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Abstract

Objective—The metabolically healthy (MHO) and unhealthy obese (MUHO) differ in terms of
cardiovascular risk. However, little is known about predicting the development of these
phenotypes and the future stability of the MHO phenotype. Therefore, we examined these two
issues in the San Antonio Heart Study.

Design—Longitudinal, population-based study of cardiometabolic risk factors among Mexican
Americans and non-Hispanic whites in San Antonio.

Subjects—The study sample included 2,368 participants with neither MUHO nor diabetes at
baseline. Median follow-up was 7.8 years. MHO was defined as obesity with <1 metabolic
abnormality; MUHO, as obesity with =2 abnormalities.

Results—At baseline, 1,595 and 498 individuals were non-obese with <1 and =2 metabolic
abnormalities, respectively; 275 were MHO. Among non-obese individuals, independent
predictors of incident MHO (OR for 1-SD change [95% Cl]) included body mass index (8.12
[5.66 — 11.7]), triglycerides (0.52 [0.39 — 0.68]), and HDL-C (1.41 [1.11 — 1.81]), whereas
independent predictors of incident MUHO included BMI (5.97 [4.58 — 7.77]) and triglycerides
(1.26 [1.05 - 1.51]). Among participants with <1 metabolic abnormality, obesity was associated
with greater odds of developing multiple metabolic abnormalities (OR 2.26 [1.74 — 2.95]).

Conclusions—Triglycerides and HDL-C may be useful for predicting progression to MHO.
MHO may not be a stable condition, because it confers an increased risk of developing multiple
metabolic abnormalities.
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Introduction

Strongly associated with the development of diabetes and cardiovascular disease, obesity
has reached epidemic proportions.1:2 Obesity is usually associated with other metabolic
abnormalities, but not all obese individuals are affected.3 Specifically, the obesity
phenotype contains a subtype that is characterized by the absence of multiple metabolic
abnormalities, the “metabolically healthy obese” (MHO).> Up to 30% of obese individuals
are metabolically healthy.>® Although existing data supports the adverse effects of obesity
on health,2.7:8 other evidence demonstrates that MHO individuals are not at increased short-
term risk of developing cardiovascular disease.5:® MHO individuals may also differ from the
metabolically unhealthy obese (MUHO) in terms of response to a lifestyle intervention.10-13
Consequently, stratification of obese individuals as metabolically healthy and unhealthy may
have important implications for preventive and treatment strategies.>10.11

The natural course of the MHO condition is unknown and there is no consensus on the
MHO definition.>14 MHO is often defined as absence of multiple metabolic abnormalities
including high blood pressure, low HDL cholesterol (HDL-C), hypertriglyceridemia,
elevated fasting glucose, insulin resistance, and inflammation.1® These conditions have been
selected because they tend to be available in both the clinical and epidemiologic settings.
We hypothesized that a participant’s status with regard to one or more of these metabolic
abnormalities could predict maintenance of healthy metabolic state among those who
subsequently develop obesity. Therefore, the aim of our study was twofold: 1) to determine
the ability of demographic and metabolic variables to differentiate between non-obese
individuals who will develop later MHO vs. MUHO; and 2) to examine the metabolic
stability over time of MHO individuals.

Subjects and Methods

Subjects

The San Antonio Heart Study (SAHS) was designed as a population-based study of type 2
diabetes and cardiovascular disease among Mexican Americans and non-Hispanic whites in
San Antonio, Texas, USA. SAHS protocols were approved by the Institutional Review
Board of the University of Texas Health Science Center at San Antonio (UTHSCSA). All
participants gave written informed consent. Detailed descriptions of study procedures have
been published previously.18:17 Briefly, all Mexican American and non-Hispanic white, men
and non-pregnant women aged 25 to 64 years, who resided within randomly selected
households from low-, middle-, and high-income census tracts in San Antonio, Texas, were
invited to participate. Ethnic classification (Mexican American or non-Hispanic white) was
based on a previously published algorithm.18 A total of 5,158 individuals (response rate:
65.3%) were enrolled in 2 cohorts: cohort 1, from January 1979 to December 1982; cohort
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2, from January 1984 to December 1988. Cohort 1 participants were re-examined between
January 1984 and December 1988, and cohort 2 participants between October 1991 and
October 1996. Among 3,864 participants who had neither diabetes nor MUHO at the
baseline examination, 2,368 individuals (61.7%) returned to follow-up and comprise the
sample for the present analyses. The median follow-up period was 7.8 years (range, 6.3 —
9.8 years). Compared with returning participants, those who did not return to follow-up were
younger (p <0.001) and had greater adiposity (p = 0.037); insulin resistance, however, was
similar in both groups (p = 0.191).

Acquisition of data and definition of variables and outcomes

Anthropometric measurements and smoking status were gathered by trained personnel.
Systolic (SBP: Korotkoff phase 1) and diastolic (DBP: Korotkoff phase 5) blood pressures
were recorded with a Random-Zero sphygmomanometer (Gelman- Hawksley, Sussex, UK)
with the participant sitting. Blood pressure was reported as the mean of the second and third
blood pressure readings. Blood specimens were obtained after a 12-h fast. Oral glucose
tolerance tests using a 75-g oral glucose load (Orangedex; Custom Laboratories, Baltimore,
MD) were performed to assess diabetes status at both baseline and follow-up examinations.
Plasma glucose and serum lipids were measured with an Abbott Bichromatic Analyzer
(South Pasadena, CA\) in the laboratory of the Department of Medicine, Division of Clinical
Epidemiology at UTHSCSA. Serum insulin was measured by a radioimmunoassay
(Diagnostic Products Corporation, Los Angeles, CA, USA), which had a high degree of
cross-reactivity with proinsulin (70-100%).

We used the homeostasis model assessment to estimate insulin resistance (HOMA-IR),19
which was calculated using the following formula: HOMA-IR = fasting insulin (uU/ml) x
fasting glucose (mmol/l) / 22.5. Diabetes was defined according to the plasma glucose cut-
points of the 2003 American Diabetes Association (fasting glucose =7.0 mmol/l and/or 2-
hour glucose =11.1 mmol/l).20 Regardless of glucose values, participants reporting current
therapy with glucose-lowering medications were considered to have diabetes. We used
Framingham risk equations to estimate 10-year coronary heart disease (CHD) risk.2! Body
mass index (BMI) and waist circumference were considered measures of overall and central
adiposity respectively. Obesity was defined as BMI =30 kg/m2. Metabolic abnormalities
were defined as reported by Wildman et al.,1> with the exception of elevated C-reactive
protein, which was not tested in the SAHS cohort. Elevated blood pressure was defined as
either SBP =130 mm Hg, DBP =85 mm Hg, or treatment with antihypertensive medications;
elevated triglycerides, as fasting triglyceride concentration =1.7 mmol/l; low HDL-C, as
HDL-C <1.04 mmol/l, in men, <1.29 mmol/l/l in women, or treatment with lipid-lowering
medications; dysglycemia, as fasting plasma glucose 5.6 to 6.9 mmol/I; and insulin
resistance, as HOMA-IR >5.13. All individuals with = 2 metabolic abnormalities were
considered metabolically abnormal; among these, those with BMI >30 kg/m? were
categorized as MUHO. Individuals with BMI >30 kg/m?2 but <1 metabolic abnormality were
categorized as MHO. Because some authors have defined healthy metabolic state in the
context of obesity as being insulin-sensitive,2223 we used this approach to generate
alternative definitions of MHO and MUHO. Using this criterion, individuals whose HOMA-
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IR was in the three lower quartiles for non-diabetic participants were categorized as
metabolically healthy; those in the upper quartile, as metabolically unhealthy.22:23

Statistical analyses

Results

Statistical analyses were performed using SAS statistical software (version 9.2, SAS
Institute Inc. Cary, NC). Differences in participant characteristics between categories of
adiposity were assessed by one-way analysis of covariance (continuous variables) or logistic
regression analysis (dichotomous variables) in order to take into consideration the effect of
age, sex, and ethnicity. We generated multiple logistic regression models to test our
hypothesis: one or more demographic or metabolic characteristics could predict maintenance
of healthy or development of unhealthy metabolic state among those who subsequently
develop obesity. In these models, incident MHO (or incident MUHO) was the dependent
variable and demographic and metabolic variables were the independent variables. To avoid
the potential for bias due to misclassification of MHO and MUHO individuals and therefore
test the robustness of our results, we produced different logistic regression models using
alternative definitions?3 of MHO and MUHO as the dependent variable. We used logit-
transformed values of 10-year CHD risk and log-transformed values of fasting insulin,
triglycerides, and HOMA-IR in all analyses to minimize the influence of extreme
observations. We considered a p value <0.05 to be statistically significant.

At baseline, the study sample included 2,368 participants who had neither MUHO nor
diabetes. Of these, 2,093 were non-obese (1,595 and 498 with <1 and =2 metabolic
abnormalities, respectively), and 275 had MHO.

Incidence of MUHO and MHO among baseline non-obese

Table 1 presents baseline characteristics grouped by categories of adiposity and metabolic
status at baseline (non-obese and MHO) and follow-up visits (non-obese, MHO, and
MUHO). Among the 2,093 non-diabetic individuals who were non-obese at baseline, 111
(5.3%) and 226 (10.8%) developed MHO and MUHO, respectively, during the follow-up
period. Non-obese individuals who later developed MHO were younger and had higher
adiposity and lower triglycerides than those who remained non-obese. Other characteristics
were similar including smoking, blood pressure, cholesterol and glucose levels, and insulin
resistance. In contrast, participants who later developed MUHO had, in addition to
adiposity, more dyslipidemia, dysglycemia, and insulin resistance, and higher blood pressure
and 10-year CHD risk than those who remained non-obese. Individuals who developed
MHO did not differ from those who developed MUHO in terms of smoking, adiposity
(overall and central adiposity), blood pressure, or dysglycemia; those who developed
MUHO, however, had more dyslipidemia and insulin resistance, and higher 10-year CHD
risk.

We used multiple logistic regression to assess the relationship of baseline demographic
variables, BMI, SBP, HOMA-IR, fasting glucose, triglycerides, and HDL-C to incident
MHO and MUHO among baseline non-obese (Table 2). Younger age was associated with
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increased incidence of obesity, for both phenotypes. Men were less likely to acquire multiple
metabolic abnormalities with developing obesity than women. Independent predictors of
progression to MHO (OR for 1 SD [95% CIl]) included BMI (OR 8.12 [5.66 — 11.7]),
triglycerides (OR 0.52 [0.39 — 0.68]), and HDL-C (OR 1.41 [1.11 — 1.81]). Higher
triglycerides were associated with decreased likelihood of progression to MHO, while
higher HDL-C was associated with greater likelihood of progression to MHO. Both BMI
(OR 5.97 [4.58 — 7.77]) and triglycerides (OR 1.26 [1.05 — 1.51]) independently predicted
increased likelihood of progression to MUHO. The relationship of BMI and triglyceride
concentration to incident MHO and MUHO is shown by age, sex, and ethnicity in Table 3.
For incident MUHO, no significant interactions were observed between any of these
variables and either BMI or triglycerides. For MHO, there were only two interactions: BMI
was a better predictor of MHO in older, compared with younger, participants, and in men
compared with women.

Compared with those who remained non-obese, individuals who developed MHO had larger
increases in BMI, waist circumference, and insulin resistance, but similar changes in the
remaining variables: blood pressure, lipid levels, fasting glucose, and 10-year CHD risk
(Table 4). Individuals who developed MHO and MUHO exhibited similar increases in BMI
and waist circumference during follow-up. By contrast, those who developed MUHO
exhibited greater increases in triglycerides and fasting glucose, compared with individuals
who developed MHO.

Conversion from MHO to MUHO

Of those with MHO at baseline, almost half (47.6%) progressed to MUHO within the 7.8-
year follow-up period (Table 1). MHO individuals who developed MUHO were older and
had more adiposity, higher 10-year CHD risk, and lower HDL cholesterol than those who
remained as MHO or become non-obese.

Progression to MUHO was associated with greater interim declines in HDL-C and greater
increases in BMI, waist circumference, HOMA-IR, fasting glucose, fasting insulin,
triglycerides, and 10-year CHD risk (Table 4).

Obesity and risk of developing the unhealthy metabolic phenotype

We also assessed the impact of obesity on the risk of developing multiple metabolic
abnormalities by the end of the 7-8 year follow-up period among all 1,870 participants (both
non-obese and obese) with <1 metabolic abnormality at baseline. The odds of developing
multiple metabolic abnormalities by follow-up were 2.26 (1.74 — 2.95) times greater in
obese participants, compared with non-obese participants.

MHO and MUHO definitions based on insulin resistance

To avoid the potential for bias due to misclassification of MHO and MUHO individuals, we
generated alternative definitions of MHO and MUHO. MHO was defined as obesity without
insulin resistance (HOMA-IR in the three lower quartiles), and MUHO, as obesity with
insulin resistance (HOMA-IR in the upper quartile). At baseline, 44.1% of obese participants
were insulin-sensitive, and thus met the alternative definition of MHO. Triglyceride
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concentration was able to discriminate between individuals who developed incident MHO
and those who developed incident MUHO in this model as well: the higher the triglycerides,
the lower the odds of developing obesity without insulin resistance (Table 5).

Discussion

It is not surprising that the risk of developing obesity is predicted by baseline BMI, the
criterion measurement used in defining obesity. Indeed, baseline BMI is the strongest
predictor of both MHO and MUHO. Nonetheless, neither the amount (i.e., BMI) nor the
distribution of adiposity (i.e., waist circumference) at baseline, nor the degree of weight gain
during follow-up, distinguished those who progressed to MHO from those who progressed
to MUHO in our study. By contrast, lipid profiles appear to be useful for predicting the type
of metabolic state that is likely to develop with weight gain: individuals with elevated
triglyceride levels were significantly less likely to avoid developing multiple metabolic
abnormalities, while the opposite was true for individuals with elevated HDL-C. Our results
also suggest that MHO is not a stable condition, because it confers increased risk of
developing multiple metabolic abnormalities over time (i.e., within a 7-8 year period).

The relationship of adiposity to insulin sensitivity and other metabolic traits is a
continuum,242% with MHO individuals at the lower-risk end.14 Insulin sensitivity tends to be
lower and have a narrower range of values within higher levels of adiposity.24 Nevertheless,
a significant proportion of individuals with obesity are insulin-sensitive.> Despite
differences in measures of adiposity, the metabolic profile of individuals who are going to
develop MHO is similar to that of individuals who remain non-obese.1%26:27 Our data
suggest that the MHO phenotype is often acquired by individuals who are overweight is not
surprising.28 But individuals who progress to MHO cannot be distinguished inguished from
those who progress to MUHO by overall or central adiposity, blood pressure, or fasting
glucose concentration. The key to differentiating between at-risk individuals for these two
obesity phenotypes is that a benign lipid profile and low insulin resistance precede the
development of MHO, rather than MUHO.

Compared with individuals who remain non-obese, those who progress to MHO exhibit
similar changes in lipid and glucose levels, blood pressure, and estimated 10-year CHD risk.
By contrast, among individuals who progress to either MHO or MUHO, the onset of obesity
is accompanied by similar increased in both overall and central adiposity, as well as in
insulin concentration and worsening insulin resistance.

Wildman et al. have reported that, with greater waist circumference, obese individuals are
less likely to express the MHO phenotype.1® Our data suggests that neither overall nor
central adiposity can be used to differentiate between at-risk individuals who will develop
multiple metabolic abnormalities, from those who will not. Individuals with MHO have a
favorable lipid profile,15:26:27 and this characteristic predicts the development of both MHO
and MUHO in our study. Individuals with low triglycerides and high HDL-C are likely to
develop the MHO phenotype with weight gain, whereas those with high triglycerides are
likely to develop MUHO. This holds true for both definitions of the metabolically healthy
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state, based either on the absence of multiple metabolic abnormalities and on the presence of
insulin sensitivity.

The MHO and MUHO phenotypes appear to be associated with certain demographic
characteristics as well. Older obese individuals are less likely to express the MHO
phenotype than are younger individuals.1® The odds of developing obesity measured by
BMI are greater in young adults than in older middle-aged adults. This may reflect the
epidemiology of weight change in the US adult population. Weight gain is more likely in
persons younger than 55 years and weight loss in those 55 years and older.2? The excess risk
of developing MUHO in non-obese Mexican Americans appears to be explained by their
greater adiposity and dyslipidemia.3%31 In our study, similar proportions of men and women
develop MHO vs. MUHO. In logistic regression analysis, male gender is associated with
decreased risk of developing MUHO, probably because men tend to have more unfavorable
triglyceride and HDL-C levels. In addition, risk of developing incident MHO and MUHO
was also similar in smokers and non-smokers.

Cardiovascular risk, in the short term,8:9 may not be increased in MHO individuals, although
there is a controversy regarding whether MHO individuals are at increased risk later in
life.23:32.33 |ndividuals with MHO appear to differ from those with MUHO in the response
to short-term lifestyle interventions.10:11 These types of interventions improve the level of
insulin resistance only in individuals with MUHO. In addition, it is unknown whether MHO
individuals benefit from preventive strategies. Despite the relatively low short-term
cardiovascular risk associated with MHO, our results indicate that this is not a stable
condition, and that individuals with this phenotype are at increased risk of progressing to a
higher-risk metabolic profile. Supporting the notion of a complex interrelationship between
adiposity and metabolic traits,242> worsening of metabolic profile in individuals with MHO
is linked to subsequent weight gain.

The mechanistic background of our findings is unclear based on our data. The MHO
phenotype may not be a stable condition. Our results agree with those reported by Soriguer
et al. In this study, 37% of MHO individuals lost their metabolically healthy status after a 6-
year follow-up.3* Thus, the MHO and MUHO phenotypes may only represent opposite ends
of the obesity spectrum. Further studies are needed to analyze the impact that the duration of
obesity has on the metabolic state of the MHO individual. Conversely, our data suggest that
dyslipidemia and insulin resistance rather than adiposity (whether overall or central
adiposity) are differentiating characteristics between the MHO and MUHO phenotypes.
Other studies have described distinctive characteristics of the MHO phenotype. Short-term
lifestyle interventions improve insulin sensitivity not in MHO but in MUHO indivuals.10.11
The MHO phenotype has been linked to smaller fat cells and a more favorable inflammatory
profile.3%:36 Among severely obese individuals, inflammatory gene expression is decreased,
and mitochondrial gene expression increased, in individuals who are insulin-sensitive
relative to those who are insulin-resistant.37-38 In experimental models of obesity, there is
down-regulation of 5 adenosine monophosphate-activated protein (AMP) kinase activity.3?
Acting as a sensor of cellular metabolism, this enzyme is involved in the regulation of
glucose and lipid homeostasis and insulin sensitivity.38-40 AMP kinase activity is down-
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regulated, and oxidative stress increased, in morbidly obese individuals who are insulin
resistant as compared with those who are insulin sensitive.38

Our study has several limitations. First, the SAHS lacks information on C-reactive protein.
The inclusion of inflammation as a criterion may modify the identification of MHO and
MUHO individuals. However, our results are similar using alternative definitions of the
healthy metabolic phenotype. Second, follow-up information is not available for 38.3% of
the eligible baseline participants. There were small but significant differences in age and
adiposity between individuals who returned to follow-up and those who did not, although
insulin resistance was similar in both groups. Therefore, it is unlikely that different results
would have been obtained if we had a better response rate. Third, there are limited data on
physical activity at baseline. Therefore, other studies need to analyze the role of physical
activity in the development of the MHO phenotype. Our study also has significant strengths.
The SAHS is a large and well-characterized epidemiological study designed to investigate
diabetes and cardiovascular disease in two differ ethnic populations, Mexican Americans
and non-Hispanic whites. We analyzed longitudinal data and results were consistent in
younger and older middle-aged participants, men and women, and both ethnic groups.

In summary, triglycerides and HDL-C may be useful markers for predicting which
individuals will develop MHO, and which will go on to develop MUHO. MHO may not be a
stable condition, because it confers dramatically increased risk of developing multiple
metabolic abnormalities in the future.

Acknowledgments

This work was supported by grants from the National Heart, Lung and Blood Institute (RO1- HL24799 and RO1-
HL36820).

References

1. McLellan F. Obesity rising to alarming levels around the world. Lancet. 2002; 359:1412. [PubMed:
11978348]

2. Yusuf S, Hawken S, Ounpuu S, Bautista L, Franzosi MG, Commerford P, et al. Obesity and the risk
of myocardial infarction in 27,000 participants from 52 countries: a case-control study. Lancet.
2005; 366:1640-1649. [PubMed: 16271645]

3. Lorenzo C, Serrano-Rios M, Martinez-Larrad MT, Gonzalez-Villalpando C, Gonzélez-Sanchez JL,
Martinez-Calatrava MJ, et al. Is waist circumference an essential component of the metabolic
syndrome? Diabetes Care. 2007; 30:2141-2142. [PubMed: 17519434]

4. Ruderman N, Chisholm D, Pi-Sunyer X, Schneider S. The metabolically obese, normal-weight
individual revisited. Diabetes. 1998; 47:699-713. [PubMed: 9588440]

5. Bluher M. Are there still healthy obese patients? Curr Opin Endocrinol Diabetes Obes. 2012;
19:341-346. [PubMed: 22895358]

6. Hamer M, Stamatakis E. Metabolically healthy obesity and risk of all-cause and cardiovascular
disease mortality. J Clin Endocrinol Metab. 2012; 97:2482-2488. [PubMed: 22508708]

7. Hubert H, Felnlelb M, McNamara PM, Castelll WP. Obesity as an independent risk factor for
cardiovascular disease: A 26-year follow-up of participants in the Framingham Heart Study.
Circulation. 1983; 67:968-977. [PubMed: 6219830]

8. Mokdad AH, Ford ES, Bowman BA, Dietz WH, Vinicor F, Bales VS, et al. Prevalence of obesity,
diabetes, and obesity-related health risk factors, 2001. JAMA. 2003; 289:76-79. [PubMed:
12503980]

Int J Obes (Lond). Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Achilike et al.

Page 9

9. Ogorodnikova AD, Kim M, McGinn AP, Muntner P, Khan U, Wildman RP. Incident cardiovascular
disease events in metabolically benign obese individuals. Obesity (Silver Spring). 2012; 20:651—
659. [PubMed: 21799477]

10. Kantartzis K, Machann J, Schick F, Rittig K, Machicao F, Fritsche A, et al. Effects of a lifestyle
intervention in metabolically benign and malign obesity. Diabetologia. 2011; 54:864—868.
[PubMed: 21174075]

11. Karelis AD, Messier V, Brochu M, Rabasa-Lhoret R. Metabolically healthy but obese women:
effect of an energy-restricted diet. Diabetologia. 2008; 51:1752-1754. [PubMed: 18504546]

12. Shin MJ, Hyun YJ, Kim OY, Kim JY, Jang Y, Lee JH. Weight loss effect on inflammation and
LDL oxidation in metabolically healthy but obese (MHO) individuals: low inflammation and LDL
oxidation in MHO women. Int J Obes (Lond). 2006; 30:1529-1534. [PubMed: 16552406]

13. Arsenault BJ, Cote M, Cartier A, Lemieux I, Després JP, Ross R, et al. Effect of exercise training
on cardiometabolic risk markers among sedentary, but metabolically healthy overweight or obese
postmenopausal women with elevated blood pressure. Atherosclerosis. 2009; 207:530-503.
[PubMed: 19524243]

14. Muscelli E, Camastra S, Gastaldelli A, Natali A, Masoni A, Pecori N, et al. Influence of duration
of obesity on the insulin resistance of obese nondiabetic patients. Int J Obes Relat Metab Disord.
1998; 22:262-267. [PubMed: 9539195]

15. Wildman RP, Muntner P, Reynolds K, McGinn AP, Rajpathak S, Wylie-Rosett J, et al. The obese
without cardiometabolic risk factor clustering and the normal weight with cardiometabolic risk
factor clustering prevalence and correlates of 2 phenotypes among the US population (NHANES
1999-2004). Arch Intern Med. 2008; 168:1617-1624. [PubMed: 18695075]

16. Wei M, Gaskill SP, Haffner SM, Stern MP. Waist circumference as the best predictor of noninsulin
dependent diabetes mellitus (NIDDM) compared to body mass index, waist/hip ratio and other
anthropometric measurements in Mexican Americans--a 7-year prospective study. Obes Res.
1997; 5:16-23. [PubMed: 9061711]

17. Burke JP, Williams K, Gaskill SP, Hazuda HP, Haffner SM, Stern MP. Rapid rise in the incidence
of type 2 diabetes from 1987 to 1996: results from the San Antonio Heart Study. Arch Intern Med.
1999; 159:1450-1456. [PubMed: 10399896]

18. Hazuda HP, Comeaux PJ, Stern MP, Haffner SM, Eifler CW, Rosenthal M. A comparison of three
indicators for identifying Mexican Americans in epidemiologic research: methodological findings
from the San Antonio Heart Study. Am J Epidemiol. 1986; 123:96-112. [PubMed: 3940446]

19. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model
assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin
concentrations in man. Diabetologia. 1985; 28:412-419. [PubMed: 3899825]

20. The Expert Committee on the Diagnosis and Classification of Diabetes Mellitus: Follow-up report
on the diagnosis of diabetes mellitus. Diabetes Care. 2003; 26:3160—7. [PubMed: 14578255]

21. Wilson PW, D’Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel WB. Prediction of
coronary heart disease using risk factor categories. Circulation. 1998; 97:1837-1847. [PubMed:
9603539]

22. Phillips CM, Perry 1J. Does Inflammation Determine Metabolic Health Status in Obese and
Nonobese Adults? J Clin Endocrinol Metab. 2013; 98:E1610-E1619. [PubMed: 23979951]

23. Meigs JB, Wilson PW, Fox CS, Vasan RS, Nathan DM, Sullivan LM, et al. Body mass index,
metabolic syndrome, and risk of type 2 diabetes or cardiovascular disease. J Clin Endocrinol
Metab. 2006; 91:2906-2912. [PubMed: 16735483]

24. Kahn SE, Prigeon RL, McCulloch DK, Boyko EJ, Bergman RN, Schwartz MW, et al.
Quantification of the relationship between insulin sensitivity and beta-cell function in human
subjects. Evidence for a hyperbolic function. Diabetes. 1993; 42:1663-1672. [PubMed: 8405710]

25. Bogardus C, Lillioja S, Mott DM, Hollenbeck C, Reaven G. Relationship between degree of
obesity and in vivo insulin action in man. Am J Physiol. 1985; 248:E286-E291. [PubMed:
3883799]

26. Pajunen P, Kotronen A, Korpi-Hydvélti E, Keindnen-Kiukaanniemi S, Oksa H, Niskanen L, et al.
Metabolically healthy and unhealthy obesity phenotypes in the general population: the FIN-D2D
Survey. BMC Public Health. 2011; 11:754-764. [PubMed: 21962038]

Int J Obes (Lond). Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Achilike et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 10

Karelis AD, Brochu M, Rabasa-Lhoret R, Garrel D, Poehlman ET. Clinical markers for the
identification of metabolically healthy but obese individuals. Diabetes Obes Metab. 2004; 6:456—
457. [PubMed: 15479222]

Guo SS, Wu W, Chumlea WC, Roche AF. Predicting overweight and obesity in adulthood from
body mass index values in childhood and adolescence. Am J Clin Nutr. 2002; 76:653-658.
[PubMed: 12198014]

Williamson DF. Descriptive epidemiology of body weight and weight change in U.S. adults. Ann
Intern Med. 1993; 119:646-649. [PubMed: 8363190]

Haffner SM, Stern MP, Hazuda HP, Pugh JA, Patterson JK, Malina R. Upper body adiposity and
centralized adiposity in Mexican American and non-Hispanic whites: relationship to body mass
index and other behavioral and demographic variables. Int J Obes. 1986; 10:493-502. [PubMed:
3804566]

Haffner SM, Stern MP, Hazuda HP, Rosenthal M, Knapp JA. The role of behavioral variables and
fat pattern in explaining ethnic differences in lipids and lipoproteins. Am J Epidemiol. 1986;
123:830-839. [PubMed: 3962965]

St-Pierre AC, Cantin B, Mauriege P, Bergeron J, Dagenais GR, Despres JP, et al. Insulin resistance
syndrome, body mass index and the risk of ischemic heart disease. CMAJ. 2005; 172:1301-1305.
[PubMed: 15883404]

Arnlov J, Ingelsson E, Sundstrém J, Lind L. Impact of body mass index and the metabolic
syndrome on the risk of cardiovascular disease and death in middle-aged men. Circulation. 2010;
121:230-236. [PubMed: 20038741]

Soriguer F, Gutierrez-Repiso C, Rubio-Martin E, et al. Metabolically healthy but obese, a matter of
time? Findings from the prospective Pizarra study. J Clin Endocrinol Metab. 2013; 98:2318-2325.
[PubMed: 23559087]

O’Connell J, Lynch L, Hogan A, Cawood TJ, O’Shea D. Preadipocyte factor-1 is associated with
metabolic profile in severe obesity. J Clin Endocrinol Metab. 2011; 96:E680-E684. [PubMed:
21252254]

Phillips CM, Perry 1J. Does inflammation determine metabolic health status in obese and nonobese
adults? J Clin Endocrinol Metab. 2013; 98:E1610-1619. [PubMed: 23979951]

Kléting N, Fasshauer M, Dietrich A, Kovacs P, Schon MR, Kern M, et al. Insulin-sensitive
obesity. Am J Physiol Endocrinol Metab. 2010; 299:E506-E515. [PubMed: 20570822]

Xu XJ, Gauthier MS, Hess DT, Apovian CM, Cacicedo JM, Gokce N, et al. Insulin sensitive and
resistant obesity in humans: AMPK activity, oxidative stress, and depot-specific changes in gene
expression in adipose tissue. J Lipid Res. 2012; 53:792-801. [PubMed: 22323564]

Bergeron R, Previs SF, Cline GW, Perret P, Russell RR 3rd, Young LH, et al. Effect of 5-
aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside infusion on in vivo glucose and lipid
metabolism in lean and obese Zucker rats. Diabetes. 2001; 50:1076-1082. [PubMed: 11334411]
Fisher JS, Gao J, Han DH, Holloszy JO, Nolte LA. Activation of AMP kinase enhances sensitivity
of muscle glucose transport to insulin. Am J Physiol Endocrinol Metab. 2002; 282:E18-E23.
[PubMed: 11739078]

Int J Obes (Lond). Author manuscript; available in PMC 2015 August 01.



Page 11

Achilike et al.

GTSOMIBWLIOUGE J1J0geIaW 22 UM AISaqo ‘OHNIA ‘Alfewoude d1jogelaw TS yiM A1saqo ‘OHIN ‘7W/BX 0€ > IINE Saledlpul 353g0-UON

‘PaWIOJSUEI} X0Rq USY) UoIewIosuel) 160

1

‘pPaWIOJSUBI->ORY UBY) 3]qeLIBA pawioysueli-6o)

1
‘sanfeA pajsnipe-uou

¥

S[eAIBIUI 3DUBPISU0D 94G6 sn|d abeuaalad 10 ‘IS F uesw ‘U ale ereq

8100 STOFE6C ZT0F 8T 70000> | T000> vzZ'0 ZTOFYTE YT0F0ET 2007 9T 1 (%) tst weybururel
Sv2°0 STOF 8T 9T0F95C 17000 100°0> 1220 ZT0F9Ee ET0F 08T €007G9T } "I'VNOH
p850 T F 89 TYFVTL 1000 | T000> | z12°0 9 F 099 9 F 105 ZTF8 + (nowd) unnsur bunse
002°0 100F 267 Y00 F ¥8' 8ET0 1100 1E6°0 €0°0 ¥ 06'% S00F 8% 100518 (1/10ww) asoon|6 Bunse
182°0 S00FECT SO0FOTT 7000> | T00°0> 920°0 S00FGST 9007801 T00F 12T 4 (inowiw) sapuiaokibuL
920°0 €00F 62T €00F6ET 1000> | T1000> 89€°0 2005221 CO0F T T00FTv'T (1/10ww) josa1s91040 TAH
LT7°0 800 F6TE 800FITE 5000 100°0> 98€°0 900 F LEE 60°0 T 60°C 2007 9T (1/10WL) [01318910Y2 1A
158°0 80°0F0T'S 80°0 780G 2000 100°0> 152°0 900F 2r'S 60°0F80°S 200F6TS (1/10ww) josa1891040 (€101
1150 LOFO0EL LOFLEL 2520 100°0> $60°0 90792 80FGSTL ZOFTOL (bH ww) 4aa
659°0 TTFLLIT TTFO0LIT 0420 100°0> S6T°0 60F8STT ZTFTVIT £0FG52IT (BH ww) das
€00 6079201 6'0 7 0°00T 129°0 1000> | T00'0> 90F 06 6'0F 868 £0¥528 (W) 80UBIBJWINDIID 1STEAN
6100 Z0F6Ee AV EF A LEL°0 1000> | T00'0> Z0F LT z07¥81.2 TOFEYC w/bx) INg
€050 | (60e-g91) 622 (zve-8'6T) v'9z 858°0 vE9'0 1850 | (€Te-002) 25z | (zee-zi1)eve | (882-L12) 1'92 « (%) Buppows
svro | (zz8-g19)9sL (€82-9€9) STL 910 000> 1020 | @or-099)zTL | €22-919) 09 | (109-569) 625 [ « (%) SUBDLAWY UBOIXSN
6870 | (T9L-€09) 289 (1'89-629) T'T9 0€Z0 1TL0 wzo | (gzo-rev)z9s | (GTL-2€9)Te9 | (865 T55) G'LS « (%) orewad
1600 60T 8y 60F 0Ty £ST0 ot00 | T000> LOF8Ty 0TFO00Y E0F8EY « (s1e9h) 3By

1T T 922 1T 9s.T u

[s]sA [v] OHNW [g] as9qo-uou Jo OHIN [] | [elsnlel | [elsAlrl | [elsn[T] OHNW [g] OHW [¢] 8s9qo-UoN [T]
anpend 151A dn-mo|[04 3y} Te sniels anpend anpend anpend 15IA dn-mo||0} 3yl Te snieis
aulpseq re OHIN Qulpseq Je 8s9qo-UoN

auljaseq Je OHNIN

10 sajagelp Jayus noyum syuedionued g9g‘z ayr Buowe dn-mojjo) pue auljaseq Je sniels aijogelsw pue Alisodipe Jo saliobsred Aq sonsiialoeleyd auljaseq

Author Manuscript

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Int J Obes (Lond). Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Achilike et al.

Table 2

Page 12

Demographic and metabolic variables as predictors of incident MHO or incident MUHO among the 2,093

non-obese participants at baseline.

Model 1

Model 2

Incident MHO asthe dependent variable

Incident MUHO asthe dependent variable

Independent variables

OR (95% ClI)

OR (95% Cl)

Age

0.96 (0.93 - 0.98)

0.96 (0.95 - 0.98)

Men vs. women

0.66 (0.41 - 1.06)

0.52 (0.37 - 0.73)

Mexican Americans vs. non-Hispanic whites

0.77 (0.49 - 1.22)

0.92 (0.65 — 1.30)

Smokers vs. non-smokers

1.31 (0.80 - 2.15)

1.15 (0.80 — 1.64)

BMI

8.23 (5.72 - 11.8)

5.99 (4.60 — 7.81)

Log triglycerides

0.51 (0.38-0.67)

1.25 (1.04 - 1.50)

HDL cholesterol

1.41 (1.10 — 1.80)

0.91(0.75 - 1.11)

SBP

0.86 (0.66 — 1.12)

0.95 (0.79 - 1.14)

Fasting glucose

0.86 (0.67 — 1.11)

0.92 (0.77 - 1.09)

Log HOMA IR

0.86 (0.67 - 1.10)

1.13 (0.93 - 1.37)

All independent variables were included in each of the two models.

Odds ratios expressed for binary traits or per 1 standard deviation (SD) unit increase for continuous traits

MHO and MUHO were defined according to Wildman et al. definitions1®: MHO, obesity with <1 metabolic abnormality; MUHO, obesity with =2

metabolic abnormalities

Age, sex, ethnicity, smoking, BMI, SBP, HOMA-IR, fasting glucose, triglycerides, and HDL cholesterol were all included in both models as

independent variables
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Metabolic variables as predictors of incident MHO or MUHO using alternative definitions *

Model 1

Model 2

Incident MHO asthe dependent variable

Incident MUHO asthe dependent variable

Independent variables

OR (95% Cl)

OR (95% ClI)

Age

0.96 (0.94 - 0.97)

0.97 (0.95 - 0.99)

Men vs. Women

0.55 (0.39 — 0.79)

0.66 (0.39 - 0.91)

Mexican Americans vs. non-Hispanic whites

0.73 (0.51 - 1.04)

1.05 (0.68 - 1.63)

BMI 8.44 (6.32-11.3) 4.37 (3.20 - 5.95)
Log HOMA-IR 0.74 (0.61 - 0.90) 1.60 (1.26 - 2.03)
Log triglycerides 0.76 (0.63 -0.93) 1.26 (1.01-1.57)

HDL cholesterol

1.11 (0.91 - 1.35)

1.03 (0.82 - 1.31)

SBP

1.00 (0.83 - 1.21)

0.83 (0.65 — 1.04)

Fasting glucose

0.97 (0.81 - 1.17)

0.83 (0.67 - 1.03)

All independent variables were included in each of the two models.

Odds ratios expressed for binary traits or per 1 SD unit increase for continuous traits

*
MHO was defined as obesity plus HOMA-IR in the three lower quartiles of the non-diabetic population;

MUHO, as obesity plus HOMA-IR in the upper quartile of the non-diabetic population
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