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In our modern society, where highly palatable and calorie-rich foods are readily

available, and sedentary lifestyle is common among children and adolescents,

we face the pandemic of obesity, nonalcoholic fatty liver disease, hypertension,

atherosclerosis, and T2D. Insulin resistance (IR) is known to be the main

underlying mechanism of all these associated health consequences;

therefore, the early detection of IR is fundamental for preventing them.A

Consensus Statement, internationally supported by all the major scientific

societies in pediatric endocrinology, was published in 2010, providing all the

most recent reliable evidence to identify the definition of IR in children, its

measurement, its risk factors, and the effective strategies to prevent and treat it.

However, the 2010 Consensus concluded that further research was necessary

to assess some of the discussed points, in particular the best way to measure

insulin sensitivity, standardization of insulin measurements, identification of

strong surrogate biomarkers of IR, and the effective role of lifestyle intervention

and medications in the prevention and treatment of IR.The aim of this review is

to update each point of the consensus with the most recent available studies,

with the goal of giving a picture of the current state of the scientific literature

regarding IR in children, with a particular regard for issues that are not yet

fully clarified.
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Insulin resistance refers to reduced whole body
glucose uptake

Intake of carbohydrates and, therefore, elevated blood glucose levels lead to an

activation of complex regulatory pathways, which are responsible for the clearance of

glucose from the bloodstream and homeostatic control of blood glucose. The increased

secretion of insulin by pancreatic beta cells is a direct response leading to enhanced

glucose transport into peripheral tissues (1–3). Insulin resistance (IR) is the inverse state

of insulin sensitivity (IS) (4) and the relative unresponsiveness of peripheral tissues to the

effects of the hormone (2, 5). It can be described as impaired signal transduction and

biological actions in response to increasing amounts of insulin in the circulation (6).
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Peripheral IR contributes to the impairment of glucose

disposition and IGT (7). IR is associated with reduced insulin-

stimulated glucose utilization (8), primarily by the skeletal

muscle and adipose tissue (1, 2, 4). In patients with type 2

diabetes (T2D), muscle IR is responsible for 85%–90% weakened

total body glucose disposal (7).

IR is developed during some physiological conditions, such

as pregnancy or puberty, as well as during intercurrent

infections (8).
Insulin resistance is a continuum

IR is a continuum from the stage of impaired IS to impaired

glucose tolerance, followed by T2D (4, 7, 9). It is the earliest

metabolic abnormality of T2D (7).
Insulin resistance is commonly
associated with obesity

The prevalence of IR is higher in overweight and obese

children compared with normal-weight children (10).

Obesity is characterized by an excessive accumulation of

adipose tissue in the body (3, 11). IR is the main factor for many

of the complicationsof obesity (11).According to theWorldHealth

Organization (WHO), the number of obese children and

adolescents has increased tenfold over the past four decades (12).
One of the consequences of
insulin resistance is chronic
compensatory hyperinsulinemia

Inpatientswith IR, greater concentrations of insulin are needed

to achieve the same effects that were earlier elicited by lower

hormone levels (13). Primarily, pancreatic beta cells try to

compensate metabolic dysregulated processes by increasing the

secretion of insulin (8, 9, 14), but chronic hyperinsulinemia may

play the crucial role in the pathology and progression of metabolic

disorders (15). Hyperinsulinemia is accompanied by increased

appetite and body weight gain (9). Ultimately, the pancreatic beta

cell function declines because of glucolipotoxicity and genetic

factors (14), and the secretion of insulin becomes insufficient (8, 9).
Standards for insulin resistance in
children, with definitions for normal
and abnormal levels, are nonexistent

There is no standard definition of IS/IR in children (4, 13, 15,

16). The assessment of IS requires accurate measurement of
Frontiers in Endocrinology 02
insulin (17). However, there is not any standardized technique

for the measurement of plasma insulin, and that makes it

difficult to compare results between different laboratories (13).

Van der Aa et al. conducted a systematic review of all

population-based studies reporting on the incidence of IR in

children. In 18 population-based studies, six different methods

were used to determine IR: homeostasis model assessment

insulin resistance (HOMA-IR), fasted plasma insulin (FPI), the

quantitative insulin sensitivity check index (QUICKI), the fasted

glucose/insulin ratio (FGIR), HOMA2, and the McAuley index.

The cutoff values used to define IR also varied (10). There is also

no agreement regarding the necessity of using the age-adjusted

cutoff points when determining IR in children (15, 18).
The euglycemic hyperinsulinemic
clamp is the “gold standard” for
measuring insulin sensitivity; the
frequently sampled IV glucose
tolerance test and steady-state
plasma glucose methods are also
valid measurements

The HE-clamp, proposed by Andres et al. in 1966 and

developed by DeFronzo et al. in 1979 (19), is the gold standard

for themeasurement of IS. Thismethod evaluates insulin-mediated

glucoseutilizationunder steady-state conditions (20).However, the

clamp method is invasive, time-consuming, and expensive, and,

therefore, it cannot be used routinely in clinical practice (21).

In 1979, Bergman et al. proposed the minimal model

methodology as a simple alternative to the HE-clamp. During

the frequently sampled intravenous glucose tolerance test

(FSIGT1), the dynamics of glucose and insulin are analyzed

via a computer (22). Further studies showed that the IS index

derived by the minimal model reliably correlates with the results

of the clamp method (23).
The homeostasis model assessment
and the quantitative insulin-
sensitivity check index do not offer
any advantages over fasting insulin
in euglycemic children

As the clamp method is not feasible on a large scale, several

surrogate tools have been developed to evaluate IS. The most widely

used surrogate markers are fasting surrogate indices such as fasting

plasma insulin (FPI), HOMA-IR, and QUICKI (24). Several studies

showed high correlation between these markers in children (15,

25–27).
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George et al. evaluated the correlations between the clamp-

measured IS and the surrogate estimates in 188 obese and

overweight adolescents with normal glucose tolerance,

prediabetes, and diabetes. The results showed that fasting

indices correlated significantly with clamp IS. OGTT-derived

surrogates did not demonstrate any advantage over the fasting

indices when compared with clamp methodology. Furthermore,

HOMA or QUICKI did not show any advantage over the 1/IF
when compared with the clamp-method results (25).

Schwartz et al. compared the surrogate measures of IR

(fasting insulin, HOMA, QUICKI, and FGIR) with the insulin

clamp measure of IR in a large cohort of adolescents. The results

showed that other surrogate measures seem not to have any

advantage over fasting insulin (26).
Fasting insulin is a poor measure of
whole-body insulin sensitivity in an
individual child

Despite the aforementioned, fasting insulin is a poor marker

of IS, as it does not always correlate well in children with the

gold-standard clamp-measured IS (26, 27). This index may

reveal compensatory hyperinsulinemia but could not be used

as a marker of IR in a large clinical practice (24).
The two most important biological
conditions associated with insulin
resistance in childhood are ethnicity
and puberty

Transient reduction in whole-body IS and a temporary

increase in IR are observed during puberty (7–9, 13, 28).

During puberty, IS decreases by 25%–50% and recovers when

pubertal development ends (29). Impaired IS during puberty is

one of the main factors increasing the frequency of glucose

metabolism disorders (30). The changes in hormonal profile

during puberty are well known to affect IS, but the exact

mechanisms of this are not fully understood so far (28).

Increased growth hormone and IGF-1 secretion, accompanied

by increased lipid breakdown and increased free fatty acids

(FFAs) in the circulation, as well as rising concentrations of

the sex hormone, contribute in developing IR during puberty

(7, 28).

Another biological condition strongly associated with IR in

children is race/ethnicity. Several studies compared IS in different

ethnic groupsand foundethnicity beingan important risk factor for

IR in children. It has been demonstrated that Hispanic, African-

American, Asian, and Pima Indian children are more insulin-

resistant compared with white children (31–33).
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Based on current screening criteria
and methodology, there is no
justification for screening children
for insulin resistance, including
obese children

It is well known that IR in children and adolescents may predict

cardiovascular risk in the future (34). A strong association between

IR and several chronic diseases makes the screening program for an

early identification of at-risk children highly important. At the same

time, the reliable methods of the measurement of IR are not

available tools in a large clinical practice. There is no agreement

regarding a uniform definition and cutoff value of IR (10), as well as

no recommended pharmacological treatment for isolated IR in

children (4); that is why screening programs for IR in children do

not exist even in obese patients (4, 35).
Obesity, particularly increased
abdominal visceral adiposity, and
nonalcoholic fatty liver disease are
associated with insulin resistance in
children

Nonalcoholic fatty liver disease (NAFLD) is associated with

IR in children (4) and is the hepatic manifestation of metabolic

syndrome (MetS) (36). It is the most common pediatric liver

disease (37). NAFLD is the fatty infiltration of the liver in the

absence of other causes of liver damage, such as genetic/

metabolic disorders, alcohol consumption, infections,

medications, or malnutrition (38). The pathogenesis of

NAFLD is multicomponent (2, 39, 40). Hepatic triglyceride

accumulation leads to steatosis (2). Excessive hepatic FFA

accumulation or ‘lipotoxicity’ causes the activation of

intracellular signaling pathways. Further hepatocellular

damage is mediated by multiple factors: altered gut flora,

stellate cell activation, increased mitochondrial permeability,

adipocytokines, apoptosis, etc. (39, 40). IR plays a crucial role

in the pathogenesis of NAFLD by facilitating lipogenesis in

hepatocytes, impairing the inhibition of lipolysis, and

stimulating the secretion of adipokines and other cytokines (40).

Polycystic ovary syndrome,
independent of weight, is
characterized by insulin resistance in
childhood

PCOS is a heterogeneous disorder. The diagnostic criteria

for adolescent girls of PCOS are menstrual irregularity,
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hype r and rogenemia , and /o r c l i n i c a l f e a tu r e s o f

hyperandrogenism (41). PCOS is often associated with IR. The

severity of IR is more pronounced in obese patients than in lean

ones, both in adolescent girls (42, 43) and in women (44).
Genetics and heritability play a role
in childhood insulin resistance

Genome-wide association studies (GWASs) have identified

several loci associated with IR (Table 1) (60).

The PPARg (peroxisome proliferator-activated receptor

gamma) variant Pro12Ala was first shown to be associated with a

decreased risk of developing T2D (19, 45). rs972283 near KLF14

(kruppel-like factor14)was identified through large-scale association

analysis of a European cohort (46) associated with reduced insulin

action (61). IRS1 (insulin receptor substrate 1) is a fundamental

component of the insulin signaling pathway initiating the activation

of PI3K in response to insulin (47). GCKR (glucokinase regulator)

encodes glucokinase regulatory protein (GKRP), which inhibits the

activity of glucokinase, an enzyme involved in the regulation of

hepatic glucose disposal and storage (62). Studies on TCF7L2

(transcription factor 7-like 2) have not demonstrated its role in

insulin-dependent tissues despite the most consistent association

with the risk of developing T2Dof any gene variants identified so far

(51, 52, 63, 64).Moreover, a variant inNAT2 (N-acetyltransferase 2)

was recently found to be a direct measure of IS (53).

Two loci near TMEM163 (transmembrane protein 163)

were demonstrated to be associated with reduced plasma

insulin and HOMA-IR (65). Low plasma levels of IGF-1 are

known to be associated with a reduction in IS (54), and analysis

of the rs35767 polymorphism indicates that carriers of the G

allele have lower circulating levels of IGF-1 compared with A

allele carriers (66). MC4R (melanocortin 4 receptor) was shown

in a GWAS of a UK cohort of Indian-Asian and European
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ancestry to be associated with both IR and waist circumference,

with higher risk-allele frequencies being found in the Indian-

Asian cohort (67).

A GWAS of an African American cohort identified an SNP

near TCERG1L (transcription elongation regulator 1-like) and

one near SC4MOL (sterol-C4- methyl oxidase-like) as being

associated with both fasting insulin and HOMA-IR; this finding

was also present in a West African cohort (55). The exact

function of ARL15 (ADP ribosylation factor like GTPase 15),

involved in intracellular vesicle trafficking, is still unknown.

Variants of these genes are associated with decreased

adiponectin levels and associated with the risk of T2D,

coronary heart disease, and higher HOMA-IR (57).
Intrauterine exposure to poorly
controlled maternal diabetes
increases the risk of obesity, insulin
resistance, and IGT in childhood

The offspring risk of T2D is more closely associated with

maternal than paternal diabetes (68). The risk of T2D in the

offspring is strongly associated with the diagnosis of diabetes in

mothers before they reach the age of 50. This could be due both to

genetic transmission of diabetes susceptibility and the intrauterine

environment. In fact, women with GDM have been shown to have

increased serum leukocyte count and levels of inflammatory

cytokines, including interleukin (IL)-6 and tumor necrosis factor

(TNF)-a, in comparison with control subjects. Exposure to a

proinflammatory environment within the uterus may increase

the fetus diabetes risk by influencing the fetal epigenome at this

early stage; however, more studies are needed (69).

By now, there are no accepted treatments for GDM except

for lifestyle intervention and insulin therapy in selected cases,
TABLE 1 Variants associated with IR. Adapted from Brown and Yanovski (17).

SNP Nearby gene Chromosome Ref

rs13081389 PPARG 3 (19, 45)

rs972283 KLF14 7 (46)

rs2943641 IRS1 2 (47)

rs780094 GCKR 2 (48)

rs8050136 FTO 16 (46, 49, 50)

rs7903146 TCF7L2 10 (51, 52)

rs1208 NAT2 8 (53)

rs6723108, rs998451 TMEM163 2 (54)

rs35767 IGF1 12 (48)

rs12970134 MC4R 18 (55, 56)

rs17046216 SC4MOL 4 (57)

rs7077836 TCERG1L 10 (57)

rs702634, rs4311394 ARL15 12 (58, 59)
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whose effectiveness is limited due to frequent IR. Results

regarding glyburide and metformin are promising; however,

their long-term safety needs to be deepened (70).
Postnatal and childhood weight gain
increase the risk of insulin resistance
in normal-birth-weight and small-
for-gestational-age children

It is well known that postnatal weight gain is associated with

IR risk and greater adiposity in children and young adults (4, 71–

75) and predicts IR-related outcomes in adults (76, 77).

Ong et al. (78) showed that rapid weight gain from age 0 to 2

years, whether with or without prior fetal growth deceleration,

was associated with increased HOMA-IR and systolic and

diastolic blood pressure, manifesting as early as 3 years of age.

Adolescents are another category at risk of developing IR (7)

because, during puberty, there is a surge in growth hormone and

insulin-like growth factor-I (IGF-1), which causes IR increase

through increased lipid breakdown and increased FFAs (79).

Girls are more likely to develop T2D than boys (80): estrogen

overstimulates insulin receptors on b-cells resulting in excessive

insulin signaling and b-cell exhaustion (81). Obese children who

develop T2D around puberty and continue to gain weight have a

higher risk of persistent IR even post-puberty.
Insulin resistance is a risk factor for
prediabetes and T2D in childhood

According to Consensus 2020, IR and impaired-cell function are

the two key components in the pathogenesis of T2D in youth (4). To

support this statement, Kim et al. (82) conducted a cross-sectional

study on 205 youth investigating the adipose IR index (adipose-IR)

(calculated as fasting insulin × free fatty acids [FFAs]) across the

spectrum from normal glucose tolerance (NGT) to IGT to T2D and

the predictive power of adipose-IR for determining dysglycemia in

youth. What emerged is that adipose-IR increases progressively

along the spectrum of glucose tolerance from NGT to IGT to T2D

and that adipose-IR is a significant predictor of dysglycemia.
Insulin resistance is associated with
the metabolic syndrome and
cardiometabolic risk factors

IR is one of the main elements that define the MetS (83) and

contribute to cardiovascular risk. Recently, some studies have directly

demonstrated the association between IR and atherosclerotic

abnormalities in children. Miniello et al. (84) showed a clear
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association between increased HOMA-IR and impaired endothelial

function since childhood, correlating HOMA-IR with flow-mediated

dilatation, carotid intima-media thickness, and the anteroposterior

diameter of infrarenal abdominal aorta in children.

Moreover, the results from the Pune Children’s Study suggest

that prepubertal glucose-insulinmetabolism is associatedwithhigh

markers of atherosclerosis in adulthood (85).
Diet and weight loss drugs improve
insulin sensitivity in adolescents
through weight loss and other
mechanisms

Although diet is well known to affect IS, it is unclear what

dietary macronutrient composition could contribute more to the

development of IR (86, 87).

High fiber intake contributes to reducing body weight

and improving IS by slow gastric emptying and absorption

of dietary carbohydrates and fats, increased satiety, and regulatory

effect on inflammatory markers and gut hormones (88–90).

Fat intake is associated with lower IS, and this association in

adolescents seems to be independent of body fat (91). Arslanian

et al. demonstrated that increased fat/carbohydrate ratio is

negatively correlated with IS and insulin clearance also in

prepubertal children (32). In addition, in non-obese adolescents,

consumption of a high-fat/low-carbohydrate diet, even during a

short time (7 days), was shown to impair IS (92). Regarding the fat

quality, a consistent differential effect has not been found (93).

IS could be impaired also by high-glycemic-index food

intake (94); however, data regarding the efficacy of low-

glycemic-index diet in reducing IR are controversial (95).
Exercise and fitness improve insulin
sensitivity through weight loss and
also mechanisms independent of
weight loss in adolescents

Exercise contributes to the improvement of IS through other

mechanisms besides the effect of weight loss (88, 96–99).

Randomized studies have clearly shown the beneficial effect of

physical activity on fasting insulin levels in overweight children

before weight loss was documented (100, 101).

Regarding the type of exercise to recommend, several studies

have demonstrated significant beneficial effects of both aerobic

and combined aerobic and resistance exercises in overweight

children independently of changes in body weight and percent

body fat (102–105). However, data regarding the efficiency of

resistance training on IR in children and adolescents are

debatable (106, 107).
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Multicomponent lifestyle
intervention improves insulin
sensitivity more than individual
lifestyle components in adolescents

Amulticomponent lifestyle approach could be more effective

in improving IS than a simpler approach (88, 108, 109). Dietary

intake, physical activity, and sleeping habits can affect IS, and

each is individually linked to IR (110). Androutsos et al. (110)

demonstrated that a lifestyle pattern consisting of high

moderate-vigorous physical activity and frequent eating habit

was inversely related to HOMA-IR. Patterns combining different

lifestyle behaviors may be more practical for translating into

recommendations and thus more useful for public health.
Metformin improves insulin
sensitivity in adolescence

Metformin reduces IR by decreasing fasting plasma

glucose and insulin concentrations in adults. Moreover, it

is an insulin sensitizer and likely acts in the gut lumen

through multiple mechanisms. In non-diabetic obese

adults, it reduces food intake, determining weight loss and

the reduction of fasting plasma glucose, cholesterol, and

insulin concentrations. Furthermore, metformin has been

shown to improve the BMI, body fat composition, fasting

glucose, insulin, g lycated hemoglobin (HbA1c), IR

expressed by the HOMA-IR, blood pressure, and lipid

profile in short trials on small sample sizes of children and

adolescents (111).

Metformin is approved by the US Food and Drug

Administration (FDA) for the treatment of T2D in 10-year-old

or older children, and it is the only treatment evaluated in

children with prediabetes.

The 2017 Pediatric Obesity Clinical Guidelines by The

Endocrine Society recommend using it only in selected

patients, since its long-term benefits in insulin-resistant

children are still to be analyzed (112).
Maternal obesity, gestational
diabetes, and smoking in pregnancy
should be targeted to lessen obesity
and insulin resistance in children

Infants of women with gestational diabetes (GDM) have an

increased risk of becoming overweight or obese during
Frontiers in Endocrinology 06
adolescence and are more likely to develop type II diabetes

later in life. Furthermore, according to several studies, epigenetic

alterations of different genes of the fetus of a GDM mother in

utero could result in the transgenerational transmission of GDM

and type II diabetes (113).

A cross-sectional study conducted on 976 children and

adolescents showed a significant association between

maternal weight and cigarette consumption during

pregnancy and the subsequent development of MetS in

children (114).

Given these promises, the reinforcement of screening and

prevention methods is a must.
Breast-feeding should be promoted
through public health interventions
as a contributing factor to reducing
the prevalence of obesity and
potential insulin resistance later in
life; in addition, ongoing dietary
advice starting from weaning has
the potential to prevent insulin
resistance in the long term

Wisnieski et al. (115) conducted a systematic review on

the effects of breastfeeding on the risk of MetS showing a

protective role of breastfeeding on the development of

MetS. Some studies also showed an inverse relationship

between duration of breastfeeding and MetS (114, 116),

whereas others did not find a temporal association

(117, 118).

It has been postulated that, during pregnancy and the next

2 years of life, correct maternal eating habits, breastfeeding,

and then weaning with an intake of correct doses of the

components of diet are essential for reducing the risk of

MetS (119).
Identification of infants and
preschool children at risk for obesity
combined with intervention
programs to prevent excessive
weight gain should be developed
and evaluated

Obesity is one of the leading causes of IR in childhood.

Preventive strategies are the effective public health
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in tervent ion in fight ing against this pandemic . A

multicomponent approach has been found beneficial in

preventing obesity. All the environments where the child

lives have a crucial role; therefore, family, school, and

community should collaborate in the child ’s healthy

lifestyle. Furthermore, a structured weight reduction

program individualized for every child is needed. Anti-

obesity drugs are indicated only in rare specific cases, and

bariatric surgery is recommended only in older adolescents,

but data about its long-term effectiveness in this age group are

limited (120).
Conclusions

Since 2010, many further studies have been conducted to

better explain the underlying mechanisms of IR and the

characteristics of children with impaired IS. Although some

concepts, such as the timing of rapid weight gain with respect

to future IR and the role of IR in predicting the development of

impaired glucose tolerance and T2D, have been better clarified, a

validated definition of IR is still lacking. Further research is still

needed to best measure IS and to find strong surrogate

biomarkers of IR.
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Garcıá CJ, Padez C. Metabolic syndrome in Spanish adolescents and its association
with birth weight, breastfeeding duration, maternal smoking, and maternal obesity:
a cross-sectional study. Eur J Nutr (2015) 54(4):589–97. doi: 10.1007/s00394-014-
0740-x

115. Wisnieski L, Kerver J, Holzman C, Todem D, Margerison-Zilko C.
Breastfeeding and risk of metabolic syndrome in children and adolescents: A
systematic review. J Hum Lact. (2018) 34(3):515–25. doi: 10.1177/
0890334417737038

116. Wang J, Zhu Y, Cai L, Jing J, Chen Y, Mai J, et al. Metabolic syndrome and
its associated early-life factors in children and adolescents: A cross-sectional study
in guangzhou, China. Public Health Nutr (2015) 19:1147–54. doi: 10.1017/
S1368980015002542

117. Yakubov R, Nadir E, Stein R and Klein-Kremer A. The duration of
breastfeeding and its association with metabolic syndrome among obese
children. Sci World J (2015) 114:E4. doi: 10.1155/2015/731319

118. Izadi V, Kelishadi R, Qorbani M, EsmaeilMotlagh M, Taslimi M, Heshmat
R, et al. Duration of breastfeeding and cardiovascular risk factors among Iranian
children and adolescents: The CASPIAN III study. Nutrition (2013) 29:744–751.
doi: 10.1016/j.nut.2012.10.016

119. Agosti M, Tandoi F, Morlacchi L, Bossi A. Nutritional and metabolic
programming during the first thousand days of life. Pediatr Med Chir. (2017) 39
(2):157. doi: 10.4081/pmc.2017.157

120. Dabas A, Seth A. Prevention and management of childhood obesity. Indian
J Pediatr (2018) 85(7):546–53. doi: 10.1007/s12098-018-2636-x
frontiersin.org

https://doi.org/10.1111/ijpo.255
https://doi.org/10.1530/EJE-14-0291
https://doi.org/10.1515/jpem.2010.168
https://doi.org/10.1249/MSS.0b013e3181df16d9
https://doi.org/10.1249/MSS.0b013e3181df16d9
https://doi.org/10.1249/01.mss.0000227304.88406.0f
https://doi.org/10.1001/jama.297.24.2697
https://doi.org/10.1159/000104137
https://doi.org/10.1038/ejcn.2013.280
https://doi.org/10.1007/s00125-017-4342-z
https://doi.org/10.1159/000510941
https://doi.org/10.1159/000371628
https://doi.org/10.1159/000371628
https://doi.org/10.1007/s00394-014-0740-x
https://doi.org/10.1007/s00394-014-0740-x
https://doi.org/10.1177/0890334417737038
https://doi.org/10.1177/0890334417737038
https://doi.org/10.1017/S1368980015002542
https://doi.org/10.1017/S1368980015002542
https://doi.org/10.1155/2015/731319
https://doi.org/10.1016/j.nut.2012.10.016
https://doi.org/10.4081/pmc.2017.157
https://doi.org/10.1007/s12098-018-2636-x
https://doi.org/10.3389/fendo.2022.1061524
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	An update of the consensus statement on insulin resistance in children 2010
	Insulin resistance refers to reduced whole body glucose uptake
	Insulin resistance is a continuum
	Insulin resistance is commonly associated with obesity
	One of the consequences of insulin&#146;resistance is chronic compensatory hyperinsulinemia
	Standards for insulin resistance in children, with definitions for normal and abnormal levels, are nonexistent
	The euglycemic hyperinsulinemic clamp is the “gold standard” for measuring insulin sensitivity; the frequently sampled IV glucose tolerance test and steady-state plasma glucose methods are also valid measurements
	The homeostasis model assessment and the quantitative insulin-sensitivity check index do not offer any advantages over fasting insulin in euglycemic children
	Fasting insulin is a poor measure of whole-body insulin sensitivity in an individual child
	The two most important biological conditions associated with insulin resistance in childhood are ethnicity and&#146;puberty
	Based on current screening criteria and methodology, there is no justification for screening children for insulin resistance, including obese children
	Obesity, particularly increased abdominal visceral adiposity, and nonalcoholic fatty liver disease are associated with insulin resistance in children
	Polycystic ovary syndrome, independent of weight, is characterized by insulin resistance in childhood
	Genetics and heritability play a role in childhood insulin resistance
	Intrauterine exposure to poorly controlled maternal diabetes increases the risk of obesity, insulin resistance, and IGT in childhood
	Postnatal and childhood weight gain increase the risk of insulin resistance in normal-birth-weight and small-for-gestational-age children
	Insulin resistance is a risk factor for prediabetes and T2D in childhood
	Insulin resistance is associated with the metabolic syndrome and cardiometabolic risk factors
	Diet and weight loss drugs improve insulin sensitivity in adolescents through weight loss and other mechanisms
	Exercise and fitness improve insulin sensitivity through weight loss and also mechanisms independent of weight loss in adolescents
	Multicomponent lifestyle intervention improves insulin sensitivity more than individual lifestyle components in&#146;adolescents
	Metformin improves insulin sensitivity in&#146;adolescence
	Maternal obesity, gestational diabetes, and smoking in pregnancy should be targeted to lessen obesity and insulin resistance in children
	Breast-feeding should be promoted through public health interventions as a contributing factor to reducing the prevalence of obesity and potential insulin resistance later in life; in addition, ongoing dietary advice starting from weaning has the potential to prevent insulin resistance in the long term
	Identification of infants and preschool children at risk for obesity combined with intervention programs to prevent excessive weight gain should be developed and evaluated
	Conclusions
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


