ ŀƴǝπǇнм όƳƛŘŘƭŜ ǇŀƴŜƭΣ ƳŀƎŜƴǘŀύΦ ¢ƘŜ ǊƛƎƘǘ ǇŀƴŜƭ ǎƘƻǿǎ ǘƘŜ ƛƳŀƎŜǎ ƳŜǊƎŜŘ 

ǿƛǘƘ 5!tL όōƭǳŜύ ǘƘŀǘ ǎǘŀƛƴǎ ƴǳŎƭŜƛΦ ¢ƘŜ ōǊƛƎƘǘƴŜǎǎ ŀƴŘ ŎƻƴǘǊŀǎǘ ƻŦ ǇƘƻǎǇƘƻπǇро ό{ŜǊмрύ ŀƴŘ Ǉнм ǿŜǊŜ ŀŘƧǳǎǘŜŘ Ŝǉǳŀƭƭȅ ŀŎǊƻǎǎ ƛƳŀƎŜǎΦ {ŎŀƭŜ ōŀǊ ƛǎ мл ҡƳΦ

Cƛƴŀƭ .ŀǎŜƭƛƴŜ 

Ǉро Ǉнм Ǉро Ǉнм aŜǊƎŜ aŜǊƎŜ 

9ũŜŎǘ 
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CƛƎǳǊŜ {оΦ wŜǇǊŜǎŜƴǘŀǝǾŜ ƛƳŀƎŜǎ ƻŦ ǊŜƎƛƻƴŀƭ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ǎŜƴŜǎŎŜƴŎŜπŀǎǎƻŎƛŀǘŜŘ π̡

ƎŀƭŀŎǘƻǎƛŘŀǎŜ ŀŎǝǾƛǘȅ ƛƴ ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ŀƴŘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ 

ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 

 
!ŘƛǇƻǎŜ ǝǎǎǳŜ ǿŀǎ ǎǘŀƛƴŜŘ ǿƛǘƘ ǎŜƴŜǎŎŜƴŎŜπŀǎǎƻŎƛŀǘŜŘπ̡πƎŀƭŀŎǘƻǎƛŘŀǎŜ ό{!π̡πƎŀƭύ ŀŎǝǾƛǘȅ ǎƻƭǳǝƻƴΦ !ǊǊƻǿǎ Ǉƻƛƴǘ ǘƻ 
ōƭǳŜ Řƻǘǎ ǘƘŀǘ ǊŜǇǊŜǎŜƴǘ {!π̡πƎŀƭҌ ŎŜƭƭǎΦ {ŎŀƭŜ ōŀǊ ƛǎ нр ҡƳΦ 

Cƛƴŀƭ .ŀǎŜƭƛƴŜ 
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Bridge 3  

 

In original article 2, we found that compared to females with adult-onset obesity, those 

with childhood-onset obesity have an accelerated preadipocyte aging state that improves with 

weight loss in terms of DNA damage but not senescence markers.  

In original article 3, we shift our focus to another component of SAT (dys)function by 

comparing SAT macrophage and T cell profilesðand their changes after moderate (~10%) 

weight lossðbetween females with childhood-onset and adult-onset obesity. 
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Original article 3.                                                                                                                         

The age of obesity onset affects changes in subcutaneous adipose tissue macrophages and T 

cells after weight loss 

                                                                                                    

 

Murphy J, Morais JA, Tsoukas MA, Cooke AB, Daskalopoulou SS, Santosa S 

 

Abstract 

Context: Adipose tissue inflammation may explain why adults with childhood-onset obesity 

(CO) have a higher risk of type 2 diabetes than those with adult-onset obesity (AO).  

Objective: We aimed to determine whether the age of obesity onset (CO vs. AO) affects 

abdominal and femoral subcutaneous adipose tissue (SAT) immune cell proportions before and 

after moderate (~10%) weight loss. 

Methods: We collected abdominal and femoral SAT from females with CO or AO before (CO: 

n = 14; AO: n = 13) and after (CO: n = 8; AO: n = 6) diet- and exercise-induced weight loss. We 

used flow cytometry to quantify the proportions of macrophages and T cells in the 

stromovascular fraction of both SAT regions. 

Results: Abdominal CD68+CD206- macrophages were slightly higher in AO than CO at baseline 

but declined in AO, equalizing between groups after weight loss. Femoral CD68+CD206- 

macrophages, as well as abdominal and femoral CD68+CD206+ macrophages and CD3+CD8+ T 

cells, did not differ between groups at baseline or change after weight loss. Abdominal and 

femoral CD3+CD4+ T cells increased after weight loss in AO but remained unchanged in CO. 

Conclusion: Unexpectedly, females with AO have slightly higher abdominal M1-like ópro-

inflammatoryô macrophages compared to those with CO, but this difference diminishes after 

weight loss. In contrast, baseline T cells are unaffected by age of obesity onset, but the 

CD3+CD4+ populationðpotentially pro- or anti-inflammatoryðincreases after weight loss only 

in those with AO. SAT immune cell profiles may not fully explain the increased type 2 diabetes 
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risk associated with CO or the broader effects of moderate weight loss on cardiometabolic 

health. 

Introduction 

 Childhood obesity often persists into adulthood,229 bringing with it a host of metabolic 

abnormalities.308 Compared to people who develop obesity as adults, those with childhood-onset 

obesity (CO) face a heightened risk of type 2 diabetes.163,166,168,174ï176,182,183,186 While the 

mechanisms behind this increased risk remain unclear, chronic, low-grade inflammationð

implicated in both insulin resistance and ɓ-cell dysfunction309ðmay play a key role. 

Inflammation also contributes to arterial stiffness, a marker of subclinical cardiovascular 

disease.310 Increased arterial stiffness often precedes the development of insulin resistance and 

type 2 diabetes311,312 and is linked to the microvascular and macrovascular complications of type 

2 diabetes.313  

Adipose tissue serves as a central hub linking inflammation to cardiometabolic disease. 

As both an immunological and endocrine organ, it harbors diverse immune cells and secretes 

inflammatory factors that can act locally or systemically. During obesity development in mice, 

adipose tissue immune cell and secretory profiles shift from anti-inflammatory to pro-

inflammatory.314 Children with obesity already exhibit macrophage infiltration in adipose tissue 

and elevated circulating inflammatory markers, such as C-reactive protein.55 Whether their 

adipose tissue and systemic inflammation worsen as they enter adulthood remains unknown. 

 Our group has compared adipose tissue macrophage (ATM) populations between female 

bariatric surgery patients with CO and adult-onset obesity (AO), matched for type 2 diabetes 

status. We found that the age of obesity onset did not affect M1-like ópro-inflammatoryô and M2-

like óanti-inflammatoryô macrophage content in abdominal subcutaneous adipose tissue (SAT) 
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and visceral adipose tissue (VAT).71 However, we do not know if such similarities manifest in 

adults with milder obesity before the onset of comorbidities or if they extend to other immune 

cells and circulating adipokines.  

Furthermore, we do not fully understand whether conventional weight loss treatments can 

effectively target inflammation in people with CO and AO. While some pro-inflammatory 

adipose tissue immune cells decrease after bariatric surgery,315,316 this is not always the case after 

lifestyle interventionsðdespite cardiometabolic improvements.261,317 We suspect that the age of 

obesity onset may contribute to this variability. 

The present study aimed to examine the effect of age of obesity onset (CO vs. AO) on 

abdominal and femoral SAT macrophage and T-cell populations (primary outcomes), as well as 

circulating adipokines and subclinical cardiometabolic risk factors (hyperinsulinemia and arterial 

stiffness) before and after moderate (~10%) weight loss. 

Methods 

Participants and study design 

We recruited healthy, non-smoking adult females (age = 25-40 years; BMI = 30-39 

kg/m2) who acquired obesity either pre-/peri-puberty (CO; females: n = 14); or after the age of 

18 (AO; females: n = 13). A subset of these participants were included in a previously published 

study.91 Participants provided photographic proof of body size around puberty (~10-14 years old) 

and verified their body size at different ages using the Collinsô Childhood Body Rating Scales35 

and the Stunkard Body Rating Scale.31 Detailed eligibility criteria have been previously 

described.91 Ethical approval was obtained from the Concordia University Human Research 

Ethics Committee. All participants provided written informed consent.   
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The study design has been previously detailed.91 In brief, the study consisted of a baseline 

2-week weight stabilization period, a weight loss period, and a final 2-week weight stabilization 

period. The weight loss period ended when participants lost approximately 10% of their initial 

body weight. The following assessments were completed toward the end of each weight 

stabilization period after a 12-hour fast: anthropometric and body composition measurements 

(dual-energy x-ray absorptiometry and L2-L3 single-slice computed tomography), indirect 

calorimetry, a blood draw, an arterial stiffness measurement, and an abdominal (lateral 

periumbilical region) and femoral (lateral upper thigh) SAT biopsy. Standard clinical blood 

measurements (serum glucose, total cholesterol, HDL cholesterol, LDL cholesterol, and 

triglycerides) were taken only at baseline. The clinical assessments91 and biopsy procedure318 

have been previously described.  Eight participants with CO and six participants with AO 

completed assessments both before and after weight loss.  

Lifestyle weight loss protocol 

Details of the weight loss protocol have been previously outlined.91 Participants were 

instructed how to decrease their energy intake by 20% using exchange lists for meal planning 

and to increase their energy expenditure by 10% through moderate-to-vigorous intensity aerobic 

exercise (treadmill and/or elliptical), targeting a total energy deficit of 30%. The protocol was 

adapted from a previously successful weight loss study.279 

Subclinical cardiometabolic risk assessments 

We assessed plasma insulin concentrations and arterial stiffness as markers of subclinical 

cardiometabolic risk. Plasma insulin concentration was measured by enzyme-linked 

immunosorbent assay (ELISA) (R&D Systems, ON, Canada). Arterial stiffness was assessed as 



138 
 

carotid-femoral pulse wave velocity (cfPWV) using applanation tonometry (SphygmoCor, AtCor 

Medical, Sydney, Australia) as previously described.248   

Circulating Adipokines 

Plasma concentrations of plasminogen activator inhibitor-1 (PAI-1), monocyte 

chemoattractant protein-1 (MCP-1), and resistin were measured using a Human ProcartaPlexÊ 

Simplex Kit (Thermo Fisher Scientific [Invitrogen], Waltham, MA, USA). Plasma 

concentrations of leptin, adiponectin, interleukin (IL)-8 (R&D Systems), and IL-6 (Abcam, ON, 

Canada) were measured by ELISA. Adiponectin is an anti-inflammatory, insulin-sensitizing 

adipokine, while the others are pro-inflammatory. 

SAT immune cell analysis 

SAT immune cells were isolated and analysed as detailed by our lab.318  Briefly, the 

stromovascular cells from approximately 1 g of SAT were isolated by collagenase digestion, 

purified, stained with CD68, CD206, CD3, CD4, and CD8 antibodies (Table S1), and analyzed 

using an 8-color BD FACSVerse (BD Biosciences, San Jose, California) and FlowJo software 

version 9.3.2 (Treestar Inc., Ashland, Oregon). Table S2 shows our single-stain and 

fluorescence-minus-one controls. We quantified the number of CD68+CD206- (M1-like) 

macrophages, CD68+CD206+ (M2-like) macrophages, CD3+CD4+ (T helper or T regulatory) 

cells, and CD3+CD8+ (cytotoxic) T cells. Our gating strategy for immune cell identification is 

displayed in Figure S1. We expressed immune cell quantities as a percentage of live 

stromovascular cells.   
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Complementary adipose tissue analyses 

We measured mean adipocyte volume as previously described.319 Additionally, we 

conducted an ex vivo analysis of SAT secretions (conditioned media) to measure adiponectin 

using ELISA, as detailed elsewhere.320 

Statistical Analyses 

Data analyses were conducted using SAS version 9.4 (SAS Institute Inc.). Baseline 

participant characteristics were reported as means (SEM) and compared between groups with 

independent t tests.  

For our main analyses, we used marginal models (SAS PROC MIXED with the 

REPEATED statement) and applied restricted maximum likelihood estimation to handle 

unbalanced data and adjust the residualsô covariance structure flexibly. The models included the 

adipose tissue immune cell proportions, adipocyte size, or SAT-secreted adiponectin as 

outcomes and group (obesity onset), SAT region, time (weight loss), and all two way and three

way interactions as fixed factors. The models for circulating adipokines included group, time, 

and the group-by time interaction as fixed factors. We used likelihood ratio ɢĮ tests to select the 

appropriate covariance structure (compound symmetry, compound symmetry heterogeneous, or 

unstructured) for each model. We assessed the normality of residuals for each model using the 

Shapiro-Wilk test and by visual inspection, and log-transformed dependent variables when 

necessary. The KenwardïRoger method was used to estimate the degrees of freedom.281 We 

decomposed significant interactions graphically and with relevant within  and between group 

contrasts. When the three way interaction was significant, we tested the group-by time and 

group by region interactions at each level of the third variable (region and time, respectively) 

and examined simple contrasts as needed.  
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We expressed model results as least-squares means (lsmeans) (95% CI) or differences in 

lsmeans (95% CI). The lsmeans from transformed data were back transformed to the original 

scale for easier interpretation. The differences in lsmeans were back transformed for logged 

outcomes, giving the ratio of the geometric lsmeans282 or fold difference. We computed Cohenôs 

d (d =2t(sqrt(df))) using the model t values and degrees of freedom (df),283 then converted it to 

Hedgeôs g (g = d(1 ī 3/(4df ī 1)) to adjust for small sample size bias.284 Statistical significance 

was set at p < 0.1 for interactions and p < 0.05 for main effects and contrasts, consistent with 

prior research.285,286  

Results 

Participant characteristics 

 At baseline, participants with CO and AO did not differ in mean age, BMI, or clinical 

blood measurements (Table 1). There were no differences in baseline characteristics between 

participants who completed the weight loss protocol and those who did not (data not shown).  

¢ŀōƭŜ мΦ 5ŜƳƻƎǊŀǇƘƛŎ ŀƴŘ ŎƭƛƴƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ƻŦ ǎǘǳŘȅ ǇŀǊǝŎƛǇŀƴǘǎ 

Characteristic 

Childhood-onset 

Obesity 

(n = 14) 

Adult-onset 

Obesity 

(n = 13) 

p value 

Age (years) 30.2 (1.0) 30.9 (0.8) 0.583 

Body Mass Index (kg/m2) 33.5 (0.8) 33.9 (0.8) 0.732 

Glucose (mmol/L) 4.6 (0.1)a 4.7 (0.1) 0.663 

Triglycerides (mmol/L) 1.0 (0.1) 1.2 (0.1) 0.405 

Total Cholesterol (mmol/L) 4.5 (0.2) 4.4 (0.2) 0.961 

HDL-Cholesterol (mmol/L) 1.3 (0.1) 1.2 (0.1) 0.616 

LDL-Cholesterol (mmol/L) 2.7 (0.2) 2.6 (0.2) 0.879 

Results are means (SEM)  
 an = 13 

Abbreviations: HDL = high-density lipoprotein; LDL = low-density lipoprotein  
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Participants lost an average of 8 kg, or 9 % of their initial weight. Total and percent body 

fat, as well as visceral and subcutaneous android fat, did not differ between obesity-onset groups 

at baseline and declined similarly across groups with weight loss. The android-to-gynoid fat ratio 

remained unchanged with weight loss in both groups (Table 2).
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¢ŀōƭŜ нΦ .ƻŘȅ ǿŜƛƎƘǘ ŀƴŘ ŎƻƳǇƻǎƛǝƻƴ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ǿŜƛƎƘǘ ƭƻǎǎ 

Characteristic 

Baseline  Final  Effect, p value 

Childhood-onset 

Obesity  

(n = 14) 

Adult-onset 

Obesity  

(n = 13) 

Childhood-onset 

Obesity  

(n = 8) 

Adult-onset 

Obesity  

(n = 6) 

Group Time 
Group x 

Time 

Weight (kg) 91.3 (85.9, 96.6) 94.0 (88.5, 99.5) 82.6 (77.1, 88.2) 85.9 (80.0, 91.8) 0.428 <0.001 0.806 

Total Body Fat (kg) 41.1 (37.3, 44.8) 42.7 (38.7, 46.6) 33.4 (29.8, 37.0) 37.5 (33.4, 41.7) 0.176 0.004 0.402 

Total Body Fat (%) 45.2 (42.9, 47.5) 45.4 (43.1, 47.8) 41.7 (39.4, 44.1) 42.4 (39.9, 45.0) 0.768 <0.001 0.619 

CT Android VAT (kg) 0.79 (0.56, 1.0) 0.82 (0.56, 1.1) 0.67 (0.43, 0.91) 0.61 (0.36, 0.86) 0.921 0.003 0.332 

CT Android SAT (kg) 2.9 (2.6, 3.3) 2.8 (2.5, 3.2) 2.4 (2.0, 2.7) 2.4 (2.1, 2.8) 0.903 <0.001 0.173 

Android Fat (kg)/Gynoid Fat 

(kg)  

0.54 (0.48, 0.60) 0.47 (0.41, 0.53) 0.53 (0.45, 0.60) 0.48 (0.39, 0.56) 0.196 0.780 0.552 

Results are least squares means (95 % CI) 

Abbreviations: CT = computed tomography; SAT = subcutaneous adipose tissue; VAT = visceral adipose tissue 
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Subclinical cardiometabolic risk factors  

 The obesity-onset groups did not differ in plasma insulin concentration or arterial 

stiffness at baseline. Across groups, plasma insulin concentration decreased 1.33-fold (95% CI: 

1.07, 1.66; p = 0.016; g = 1.50) and cfPWV decreased by 0.64 m/s (95% CI: 0.30, 0.99; p =0.001; 

g = 1.98) (Figure 1A and D).  

 

CƛƎǳǊŜ мΦ {ǳōŎƭƛƴƛŎŀƭ ŎŀǊŘƛƻƳŜǘŀōƻƭƛŎ Ǌƛǎƪ ŦŀŎǘƻǊǎ ƛƴ ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ŀƴŘ ŀŘǳƭǘπƻƴǎŜǘ 

ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 
 
{ǳōŎƭƛƴƛŎŀƭ ŎŀǊŘƛƻƳŜǘŀōƻƭƛŎ Ǌƛǎƪ ŦŀŎǘƻǊǎ ōȅ ƎǊƻǳǇ ƻǾŜǊ ǝƳŜΦ wŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀǎ ƭŜŀǎǘπǎǉǳŀǊŜǎ ƳŜŀƴǎ όфр҈ /LύΦ  
 
Lƴ !Σ ÀǝƳŜΣ Ǉ Ґ лΦлмсΥ ōŀǎŜƭƛƴŜ Ҕ ŬƴŀƭΦ 
Lƴ .Σ ÀǝƳŜΣ Ǉ Ґ лΦллмΥ ōŀǎŜƭƛƴŜ Ҕ ŬƴŀƭΦ 
 
ŎŦt²± Ґ ŎŀǊƻǝŘπŦŜƳƻǊŀƭ ǇǳƭǎŜ ǿŀǾŜ ǾŜƭƻŎƛǘȅ όŀǊǘŜǊƛŀƭ ǎǝũƴŜǎǎύΤ !h Ґ ƎǊƻǳǇ ǿƛǘƘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ƎǊƻǳǇ 
ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅ 
 

Adipokines 

After weight loss, plasma leptin concentration decreased 1.86-fold (95% CI: 1.50, 2.30; p 

<0.001; g = 2.77) and plasma PAI-1 concentration decreased 1.24-fold (95% CI: 1.05, 1.46; p = 

0.016; g = 1.46) across groups (Figure 2A and D). There were no group, time, or group-by-time 

interaction effects on the plasma concentrations of other proinflammatory adipokines (Figure 2B, 

C, E, and F) or adiponectin (Figure 3A). The adiponectin concentration in SAT-conditioned 
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media, however, increased after weight loss (1.31-fold (95% CI: 1.02, 1.68); p = 0.032; g = 0.56) 

across groups and SAT regions (Figure 3B)
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CƛƎǳǊŜ нΦ tƭŀǎƳŀ ǇǊƻƛƴƅŀƳƳŀǘƻǊȅ ŀŘƛǇƻƪƛƴŜ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƛƴ ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ŀƴŘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ 

ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 

tƭŀǎƳŀ ǇǊƻƛƴƅŀƳƳŀǘƻǊȅ ŀŘƛǇƻƪƛƴŜ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ōȅ ƎǊƻǳǇ ƻǾŜǊ ǝƳŜΦ wŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀǎ ƭŜŀǎǘπǎǉǳŀǊŜǎ ƳŜŀƴǎ όфр҈ /LύΦ  
 
Lƴ !Σ ÀǝƳŜΣ Ǉ ғ лΦллмΥ ōŀǎŜƭƛƴŜ Ҕ ŬƴŀƭΦ  
Lƴ 5Σ ÀǝƳŜΣ Ǉ Ґ лΦлмсΥ ōŀǎŜƭƛƴŜ Ҕ ŬƴŀƭΦ  
 
!h Ґ ƎǊƻǳǇ ǿƛǘƘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ƎǊƻǳǇ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ L[ Ґ ƛƴǘŜǊƭŜǳƪƛƴΤ a/tπм Ґ ƳƻƴƻŎȅǘŜ ŎƘŜƳƻŀǧǊŀŎǘŀƴǘ ǇǊƻǘŜƛƴπмΤ t!Lπм Ґ 
ǇƭŀǎƳƛƴƻƎŜƴ ŀŎǝǾŀǘƻǊ ƛƴƘƛōƛǘƻǊπм  
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CƛƎǳǊŜ оΦ tƭŀǎƳŀ ŀƴŘ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜπŎƻƴŘƛǝƻƴŜŘ ƳŜŘƛŀ ŀŘƛǇƻƴŜŎǝƴ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƛƴ 

ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ŀƴŘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 
tƭŀǎƳŀ ŀƴŘ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜπŎƻƴŘƛǝƻƴŜŘ ƳŜŘƛŀ ŀŘƛǇƻƴŜŎǝƴ ŎƻƴŎŜƴǘǊŀǝƻƴ ōȅ ƎǊƻǳǇ ƻǾŜǊ ǝƳŜΦ wŜǎǳƭǘǎ 
ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀǎ ƭŜŀǎǘπǎǉǳŀǊŜǎ ƳŜŀƴǎ όфр҈ /LύΦ  
 
Lƴ .Σ ÀǝƳŜΣ Ǉ Ґ лΦлонΥ ōŀǎŜƭƛƴŜ ғ ŬƴŀƭΦ   

 
!. Ґ ŀōŘƻƳƛƴŀƭ ǊŜƎƛƻƴΤ !h Ґ ƎǊƻǳǇ ǿƛǘƘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ƎǊƻǳǇ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ C9a Ґ 
ŦŜƳƻǊŀƭ ǊŜƎƛƻƴ 
 
 

Adipocyte Size 

There was a group-by-region-by-time interaction on mean adipocyte size (Figure 4). The 

group-by-region interaction was significant at baseline; mean adipocyte size was greater in the 

femoral region than in the abdominal region in the CO group (313 pL [95% CI: 129, 497]; p = 

0.002; g = 1.36) but greater in the abdominal region than in the femoral region in the AO group 

(285 pL [95% CI: 95, 476]; p = 0.005; g = 1.19). The group-by-time interaction was not 

significant in the abdominal or femoral region. Across time, mean adipocyte size was 394 pL 

(95% CI: 180, 609) smaller in the CO group than in the AO group in the abdominal region (p = 

0.001; g = -1.68) and not different between groups in the femoral region. Across groups, 

adipocyte size decreased with weight loss by 329 pL (95% CI: 120, 539) in the abdominal region 

(p = 0.004; g = -1.43) and by 280 pL (95% CI: 48, 512) in the femoral region (p = 0.021; g = -
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1.16). A slight difference in the change over time between regions in the AO group (larger 

decrease in the abdominal region) led to a group-by-region interaction after weight loss that 

manifested differently than at baseline. While adipocyte size remained greater in the femoral 

region than in the abdominal region in the CO group (176 pL [95% CI: 31, 321]; p = 0.021; g = 

1.43), there was no regional difference in the AO group after weight loss. 

 

CƛƎǳǊŜ пΦ wŜƎƛƻƴŀƭ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻŎȅǘŜ ǎƛȊŜ ƛƴ ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ŀƴŘ ŀŘǳƭǘπƻƴǎŜǘ 

ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 

 
!ŘƛǇƻŎȅǘŜ ǎƛȊŜ ōȅ ƎǊƻǳǇ ŀƴŘ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ǊŜƎƛƻƴ ƻǾŜǊ ǝƳŜΦ wŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀǎ ƭŜŀǎǘπǎǉǳŀǊŜǎ 
ƳŜŀƴǎ ҕ фр҈ /LǎΦ  
 

ÀǝƳŜΣ Ǉ ҐлΦллрΤ ÄǊŜƎƛƻƴπōȅπƻƴǎŜǘΣ Ǉ ғ лΦллмΤ ÆƎǊƻǳǇπōȅπǊŜƎƛƻƴπōȅπǝƳŜΣ Ǉ Ґ лΦллпΥ ƎǊƻǳǇπōȅπǝƳŜ ƛƴ !.Σ Ǉ Ґ лΦпрп 
όŀŎǊƻǎǎ ǝƳŜΥ /h ғ !hΣ Ǉ Ґ лΦллмΤ ŀŎǊƻǎǎ ƎǊƻǳǇǎΥ ōŀǎŜƭƛƴŜ Ҕ ŬƴŀƭΣ Ǉ Ґ лΦллпύΤ ƎǊƻǳǇπōȅπǝƳŜ ƛƴ C9aΣ Ǉ Ґ лΦоом 
όŀŎǊƻǎǎ ǝƳŜΥ /h Ґ !hΣ Ǉ Ґ лΦустύΤ ƎǊƻǳǇπōȅπǊŜƎƛƻƴ ŀǘ ōŀǎŜƭƛƴŜΣ Ǉ ғ лΦллм ό/hΥ !. ғ C9aΣ Ǉ Ґ лΦллнΤ !hΥ !. Ҕ C9aΣ Ǉ 
Ґ лΦллрύΤ ƎǊƻǳǇπōȅπǊŜƎƛƻƴ ŀǘ ŬƴŀƭΣ Ǉ Ґ лΦлпф ό/hΥ !. ғ C9aΣ Ǉ Ґ лΦлнмΤ !hΥ !. Ґ C9aΣ Ǉ Ґ лΦрптύ 
 
!. Ґ ŀōŘƻƳƛƴŀƭ ǊŜƎƛƻƴΤ !h Ґ ƎǊƻǳǇ ǿƛǘƘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ƎǊƻǳǇ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ C9a Ґ 
ŦŜƳƻǊŀƭ ǊŜƎƛƻƴ 

 

SAT immune cells  

There was a group-by-region-by-time interaction on the proportion of M1-like 

CD68+CD206- macrophages (Figure 5A) indicating that the group differences in the change over 

time were not consistent across regions or that group differences in regional variations were not 
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consistent before and after weight loss. However, the group-by-region interaction before and 

after weight loss and the group-by-time interaction in the abdominal and femoral region were not 

significantly different from zero, suggesting that these two-way interactions did not fully explain 

the three-way interaction. Across time, the proportion of CD68+CD206- macrophages was not 

significantly different between the CO and AO groups before and after weight loss. Across 

groups the proportion of CD68+CD206- macrophages was 1.40-fold (95% CI: 1.08, 1.83; p = 

0.013; g = 1.20) greater in the abdominal region than in the femoral region at baseline and 

declined in the abdominal region (2.40-fold [95% CI: 1.02, 5.62]; p = 0.045; g = 1.00) but not in 

the femoral region with weight loss. As a result, there was no regional difference across groups 

post-weight loss. Simple contrasts, however, indicated that the regional difference at baseline 

and the decline in the abdominal region were specific to the AO group. These contrasts help 

explain the three-way interaction that can be depicted on the graph: the change over time was 

less parallel for the CO and AO groups in the abdominal region (higher at baseline and larger 

decrease in AO compared to CO, though non-significant) than the femoral region; and the 

regional difference was more pronounced in AO than CO before weight loss compared to after 

weight loss. There were no group, region, time, or interaction effects on the proportion of M2-

like CD68+CD206+ macrophages (Figure 5B).   
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CƛƎǳǊŜ рΦ wŜƎƛƻƴŀƭ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ƳŀŎǊƻǇƘŀƎŜ ǇƻǇǳƭŀǝƻƴǎ ƛƴ ŦŜƳŀƭŜǎ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπ

ƻƴǎŜǘ ŀƴŘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƳƻŘŜǊŀǘŜ ǿŜƛƎƘǘ ƭƻǎǎ 

 
!π. aŀŎǊƻǇƘŀƎŜ ǇƻǇǳƭŀǝƻƴǎ ōȅ ƎǊƻǳǇ ŀƴŘ ǎǳōŎǳǘŀƴŜƻǳǎ ŀŘƛǇƻǎŜ ǝǎǎǳŜ ǊŜƎƛƻƴ ƻǾŜǊ ǝƳŜΦ hǳǘŎƻƳŜǎ ǿŜǊŜ ƴŀǘǳǊŀƭ 

ƭƻƎπǘǊŀƴǎŦƻǊƳŜŘ ǇǊƛƻǊ ǘƻ ŀƴŀƭȅǎƛǎ ōǳǘ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ŀǎ ōŀŎƪπǘǊŀƴǎŦƻǊƳŜŘ ǾŀƭǳŜǎΦ wŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀǎ ƭŜŀǎǘπ

ǎǉǳŀǊŜǎ ƳŜŀƴǎ ҕ фр҈ /LǎΦ  

Lƴ !Σ *ǊŜƎƛƻƴΣ Ǉ Ґ лΦлнпΤ ÆƎǊƻǳǇπōȅπǊŜƎƛƻƴπōȅπǝƳŜΣ Ǉ Ґ лΦлтсΥ ƎǊƻǳǇπōȅπǝƳŜ ƛƴ !.Σ Ǉ Ґ лΦплн όŀŎǊƻǎǎ ǝƳŜΥ /h Ґ !hΣ 

Ǉ Ґ лΦротΤ ŀŎǊƻǎǎ ƎǊƻǳǇǎΥ ōŀǎŜƭƛƴŜ Ҕ ŬƴŀƭΣ Ǉ Ґ лΦлпрύΤ ƎǊƻǳǇπōȅπǝƳŜ ƛƴ C9aΣ Ǉ Ґ лΦтпу όŀŎǊƻǎǎ ǝƳŜΥ /h Ґ !hΣ Ǉ Ґ 

лΦпнуΤ ŀŎǊƻǎǎ ƎǊƻǳǇǎΥ ōŀǎŜƭƛƴŜ Ґ ŬƴŀƭΣ Ǉ Ґ лΦлтсύΤ ƎǊƻǳǇπōȅπǊŜƎƛƻƴ ŀǘ ōŀǎŜƭƛƴŜΣ Ǉ Ґ лΦмсс όŀŎǊƻǎǎ ƎǊƻǳǇǎΥ !. Ҕ C9aΣ 

Ǉ Ґ лΦлмоύΤ ƎǊƻǳǇπōȅπǊŜƎƛƻƴ ŀǘ ŬƴŀƭΣ Ǉ Ґ лΦнмр όŀŎǊƻǎǎ ƎǊƻǳǇǎΥ !. Ґ C9aΣ Ǉ Ґ лΦмлсύΦ !ƭǘƘƻǳƎƘ ǘƘŜǎŜ ǘǿƻπǿŀȅ 

ƛƴǘŜǊŀŎǝƻƴǎ Ŏŀƴƴƻǘ Ŧǳƭƭȅ ŜȄǇƭŀƛƴ ǘƘŜ ǘƘǊŜŜπǿŀȅ ƛƴǘŜǊŀŎǝƻƴΣ ǎƛƳǇƭŜ ŎƻƴǘǊŀǎǘǎ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ǘƘŜ ǊŜƎƛƻƴŀƭ ŘƛũŜǊŜƴŎŜ 

ό!. Ҕ C9aύ ŀǘ ōŀǎŜƭƛƴŜ ŀƴŘ ǘƘŜ ŎƘŀƴƎŜ ƛƴ !. όōŀǎŜƭƛƴŜ Ҕ Ŭƴŀƭύ ƻŎŎǳǊǊŜŘ ƛƴ !h ŀƴŘ ƴƻǘ /hΦ ¢ƘŜǎŜ ŎƻƴǘǊŀǎǘǎ 

ŎƻǊǊŜǎǇƻƴŘ ǿƛǘƘ ǘƘŜ ƎǊŀǇƘƛŎŀƭ ŘŜǇƛŎǝƻƴ ǎƘƻǿƛƴƎ ǘƘŀǘ ǘƘŜ ŎƘŀƴƎŜ ƻǾŜǊ ǝƳŜ ǿŀǎ ƭŜǎǎ ǇŀǊŀƭƭŜƭ ŦƻǊ /h ŀƴŘ !h ƛƴ !. 

ŎƻƳǇŀǊŜŘ ǘƻ C9aΦ 

!. Ґ ŀōŘƻƳƛƴŀƭ ǊŜƎƛƻƴΤ !h Ґ ƎǊƻǳǇ ǿƛǘƘ ŀŘǳƭǘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ /h Ґ ƎǊƻǳǇ ǿƛǘƘ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ ƻōŜǎƛǘȅΤ C9a Ґ 
ŦŜƳƻǊŀƭ ǊŜƎƛƻƴΤ {±/ Ґ ǎǘǊƻƳƻǾŀǎŎǳƭŀǊ ŎŜƭƭǎ 

 

There was a region effect but no group, time, or interaction effects on the proportion of 

CD3+CD8+ T cells (Figure 6B). The percentage of CD3+CD8+ T cells was greater in the femoral 

than abdominal region across groups and time (1.17 percentage points [95% CI: 0.48, 1.86,]; p = 

0.001; g = 1.07). Similarly, the percentage of CD3+CD4+ T cells was greater in the femoral than 

abdominal region across groups and time (1.65 percentage points [95% CI: 0.87, 2.43]; region 

effect, p < 0.001; g = 1.32). In addition, there was a group-by-time interaction on the percentage 

of CD3+CD4+ T cells (Figure 6A). Across regions, the percentage of CD3+CD4+ T cells did not 

differ between groups pre-weight loss and increased after weight loss in the AO group only (1.54 

percentage points [95% CI: 0.20, 2.87]; p = 0.025; g = 0.64). Therefore, the percentage of 

CD3+CD4+ T cells was higher in the AO group than in the CO group across regions post-weight 

loss (2.86 percentage points [95% CI: 0.99, 4.73]; p = 0.004; g = 0.85).   
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Discussion 

This study was motivated by the increased risk of type 2 diabetes associated with CO and 

is the first of its kind to examine the effects of age of obesity onset on regional SAT immune 

cells and systemic inflammation before and after weight loss. Contrary to our expectations, we 

did not find a more pro-inflammatory SAT immune cell profile in females with CO than in those 

with AO. Instead, we found a slightly higher proportion of M1-like macrophages in the 

abdominal SAT of females with AO, and no other differences in macrophage or T-cell 

proportions between groups. Fasting plasma adipokine and insulin concentrations, as well as 

arterial stiffness, were also not significantly different between groups. Moderate (~10%) weight 

loss similarly reduced arterial stiffness and plasma concentrations of insulin, leptin, and PAI-1 in 
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females with CO and AO. However, SAT immune cell proportions only shifted in females with 

AO. After weight loss, their M1-like macrophages in abdominal SAT decreased, while their 

CD3+CD4+ T cells in abdominal and femoral SAT increased.  

Consistent with our baseline findings on M1-like macrophages, females with AO exhibit 

greater IL-6 gene expression in abdominal SAT than those with CO.3 Furthermore, Attard et al. 

found that 27-year-old females with obesity who experienced the greatest weight gain over the 

past 7 years had increased odds of systemic inflammation (CRP >3 mg/L) compared to those 

who gained most of their weight earlier in life.175 Circulating concentrations of CRP, but not IL-

6, correlate with pro-inflammatory macrophages and IL-6 gene expression in SAT.321 Therefore, 

it is not surprising that we did not find a difference in plasma IL-6 concentration between groups.  

A mouse study by Wernstedt Asterholm et al.322 prompts us to question whether 

increased abdominal SAT pro-inflammatory macrophages in AO represent a temporary adaptive 

response to recent weight gain rather than a driver of chronic inflammation. Wernstedt 

Asterholm et al. found that, during the early stages of obesity development in mice, adipose 

tissue inflammation is crucial for proper extracellular matrix remodelling and angiogenesis, 

processes that promote adipogenesis.322 They postulated that by promoting healthy tissue 

expansion, acute adipose tissue inflammation can resolve before becoming chronic.322 While no 

studies have compared adipogenic capacity between people with CO and AO, our lab has 

provided evidence suggesting increased lipogenic capacity in females with AO.3  

Although it is appealing to view the increased abdominal SAT proinflammatory 

macrophages in AO as an adaptive response to recent weight gain, we must consider that adult 

obesity typically develops over several months or even years in humans. This raises questions 

about what constitutes an óacuteô inflammatory response to weight gain in humans and how long 

healthy adipose tissue remodelling can persist before chronic, low-grade inflammation takes 
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over. Short-term overfeeding studies in healthy adults show that after a ~3-kg weight gain, the 

total number of macrophages in abdominal SAT remains stable. However, the M1/M2 

macrophage ratio increases along with markers of extracellular matrix remodelling and 

angiogenesis. Additionally, the circulating concentration of CRP increases, while that of IL-6 

remains unchanged.323,324  What remains unclear is whether these changes after weight gain are 

tempered once weight stabilizes over the long term. In our study, participants were weight-stable 

for at least three months, yet we still observed slight differences in abdominal SAT M1-like 

macrophages between those with recent weight gain (AO) and those with CO. Studies comparing 

bariatric surgery patients with CO and AO indicate that by the time they have severe obesity with 

comorbidities, their ATM profiles71 and circulating CRP concentrations133 converge. The 

adiposity trajectories leading to this convergence remain to be studied. 

Even though our findings suggest that SAT immune cells and circulating adipokines may 

not explain the increased type 2 diabetes risk associated with childhood-onset obesity, they do 

not discount the role of inflammation entirely. While the degree of SAT and systemic 

inflammation is one consideration for cardiometabolic risk, the duration of exposure to 

inflammation is another. Still, this reasoning does not align with our subclinical findings. If those 

with CO experience chronic, low-grade inflammation for longer, why donôt they exhibit worse 

arterial stiffness than those with AO? Differences in other triggers of arterial stiffness, such as 

oxidative stress, endothelial dysfunction, or structural changes in the artery, could provide an 

explanation.  

However, both obesity-onset groups had average cfPWV values (~7 m/s) in the upper-

normal range for young healthy adults,325 well below the clinical concern threshold of 10 m/s.326 

While the duration of obesity accelerates arterial stiffness in middle-aged and older adults,327 this 

may not be the case for younger adults. Evidence shows that adiposity does not correlate with 
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arterial stiffness until middle age.328ï331 At younger ages, researchers proposed, the vasculature 

may temporarily adapt to the increased cardiac output associated with obesity by decreasing 

arterial stiffness.330,331    

The average plasma insulin concentration was ~100 pmol/L greater in females with CO 

than in those with AO, and although this difference was not statistically significant, it may still 

be clinically relevant. Hyperinsulinemia, a well-established risk factor for type 2 diabetes, 

remains difficult to define due to variability in insulin assays. However, the mean plasma insulin 

concentrations of ~300 pmol/L in our CO group and ~200 pmol/L in our AO group are notably 

higher than the ~60 pmol/L we measured in a small sample of lean females using the same 

methodology (unpublished). Plasma insulin concentrations reflect the balance between insulin 

secretion and clearance. An increase in the former and a decrease in the latter can lead to fasting 

and postprandial hyperinsulinemia in people with obesity.332 

Drawing from current evidence, we suspect that compensatory hyperinsulinemia may be 

more common in AO, whereas hypersecretion-induced hyperinsulinemia may be more common 

in CO. Studies using the hyperinsulinemic-euglycemic clamp technique have found worse 

insulin resistance in people with AO compared to those with CO.143,144 Moreover, at the same 

level of glycemia and insulin sensitivity, children with obesity have hyperresponsive ɓ-cells 

compared to adults with obesity.187ï189 This hyperresponsiveness could lead to accelerated ɓ-cell 

exhaustion and an earlier onset of type 2 diabetes in adults with CO.190 Studies comparing insulin 

kinetics and multi-organic insulin sensitivity between adults with CO and AO over time are 

required to test this hypothesis.    

Many cardiometabolic risk factors improve following lifestyle weight loss 

interventions,226,333,334 but whether changes in adipose tissue immune cell profiles drive these 

improvements remains unclear. Collectively, human studies suggest that total abdominal SAT 
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macrophage content increases or remains stable in the early phases of rapid or gradual diet 

and/or exercise-induced weight loss (< ~10%), despite improvements in cardiometabolic risk 

factors.226,261,317,335ï338 However, with continued weight loss (> ~15%), total abdominal SAT 

macrophage content decreases.226,335,339 There is also evidence that exercise, with or without 

weight loss, shifts abdominal SAT macrophages toward an anti-inflammatory M2-like 

phenotype.336,340 In our study, only females with AO experienced a decrease in the proportion of 

abdominal SAT M1-like macrophages after weight loss, eliminating the baseline difference 

between those with AO and CO. Therefore, in some people, a 10% weight loss achieved through 

diet and exercise may reduce pro-inflammatory macrophages, with baseline levels possibly 

playing a role. 

In our study, the proportions of abdominal and femoral SAT CD3+CD8+ T cells (pro-

inflammatory) did not change after weight loss, regardless of obesity onset. In contrast, the 

proportion of CD3+CD4+ T cells increased in both SAT regions in females with AO, but not in 

those with CO. Our findings in females with AO align with those of Kratz et al., who examined 

changes in abdominal SAT T-cell populations after a 1-year lifestyle intervention (~7% weight 

loss) in people with obesity and type 2 diabetes.317 Given their participants were older (~50 

years), it is plausible that a higher proportion had adult-onset obesity. 

SAT Treg cells, an anti-inflammatory subset of CD3+CD4+ T cells, are both reduced and 

less functional in adults with obesity.341 Due to chronic antigen stimulation, they adopt an 

exhausted phenotype marked by impaired activity and a diminished ability to proliferate.341 

Interestingly, Cottom et al. found that adipose tissue Treg cells remain low and maintain and an 

exhausted phenotype after weight loss in obese mice.342 If the increase in CD3+CD4+ T cells in 

people with AO is due to a rise in Treg cells, it might suggest that their baseline Treg cellsð

even if similar in quantity to the CO groupðare less exhausted. Conversely, in those with CO, 
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10% weight loss may not be enough to recover Treg cell exhaustion. Further phenotyping of 

CD3+CD4+ T cells in people with CO and AO, both before and after weight loss, is needed to 

explore this possibility. 

For people with obesity engaged in lifestyle interventions, an initial weight loss target of 

5-10% is considered clinically significantðbut is it biologically significant? We found that after 

10% weight loss, females with CO and AO improved their plasma insulin concentration and 

arterial stiffness. However, our findings, along with those of others,226,261 suggest that 10% 

weight loss may not be sufficient to induce positive changes in certain aspects of SAT biologyð

at least in some people. Consistent with other studies,226,343 we found that circulating 

concentrations of only select adipokines, leptin and PAI-1, declined in both groups after 

moderate weight loss. We also found that adipocyte size decreased and adiponectin secreted 

from SAT increased in both groups, whereas SAT immune cell profiles only changed in those 

with AO.   

While these results may suggest that changes in SAT immune cells profiles are not 

required for short-term improvements in cardiometabolic risk factors, we wonder whether they 

are necessary to sustain improvements over the long-term. Since immune cell infiltration is one 

of the first changes with weight gain, could it be the last to resolve with weight loss before 

lasting metabolic health is restored? In mice with diet-induced obesity, a proinflammatory 

immune cell profile in adipose tissue persisted after weigh loss and, along with glucose 

tolerance, worsened after weight regain. The authors speculated that a ómemory-like 

immunological imprintingô may contribute to the exacerbated metabolic dysfunction associated 

with weight regain. Interestingly, after a 10% diet-induced weight loss in humans, the lower the 

reduction in gene expression of immune cell integrins in abdominal SAT, the greater the weight 

regain over the following nine months. These findings may be particularly relevant to those with 
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CO, whose SAT immune cell profile did not change after 10% weight loss and whose 

hyperplastic abdominal SAT may predispose them to weight regain.217 Longitudinal studies are 

required to determine whether those with CO need greater weight loss or alternative 

interventions compared to those with AO to prevent weight regain and sustain metabolic 

improvements.  

We acknowledge that the M1/M2 classification may oversimplify the inflammatory and 

functional diversity of macrophages. We were also unable to assess CD3+CD4+ T-cell subtypes, 

which limits our understanding of how they contribute to the SAT inflammatory milieux. 

Moreover, our analysis was limited to macrophages and T cells in SAT, preventing a 

comprehensive understanding of the adipose tissue immune landscape. Our findings are derived 

from a small sample of healthy females with obesity, which limits generalizability to other 

populations, including males and people with varying degrees of cardiometabolic risk.  

A major strength of our study is the use of the gold standard technique, flow cytometry, 

to quantify immune cell proportions in two SAT regions. SAT immune cell proportions 

quantified by flow cytometry demonstrate good test-retest reliability,344 which is crucial for our 

pre-post design. Another strength is that we verified the age of obesity onset through 

photographic evidence and body rating scales, ensuring accurate classification of participants.  

Our findings provide new evidence that the age of obesity onset influences changes in 

SAT macrophages and T cells following moderate weight loss. Unexpectedly, females with AO 

had slightly more proinflammatory macrophages at baseline in abdominal SAT compared to 

those with CO, though this difference diminished after weight loss. In contrast, T-cell 

populations in both abdominal and femoral SAT were unaffected by the age of obesity onset; 

however, CD3+CD4+ T cells increased after weight loss only in those with AO.  
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Our results suggest that SAT immune cell profiles may not fully account for the elevated 

type 2 diabetes risk in people with CO or the short-term cardiometabolic benefits of weight loss. 

However, the long-term implications of SAT immune changesðor lack thereofðafter weight 

loss remain unclear. Future research should determine if sustained metabolic improvements in 

CO and AO require specific changes in SAT immune cell populations and whether targeted 

interventions are needed to support these changes.    
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Bridge 4 

 

We conclude this dissertation by synthesizing the findings of original articles 1-3 and 

other relevant literature in a perspective article that explores whether childhood-onset and adult-

onset obesity are two types of obesity.  
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DISCUSSION: Perspective article.                                                                                                                            

Are childhood-onset and adult-onset obesity two types of obesity? 

                                                    

 

Classifying diseases by age of onsetðsuch as early- versus late-onset type 2 diabetes (< 

40 vs. Ó 40 years), colorectal cancer (<50 vs. Ó 50 years), and Alzheimerôs disease (<65 vs. Ó 65 

years)ðhas long proven clinically valuable. The age of onset often reveals crucial details about a 

diseaseôs pathophysiology and clinical course, which can guide treatment strategies. Recognizing 

this importance, the European Association for the Study of Obesity even included onset in its 

recent obesity taxonomy, designed to bridge policy and practice.345    

Obesity is unique because it often begins in childhood and tracks into adulthood229ð

though most cases develop during adulthood.165 Adult obesity can therefore be broadly classified 

as childhood-onset (Ò 18 years) or adult-onset (>18 years). While obesity history certainly has its 

place in clinical decision-making,29 the value of applying a childhood-onset versus adult-onset 

classification to adults with obesity remains unclear. In this Perspective, we explore whether 

childhood-onset and adult-onset obesity represent two distinct types of the disease and consider 

the potential implications for treatment strategies. 

Obesity development starts with excess adipose tissue expansion. For decades, the 

mechanisms of expansion were believed to biologically distinguish these two ótypesô of obesity. 

The prevailing notion held that adipose tissue expanded mainly through hyperplasia (an increase 

in adipocyte number) in childhood-onset obesity and hypertrophy (an increase in adipocyte size) 

in adult-onset obesity.56ï60 Hyperplasia in adulthood was considered rare and limited to severe 

obesity60ða concept that has since been refuted.67  

Our recent findings further challenge the idea that the age of obesity onset reliably 

dictates whether adipose tissue becomes hyperplastic or hypertrophic.319 In young, healthy adults 

with mild to moderate obesity, the óhyperplastic-childhood-onset/hypertrophic-adult-onsetô 
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classification only applied to abdominal subcutaneous adipose tissue (SAT) in females. The 

degree of abdominal SAT hypertrophy or hyperplasia did not differ between males with 

childhood-onset and adult-onset obesity. Furthermore, femoral SAT was hypertrophic in both 

males and females with childhood-onset obesity compared to those with adult-onset obesity 

(original article 1).319 

Nevertheless, excess adipose tissueðwhether hyperplastic or hypertrophicðis just one 

defining feature of obesity. Dysfunctional adipose tissue with the potential to impair health is 

another. Unfortunately, we do not yet fully understand how the age of obesity onset influences 

most disease processes and health outcomes. Type 2 diabetes risk is an exception: population-

based cohort studies have exposed a heightened risk in people with childhood-onset obesity 

compared to those with adult-onset obesity, even when accounting for age and 

adiposity.163,166,168,174ï176,182,183,186 Still, insulin resistance tends to be more pronounced in those 

with adult-onset obesity.143,144 These findings suggest that the clinical course of type 2 diabetes 

may differ between childhood-onset and adult-onset obesity. It is plausible that ɓ-cells may fail 

at a lower degree of insulin resistance in people with childhood-onset obesity, perhaps due to 

prolonged hyperresponsiveness. 

Dysfunctional adipose tissue serves as a critical link to insulin resistance and ɓ-cell 

exhaustion through its pro-inflammatory state and reduced capacity to store lipids.4,346,347 

Children with obesity exhibit SAT characteristics that tend to favourðrather than impairðlipid 

storage. Compared to lean children, children with obesity have decreased lipolysis, enhanced 

preadipocyte proliferation and similar differentiation capacity.55,94 They also have less total 

fibrosis, which may permit greater adipocyte enlargement.84 However, these potential 

adaptations may come at a cost, both in the short and long term.  
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Children with obesity already have reduced mitochondrial function in their SAT,106 

which, along with increased preadipocyte proliferation, may accelerate preadipocyte senescence 

in adults with childhood-onset obesity compared to those with adult-onset obesity. In support of 

this hypothesis, we found that preadipocytes in the abdominal and femoral SAT of females with 

childhood-onset obesity had a greater burden of DNA damage and p53/p21 senescence markers 

compared to those in females with adult-onset obesity (original article 2).320 Senescent cells not 

only promote inflammation through their senescence-associated secretory phenotype (SASP) but 

also impair adipogenesis, compromising lipid storage capacity.75 Our research also supports that 

lipogenesis may be impaired in childhood-onset obesity. We found that compared to females 

with adult-onset obesity, those with childhood-onset obesity had lower fasting abdominal and 

femoral SAT acetyl-CoA, a central metabolite in de novo lipogenesis.3  

Senescent preadipocytes do not act alone in promoting inflammation and impairing 

adipogenesis; adipose tissue macrophages also play a role.348 Although children with obesity 

have more pro-inflammatory macrophages in their SAT compared to lean children,84 this pattern 

does not appear to worsen when both groups of children become adults with obesity. 

Unexpectedly, we found that females with childhood-onset obesity had a slightly lower 

proportion of M1-like ópro-inflammatoryô macrophages (original article 3) and reduced IL-6 

gene expression in their abdominal SAT compared to those with adult-onset obesity. In contrast, 

we found no differences in the proportions of M1-like macrophages in femoral SAT and M2-like 

óanti-inflammatoryô macrophages, CD3+CD4+ T cells, and CD3+CD8+ T cells in abdominal and 

femoral SAT between these females with childhood-onset and adult-onset obesity (original 

article 3). We suspect that increased SAT inflammation in those with adult-onset obesity may 

represent a temporary adaptation to recent weight gain, facilitating SAT remodelling322; 

however, this hypothesis remains untested in humans.  
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The differences in SAT biology between people with childhood-onset and adult-onset 

obesity may carry important treatment implications. For people with mild to moderate obesity 

and no comorbidities, lifestyle interventions targeting a 5ï10% reduction in body weight are the 

first-line treatment. Our lab has found that while some SAT characteristics improve after a 10% 

weight loss induced by diet and exercise, notable differences exist between females with 

childhood-onset and adult-onset obesity. 

Preadipocyte DNA damage decreased in both abdominal and femoral SAT after 10% 

weight loss, regardless of the age of obesity onset. In femoral SAT, the decrease was more 

pronounced in those with childhood-onset obesity, resulting in a similar DNA damage burden 

between groups post-weight loss. Conversely, in abdominal SAT, the decrease was comparable 

between groups, so the DNA damage burden remained higher in those with childhood-onset 

obesity post-weight loss.91 The percentage of p53+ or p21+ preadipocytes, which did not change 

after weight loss in either group, also remained elevated in females with childhood-onset obesity. 

Interestingly, the total p21 intensity in p53+/p21+ femoral preadipocytes decreased only in 

females with adult-onset obesity (original article 2). This change may indicate a possible shift in 

senescence commitment.91 Therefore, moderate weight loss may help reduce senescence 

initiationðand possibly senescence progression in those with adult-onset obesityðbut may not 

eliminate preadipocytes that have already begun the senescence program.  

Senolytic therapies may represent a complementary strategy to mitigate the effects of 

cellular senescence, especially in those with childhood-onset obesity. Although clinical trials of 

senolytic drugs have only been initiated in patients with severe chronic diseases,349 Chaib et al. 

proposed how these therapies could be safely used in people with obesity.350 By targeting and 

clearing senescent cells, these therapies hold promise for improving metabolic health and 

addressing the underlying mechanisms of obesity-related complications.  
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SAT macrophage and T-cell populations also appear to be more responsive to diet- and 

exercise-induced weight loss in females with adult-onset obesity. After 10% weight loss, the 

proportion of M1-like macrophages in their abdominal SAT decreased, while the proportion of 

CD3+CD4+ T cells in their abdominal and femoral SAT increasedðwith no such changes 

observed in females with childhood-onset obesity (original article 3).  

Omega-3 fatty acids and drugs with anti-inflammatory properties have potential to target 

adipose tissue immune cells and inflammation.351,352 However, before evaluating whether these 

interventions might be beneficial for individuals with childhood-onset or adult-onset obesity, 

several questions regarding immune cell changes after weight loss need to be clarified. Do M1-

like macrophages decline in females with adult-onset obesity only because they are slightly 

higher at baseline, leaving more room for improvement? Is the increase in CD3+CD4+ T cells in 

females with adult-onset obesity driven by anti-inflammatory T regulatory or T helper (Th) 2 

cells or proinflammatory Th1 or Th17 cells? Does the lack of change in SAT immune cell 

profiles pose any consequences for females with childhood-onset obesity? 

Since cardiometabolic risk factors improve after weight loss without changes in SAT 

immune cell profiles, the answer to the last question may appear to be ónoô. However, studies in 

mice suggest that adipose tissue can retain an óimmune memoryô after weight loss, leading to 

exacerbated inflammation and metabolic dysfunction after weight regain.342,353 Further functional 

and inflammatory phenotyping of SAT immune cells in people with childhood-onset and adult-

onset obesity, both before and after weight loss, is required to better understand immune memory 

and its potential role in long-term metabolic health. Given that the inflammatory process begins 

earlier in childhood-onset obesity, it is plausible that their SAT immune memory is more 

solidified and resistant to change.  
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This concept of immune memory is concerning because females with childhood-onset 

obesity may be more susceptible to weight regain217 due to their smaller abdominal subcutaneous 

adipocytes (original articles 1 & 3).319 When adipocytes shrink to a size smaller than that of lean 

controls, plasma concentrations of the appetite-supressing hormone leptin also becomes 

abnormally low.215 Notably, even before weight loss, leptin gene expression in SAT is lower in 

females with childhood-onset obesity than in those with adult-onset obesity.3 While we did not 

find an abnormal decline in plasma leptin in females with childhood-onset obesity after a 10% 

weight loss (original article 3), hypoleptinemiaðand hyperphagiaðmay arise with more 

substantial weight loss.  

GLP-1-based therapies, which decrease appetite and food intake, could address this issue. 

These therapies work through various mechanisms including central nervous system effects and 

delayed gastric emptying,354 and also seem to impact leptin secretion from adipose tissue. A 

randomized controlled trial found that after a 12% diet-induced weight loss, administration of 

liraglutide (a GLP-1 receptor agonist) during a 1-year weight maintenance period diminished the 

weight loss-induced decrease in plasma leptin.355 However, given the tendency for weight regain 

upon discontinuation of GLP-1-based therapies356,357 and the uncertainties surrounding their 

prolonged use,358 these treatments may not provide a long-term solution for weight management.  

In contrast, sustained high levels of physical activity are often credited for the success of 

long-term weight-loss maintainers.359 However, no study has assessed whether physical activity 

plays a more significant role in preventing weight regain among those with childhood-onset 

obesity relative to those with adult-onset obesity.  

Long-term post-treatment weight trajectories have only been compared between people 

with childhood-onset and adult-onset obesity following bariatric surgery. Kristensson et al. found 

that in both obesity-onset groups, weight declined by 25% one year after surgery, gradually 
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increased, and then stabilized at 15ï20% below pre-surgery weight 8 years later.134 This similar 

weight-loss trajectory between the onset groups may not be surprising, since, unlike their 

counterparts with mild to moderate obesity and no comorbidities, female bariatric surgery 

candidates with childhood-onset obesity do not exhibit smaller subcutaneous abdominal 

adipocyte sizes than those with adult-onset obesity, both before69,71 and after weight loss.69 

Interestingly, female bariatric surgery candidates with childhood-onset and adult-onset obesity, 

matched for age and type 2 diabetes status, share other similar SAT and VAT characteristics, 

including M1-like and M2-like macrophage content and degree of pericellular fibrosis.71 

Therefore, by the time comorbidities manifest in people with childhood-onset and adult-onset 

obesity, previous differences in some adipose tissue characteristics may diminish. While the 

specific changes in these characteristics after bariatric surgery remain unknown, the comparable 

rates of type 2 diabetes remission between the two onset groups are encouraging.134 

Although distinctions in adipose tissue characteristics between childhood-onset and 

adult-onset obesity may converge by the time metabolic diseases emerge, proactively classifying 

these types of obesity could prove valuable, especially given the increased type 2 diabetes risk in 

people with childhood-onset obesity. Since fasting hyperinsulinemia is not affected by the age of 

obesity (original article 3) onset and insulin resistance is more pronounced in adult-onset 

obesity, ɓ-cell insulin hypersecretion is likely a key abnormality in childhood-onset obesity. In 

theory, any intervention that steers lipids away from the liver and muscle and reduces nutrient 

overload to the ɓ-cells could improve these type 2 diabetes risk factors.  

In this Perspective, we saw that markers of SAT dysfunctionðwhich can signify 

metabolic dysfunctionðrespond better to diet- and exercise-induced weight loss in females with 

adult-onset obesity than in those with childhood-onset obesity. Females with childhood-onset 

obesity exhibit preadipocytes with a more senescent or óagedô phenotype, which, along with their 
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adipose tissue immune cell composition, appear unresponsive to such interventions. This 

observation raises the question of whether females with childhood-onset obesity could benefit 

from complementary treatments, such as senolytics, to delay their progression to type 2 diabetes. 

Because of their smaller abdominal subcutaneous adipocytes, females with childhood-onset 

obesity may also require tailored strategies to prevent weight regain and associated metabolic 

complications. 

The findings in this Perspective are primarily based on small studies of young (age: 25ï

40 years) females with mild to moderate obesity (BMI: 30.0ï39.9 kg/mĮ) and no comorbidities. 

They should, therefore, be interpreted with caution and not generalized to broader populations 

until replicated in larger studies. The robustness of the weight loss results could have been 

enhanced by incorporating control groups assessed before and after a weight maintenance period. 

Nevertheless, the assessment of age of obesity onset using childhood photographs and body 

rating scales enhances the rigor of these studies compared to secondary analyses that might rely 

on recalled body weight at age 18. Furthermore, the groups were similar in age and BMI, which 

strengthens the validity of the comparisons.  

By studying young adults prior to the onset of obesity-related comorbidities, these studies 

captured abnormalities in abdominal and femoral SAT that may emerge early in the pathogenesis 

of type 2 diabetes, even when people are still clinically considered ómetabolically healthyô. 

These findings illustrate the subtle progression of disease beneath the surface, underscoring the 

importance of early interventions to prevent the clinical manifestation of ómetabolically 

unhealthyô obesity. Young adulthood is recognized as a crucial period for initiating targeted 

weight loss interventions.306 

Future studies should leverage advanced techniques to study adipose tissue dysfunction 

across subcutaneous and visceral depots in males and females with varying severities of 
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childhood-onset and adult-onset obesity. Samples of VAT obtained during bariatric or elective 

surgery will be necessary to fulfill this objective. Broad outcomes of interest include 

adipogenesis, extracellular matrix remodelling, immune cell infiltration and function, cellular 

aging, lipid metabolism, secretory function, and inflammation. Pairing biological outcomes with 

assessments of multi-organ insulin sensitivity and ɓ-cell function in obesity-onset groups with 

different levels of glucose tolerance will enhance our understanding of type 2 diabetes 

progression in childhood-onset versus adult-onset obesity. Additionally, mechanistic studies in 

animal models of childhood-onset and adult-onset obesity230,237 will help delineate how features 

of adipose tissue dysfunction interact and relate to metabolic disease. 

We need to clarify the relationship between age of obesity onset and health outcomes 

beyond the risk of type 2 diabetes. The risk of diseases such as cardiovascular disease, non-

alcoholic fatty liver disease, and cancer, as well as biomechanical and psychosocial health, may 

also differ between people with childhood-onset and adult-onset obesity. Longitudinal studies 

that carefully track weight trajectories and health outcomes from childhood through adulthood 

will facilitate this pursuit. 

A growing understanding of the biological and clinical differences between childhood-

onset and adult-onset obesity will help inform the design of interventions tailored to each group 

for testing in clinical trials. Until this time comes, collecting age of obesity onset data at 

enrollment in randomized controlled trials of new anti-obesity medications and other 

interventions will enable subgroup analyses comparing treatment efficacy between people with 

childhood-onset and adult-onset obesity.  

Although we do not have a complete picture of how the age of obesity onset impacts the 

course of adult obesity, current findings illustrate that children with obesity who become adults 

with obesity are not merely adults with obesity; they are adults with childhood-onset obesityð
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distinct from those with adult-onset obesity. Incorporating this perspective into clinical practice 

guidelines has the potential to improve obesity management for people with childhood-onset and 

adult-onset obesity alike. 
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Appendix 1. Participant consent form 

 

INFORMATION AND CONSENT TO PARTICIPATE IN A RESEARCH STUDY  

 

Study Title:  

Acute and Chronic Effects of Obesity  

 

Researcher:   

Sylvia Santosa, PhD  

Associate Professor 

Department of Health, Kinesiology and Applied Physiology 

 

Researcherõs Contact Information: 

Science Pavilion 165.21 

Concordia University 

7141 Sherbrooke Street West 

Montreal, QC  H4B 1R6 

 

514.848.2424 ex. 5841 

 

s.santosa@concordia.ca 

 

Source of funding for the study:  

Canada Research Chair, Tier 2 ð Clinical Nutrition, Natural Science and Engineering Research 

Council of Canada, and Heart and Stroke Foundation of Canada 

   

 

You are being invited to participate in the research study mentioned above. This form provides 

information about what participating would mean. Please read it carefully before deciding if you 

want to participate or not. If there is anything you do not understand, or if you want more 

information, please ask the researcher.  
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A. PURPOSE 

 

You have been invited to take part in a study on aging, fat tissue risk factors for disease, and 

weight loss.  By participating, you will help us to better understand whether weight loss changes 

disease risk differently depending on the age when a person develops overweight.  

 

B. PROCEDURES 

 

If you participate, your involvement in the study will last about 6 months or shortly after you lose 

around 10 % of your starting body weight.  The study includes a screening period, a pre-weight 

loss stabilization period ending with assessments, a weight loss period, and a post-weight loss 

stabilization period ending with assessments.   

 

 The description below provides a general outline of the study protocol.  It is possible to schedule 

several assessments at a given visit. Please note that there may be times where assessments and 

sample collection (e.g. a blood draw) occur outside of the usual timeline for reasons such as 

scheduling conflicts. 

 

Information Session, Screening, and Health Assessment  

ÈMaximum of 2 visits of up to 1.5 hours each 

The screening process will determine whether you are eligible for the study, and the health 

assessment will provide information for designing your weight loss protocol.   

  

V Information Session and Screening. You will meet with members of the research staff 

to discuss the study and have your questions answered.  If you agree to enter the study 

you will sign the consent form and provide medical records of height and weight and/or 

pictures from childhood (around the age of puberty).  You will also be asked to review 

and sign a behavioural contract agreeing to do your best to engage fully in the research 

project.  A member of the research team will confirm your eligibility for the study by 

reviewing the information you provided via email or telephone, and by measuring your 

height and weight.      

 

V Health Assessment. You will be interviewed and complete questionnaires about your 

demographic characteristics, medical history, weight history, dietary habits, and physical 

activity level.  

 

 

Pre- and Post -Weight Loss Stabilization Periods  

You will be instructed to follow your usual diet to maintain a stable weight for 2 weeks both 

before and after the weight loss protocol. To ensure that you are weight stable, you will be 
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weighed at every study visit during this time period. You will also record your food intake for 3 

days (2 weekdays and 1 weekend day).      

 

Weight Loss Protocol  

È2-4 visits a week for approximately 5 months 

During this period you will follow a protocol to help you lose weight by diet and exercise. You 

will be instructed on how to decrease the amount of calories you eat in your diet by 20 % and 

increase the number of calories you burn by 10 % through moderate intensity exercise. You will 

be required to keep a record of your daily diet periodically throughout the study. All exercise 

will be performed on cardio equipment at the study site at a self-selected frequency (2-4 visits) 

that will meet your weekly target. In addition, your weight will be measured and your weight loss 

progress will be monitored on a weekly basis. Optional educational and support group sessions 

will be offered occasionally. You will follow the weight loss protocol until you lose around 10 % of your 

starting body weight, which is estimated to take approximately 5 months.  

  

 

Assessments  

ÈApproximately 2 -3 fasted visits and 2 non-fasted visits per time point 

You will have assessments at the following 3 time points: 

(1) Towards the end/after pre-weight loss stabilization period 

(2) 12-weeks after starting weight loss protocol 

(3) Towards the end/after post-weight loss stabilization period 

 

The following assessments will be conducted at time points (1), (2) and (3): 

 

 Non -fasted Assessments.   These assessments can occur at any time of day. 

 

V Fitness Assessment.  The fitness assessment will involve 3 tests. 

 

o You will undergo a submaximal fitness test on a bike.  You will pedal on a stationary 

bike for approximately 15 minutes.  Throughout this time, the resistance will be 

gradually increased, and your heart rate and blood pressure will be periodically 

assessed.  

 

o You will perform a shuttle run/walk test.  You will run/walk back and forth 

between two lines in time with an audio ôbeepõ.  The period of time required to 

reach the line will get progressively shorter.  The test will end when you can no 

longer continue or when you do not reach the line before the ôbeepõ on 2 

consecutive occasions.  The test takes approximately 10 minutes.  
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o You will perform a handgrip strength test.  You will squeeze your fist for around 

5 seconds around a device that measures your strength.   The test will be 

conducted 2 times per hand with at least 30 seconds rest between each test.  The 

total time for the test is around 10 minutes.      

 

 Fasted Assessments.  These assessments must occur in the morning after an  

 overnight fast of at least 8 hours.  Water is allowed.      

 

V Body Composition Assessment by Dual Energy X-ray Absorptiometry  (DEXA). For 

the DEXA scan you will be positioned on the table and be asked to lie still as the DEXA 

arm passes over you. Total scan time is usually about 15 minutes. 

 

V Circumference Measurements. The circumferences of different parts of your body (e.g. 

waist, hip, chest, arm, thigh) will be measured with a measuring tape.  This process takes 

approximately 15 minutes.   

 

V Energy Expenditure Assessment by Indirect Calorimetry.  You will rest comfortably 

for 90 minutes before the test. You will breathe normally under a clear, plastic canopy for 

around 30 minutes while lying down. This will allow us to measure the rate at which your 

body burns calories (your energy expenditure).  Information from this assessment will 

help us determine how many calories you need to maintain weight or to lose weight at a 

certain rate.  Your blood pressure and heart rate will be measured after the test.  

     

 

V Blood Draw. A sample of your blood will be drawn.  This procedure takes approximately 

15 minutes.    

 

 

The following assessments will be conducted at time points (1) and (3) only: 

 

 Non -fasted Assessments.   These assessments can occur at any time of day. 

 

V Questionnaires.  You will be asked to complete questionnaires about your health, eating 

behaviour, and quality of life.  The questionnaires take approximately 30 minutes to 

complete.  

 

V Arterial Measurement. You will be asked to not consume caffeine or alcohol for at least 

12 hours prior to this visit.  On the day of this visit, exercise or strenuous physical activity 

should be avoided before the assessment.  The hardening of your arteries will be 

measured while you are resting using a pen-like pressure sensor that will be placed on 
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your skin on top of your pulse at three sites (wrist, neck, and crease of the leg).  The 

procedure takes approximately 30 minutes.   

 

 

Fasted Assessments.  These assessments must occur in the morning after an overnight 

fast of at least 8 hours.  Water is allowed.      

 

V Body Composition Assessment by Computed Tomography (CT). If you are female, a 

urine pregnancy test will be conducted prior to this test to ensure you are not pregnant. 

During this test, you will lie on a table that will be passed through a large, open circular 

tube. The CT machine will take pictures of your abdomen. The scan takes approximately 

5-10 minutes to complete. 

 

V Biopsies.  This procedure takes approximately 90 minutes.  You will also be asked to not 

consume caffeine or alcohol for at least 24 hours prior to this visit. Exercise or strenuous 

physical activity should also be avoided for at least 24 hours before the procedure.   You 

will provide a small urine sample prior to the procedure. 

 

o Fat. A sample will be taken from the fat in your stomach and thigh region. The 

procedure will be performed by a physician. The physician will first clean your skin 

to remove any germs, numb your skin by injecting a local anesthesia (to freeze the 

area) with a thin needle, and injecting fluid (water and salt solution) similar to the 

composition of your body just below your skin.  The physician then  makes a small 

nick incision and suctions out the fluid that was injected using a small hollow tube 

attached to a syringe. As the fluid is removed, a small amount of fat tissue just 

below the skin will be removed as well. The procedure will not require stitches, 

as the incisions are small; the physician will simply place sterile tape to close the 

incision. After the biopsies are done, post-biopsy care will be explained and you 

will be provided with written instructions. 

 

o Muscle. A sample will be taken from the muscle on the outside side of your thigh. 

The procedure will be performed by a physician.  The physician will first clean your 

skin to remove any germs, numb your skin by injecting a local anesthesia (to freeze 

the area) with a thin needle, and make a small incision. A needle (hollow tube) will 

be inserted to remove a small piece of muscle. The procedure will not require 

stitches, as the incisions are small; the physician will simply place sterile tape to 

close the incision. Firm pressure will be applied to the area for 10 minutes to 

prevent bruising. After the biopsy is done, post-biopsy care will be explained and 

you will be provided with written instructions. 
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A typical timeline of study visits and assessments is shown in the table below: 

 

Study Visit Timeline  

Time Point  

(1) 

Screening/Pre-Weight Loss 

Stabilization Period 

(2) 

12-weeks into 

Weight Loss 

Protocol 

 

(3) 

Post-Weight Loss 

Stabilization Period 

Visit # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Procedures                 

Screening ṉ              

Health Interview  ṉ             

Questionnaires ṉ          ṉ    

Bike Fitness Test  ṉ     ṉ   ṉ     

Shuttle Test      ṉ  ṉ   ṉ    

Handgrip Strength Test  ṉ     ṉ   ṉ     

Energy Expenditure    ṉ      ṉ   ṉ   

DEXA Scan   ṉ      ṉ   ṉ   

Circumferences   ṉ      ṉ   ṉ   

CT Scan    ṉ         ṉ  

Arterial Measurement    ṉ         ṉ  

Blood Draw     ṉ    ṉ     ṉ 

Biopsies     ṉ         ṉ 

Exercise/Diet Overview      ṉ         

*Your weight will be measured at every visit and weekly throughout the weight loss protocol 

*You will complete cardio exercise sessions 2-3 times per week throughout the weight loss protocol 

 

C. RISKS AND BENEFITS  

 

You might face certain risks by participating in this research. These risks include: 

 

ÈBlood Draws. There is a risk of discomfort, pain, fainting, bruising or infection (rare) from the 

blood draw. The amount of blood drawn at each time point will vary. Total blood drawn 

throughout the study will not exceed 2 cups (~500 mL). It is recommended that you avoid taking 

aspirin 3 days before and after the blood draws, and that you donõt donate blood for up to 8 

weeks following your participation in the study.  

 

ÈFat and Muscle Biopsies. The most common risks of fat and muscle biopsies include pain, a 

small dent or bump and bruising at the site where the sample was taken. The bruising may last 

one to two weeks. Less common risks of biopsies include bleeding, infection, a small scar, and 
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numbness of the skin around the biopsy site. The chance of these risks is less than 1% (1 in 100). 

There is also a chance of an allergic reaction to the lidocaine used for local anaesthesia. Care will 

be taken to reduce the chances of these risks. Aspirin should be avoided 3 days before and after 

the biopsies. It is not advised to participate in any vigorous activities for 3 days before and after 

the biopsies.  Exposure to water for prolonged periods should be avoided (e.g bathtubs, hot tubs 

or swimming) for 5 days after the biopsies. Showering is permitted; however, band-aids must be 

changed afterwards. Normal daily activities will not be affected.  

 

ÈIndirect Calorimetry . There is a slight risk of discomfort and hyperventilation from 

claustrophobia when under the clear, plastic hood. Staff will be present and the hood is easily 

removable. 

    

ÈDEXA and CT Scans. You will be exposed to some radiation with the DEXA and CT scan. 

The amount of radiation used is considered too low to cause any harmful side effects. Radiation 

exposure from the DEXA scan is similar to the amount you would receive from sun exposure 

on a sunny day (1/10th that of a chest x-ray). The amount of radiation you are exposed to from 

the CT scan is less than your exposure from one return transatlantic plane flight (about 2-3 chest 

x-rays). The radiation does not remain in the body after the scan. Should you have any concerns, 

the research team will be happy to address them with you. 

 

ÈFitness Tests and Exercise. You may experience some discomfort from physical exertion 

during the fitness test and the exercise component of the weight loss protocol.  

 

Your assessments will be supervised by experienced research staff who will make every effort to 

keep you comfortable during the study.  

 

Although the assessments conducted as part of this protocol are not expected to provide you 

with any direct benefits, the results will tell you more about your health and metabolism and you 

may see positive changes in your health during weight loss.  

 

D. CONFIDENTIALITY  

 

We will gather the following information as part of this research: demographic information, 

contact information, and the results of all study procedures described above.   

 

We will not allow anyone to access the information, except people directly involved in conducting 

the research, and except as described in this form. We will only use the information for the 

purposes of the research described in this form. 

 

The information gathered will be coded. That means that the information will be identified by a 

code. The researcher will have a list that links the code to your name. 
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All of your paper-based information will be kept in a filing cabinet in a secure and private research 

office.  All of your electronic information will be stored on a password-protected research 

computer.  The urine, blood, fat and muscle samples will be coded and safely stored at Concordia 

University. Any samples or data the are sent to external collaborators is coded. 

    

We intend to publish the results of the research. However, it will not be possible to identify you 

in the published results. 

 

 

E.  BIOLOGICAL SAMPLES  

 

You will be asked to provide the following biological samples as part of the research: urine, blood, 

fat and muscle.  

 

Taking these specimens involves urinating into a plastic container, blood draws, and fat and muscle 

biopsies as described in the procedures section above.  

 

We will use your urine sample to assess your overall health with a standard urinalysis, and to do 

a pregnancy test for female participants.  We will use your blood samples to measure things like 

sugar, cholesterol and inflammatory markers.  We will use the biopsy samples to assess the health 

of your fat and muscle.  This includes things like the size of your fat cells, the amount and type of 

inflammatory markers in your fat, and how well your muscle uses energy.       

 

We will keep the specimens for up to 25 years after the end of the study. After that, they will be 

destroyed. 

 

If we find anything that might be relevant to your health, we will contact you and direct you to 

the appropriate service.    

 

F. CONDITIONS OF PARTICIPATION  

 

You do not have to participate in this research. It is purely your decision. If you do participate, 

you can stop at any time. You can also ask that the information you provided not be used, and 

your choice will be respected.  If you decide that you donõt want us to use your information, you 

must tell the researcher before withdrawing from the study. In addition, the research team may 

withdraw you from the study if you are not compliant.  

 

As a compensatory indemnity for participating in this research, you will receive $500. If you 

withdraw before the end of the research, you will receive an amount proportional to your 

progress in the study and the assessments you completed, as assessed by the research team. To 
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make sure that research money is being spent properly, auditors from Concordia or outside will 

have access to a coded list of participants. It will not be possible to identify you from this list. 

 

We will tell you if we learn of anything that could affect your decision to stay in the research.  

 

There are no negative consequences for not participating, stopping in the middle, or asking us 

not to use your information.  

 

We will not be able to offer you compensation if you are injured in this research. However, you 

are not waiving any legal right to compensation by signing this form. 

 

 

 

 

 

 

 

G. PARTICIPANTõS DECLARATION 

 

I have read and understood this form. I have had the chance to ask questions and any questions 

have been answered. I agree to participate in this research under the conditions described. 

 

NAME (please print)

 __________________________________________________________ 

 

SIGNATURE 

 _______________________________________________________________ 

 

DATE  _______________________________________________________________ 

 

If you have questions about the scientific or scholarly aspects of this research, please contact the 

researcher. Their contact information is on page 1.  

 

If you have concerns about ethical issues in this research, please contact the Manager, Research 

Ethics, Concordia University, 514.848.2424 ex. 7481 or oor.ethics@concordia.ca. 

 

 

 

 

 

 

mailto:oor.ethics@concordia.ca
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H. FUTURE RESEARCH PROJECTS?  

 

Do you agree that your research data may be used to carry out other research projects? 

 

These research projects will be evaluated and approved by the Research Ethics Board at 

Concordia University prior to their realization. Please note that your research data will be kept 

securely by the researcher responsible for this research project. In order to preserve your 

identity and the confidentiality of your research data, you will only be identified by a unique 

numerical code. The code key will be kept by the researcher responsible for this research project. 

 

Your research data may be published or be part of scientific discussions, but it will not be possible 

to identify you. 

 

Your research data will be retained for as long as it can be useful for the advancement of scientific 

knowledge. When it is no longer needed, your research data will be destroyed. Please note that 

at any time you may request that your research data not be used by contacting the researcher 

responsible for this research project or the ombudsman office at Concordia University. 

 

The Research Ethics Board of Concordia University will monitor and control the data that is 

collected. In addition, for monitoring, control, protection, and security purposes, your research 

data may be accessed by a person appointed by regulatory bodies, as well as representatives of 

the granting agency, Concordia University or the Research Ethics Board of Concordia University. 

These individuals and organizations adhere to a privacy policy. 

 

Do you agree that your research data will be used under these conditions?      

Ǐ Yes      Ǐ  No 

 

Do you agree that the principal investigator of this research project or a member of his research 

staff may contact you again to suggest that you participate in other research projects? Of course, 

during this call, you will be free to agree or refuse to participate in the research projects 

suggested.  

Ǐ Yes      Ǐ  No  
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Appendix 2. Participant screening questionnaire 

 

Telephone Screening Questionnaire 

Part 1 

 

 

Part 2 

 

1) Weight History:   

Have you been weight stable for at least 2 months?  Y  /  N  

 

Do you plan on losing weight?  Y  /  N  

    

What was your highest weight in your adult life? _____ kg/lb  at age _______  

 

What was your lowest weight in your adult life?  _____ kg/lb  at age _______ 

 

 

2) Have you ever had any surgery or medical procedures for weight loss?  Y  /  N  

bŀƳŜΥ  {ŜȄΥ  a  κ  C 
ώLŦ Cϐ   tǊŜƳŜƴƻǇŀǳǎŀƭ     κ     tƻǎǘƳŜƴƻǇŀǳǎŀƭ 
                                             όƴŀǘǳǊŀƭ ƻǊ ǎǳǊƎƛŎŀƭύ   
όŎƛǊŎƭŜ ƻƴŜύ 
 

!ƎŜΥ                     ȅǊǎ    5h.Υ           κ      κ 
            όƳƳκ ŘŘκ ȅȅȅȅύ 

IŜƛƎƘǘΥ               ŦŜŜǘ            ƛƴŎƘŜǎ 
               ƻǊ 
                               ŎƳ 
                                            

²ŜƛƎƘǘΥ                ƭōǎ 
                     ƻǊ 
                             ƪƎ 

.aL Υ                   ƪƎκƳн 
 
 

5ƛŘ ȅƻǳ ƘŀǾŜ ƻǾŜǊǿŜƛƎƘǘ ƻǊ ƻōŜǎƛǘȅ ŀǎ ŀ ŎƘƛƭŘκǘŜŜƴŀƎŜǊΚ  ¸  κ  b 
ώCƻǊ ǇŀǊǝŎƛǇŀƴǘǎ ǿƛǘƘ .aL җ ол ƪƎκƳнϐ  ²ƘŜƴ ŘƛŘ ȅƻǳ ǎǘŀǊǘ ƎŀƛƴƛƴƎ ŜȄǘǊŀ ǿŜƛƎƘǘ όŀƎŜύΚ  ψψψψ      
ŀΦ 5ƻ ȅƻǳ ƘŀǾŜ ŀ ǊŜŎƻǊŘŜŘ ǿŜƛƎƘǘ ŦǊƻƳ ǿƘŜƴ ȅƻǳ ǿŜǊŜ ŀ ŎƘƛƭŘΚ  ¸ κ b   όŀǎƪ ǘƻ ōǊƛƴƎ ƛƴ ǊŜŎƻǊŘύ 
ōΦ LŦ ƴƻǘΣ Řƻ ȅƻǳ ƘŀǾŜ ŀ ǇƛŎǘǳǊŜ ŦǊƻƳ ŎƘƛƭŘƘƻƻŘ ŀǊƻǳƴŘ ǘƘŜ ŀƎŜ ƻŦ ǇǳōŜǊǘȅΚ όƎƛǊƭǎ Ϥмлπмп ȅΤ ōƻȅǎ Ϥмнπмрύ  
¸  κ  b  
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3) Please describe your current physical activity level 

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________

_________________________________ 

 

4) Do you exercise?  Y  /  N       

             [If Y] Please describe (frequency, intensity, time, type) 

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________

_________________________________ 

5) Do you currently smoke or use any other nicotine containing products?  Y  /  N 

 [If Y] Please specify how often (i.e. cigarettes per day).  

________________________________________________________________________ 

 

6) Have you smoked or used any other nicotine containing products in the past?  Y  /  N 

 [If Y] Please specify Ètime period ___________________________________ 

                                               Èhow often (i.e. cigarettes per day)___________________ 

            Èquit date  ______________________________________  

 

7) Do you currently use electronic cigarettes?  Y  /  N 

 [If Y] Please specify how often.  

________________________________________________________________________ 

 

8) Have you used electronic cigarettes in the past?  Y  /  N 

 [If Y] Please specify   Ètime period __________________________________ 

                                               Èhow often (i.e. cigarettes per day)___________________ 

            Èquit date  ______________________________________ 

 

9) Do you currently use cannabis?  Y  /  N 

 [If Y] Please specify how often. 

________________________________________________________________________ 
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10) Do you currently consume alcohol?  Y  /  N 

 [If Y]  Please specify how often. 

________________________________________________________________________ 

 

11) [If Female] Are you pregnant or planning on becoming pregnant in the near future? Y  /  N     

 

12) Medical history / Surgeries / Diseases / Conditions:  

_____________________________________________________________________________________

___________________________________________________________ 

_____________________________________________________________________________________

___________________________________________________________ 

________________________________________________________________________ 

 

 

13) Are you currently taking any medications, drugs, or supplements? (prescription, over-the-counter, 

herbal/natural, or recreational)  Y /  N         

    ]If Y] Please specify the following: 

Name Frequency Dose Other Details 

    

    

    

    

 

 

14) Allergies or hypersensitivities to food, medications or other products?     Y    /     N 

    If Y, please specify. 

_____________________________________________________________________________________

_____________________________________________________________________________________

______________________________________________ 

 

15) Where did you find out about the study? _________________________________________
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Appendix 3. Body rating scales 

 

.ƻŘȅ wŀǝƴƎ /ƘŀǊǘ 

 

 CƛƎǳǊŜ ƴǳƳōŜǊ 

 м н о п р с т у ф 

!ƎŜ р  δ  δ  δ  δ  δ  δ  δ   

!ƎŜ мл  δ  δ  δ  δ  δ  δ  δ   

tǳōŜǊǘȅ ό!ƎŜ ψψψψψύ  δ  δ  δ  δ  δ  δ  δ   

!ƎŜ нл  δ  δ  δ  δ  δ  δ  δ  δ  δ

/ǳǊǊŜƴǘƭȅ ό!ƎŜ ψψψψψύ  δ  δ  δ  δ  δ  δ  δ  δ  δ
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Appendix 4. Weight loss protocol information  

Monitoring adherence 

Adherence to the prescribed calorie deficit was assessed by plotting participantsô weekly 

weights on a weight graph predicted by the NIH Body Weight Planner according to the energy 

balance model of Hall et al.: Hall, K. D. et al. Quantification of the effect of energy imbalance 

on bodyweight. Lancet 378, 826ï37 (2011). 

Behavioural change techniques 

To promote weight loss, we used several behaviour change techniques (BCT) in the ógoals 

and planningô, ófeedback and monitoringô, óshaping knowledgeô, ócomparison of behaviourô, and 

óreward and threatô clusters of the behaviour change taxonomy derived by Michie et al.: Michie, 

S. et al. The Behavior Change Technique Taxonomy (v1) of 93 Hierarchically Clustered 

Techniques: Building an International Consensus for the Reporting of Behavior Change 

Interventions. Ann. Behav. Med. 46, 81ï95 (2013). 

Specific BCT in each cluster with examples are as follows:  

Goals and planning 

¶ Goal setting (behaviour and outcome) 

o setting daily calorie goal using exchange lists for meal planning 

o setting weekly exercise goal (3x cardio sessions per week) 

o setting weekly weight goal based on predicted weight graph 

¶ Action planning 

o planning days/times of weekly exercise sessions 

¶ Review behaviour and outcome goals 

o reviewing food diaries 
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o reviewing weekly weight loss progress by plotting weights on predicted weight 

graph 

¶ Behavioural contract 

o a written agreement to adhere to the weight loss protocol and attend study 

appointments (signed by participant; signed by research personnel as witness) 

Feedback and monitoring 

¶ Feedback on behavior and outcome 

o feedback on food diaries and exercise reporting 

o feedback on weekly weight loss progress 

¶ Self-monitoring of behavior 

o keeping food diaries (and tracking allotted dietary exchanges) first week of study 

and periodically throughout  

Shaping knowledge 

¶ Instruction on how to perform a behavior 

o instruction on how to use treadmill/elliptical with heart rate monitor  

Comparison of behaviour 

¶ Social comparison 

o showing progress of all participants (anonymously) using a sticker chart 

Reward and threat 

¶ Social reward 

o congratulating participants for meeting weekly weight loss goals and letting them 

choose and place a sticker on the participant progress chart 

¶ Incentive (outcome) 
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o inform participants they will be financially compensated if they reach their weight 

loss goal and complete the study 

¶ Reward (outcome) 

o providing rewards (e.g., gift cards, mugs, water bottles) to participants 

periodically throughout the study when on track with weight loss goals and 

providing financial compensation once final weight loss goal is met and final 

assessments are completed
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Samples of select participant nutrition material 
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&!43 

aŀǊƎŀǊƛƴŜΣ ƳŀȅƻƴƴŀƛǎŜΣ ǾŜƎŜǘŀōƭŜ ƻƛƭ όƻƭƛǾŜ 
ŀƴŘ Ŏŀƴƻƭŀ ŀǊŜ ōŜǎǘύ  
 
 
 

 
{ŀƭŀŘ ŘǊŜǎǎƛƴƎΣ ƭƛƎƘǘ ŎǊŜŀƳ ŎƘŜŜǎŜ 

02/4%).3  

¢ǳƴŀ ŎŀƴƴŜŘ ƛƴ ǿŀǘŜǊ  
 
/ƘƛŎƪŜƴ ƻǊ ǘǳǊƪŜȅ όǿƛǘƘƻǳǘ ǎƪƛƴύΣ ǾŜŀƭ όŜȄŎŜǇǘ 
ŎǳǘƭŜǘǎύΣ ƭŜŀƴ ōŜŜŦΣ ƭŜŀƴ ǇƻǊƪ όŦǊŜǎƘ ƘŀƳΣ 
ŬƭƭŜǘύΣ ŬǎƘΣ ƭƛƎƘǘ ŎƘŜŜǎŜ  
 

м ҈ ŎƻǧŀƎŜ ŎƘŜŜǎŜ  
 
 
 

²ƘƻƭŜ ŜƎƎ ƻǊ о ŜƎƎ ǿƘƛǘŜǎ  
 
 
 

tŜŀƴǳǘ ōǳǧŜǊ 

34!2#(%3 

²ƘƻƭŜπƎǊŀƛƴ ǳƴǎǿŜŜǘŜƴŜŘ ōǊŜŀƪŦŀǎǘ ŎŜǊŜŀƭǎΣ 
ƻŀǘƳŜŀƭ ƻǊ Ƙƻǘ ŎŜǊŜŀƭǎ 
 
 
 

/ƻƴŎŜƴǘǊŀǘŜŘ ōǊŀƴ ŎŜǊŜŀƭǎΣ ŎƻƻƪŜŘ ƭŜƎǳƳŜǎ 

όŎƘƛŎƪǇŜŀǎΣ ƪƛŘƴŜȅ ōŜŀƴǎΣ ƴŀǾȅ ōŜŀƴǎΣ ƭƛƳŀ 

ōŜŀƴǎύ 

tƻǇŎƻǊƴ ǿƛǘƘƻǳǘ ŀŘŘŜŘ Ŧŀǘ  
 
 
 

{ƭƛŎŜ ƻŦ ǿƘƻƭŜπǿƘŜŀǘ ōǊŜŀŘΣ ǘƻǊǝƭƭŀ όс ƛƴŎƘ 
ŘƛŀƳŜǘŜǊύΣ ǎƳŀƭƭ ōŀƪŜŘ Ǉƻǘŀǘƻ  
 
 
 

aŜƭōŀ ǘƻŀǎǘ 
 
 
 

 
/ƻƻƪŜŘ ǇŀǎǘŀΣ ǊƛŎŜ ƻǊ ōǳƭƎǳǊΣ ŎƻǊƴΣ ƎǊŜŜƴ 
ǇŜŀǎΣ ƳŀǎƘŜŘ ǇƻǘŀǘƻŜǎΣ ƭƻǿπŦŀǘ ōǊŀƴ ƅŀƪŜǎ 
 
 

[ƻǿπŦŀǘ ŎǊƻǳǘƻƴǎ 
 
 

.ŀƎŜƭΣ 9ƴƎƭƛǎƘ ƳǳŶƴΣ ƘŀƳōǳǊƎŜǊ ƻǊ Ƙƻǘ ŘƻƎ 
ōǳƴΣ Ǉƛǘŀ όс ƛƴŎƘ ŘƛŀƳŜǘŜǊύ 
 
 
 

tƭŀƛƴ ǊƛŎŜ ŎŀƪŜǎ  

9ǾŀǇƻǊŀǘŜŘ ǎƪƛƳ Ƴƛƭƪ 
 
 
 

{ƪƛƳ ƻǊ м ҈ ƳƛƭƪΣ Ǉƭŀƛƴ ƭƻǿπŦŀǘ ȅƻƎǳǊǘ  

-),+ 02/$5#43  

CƻƻŘ DǊƻǳǇǎ  
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м 

 
 
 

ǘŀōƭŜ 

 

YŜǘŎƘǳǇΣ ƳǳǎǘŀǊŘΣ ǾƛƴŜƎŀǊΣ 
ōŀǊōŜŎǳŜ ǎŀǳŎŜΣ ǘŀŎƻ ǎŀǳŎŜ 
 

IŜǊōǎΣ ǎǇƛŎŜǎΣ ƭŜƳƻƴΣ ƭƛƳŜΣ ƎŀǊƭƛŎΣ 
ƭŜǧǳŎŜΣ ǎǇƛƴŀŎƘΣ ŜǘŎΦ 
 

tƭǳƳǎ 
 
 

.ŀƴŀƴŀΣ ƎǊŀǇŜŦǊǳƛǘΣ ƳŀƴƎƻ 
 
 
 

aŜŘƛǳƳπǎƛȊŜŘ ŦǊŜǎƘ ŦǊǳƛǘ όŀǇǇƭŜΣ 

ƴŜŎǘŀǊƛƴŜΣ ƻǊŀƴƎŜΣ ǇŜŀǊΣ ǇŜŀŎƘύΣ 

ƭŀǊƎŜ ƪƛǿƛ  

ŎŀƴǘŀƭƻǳǇŜΣ ǇŀǇŀȅŀΣ ǊŀǎǇōŜǊǊƛŜǎ 

/ŀƴƴŜŘ ǇƛƴŜŀǇǇƭŜΤ ŎǊŀƴōŜǊǊȅΣ ƎǊŀǇŜ 
ƻǊ ǇǊǳƴŜ ƧǳƛŎŜ  
 
 
 

CǊŜǎƘ ǇƛƴŜŀǇǇƭŜΣ ŦǊŜǎƘ ōƭǳŜōŜǊǊƛŜǎ 
 
 
 

¦ƴǎǿŜŜǘŜƴŜŘ ŀǇǇƭŜ ǎŀǳŎŜΣ ŎŀƴƴŜŘ 

ŀǇǊƛŎƻǘǎΣ ǇŜŀŎƘŜǎΣ ǇŜŀǊǎ ƻǊ ŦǊǳƛǘ 

ƳƛȄǘǳǊŜǎΣ ƧǳƛŎŜ όŀǇǇƭŜΣ ƎǊŀǇŜŦǊǳƛǘΣ 

ƻǊŀƴƎŜ ƻǊ ǇƛƴŜŀǇǇƭŜύ 

²ŀǘŜǊƳŜƭƻƴ 

 

wŀǿ ǾŜƎŜǘŀōƭŜǎ όŎŀōōŀƎŜΣ ǎƘŀƭƭƻǘǎΣ 
ŎŜƭŜǊȅΣ ƳǳǎƘǊƻƻƳǎΣ ǊŀŘƛǎƘŜǎΣ 
ŎǳŎǳƳōŜǊΣ ǇŀǊǎƭŜȅΣ ŎŀōōŀƎŜΣ ȊǳŎŎƘƛƴƛΣ 
ōŜŀƴ ǎǇǊƻǳǘǎΣ Ƙƻǘ ǇŜǇǇŜǊǎύ  
 
 
 

¢ƻƳŀǘƻ 
 
 

/ƻƻƪŜŘ ǾŜƎŜǘŀōƭŜǎΣ ǾŜƎŜǘŀōƭŜ ƧǳƛŎŜ 
όŀǎǇŀǊŀƎǳǎΣ .ǊǳǎǎŜƭǎ ǎǇǊƻǳǘǎΣ ōǊƻŎŎƻƭƛΣ 
ŎŀōōŀƎŜΣ ŎŀǊǊƻǘǎΣ ŎŀǳƭƛƅƻǿŜǊΣ 
ŜƎƎǇƭŀƴǘΣ ƎǊŜŜƴ ǇŜǇǇŜǊǎΣ ōŜŜǘǎΣ ƭŜŜƪǎΣ 
ǘǳǊƴƛǇǎΣ ǎǇƛƴŀŎƘ ȊǳŎŎƘƛƴƛύ 
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5ƻƴΩǘ ōŜ ŀŦǊŀƛŘ ǘƻ 

ŀǎƪ 
                                    wŜǉǳŜǎǘ ŘƛũŜǊŜƴǘ ƻǇǝƻƴǎ ŦƻǊ 

ǎƛŘŜ ŘƛǎƘŜǎΣ ƭƛƪŜ ǎŀƭŀŘΣ ǾŜƎŜǘŀōƭŜǎΣ ƻǊ ŦǊǳƛǘΦ /ƘŀƴƎŜ ǿƘƛǘŜ 
ōǊŜŀŘ ƻǊ ǊƛŎŜ ŦƻǊ ǿƘƻƭŜ ƎǊŀƛƴΣ ǘƘƛǎ ǿƛƭƭ Ŭƭƭ ȅƻǳ ǳǇ ŦŀǎǘŜǊΦ !ǎƪ 
ŦƻǊ ǘƘŜ ƛƴƎǊŜŘƛŜƴǘǎ ŀƴŘ ǘƘŜ ǇǊŜǇŀǊŀǝƻƴ ƻŦ ȅƻǳǊ ƳŜŀƭ ŀƴŘ ŀǎƪ 
ǇƻƭƛǘŜƭȅ ŦƻǊ ŀƴȅ ŎƘŀƴƎŜǎΦ {ƻƭƛŎƛǘ ƴƻǘ ǘƻ ŀŘŘ ŜȄǘǊŀ ōǳǧŜǊ ƻǊ 
ǎŀǳŎŜǎ ǘƻ ȅƻǳǊ ŦƻƻŘΦ  

Remember: Small steps first 

Dh ChwΥ .ŀƪŜŘΣ ōǊƻƛƭŜŘΣ ŦǊŜǎƘΣ ƎǊƛƭƭŜŘΣ 
ǎǘŜŀƳŜŘΣ ǊƻŀǎǘŜŘΣ ǇƻŀŎƘŜŘΣ ōƭŀŎƪŜƴ ƻǊ  
ƭƛƎƘǘƭȅ ǎŀǳǘŞŜŘΦ 
 

YES!

{ƘŀǊŜ ǘƘŜ 

ǎǿŜŜǘƴŜǎǎ 
                            DŜǘ ƻƴŜ ŘŜǎǎŜǊǘ ŦƻǊ нΣ ǎƻ ȅƻǳ 

ƻƴƭȅ ƎŜǘ ƘŀƭŦ ǘƘŜ ŎŀƭƻǊƛŜǎΦ ¸ƻǳ ŎƻǳƭŘ ŀƭǎƻ ǘǊȅ ŦǊŜǎƘ ŦǊǳƛǘΦ 

¢ƘŜ ŘǊƛƴƪǎ 

ŜȄǇŜǊǘ 
                           5Ǌƛƴƪ ǿŀǘŜǊ ƻǊ ǳƴǎǿŜŜǘŜƴŜŘ ǘŜŀ ƻǊ 

ŎƻũŜŜΦ ¢Ǌȅ ƴƻǘ ǘƻ ŘǊƛƴƪ ŜȄƻǝŎ ƻǊ ƳƛȄŜŘ ŘǊƛƴƪǎΦ ! ƭƛƎƘǘ ōŜŜǊΣ 
ǿƛƴŜΣ ǾƻŘƪŀ ǘƻƴƛŎ ƻǊ ŀ ǎƛƳǇƭŜ ƳŀǊǝƴƛ ŀǊŜ ōŜǧŜǊ ŎƘƻƛŎŜǎΦ 

5ƛũŜǊŜƴǘ ŘǊŜǎǎƛƴƎ 

ƻǇǝƻƴǎ 
                                            ¦ǎŜ ǾƛƴŜƎŀǊΣ ƭŜƳƻƴΣ 

ƳǳǎǘŀǊŘ ƻǊ ŀ ƭƛǧƭŜ ōƛǘ ƻŦ ƻƭƛǾŜ ƻƛƭ ǘƻ ŀǾƻƛŘ ŎǊŜŀƳȅ ŘǊŜǎǎƛƴƎǎΦ 

bƻǘ ŜǾŜǊȅ ǎŀƭŀŘ ƛǎ ȅƻǳǊ 

ŦǊƛŜƴŘ  
                                                   .Ŝ ŎŀǊŜŦǳƭ ǿƛǘƘ ǘƘŜ 

ŘǊŜǎǎƛƴƎǎ ƻǇǝƻƴǎ ŀƴŘ ǘƘŜ ǘƻǇǇƛƴƎǎ ȅƻǳ ŎƘƻƻǎŜΣ ǘǊȅ ƴƻǘ ǘƻ 
ƛƴŎƭǳŘŜ ōŀŎƻƴ ōƛǘǎΣ ŎǊƻǳǘƻƴǎΣ ŎƘŜŜǎŜ ƻǊ ƳŀȅƻƴƴŀƛǎŜΦ  

{ƳŀǊǘ ŎƘƻƛŎŜǎ ƛƴ ǊŜǎǘŀǳǊŀƴǘǎ 

LǘΩǎ ƴƻǘ ŀƭǿŀȅǎ 

Ŝŀǎȅ ǘƻ ƪŜŜǇ ƻƴ 

ǘǊŀŎƪ ƻŦ ȅƻǳǊ ŘƛŜǘ 

ǿƘŜƴ ƎƻƛƴƎ ƻǳǘΦ 

5ƻƴΩǘ ǿƻǊǊȅΤ 

ǿŜΩǾŜ Ǝƻǘ ȅƻǳ 

ŎƻǾŜǊŜŘΗ IŜǊŜ 

ŀǊŜ ǎƻƳŜ Ŝŀǎȅ 

ǿŀȅǎ ǘƻ ƪŜŜǇ ƛǘ ŀƭƭ 

ǳƴŘŜǊ ŎƻƴǘǊƻƭ 

 

wŜŀŘ 

ŎŀǊŜŦǳƭƭȅ 
                      !ǾƻƛŘ ǘƘŜ ǿƻǊŘǎ άŎǊŜŀƳȅΣ ōǊŜŀŘŜŘΣ 

ŎǊƛǎǇΣ ǎŀǳŎŜŘΣ ǎǘǳũŜŘΣ ōǳǧŜǊȅΣ ƎǊŀǾȅΣ ǎŀǳǘŞŜŘΣ ŦǊƛŜŘΣ ƻǊ ŀǳ 
ƎǊŀǝƴέΣ ǘƘŜȅ ƘŀǾŜ ŀ ƭƻǘ ƻŦ ŎŀƭƻǊƛŜǎΗ 

±ŜƎƎƛŜ YƛƴƎŘƻƳ 

YƛƴƎƻƳŜ YƛƴƎŘƻƳ  
aŀƪŜ ǎǳǊŜ ȅƻǳǊ ƳŜŀƭ 
Ƙŀǎ ǇƭŜƴǘȅ ƻŦ 
ǾŜƎŜǘŀōƭŜǎ ŀƴŘ ǇǊƻǘŜƛƴ  

¢ŀƪŜ ƛǘ ǘƻ Ǝƻ 

LŦ ǘƘŜ ƳŜŀƭ ƛǎ ǘƻƻ ōƛƎΣ 
ȅƻǳ Ŏŀƴ ŀƭǿŀȅǎ ǎŀǾŜ ƛǘ 
ŦƻǊ ƭŀǘŜǊΣ ȅƻǳ ŘƻƴΩǘ 
ƘŀǾŜ ǘƻ ŬƴƛǎƘ ƛǘ ŀƭƭ   

Ϧ.ƛƎ ǎƛȊŜϦ 

ƴƻǘƘƛƴƎ  ¢Ǌȅ ǘƻ ŀǾƻƛŘ 
ǘŜƳǇǘŀǝƻƴǎΦ LŦ ȅƻǳΩǊŜ 
ǎǝƭƭ ƘǳƴƎǊȅΣ ƭƻƻƪ ŦƻǊ 
ǎƻƳŜ ǎƛŘŜ ǾŜƎƎƛŜǎ ƻǊ 
ǎŀƭŀŘΦ  

9ƴƧƻȅ ȅƻǳǊ 

ŦƻƻŘ  
                           {ǘƻǇ ŜŀǝƴƎ ǿƘŜƴ ȅƻǳ ŦŜŜƭ ŦǳƭƭΣ ŀƭǎƻ 

ǘŀƪŜ ȅƻǳǊ ǝƳŜ ǘƻ ŜŀǘΦ 
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Exercise program 

Á Three 45 minutes moderate-to-vigorous intensity aerobic exercise sessions (treadmill and/or 

elliptical) per week 

 

ü 5ï10-minute warm-up and 5-minute cool-down 

ü Intensity of main workout (expressed as a percent of heart rate reserve): 

o Week 1-2: 40-50%  

o Week 3-4: 50-60%  

o Week 5-24: intervals alternating between 80% and 60%: 

                                                                           Interval time (min:sec) 

Week 80% 60% 

5-7 0:30 1:30 

8-10 1:00 1:00 

11-13 1:30 0:30 

14-16 2:00 2:00 

17-19 3:00 1:00 

20-22 4:00 2:00 

23-24 5:00 1:00 
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Appendix 5. Published flow cytometry protocol 
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