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Abstract: The cardiovascular disease (CVD) risk of metabolically healthy obesity (MHO) remains
controversial. We sought to further characterize the CVD risk profile in MHO by evaluating post-
prandial triglycerides, vascular function, and systemic inflammatory markers. Control individuals
that were normal-weight and metabolically healthy (Con), MHO, and metabolic syndrome (MetS)
were recruited (n = 10–11/group). Each participant underwent an abbreviated fat tolerance test,
fasting and postprandial flow-mediated dilation (FMD), and had a panel of inflammatory cytokines
measured. MHO displayed postprandial triglycerides similar to those in Con and both MHO and
Con had lower values than those for MetS (p < 0.01). Fasting FMD was lower in MHO and MetS
compared to that of Con (p < 0.01), but during the postprandial period the vasodilatory response of
MHO was similar to that while fasting (p = 0.39), while FMD in Con and MetS decreased after the
high-fat meal (p values < 0.01). MHO displayed a number of inflammatory cytokines greater than
those of Con and MetS (all p values < 0.05), while MetS and MHO had higher TNF-α than did Con
(p < 0.05). In conclusion, MHO was associated with lower fasting FMD and a greater inflammatory
burden but did not suffer the same negative postprandial effects as did MetS.

Keywords: metabolically healthy obesity; postprandial triglycerides; flow-mediated dilation; inflam-
mation; metabolic syndrome; adiposity; cardiovascular disease

1. Introduction

Obesity continues to represent a major public health issue and is associated with in-
creased risk of developing cardiometabolic diseases, such as cardiovascular disease (CVD)
and type 2 diabetes, as well as mortality [1–3]. Despite these associations between obesity
and disease risk, it has been increasingly appreciated that individuals classified as obese
are a heterogeneous population and likely have differing CVD risk. This realization of het-
erogeneity of disease risk has led to the concept of “metabolically healthy obesity” (MHO),
which comprises anywhere from 6 to 60% of those with obesity, depending on the study
population and criteria utilized to define MHO [4]. Most often, MHO refers to individuals
who have a body mass index (BMI) in the obese category (BMI ≥ 30 kg/m2) yet lack most
or all criteria for metabolic syndrome (i.e., abnormal fasting glucose, HDL-C, triglycerides,
blood pressure), are not treated with glucose-lowering and/or anti-hypertensive medi-
cations, and have no history of CVD [5]. This risk profile of MHO has been attributed
to a preservation of insulin sensitivity and a greater proportion of body fat being stored
subcutaneously rather than viscerally or in ectopic depots in spite of an elevated BMI [6].

Although those with MHO have a largely favorable metabolic profile based on tra-
ditional risk factors, mixed evidence suggests that MHO is still associated with increased
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long-term risk of developing CVD, type 2 diabetes, and mortality; in some cases, risk is
similar to individuals considered metabolically unhealthy and obese [7–9]. These obser-
vations have led some to question whether MHO is a stable phenotype or if it is simply a
transient phase on route to overt cardiometabolic disease. However, other studies have
reported that the CVD and mortality risk for MHO is similar to lean counterparts, further
contributing to the debate around this population [10,11].

Given the mixed evidence and controversy surrounding the actual health status of
individuals with MHO, further characterization of their CVD risk profile is warranted.
Moreover, it is possible that those with MHO may appear healthy based on the traditional
risk factors by which MHO is typically defined, but they could be categorized as at-risk
when other parameters associated with CVD risk are evaluated. Nonfasting/postprandial
triglycerides is one marker that is not commonly measured, but it is an independent
predictor of CVD and can be elevated despite a largely normal metabolic profile, including
normal fasting triglycerides [12–14]. Additionally, the vascular health of individuals with
MHO is not well characterized, which is implicated in the development of atherosclerosis.
Lastly, while there is a clear link between inflammation and CVD risk, data on common
clinical indicators of inflammation (i.e., C-reactive protein) are mixed in MHO [15–18],
and most studies evaluating other inflammatory markers such as interleukin (IL)-6 and
tumor-necrosis factor (TNF)-α may not utilize a normal BMI control group, making it
difficult to draw clear conclusions [17,19]. The purpose of this study was to further
characterize the CVD risk profile in individuals with MHO by measuring postprandial
triglycerides, flow-mediated dilation (FMD) as an indicator of vascular health, and a
number of inflammatory mediators. We hypothesized that MHO individuals would exhibit
postprandial triglycerides, FMD, and an inflammatory cytokine profile more similar to
MetS than Con.

2. Materials and Methods
2.1. Participants

Thirty-one individuals aged 18–50 years (n = 10–11/group; 4–7 M/F) were recruited
into one of three groups, healthy controls (Con), metabolically healthy obesity (MHO),
and metabolic syndrome (MetS), so that MHO could be compared to low and high CVD-
risk groups. Individuals were considered Con if they had a BMI of 18.5–24.9 kg/m2 and
≤ 1 metabolic syndrome criterion per the International Diabetes Federation (IDF) criteria
excluding obesity (i.e., fasting triglycerides < 150 mg/dL, blood pressure < 130/85 mmHg,
fasting glucose < 100 mg/dL, and HDL > 40 and > 50 mg/dL in men and women, re-
spectively) [20]. MHO was defined as a BMI ≥ 30 kg/m2 and ≤ 1 additional metabolic
syndrome criterion, which is the most commonly utilized definition of MHO [4]. IDF
criteria were used to define MetS. Additionally, participants were excluded if they had
known cardiometabolic conditions (e.g., previous CVD event, type 2 diabetes), used to-
bacco products and/or illicit drugs, were postmenopausal, or used lipid-lowering drugs
(i.e., statins, fibrates) as these drugs can lower triglycerides. All participants were free of
diseases that are inflammatory in nature (e.g., rheumatoid arthritis, inflammatory bowel
disease). The study was conducted according to the guidelines of the Declaration of
Helsinki and approved by the Institutional Review Board of Oklahoma State University
(IRB-20-339-STW, approved 9 January 2020).

2.2. Initial Assessment

The overall study design is depicted in Figure 1. Participants completed an initial
screening visit and one study visit. Recruitment took place via mass email, snowball
method, and word of mouth, primarily on the Oklahoma State University Stillwater
campus. Prior to the initial screening visit, participants were asked for a self-reported
BMI with inclusion criteria being 18.5–24.9 or >30 kg/m2 to reflect normal-weight or
obesity, respectively. Participants meeting BMI criteria were invited to a screening visit,
where BMI was confirmed and blood pressure (Omron 5 Series BP742N; Kyoto, Japan)
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and fasting metabolic markers (Alere Cholestech; Hayward, CA, USA) were measured.
Qualifying individuals were invited back for the study visit 1–2 weeks after the initial
screening assessment.
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Figure 1. Overall study design. After meeting criteria for either healthy control, metabolically healthy obesity, or metabolic
syndrome at the screening visit, participants were invited back for the study visit within 1–2 weeks. The hours before the
study visit participants consumed the same Scheme 10. min and were then allowed to leave the lab for ~3 h and instructed
not to exercise or consume anything besides water. When participants returned, a DXA scan was performed and FMD
repeated. Finally, a final blood draw was taken exactly 4 h after the shake was consumed.

2.3. Fat Tolerance Test

On the day of the study visit, participants arrived having abstained from alcohol
and exercise for 24 h. On the day before the study visit, all participants consumed the
same snack (Lance peanut butter crackers; 200 kcal) following their normal evening meal,
which initiated a 10 h fast before the fat tolerance test. After a fasting blood draw, a high-
fat shake (9 kcal/kg; 73% fat, 26% CHO) was administered composed of coconut cream,
chocolate syrup, and pea protein powder. Participants were then allowed to leave the lab for
~3 h with the instructions to avoid physical activity and the consumption of any food and
beverage other than water. A final blood draw was taken 4 h after the high-fat shake was
consumed, as postprandial triglycerides peak at this timepoint, on average [21]. We have
previously demonstrated that this abbreviated fat tolerance test is both valid and reliable
relative to more traditional and time-intensive postprandial triglyceride testing [22,23].

2.4. Body Composition Assessment

Body composition was assessed during the study visit using DXA (Hologic Horizon
A; Marlborough, MA, USA). Whole-body DXA scans were performed prior to the final
blood draw of the abbreviated fat tolerance test (Figure 1).

2.5. Vascular Function

Vascular function was assessed using flow-mediated dilation (FMD) in the fasted
and postprandial period (Figure 1). Before beginning the FMD protocol, participants
were instructed to lie in a supine position for 10 min in a dark, silent area to acclimate.
A blood pressure cuff was then placed 2 inches from each participant’s wrist. Next, a
longitudinal image of the brachial artery was located using Doppler ultrasound and a
12 MHz probe (Mindray Z5 Ultrasound System; Mindray; Mahwah, NJ, USA). After record-
ing 2 min of baseline footage, the blood pressure cuff was inflated to 240 mmHg and held for
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4 min [24]. The pressure was then released, and the hyperemic response was recorded for
4 min. Cardio Suite software (Quipu; Pisa, Italy) was used to capture pre-occlusion vessel
diameter and peak vessel diameter, which were utilized to calculate the FMD %.

2.6. Serum Analyses

Venous blood samples were allowed to clot and centrifuged at 2500× g for 15 min at
4 ◦C to obtain serum. Serum samples were then stored at −80 ◦C for future analyses. Screen-
ing for fasting triglycerides, HDL-C, and glucose was performed using the Cholestech
LDX system (Alere; Hayward, CA, USA) reagent discs. During the study visit, baseline
and 4 h blood samples were analyzed using the Piccolo Xpress clinical chemistry analyzer
(Abbott; Chicago, IL, USA) with Lipid Panel Plus reagent discs. The panel includes direct
enzymatic measurement of triglycerides, glucose, total cholesterol, HDL-C, ALT, and AST.
LDL-C, non-HDL-C, and VLDL-C are calculated. To evaluate basal inflammatory status, in-
flammatory mediators were measured in fasting serum using the Milliplex high-sensitivity
T cell panel (Millipore; Burlington, MA, USA) and were performed by Eve Technologies
(Calgary, AB, Canada) per the manufacturer’s instructions. Fasting insulin was measured
by a commercially available, high-sensitivity ELISA (Eagle Biosciences; Amherst, NH, USA)
in accordance with the manufacturer’s instructions.

2.7. Statistical Analyses

Data were analyzed using GraphPad Prism 8 (GraphPad Prism Inc.; La Jolla, CA, USA).
The Shapiro–Wilk test was used to assess if data were normally distributed. Normally
distributed data were then analyzed with one-way analysis of variance (ANOVA) to
determine group differences between Con, MHO, and MetS. When data did not follow the
normal distribution, the Kruskal–Wallis test was utilized. The ROUT method was used to
identify outliers [25]. When p < 0.05 for the omnibus ANOVA, Fisher’s LSD was performed
for post hoc analysis. Data are presented as mean ± standard deviation and alpha = 0.05.

3. Results
3.1. Participant Characteristics

Participant characteristics can be found in Table 1. The MHO and MetS groups had
significantly higher body mass and BMI relative to those of Con (p values < 0.0001). When
considering body composition, MHO and MetS had similar absolute and percent body fat
and both MHO and MetS were greater than that of Con (p values < 0.01). Notably, MHO
had lower waist circumference and less visceral fat relative to those of MetS, while both
were higher than those of Con (p values < 0.0001). Percent lean mass was significantly
lower in MHO and MetS compared to that of Con (p < 0.01). Absolute lean mass was lower
in Con than in MetS, and MHO was similar to both groups (p < 0.05).

Con and MHO did not differ with respect to fasting glucose, VLDL-C, triglycerides,
ALT, insulin, and homeostatic model assessment of insulin resistance (HOMA-IR), and
MetS had higher values than both Con and MHO for all of those parameters (all p values
< 0.05). Further, MetS presented with lower HDL-C and greater LDL-C and non-HDL-C
when compared to those of Con (all p values < 0.05), and MHO results were not statistically
different from either group.
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Table 1. Participant and meal characteristics.

Con MHO MetS p-Value

Participant Characteristics

Age (years) 27 ± 5 30 ± 9 36 ± 7 0.0514

Mass (kg) 67.4 ± 10.8 b 96.9 ± 11.9 a 110.7 ± 21.2 a <0.0001

BMI (kg/m2) 22.1 ± 1.6 b 33.8 ± 4.1 a 37.9 ± 4.5 a <0.0001

WC (in) 29.0 ± 2.3 c 39.1 ± 4.2 b 44.8 ± 5.7 a <0.0001

Body Fat (%) 23.4 ± 5.5 b 40.2 ± 8.2 a 37.8 ± 8.3 a 0.0006

Body Fat (kg) 15.8 ± 3.7 b 38.8 ± 9.4 a 42.0 ± 12.5 a <0.0001

VAT (g) 233.4 ± 66.0 c 561.4 ± 132.0 b 795.7 ± 244.7 a <0.0001

Lean mass (%) 74.0 ± 6.0 a 57.3 ± 8.4 b 59.8 ± 8.0 b 0.0007

Lean mass (kg) 50.1 ± 10.3 b 55.6 ± 10.8 ab 65.9 ± 13.2 a 0.0269

Systolic BP (mmHg) 108 ± 12.0 115 ± 12 122 ± 16 0.1214

Diastolic BP (mmHg) 74 ± 9 82 ± 10 84 ± 15 0.1387

Fasting Glucose (mg/dL) 92.4 ± 6.7 b 95.6 ± 3.9 b 103.6 ± 12.4 a 0.0162

Fasting Total-C (mg/dL) 154.6 ± 31.6 170.4 ± 26.0 180.3 ± 33.3 0.1786

Fasting HDL-C (mg/dL) 66.6 ± 11.0 a 58.1 ± 10.5 ab 47.2 ± 12.2 b 0.0026

Fasting LDL-C (mg/dL) 75.0 ± 26.1 b 93.6 ± 21.5 ab 105.3 ± 27.8 a 0.0375

Fasting VLDL-C (mg/dL) 12.8 ± 3.6 b 18.5 ± 7.8 b 27.9 ± 11.8 a 0.0015

Fasting Non-HDL-C (mg/dL) 88.0 ± 25.1 b 112.4 ± 21.6 ab 133.1 ± 31.8 a 0.0027

Fasting TC/HDL 2.3 ± 0.3 c 3.0 ± 0.6 b 4.0 ± 1.1 a <0.0001

Fasting Triglycerides
(mg/dL) 64.5 ± 18.0 b 89.8 ± 32.6 b 139.1 ± 59.1 a 0.0010

Fasting ALT (U/L) 22.3 ± 6.1 b 27.4 ± 6.2 b 41.7 ± 16.2 a 0.0008

Fasting AST (U/L) 26.6 ± 5.9 23.8 ± 4.8 29.8 ± 8.7 0.1343

Fasting insulin (mU/L) 1.1 ± 0.6 b 2.6 ± 2.1 b 5.5 ± 3.6 a 0.0023

HOMA-IR 0.2 ± 0.1 b 0.6 ± 0.5 b 1.5 ± 1.1 a 0.0024

Fat Tolerance Test Meal

Total kcal 607 ± 97.4 c 872.3 ± 107.0 b 996 ± 191 a <0.0001

Fat (g) 47.2 ± 7.6 c 67.9 ± 8.3 b 77.5 ± 14.9 a <0.0001

Carbohydrate (g) 31.8 ± 5.1 c 45.8 ± 5.6 b 52.3 ± 10.0 a <0.0001

Protein (g) 15.2 ± 2.4 c 21.8 ± 2.7 b 24.9 ± 4.8 a <0.0001
Data are presented as mean ± SD. p-values < 0.05 are considered statistically different. When p for an omnibus
1-way ANOVA was < 0.05, Fisher’s LSD was performed for post hoc analysis. Groups sharing the same letter
are not statistically different from one another based on post hoc analyses. Abbreviations: Con healthy control;
MHO metabolically healthy obesity; MetS metabolic syndrome; BMI body mass index; WC waist circumference;
VAT visceral adipose tissue; HDL high density lipoprotein; LDL low density lipoprotein; VLDL very low
density lipoprotein; TC total cholesterol; ALT alanine transaminase; AST aspartate aminotransferase; HOMA-IR
homeostatic model assessment of insulin resistance.

3.2. Postprandial Metabolic Parameters

To evaluate the metabolic effects of the high-fat meal, glucose and lipid parameters at
the 4 h time point and the absolute change from baseline to 4 h were analyzed (Figure 2,
Table 2). Four hours after the high-fat meal, group differences in fasting HDL-C, non-HDL-
C, and ALT persisted (all values ≤ 0.05). Moreover, MetS displayed 141% and 63% higher
triglycerides at 4 h compared to that of Con and MHO, respectively (p < 0.01; Figure 2B).
The same pattern was observed for 4 h VLDL-C (p < 0.01). MHO did not differ from Con
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with respect to 4 h triglycerides and VLDL-C. When considering the absolute change in
VLDL-C, MetS value was greater than that of both Con and MHO (p < 0.05). Similarly,
MetS displayed a greater increase in triglycerides than did Con (p = 0.03), and MHO was
similar to both groups (Figure 2C; p values > 0.05).
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Figure 2. Fasting and postprandial triglycerides. (A) Fasting triglycerides, (B) 4 h triglycerides, and
(C) absolute change in triglycerides. Data are presented as mean ± SD and dots represent individual
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Table 2. Postprandial metabolic outcomes.

Con MHO MetS p-Value

Final (4 h)

Glucose
(mg/dL) 90.1 ± 6.4 94.2 ± 8.7 94.7 ± 2.9 0.2408

Total-C (mg/dL) 157.6 ± 30.7 169.3 ± 29.6 178.0 ± 35.9 0.3433

HDL-C (mg/dL) 66.5 ± 12.3 b 55.8 ± 12.3 ab 45.4 ± 12.3 a 0.0027

LDL-C (mg/dL) 76.3 ± 22.3 91.8 ± 24.90 96.7 ± 26.7 0.1734
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Table 2. Cont.

Con MHO MetS p-Value

VLDL-C
(mg/dL) 14.7 ± 2.8 b 21.9 ± 9.6 b 35.6 ± 15.3 a 0.0005

Non-HDL-C
(mg/dL) 90.9 ± 23.1 b 113.6 ± 23.7 ab 132.5 ± 32.5 a 0.0063

TC/HDL 2.4 ± 0.3 c 3.2 ± 0.7 b 4.1 ± 1.2 a <0.0001

Triglycerides
(mg/dL) 73.7 ± 13.9 b 109.4 ± 49.1 b 178.3 ± 76.4 a 0.0005

ALT (U/L) 24.5 ± 6.4 b 27.8 ± 5.0 b 42.5 ± 17.3 a 0.0020
AST (U/L) 29.0 ± 5.9 ab 23.2 ± 2.9 b 32.6 ± 10.2 a 0.0187

Delta
Glucose
(mg/dL) −2.3 ± 0.9 −1.4 ± 8.5 −8.9 ± 11.0 0.1324

Total-C (mg/dL) 3.0 ± 8.6 −1.1 ± 9.4 −3.9 ± 2.4 0.3205
HDL-C (mg/dL) −0.1 ± 4.1 −2.3 ± 4.0 −1.8 ± 3.0 0.0980
LDL-C (mg/dL) 1.3 ± 8.4 b −1.7 ± 6.9 b −8.6 ± 6.0 a 0.0093

VLDL-C
(mg/dL) 1.9 ± 3.7 b 3.5 ± 3.6 b 7.7 ± 6.0 a 0.0220

Non-HDL-C
(mg/dL) 2.9 ± 6.0 1.3 ± 6.1 -0.6 ± 4.5 0.3890

TC/HDL 0.1 ± 0.1 0.1 ± 0.2 0.04 ± 0.1 0.3044
Triglycerides

(mg/dL) 9.2 ± 17.1 b 19.6 ± 23.8 ab 39.2 ± 29.9 a 0.0299

ALT (U/L) 2.2 ± 3.5 0.5 ± 2.4 1.3 ± 1.6 0.3294
AST (U/L) 2.4 ± 4.7 0.5 ± 2.8 2.8 ± 5.8 0.4832

Data are presented as mean ± SD. p-values < 0.05 are considered statistically different. When p for an omnibus
1-way ANOVA was < 0.05, Fisher’s LSD was performed for post hoc analysis. Groups sharing the same letter
are not statistically different from one another based on post hoc analyses. Abbreviations: Con healthy control;
MHO metabolically healthy obesity; MetS metabolic syndrome; HDL high density lipoprotein; LDL low density
lipoprotein; VLDL very low density lipoprotein; TC total cholesterol; ALT alanine transaminase; AST aspartate
aminotransferase.

3.3. Flow-Mediated Dilation

FMD was measured as an indicator of vascular health when participants were fasted
and just prior to the 4 h blood draw (Figure 1). Across the entire study sample, FMD
decreased by 38% (from 4.0% to 2.5%) following high-fat meal consumption (p < 0.0001;
Figure 3A). Analysis of fasting FMD revealed that Con displayed significantly greater
FMD compared to that of both MHO and MetS, and MHO was similar to MetS (p < 0.01;
Figure 3B). Conversely, MHO had greater postprandial FMD than did MetS (p < 0.05),
while Con was intermediate to MHO and MetS (Figure 3C). To follow-up on this finding,
we assessed within-group changes in FMD following the high-fat meal. Interestingly, MHO
had similar FMD at baseline and following the high-fat meal (p = 0.39), while Con and
MetS both experienced a significant decrease in FMD (p values < 0.01).
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Con healthy control; MHO metabolically healthy obesity; MetS metabolic syndrome; FMD flow-
mediated dilation. 
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groups following the high-fat meal, (B) fasting FMD, and (C) postprandial FMD. Data are presented
as mean ± SD and dots represent individual participant values. Groups sharing the same letter are
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3.4. Inflammatory Mediators

To investigate the inflammatory status of MHO relative to low and high-risk groups,
we measured a panel of cytokines in fasting serum. Interestingly, for several cytokines
generally considered pro-inflammatory (i.e., granulocyte-macrophage colony-stimulating
factor (GM-CSF), IL-6, IL-8, IL-13), MHO was greater than those of both Con and MetS (all
p values < 0.05; Table 3). Somewhat similarly, IL-1β and IL-5 were higher in MHO than in
MetS (p values < 0.05), while Con was not statistically different from either group. TNF-α
was higher in both MHO and MetS compared to that of Con (p < 0.05). Other cytokines
with inflammatory properties including interferon (IFN)-γ, IL-2, IL-12, and IL-17 did not
differ among groups. Cytokines often regarded as anti-inflammatory (i.e., IL-10, IL-4) were
also not different across study groups.
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Table 3. Serum markers of inflammation.

Con MHO MetS p-Value

GM-CSF
(pg/mL) 19.43 ± 18.17 b 45.93 ± 34.01 a 11.82 ± 5.60 b 0.0025

IFN-γ (pg/mL) 3.76 ± 2.40 3.68 ± 1.91 2.97 ± 2.18 0.6526
IL-1β (pg/mL) 1.08 ± 0.48 ab 1.52 ± 0.81 a 0.71 ± 0.39 b 0.0249
IL-2 (pg/mL) 2.28 ± 1.35 2.28 ± 1.22 2.03 ± 1.73 0.6490
IL-5 (pg/mL) 1.38 ± 0.62 ab 1.89 ± 1.02 a 0.99 ± 0.50 b 0.0408
IL-6 (pg/mL) 1.78 ± 1.69 b 12.33 ± 13.22 a 2.29 ± 2.16 b 0.0059
IL-8 (pg/mL) 19.07 ± 16.25 b 58.70 ± 52.35 a 10.13 ± 4.29 b 0.0154

IL-12p70
(pg/mL) 2.65 ± 1.36 2.35 ± 0.87 2.07 ± 1.37 0.5458

IL-13 (pg/mL) 5.25 ± 4.02 b 14.78 ± 11.18 a 3.82 ± 3.00 b 0.0043
IL-17 (pg/mL) 9.25 ± 4.63 10.17 ± 5.63 10.13 ± 8.37 0.9380

TNF-α (pg/mL) 4.78 ± 1.89 b 7.51 ± 3.33 a 7.83 ± 2.13 a 0.0233
IL-4 (pg/mL) 37.93 ± 41.34 52.07 ± 49.02 29.18 ± 29.68 0.4671

IL-10 (pg/mL) 4.56 ± 2.16 4.01 ± 1.12 3.53 ± 2.09 0.4699
Data are presented as mean ± SD. p-values < 0.05 are considered statistically different. When p for an omnibus
1-way ANOVA was < 0.05, Fisher’s LSD was performed for post hoc analysis. Groups sharing the same letter are
not statistically different from one another based on post hoc analyses. Abbreviations: Con healthy control; MHO
metabolically healthy obesity; MetS metabolic syndrome; GM-CSF granulocyte-macrophage colony-stimulating
factor; IFN interferon; IL interleukin; TNF tumor necrosis factor.

4. Discussion

The present study investigated the extent to which those with MHO exhibited signs
consistent with future cardiometabolic disease when less utilized risk factors were consid-
ered. The controversy around the health status of MHO has stemmed from the disconnect
between the apparent metabolic health of MHO at a given moment in time when compared
to mixed data suggesting this group is still at increased risk for cardiometabolic diseases
(e.g., CVD and type 2 diabetes) [7–9]. To gain further insight into the cardiometabolic risk
status of MHO, we measured several cardiometabolic risk factors including postprandial
triglycerides, flow-mediated dilation, and inflammatory markers, many of which have
not been previously measured in MHO. In order to accomplish these aims and provide
relevant context, we recruited individuals with normal BMI and ≤ 1 metabolic syndrome
criterion as healthy controls (i.e., low CVD risk) and those with metabolic syndrome
(i.e., high CVD risk) to compare to MHO, as several of the markers we measured do not
have well-established reference ranges. Importantly, Con was well under the clinical cutoffs
for all of the metabolic syndrome criteria, as well as all other fasting metabolic markers
measured. Moreover, MHO was statistically similar to Con for all parameters of metabolic
syndrome, fasting insulin, and HOMA-IR, and had lower waist circumference and visceral
fat than MetS, indicating we captured the MHO phenotype appropriately [16,18]. Our
MetS population also displayed clear separation from other groups for the majority of IDF
criteria (i.e., fasting glucose, HDL-C, triglycerides, BMI/waist circumference).

Triglycerides after a meal (i.e., nonfasting or postprandial triglycerides) have been
linked to future CVD events in several epidemiological studies [12,26,27]. Further, recent
evidence has demonstrated that a subset of individuals can appear largely metaboli-
cally healthy based on fasting markers (i.e., clinically normal fasting triglycerides, HDL-
C, and glucose), yet still experience a deleterious postprandial triglyceride response
(i.e., >220 mg/dL) [13,14,21]. This study is the first to our knowledge to measure postpran-
dial triglycerides after a high-fat meal challenge in those with MHO, and we hypothesized
that MHO individuals may be among those who display elevated postprandial triglyc-
erides and little other evidence of disease risk. Interestingly, we found that MHO exhibited
a similar postprandial triglyceride response to Con, and that both groups had lower values
than did individuals with MetS. This finding that MHO may not be among the subset of
the population who has a deleterious postprandial triglyceride response is consistent with
evidence that MHO status may be due to reduced liver fat and maintained insulin sensitiv-
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ity [6,28]. Indeed, liver steatosis is associated with higher postprandial triglycerides and
contributes to hepatic insulin resistance, which impairs postprandial VLDL suppression
and thereby contributes to postprandial lipemia [29,30].

Impaired vascular function generally describes the bias of blood vessels to favor
vasoconstriction over vasodilation and can be attributed to a number of factors (e.g., low
nitric oxide status, inflammation, oxidative stress). FMD is a common technique utilized to
assess vascular function and has been shown to be inversely associated with CVD risk [31].
We observed that Con displayed significantly greater fasting FMD when compared to that
of both MHO and MetS, and MHO was similar to MetS. These data are comparable to
the finding that MHO and MetS had a similar frequency of individuals with impaired
fasting FMD [32] and reports that healthy individuals have greater FMD than those with
MetS [33,34]. Conversely, Sprung and colleagues [33] found that MHO had similar fasting
FMD to that of non-obese controls, and those with MetS had lower FMD compared to
that of both groups. To the best of our knowledge, only these two studies and the present
study have measured FMD in MHO; however, other vascular assessment techniques such
as forearm vascular reactivity to infusion of acetylcholine and nitroprusside have been
evaluated [35]. Again, findings have been somewhat mixed, as vasodilation in MHO
following acetylcholine infusion was intermediate to that of lower BMI controls and MetS,
but the vasodilatory response to sodium nitroprusside was similarly lower in both MHO
and MetS when compared to that of healthy controls. MHO has also been associated
with impaired microvascular function, but to a lesser extent than metabolically unhealthy
obesity [36]. Overall, while this small body of literature is inconsistent, it appears that
baseline vascular function in MHO is at least somewhat impaired, which is in line with our
data on fasting FMD.

High-fat meals have been reported to reduce FMD [37–39], leading us to measure
FMD in the postprandial period as well. When analyzing the entire study sample together,
we also observed a decrease in FMD following administration of the high-fat meal. After
observing that postprandial FMD was similarly higher in Con and MHO versus MetS, we
then measured within group changes from baseline after the high-fat meal. Interestingly,
while Con and MetS experienced a significant decrease in vascular function, MHO’s
vasodilatory response remained relatively stable. While a postprandial drop in FMD has
been previously reported, the finding that Con experienced a postprandial decrease in
FMD while MHO did not is unexpected and difficult to fully explain. This pattern of
results should be investigated in larger studies to be better understood, but one hypothesis
based on these data could be that Con’s greater baseline FMD values provided a greater
potential to see a decrease following the high-fat meal, as opposed to those of MHO. MetS,
on the other hand, may be advanced enough on the spectrum of cardiometabolic disease to
experience a decrease in FMD despite a relatively low starting value. To our knowledge,
no other studies have evaluated FMD in MHO during the postprandial period. When
considering both our fasting and postprandial FMD data, it appears that, despite MHO
having lower baseline FMD (similar to MetS), they were able to maintain their FMD status
in spite of the high fat meal (unlike MetS).

Much like other bodies of literature on MHO, data on the inflammatory status of
MHO are mixed, which prompted us to perform an in-depth evaluation of circulating in-
flammatory mediators. In several instances, Con displayed lower markers of inflammation
compared to those of groups with obesity, and the classical marker of inflammation TNF-α
was higher in MetS compared to that of Con, both of which would be predicted [40,41].
Interestingly, we did not observe a difference between Con and MetS for IL-6, another
well-established inflammatory marker.

Among cytokines where differences were detected in MHO, we observed a general
pattern where MHO values were greater than those of MetS and in most cases Con. These
differences were observed in cytokines commonly viewed as inflammatory including GM-
CSF, IL-6, IL-8, IL-13, IL-1β, and IL-5. Although an acute phase protein, not a cytokine, these
data are similar to the report that MHO displays greater CRP than do lean individuals [42].
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However, given that the majority of studies evaluating circulating inflammatory markers
and MHO have opted to only compare MHO to metabolically unhealthy obesity (and not
also a normal BMI control group), we are limited in our ability to compare/contrast our
data that suggests MHO is associated with greater inflammatory markers than are lean
controls with other studies.

One notable difference in our data versus some other reports is that MHO displayed
several inflammatory mediators greater than those of MetS, and MetS had an inflammatory
profile similar to that of Con. Indeed, in contrast to some of our findings, there are
several reports of metabolically unhealthy obesity displaying greater CRP, IL-6, and TNF-α
compared to those of MHO [15,17,19,43]. However, with other inflammatory markers
(i.e., IL-6, CRP), MHO values were similar to those of MetS, which highlights the variability
seen with inflammatory makers in MHO [15,16,42,44]. However, we did observe higher
TNF-α in both MHO and MetS compared to that of Con, suggesting some degree of
inflammation in both obese groups. Moreover, many of the inflammatory cytokines that
differed between MHO versus MetS and Con have not been previously measured in MHO
(e.g., GM-CSF, IL-13, IL-5) to our knowledge. Further, while MetS has been associated with
increased circulating inflammatory mediators, the IDF criteria for metabolic syndrome is
not designed to capture inflammation per se, which may partially explain our findings.
Moreover, a recent report has provided evidence for “adipose T cell exhaustion” and lower
ex vivo cytokine secretion in samples from those with type 2 diabetes, which is similar
to our results [45]. Lastly, the notion that each cytokine can simply be dichotomized as
“pro-inflammatory” or “anti-inflammatory” is an incomplete view, as many cytokines can
behave as pro- or anti-inflammatory depending on the context [46]. Nevertheless, although
our findings were partially unexpected, this study was one of the first to characterize the
inflammatory cytokine milieu of MHO compared to that of both normal-weight, healthy
controls and MetS.

There were several strengths and limitations of this study. One strength is that we
utilized both low and high CVD risk comparator groups, which are often lacking in studies
evaluating MHO. Additionally, we assessed multiple aspects of CVD risk (i.e., dyslipidemia,
vascular health, and inflammation) within the same sample, rather than focus on just one
of these parameters. With respect to postprandial triglyceride assessment, our high-fat
shake was scaled to body-weight, and while it is proportionally high in fat, the caloric load
is similar to what an individual would reasonably consume in daily life. The present study
also benefited by evaluating many inflammatory markers, rather than one or two, giving a
more comprehensive picture of our sample’s inflammatory state.

The present study was not without its limitations. First, there are inherent weaknesses
in our cross-sectional design, although evaluating the health status of MHO at a “moment
in time” is generally how this population is studied. We also had a relatively small sample
size in this pilot study. Another potential limitation is that we allowed Con to have up
to 1 criterion for metabolic syndrome. However, 70% of our Con group had 0 metabolic
syndrome components and those that did have 1 risk factor were only slightly above the
recommended thresholds, which is reflected by our group means being well below clinical
cutoffs. Within our MHO group, one individual was on antihypertensive medication;
however, this individual did not uniquely drive the group differences we reported with
MHO. Moreover, we acknowledge that many cytokines fluctuate throughout the day and
can appreciate the limitations of measuring circulating cytokines at a single time point.
Although we have determined the abbreviated fat tolerance test utilized is reliable and
valid compared to more traditional fat tolerance tests (i.e., serial sampling for 6–8 h), it is
still possible that we did not capture every participant’s peak triglyceride levels with this
method. The entire field of study on MHO is limited by the lack of a universal definition
and our work is not immune to this. However, we did utilize the most common definition
of MHO in order to increase the generalizability of our findings. Future mechanistic
work should determine whether the inflammatory profile we observed in MHO is due
to differences in adipose tissue inflammation. Additionally, others should confirm our
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observation that despite lower fasting FMD, MHO is associated with maintained vascular
function in the postprandial period.

5. Conclusions

Overall, we report that MHO is associated with a number of increased inflammatory
cytokines compared to those of Con and MetS, and lower fasting FMD compared to that of
Con, implying MHO is not a benign state. However, MHO appeared resistant to negative
effects of the high-fat meal such as decreased FMD and increased postprandial triglycerides.
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