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ABSTRACT  

Latino youth are disproportionately impacted by obesity, prediabetes and type 2 

diabetes (T2D). Pediatric obesity is characterized by abnormal increases in pro-

inflammatory markers, including interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-

α), and monocyte chemoattractant protein-1 (MCP-1) and reductions in anti-

inflammatory markers, high molecular weight adiponectin (HMW Adpn) and interleukin-

10 (IL-10). Interleukin-1 receptor antagonist (IL-1ra) is an anti-inflammatory that is 

positively associated with obesity. IL-6, TNF-α, MCP-1 and IL-1ra have been associated 

with reduced insulin sensitivity and β-cell dysfunction, two central pathophysiologic 

mediators of glucose intolerance, while HMW Adpn and IL-10 have been associated with 

increased insulin sensitivity and β-cell function. The United States Diabetes Prevention 

Program (DPP) supported lifestyle intervention as the cornerstone approach for 

preventing T2D among adults with prediabetes, yet no studies to date have assessed the 

efficacy of an adapted DPP among Latino youth with prediabetes. In this dissertation, 

three studies were conducted. The first cross-sectional study among Latino youth with 

prediabetes and obesity (n=65) demonstrated that MCP-1 (β=-0.001, p=0.027; β=0.03, 

p=0.033), HMW Adpn (β=0.2, p<0.001; β=-2.2, p=0.018), and IL-1ra (β=-0.03, p=0.006; 

β=0.09, p=0.009) significantly predicted insulin sensitivity (measured by whole body 

insulin sensitivity index, WBISI) and glucose tolerance (measured by 2-hr glucose 

concentrations from an oral glucose tolerance test), respectively. Only HMW Adpn 

significantly predicted β-cell function, measured by oral disposition index, or oDI (β=0.6, 
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p<0.001). The second study was a randomized control trial that demonstrated the efficacy 

of lifestyle intervention (INT, n=79) for improving oDI among Latino youth with 

prediabetes and obesity, compared to a usual care control (UCC, n=38) group. No 

differences were found for changes in WBISI (Δ0.1, p=0.899) or 2-hr glucose (Δ-7.2, 

p=0.260) between groups. The third study was a secondary analysis (INT n=46, UCC 

n=29) that demonstrated no significant effects on IL-6, TNF-α, MCP-1, HMW Adpn, IL-

10, or IL-1ra (all interactions, p>0.05). 
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CHAPTER 1: 

INTRODUCTION TO THE DISSERTATION 

 Latino youth are disproportionately impacted by prediabetes (Andes et al., 2020) 

and type 2 diabetes (T2D) (Lawrence et al., 2021). The Centers for Disease Control and 

Prevention (CDC) estimated that Latino youth have a 50% lifetime risk of developing 

T2D (Narayan et al., 2003). Lifestyle intervention is the cornerstone approach to 

preventing T2D among adults with prediabetes as demonstrated by the United States 

(U.S.) Diabetes Prevention Program (DPP) (Knowler et al., 2002), and these results have 

been replicated across DPPs that have been adapted in other clinical and community 

settings (Aziz et al., 2015). These findings have supported the implementation of the 

National DPP (NDPP) by the CDC which is a large-scale diabetes prevention effort to 

reach high-risk adult populations (Albright, 2012). Despite these efforts, less than 1% 

(~300,000 individuals) of adults with prediabetes in the U.S. have been reached through 

the NDPP (Ackermann & O'Brien, 2020). Moreover, scalable efforts among youth with 

prediabetes are lacking, likely due to only four other studies that we are aware of having 

adapted the DPP for youth with only one of these studies focusing exclusively on 

children and adolescents with prediabetes (Brown et al., 2013; Hingle et al., 2019; 

Savoye et al., 2014; Soltero et al., 2018). Tailoring interventions to the sociocultural 

context of Latino youth is key in developing effective diabetes prevention interventions 

(Castro et al., 2009). Therefore, studies are warranted that assess pragmatic DPP models 
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tailored to Latino youth that consider the sociocultural context of this specific ethnic 

population. 

Pediatric obesity impacts approximately 20% of children and adolescents in the 

U.S. and is associated with prediabetes and T2D (Hales et al., 2017). Insulin sensitivity 

and β-cell function are two primary physiologic processes that work in conjunction to 

regulate blood glucose levels (Cerf, 2013). Insulin resistance, or decreased insulin 

sensitivity, is described by impaired insulin-mediated glucose uptake and increases the 

demand on β-cells to secrete more insulin, otherwise known as hyperinsulinemia, a 

phenomenon that is exacerbated among youth compared to adults (Arslanian et al., 2021). 

Failure to treat insulin resistance leads to an overcompensated β-cell, ultimately leading 

to β-cell failure—the hallmark pathophysiologic process of glucose intolerance which is 

currently used to diagnose T2D. Given that youth may progress more rapidly to overt 

T2D compared to adults (Barrett et al., 2020), there is an urgent need for diabetes 

prevention efficacy trials that are pragmatic and scalable to address the T2D disparities 

that impact Latino youth. Further, understanding the mechanisms by which diabetes 

prevention interventions reduce T2D risk will aid in the refinement of future 

interventions.  

Chronic inflammation is a staple characteristic of pediatric obesity and has been 

associated with insulin resistance and β-cell dysfunction (Khodabandehloo et al., 2016). 

In obesity, adipose tissue is infiltrated by macrophages (M1 macrophages) that are 

characterized by a pro-inflammatory response. M2 macrophages, on the other hand, are 



3 

 

associated with an anti-inflammatory response; in obesity, these M2 macrophages 

undergo a polarization shift to M1 macrophage phenotypes (Lumeng et al., 2007). Thus, 

obesity is characterized by a disproportionate distribution of M1 and M2 macrophages 

(Lumeng et al., 2007). M1 macrophages produce pro-inflammatory cytokines, including 

interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), and chemokine, monocyte 

chemoattractant protein-1 (MCP-1). IL-6 and TNF-α are cytokines released by adipose 

tissue (i.e., adipokines) that may act locally in autocrine or paracrine fashion but may also 

be secreted systemically to have an endocrine effect (Engin, 2017). Hereafter, all 

cytokines of interest will be referred to as adipokines given their predominant origin in 

adipose tissue in obesity (Ahima, 2006; Lee & Lee, 2014), although it is appreciated that 

cytokines aside are not exclusively produced by adipose tissue (Lee & Lee, 2014; 

McLaughlin et al., 2014; Winer et al., 2014; Winer & Winer, 2012). MCP-1 is a 

chemokine known for its role in chemotaxis, which is the process by which monocytes 

infiltrate adipose tissue from the bloodstream as macrophages and has demonstrated 

metabolic effects associated with increased T2D risk (Kanda et al., 2006; Rull et al., 

2010). Given that adipose tissue is biologically active (Ahima, 2006), it is believed that 

obesity increases T2D risk through the cross-talk of pro-inflammatory factors, such as IL-

6, TNF-α, and MCP-1 from adipose tissue with other tissues including hepatic, skeletal 

muscle, and pancreatic tissues (Azzu et al., 2020; Biscetti et al., 2020). 

Anti-inflammatory mechanisms are in place to reduce the damage posed by pro-

inflammatory markers (Dayer et al., 2006; Tilg & Wolf, 2005). Adiponectin is an anti-
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inflammatory adipokine that is almost exclusively produced by adipocytes. Aside from its 

anti-inflammatory properties, adiponectin is known as a potent insulin sensitizer (Liu et 

al., 2017) at hepatocytes and myocytes and stimulates insulin secretion in β-cells (Lihn et 

al., 2005). Adiponectin can also activate M2 macrophages to produce the anti-

inflammatory adipokine IL-10 (Wolf et al., 2004) which has similar insulin sensitizing 

effects at skeletal muscle (Hong et al., 2009). Adiponectin and IL-10 are significantly 

reduced in pediatric obesity (Dorneles et al., 2016; Rambhojan et al., 2015). In addition 

to adiponectin and IL-10, interleukin-1 receptor antagonist (IL-1ra) is an anti-

inflammatory adipokine that neutralizes pro-inflammatory pathways by competing with 

IL-1R1 receptor ligands (Dayer et al., 2006). Ironically, IL-1ra is significantly increased 

in obesity, likely due to its production by macrophages through the NF-KB pathway, 

which is the same pathway that upregulates IL-6 an TNF-α (Dayer et al., 2006).  

Although associations have been examined between pro- and anti-inflammatory 

factors and T2D risk factors, there is a lack of representation of Latino youth in these 

studies. Furthermore, there is a predominant focus on adiponectin with less attention to 

other physiologically relevant inflammatory factors such as IL-10, IL-1ra and MCP-1. 

Lastly, β-cell function is understudied in the association with pro- and anti-inflammatory 

factors in pediatric obesity. Given that Latino youth have significantly elevated chronic 

inflammation compared to non-Hispanic White youth (Ho et al., 2005), there is a critical 

need to understand the associations of obesity-related pro- and anti-inflammatory risk 
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factors and T2D risk factors, including insulin sensitivity, β-cell function, and glucose 

tolerance in this specific ethnic population. 

The DPP and adapted DPPs have demonstrated increases in adiponectin and 

reductions in IL-6 and TNF-α among adults with prediabetes (Gokulakrishnan et al., 

2017; Mather et al., 2008; Miller et al., 2014). There are no studies to our knowledge that 

have examined the effects of a DPP-modeled lifestyle intervention on key pro- and anti-

inflammatory markers among Latino youth with prediabetes. Despite this lack of research 

among high-risk youth with evidence of hyperglycemia, pediatric obesity prevention 

interventions not specifically modeled after the DPP that target increases in physical 

activity and dietary changes have demonstrated favorable effects on pro- and anti-

inflammatory factors, including increases in adiponectin and reductions in IL-6 or TNF-α 

(Balagopal, George, Patton, et al., 2005; Balagopal, George, Yarandi, et al., 2005; Blüher 

et al., 2014; Cambuli et al., 2008; Chae et al., 2010; Gokulakrishnan et al., 2017; Hasson 

et al., 2012; Huang et al., 2014; Lee et al., 2010; Lira et al., 2011; Mather et al., 2008; 

Miller et al., 2014; Park et al., 2007; Rambhojan et al., 2015; Roberts et al., 2013; Roth et 

al., 2011; Rynders et al., 2012; Siegrist et al., 2013; Vos et al., 2011). However, these 

studies are predominantly quasi-experimental with no control groups and focus 

predominantly on the measurement of adiponectin. The next most studied adipokines are 

IL-6 and TNF-α and little to no research on other relevant adipokines or chemokines 

following lifestyle intervention among high-risk youth. Two randomized control trials 

demonstrated no significant effects on adiponectin compared to respective control groups 
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(Chae et al., 2010; Park et al., 2007). In contrast, another randomized control trial 

demonstrated significant increases in adiponectin with reductions in IL-6 and 

improvements in insulin sensitivity following lifestyle intervention (Balagopal, George, 

Patton, et al., 2005; Balagopal, George, Yarandi, et al., 2005). This study that 

demonstrated improvements in adiponectin and IL-6 was conducted in a pediatric obesity 

clinic where exercise was partially supervised throughout the week and an intensive 

caloric restriction diet was implemented to achieve weight loss (Balagopal, George, 

Patton, et al., 2005; Balagopal, George, Yarandi, et al., 2005). Although this study 

provides an evidence base for improvements in pro- and anti-inflammatory markers 

following lifestyle intervention among high-risk youth, its pragmaticism to address T2D 

disparities among Latino youth is questionable (Butler, 2017; Castro et al., 2009). For 

this reason, there is a need to fill gaps in the literature by developing and testing 

pragmatic DPP-modeled lifestyle interventions that can be implemented at scale in order 

to address the T2D disparities that exist among this key and underrepresented minority 

youth population. Furthermore, it is critical to understand the mechanisms by which such 

interventions reduce the risk for T2D, and obesity-related pro- and anti-inflammatory 

markers are prime candidates for investigation. 

STUDY PURPOSE 

Therefore, the overall purpose of this dissertation is to understand the associations 

between pro- and anti-inflammatory markers and T2D risk factors before and after a 

diabetes prevention lifestyle intervention among Latino youth with prediabetes and 
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obesity. In order to fulfill the purpose of this dissertation, three studies were conducted, 

each of which leveraged a NIH-funded trial (NCT02615353). Study I used cross-

sectional data to examine the associations between pro- (IL-6, TNF-α, MCP-1) and anti-

inflammatory (adiponectin, IL-10, IL-1ra) markers and T2D risk factors (insulin 

sensitivity, β-cell function, glucose tolerance) and to examine sex differences. Study II 

tested the efficacy of a culturally-grounded, community-based diabetes prevention 

program among Latino youth with prediabetes and obesity compared to usual care. Study 

III examined the effects of the diabetes prevention program on pro- and anti-

inflammatory markers. 
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CHAPTER 2: 

LITERATURE REVIEW 

 

Type 2 Diabetes (T2D) Disparities among Latino Youth 

The marked rise in pediatric obesity in the last 30 years has been paralleled by an 

increased prevalence of type 2 diabetes (T2D) among youth (Hales et al., 2018; Ogden et 

al., 2016). Latino youth are disproportionately impacted by prediabetes (Andes et al., 

2020) and T2D (Lawrence et al., 2021). The Centers for Disease Control and Prevention 

(CDC) estimated that Latino youth have a 50% lifetime risk of developing T2D (Narayan 

et al., 2003), which when developed in youth is associated with the premature risk of 

microvascular and macrovascular complications that increase mortality risk (Bjornstad et 

al., 2021). Given that Latinos are among the largest ethnic minority population in the 

United States (U.S.) (Jensen, 2021), there is a pressing need to develop and test effective 

diabetes prevention interventions that provide real-world frameworks to address the T2D 

disparities that burden Latino youth (Cruz & Granados, 2019). 

Social determinants of health (SDoH) are the root cause of T2D disparities (Clark 

& Utz, 2014; Hill-Briggs et al., 2020). SDoH, such as low access to care, low 

socioeconomic status, and low education level have been associated with T2D among 

Latino youth and adults (Butler, 2017; Cartwright, 2021). In order to address the T2D 

disparities that burden Latino youth, it is important to consider the socioecological 

context that is operational on health behaviors among this specific ethnic group. The 
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expanded ecodevelopmental model is a framework that considers multiple levels of 

influence on an individual’s health behaviors and health outcomes for T2D prevention 

among Latino youth (Castro et al., 2009). These levels include culture (e.g., familism, 

collectivism), community (e.g., community grocery stores and exercise facilities, 

community health norms), and family and peers (e.g., family exercise habits, food 

preferences, acculturation). Tailoring T2D prevention interventions that address the 

sociocultural contexts of Latino youth is key to developing effective interventions that 

may be translated at scale in order to address disparities at the population level among 

this specific ethnic youth group. 

 

Pathophysiologic Risk Factors of T2D  

 The natural history of type 2 diabetes (T2D) among youth is less established but, 

like adults, is preceded by insulin resistance, or decreased insulin sensitivity, which 

results in β-cell compensation in the form of hyperinsulinemia per the degree of insulin 

sensitivity (Hannon & Arslanian, 2015). Pediatric obesity is a key risk factor for 

developing T2D and is associated with decreased insulin sensitivity and β-cell 

dysfunction (Gepstein & Weiss, 2019; Giannini et al., 2012; Lee et al., 2006). Nationally-

representative data show that Latino youth are disproportionately impacted by obesity 

and insulin resistance compared to White youth (Lee et al., 2006; Ogden et al., 2018). 

Additionally, normal pubertal growth changes are accompanied by a temporary period of 

reduced insulin sensitivity which rebounds after puberty (Kelsey & Zeitler, 2016). 
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Therefore, being Latino and having prediabetes and obesity during adolescence poses an 

increased risk for developing T2D, thus warranting investigation of the mechanisms that 

contribute to reducing T2D risk following diabetes prevention interventions. 

 

Obesity-induced Changes in the Pro- and Anti-inflammatory Milieus 

Pediatric obesity is characterized by chronic inflammation (Chang et al., 2015). 

Obesity causes the infiltration of immune cells including macrophages, neutrophils, T-

cells, and B-cells (Lee & Lee, 2014). Macrophages are the most extensively studied 

immune cells in the context of obesity and have generally been characterized as two main 

sub-types: M2 macrophages and M1 macrophages (Shapouri-Moghaddam et al., 2018; 

Winer & Winer, 2012). M2 macrophages are associated with an anti-inflammatory 

response, whereas M1 macrophages are associated with a pro-inflammatory response. In 

lean adipose tissue, concentrations of M2 and M1 macrophages within adipose tissue are 

proportionately distributed (Lumeng et al., 2007; Shapiro et al., 2011). However, during 

obesity, a polarization shift occurs from M2 to M1 macrophage activation, thereby 

causing a disproportionate increase in M1 macrophages in relation to M2 macrophages 

(Shapiro et al., 2011). 

During the earliest phases of the expansion of adipocytes in obesity, adipose 

tissue becomes hypoxic which is caused by free-fatty acid (FFA) induced uncoupling of 

mitochondria oxidative metabolism (Lee et al., 2014) and reduced oxygen perfusion per 
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metabolic demands (Hosogai et al., 2007). Hypoxia increases the expression of hypoxia 

inducible factor-1-alpha which stimulates the nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-KB) pathway of M1 macrophages in adipose tissue. This NF-KB 

pathway is responsible for producing a robust pro-inflammatory response of chemokines 

and cytokines (Lawrence, 2009), as illustrated in Figure 1. In obesity, lipotoxic signals 

such as the endotoxin lipopolysaccharide (LPS) (Boutagy et al., 2016), reactive oxygen 

species (ROS, inducers of oxidative stress and signaling molecules) (McMurray et al., 

2016), FFA (Reyna et al., 2008), and interferon-γ (IFN-γ) (Sindhu et al., 2019) are 

elevated. Each of these lipotoxic and inflammatory signals activate the toll-like receptor 

(TLR)-4 receptors on M1 macrophages in adipose tissue, leading to the production of 

pro-inflammatory factors through the NF-KB pathway (Aggarwal, 2000; Kim & Sears, 

2010). Included in this pro-inflammatory response are cytokines, interleukin-6 (IL-6) and 

tumor necrosis factor-alpha (TNF-α) and chemokines, such as monocyte chemoattractant 

protein-1 (MCP-1), which bind to receptors on macrophages leading to their infiltration 

of adipose tissue in a process called chemotaxis (Morinaga et al., 2015). It should be 

briefly noted that IL-6 exhibits anti-inflammatory properties via non-NF-KB pathways in 

skeletal muscle during acute exercise.(Karstoft & Pedersen, 2016; Pedersen, 2017) 

However, IL-6 is upregulated by M1 macrophages and is chronically elevated during 

obesity;(Ottobelli Chielle et al., 2016) thus, IL-6 will be discussed as a pro-inflammatory 

marker moving forward whereby reductions in fasting levels of IL-6 are considered a 

healthy response to intervention. 
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The processes by which adipose tissue produces anti-inflammatory adipokines is 

also presented in Figure 1. Anti-inflammatory factors neutralize pro-inflammatory factors 

and their associated tissue damage / dysfunction (Akdis & Blaser, 2001; Lihn et al., 

2005). Adiponectin is the richest adipokine in human plasma, is almost exclusively 

produced by adipocytes, and exerts anti-inflammatory effects (Choi et al., 2020). One 

study demonstrated that treating myocytes with adiponectin of wild-type mice led to 

reductions in LPS-induced expression of TNF-α (Jortay et al., 2010). Furthermore, a 

mouse adiponectin gene knockout model exhibited significantly elevated gene expression 

of M1 macrophage markers, including elevated IL-6, TNF-α, and MCP-1 following LPS 

stimulation, thereby supporting its role as an anti-inflammatory marker and potential 

therapeutic (Singer & Lumeng, 2017). Furthermore, treating human and mouse 

macrophages with adiponectin led to the upregulation of M2 macrophage markers, 

including the anti-inflammatory marker, interleukin-10 (IL-10) (Ohashi et al., 2010). IL-

10 is produced by M2 macrophages and has demonstrated its anti-inflammatory 

properties through the downregulation of IL-6 and TNF-α in stimulated monocytes 

(Rossato et al., 2012; Smallie et al., 2010). In obese adipocytes, endoplasmic reticulum 

stress is known to impair post-translational modifications to adiponectin, thereby 

negatively influencing its secretion from adipocytes and potentially explaining, at least in 

part, its reduction in pediatric obesity (Liu & Liu, 2014; Orlando et al., 2019; Wang et al., 

2008). As for IL-10, its concentrations are significantly reduced in obesity, possibly due 

to the polarization shift from M2 to M1 macrophages (Dorneles et al., 2016). Interleukin-
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1 receptor antagonist (IL-1ra) is another anti-inflammatory marker that is produced by 

adipocytes, among other immune cells (Dayer et al., 2006; Westwell-Roper et al., 2015; 

Wolf et al., 2004). Interestingly, unlike adiponectin and IL-10, IL-1ra is positively 

associated with obesity (Seppä et al., 2018; Stoppa-Vaucher et al., 2012), likely due to its 

upregulation through the NF-KB pathway in macrophages (Darragh et al., 2010). IL-1ra 

exerts its anti-inflammatory effects by competing with IL-1β, a pro-inflammatory marker, 

for the IL-1R1 receptor (Böni-Schnetzler et al., 2018). Thus, it is possible that IL-1ra is 

increased as a compensatory mechanism to combat the damaging effects from the chronic 

inflammation posed by obesity. Like IL-6, IL-1ra release from skeletal muscle is 

increased during acute exercise (Dorneles et al., 2016; Karstoft & Pedersen, 2016), but 

reductions in IL-1ra concentrations following intervention are considered a healthy 

response in the context of obesity. These alterations in adipokines due to obesity have 

been established predominantly in adipocytes of white adipose tissue (WAT) and visceral 

adipose tissue (VAT); however, a growing field of research suggests that the 

inflammatory process may be similar in adipose depots within skeletal muscle 

(intermyocellular and perimuscular adipose tissue) (Khan et al., 2015) and the liver 

(Brenner et al., 2013). 
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Figure 1. Pro-inflammatory and anti-inflammatory processes in adipose tissue. 

 
MCP-1: monocyte chemoattractant protein-1, ROS: reactive oxygen species, IFN-γ: interferon- γ, LPS: 

liposacharride, FFA: free fatty acids, TLR-4: toll-like receptor-4, TRAM, TRIF, TBK1, IKKE, AP-1: 

activator protein-1, IKB: NF-KB inhibitor, JNK: c-jun N-terminal kinase, TNF-α-R: TNF-α receptor, Ad-

R: adiponectin receptor, IL-4R: interleukin-4 receptor, KLF4: Kruppel-like factor 4, STAT6: signal 

transducer and activator of transcription 6, SIRT1: sirtuin 1, FoxO1: Forkhead box protein O1, RXR: 

retinoid x receptor, C/EBP: Ccaat-enhancer binding proteins, IL-1ra: interleukin-1 receptor antagonist 

 

Obesity-induced Inflammation and T2D Risk Factors 

One of the earliest studies to support a mechanistic link between inflammation 

and insulin resistance was a time course study in mice where short-term declines in 

insulin sensitivity following a high-fat diet were explained by increases in FFA, whereas 

longer-term exposure to high-fat diet (3-7 days) was further explained by increases in 

TNF-α (Lee et al., 2011). Under normal physiological conditions, the insulin signaling 

pathway is activated by insulin and facilitates glucose transport (skeletal muscle and 

liver) (Leto & Saltiel, 2012), glycogen synthesis (skeletal muscle and liver) (Lin et al., 
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2001) and reduces gluconeogenesis in the liver (Hatting et al., 2018). Insulin signaling is 

initiated by the phosphorylation of tyrosine residues on the insulin receptor substrate 

(IRS)-1 upon binding of insulin to its receptor. This activates protein kinase B (i.e., Akt) 

which leads to a series of molecular events that facilitates the aforementioned 

glucoregulatory functions in skeletal muscle and the liver as shown in Figure 2 (Lee & 

Pilch, 1994).  

Figure 2. Insulin signaling pathway. Insulin signaling pathway figure adapted from Di 

Meo et al., 2017 

 

IRS-1: insulin receptor substrate-1, IR: insulin receptor, IL-10R: IL-10 receptor, APPL: 

adaptor proteins, Tyr: tyrosine, PI3K: phosphoinositide 3-kinase, phosphatidylinositol 

(3,4,5)-trisphosphate, Akt: protein kinase B, PKC: protein kinase C, AS160: Akt 

substrate of 160, GSK: glycogen synthase kinase, GS: glycogen synthase, PEPCK: 

phosphoenolpyruvate carboxykinase, GLUT-4: glucose transporter type 4 

Interestingly, animal models have demonstrated that pro-inflammatory markers, IL-6 and 

TNF-α, inhibit the insulin signaling pathway through the phosphorylation of serine 
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residues, as opposed to tyrosine, on IRS-1 in adipocytes (Rui et al., 2001), hepatocytes 

(Senn et al., 2003), and myocytes (Hotamisligil et al., 1996) as depicted in Figure 3.  

Figure 3. Insulin Signaling Pathway: Impact of Pro-inflammatory Markers. Insulin 

signaling pathway figure adapted from Di Meo et al., 2017. 

 
JAK: Janus kinase, STAT3: signal transducers and activator of transcription factor 3, 

SOCS3: suppressor of cytokine signaling 3, Ser: serine residues, IRS-1: insulin receptor 

substrate-1, IR: insulin receptor, IL-10R: IL-10 receptor, APPL: adaptor proteins, Tyr: 

tyrosine, PI3K: phosphoinositide 3-kinase, phosphatidylinositol (3,4,5)-trisphosphate, 

Akt: protein kinase B, PKC: protein kinase C, AS160: Akt substrate of 160, GSK: 

glycogen synthase kinase, GS: glycogen synthase, PEPCK: phosphoenolpyruvate 

carboxykinase, GLUT-4: glucose transporter type 4 

 

IL-1ra may be increased in pediatric obesity, and not decreased like adiponectin and IL-

10, due to shared upstream pathways (i.e., NF-KB) that are also responsible for the 

production of pro-inflammatory markers (i.e., IL-6, TNF-α) (Darragh et al., 2010). It is 

plausible that IL-1ra serves as an anti-inflammatory compensatory response to attenuate 
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damage induced by pro-inflammation, and this notion has been supported by previous 

studies that have demonstrated the increased release of IL-1ra by fibroblasts, B-cell 

lymphoma cells, macrophage-like cancer cells, and prostate cancer cells in response to 

apoptosis (Chwee et al., 2016). 

Furthermore, anti-inflammatory markers adiponectin and IL-10 have exhibited 

insulin sensitizing and β-cell protective properties. Adiponectin is typically measured as 

total adiponectin, but may be separated into high-, medium-, and low-molecular weight 

components, (Wang et al., 2008) This notion is important since high-molecular weight 

adiponectin (HMW Adpn) is considered the most biologically active for increasing 

insulin sensitivity (Liu & Liu, 2014). Adiponectin receptors, adiponectin-R1 and 

adiponectin-R2, are predominantly found in skeletal muscle and the liver, respectively 

(Wang et al., 2008) Upon activation of these receptors at hepatocytes and myocytes, 

APPL is an adaptor protein that is activated and stimulates AMPK-related pathways, but 

may also phosphorylate tyrosine residues, similar to insulin, on IRS-1 (Figure 4) (Lihn et 

al., 2005; Liu et al., 2017). Although IL-10 has been examined as an immunosuppressant, 

it has also recently gained attention as an insulin sensitizer (Dagdeviren et al., 2017; 

Dagdeviren et al., 2016; Hong et al., 2009). Transgenic mice with muscle-specific IL-10 

overexpression that were fed a high-fat diet, compared to wild type mice on the same 

diet, led to increased insulin sensitivity (hyperinsulinemic euglycemic clamp), increased 

tyrosine phosphorylation of IRS-1 (Figure 4) and a reduced pro-inflammatory response 

(Hong et al., 2009). However, the molecular mechanisms by which IL-10 activates the 
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insulin signaling pathway are not as well understood as adiponectin and have yet to be 

elucidated.  

 

Figure 4. Insulin Signaling Pathway: Impact of Anti-inflammatory Markers. Insulin 

signaling pathway figure adapted from Di Meo et al., 2017.  

 

IRS-1: insulin receptor substrate-1, IR: insulin receptor, IL-10R: IL-10 receptor, APPL: adaptor proteins, 

Tyr: tyrosine, PI3K: phosphoinositide 3-kinase, phosphatidylinositol (3,4,5)-trisphosphate, Akt: protein 

kinase B, PKC: protein kinase C, AS160: Akt substrate of 160, GSK: glycogen synthase kinase, GS: 

glycogen synthase, PEPCK: phosphoenolpyruvate carboxykinase, GLUT-4: glucose transporter type 4 

 

β-cell failure is the hallmark pathophysiological process that leads to clinical 

manifestations of T2D (i.e., increased blood glucose levels) and is partially caused by β-

cell apoptosis (Weaver et al., 2012; Wijesekara et al., 2010). Pro-inflammatory cytokines, 

including TNF-α, have been shown to induce apoptosis of pancreatic β-cells, reduce 

glucose-stimulated insulin secretion, increase the genetic expression of MCP-1, and 
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pathophysiologic increases in oxidative stress in human pancreatic β-cells (Weaver et al., 

2012). Additionally, adiponectin has demonstrated a more direct and protective role on β-

cells through their proliferation (i.e., cell number) (Chetboun et al., 2012) and stimulation 

of gene expression and insulin secretion (Wijesekara et al., 2010). The literature on both 

pro- and anti-inflammatory adipokines and chemokines and β-cell function is scarce but 

preliminarily work supports this link. Whether favorable changes in relevant adipokines 

following interventions are associated with reductions in β-cell function has yet to be 

established. 

Indeed, the aforementioned mechanistic studies have been translated to pediatric 

studies which have demonstrated significantly increased circulating levels of IL-6 (Huang 

et al., 2014; Kapiotis et al., 2006; Luciardi et al., 2018; Ottobelli Chielle et al., 2016; 

Paltoglou et al., 2017; Rainone et al., 2016), TNF-α (Agarwal et al., 2013; Moon et al., 

2004), MCP-1 (Breslin et al., 2012; Luciardi et al., 2018), and IL-1ra (Seppä et al., 2018; 

Stoppa-Vaucher et al., 2012) with decreased levels of adiponectin (Coimbra et al., 2017; 

Lira et al., 2011; Park et al., 2007; Rambhojan et al., 2015) and IL-10 (Chang et al., 2013; 

Chang et al., 2014) among youth with obesity compared to their normal weight 

counterparts, as seen in adults (Ellulu et al., 2016; Hyun et al., 2008). Aside from their 

inflammatory roles, IL-6, TNF-α, MCP-1, and IL-1ra have been associated with an 

increased risk for T2D, while adiponectin and IL-10 have been associated a reduced risk 

of T2D. Due to the biologically active role that adipose tissue plays on inflammatory 

marker secretion (Ahima, 2006), it stands to reason that an obesogenic environment 
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increases the risk of T2D through increases in pro-inflammatory markers that pose a risk 

of damage or dysfunction at T2D-related tissues (i.e., adipose, hepatic, skeletal muscle, 

pancreatic).  

 

T2D Prevention among High-risk Populations 

Lifestyle intervention is the cornerstone approach for preventing T2D among 

adults with prediabetes as demonstrated by the hallmark United States (U.S.) Diabetes 

Prevention Program (DPP). The DPP demonstrated a 58% reduction in T2D incidence 

following a lifestyle intervention that targeted physical activity (180 min/wk moderate to 

vigorous exercise intensity) and individualized dietary education and support among 

adults with prediabetes compared to a placebo group (Knowler et al., 2002). A later study 

using DPP data attributed the reductions in T2D risk following lifestyle intervention 

partially to improvements in insulin sensitivity and β-cell function (Kitabchi et al., 2005). 

Since the publication of findings from the DPP, other studies have adapted its model and 

supported its efficacy among adults with prediabetes in clinical and community settings 

(Aziz et al., 2015). These optimistic findings from DPP models supported the National 

DPP (Albright, 2012), a program that was instated by the CDC in order to take diabetes 

prevention efforts to scale among high-risk adult populations and is covered by Medicare 

(Burd et al., 2020) in all states. Despite these efforts, only ~1% of adults with prediabetes 

in the U.S. have been reached by DPP programs (Ackermann & O'Brien, 2020). An 
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alarming issue that needs to be addressed is that similar large-scale programs are 

nonexistent for high-risk youth populations, likely due to the lack of an evidence base of 

effective, translatable frameworks. No studies, to our knowledge, have prioritized Latino 

youth with prediabetes to assess the efficacy of a diabetes prevention program on T2D 

risk factors (McCurley et al., 2017).  

 

Effects of Exercise Interventions on T2D Risk Factors and Inflammatory Markers 

Most physical activity interventions among high-risk youth have been tested in 

the form of physical exercise, which will be the focus of this review. Aerobic exercise 

interventions among youth with overweight or obesity have been the predominant focus 

of studies as compared to resistance training or other types of exercise (Stoner et al., 

2019; Stoner et al., 2016). Aerobic exercise among youth with overweight or obesity has 

demonstrated increases in insulin sensitivity, and these effects are accentuated with 

longer program duration (≥12 weeks), higher frequency (≥3 days per week), higher 

session duration (≥60 minutes), and among adolescents (13-18 yr) compared to children 

(6-12 yr), regardless of the type of exercise (García-Hermoso et al., 2014). Resistance 

training has also demonstrated efficacy for increasing insulin sensitivity among Latino 

boys with overweight (Shaibi et al., 2006). A randomized control trial that compared 

aerobic exercise with resistance training demonstrated that both groups significantly 

reduced visceral adipose tissue, with only significant increases in insulin sensitivity 

following resistance training (Lee et al., 2012). In a follow-up study from the same lab, 
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adolescents with overweight and obesity demonstrated significant improvements in 2-hr 

glucose concentrations from OGTT following aerobic exercise, resistance training, and 

the combination of both (i.e., concurrent training) (Lee et al., 2019). However, only 

concurrent training and aerobic exercise only groups significantly increased insulin 

sensitivity levels (Lee et al., 2019).  

As it relates to concurrent training, a meta-analysis supports the added benefit 

over aerobic exercise alone through greater reductions in total adiposity and visceral 

adipose tissue and increases in adiponectin (García-Hermoso et al., 2018). Whether 

concurrent training is superior for increasing insulin sensitivity among high-risk youth 

remains inconclusive, largely due to the heterogeneity in exercise protocols and 

measurements of insulin sensitivity across studies (Kim & Jeon, 2020). Both types of 

exercise, resistance training and aerobic exercise entail repetitive contractions of large 

skeletal muscles, tissue that is responsible for ~80% of insulin-mediated glucose uptake 

post-challenge (Ferrannini et al., 1988). These studies support the improvement of insulin 

sensitivity to aerobic and resistance training further supporting its promotion as a diabetes 

prevention behavioral target.  

Exercise stimulates glucose uptake through skeletal muscle contractions via a 

non-insulin dependent pathway (i.e., AMP-activated protein kinase pathway) (Richter & 

Hargreaves, 2013), which may play a role in β-cell preservation through reductions in 

circulating glucose. However, less work has assessed the effects of exercise on β-cell 

function among youth (Kim & Jeon, 2020). Of these studies, aerobic exercise has 
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demonstrated significant improvements in estimates of β-cell function as supported by 

reductions in insulin area under the curve and increases in the insulinogenic index 

(insulin secretion estimate) and oral disposition index (oDI, β-cell function estimate) (C. 

L. Davis et al., 2012; Nassis et al., 2005; Shih & Kwok, 2018). Important to note was a 

dosage effect of longer duration aerobic exercise (40 minutes) on the oDI compared to 

control, which was not observed among the lower dosage group (20 minutes) of the same 

exercise (C. L. Davis et al., 2012). Resistance training, on the other hand, has yet to 

support the efficacy on β-cell function among high-risk youth (Davis, Kelly, et al., 2009; 

Davis, Tung, et al., 2009; Lee et al., 2012; Shaibi et al., 2006). However, it is important 

to mention that when β-cell function has been measured by the fasting intravenous 

glucose tolerance test in response to exercise, there were no significant effects, regardless 

of the type of exercise (aerobic vs resistance training vs concurrent training) (Davis, 

Kelly, et al., 2009; Davis, Tung, et al., 2009; Rosenbaum et al., 2007; Shaibi et al., 2006). 

Whether exercise improves β-cell function among high-risk youth warrants future 

investigation. 

T2D is a chronic inflammatory disease whereby exercise may have therapeutic 

effects (Pedersen, 2017). Acute exercise has been associated with an increase in upstream 

anti-inflammatory markers. Among young and elderly adults, acute resistance training 

increased interleukin-4 and interleukin-33, activators of M2 macrophages (Della Gatta et 

al., 2014). Furthermore, acute exercise studies have demonstrated a robust IL-6 response 

to exercise from myocytes which upregulates IL-10 and IL-1ra (Dorneles et al., 2016; 
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Petersen & Pedersen, 2005). Thus, acute exercise may enhance anti-inflammatory 

capacity through repetitive bouts of exercise, such as in a training program, and reduce 

the risk of T2D by enhancing the defense against pro-inflammatory markers. 

In obese mice, eight weeks of moderate to vigorous swimming reduced NF-KB 

activation in adipocytes and hepatocytes through improved endoplasmic reticulum stress, 

which was associated with increases in insulin sensitivity (da Luz et al., 2011). Other 

studies have demonstrated significant reductions in MCP-1 after continuous moderate 

intensity exercise (Annibalini et al., 2017) and MCP-1 receptors on monocytes and 

neutrophils after high-intensity interval training, which entails shorter acute bouts of 

high-intensity exercise (Barry et al., 2017). These findings suggest that exercise may 

reduce key upstream activators of the NF-KB pathway in M1 macrophages and, as a 

result, the downregulation of pro-inflammatory adipokines and chemokines.  

Adiponectin, IL-6 and TNF-α are the most studied adipokines in response to 

exercise interventions among high-risk youth with predominant focus on adiponectin. 

Two meta-analyses have demonstrated favorable exercise effects on adiponectin. One of 

these studies showed that longer duration interventions (>12 weeks) were associated with 

increases in adiponectin among youth and adults with overweight or obesity (Yu et al., 

2017). However, these effects were not sustained when two studies with high 

heterogeneity were omitted from the meta-analysis, and thus results should be interpreted 

carefully (Yu et al., 2017). A second meta-analysis among youth with overweight/obesity 

demonstrated significant increases in adiponectin from concurrent training (combination 
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of aerobic and resistance exercise) compared to aerobic exercise (mean difference=2.59 

ug/mL) with greater effects among longer duration programs (García-Hermoso et al., 

2018). This finding supports the use of various types of physical activities that include 

both aerobic and muscle strengthening components which align with the national 

guidelines for physical activity among youth (Piercy et al., 2018), and potentially the 

need for longer duration exercise sessions in order to increase adiponectin levels. These 

findings are supported by a separate meta-analysis among children and adolescents with 

overweight/obesity that demonstrated modest exercise-induced increases in adiponectin 

(mean difference=0.69 ug/mL), reductions in IL-6 (mean difference=-0.86 pg/mL) and 

inconsistent findings for TNF-α (Sirico et al., 2018). However, only two studies were 

included in analysis of IL-6 and TNF-α each (Sirico et al., 2018). Lastly, a meta-analysis 

that included nine physical activity intervention randomized control trials (five on IL-6 

and four on TNF-α) showed no effects on TNF-α and a trending decrease in IL-6 (Han et 

al., 2019). Given the limited number of studies that were examined in these meta-

analyses, it was difficult to differentiate whether certain types or dosages of exercise 

produced more pronounced results than others on these inflammatory markers. To this 

end, a randomized control trial among elderly and inactive adults with overweight 

exhibited a dose response of adiponectin to resistance training exercise (45% vs 60-65% 

vs 85% peak strength) where higher intensity interventions led to greater increases in 

adiponectin (Fatouros et al., 2005). The current evidence base suggests that longer 

duration interventions that include concurrent or resistance training may increase 
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adiponectin, whereas the data are inconsistent among other adipokines or chemokines due 

to the limited number of studies that have been conducted. Nonetheless, studies through 

animal models and clinical interventions underscore exercise as an effective strategy to 

reduce pro-inflammatory factors, potentially through increases in anti-inflammatory 

markers, that may lead to reduced risk for T2D. 

 

Effects of Dietary Interventions on T2D Risk Factors and Inflammatory Markers 

This next section will describe the effects of commonly tested dietary 

interventions and health promotion strategies (e.g., increased fiber, fruit, and vegetable 

intake) on T2D risk factors and pro- and anti-inflammatory factors. 

Low glycemic index (GI)/glycemic load (GL) diets target the consumption of 

foods that minimize spikes in blood glucose and insulin and thus may be optimal for 

reducing T2D risk. One meta-analysis of low GI/GL diets, compared to high GI/GL diets, 

demonstrated reductions in fasting insulin concentrations as well as systemic 

inflammatory marker C-reactive protein (CRP) among adults with obesity 

(Schwingshackl & Hoffmann, 2013). Although there is no mechanistic link between 

insulin and CRP, insulin has been shown to upregulate chemokine MCP-1 (Westerbacka 

et al., 2008). Thus, it is possible that low GI/GL foods that reduce insulin levels may lead 

to less production of chemokines that facilitate macrophage infiltration. On the contrary, 

a systematic review and meta-analysis of 28 randomized control trials that compared low 

GI/GL compared to high GI/GL diets among adults exhibited no significant effects on IL-
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6, TNF-α or adiponectin (Milajerdi et al., 2018). However, this analysis prioritized an 

adult population across a broad health spectrum (healthy to high-risk), and only five 

studies were included in the meta-analysis for each of IL-6 and TNF-α biomarkers. In a 

similarly motivated systematic review and meta-analysis on low GI/GL versus high 

GI/GL diets among adults with T2D and gestational diabetes, low GI/GL diets were 

associated with significant reductions in IL-6 and trending increases in adiponectin (Ojo 

et al., 2019). A limitation of this meta-analysis was that only two studies for each 

inflammatory adipokine (IL-6 and adiponectin) were included. The three aforementioned 

systematic reviews and meta-analyses on low GI/GL eating patterns, compared to high 

GI/GL ones, suggest that the former diet may be efficacious among individuals on the 

higher end of the T2D spectrum. 

Few studies have tested low GI/GL interventions on insulin sensitivity among 

high-risk youth populations and have exhibited conflicting results (Ebbeling et al., 2003; 

Visuthranukul et al., 2015). One study demonstrated no differences in changes in insulin 

sensitivity or components of metabolic syndrome among a low GI/GL diet group 

compared to a low-fat diet group among Hispanic youth with obesity (Mirza et al., 2013), 

which is contrary to what has been found among adults. Liver fat is an ectopic adipose 

tissue depot that is linked to reduced insulin sensitivity, and a compelling study among 

youth with obesity and non-alcoholic fatty liver disease (NAFLD) demonstrated 

significant reductions in hepatic steatosis with trending improvements in insulin 

sensitivity (p=0.07) following an eight-week dietary intervention that focused on 
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reducing free sugar intake to less than 3% of daily calories compared to usual care 

(Schwimmer et al., 2019). This reduced free sugar intervention consisted of 

individualized meal planning as well as provisions of study meals for the entire 

household along with weekly phone calls to ensure diet adherence. Therefore, the 

intervention’s scalability is questionable. Nonetheless, this study provides evidence to 

support a feasible health promotion focus point of reducing free added sugars from daily 

dietary intake, and whether this strategy improves proximal T2D risk factors warrants 

further investiagation. 

Unsaturated fat, fruits, and vegetables are promoted for good health and have 

exhibited anti-inflammatory properties (2020 Dietary Guidelines Advisory Committee, 

2020; Hosseini et al., 2018; Lenighan et al., 2019; Neumann & Egert, 2022). In high-fat 

diet induced obese mice, omega-3 polyunsaturated fatty acid (PUFA) supplementation 

led to reduced LPS-induced activation of TLR-4 receptors, one of the main triggers of the 

NF-KB pathway in macrophages (Martínez-Fernández et al., 2015). Additionally, PUFAs 

have been shown to activate PPAR-alpha and PPAR-γ which may reduce NF-KB activity 

(Martínez-Fernández et al., 2015). Interestingly, phytochemicals found in fruits, 

vegetables, and spices are known to induce shifts in macrophage activation from M1 to 

M2 phenotypes (Saqib et al., 2018) among possessing other anti-inflammatory effects 

(Hosseini et al., 2018). A systematic review and meta-analysis among adults of all ages 

(range 12-85 y inclusion) and health statuses (e.g., healthy, obese, HIV-infected) showed 

that consumption of fruits and vegetables, or their extracted phytochemicals (e.g., 
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resveratrol from grapes, sulforaphane from broccoli) were associated with reductions in 

TNF-α (16 studies reviewed in meta-analysis), but inconsistent results were found for IL-

6 (22 studies reviewed in meta-analysis) (Hosseini et al., 2018). However, the broad 

inclusion criteria of any age and health status, including athletes, limits the 

generalizability to high-risk populations. Aside from phytochemical effects, another 

benefit of increasing fruits and vegetable intake is the accompanying fiber component 

which has well-known cardiometabolic benefits (Grooms et al., 2013), including 

increased insulin sensitivity (Weickert & Pfeiffer, 2018) and glucose regulation (Garcia 

et al., 2007). To this end, the Insulin Resistance in Atherosclerosis Study demonstrated a 

positive association between fiber intake and insulin sensitivity and β-cell function 

among a multi-ethnic cohort with a mixture of healthy adults and adults with prediabetes 

(Liese et al., 2005). Further, in a meta-analysis of 16 studies on fiber intake interventions, 

a median of 10 grams per day of fiber (whether soluble fiber or through natural foods) 

was associated with reduced fasting insulin and glucose levels among adults with T2D 

(Mao, 2021). Taken together, these findings suggest that a well-balanced diet that 

includes fruits, vegetables, other foods with phytochemicals, and fiber intake may 

synergistically improve the pro- and anti-inflammatory milieus to reduce the risk of T2D. 

The Mediterranean diet is a comprehensive dietary approach that targets the 

consumption of plant foods (i.e., fruits, vegetables, legumes), olive oil as a primary 

source of dietary fats, and low consumption of meats and dairy products (Willett, 2006). 

Studies have demonstrated efficacy of the Mediterranean diet on insulin sensitivity 
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among adults with NAFLD (Misciagna et al., 2017; Ryan et al., 2013). Although fewer 

studies have assessed β-cell function in response to dietary interventions, a meta-analysis 

that included three studies on low-fat, plant-based dietary interventions demonstrated 

significant improvements in β-cell function as measured by insulin secretion or C-peptide 

(Kahleova et al., 2011; Kahleova et al., 2018; Kahleova et al., 2019). Reducing 

consumption of glucose and lipids and eating plant-based foods that are low glycemic 

and fibrous may enhance glucose regulation by improving insulin sensitivity and β-cell 

function through favorable alterations in the pro- and anti-inflammatory milieus that are 

altered in obesity. 

Studies of low-calorie diets among adults with overweight or obesity and NAFLD 

failed to exhibit significant effects on insulin sensitivity (Ghadimi et al., 2021). One 

meta-analysis found no significant effects of low calorie dietary interventions on insulin 

sensitivity, but sub-analyses demonstrated greater effect sizes among adults with obesity, 

compared to overweight, and in response to Mediterranean diets, compared to standard 

diets (Ghadimi et al., 2021). These results suggest that low-calorie diets may be more 

efficacious for increasing insulin sensitivity among individuals with more weight or 

adiposity to lose (obese compared to overweight) and through healthy balanced dietary 

patterns such as the Mediterranean diet.  

One interesting study in 22 postmenopausal women with obesity tested a 6- to 7-

month multiphasic (very low calorie, low calorie, weight maintenance) dietary weight 

loss intervention. In that study, two clusters of genes were identified: the first cluster 
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represented by adipocyte genes and metabolic pathways and the second cluster by 

macrophage genes and inflammatory pathways (Capel et al., 2009). During the dietary 

intervention including the weight maintenance phase, pro-inflammatory genes were 

downregulated and adipocyte genes upregulated. Further analyses indicated that the most 

robust responders of macrophage genes to the dietary intervention showed significant 

associations with decreases in insulin sensitivity (Capel et al., 2009). As for IL-10, the 

adipokine has only recently been identified as an insulin sensitizer (Dagdeviren et al., 

2017; Dagdeviren et al., 2016; Hong et al., 2009), and thus dietary intervention effects on 

IL-10 are lacking. However, a randomized control trial published in 2020 found a 

significant increase in IL-10 concentrations (with reductions in NF-KB activation) 

following a Korean diet with a low dietary inflammatory index that targeted high 

amounts of vegetables, high vegetable protein and fat, low fat (animal fat), and a low 

glycemic index, compared to a Westernized isocaloric diet (Shin et al., 2020). Only 10 

total participants were included (n=5 per group) in the study, which should be considered 

during interpretations. 

 

Exercise and Nutrition in Combination 

 It has been shown that dietary interventions in combination with exercise is 

superior to diet alone on health outcomes (Elliot & Hamlin, 2018; Joseph et al., 2020; 

Stoner et al., 2016). These studies support the American Diabetes Association guidelines 

that recommend implementing intensive lifestyle intervention to prevent or delay the 
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onset of T2D among youth and adult populations with prediabetes (Draznin et al., 2022). 

Many lifestyle interventions that target increases in physical activity and healthy 

nutritional changes among high-risk youth have been tested in clinical settings; however, 

there are no studies that have tested an adapted DPP among Latino youth with 

prediabetes. 

 

Lifestyle Intervention Effects on Inflammatory Markers in Adults with Prediabetes 

The DPP demonstrated significant increases in adiponectin following lifestyle 

intervention among adults with prediabetes (Mather et al., 2008), which was 

accompanied by increases in insulin sensitivity and improvements in β-cell function 

(Kitabchi et al., 2005). Two other randomized control trials that tested adapted DPPs for 

high-risk adults exhibited significant reductions in IL-6 and TNF-α (one study trended for 

TNF-α at p=0.083) (Gokulakrishnan et al., 2017; Miller et al., 2014). Furthermore, data 

from the Finnish Diabetes Prevention Study (DPS) exhibited significant reductions in IL-

6 following one year of intensive lifestyle intervention among adults with prediabetes 

(Herder et al., 2006). The DPP and Finnish DPS results indicate that obesity-related 

alterations in the pro- and ant-inflammatory milieus are reversible in the direction of 

homeostatic levels following lifestyle intervention. Two other lifestyle intervention 

studies among women (Villareal et al., 2006) and older adults with obesity (Esposito et 

al., 2003) demonstrated reductions in IL-6 with the former study also showing increases 

in adiponectin. The former study (Villareal et al., 2006) targeted unsupervised and 
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supervised exercise with a Mediterranean-style diet and the latter study (Esposito et al., 

2003) targeted 270 minutes per week of moderate to vigorous physical activity with a low 

calorie diet. No studies have assessed the effects of lifestyle intervention on IL-10 among 

adults with prediabetes. These findings in adults suggest that diabetes prevention lifestyle 

interventions that target physical activity and dietary changes are capable of shifting the 

pro- and anti-inflammatory milieus toward homeostatic levels. Whether these findings 

translate to youth with prediabetes has yet to be established.  

 

Lifestyle Intervention Effects on Pro- and Anti-inflammatory Markers among High-risk 

Youth 

The only study to adapt the DPP for youth with prediabetes that measured insulin 

sensitivity, β-cell function and glucose tolerance did not report on the response of 

inflammatory markers (Savoye et al., 2014). Other lifestyle interventions not specifically 

modeled after the DPP have demonstrated favorable changes in obesity-related pro- and 

anti-inflammatory markers, including adiponectin, IL-6 and TNF-α (Balagopal, George, 

Patton, et al., 2005; Balagopal, George, Yarandi, et al., 2005; Cambuli et al., 2008; Lee et 

al., 2010; Mager et al., 2015; Mayerhofer et al., 2020; Rambhojan et al., 2015; Roche et 

al., 2019; Rosenbaum et al., 2007; Roth et al., 2011). However, a majority of these are 

quasi-experimental and predominantly measure adiponectin in isolation (Blüher et al., 

2014; Cambuli et al., 2008; Fu et al., 2007; Lee et al., 2010; Siegrist et al., 2013). Two 

randomized control trials that tested three-month lifestyle interventions that targeted 
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moderate to high intensity exercise and dietary education and support demonstrated no 

changes in adiponectin (Chae et al., 2010; Park et al., 2007). Given that several pro- and 

anti-inflammatory markers have been associated with obesity and T2D risk factors, it 

may be more informative to examine changes of an array of relevant markers following 

lifestyle intervention. Another randomized control trial examined the effects of nutrition 

education alone (n=39) or nutrition plus resistance training (n=31) on cardiometabolic 

and inflammatory markers compared to a control group (n=30), among Latino and 

African-American youth with obesity (Hasson et al., 2012). No significant effects were 

found on measures of insulin action nor adiponectin or TNF-α, which authors attributed 

to a potentially inadequate sample size. In another randomized control trial, a lifestyle 

intervention that targeted reductions in calorie intake (exchanging high-energy snacks to 

low-fat, low calorie snacks, decreasing meal portions, and reducing sugar-based 

carbonated drinks) (Balagopal, George, Patton, et al., 2005; Balagopal, George, Yarandi, 

et al., 2005) and increased physical activity (2 day/week of moderate to vigorous 

unsupervised walking, 1 day/week supervised family exercise) elicited significant 

decreases in IL-6 (Balagopal, George, Patton, et al., 2005) and increases in adiponectin 

and insulin sensitivity (Balagopal, George, Yarandi, et al., 2005). However, the study 

only included 15 participants (intervention n=8, control n=7), did not measure HMW 

Adpn, and was conducted in a pediatric obesity clinic, thereby limiting its ability to 

address T2D disparities on a population level. Nevertheless, this study (Balagopal, 

George, Yarandi, et al., 2005) supports the rationale that lifestyle intervention may 
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improve obesity-induced alterations in the pro- and anti-inflammatory milieus through 

increases in physical activity and healthy dietary behaviors among high-risk youth 

populations. 

 

Summary of Literature Review 

Latino youth are disproportionately impacted by obesity, prediabetes, and T2D. 

Obesity-related pro- and anti-inflammatory markers are associated with T2D risk factors, 

but Latino youth are underrepresented in these studies. Moreover, lifestyle intervention is 

the cornerstone approach to preventing T2D among adults with prediabetes, and no 

studies have assessed the efficacy of an adapted DPP among Latino youth with 

prediabetes. Furthermore, the mechanisms by which T2D is prevented has yet to be 

established. 
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CHAPTER 3: STUDY I 

RELATIONSHIPS BETWEEN PRO- AND ANTI-INFLAMMATORY  

MARKERS AND T2D RISK FACTORS 

 

INTRODUCTION 

Latino youth are disproportionately impacted by obesity (Hales et al., 2018), 

prediabetes (Andes et al., 2020), and type 2 diabetes (T2D) (Lawrence et al., 2021). 

Obesity is characterized by increases in pro-inflammatory markers and reductions in anti-

inflammatory adipokines (increased anti-inflammatory markers in some cases) (Shapouri-

Moghaddam et al., 2018), some of which have been mechanistically linked to T2D risk 

factors (Acosta et al., 2019; Chetboun et al., 2012; Dagdeviren et al., 2017; Hong et al., 

2009; Hotamisligil et al., 1996; Morinaga et al., 2015; Pedersen, 2017; Rui et al., 2001; 

Westerbacka et al., 2008; Wijesekara et al., 2010). Moreover, among adolescents with 

obesity, pro- and anti-inflammatory markers have been differentiated by sex (Moon et al., 

2004; Punthakee et al., 2006). Indeed among youth, obesity-induced alterations in pro- 

and anti-inflammatory markers have been associated with insulin resistance (i.e., 

decreased insulin sensitivity) and β-cell dysfunction (Breslin et al., 2012; Dorneles et al., 

2016; Parish et al., 2016; Rambhojan et al., 2015; Roth et al., 2011; Seppä et al., 2018; 

Stoppa-Vaucher et al., 2012), two central pathophysiologic risk factors that contribute to 

impairments in glucose tolerance (Cerf, 2013). However, Latino youth are 

underrepresented in these studies and the inflammatory markers measured have been 
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limited. Given that the pathways by which T2D develops may differ across racial/ethnic 

groups (Abate & Chandalia, 2003; Golden et al., 2019; Wagenknecht et al., 2011), it is 

important to examine the associations between a comprehensive panel of pro- and anti-

inflammatory markers and T2D risk factors among high-risk Latino youth and to examine 

differences by sex. 

In obesity, immune cells infiltrate adipose tissue and serve as a major source of 

pro-inflammatory marker production, including adipokines and chemokines (Shapiro et 

al., 2011; Shapouri-Moghaddam et al., 2018). Interleukin-6 (IL-6) and tumor necrosis 

factor-alpha (TNF-α) are pro-inflammatory cytokines secreted by adipose tissue (i.e., 

adipokines) that are increased in obesity (Breslin et al., 2012; Chang et al., 2015; 

Paltoglou et al., 2017) and have been associated with impairments in insulin sensitivity 

and β-cell function (Hotamisligil et al., 1996; Lee & Lee, 2014; Li et al., 2013; Rui et al., 

2001; Senn et al., 2003). Monocyte chemoattractant protein-1 (MCP-1) is a chemokine 

activated by the same mechanism in macrophages as IL-6 and TNF-α that facilitates 

traffic of infiltrating pro-inflammatory immune cells and has also been associated with 

insulin resistance and β-cell dysfunction (Daniele et al., 2014; Kanda et al., 2006; 

Piemonti et al., 2002). Anti-inflammatory markers adiponectin and interleukin-10 (IL-10) 

are secreted by adipose tissue and exert insulin sensitizing and β-cell enhancing effects 

(Acosta et al., 2019; Chetboun et al., 2012; Dagdeviren et al., 2017; Liu & Liu, 2014; Liu 

et al., 2017; Wijesekara et al., 2010). However, in obesity, adiponectin and IL-10 are 

significantly reduced, potentially hampering defense mechanisms that aid in combating 
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pro-inflammation (Balagopal, George, Yarandi, et al., 2005; Dorneles et al., 2016). IL-

1ra is secreted by adipose tissue and exerts its anti-inflammatory effects by competing for 

the IL-1R1 receptors (Böni-Schnetzler et al., 2018; Sha & Markovic-Plese, 2011). 

Interestingly, unlike adiponectin and IL-10, IL-1ra is significantly increased in obesity 

(Seppä et al., 2018; Stoppa-Vaucher et al., 2012), which may be due to its upregulation 

by adipose-derived macrophages that are similar to those that produce pro-inflammatory 

markers (i.e., NF-KB signaling) (Darragh et al., 2010). 

Previous studies among youth have predominantly examined the associations 

between pro- and anti-inflammatory markers and insulin sensitivity (Alikaşifoğlu et al., 

2009; Cambuli et al., 2008; Chae et al., 2010; Chang et al., 2015; Ho et al., 2005; 

Luciardi et al., 2018; Mayerhofer et al., 2020; Ottobelli Chielle et al., 2016; Roth et al., 

2011; Santiprabhob et al., 2018; Seppä et al., 2018; Stoppa-Vaucher et al., 2012; Vos et 

al., 2011), with fewer studies having examined these relationships with β-cell function 

(Reinehr, 2019; Reinehr et al., 2016). Identifying important inflammatory markers that 

are associated with T2D risk factors and understanding whether sex is a moderator will 

inform future diabetes prevention interventions with physiologic targets that may enhance 

their effectiveness among high-risk youth. Therefore, the purposes of this study were to 

examine the associations between pro- and anti-inflammatory markers and insulin 

sensitivity, β-cell function, and glucose tolerance among high-risk Latino youth and to 

examine sex differences. 
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METHODS 

 Research Design. This study is a secondary analysis that leverages data from a 

larger NIH-funded trial (NCT02615353) that enrolled 117 Latino youth with prediabetes 

and obesity into a randomized control trial (Soltero et al., 2017).  

Participants. Latino youth with prediabetes and obesity were recruited and 

enrolled into this study. Specific inclusion criteria were as follows: 1) self-reported 

Latino descent, 2) ages 12-16 years, 3) BMI%>95th for age and sex, and 4) prediabetes as 

defined by HbA1c 5.7-6.4%, fasting glucose 100-125 mg/dL, or 2-hr glucose 120-199 

mg/dL following a 75-g oral glucose tolerance test (OGTT). Youth were excluded if they 

were 1) taking medication(s) or diagnosed with a condition that influences carbohydrate 

metabolism, physical activity, and/or cognition, 2) met criteria for T2D (fasting 

glucose≥126 mg/dL, HbA1c≥6.5%, or 2-hr glucose≥200 mg/dL), 3) recently hospitalized 

(within previous two months), 4) currently enrolled in (or within 6 months) a formal 

weight loss program, or 5) an uncontrolled mental health condition. Given the cross-

sectional design of the present study, only youth with complete data at baseline on all 

biomarkers of interest (described below) were included (n=65). Recruitment methods for 

this study have been previously published and included referral sources from clinics, the 

community, local media outlets, and word-of-mouth (Vander Wyst et al., 2020). Youth 

provided written assent and parents provided written consent prior to participation in the 

study. This study was conducted according to the Declaration of Helsinki and approved 

by the Arizona State University (ASU) Institutional Review Board.   
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Procedures. Participants arrived at the ASU clinical research unit after an 

overnight fast. Height was measured to the nearest 0.1 cm using a portable stadiometer 

(SECA 213; SECA North America, Chino, California) and weight was measured to the 

nearest 0.1 kg using an electronic scale (TBF300A; Tanita Corporation of America, 

Arlington Heights, Illinois). Body mass index (BMI) and BMI percentiles were 

calculated for age and sex using the CDC growth charts. To screen for eligibility, blood 

samples were collected and analyzed by a CLIA-certified laboratory to assess HbA1c and 

fasting glucose followed by a 75-g oral glucose tolerance test (OGTT) to assess 2-hr 

glucose concentrations. These clinical lab results were reviewed by the study physician 

and returned to study participants. Participants meeting eligibility criteria were scheduled 

for their T1 visit within 4 weeks of their screening. 

Biomarker Assessment. Inflammatory markers IL-6, MCP-1, IL-10, and IL-1ra 

were measured in fasting serum using mesoscale V-PLEX technologies (Meso Scale 

Discovery, Rockville, MD). A 96-well assay plate is coated with linkers that are assigned 

to each biomarker, or analyte (IL-6, MCP-1, IL-10, IL-1ra). An antibody bound to the 

respective linkers captures the target analyte before a detection antibody is bound to each 

analyte. The mesoscale device uses electrochemiluminescence to measure the 

concentrations of each analyte in pg/mL. When interpreting the results, its should be 

noted that IL-10 was detected at very low concentrations of its standard curve with 95% 

being detected under the lower detection limit of assay standard curves. TNF-α was 

analyzed through mesoscale U-PLEX technologies which did not require the step to coat 
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the plate with linkers given its specificity to TNF-α. HMW Adpn was measured in serum 

using an enzyme-linked immunosorbent assay (Salem, NH) which similarly uses 

antibodies to capture HMW Adpn and the other antibody as a detector during analysis. 

HMW Adpn was measured in µg/mL by spectrophotometry at 450nm. 

T2D Risk Factors. T2D risk factors included insulin sensitivity, β-cell function, 

and glucose tolerance using insulin and glucose concentrations from an OGTT. Glucose 

was measured in plasma by the cobas c111 analyser (Roche Diagnostics, Indianapolis, 

IN) and insulin in serum by ALPCO ELISA kits (Salem, NH). Insulin sensitivity was 

estimated by the whole-body insulin sensitivity index (WBISI). The WBISI was 

generated from insulin and glucose concentrations during the OGTT and has been 

validated among youth with obesity (Yeckel et al., 2004). Fasting, 30’, 60’, 90’, and 120’ 

insulin and glucose concentrations are inserted into a formula, 

, to generate a WBISI score where higher 

scores correspond to increased insulin sensitivity levels. Insulin secretion was estimated 

by the insulinogenic index (IGI = ΔG30-G0 / ΔI30-I0), and β-cell function was estimated by 

the oral disposition index (oDI = insulin sensitivity x insulin secretion) (Caprio, 2012; 

Sjaarda et al., 2012). Glucose tolerance was measured by 2-hr post-challenge glucose 

concentrations during the OGTT. Body composition assessment included total fat mass, 

total lean mass, and body fat percent by dual-energy X-ray absorptiometry (DEXA).  
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 Statistical Analysis. Baseline sex comparisons were assessed by an independent t-

test, and correlations were analyzed by two-tailed Pearson correlation coefficient. In 

order to assess the associations between pro- and anti-inflammatory markers and insulin 

sensitivity, β-cell function, and glucose tolerance, multiple linear regressions that use 

robust maximum likelihood estimation methods were conducted with the T2D risk factor 

as the dependent variable and all inflammatory markers included in each model as 

predictors. Age, sex, and fat mass were included as covariates in multiple linear 

regression models. The alpha level for all analyses was set at 0.05. Baseline comparisons 

and correlations were assessed using IBM SPSS 28.0.1 (Chicago, IL), and multiple linear 

regressions were assessed with Mplus 8.7 (Los Angeles, CA).  

 

RESULTS 

 Characteristics and sex comparisons at baseline are described in Table 1. Pro-

inflammatory markers TNF-α and MCP-1 were significantly greater among boys 

compared to girls (p<0.05) with no other differences by sex in any baseline markers. 
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Table 2 displays correlation coefficients that describe the bivariate associations 

between pro- and anti-inflammatory markers and measures of adiposity, insulin 

sensitivity, β-cell function, and glucose tolerance. IL-6 and IL-1ra were positively 

associated with BMI (p<0.05). IL-6, TNF-α, MCP-1, and IL-1ra were positively 

associated with BMI-z (all p<0.05). HMW Adpn and IL-1ra were negatively and 

Table 1. Baseline characteristics across all youth (n=65) and by sex.

Parameter
All

(n=65)

Girls

(n=26)

Boys

(n=39)
p-value

Age, y 13.3±1.4 13.2±1.0 13.4±1.5 0.658

BMI, kg/m
2 32.7±4.8 33.2±5.2 32.3±4.6 0.464

BMI-z 2.2±0.3 2.2±0.3 2.3±0.3 0.255

WC, cm 105±11 102±10 106±11 0.119

Fat mass, kg 47.5±9.4 37.7±8.3 37.3±10.2 0.863

A1C, % 5.6±0.3 5.6±0.3 5.6±0.3 0.942

Fasting Glucose, mg/dL 102±7 101±8 102±6 0.526

2-hr Glucose, mg/dL 146±28 149±26 144±30 0.461

WBISI 1.7±1.2 1.5±0.9 1.9±1.3 0.25

oDI 4.6±2.6 4.3±2.7 4.9±2.5 0.35

IL-6, pg/mL 2.3±1.9 2.7±2.5 2.0±1.4 0.114

TNF-α, pg/mL 1.7±0.5 1.5±0.4 1.8±0.5 0.008

MCP-1, pg/mL 642±269 521±203 723±279 0.002

HMW Adpn, ug/mL 1.7±1.7 2.1±2.5 1.5±0.8 0.169

IL-10, pg/mL 0.6±1.0 0.6±1.4 0.6±0.6 0.784

IL-1ra, pg/mL 1140±916 1072±667 1186±106 0.627

BMI: body mass index; BMI-z: BMI z-score; WC: waist circumference, A1C: hemoglobin A1C; 

WBISI: whole-body insulin sensitivity index; oDI: oral disposition index; IL-6: interleukin-6; TNF-

α: tumor necrosis factor-alpha; MCP-1: monocyte chemoattractant protein-1; HMW Adpn: high 

molecular weight adiponectin; IL-10: interleukin-10; IL-1ra: interleukin-1 receptor antagonist
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positively associated with waist circumference, respectively (both p<0.05). Only IL-1ra 

was positively associated with fat mass (p<0.05). In regards to T2D risk factors, only IL-

1ra was significantly and negatively associated with insulin sensitivity (p<0.05), while 

HMW Adpn (positively) and MCP-1 (negatively) trended towards significance (p<0.10). 

HMW Adpn and IL-1ra were positively and negatively associated with oDI (p<0.05), 

respectively. Lastly, MCP-1 and IL-1ra were positively associated with glucose tolerance 

measured by 2-hr glucose concentrations (p<0.05). IL-10 was not associated with any of 

the risk factors.  

 

Table 2. Baseline correlations: inflammatory markers, adiposity and T2D risk factors 

(n=65) 

  
Age BMI 

BMI-

z 
WC 

Fat 

Mass 
WBISI oDI 

2-hr 

Glucose 

IL-6 
r -0.225 0.291 0.325 0.158 0.217 -0.150 -0.181 0.142 

p 0.072 0.019 0.008 0.209 0.083 0.232 0.150 0.261 

TNF-α 
r -0.205 0.128 0.296 0.194 0.176 -0.133 0.084 -0.070 

p 0.102 0.308 0.017 0.121 0.160 0.292 0.507 0.579 

MCP-1 
r -0.061 0.092 0.28 0.213 0.089 -0.224 -0.165 0.252 

p 0.627 0.465 0.024 0.088 0.483 0.073 0.190 0.043 

HMW 

Adpn 

r -0.034 -0.077 -0.079 -0.27 -0.149 0.218 0.389 -0.132 

p 0.789 0.542 0.533 0.030 0.236 0.081 0.001 0.296 

IL-10 
r -0.092 -0.024 0.030 -0.112 -0.112 0.056 -0.152 0.070 

p 0.464 0.848 0.815 0.373 0.373 0.655 0.225 0.578 

IL-1ra 
r 0.199 0.303 0.341 0.305 0.268 -0.318 -0.249 0.26 

p 0.113 0.014 0.005 0.013 0.031 0.010 0.045 0.036 

Bolded font indicates significance at 0.05 alpha level 
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Multiple linear regression models for insulin sensitivity, β-cell function, and 

glucose tolerance can be found in Tables 3, 4 and 5, respectively. MCP-1, HMW Adpn, 

and IL-1ra were significant predictors of WBISI (all p<0.05). For every one pg/mL 

decrease in MCP-1 and IL-1ra, there was a 0.001 and 0.03 unit increase in WBISI (both 

p<0.05), respectively. For every one µg/mL increase in HMW Adpn, there was a 0.2 unit 

increase in WBISI (p<0.05). HMW Adpn was the only significant predictor of oDI so 

that for every one µg/mL increase in HMW Adpn, there was a 0.6 unit increase in oDI 

(p<0.05). Lastly, MCP-1, HMW Adpn, and IL-1ra significantly predicted 2-hr glucose 

levels (all p<0.05). For every one pg/mL increase in MCP-1 and IL-1ra, there was a 0.03, 

and 0.09 mg/dL increase in 2-hr glucose concentrations, respectively. Furthermore, for 

every one µg/mL increase in HMW Adpn, there was a 2.2 mg/dL reduction in 2-hr 

glucose levels. 

Table 3. Multiple linear regression model: Insulin Sensitivity 

Dependent Variable: WBISI     

Predictors β SE p-value 

IL-6 -0.06 0.15 0.69 

TNF-α -0.6 0.5 0.299 

MCP-1 -0.001 0.001 0.027 

HMW Adpn 0.16 0.03 <0.001 

IL-10 0.3 0.4 0.437 

IL-1ra -0.03 0.01 0.006 

Age 0.00 0.10 0.994 

Sex 0.9 0.4 0.021 

Fat Mass -0.01 0.02 0.715 
Bolded p-values indicate significance at 0.05 alpha level 
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Table 4. Multiple linear regression model: β-cell function 

Dependent Variable: oDI     

Predictors β SE p-value 

IL-6 0.1 0.2 0.473 

TNF-α 1.1 0.7 0.129 

MCP-1 -0.001 0.001 0.159 

HMW Adpn 0.6 0.1 <0.001 

IL-10 -0.5 0.4 0.196 

IL-1ra -0.007 0.004 0.078 

Age 0.4 0.2 0.057 

Sex 0.9 0.7 0.176 

Fat Mass -0.05 0.03 0.14 
Bolded p-values indicate significance at 0.05 alpha level 

 

 

 

Table 5. Multiple linear regression model: Glucose Tolerance 

Dependent Variable: 2-hr Glucose   

Predictors β SE p-value 

IL-6 1.0 2.4 0.738 

TNF-α -5.6 11.0 0.609 

MCP-1 0.03 0.01 0.033 

HMW Adpn -2.2 0.9 0.018 

IL-10 -1.3 3.6 0.723 

IL-1ra 0.09 0.03 0.009 

Age -1.7 2.3 0.454 

Sex -10.9 10.1 0.282 

Fat Mass -0.4 0.3 0.249 
Bolded p-values indicate significance at 0.05 alpha level 
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DISCUSSION 

The assessment of pro- and anti-inflammatory markers and their relationships 

with T2D risk factors among Latino youth is limited (Arslanian et al., 2017; Cruz et al., 

2004; Nemet et al., 2003; Ohman-Hanson et al., 2016; Rosenbaum et al., 2007). These 

findings suggest that higher levels of MCP-1 and IL-1ra and lower levels of HMW Adpn 

are associated with lower insulin sensitivity and β-cell function among Latino youth with 

prediabetes and obesity. Additionally, TNF-α and MCP-1 concentrations were higher 

among boys compared to girls. These findings expand upon the relationships between 

pro- and anti-inflammatory markers and insulin sensitivity, β-cell function, and glucose 

tolerance among a high-risk Latino youth population. 

 Adiponectin may be the most studied adipokine among youth and is reduced in 

obesity (Orlando et al., 2019). Adiponectin is almost exclusively produced by adipocytes 

and well-known for its association with reduced T2D risk (Choi et al., 2020). A prior 

study among Mexican-American children and adolescents (8-16 y) demonstrated that 

higher adiponectin levels predicted a lower prevalence of T2D (Cruz et al., 2004). 

Furthermore, the landmark TODAY trial (Treatment Options for T2D in Adolescents and 

Youth) demonstrated that low baseline HMW Adpn levels predicted glycemic failure, 

suggesting lower β-cell responsiveness among youth with hypoadiponectinemia 

(Arslanian et al., 2017). Given these prior studies on adiponectin among youth, it is not 

surprising that our results indicated HMW Adpn as a predictor of insulin sensitivity, β-

cell function, and glucose tolerance. Of interest to note was the prediction strength of 
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insulin sensitivity (0.6 unit increase) and 2-hr glucose concentrations (2.2 mg/dL 

decrease) for every one unit increase in HMW Adpn. These findings support adiponectin 

as a potential target for diabetes prevention interventions among Latino youth. 

 The chemokine, MCP-1, is significantly increased in pediatric obesity (Breslin et 

al., 2012; Luciardi et al., 2018; Parish et al., 2016) and plays a role in facilitating traffic 

of macrophages into adipose tissue. One study among adolescents with obesity supported 

an inverse association between MCP-1 and insulin sensitivity (Parish et al., 2016) while 

two other studies in youth with obesity failed to support an association between MCP-1 

and insulin sensitivity or fasting glucose (Akcan et al., 2020; Morishita et al., 2016). In 

the present cohort of Latino youth, MCP-1 predicted lower insulin sensitivity and higher 

2-hour glucose concentrations among high-risk Latino youth, independent of age, sex, 

and adiposity. Although the clinical relevance of the β coefficient for MCP-1 is 

questionable at -0.001, the range of MCP-1 levels in the current cohort was 641.7 mg/dL. 

Using this range and our prediction equation, a 0.6 unit difference in WBISI exists 

between the individual with the highest MCP-1 level and the lowest MCP-1 level in our 

dataset, which may be clinically relevant. Whether MCP-1 directly impacts mechanisms 

involved in insulin action and glucose regulation has not been established; however, a 

study in obese mice demonstrated the development of insulin resistance following 

intravenous infusion of MCP-1 without changes in macrophage infiltration of adipose 

tissue (Tateya et al., 2010), supporting a potential mechanistic link between MCP-1 and 

pathophysiologic risk.  
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 The most robust finding in the present study was that IL-1ra was significantly 

associated with all measures of adiposity, insulin sensitivity, β-cell function, and glucose 

tolerance. We are aware of at least two other studies that examined the relationship 

between IL-1ra and T2D risk factors in youth populations. In one study among 12-year 

old children, IL-1ra was significantly increased among youth with obesity compared to 

normal weight, and IL-1ra was negatively associated with insulin sensitivity (Seppä et al., 

2018). These results were replicated among White youth in the second study (Stoppa-

Vaucher et al., 2012). It is known that IL-1ra is secreted by adipose tissue (Juge-Aubry et 

al., 2003) and is upregulated by the NF-KB pathway which also produces pro-

inflammatory markers IL-6, TNF-α, and IL-1β (Lawrence, 2009). In pancreatic β-cells, 

IL-1ra neutralizes the IL-1R1 receptor thereby preventing IL-1β and IL-1α from 

activating pathways that lead to reduced β-cell proliferation and insulin production (Böni-

Schnetzler et al., 2018). Due to its origin from the NF-KB pathway, it stands to reason 

that IL-1ra, unlike adiponectin and IL-10, is increased in obesity, potentially as a 

compensatory mechanism to combat the pro-inflammatory risk to diabetes-relevant 

tissues (i.e., pancreas, liver, muscle). Like MCP-1, it is unknown whether IL-1ra has 

direct mechanistic effects on insulin action and glucose regulation, but our findings 

among others support this direct link. It should not go without mention that IL-1ra is part 

of the anti-inflammatory response of skeletal muscle tissue to acute exercise (Petersen & 

Pedersen, 2005). In the context of obesity, however, reductions in basal IL-1ra 
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concentrations among youth with obesity is considered a healthy response to intervention 

(Frühbeck et al., 2022).  

 In recent years, the understanding of traditional and novel chemokines and 

cytokines has grown considerably (Kany et al., 2019). Based on our findings, it is evident 

that aside from IL-10, all other pro- and anti-inflammatory markers were associated with 

T2D risk factors. It was not surprising that IL-10 was not associated with any of the risk 

factors given the lack of variability within this specific cohort with 88% exhibiting IL-10 

concentrations <1.0 pg/mL. Given that each of these inflammatory markers exerts distinct 

metabolic and immunologic functions that modulate risk for T2D, it is important to 

understand how changes following diabetes prevention interventions impact 

pathophysiologic processes.  

Lastly, TNF-α was significantly elevated among Latino boys compared to Latina 

girls in the present study, supporting previous work among other adolescent populations 

(Moon et al., 2004; Punthakee et al., 2006). It appears that the differences in pro-

inflammatory and anti-inflammatory markers by sex do not emerge until adolescence as 

several studies have demonstrated no sex differences in TNF-α or adiponectin among 

younger pediatric populations (Dixon et al., 2004; Gil-Campos et al., 2011; Moon et al., 

2004; Punthakee et al., 2006; Reinehr et al., 2005). To our knowledge, MCP-1 has not 

been analyzed by sex in pediatric obesity studies, and thus our findings that boys have 

elevated MCP-1 levels compared to girls are novel to the field. Latino boys exhibit 

significantly higher levels of visceral adipose tissue and liver fat compared to Latina girls 
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(Vander Wyst et al., 2021). Given that TNF-α and MCP-1 are implicated in non-alcoholic 

fatty liver disease (NAFLD) (Brenner et al., 2013; Haukeland et al., 2006; Kirovski et al., 

2011), it stands to reason that elevated TNF-α and MCP-1 among Latino boys may be 

associated with the increased risk of T2D through the development and progression of 

NAFLD. Understanding the pathophysiologic mechanisms that may differentiate T2D 

risk by sex among high-risk Latino youth will inform future precision approaches to 

prevention among this specific ethnic youth population. 

 A strength of this study is the prioritization of an underrepresented Latino youth 

population in a study that examines the relationships of an array of obesity-related pro- 

and anti-inflammatory markers. Furthermore, this study included in its analysis 

understudied, yet relevant, chemokines and cytokines (i.e., MCP-1, IL-10, IL-1ra) and 

therefore adds novel information to the body of knowledge in pediatric obesity. We 

appreciate that this study is not without limitations. This study was a cross-sectional 

study and thus causal inferences cannot be made. Prioritizing Latino youth limits the 

generalizability of these findings to other youth populations. Furthermore, the WBISI and 

oDI are not the gold standard approaches for measuring insulin sensitivity and β-cell 

function; however, they have been validated or compared against their respective gold 

standard methods in youth with obesity (Caprio, 2012; Sjaarda et al., 2012; Yeckel et al., 

2004) are widely used in the pediatric obesity literature (Chen et al., 2018; Hannon et al., 

2018). 
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 In summary, increased HMW Adpn and reduced MCP-1 and IL-1ra are 

independent predictors of insulin sensitivity and glucose intolerance, whereas only HMW 

Adpn predicted β-cell function independent of age, sex, and adiposity. Whether changes 

in these inflammatory markers track with improvements in T2D risk factors following 

diabetes prevention interventions among high-risk pediatric populations warrants future 

investigation.
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CHAPTER 4: STUDY II 

EFFECTS OF A DIABETES PREVENTION PROGRAM ON INSULIN 

SENSITIVITY, β-CELL FUNCTION, AND GLUCOSE TOLERANCE AMONG  

LATINO YOUTH WITH PREDIABETES 

 

INTRODUCTION 

Latinos are disproportionately impacted by type 2 diabetes (T2D) (Lawrence et 

al., 2021), and these disparities emerge early in life (Dabelea et al., 2014). The Centers 

for Disease Control and Prevention (CDC) estimated that Latino youth have a 50% 

lifetime risk of developing T2D (Narayan et al., 2003). Based upon compelling findings 

from the United States Diabetes Prevention Program (U.S. DPP) (Knowler et al., 2002), 

lifestyle intervention is considered the first-line approach for preventing T2D among 

adults with prediabetes (Association, 2019). The DPP has been adapted for many high-

risk adult populations (Aziz et al., 2015), yet very few studies describe adaptations for 

high-risk pediatric populations (Brown et al., 2013; Hingle et al., 2019; Savoye et al., 

2014). 

Given that Latino youth exhibit disproportionately higher rates of prediabetes 

compared to non-Hispanic White youth (Andes et al., 2020), there is a need for DPP 

adaptations that are culturally tailored to the specific needs of this underrepresented 

ethnic subgroup (Cruz & Granados, 2019). To this end, our team previously 

demonstrated that a culturally-grounded, community-based DPP adaptation for Latino 



 

54 

 

youth with obesity increased insulin sensitivity (Soltero et al., 2018). As part of this trial, 

youth with prediabetes (n=24) who were automatically assigned to the lifestyle 

intervention arm (i.e., not randomized) demonstrated significant improvements in glucose 

tolerance. In that study, there was no control group of Latino youth with prediabetes. 

Accordingly, a rigorous trial was warranted in this vulnerable and underrepresented 

population sub-group.  

The purpose of this study was to examine the efficacy of a diabetes prevention 

program on insulin sensitivity, β-cell function, and glucose tolerance among Latino youth 

with prediabetes and obesity. 

 

METHODS 

Participants. Latino youth with prediabetes and obesity were recruited and 

enrolled into this study. Specific inclusion criteria were as follows: 1) self-reported 

Latino descent, 2) ages 12-16 years, 3) BMI%>95th for age and sex, and 4) prediabetes as 

defined by HbA1c 5.7-6.4%, fasting glucose 100-125 mg/dL, or 2-hr glucose 120-199 

mg/dL following a 75-g oral glucose tolerance test (OGTT). Youth were excluded if they 

were 1) taking medication(s) or diagnosed with a condition that influences carbohydrate 

metabolism, physical activity, and/or cognition, 2) met criteria for T2D (fasting 

glucose≥126 mg/dL, HbA1c≥6.5%, or 2-hr glucose≥200 mg/dL), 3) recently hospitalized 

(within previous two months), 4) currently enrolled in (or within 6 months) a formal 

weight loss program, or 5) an uncontrolled mental health condition. This study was 
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approved by the Arizona State University (ASU) Institutional Review Board and is in 

accordance with the Declaration of Helsinki. Youth provided written assent and parents 

provided written consent prior to study participation. Recruitment commenced in May 

2016 and continued through March 2020. 

Research Design. This study was a two-arm parallel randomized controlled trial 

comparing a six-month lifestyle intervention (INT) to a usual care control (UCC) 

condition (Soltero et al., 2017). Data were collected at baseline (T1) and at six months 

(T2). After the T1 visit, youth were randomized to either lifestyle intervention or usual 

care in a 2:1 ratio (INT:UCC). Youth provided written assent and parents provided 

written consent prior to participation in the study. This study was conducted according to 

the Declaration of Helsinki and approved by the Arizona State University (ASU) 

Institutional Review Board. 

Recruitment. Participants were recruited through local schools, community 

organizations, churches, and media outlets tailored to the local Latino community 

(Vander Wyst et al., 2020). Research personnel conducted an initial phone screen with 

interested individuals to confirm age, Latino descent, an estimate of BMI and to provide a 

thorough description of study participation. Thereafter, interested individuals scheduled a 

health screening visit to determine study eligibility. 

Health Screening. Participants arrived at the ASU clinical research unit after an 

overnight fast. Height was measured to the nearest 0.1 cm using a portable stadiometer 

(SECA 213; SECA North America, Chino, California) and weight was measured to the 
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nearest 0.1 kg using an electronic scale (TBF300A; Tanita Corporation of America, 

Arlington Heights, Illinois). Body mass index (BMI) and BMI percentiles were 

calculated for age and sex using the CDC growth charts. To screen for eligibility, blood 

samples were collected and analyzed by a CLIA-certified laboratory to assess HbA1c and 

fasting glucose followed by a 75-g oral glucose tolerance test (OGTT) to assess 2-hr 

glucose concentrations. These clinical lab results were reviewed by the study physician, 

returned to study participants, and used to anchor conversations about diabetes risk in 

lifestyle intervention or usual care sessions. Participants meeting eligibility criteria were 

scheduled for their T1 visit within 4 weeks of their screening. 

T1-T2 Study Visits: Participants returned to the ASU clinical research unit 

following an overnight fast for assessment of height, weight, and waist circumference, 

resting heart rate, seated blood pressure, and total body composition by dual x-ray 

absorptiometry (DEXA, Lunar iDXA, GE Healthcare). Insulin sensitivity and glucose 

tolerance were measured via a multiple sample 2-hr OGTT with glucose and insulin 

concentrations measured at fasting and every 30 minutes. Samples collected for 

measurement of glucose and insulin at T1 through T3 were stored at -80°C and analyzed 

in batches by research laboratories at the end of the study. Clinical lab results at T1 

(screening labs) and T2 were used to identify youth that may develop diabetes. If youth 

met criteria for T2D using clinical lab results, he or she was to be referred for follow-up 

care. Ethnicity, country of origin, and preferred language were reported by youth, and 
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monthly income and participation in government assistance programs were reported by 

parent(s) using staff-generated questionnaires.   

T2D Risk Factors. Insulin sensitivity was estimated by the whole-body insulin 

sensitivity index (WBISI). The WBISI was generated from insulin and glucose 

concentrations during the OGTT and has been validated among youth with obesity 

(Yeckel et al., 2004). Glucose was measured in plasma by the cobas c111 analyser 

(Roche Diagnostics, Indianapolis, IN) and insulin in serum by ALPCO ELISA kits 

(Salem, NH), both in duplicate. Fasting, 30’, 60’, 90’, and 120’ insulin and glucose 

concentrations are inserted into a formula (10,000/√Fasting Glucose x Fasting Insulin x 

Mean OGTT Glucose x Mean OGTT Insulin) to generate a WBISI score where higher 

scores correspond to increased insulin sensitivity levels. Insulin secretion was estimated 

by the insulinogenic index (IGI = ΔG30-G0 / ΔI30-I0), and β-cell function was estimated by 

the oral disposition index (oDI = insulin sensitivity x insulin secretion) (Caprio, 2012; 

Sjaarda et al., 2012). Glucose tolerance was measured by 2-hr post-challenge glucose 

concentrations during the OGTT. Body composition assessment included total fat mass, 

total lean mass, and body fat percent by dual-energy X-ray absorptiometry (DEXA). 

Intervention Group - Lifestyle. The lifestyle intervention included 1 day/week of 

nutrition and health education with behavior change skills training and 3 days/week of 

physical activity. The development of the intervention curriculum was led by our 

community partners and has been refined through rigorous trials over the last 10 years 

(Shaibi et al., 2012; Soltero et al., 2018; Soltero et al., 2019). The curriculum is informed 
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by Social Cognitive Theory by applying behavioral strategies utilized in the U.S. DPP, 

including goal setting, fostering social support, and enhancing self-efficacy to facilitate 

health behavior change. Nutrition and health education sessions were delivered by 

bilingual, bicultural Promotoras (community health educators), all of whom underwent 

manualized training in curriculum content and delivery by the director of the family 

wellness program of our community partners who is also a registered dietitian. 

Curriculum content focuses on the reduction of  saturated fat intake, added sugars, and 

sugar-sweetened beverages, managing portion sizes, and increasing intake of fiber, fruit, 

and vegetables.  

Unlike the weight loss goal of >7% in the U.S. DPP, the intervention focuses on 

diabetes risk reduction as the primary goal. Critical intervention inputs of the intervention 

to enhance the enactment of health behaviors included fostering social support from 

family and peers and enhancing self-efficacy for making healthy behavior changes. 

Social support was fostered through a) Appraisal: providing OGTT results from 

screening and basing health goals aimed at reducing T2D risk, b) Informational: 

Promotoras delivered diabetes-related health and nutrition education, c) Instrumental: 

Families exchanged contact information and children exchanged school information to 

facilitate interaction outside of the program, and d) Emotional: emotional well-being was 

woven throughout the curriculum with an emphasis placed on building self-esteem, 

positive self-affirmation, and reducing negative influences from family and peers. Self-

efficacy was enhanced through a) Goal-setting: setting, monitoring, and achieving health 
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behavior goals, b) Vicarious Experience and Role Modeling: Promotoras and peers role 

play situations and exercise staff modeled activities, and c) Verbal Encouragement: 

Promotoras, family, and peers encouraged youth to make healthy behavior changes. 

Children were presented with the results of their OGTT early on in the 

intervention as a way to frame the discussion around diabetes and health. Each session 

began with a low fat, high fiber snack and recipe (role modeling), acknowledgment and 

reinforcement of healthy behavior changes and progress towards individual goals 

(emotional and instrumental support), problem-solving challenges, and an outline of the 

session’s goals. Children were incentivized through a point system for attendance, 

completing out of class ‘assignments’ such as helping to prepare a healthy meal for the 

family (enacting behaviors), participating in group discussions, and making progress 

towards their individual health goals. Parents and children worked with other families 

during classes and were encouraged to do so outside of class in order to build a support 

network that extended beyond the program. Classes were delivered using a tiered 

approach where the first 16 sessions were delivered weekly while the last 4 sessions are 

spread over 8 weeks (total intervention period is six months). 

Physical activity was delivered by YMCA instructors twice per week for 60 

minutes/session and included structured and unstructured components. The structured 

component included two days per week of supervised physical activity sessions led by 

the YMCA instructors and delivered to groups of 8-10 youth for 60 minutes per session. 

Sessions included aerobic and resistance exercise delivered in a progressive manner with 
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the first 2-4 weeks focusing on motor skill acquisition, exercise confidence, developing a 

fitness base, and building camaraderie among participants. Aerobic exercises included 

group activity classes (e.g., spinning and cardio kick-boxing) with the goal of maintain 

heart rates > 150 beats per minute. Real-time heart-rate monitoring was used to monitor 

and document exercise intensity throughout the program. This intensity was based on 

previous literature that has demonstrated significant improvements in metabolic risk 

factors among youth with obesity (Gutin et al., 2002). Resistance exercise includes circuit 

training using age and size appropriate equipment and is incorporated because our 

previous studies suggest this form of exercise is both enjoyable and metabolically 

beneficial for youth with obesity (Benson et al., 2008). In addition to structured physical 

activity classes, youth are ‘prescribed’ an additional day of unstructured physical activity 

of at least 60 minutes with a family member or peer in the program. This allowed for 

flexibility in pursuing preferred activities that can be done at the YMCA or elsewhere in 

the community in order to promote social support, role modeling, bonding among youth 

and families, and facilitate sustainability.  

Usual Care Control (UCC) Group. Participants randomized to UCC met with a 

pediatric endocrinologist and a bilingual, bicultural registered dietitian to discuss 

laboratory results and develop SMART goals for making healthy lifestyle changes. These 

visits followed T1 and T2 visits. The UCC group was offered an abridged lifestyle 

intervention after study completion. 



 

61 

 

Analytical Approach. Sample size was determined using data from a previous 

lifestyle intervention among Latino youth with prediabetes and obesity where we 

observed an effect size of 1.25 for reductions in 2-hr glucose concentrations (Soltero et 

al., 2018). Assuming α=0.05 and power=85% to detect intervention effects of 1.25 on 

changes in glucose tolerance, a sample size of 100 was required. To account for attrition, 

we set a goal of recruiting 120 youth in the study. 

Baseline characteristics between groups were compared using independent t-tests 

(continuous variables) and chi-square tests (categorical variables) using IBM SPSS 28.0.1 

(Chicago, IL). Changes in outcomes were compared between groups using covariance 

pattern models which assess the difference in changes in outcomes from T1 to T2 using 

Mplus 8.7 (Los Angeles, CA). Full information maximum likelihood (FIML) was used to 

account for missing data. Auxiliary variables were not included given their lack of 

efficiency in models with small sample sizes (Savalei, 2009). Data are presented as 

mean±SD, FIML-adjusted mean±SE, or FIML-adjusted ΔMean±95%CI when 

appropriate.  

 

RESULTS 

One hundred seventeen youth (mean±SD, age 13.5±1.4 y, 40.2% girls, BMI-z 

2.3±0.3) were enrolled (Figure 5) into the study.  
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Figure 5. CONSORT Flow Diagram 
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Their sociodemographic characteristics are described in Tables 6 and 7. Over 95% of 

youth were of Mexican ancestry with most born in the United States. Most (82.1%) 

reported English as their preferred language. Seven families reported a monthly 

household income between $0-$500, and the majority of families (74.6%) reported a 

monthly household income from $501-$3,000. Three-fourths (75.2%) of families 

reported having Medicaid health insurance, and just over one-third (37.6%) reported 

being on the supplemental nutritional assistance program.  

 

Table 6. Baseline sociodemographic data in all youth (n=117) 

Parameter n (%) 

Ethnicity   

Mexican 112 (95.7%) 

Central American 4 (3.4%) 

South American 1 (0.9%) 

Country of Origin   

United States 82 (70.0%) 

Mexico 11 (9.4%) 

Central America 1 (0.9%) 

Did not respond 23 (19.7%) 

Preferred Language   

English 96 (82.1%) 

Spanish 13 (11.1%) 

Did not respond 8 (6.8%) 
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Table 7. Baseline sociodemographic data as reported by parents (n=117) 

Parameter n (%) 

Monthly Income   

$0 - 500 7 (6.0%) 

$501 - 1,000 29 (24.8%) 

$1,001 - 2,000 32 (27.4%) 

$2,001 - 3,000 24 (20.5%) 

$3,001 - 4,000 10 (8.5%) 

$4,001 - 5,000 4 (3.4%) 

Other amount 2 (1.7%) 

Do not know 4 (3.4%) 

Refused to respond 2 (1.7%) 

Did not respond 3 (2.6%) 

Government Assistance Programs   

WIC Services 25 (21.4%) 

Medicaid 88 (75.2%) 

Food Stamps 44 (37.6%) 

Baseline characteristics and group comparisons are displayed in Table 3. 
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Parameter ALL (n=117) UCC (n=38) INT (n=79)

Age, y 13.5±1.4 13.6±1.5 13.5±1.3

Female, n (%) 47 (40.1%) 14 (36.8%) 33 (41.8%)

Height, cm 164±9 164±8 164±9

Weight, kg 91.3±20.3 94.5±23.9 89.8±18.3

Pubertal Development Scale

Pre-pubertal 17 (16.8%) 7 (20.6%) 10 (14.9%)

Mid-pubertal 51 (50.5%) 18 (52.9%) 33 (49.3%)

Post-pubertal 33 (32.7%) 9 (26.5%) 24 (35.8%)

Gestational Diabetes Mellitus* 13 (12.4%) 6 (16.2%) 7 (10.3%)

Family History of T2D, n (%)

Parents, Siblings only 25 (21.4%) 7 (18.4%) 18 (22.8%)

Parents, Siblings, Grandparents 98 (83.8%) 30 (78.9%) 68 (86.1%)

BMI, kg/m
2 33.8±5.4 34.9±6.7 33.3±4.6

BMI percentile 98.4±1.2 98.3±1.4 98.3±1.1

BMI z-score 2.28±0.32 2.33±0.37 2.25±0.30

Waist Circumference, cm 107±14 110±16 106±13

Fat mass, kg 40.0±12.4 42.7±15.1 38.8±10.9

Lean mass, kg 43.8±9.1 43.7±10.1 43.8±8.7

HbA1c, % 5.63±0.28 5.64±0.27 5.63±0.29

Fasting Glucose, mg/dL 102±8 103±7 101±8

2-h Glucose, mg/dL 144±30 144±29 144±30

Fasting Insulin, uIU/mL 23.8±13.5 23.1±11.0 24.1±14.6

2-h Insulin, uIU/mL 216±176 210±166 219±181

WBISI 1.88±1.61 1.92±1.94 1.87±1.44

Weight-specific Quality of Life 74.8±18.9 73.8±18.0 75.3±19.4

Data are presented as Mean±SD for continuous variables

Laboratory measurements are from the T1 visit, not the screening visit determining eligibility

Table 8. Baseline Characteristics

*History of gestational diabetes in the participant's mother
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Changes in insulin sensitivity, β-cell function, and glucose tolerance are 

illustrated in Figures 6-8, respectively, and secondary outcomes presented in Table 9. At 

six months, insulin sensitivity increased by 37% (p=0.001) following lifestyle 

intervention and usual care (37%, p=0.101) and these changes were not significantly 

different between groups (p=0.899). β-cell function, measured by oDI, was significantly 

increased following INT at T2 (25%, p=0.018), and these changes were significantly 

greater (interaction, p<0.05) than that observed among UCC (-2%, p=0.795). Two-hour 

glucose concentrations were significantly reduced in the INT group (-13 mg/dL, p=0.001) 

but not in the UCC group (-5 mg/dL, p=0.316). However, the difference in changes in 2-

hr glucose between groups was not statistically significant (Δ-8 mg/dL, p=0.232). 

According to the clinical lab results, no youth developed diabetes over the course of the 

study, despite eight individuals meeting criteria for T2D at various times during the trial 

using 2-hr glucose concentrations generated from non-actionable research laboratory 

results.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

67 

 

Figure 6. Changes in insulin sensitivity (WBISI) within and between INT and UCC. 

 
Data are presented as Mean±SE 

 

Figure 7. Changes in oDI within and between INT and UCC. 

 
Data are presented as Mean±SE 

 

p=0.003 

p=0.101 

p=0.018 

p=0.795 

Interaction, p=0.044 

Interaction, p=0.899 
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Figure 8. Changes in 2-hr glucose levels from OGTT within and between INT and UCC. 

 
Data are presented as Mean±SE 

p=0.001 

p=0.316 

Interaction, p=0.232 
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Table 9. Changes in primary and secondary outcomes among INT and UCC groups from T1-T2.

Treatment Effect

Parameter n T1 T2 n T1 T2
ΔT2-T1 (95%CI)

p-value

WBISI 38 1.9±0.3 2.6±0.6 76 1.9±0.2 2.6±0.3

p=0.101 p=0.003

oDI 37 4.4±0.4 4.3±0.4 76 4.4±0.3 5.5±0.4

p=0.795 p=0.018

2-h Glucose 38 144±5 139±5 78 145±3 132±3

p=0.316 p=0.001

Fasting Glucose 38 103±1 105±4 79 101±1 99±1

p=0.507 p=0.021

HbA1c 38 5.6±0.04 5.7±0.06 79 5.6±0.03 5.6±0.03

p=0.387 p=0.268

Weight 38 94.5±3.3 97.4±3.4 79 89.8±1.7 92.0±1.8

p<0.001 p<0.001

BMI 38 34.9±1.1 35.3±1.1 79 33.3±0.5 33.5±0.6

p=0.045 p=0.111

BMI-z 38 2.3±0.1 2.3±0.1 79 2.3±0.03 2.2±0.04

p=0.775 p=0.105

Fat Mass 38 42.9±2.4 43.6±2.3 79 38.8±1.2 38.4±1.3 -1 (-2, 2)

p=0.262 p=0.368 p=0.151

Lean Mass 38 44.0±1.6 45.9±1.5 79 43.8±1.0 46.2±1.1 0.5 (-0.4, 1.4)

p<0.001 p<0.001 p=0.307

Body Fat % 38 47.4±0.8 46.9±0.9 79 45.4±0.6 43.9±0.6

p=0.205 p<0.001

Fasting Insulin 38 23±2 21±2 78 24±2 19±1

p=0.318 p=0.003

IGI 38 3.3±0.3 3.3±0.4 77 3.3±0.2 3.2±0.3

p=0.962 p=0.597

Treatment Effect column displays FIML-adjusted differences in changes (meanΔ±95%CI) in outcomes between INT and UCC 

from T1-T2.

WSQOL: weight-specific quality of life; IGI: insulinogenic index; oDI: oral disposition index; HbA1c: 

hemoglobin A1C

Data under T1, T2, and T3 columns are presented as FIML-adjusted Mean±SE. Bolded data are significant at 

p<0.05.

-5 (-12, 2)

p=0.222

-0.07 (-0.17, 0.03)

p=0.177

-1.0 (-2.0, 0.9)

p=0.042

-3 (-8, 2)

p=0.192

-0.1 (-0.9, 0.7)

p=0.803

-0.8 (-2.3, 0.8)

p=0.349

-0.2 (-0.7, 0.3)

p=0.449

-0.02 (-0.07, 0.03)

p=0.429

Usual Care Control Intervention

-8 (-20, 5)

p=0.232

-0.1 (-1.1, 0.9)

p=0.899

1.2 (0.03, 2.37)

p=0.044
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DISCUSSION 

Despite the increasing prevalence of T2D among children and adolescents 

(Lawrence et al., 2021), the evidence for diabetes prevention among youth with 

prediabetes remains limited (Magge et al., 2020). Therefore, we developed and tested a 

culturally-grounded diabetes prevention intervention for Latino youth with prediabetes. 

Our findings demonstrated that lifestyle intervention was efficacious for improving β-cell 

function compared to usual care. Furthermore, both groups significantly increased insulin 

sensitivity, and there were no differences in 2-hr glucose between groups. These findings 

add to the current literature focused on diabetes prevention in a vulnerable and 

underrepresented population sub-group. 

The only other randomized control trial to our knowledge that tested an adapted 

DPP among youth with prediabetes is the Yale Bright Bodies study (Savoye et al., 2014). 

Despite significant increases in insulin sensitivity (measured by WBISI) following the 

Yale Bright Bodies lifestyle intervention, β-cell function (measured by oDI) was not 

significantly improved as compared to standard clinical care (Savoye et al., 2014). Our 

study demonstrated significant improvements in oDI following lifestyle intervention 

compared to usual care with increases in insulin sensitivity among both groups at similar 

magnitudes (0.7 unit increase in both groups). Similar to Yale Bright Bodies, we did not 

observe significant changes in insulin secretion, as measured by the IGI, within or 

between either of the groups. Glucose and insulin concentrations during an OGTT are 

influenced by factors beyond insulin sensitivity, including β-cell hyperresponsiveness, 
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glucose absorption rates, and the incretin effect (Hücking et al., 2008; Kim, Tfayli, 

Bacha, Lee, Michaliszyn, et al., 2020). Given that the response of β-cell function, but not 

insulin sensitivity, differentiated INT and UCC groups, it stands to reason that lifestyle-

induced improvements in β-cell function resulted from other factors that influence the 

OGTT beyond insulin sensitivity.  

Other lifestyle interventions that were not specifically modeled after the DPP 

have demonstrated improvements in insulin sensitivity among youth with overweight or 

obesity (Balagopal, George, Patton, et al., 2005; Huang et al., 2014; Lira et al., 2012; 

Miranda et al., 2014; Peña et al., 2020; Roberts et al., 2013; Roth et al., 2011; Shaibi et 

al., 2012; Soltero et al., 2018). In regard to lifestyle intervention effects on β-cell function 

among high-risk youth, the evidence is limited (Savoye et al., 2014). The Yale Bright 

Bodies lifestyle intervention demonstrated non-significant but greater average increases 

in oDI (4.7 unit increase) compared to the 1.1 unit increase following lifestyle 

intervention in the present study. Some distinctions of Yale Bright Bodies were the 

broader standard errors compared to our oDI analysis, differences in insulin measurement 

methods, and a slightly younger population at higher risk for T2D based on baseline 

characteristics. The DPP in adults demonstrated improvements in oDI and reductions in 

T2D risk (Kitabchi et al., 2005; Knowler et al., 2002); however, these findings should be 

interpreted with caution given the hyperresponsiveness of β-cell insulin secretion among 

youth compared to adults (Arslanian et al., 2021). Interestingly, two landmark trials that 

tested medication regimens, including insulin therapy, have failed to support the efficacy 
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on β-cell preservation among youth with prediabetes or T2D (Consortium, 2018; Zeitler 

et al., 2012), illuminating the severity of this disease among high-risk pediatric 

populations. Hence, our findings that lifestyle intervention induced improvements in β-

cell function compared to usual care are optimistic.  

Interestingly, usual care led to similar increases in insulin sensitivity that were not 

different compared to lifestyle intervention. The overarching framework for this work 

was informed by an expanded Ecodevelopmental Model that considers multiple levels 

(i.e., individual, family, community, and culture) of influence on T2D risk reduction 

among Latino youth (Castro et al., 2009). To this end, our long-standing collaboration 

with community stakeholders informed the design of the trial that included a usual care 

control group rather than a true control condition. The “usual care” was intended to 

mirror care provided to adolescents with obesity by our collaborating children’s hospital, 

following standard guidelines for treating pediatric obesity (Cardel et al., 2020) and 

prediabetes (Magge et al., 2020). The rationale for this approach was to consider the 

ethics of randomizing youth with prediabetes to a true control condition given the 

potential for conversion to frank T2D (Weiss et al., 2005), and to address the limited 

access to diabetes prevention services for low-income Latino youth in the local 

community and other barriers to health care (Flores & Vega, 1998). These findings of 

increases in insulin sensitivity among both groups may support the notion that providing 

access to diabetes prevention services, including usual care, may be perceived as added 

benefit and motivation to adopt healthy behaviors that reduce risk of T2D.  
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Compared to the present study, Yale Bright Bodies demonstrated a larger 

magnitude of reductions in 2-hr glucose levels following six months of lifestyle 

intervention (-27 mg/dL) as compared to standard clinical care (-10 mg/dL) (Savoye et 

al., 2014). A key distinction between the Yale Bright Bodies intervention and ours was 

their focus on weight management and incentivizing weight loss after weekly weigh-ins 

of youth participants. In contrast, our curriculum considers both culture and biology, 

rather than weight loss per se, and emphasizes specific changes in behaviors and 

proximal T2D risk factors where participants are provided the results of their OGTT 

during intervention sessions to anchor the conversation around diabetes and health 

(Shaibi et al., 2012). This approach acknowledges that reductions in T2D risk factors 

among youth may occur in the absence of weight loss (Shaibi et al., 2015), which may be 

a particularly relevant strategy when tailoring diabetes prevention efforts for minority 

populations (Mezuk & Allen, 2021). Further, although we found no differences in 2-hr 

glucose changes between groups, it is important to note the greater lowering effect of 

lifestyle intervention on 2-hr glucose as demonstrated by the more negative 95% 

confidence intervals of the differences in changes between INT and UCC (-20 mg/dL to 5 

mg/dL). This effect between INT and UCC may have been masked by larger standard 

errors in the UCC group due to a smaller sample size. It is possible that improvements in 

β-cell function following lifestyle intervention led to this greater lowering effect on 2-hr 

glucose. A previous study suggested that ~35-50% recovery is needed in oDI in order to 

observe clinically meaningful improvements in glucose tolerance (Kim, Tfayli, Bacha, 



 

74 

 

Lee, Gebara, et al., 2020). However, that study was cross-sectional and glucose tolerance 

was measured by glucose AUC whereas the present study assessed 2-hr glucose, thus 

making it challenging to make comparisons.  

The targeted health behaviors through lifestyle intervention included increased 

physical activity and adopting healthy dietary changes. Physical activity interventions, 

particularly in the form of exercise, have demonstrated increases in insulin sensitivity and 

improvements in β-cell function (C. L. Davis et al., 2012; J. N. Davis et al., 2012; Lee et 

al., 2012; Lee et al., 2019; Shaibi et al., 2006). Furthermore, increases in fiber intake 

(Garcia et al., 2007; Mao, 2021; Weickert & Pfeiffer, 2018) and a healthy balanced diet 

that includes plant-based foods, fruits and healthy fats (i.e., Mediterranean diet) 

(Misciagna et al., 2017; Ryan et al., 2013) have demonstrated improvements in insulin 

sensitivity with few studies having demonstrated improvements in β-cell function 

following plant-based diets (Kahleova et al., 2011; Kahleova et al., 2018; Kahleova et al., 

2019). It is possible that the greater improvements in β-cell function following lifestyle 

intervention are explained by greater increases in physical activity and/or improvements 

in dietary changes compared to usual care. However, biologically implausible physical 

activity data and incomplete dietary data in our dataset prevented their inclusion in the 

analysis. 

The present study is the first, to our knowledge, to rigorously evaluate the 

efficacy of a culturally-grounded lifestyle intervention aimed at preventing diabetes in 

Latino youth with prediabetes, but the focus on Latino youth as an underrepresented sub-



 

75 

 

group limits the generalizability to other high-risk pediatric populations. Estimates of 

insulin sensitivity and β-cell function are not the gold-standard approaches but have been 

validated against gold standard methods among youth with obesity (Sjaarda et al., 2012; 

Yeckel et al., 2004). Furthermore, regression to the mean may have influenced 

improvements in outcomes, including insulin sensitivity and 2-hr glucose thus limiting 

conclusions on a true treatment effect. However, this argument is unlikely given the 

differentiations in β-cell function response which uses the same glucose and insulin 

values from OGTT as the measures for insulin sensitivity and glucose tolerance. Lastly, 

physical activity and dietary changes were not analyzed due to either implausible data or 

an incomplete dataset. 

In summary, lifestyle intervention led to significant improvements in β-cell 

function as compared to usual care, while both INT and UCC led to improvements in 

insulin sensitivity among Latino youth with prediabetes and obesity. However, change in 

2-hr glucose levels were not significantly different between groups. How to expand T2D 

prevention efforts for high-risk youth with prediabetes to meet the growing demands 

among underserved communities warrants additional consideration.
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CHAPTER 5: STUDY III 

EFFECTS OF A DIABETES PREVENTION PROGRAM ON PRO- AND ANTI-

INFLAMMATORY FACTORS AMONG LATINO YOUTH WITH PREDIABETES 

 

INTRODUCTION 

T2D is a chronic inflammatory disease that can be prevented or delayed among 

adults with prediabetes following intensive lifestyle intervention as demonstrated by the 

United States (U.S.) Diabetes Prevention Program (DPP) (Knowler et al., 2002). In 

addition to reducing the risk of T2D, the U.S. DPP and adapted models have supported 

significant increases in anti-inflammatory marker adiponectin and reductions in pro-

inflammatory markers, IL-6 and TNF-α (Gokulakrishnan et al., 2017; Mather et al., 2008; 

Miller et al., 2014). However, no studies to our knowledge have examined the response 

of pro- and anti-inflammatory markers to an adapted DPP among youth with prediabetes.  

 Other lifestyle intervention studies not specifically modeled after the U.S. DPP 

have assessed changes in inflammatory markers. However, these studies have focused 

predominantly on CRP and adiponectin (Balagopal, George, Patton, et al., 2005; 

Balagopal, George, Yarandi, et al., 2005; Blüher et al., 2014; Cambuli et al., 2008; Chae 

et al., 2010; Fu et al., 2007; Gokulakrishnan et al., 2017; Huang et al., 2014; Izadpanah et 

al., 2012; Kelishadi et al., 2008; Lira et al., 2012; Marti et al., 2018; Park et al., 2007; 

Pejsova et al., 2019; Rambhojan et al., 2015; Roberts et al., 2013; Roth et al., 2011; 

Rynders et al., 2012; Siegrist et al., 2013; Vos et al., 2011) with less attention to other 
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relevant adipokines and chemokines that are linked to obesity T2D risk factors, including 

monocyte chemoattractant protein-1 (MCP-1), interleukin-10 (IL-10), and interleukin-1 

receptor antagonist (IL-1ra) (Dorneles et al., 2016; Parish et al., 2016; Shapouri-

Moghaddam et al., 2018). It is critical to understand the response of key pro- and anti-

inflammatory markers to lifestyle intervention and how these markers are associated with 

T2D risk factors following lifestyle intervention. 

Therefore, the purpose of this study was two-fold: 1) to examine the effects of a 

diabetes prevention lifestyle intervention on pro- and anti-inflammatory markers among 

Latino youth with prediabetes and obesity compared to usual care, and 2) to explore 

whether pro- and anti-inflammatory markers are associated with insulin sensitivity, β-cell 

function, and glucose tolerance following lifestyle intervention or usual care. 

 

METHODS 

Participants. Latino youth with prediabetes and obesity were recruited and 

enrolled into a larger NIH-funded randomized control trial (NCT02615353) that enrolled 

117 youth. Specific inclusion criteria were as follows: 1) self-reported Latino descent, 2) 

ages 12-16 years, 3) BMI%>95th for age and sex, and 4) prediabetes as defined by HbA1c 

5.7-6.4%, fasting glucose 100-125 mg/dL, or 2-hr glucose 120-199 mg/dL following a 

75-g oral glucose tolerance test (OGTT). Youth were excluded if they were 1) taking 

medication(s) or diagnosed with a condition that influences carbohydrate metabolism, 

physical activity, and/or cognition, 2) met criteria for T2D (fasting glucose≥126 mg/dL, 
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HbA1c≥6.5%, or 2-hr glucose≥200 mg/dL), 3) recently hospitalized (within previous two 

months), 4) currently enrolled in (or within 6 months) a formal weight loss program, or 5) 

an uncontrolled mental health condition.  

Given that the present study was a sub-analysis under a parent study, only youth 

of parent(s) / guardian(s) who provided consent for additionally stored serum samples 

and had data at T1 and T2 were included in the present analysis (Figure 9). This study 

was approved by the Arizona State University (ASU) Institutional Review Board and is 

in accordance with the Declaration of Helsinki. Youth provided written assent, and 

parents provided written consent prior to study participation.  
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Figure 9. CONSORT Flow Diagram 
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Study Design. This study was a secondary analysis as part of a two-arm parallel 

randomized control trial testing the efficacy of a six-month diabetes prevention lifestyle 

intervention (INT) against a usual care control (UCC) condition (Soltero et al., 2017) 

Data were collected at baseline (T1) and at six months (T2).  

Recruitment. Participants were recruited through local schools, community 

organizations, churches, and media outlets tailored to the local Latino community 

(Vander Wyst et al., 2020). Research personnel conducted an initial phone screen with 

interested individuals to confirm age, Latino descent, an estimate of BMI and to provide a 

thorough description of study participation. Thereafter, interested individuals scheduled a 

health screening visit to determine study eligibility. 

Health Screening. Participants arrived at the ASU clinical research unit after an 

overnight fast. Height was measured to the nearest 0.1 cm using a portable stadiometer 

(SECA 213; SECA North America, Chino, California) and weight was measured to the 

nearest 0.1 kg using an electronic scale (TBF300A; Tanita Corporation of America, 

Arlington Heights, Illinois). Body mass index (BMI) and BMI percentiles were 

calculated for age and sex using the CDC growth charts. To screen for eligibility, blood 

samples were collected and analyzed by a CLIA-certified laboratory to assess HbA1c and 

fasting glucose followed by a 75-g oral glucose tolerance test (OGTT) to assess 2-hr 

glucose concentrations. These clinical lab results were reviewed by the study physician, 

returned to study participants, and used to anchor conversations about diabetes risk in 
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lifestyle intervention or usual care sessions. Participants meeting eligibility criteria were 

scheduled for their T1 visit within 4 weeks of their screening. 

T1-T2 Study Visits: Participants returned to the ASU clinical research unit 

following an overnight fast for assessment of height, weight, and waist circumference, 

resting heart rate, seated blood pressure, and total body composition by dual x-ray 

absorptiometry (DEXA, Lunar iDXA, GE Healthcare). Insulin sensitivity and glucose 

tolerance were measured via a multiple sample 2-hr OGTT with glucose and insulin 

concentrations measured at fasting and every 30 minutes. Samples collected for 

measurement of glucose and insulin at T1 through T3 were stored at -80°C and analyzed 

in batches by research laboratories at the end of the study. Additional serum samples 

were collected and stored at -80°C for further analysis of inflammatory biomarkers. 

Biomarker Assessment. Inflammatory markers IL-6, MCP-1, IL-10, and IL-1ra 

were measured in serum using mesoscale V-PLEX technologies (Meso Scale Discovery, 

Rockville, MD). A 96-well assay plate is coated with linkers that are assigned to each 

biomarker, or analyte (IL-6, MCP-1, IL-10, IL-1ra). An antibody bound to the respective 

linkers captures the target analyte before a detection antibody is bound to each analyte. 

The mesoscale device uses electrochemiluminescence to measure the concentrations of 

each analyte in pg/mL. When interpreting the results, its should be noted that IL-10 was 

detected at very low concentrations of its standard curve with 95% being detected under 

the lower detection limit of assay standard curves. TNF-α was analyzed through 

mesoscale U-PLEX technologies which did not require the step to coat the plate with 
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linkers given its specificity to TNF-α. HMW Adpn was measured in serum using an 

enzyme-linked immunosorbent assay (Salem, NH) which similarly uses antibodies to 

capture HMW Adpn and the other antibody as a detector during analysis. HMW Adpn 

was measured by spectrophotometry at 450nm.  

T2D risk factors. Insulin sensitivity was estimated by the whole-body insulin 

sensitivity index (WBISI). The WBISI was generated from insulin (plasma, ALPCO, 

Salem, NH) and glucose (plasma, cobas c111 analyser, Roche Diagnostics, Indianapolis, 

IN) concentrations during the OGTT and has been validated among youth with obesity 

(Yeckel et al., 2004). Fasting, 30’, 60’, 90’, and 120’ insulin and glucose concentrations 

are inserted into a formula, , to generate 

a WBISI score where higher scores correspond to increased insulin sensitivity levels. 

Insulin secretion was estimated by the insulinogenic index (IGI = ΔG30-G0 / ΔI30-I0), and 

β-cell function was estimated by the oral disposition index (oDI = insulin sensitivity x 

insulin secretion) (Sjaarda et al., 2012). Glucose tolerance was measured by 2-hr post-

challenge glucose concentrations during the OGTT. Body composition assessment 

included total fat mass, total lean mass, and body fat percent.  

Intervention Group - Lifestyle. The lifestyle intervention included 1 day/week of 

nutrition and health education with behavior change skills training and 3 days/week of 

physical activity. Health education sessions were delivered by bilingual, bicultural 

community health educators from a local community clinic to groups of 8-10 families 
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and promoted the adoption of a healthy balanced diet, including reducing saturated fat 

intake, added sugars, and sugar-sweetened beverages, managing portion sizes, and 

increasing intake of fiber, fruit, and vegetables. Participants set weekly individual health 

behavior goals using the Specific, Measurable, Attainable, Relevant, and Timely 

(SMART) goal framework. Family discussions included identifying roles for eating and 

meal preparation at home, discussing family meals, and practicing mindfulness and 

respect of one another. Physical activity was delivered by YMCA instructors twice per 

week for 60 minutes/session. Physical activity curriculum included circuit training, sports 

activities (e.g., basketball, soccer), agility and cardiovascular exercises so that average 

target heart rates per session were ≥150 beats per minute. A third day of physical activity 

was promoted and monitored by instructors on a weekly basis to complete a minimum of 

180 minutes of moderate-to-vigorous physical activity per week.   

Usual Care Control (UCC) Group. Participants randomized to UCC met with a 

pediatric endocrinologist and a bilingual, bicultural registered dietitian to discuss 

laboratory results and develop SMART goals for making healthy lifestyle changes. These 

visits followed T1 and T2 visits. The UCC group was offered an abridged version of the 

lifestyle intervention after completion of the study. 

Analytical Approach. Baseline characteristics between groups were compared 

using independent t-tests (continuous variables) and chi-square tests (categorical 

variables) with IBM SPSS 28.0.1 (Chicago, IL). Changes in outcomes were compared 

between groups using covariance pattern models in Mplus 8.7 (Los Angeles, CA) which 
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assess the difference in changes in outcomes from T1 to T2. Full information maximum 

likelihood (FIML) was used to account for missing data. Auxiliary variables were not 

included given their lack of efficiency in models with small sample sizes (Savalei, 2009).  

Data are presented as mean±SD, FIML-adjusted mean±SE, or FIML-adjusted 

ΔMean±95%CI when appropriate.  

 

RESULTS 

 Seventy-five Latino youth who were enrolled into the larger trial (Soltero et al., 

2017) were included in the present analysis. Baseline characteristics are described in 

Table 10 with randomization group comparisons. There were no significant differences in 

diabetes risk factors or inflammatory markers between INT and UCC (all p>0.05).  
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Parameter
All

(n=75)

INT

(n=46)

UCC

(n=29)
p-value

Age, y 13.4±1.4 13.5±1.4 13.4±1.5 0.898

BMI, kg/m
2 33.2±5.6 32.6±4.5 34.1±6.9 0.242

BMI-z 2.2±0.3 2.2±0.3 2.3±0.4 0.424

WC, cm 106±14 104±11 108±17 0.135

Fat mass, kg 38.8±12.4 41.1±15.7 37.5±9.9 0.231

A1C, % 5.6±0.3 5.6±0.3 5.6±0.3 0.862

Fasting Glucose, mg/dL 102±7 101±7 102±7 0.369

2-hr Glucose, mg/dL 143±29 143±27 144±31 0.853

WBISI 1.8±1.2 1.8±1.2 1.7±1.2 0.746

oDI 5.0±4.1 5.0±2.6 5.1±5.7 0.888

IL-6, pg/mL 2.3±1.8 2.0±1.6 2.8±2.1 0.087

TNF-α, pg/mL 1.7±0.5 1.7±0.5 1.6±0.4 0.704

MCP-1, pg/mL 648±272 655±249 637±308 0.783

HMW Adpn, ug/mL 1.7±1.6 1.9±1.9 1.4±0.6 0.161

IL-10, pg/mL 0.6±1.0 0.7±1.3 0.5±0.5 0.58

IL-1ra, pg/mL 120±98 107±79 140±120 0.159

Table 10. Baseline Characteristics

BMI: body mass index; BMI-z: BMI z-score; WC: waist circumference, A1C: hemoglobin A1C; 

WBISI: whole-body insulin sensitivity index; oDI: oral disposition index; IL-6: interleukin-6; 

TNF-α: tumor necrosis factor-alpha; MCP-1: monocyte chemoattractant protein-1; HMW Adpn: 

high molecular weight adiponectin; IL-10: interleukin-10; IL-1ra: interleukin-1 receptor 

antagonist

INT = Intervention group; UCC: Usual Care Control group
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Given that this was an analysis of the sub-sample analysis from a larger study, the 

primary and secondary outcomes are presented in Table 11 among this specific cohort of 

75 youth. Insulin sensitivity (WBISI) was significantly increased within both INT (39%, 

p=0.009) and UCC (47%, p=0.027) with no differences between groups (interaction, 

p>0.05). There were no significant differences (interaction, p>0.05) in oDI following INT 

(12%, p=0.347) or UCC (0%, p=0.909). Similarly, no significant reductions in 2-hr 

glucose concentrations were observed (interaction, p>0.05) between INT (-7 mg/dL, 

p=0.075) and UCC (-6 mg/dL, p=0.307). Weight and lean mass significantly increased 

following both INT and UCC with no differences between groups (interactions, p>0.05), 

and no other differences in changes of additional outcomes were observed between INT 

and UCC. 
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Treatment Effect

Parameter n T1 T2 n T1 T2
ΔT2-T1 (95%CI)

p-value

WBISI 29 1.7±0.2 2.5±0.5 45 1.8±0.2 2.5±0.4

p=0.027 p=0.009

oDI 28 4.1±0.4 4.1±0.4 45 4.9±0.4 5.5±0.5

0.909 p=0.347

2-h Glucose 29 144±6 138±5 46 143±3 136±4

p=0.307 p=0.075

Fasting Glucose 29 102±1 101±1 46 101±1 99±1

p=0.268 p=0.098

HbA1c 29 5.6±0.05 5.7±0.10 46 5.6±0.04 5.6±0.03

p=0.152 p=0.263

Weight 29 91.5±4.3 97.5±3.8 46 88.0±2.8 92.1±2.1

p=0.010 p=0.003

BMI 29 34.1±1.3 34.5±1.3 46 32.6±0.7 32.7±0.7

p=0.075 p=0.666

BMI-z 29 2.3±0.07 2.3±0.08 46 2.2±0.04 2.2±0.05

p=0.505 p=0.039

Fat Mass 29 41.2±2.8 41.8±2.7 46 37.5±1.5 36.8±1.7 -1.3 (-2.9, 0.2)

p=0.342 p=0.135 p=0.099

Lean Mass 29 42.9±1.7 44.9±1.6 46 43.4±1.4 45.6±1.5 0.2 (-0.7, 1.1)

p<0.001 p<0.001 p=0.621

Body Fat % 29 46.9±1.0 46.3±1.1 46 45.0±0.6 43.3±0.7

p=0.180 p<0.001

Fasting Insulin 29 23.6±2.0 21.5±2.3 46 22.0±1.7 18.8±1.5

p=0.254 p=0.039

IGI 29 3.1±0.3 3.1±0.4 45 3.4±0.3 3.1±0.4

p=0.890 p=0.263

Bolded font indicates statistical significance at 0.05 alpha level

0.5 (-0.9, 1.8)

p=0.501

-1 (-16, 13)

p=0.848

-0.4 (-4, 3)

p=0.218

-0.2 (-1.1, 0.6)

p=0.612

Table 11. Changes in primary and secondary outcomes within and between INT and UCC groups 

from T1-T2 in this cohort (n=75)

Treatment Effect column displays FIML-adjusted differences in changes (meanΔ±95%CI) in outcomes between INT and 

UCC from T1-T2.

IGI: insulinogenic index; oDI: oral disposition index; HbA1c: hemoglobin A1C

Data under T1 and T2 columns are presented as FIML-adjusted Mean±SE. 

-0.1 (-0.2, 0.008)

p=0.070

-1.2 (-3.0, 0.6)

p=0.195

-0.3 (-0.9, 0.3)

p=0.462

-0.02 (-0.09, 0.04)

p=0.409

-1.06 (-2.13, -0.01)

p=0.052

-1.0 (-5.8, 3.8)

p=0.688

Usual Care Control Intervention

-0.2 (-1.1, 0.7)

p=0.899
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Changes in pro- and anti-inflammatory markers are illustrated in Figures 10-15 

with raw data presented in Table 12. Changes in IL-6 (-9%), TNF-α (-12%), or MCP-1 

(5%) following INT were not significantly different (interactions, p>0.05) than changes 

seen in UCC (-14%, 0%, 5%, respectively). All three anti-inflammatory markers were 

significantly reduced within the INT group, including HMW Adpn (-11%), IL-10 (-57%), 

and IL-1ra (-17%); however, these changes were not significantly different (interactions, 

p>0.05) than the changes observed among UCC (-7%, 0%, and -8%).  

 

Figure 10. Changes in IL-6 within and between INT and UCC. 

  
Data are presented as Mean±SE 
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Figure 11. Changes in TNF-α within and between INT and UCC. 

 
Data are presented as Mean±SE 

 

Figure 12. Differences in changes in MCP-1 within and between INT and UCC. 

  
Data are presented as Mean±SE 
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Figure 13. Differences in changes in HMW Adpn within and between INT and UCC. 

 
Data are presented as Mean±SE 

 

Figure 14. Differences in changes in IL-10 within and between INT and UCC.

 
Data are presented as Mean±SE 
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Figure 15. Differences in changes in IL-1ra within and between INT and UCC. 

 
Data are presented as Mean±SE 
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DISCUSSION 

 Despite numerous studies that support reductions of T2D risk factors following 

lifestyle intervention among high-risk youth (Balagopal, George, Patton, et al., 2005; 

Huang et al., 2014; Miranda et al., 2014; Peña et al., 2020; Roberts et al., 2013; Shaibi et 

al., 2012; Soltero et al., 2018), the mechanisms have yet to be established. Our findings 

demonstrated no significant differences in changes of pro- (IL-6, TNF-α, MCP-1) or anti-

inflammatory (HMW Adpn, IL-10, IL-1ra) markers following lifestyle intervention as 

compared to usual care among Latino youth with prediabetes and obesity. Although not 

significant, these findings add to the body of knowledge by assessing an array of relevant 

Table 12. Changes in inflammatory outcomes within and between INT and UCC groups from T1-T2.

Treatment Effect

Parameter n T1 T2 n T1 T2
ΔT2-T1 (95%CI)

p-value

IL-6 26 2.8±0.4 2.4±0.2 49 2.0±0.2 1.9±0.2

p=0.155 p=0.629

TNF-α 26 1.6±0.07 1.6±0.08 49 1.7±0.07 1.5±0.05

p=0.795 p=0.054

MCP-1 26 637±51 605±48 49 655±34 686±41

p=0.170 p=0.284

HMW Adpn 26 1.4±0.1 1.3±0.1 49 1.9±0.3 1.7±0.2

p=0.087 p=0.001

IL-10 26 0.5±0.09 0.5±0.07 49 0.7±0.02 0.3±0.03

p=0.481 p=0.049

IL-1ra 26 1,401±209 1,282±194 49 1,080±113 896±93

p=0.307 p=0.030

Bolded font indicates significance at 0.05 alpha level

Data under T1 and T2 columns are presented as FIML-adjusted Mean±SE. Bolded data are significant at p<0.05.

Treatment Effect column displays FIML-adjusted differences in changes (meanΔ±95%CI) in outcomes between INT and 

UCC from T1-T2.

-0.3 (-0.7, 0.1)

p=0.190

-64 (-346, 218)

p=0.656

Usual Care Control Intervention

0.3 (-0.5, 1.0)

p=0.471

-0.1 (-0.3, 0.1)

p=0.231

63 (-10, 136)

p=0.090

-0.2 (-2.2, 1.8)

p=0.056
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pro- and anti-inflammatory markers in response to a culturally-grounded and adapted 

DPP for high-risk Latino youth and may inform the refinement of future interventions. 

 The Yale Bright Bodies study was the only other randomized control trial, to our 

knowledge, that tested an adapted DPP among youth with prediabetes but did not report 

on inflammatory outcomes (Savoye et al., 2014). Other lifestyle intervention studies 

among youth with overweight or obesity not specifically modeled after the DPP have 

demonstrated increases in adiponectin (Balagopal, George, Yarandi, et al., 2005; Cambuli 

et al., 2008; Lee et al., 2010; Mayerhofer et al., 2020; Rambhojan et al., 2015; Roche et 

al., 2019; Roth et al., 2011), no changes in IL-10 (Lira et al., 2011; Mager et al., 2015; 

Roberts et al., 2013), reductions in IL-6 (Balagopal, George, Patton, et al., 2005; Mager 

et al., 2015; Rosenbaum et al., 2007), and conflicting results on TNF-α (Hasson et al., 

2012; Lira et al., 2011; Roberts et al., 2013; Rosenbaum et al., 2007; Roth et al., 2011). It 

is clear that more focus is needed on non-traditional chemokines and cytokines that have 

emerged as biomarkers relevant to T2D, including MCP-1 (Parish et al., 2016) and IL-1ra 

(Seppä et al., 2018; Stoppa-Vaucher et al., 2012). A further limitation of these studies is 

the predominance of quasi-experimental designs with no control groups. Of the 

randomized control trials that have been conducted, two studies failed to demonstrate 

significant changes in total adiponectin following lifestyle intervention compared to 

control groups, despite significant reductions in weight, adiposity, and C-reactive protein 

(established marker of systemic inflammation) and improvements in insulin sensitivity 

(Chae et al., 2010; Park et al., 2007). Another randomized control trial demonstrated 
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increases in total adiponectin with reductions in IL-6 following a lifestyle intervention 

that did not induce weight loss but significantly reduced fat mass and improved insulin 

sensitivity (Balagopal, George, Patton, et al., 2005; Balagopal, George, Yarandi, et al., 

2005). Our results exhibited no significant differences in either of the inflammatory 

markers between INT and UCC groups. In the present study, both INT and UCC 

significantly increased insulin sensitivity levels, and our data suggest that these 

improvements are likely due to changes in factors beyond the inflammatory markers 

measured in the present study.  

It has been established that 5-7% weight loss is a critical mediator of T2D 

prevention among adults with prediabetes (Hamman et al., 2006) which was 

accompanied by increases in adiponectin (Mather et al., 2008). However, such targets 

have not been established among youth, since unlike in adults, children and adolescents 

are still growing. In the present study, there were no significant differences between 

groups in changes in weight or other measures of adiposity. Given that unhealthy adipose 

tissue in obesity is the proposed source of increases in pro-inflammatory markers and 

reductions of anti-inflammatory markers, it is possible that targeting reductions in total, 

regional, or ectopic adiposity depots, and not necessarily weight, may yield significant 

changes in the inflammatory milieus.  

 Using surgical weight loss as a model, reductions in adiposity have been 

associated with improvements in pro- and anti-inflammatory markers in the pediatric 

population. Among adolescents with non-alcoholic steatohepatitis, laparoscopic sleeve 
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gastrectomy led to significant reductions in serum pro-inflammatory markers, IL-6, IL-

1β, and TNF-α with significant increases in adiponectin at one-year follow-up (Black, 

2020). These changes were accompanied by decreases in visceral adipose tissue 

adipocyte size, reductions in visceral adipose tissue inflammation, and improvements in 

liver histology. Furthermore, reductions in IL-6 and IL-1β were associated with 

reductions in adipocyte size at one year (Black, 2020). These findings were corroborated 

by data analyzed from the Teen-LABS (Longitudinal Assessment of Bariatric Surgery) 

study and the Adolescent Gastric Bypass and Diabetes Precursors Study which 

demonstrated reductions in IL-6 and increases in adiponectin following either Roux-en-Y 

or vertical sleeve gastrectomy (Kelly et al., 2016). The physiologic changes due to the 

expansion of adipocytes in obesity are associated with increases in infiltrating immune 

cells that secrete pro-inflammatory factors (Lee et al., 2014), decreases in anti-

inflammatory macrophage phenotypes (Lumeng et al., 2007), and increased endoplasmic 

reticulum stress which is associated with the disruption of adiponectin secretion through 

the misfolding of its proteins (Hosogai et al., 2007; Liu & Liu, 2014). Therefore, the 

reductions in adipocyte size following weight loss surgery may be associated with 

physiological changes within adipose tissue that shifts the pro- and anti-inflammatory 

milieus towards homeostatic levels. The current lifestyle intervention targeted proximal 

T2D risk factors (i.e, insulin sensitivity glucose tolerance) and whether targeting 

reductions of adiposity in ectopic depots (i.e., liver, visceral fat) is needed to modify the 

pro- and anti-inflammatory milieus warrants further investigation. 
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This is the first study, to our knowledge, that has assessed the response of an array 

of obesity-related pro- and anti-inflammatory markers following a diabetes prevention 

program adapted for Latino youth with prediabetes. We appreciate that this study is not 

without limitations. Our study was underpowered given that this study leveraged stored 

biospecimens from a larger grant, and these data will support future work to appropriately 

power trials. Furthermore, WBISI and oDI are estimates of insulin sensitivity and β-cell 

function, respectively, and are not the gold standard; however, they have been validated 

against gold-standard methods in youth with obesity (Sjaarda et al., 2012; Yeckel et al., 

2004). Lastly, the generalizability of results is limited to Latino youth. 

 In summary, lifestyle intervention had no effects on obesity-related pro- or anti-

inflammatory markers among Latino youth with prediabetes and obesity as compared to 

usual care. Diabetes prevention lifestyle interventions that target the inflammatory 

milieus that are shifted by obesity may need further refinement. 
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CHAPTER 6: 

SUMMARY AND CONCLUSIONS 

 Latino youth are disproportionately impacted by obesity and type 2 diabetes 

(T2D), compared to White youth. Lifestyle intervention is the first-line approach to 

diabetes prevention among adults with prediabetes. Only one other study to our 

knowledge has tested an adapted DPP among a youth cohort with prediabetes. Given that 

Latino youth have a 50% lifetime risk of developing T2D, there is an urgent need to 

develop and test pragmatic diabetes prevention lifestyle interventions among high-risk 

Latino youth that are scalable at large. Furthermore, the mechanisms by which lifestyle 

intervention reduces T2D risk factors has yet to be elucidated, and obesity-related pro- 

and anti-inflammatory factors stand as prime candidates. 

 The goals of this dissertation were two-fold: (1) to examine the associations of 

pro- and anti-inflammatory markers with insulin sensitivity, β-cell function, and glucose 

tolerance and (2) to examine the efficacy of a diabetes prevention program on T2D risk 

factors and pro- and anti-inflammatory markers among Latino youth with prediabetes and 

obesity as compared to usual care. A series of three studies (Studies I, II, and III) were 

conducted to fulfill the two aforementioned goals of this dissertation. 

 In Study I, we found that reduced high-molecular weight (HMW Adpn), increased 

monocyte chemoattractant protein (MCP-1), and increased interleukin-1 receptor 

antagonist (IL-1ra) predicted decreased insulin sensitivity and glucose tolerance, whereas 

only decreased HMW Adpn was associated with lower β-cell function among Latino 
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youth with prediabetes and obesity. These observed associations were independent of 

age, sex, and adiposity. These findings support previous work to suggest that adiponectin, 

MCP-1, and IL-1ra are associated with T2D risk; however, our hypothesis that IL-6, 

TNF-α, and IL-10 would predict insulin sensitivity, β-cell function, or glucose tolerance 

was not supported. 

 In Study II, we demonstrated that a culturally-grounded, community-based 

lifestyle intervention was efficacious in improving β-cell function compared to usual 

care. Interestingly, both lifestyle intervention and usual care groups increased insulin 

sensitivity levels with no differences between groups. Despite reductions in 2-hr glucose 

concentrations following lifestyle intervention, these changes were not significantly 

different than usual care. These findings of improvements in β-cell function are 

promising given the severity of T2D in youth, and especially since previous medication 

trials have failed to preserve β-cell function among high-risk youth and youth with T2D. 

The findings that both groups improved insulin sensitivity levels may support the notion 

that providing diabetes prevention services to high-risk Latino youth, including usual 

care, may lead to reductions in T2D risk.  

 In Study III, we found no significant differences in the changes of pro- or anti-

inflammatory factors following lifestyle intervention compared to usual care. Analyses 

among the cohort of this study demonstrated increases in insulin sensitivity among both 

lifestyle intervention and usual care groups, suggesting these effects were not mediated 

by changes in the pro- and anti-inflammatory factors assessed. Furthermore, no 
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significant differences in weight or adiposity were observed between groups. It is 

possible that either reductions in levels of adiposity may be needed in order to observe 

significant changes in pro- and anti-inflammatory factors. 

 We appreciate that this dissertation is not without limitations. In Studies I, II, and 

III, the prioritization of Latino youth with prediabetes and obesity limits generalizability 

to other youth populations. The measures used for insulin sensitivity (whole body insulin 

sensitivity index) and β-cell function (oral disposition index) are not the gold standard but 

have been validated against gold standard measures. In Studies II and III, the lack of a 

“true” control group limits our conclusions. Lastly, Study III was a secondary analysis 

and thus was not powered to detect significant effects on the pro- and anti-inflammatory 

outcomes of interest. 

 Despite these limitations, this dissertation adds to the body of knowledge in the 

field of pediatric obesity and diabetes prevention. First, the prioritization of Latino youth, 

although limited in generalizability, increases the representation of this sub-group in 

clinical research and enhances our understanding of potential inflammatory markers to be 

targeted in future interventions. Furthermore, this study rigorously assessed the efficacy 

of a culturally-grounded, community-based lifestyle intervention that was pragmatically 

designed for expediting its translation into the real world. Studies I and III are novel to 

the field by including the assessment of intervention effects of traditionally studied as 

well as understudied pro- and anti-inflammatory markers in relation to T2D risk factors, 

including β-cell function among a high-risk Latino youth population.  
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