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Background: Orlistat, a reversible inhibitor of pancreatic and gastric lipase, is known to
have anti-obesity and antioxidant properties. Cholesterol intermediates and metabolites
have diverse and important functions in cardiovascular disease. Therefore, we aimed to
evaluate the effect of orlistat on sterol metabolism in overweight and obese adults after
weight loss during the intervention or weight loss at 12 weeks.

Methods: A total of 51 (27 in the control group and 24 in the experimental group), patients
with a BMI of 27 or greater were randomly assigned in a 1:1 ratio to receive either orlistat
(120 mg) three times a day plus phentermine hydrochloride (37.5 mg) once daily or a
placebo three times a day plus phentermine hydrochloride (37.5 mg) once daily. The
primary study outcome was sterol metabolism.

Results: The experimental group exhibited significantly decreased metabolic signatures
of serum sterols, free cholesterol, sitosterol, 7o-hydroxycholesterol (7ca-OHC), and 7[-
OHC at 12 weeks. The experimental group also exhibited significantly decreased
metabolic ratios of sitosterol and 7a-OHC to cholesterol at 12 weeks. Regarding
changes in sterol signatures from baseline to 6-month follow-up, free cholesterol, plant
sterols, and cholesterol precursors tended to decrease with weight loss during the
intervention and increase again as the weight was regained in both groups.

Conclusion: Orlistat treatment improves oxysterol metabolism in overweight and obese
adults. Our findings support that orlistat plays a crucial role in the process of endothelial
dysfunction and atherosclerosis via oxysterol modulation.

Keywords: obesity, orlistat, sterol, cardiovascular disease, anti-obesity drug

INTRODUCTION

Obesity, defined as abnormal or excessive fat accumulation, is a crucial risk factor for diabetes,
dyslipidemia, nonalcoholic fatty liver disease, and cardiovascular disease (CVD), all of which impair
global health (1). Although a healthy lifestyle is the foundation of obesity treatment, lifestyle
modification alone produces only modest weight loss that is difficult to sustain. Therefore, adjuvant
pharmacotherapy combined with lifestyle treatment could be recommended in patients with a body
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mass index (BMI) of 30 kg/m” or greater and in those with a BMI
of 27 kg/m® or greater with adiposity-related complications (2).

Currently, several anti-obesity drugs are approved and
available, but these drugs vary in their efficacy and side-effect
profiles (3). Phentermine is a substituted amphetamine and
approved for short-term obesity treatment (<12 weeks) (3).
However, its cardiac toxicity has not been thoroughly studied,
and it is contraindicated in patients with uncontrolled
hypertension, coronary artery disease, and stroke due to its
sympathomimetic properties. By contrast, orlistat might be
preferable in patients with CVD or psychiatric illness or in
those who want a drug with a long-term safety record (4). It is
a potent and reversible inhibitor of pancreatic and gastric lipase
that can decrease fat absorption by as much as 30% (5). Many
studies have established that orlistat yields modest weight loss
and improves cardiometabolic risk factors (6, 7).

Orlistat has been shown to reduce serum total cholesterol and
low-density lipoprotein cholesterol (LDL-C) levels independent
of weight loss (6, 8, 9). In line with previous studies, our clinical
trial showed that concomitant administration of orlistat and
phentermine significantly decreases total cholesterol and non-
high-density lipoprotein cholesterol (non-HDL-C) and improves
vascular endothelial cell function compared with phentermine
alone (10). Therefore, orlistat might decrease CVD risk.
Nevertheless, the exact mechanism involved in the previous
results is unclear, and further research is needed to evaluate
the drug’s long-term benefit on cardiovascular risk.

Although classic lipid parameters are regarded as clinical
surrogate markers for CVD, they are limited in explaining
atherosclerosis and cardiovascular pathologies (11). Sterols are
known to be involved in the pathology of atherosclerosis,
neurodegeneration, and inflammation (12). Therefore, the
metabolic signatures of sterols, along with the traditional lipid
profiles, may provide complementary information to help
elucidate the mechanism of chronic inflammatory status, such
as obesity and CVD. Patients who were overweight showed low
cholesterol absorption efficiency and high cholesterol
biosynthesis. However, weight reduction increased the markers
of cholesterol absorption and decreased those of cholesterol
synthesis in patients with obesity and type 2 diabetics (13).

Oxysterols are enriched in pathologic structures, such as
macrophage foam cells and atherosclerotic lesions. Patients with
acute coronary syndrome and stable angina had higher serum
oxysterol concentration and a higher metabolic ratio of lathosterol
to cholesterol and lanosterol to cholesterol than healthy
individuals (14, 15). After statin therapy, significant decreases in
cholesterol precursors were found in patients with stable angina
and acute coronary syndrome (16). However, few studies have
evaluated the effect of weight reduction with an anti-obesity drug
on sterol metabolism. Furthermore, to our knowledge, no data
currently exists that show the changes in sterol metabolism with
weight regain after treatment discontinuation. Therefore, we
aimed to evaluate the effect of orlistat on sterol metabolism in
overweight and obese adults. Additionally, we examined the
changes in various sterol signatures after weight loss and
subsequent weight regain with the post-trial follow-up.

METHODS

Randomized Trial

Detailed information about the study’s method and recruitment
of patients was described in our previous article (10). The original
study was a randomized, double-blind, placebo-controlled 12-week
clinical trial (ClinicalTrials.gov No., NCT03675191).

In brief, 113 patients who were obese (BMI > 30 kg/mz) or
overweight (BMI > 27 kg/m®) with at least one weight-related
complication, aged 20-70 years were enrolled in the trial between
October 2018 and May 2019 at Yongin Severance Hospital
(Yongin, Korea). Participants were randomly assigned in a 1:1
ratio to receive orlistat (120 mg) three times a day plus
phentermine hydrochloride (37.5 mg) once daily or a placebo
three times a day plus phentermine hydrochloride (37.5 mg)
once daily for 12 weeks. The experimental group (the orlistat
group) included 57 participants who received orlistat plus
phentermine. The control group included 56 participants who
received placebo plus phentermine. The last visits for the trial
were completed in May 2019 after the 12-week intervention. This
study was completed by 50 of the 57 participants in the
experimental group and 46 of the 56 participants in the
control group. At the end of 12 weeks, all participants
discontinued the intervention and returned to their usual daily
life without any treatment.

Post-Trial Follow-Up

Six months after completion of the final trial visits, patients were
invited to participate in the follow-up study via telephone and 51
of 96 (53%) agreed to participate in this post-trial follow-up.
Overall, 27 of the 50 patients who were assigned to control group
and 24 of the 46 assigned to experimental group were enrolled in
this follow-up study. The study visits occurred between June
2019 and October 2019. The protocol was approved by the
institutional review boards of Yongin Severance Hospital (IRB
No. 9-2019-0003). At the post-trial visit, each participant
provided written informed consent. This study was performed
in compliance with the Declaration of Helsinki. Enrolled patients
underwent blood sampling and measurements of height, weight,
waist circumference, body composition, and blood pressure. The
scheme of study was illustrated in Figure 1.

Trial Outcomes

Body weight, waist circumference, systolic blood pressure, and
diastolic blood pressure were measured at screening, baseline, and
4, 8, 12, and 6-month follow-up. BMI was a person’s weight in
kilograms divided by the square of height in meters. Waist
circumference was measured using a measuring tape on the
horizontal plane midway between the lowest rib and the iliac
crest. Laboratory tests and blood sampling were measured at
baseline, 12 weeks, and 6-month follow-up. Health-related
(physical activity, smoking, alcohol consumption) questionnaires
were administered at baseline, 12 weeks, and 6-month follow-up.
Participants were categorized into never smoker, ex-smoker, and
current smoker groups. An alcohol drinker was defined as a
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Study Design

Beginning of
Pharmacological
Intervention

Enrollment and
Randomization

End of Pharmacological
Intervention
(Orlistat +Phentermine: N=50)

FIGURE 1 | Study design schematic of the intervention and follow-up period.

person who drinks alcohol more than once a month. Physical
activity was defined as undertaking light to moderate exercise
more than two times per week. We used a binary variable with the
presence or absence of history of hypertension, dyslipidemia, or
diabetes, according to answers from a self-reported questionnaire.
Blood samples were collected after more than eight hours of
fasting. Lipids (total cholesterol, LDL-C, non-HDL-C,
triglycerides, HDL-C) were analyzed using the enzymatic color
test. The primary efficacy endpoint was change in sterols from
baseline to 12 weeks. The secondary endpoints were changes in
sterols from 12 weeks to the 6-month follow-up.

Quantitative Profiling of Serum Sterols
Serum levels of endogenous sterols and plant sterols were
measured as described previously (16). Briefly, 20 pL serum
samples spiked with 20 UL of a mixture of deuterium-labeled
internal standards were added to 0.5 mL methanol and shaken
using TissueLyser (Qiagen; Hilden, Germany) at 25 Hz for 1 min.
After centrifugation at 12,000 rpm for 10 min, the supernatant
was extracted using an H-PPT cartridge, and the eluate was
evaporated under N, gas at 40°C followed by drying in a vacuum
desiccator at least 30 min. The dried extract was trimethylsilyl
derivatized, and an aliquot (2 UL) was then injected into the gas
chromatography-mass spectrometry (GC-MS) system.

Statistical Analysis

Differences in baseline characteristics between the control and
experimental groups were compared using the independent ¢-test
for continuous variables and the chi-square test for categorical
variables. Differences after intervention within groups were
compared using the independent two sample t-test. Differences
after intervention within groups were also compared using the
analysis of covariance after adjusting for age, sex, and baseline
body weight.

A linear mixed model for a repeated-measures covariance
pattern model with unstructured covariance within participants
was used to assess the longitudinal associations between the
groups and subsequent changes in clinical variables and sterols
over time. The outcomes were repeated measures of clinical
variables and sterols from baseline to 12 weeks and 6-month

(N=113) (N=112) (Placebo+ Phentermine: N=46)
|t P i
o nerenten N
Placebo + Phentermine

No Intervention N =24

f T T T T T
AWeeks OWeeks  4Weeks ~ 8Weeks 12Weeks 36 Weeks

Anthropometry [ [} O | ] =]

Blood Sample W [ | ] |

follow-up. The model included group, time, and group x time
interaction as fixed effects. All the post hoc comparisons were
analyzed using the Bonferroni method.

We also checked the results using the nonparametric test
statistical method (data not shown). The results from the two
methods were similar. Significance tests were two sided, with an
alpha value of 0.05. All statistical analyses were performed using
SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).

RESULTS

Clinical Characteristics

Of the 96 patients who completed the original clinical trial, 51
patients (43 women and 8 men) participated in the post-trial
follow-up. Of these patients, 27 had been assigned to the control
group and 24 had been assigned to the experimental group. The
mean (min, max) age of total participants were 48 (20-70) years
old. The baseline characteristics of these participants who
participated in the 6-month follow-up are presented in
Supplementary Material: Appendix Table 1. The two groups
of follow-up participants had similar demographic and clinical
characteristics at baseline. The mean ages were 46.4 + 12.8 years
in the Experimental group and 49.5 + 10.6 years in the control
group. The mean body weight values were 80.5 + 14.7 kg in the
experimental group and 83.1 + 18.5 kg in the control group.

Changes in Body Composition

In both groups, BMIs, fat mass, and fat percentage decreased
during the 12-week intervention (Table 1) but increased at the 6-
month follow-up visit (Supplementary Material: Appendix
Table 2). The changes in body composition with time were
significantly greater in the experimental group (Table 1).

Changes in Sterols During the 12-Week
Intervention and the Post-Trial Follow-Up
After the weight loss intervention, free cholesterol was
significantly decreased in the Experimental group but not in
the Control group. Most plant sterols decreased in both groups;
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TABLE 1 | Baseline characteristics and Changes at 12 weeks in overweight or obese participants treated with placebo plus phentermine or orlistat plus phentermine.

Variables Placebo + Phentermine (N = 27) (Control group) Orlistat + Phentermine (N = 24) (Experimental group) p°
Baseline 12 Weeks p? Baseline 12 Weeks p?

Weight 83.1 +18.5 76.9 +17.1 <0.001 80.5 + 14.7 72.6 + 13.2 <0.001

Change -6.2+3.0 -79+32 0.054

Change* -6.9 (0.6) -8.6 (0.8) 0.040
BMI 31.3+48 29.0+49 <0.001 309+ 35 27.7 + 3.2 <0.001

Change -23+09 -32+12 0.002

Change* -2.4(0.2) -3.2(0.9) 0.003
WC 103.5 + 10.1 94.4 + 11.0 <0.001 102.2 + 9.7 90.2 +9.8 <0.001

Change -9.1+51 -12.0+ 6.8 0.091

Change* -9.9(1.2) -11.8(1.5) 0.202
Muscle mass 276 +6.8 26.4 £ 6.3 <0.001 256 +6.4 245 +58 <0.001

Change -1.2+1.0 -1.1+0.9 0.556

Change* -1.1(0.2) -1.1(0.2) 0.762
Fat mass 33.1+95 291 +9.4 <0.001 34.0+ 71 27.9 + 6.4 <0.001

Change -4.0+23 -6.1+29

Change* -4.1(0.6) -6.2 (0.7) 0.006
Fat, % 39.7 +5.7 37.5+6.8 <0.001 423 +5.4 384 +53 <0.001

Change -22+21 -39+22 0.007

Change* -2.6 (0.5) -4.2 (0.6) 0.014
SBP 133.6 + 14.2 120.2 + 13.6 <0.001 126.7 + 15.3 114.6 + 11.3 <0.001

Change -13.4 +11.8 -12.0+ 113 0.684

Change* -16.3 (2.7) -16.8 (3.2) 0.886
DBP 88.0+13.4 77.0+10.6 <0.001 846 +12.4 73.0+9.8 <0.001

Change -11.0+9.7 -11.6 +9.3 0.817

Change* -12.0 (2.9 -13.6 (2.7) 0.546
Glucose 105.0 + 13.5 103.1 £ 11.7 0.479 118.2 + 69.4 104.1 =111 0.297

Change -1.9+137 -14.0 + 64.5 0.374

Change 3.8 (11.0) -5.3(13.0) 0.500
Cholesterol 199.3 £ 39.0 181.8 + 35.6 0.004 197.5 + 30.5 170.1 + 26.6 <0.001

Change -17.4 + 28.4 -27.4 +18.9 0.153

Change* -23.6 (5.9) -36.0 (6.9) 0.084
Triglyceride 150.5 + 73.8 113.6 + 53.0 0.002 124.5 + 56.3 108.3 £ 51.5 0.061

Change -36.9 + 54.9 -16.3 = 40.4 0.138

Change* -38.4 (11.8) —21.8 (14.0) 0.254
HDL-C 51.7 +10.0 49.5 + 9.9 0.054 556 +12.4 49.2 + 9.6 0.001

Change -23+58 -6.4+£6.9 0.024

Change* -2.5(1.6) -6.8 (1.9) 0.027
LDL-C 126.4 + 31.4 115.0 + 28.2 0.019 122.1 £ 23.7 106.3 + 20.8 <0.001

Change -11.4 £ 23.7 -16.8+12.2 0.408

Change* -16.5 (4.6) -22.4 (5.4) 0.295

BMI, body mass index; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total

cholesterol; WC, waist circumference.

Data are presented mean + standard deviations or estimated mean (SE).

ACalculated using the paired t-test.

bComparison of in-group changes; Calculated using the independent two sample t-test.

Change * Comparison of in-group changes; Calculated using the analysis of covariance after adjusting for age, sex and baseline body weight.

however, only sitosterol significantly decreased in the
Experimental group compared with the Control group. In both
groups, cholesterol esters (Chol-M, Chol-P, and Chol-A) were
increased, whereas a cholesterol precursor, desmosterol, was
decreased. However, no significant differences were found
between the two groups. We found that 7o-hydroxycholesterol
(70.-OHC) and 7B-hydroxycholesterol (7B-OHC) were
significantly decreased in the Experimental group after
adjusting for age, sex, and baseline body weight. The changes
in these two oxysterol levels were greater in the experimental
group than in the control group (p = 0.032; p = 0.030; Table 2).
The results were similar with those from unadjusted model.

Changes in metabolic ratios of sterols were observed between
the Control group and the Experimental group at baseline and 12
weeks (Table 3). These metabolic alterations against cholesterol
were similar to those of respective sterols except sitosterol and
70.-OHC to cholesterol ratios. Both sitosterol and 7a-OHC to
cholesterol ratios were significantly decreased in the
Experimental group.

Figure 2 illustrates the linear mixed model of the two
oxysterols (70-OHC and 7B-OHC) between the two groups
during the intervention and post-trial follow-up period. Both
groups maintained continuously decreasing trends for 70-OHC
and 7B-OHC levels until the follow-up period after weight loss.
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TABLE 2 | Individual sterols Changes in overweight or obese participants treated with placebo plus phentermine or orlistat plus phentermine for 12 weeks.

Sterols, ng/mL Placebo + Phentermine (N = 27) (Control group) Orlistat + Phentermine (N = 24) (Experimental group)

a

a

Baseline 12 Weeks p Baseline 12 Weeks p p

Cholesterol 643.5 + 130.4 641.8 + 148.9 0.937 653.8 + 132.7 592.0 + 129.5 0.010

Change -1.7+112.6 -61.7 +108.2 0.059

Change* -18.6 (26.9) -87.7 (31.7) 0.039
Sitosterol 0.54 £ 0.23 0.45 + 0.21 0.071 0.65 + 0.46 0.36 + 0.13 0.002

Change -0.09 £ 0.24 -0.29 £ 0.40 0.037

Change* -0.19 (0.08) —-0.43 (0.09) 0.012
Campesterol 0.81 +0.40 0.60 + 0.29 0.004 0.89 + 0.67 0.49 + 0.19 0.001

Change -0.21 £0.34 -0.40 £ 0.53 0.130

Change* -0.35 (0.10) -0.59 (0.12) 0.063
Stigmasterol 0.13 £ 0.02 0.10 £ 0.02 <0.001 0.13 £ 0.03 0.09 = 0.02 <0.001

Change -0.02 + 0.03 -0.04 £ 0.03 0.105

Change* -0.03 (0.01) -0.03 (0.01) 0.059
Chol-M 37.1+221 96.4 + 76.2 <0.001 41.9 £ 27.99 85.19 + 64.65 0.006

Change 59.3 + 62.7 43.3 £ 69.9 0.393

Change* 52.0 (15.9) 41.7 (18.4) 0.592
Chol-P 380.1 +91.4 532.3 +212.0 0.004 399.9 + 1455 4941 +216.9 0.068

Change 152.2 £ 196.9 94.2 £ 2413 0.350

Change* 94.5 (46.9) 50.1 (58.5) 0.467
Chol-A 329.0 + 184.8 1138.2 £ 820.7 <0.001 349.3 + 105.6 845.9 + 575.3 0.001

Change 809.3 + 788.2 496.5 + 620.0 0.125

Change* 622.9 (164.6) 340.8 (194.1) 0.164
Desmosterol 629 + 15.1 54.4 + 13.9 0.012 60.4 + 12.0 50.1 £ 12.6 0.002

Change -8.6 £ 16.5 -10.3+114 0.667

Change* -12.9 (3.5) -16.0 (4.0) 0.462
DHC 84.9 +27.8 76.3 = 19.1 0.135 82.0 + 16.0 726+ 129 0.08

Change -8.6 +28.9 -9.3+19.2 0.914

Change* -10.8 (6.0) -10.3 (7.0) 0.945
Lathosterol 461.5 + 256.2 368.1 + 238.6 0.011 393.2 + 206.3 308.8 + 161.2 0.065

Change -93.4 £177.1 -84.4 £ 213.0 0.870

Change* -101.6 (47.8) -99.5 (56.4) 0.972
Lanosterol 84.0 + 53.6 78.3 £54.8 0.448 84.5 + 459 68.2 + 34.0 0.027

Change -5.7 + 38.6 -16.3 £ 33.8 0.307

Change* -14.3 (8.6) -23.8 (10.1) 0.363
7a-OHC 36.2+7.0 33.5+253 0.621 57.4 + 56.1 28.3+9.5 0.008

Change -26+275 -29.1 +49.4 0.026

Change* -4.6 (9.7) -30.7 (14.5) 0.032
7B-OHC 171 £1.6 16.6 + 4.6 0.641 202 £6.7 16.0 £ 2.0 0.002

Change -05+5.0 42 +57 0.017

Change* -0.8 (1.3 -4.5(1.6) 0.03
Ketosterol 23.2+6.0 176 +3.5 <0.001 56.6 + 124.4 184 +5.8 0.189

Change -56+4.9 -38.2 + 120.1 0.196

Change* -7.8 (20.3) -37.9 (23.9) 0.227
27-OHC 124 +26 13.0+ 3.7 0.503 126 +3.3 11.7£3.7 0.500

Change 0.6+42 -09+42 0.224

Change* 0.2(1.0 -1.7(1.2) 0.121
24-OHC 10.9+4.3 135+7.8 0.109 10.8 +5.3 10.7 + 6.8 0.885

Change 26+82 -01+76 0.221

Change* 3.04 (2.0) 0.21 (2.32) 0.241

7a-OHC, 7a-hydroxycholesterol; 78-OHC, 7 B-hydroxycholesterol; 24-OHC, 24-oxysterol; 27-OHC, 27-oxysterol; Chol-M, cholesteryl myristate; Chol-A, cholesteryl arachidonate; Chol-
P, cholesteryl palmitate; DHC, 7-dehydrocholesterol; Ketosterol, 7-ketocholesterol.

Data are presented mean + standard deviations or estimated mean (SE).

ACalculated using the paired t-test.

PComparison of in-group changes; Calculated using the independent two sample t-test.

Change * Comparison of in-group changes; Calculated using the analysis of covariance after adjusting for age, sex and baseline body weight.

The decreased changes in 70-OHC and 7B-OHC levels in the
Experimental group remained greater than in the Control group
during the intervention and post-trial follow-up period.
Additionally, there was a significant time by group interaction
in 7B-OHC levels (p = 0.034) and a borderline interaction in 70.-
OHC levels between the two groups (p = 0.053).

Changes in various sterols and their metabolic ratios from
baseline through the follow-up period are presented in
Supplementary Material: Appendix Table 3. In both groups,
free cholesterol, plant sterols, and cholesterol precursors showed
a tendency to decrease and then increase again as weight regain
began after the weight loss intervention. However, cholesteryl
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TABLE 3 | Changes in metabolic ratio of the sterols in overweight or obese participants treated with placebo plus phentermine or orlistat plus phentermine for 12

weeks.
Placebo + Phentermine (N = 27) (Control group) Orlistat + Phentermine (N = 24) (Experimental group)

Variables Baseline 12 Weeks p? Baseline 12 Weeks p? p°
Desmo/Chol 0.098 + 0.016 0.087 + 0.021 0.021 0.094 + 0.020 0.087 + 0.022 0.079

Change -0.012 +£ 0.025 -0.008 + 0.020 0.529

Change* -0.016 (0.005) -0.013 (0.006) 0.620
DHC/Chol 0.133 £ 0.039 0.122 + 0.028 0.249 0.127 £ 0.023 0.127 + 0.027 0.896

Change -0.011 £ 0.049 -0.001 + 0.026 0.345

Change* -0.011 (0.009) 0.003 (0.011) 0.219
Latho/Chol 705.7 £ 3771 571.8 + 339.4 0.026 613.5 + 338.1 517.8 £ 228.5 0.147

Change -133.9 £ 293.7 -95.7 £ 3121 0.655

Change* -126.3 (73.2) -93.1 (86.5) 0.711
Lano/Chol 126.2 + 75.6 1205 £ 771 0.552 183.3+779 118.2 + 56.6 0.149

Change -5.7 £496 -15.2 £ 49.7 0.502

Change* -13.3 (11.8) -20.5 (13.9) 0.619
Sito/Chol 0.84 + 0.31 0.71 £ 0.34 0.078 0.99 + 0.67 0.64 +0.32 0.001

Change -0.13 £0.38 -0.35 + 0.46 0.071

Change* -0.25 (0.10) -0.50 (0.12) 0.037
Camp/Chol 1.26 + 0.52 0.95 £ 0.45 0.007 1.36 + 1.00 0.86 + 0.49 0.004

Change -0.31 £ 0.56 -0.50 + 0.60 0.245

Change* -0.40 (0.14) -0.67 (0.16) 0.206
Stigma/Chol 0.20 £ 0.04 0.16 £ 0.05 0.001 0.20 £ 0.05 0.17 £ 0.06 <0.001

Change -0.04 + 0.04 -0.04 £ 0.04 0.826

Change* -0.05 (0.01) -0.05 (0.01) 0.884
Latho/Camp 764.4 + 709.2 754.2 + 660.2 0.878 551.5 + 340.0 717.4 £ 391.6 0.020

Change -10.2 £ 341.7 165.9 + 326.0 0.067

Change* -2.6 (82.8) 169.7 (97.6) 0.093
70-OHC/chol 57.3+11.0 54.5 +43.3 0.743 85.8+ 7.1 479 +11.2 0.010

Change -2.8+£44.0 -37.8 £ 66.2 0.034

Change* -3.3(13.7) -37.3(16.2) 0.047
7B-OHC/chol 27.3+4.8 272 +9.7 0.915 31.3+£9.1 278+ 4.7 0.089

Change -02+84 -3.4+£94 0.201

Change* 0.1 (2.2 -2.6 (2.6) 0.309
27-OHC/chol 19.8 £ 4.7 20.3+5.0 0.624 19.6+45 20.5+6.9 0.489

Change 0.6+6.0 09+6.3 0.844

Change* 1.0 (1.5) 1.0 (1.8) 0.999
24-OHC/chol 172 £ 6.8 209 +11.7 0.152 165+ 7.6 17.7 £10.0 0.644

Change 3.7 £13.1 1.1+£11.3 0.449

Change* 4.9 (3.0 2.6 (3.6) 0.528

7a-OHC, 7o-hydroxycholesterol; 7B-OHC, 7p-hydroxycholesterol; 27-OHC, 27-Oxysterol; 24-OHC, 24-Oxysterol; Camp, campesterol; Chol, cholesterol; Desmo, desmosterol; DHC,
7-dehydrocholesterol; Lano, lanosterol; Latho, lathosterol; Stigma, stigmasterol.

Data are presented mean + standard deviations or estimated mean (SE).

ACalculated using the paired t-test.

PComparison of in-group changes; Calculated using the independent two sample t-test.

Change * Comparison of in-group changes; Calculated using the analysis of covariance after adjusting for age, sex and baseline body weight.
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FIGURE 2 | Significant changes in individual sterols and their metabolic ratios from baseline through the follow-up period. (A) 7o-hydroxycholesterol. (B) 73-
hydroxycholesterol.
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esters maintained continuous increasing trends until the follow-
up period after the weight loss intervention. Additionally, a
borderline interaction in 70a-OHC/cholesterol levels was
identified between the two groups during the intervention and
post-trial follow-up period.

DISCUSSION

We found that the metabolic signatures of serum sterols, free
cholesterol, sitosterol, 7a-OHC, and 7B-OHC were significantly
decreased in adults who received orlistat plus phentermine after
the weight loss intervention. Furthermore, cholesteryl esters
maintained a continuous increasing trend across the
intervention and follow-up period, whereas 70.-OHC and 7j-
OHC levels exhibited decreasing trends until the follow-up
period after weight loss in both groups.

Obesity is associated with chronic oxidative stress and
inflammation, which initiates the progression of atherosclerosis
(17). Orlistat, a reversible inhibitor of intestinal lipases, has
favorable effects on weight loss and some cardiometabolic
parameters (6, 7). Additionally, orlistat has been shown to
inhibit NF-kB-mediated inflammation and improve endothelial
dysfunction (18-21). Hence, orlistat could be useful to
ameliorate the progression of atherosclerosis in obesity. The
disorder of lipid metabolism plays a pivotal role in the
development of atherosclerosis (22). Although classical lipid
profiles are used to estimate coronary artery disease risk,
impairments in sterol homeostasis manipulated with free
cholesterol and its precursors and metabolites are known to be
powerful predictors of developing cardiovascular events, even in
the early stages of atherosclerosis (23, 24).

Oxysterols, oxidized metabolites of cholesterol, are present in
mammalian tissues at very low concentrations. However, they
are enriched in pathologic structures such as macrophage foam
cells, atherosclerotic lesions, and the blood of hypercholesterolemic
individuals (14, 15). Previous studies have identified the cytotoxic
and pro-apoptotic activities of oxysterols, leading to the
presumption that they also possess pro-atherosclerotic properties
(25-27). Oxysterols diffuse much better through phospholipid
membranes than cholesterol especially because the half-life for
70-OHC and 7B-OHC exchange between lipid vesicles is 100
times higher than that observed for cholesterol (28, 29). 70-OHC
and 7B-OHC are known to the most abundant forms in the arterial
compartment (27) and were demonstrated to induce an
inflammatory phenotype in human endothelial cells (30).

In our study, overweight or obese adults treated with orlistat
plus phentermine had significantly lower 7a-OHC and 73-OHC
levels, as well as a significantly lower metabolic ratio of 70.-OHC
to cholesterol, than those treated with phentermine alone after
the weight loss intervention even in the absence of different
changes in serum total cholesterol, LDL-C, and triglycerides.
Furthermore, the decreasing change in 73-OHC levels was more
prominent in adults who received orlistat plus phentermine than
those who received phentermine alone until the post-trial follow-

up period. Our results suggest that orlistat might play a role in
the process of endothelial dysfunction and atherosclerosis via
oxysterol modulation. In our previous study (10), orlistat
improved endothelial-dependent flow-mediated vasodilation in
obese adults independent of weight loss, which supports the
current findings. However, the mechanism by which orlistat
changes oxysterol levels is still unknown, so additional
mechanism studies are necessary. The values of 7a-OHC and
7B-OHC between the two groups with the placebo/orlistat and
orlistat/phentermine are approximately the same at 36 weeks.
During the 6months follow-up period, both groups regained the
weight (see Supplementary Material: Appendix Table 2). The
estimated mean (standard errors) of body weight values were
78.9 (3.0) kg in the experimental group and 75.0 (3.2) kg in the
control group. The weight regain may increase the metabolic
activity of cholesterol 7o-hydroxylase (31, 32).

Lecithin-cholesterol acyltransferase (LCAT), which esterifies
free cholesterol, has been proposed to play antiatherogenic
properties (33). Increased cholesteryl esters by LCAT reduces
diet-induced atherosclerosis in scavenger receptor class B
member I knockout mice. By contrast, inhibition of the
intracellular esterification of cholesterol by acyl-CoA:
cholesterol acyltransferase inhibitors accelerate atherosclerosis
and increases cardiovascular events in human clinical trials (34,
35). Although the exact mechanism involved in our results is
unclear, we found cholesteryl esters increased after weight loss
intervention and maintained a continuous increasing trend until
the follow-up period in both groups. Further investigations are
required to identify the relationship between weight loss and
anti-obesity treatments on cholesteryl ester production.

Adults with obesity are known to have increased serum
concentrations of cholesterol precursors, which reflect the
biosynthesis of endogenous cholesterol, but decreased levels
of plant sterols, known as markers of cholesterol absorption
(35-37). In addition, weight reduction decreases cholesterol
precursors, such as lanosterol, lathosterol, and desmosterol,
and increases plant sterols, such as sitosterol and campesterol
(13, 35-37). Our data are consistent with previous studies,
showing that free cholesterol and cholesterol precursors tended
to decrease with weight loss and increase again as the weight
was regained in both groups. However, plant sterols also
showed this same pattern. Inconsistencies with previous
studies might be due to differences in the characteristics of
the study population, a different diet control and the use of
anti-obesity medications, or a different degree weight loss and
duration of the intervention in this trial. Interestingly, unlike
other plant sterols, sitosterol and its ratio to cholesterol were
significantly decreased after weight loss in adults who received
orlistat plus phentermine. Although the exact reason remains
unknown, sitosterol is most effectively returned to the gut
among all plant sterols, thereby resulting in the lowest
absorption rate (38). Another possible explanation for these
results is that orlistat limits dietary cholesterol absorption by
the inhibition of Niemann-Pick Cl-like 1 (NPCI1L1) transport
protein, as well as by the inhibition of intestinal lipase (39). The
NPCI1L1 was proposed to play an important role in the competitive
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uptake of plantar sterols and cholesterol across the enterocytes’
apical membrane (40).

Limitations and Strengths

Our study has several limitations. First, this study combined data
from a clinical trial with data from a post-trial observational
follow-up study. Although randomized clinical trials (RCT) are
considered the gold standard for producing reliable evidence,
they are time consuming and expensive. By contrast,
observational studies run the risk of containing confounding
biases by nature, wherein effects are examined in real world
settings without interference. Therefore, the extension of a
clinical trial with an observational period may provide valid
and reliable real-world evidence. Second, it was difficult to see the
effect of orlistat alone in our RCT because both study arms
received phentermine. Future studies are needed to determine
the effect of orlistat alone on sterol metabolisms. Third, we
collected no information on dietary cholesterol or plant sterols
in our 24-h dietary recall. It is also possible that self-controlled
caloric restriction does not adequately reflect cholesterol
absorption, biosynthesis, and excretion. Fourth, only
approximately 50% participants who enrolled original RCT
participate the post follow-up trial. There could be selection bias.

CONCLUSIONS

Orlistat treatment improved oxysterol metabolism in overweight
and obese adults, and the favorable changes in oxysterol were
maintained until 6 months after orlistat treatment ended. Thus,
orlistat may have pivotal role in the process of endothelial
dysfunction and atherosclerosis via oxysterol modulation.
Additionally, adults treated with orlistat had significantly
decreased free cholesterol, sitosterol, and metabolic ratios of
sitosterol after weight loss, suggesting orlistat as another
therapeutic option for hypercholesterolemia. Further
investigations are required to identify the role of orlistat in
various sterol signatures and metabolisms.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional review boards of Yongin Severance

REFERENCES

1. Blither M. Obesity: Global Epidemiology and Pathogenesis. Nat Rev
Endocrinol (2019) 15(5):288-98. doi: 10.1038/s41574-019-0176-8

2. Wharton S, Lau DCW, Vallis M, Sharma AM, Biertho L, Campbell-Scherer D,
et al. Obesity in Adults: A Clinical Practice Guideline. Crmaj (2020) 192(31):
E875-e91. doi: 10.1503/cmaj.191707

3. Srivastava G, Apovian CM. Current Pharmacotherapy for Obesity. Nat Rev
Endocrinol (2018) 14(1):12-24. doi: 10.1038/nrendo.2017.122

Hospital. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

Concept and design: Y-JK, J-WL, and MC. Performed
experiment: GK and MC. Acquisition, analysis, or
interpretation of data: Y-JK, GK, J-WL, and MC. Drafting of
the manuscript: Y-JK, GK, J-WL, and MC. Critical revision of the
manuscript for important intellectual content: Y-JK, GK, J-WL,
and MC. Statistical analysis: Y-JK, GK, J-WL, and MC. Obtained
funding: J-WL. Administrative, technical, or material support:
GK and MC. Supervision: ]-WL and MC. All authors contributed
to the article and approved the submitted version.

FUNDING

This study was supported by a research grant (No. KS$0202006)
from the Korean Society for the Study of Obesity. This work was
supported by the Technology Innovation Program (20002781, A
Platform for Prediction and Management of Health Risk Based
on Personal Big Data and Lifelogging) funded by the Ministry of
Trade, Industry and Energy, Korea, to J-WL. The funding
sources had no role in the design and conduct of the study;
collection, management, analysis, and interpretation of the data;
preparation, review, or approval of the manuscript; and decision
to submit the manuscript for publication.

ACKNOWLEDGMENTS

The authors thank Dr. Woojin Park (soekdg@naver.com) for
illustrating the figures and all participants who took part in
this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2022.824269/
full#supplementary-material

4. Bessesen DH, Van Gaal LF. Progress and Challenges in Anti-Obesity
Pharmacotherapy. Lancet Diabetes Endocrinol (2018) 6(3):237-48.
doi: 10.1016/s2213-8587(17)30236-x

5. Heck AM, Yanovski JA, Calis KA. Orlistat, a New Lipase Inhibitor for the
Management of Obesity. Pharmacotherapy (2000) 20(3):270-9. doi: 10.1592/
phco.20.4.270.34882

6. Davidson MH, Hauptman J, DiGirolamo M, Foreyt JP, Halsted CH, Heber D,
et al. Weight Control and Risk Factor Reduction in Obese Subjects Treated for
2 Years With Orlistat: A Randomized Controlled Trial. Jama (1999) 281
(3):235-42. doi: 10.1001/jama.281.3.235

Frontiers in Endocrinology | www.frontiersin.org

February 2022 | Volume 13 | Article 824269


https://www.frontiersin.org/articles/10.3389/fendo.2022.824269/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.824269/full#supplementary-material
https://doi.org/10.1038/s41574-019-0176-8
https://doi.org/10.1503/cmaj.191707
https://doi.org/10.1038/nrendo.2017.122
https://doi.org/10.1016/s2213-8587(17)30236-x
https://doi.org/10.1592/phco.20.4.270.34882
https://doi.org/10.1592/phco.20.4.270.34882
https://doi.org/10.1001/jama.281.3.235
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Kwon et al.

Orlistat and Sterol Metabolism

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Sahebkar A, Simental-Mendia LE, Reiner Z, Kovanen PT, Simental-Mendia

M, Bianconi V, et al. Effect of Orlistat on Plasma Lipids and Body Weight: A
Systematic Review and Meta-Analysis of 33 Randomized Controlled Trials.
Pharmacol Res (2017) 122:53-65. doi: 10.1016/j.phrs.2017.05.022

. Hollander PA, Elbein SC, Hirsch IB, Kelley D, McGill ], Taylor T, et al. Role of

Orlistat in the Treatment of Obese Patients With Type 2 Diabetes. A 1-Year
Randomized Double-Blind Study. Diabetes Care (1998) 21(8):1288-94.
doi: 10.2337/diacare.21.8.1288

. Sjostrom L, Rissanen A, Andersen T, Boldrin M, Golay A, Koppeschaar HP,

et al. Randomised Placebo-Controlled Trial of Orlistat for Weight Loss and
Prevention of Weight Regain in Obese Patients. European Multicentre
Orlistat Study Group. Lancet (1998) 352(9123):167-72. doi: 10.1016/s0140-
6736(97)11509-4

Kwon YJ, Lee H, Nam CM, Chang HJ, Yoon YR, Lee HS, et al. Effects of
Orlistat/Phentermine Versus Phentermine on Vascular Endothelial Cell
Function in Obese and Overweight Adults: A Randomized, Double-Blinded,
Placebo-Controlled Trial. Diabetes Metab Syndr Obes (2021) 14:941-50.
doi: 10.2147/dms0.5300342

Seo HS, Choi MH. Cholesterol Homeostasis in Cardiovascular Disease and
Recent Advances in Measuring Cholesterol Signatures. J Steroid Biochem Mol
Biol (2015) 153:72-9. doi: 10.1016/j.jsbmb.2015.04.014

Baumgartner S, Mensink RP, Plat J. Plant Sterols and Stanols in the Treatment
of Dyslipidemia: New Insights Into Targets and Mechanisms Related to
Cardiovascular Risk. Curr Pharm Des (2011) 17(9):922-32. doi: 10.2174/
138161211795428795

Hallikainen M, Tuomilehto H, Martikainen T, Vanninen E, Seppi J,
Kokkarinen J, et al. Cholesterol Metabolism and Weight Reduction in
Subjects With Mild Obstructive Sleep Apnoea: A Randomised, Controlled
Study. Cholesterol (2013) 2013:769457. doi: 10.1155/2013/769457

Olkkonen VM, Lehto M. Oxysterols and Oxysterol Binding Proteins: Role in
Lipid Metabolism and Atherosclerosis. Ann Med (2004) 36(8):562-72.
doi: 10.1080/07853890410018907

Wang DQ, Afdhal NH. Good Cholesterol, Bad Cholesterol: Role of Oxysterols
in Biliary Tract Diseases. Gastroenterology (2001) 121(1):216-8. doi: 10.1053/
gast.2001.26155

Kwon GE, Hyun MH, Byun DJ, Paeng K], Seo HS, Choi MH. Metabolic
Signatures of Cholesterol Biosynthesis and Absorption in Patients With
Coronary Artery Disease. ] Steroid Biochem Mol Biol (2021) 212:105940.
doi: 10.1016/j.jsbmb.2021.105940

Manna P, Jain SK. Obesity, Oxidative Stress, Adipose Tissue Dysfunction, and
the Associated Health Risks: Causes and Therapeutic Strategies. Metab Syndr
Relat Disord (2015) 13(10):423-44. doi: 10.1089/met.2015.0095

Wang H, Wang L, Cheng Y, Xia Z, Liao Y, Cao J. Efficacy of Orlistat in Non-
Alcoholic Fatty Liver Disease: A Systematic Review and Meta-Analysis.
BioMed Rep (2018) 9(1):90-6. doi: 10.3892/br.2018.1100

Othman ZA, Zakaria Z, Suleiman JB, Ghazali WSW, Mohamed M.
Anti-Atherogenic Effects of Orlistat on Obesity-Induced Vascular Oxidative
Stress Rat Model. Antioxid (Basel) (2021) 10(2):251. doi: 10.3390/
antiox10020251

Gomaa AA, El-Sers DA, Al-Zokeim NI, Gomaa MA. Amelioration of
Experimental Metabolic Syndrome Induced in Rats by Orlistat and
Corchorus Olitorius Leaf Extract; Role of Adipo/Cytokines. J Pharm
Pharmacol (2019) 71(2):281-91. doi: 10.1111/jphp.13032

Al-Tahami BA, Ismail AA, Bee YT, Awang SA, Salha Wan Abdul Rani WR,
Sanip Z, et al. The Effects of Anti-Obesity Intervention With Orlistat and
Sibutramine on Microvascular Endothelial Function. Clin Hemorheol
Microcirc (2015) 59(4):323-34. doi: 10.3233/ch-131765

Wang M, Liu Y, Zhao T, Xiao F, Yang X, Lu B. Dietary Sterols and
Sterol Oxidation Products on Atherosclerosis: An Insight Provided by Liver
Proteomic and Lipidomic. Mol Nutr Food Res (2021) €2100516. doi: 10.1002/
mnfr.202100516

Leibowitz M, Karpati T, Cohen-Stavi CJ, Feldman BS, Hoshen M, Bitterman
H, et al. Association Between Achieved Low-Density Lipoprotein Levels and
Major Adverse Cardiac Events in Patients With Stable Ischemic Heart Disease
Taking Statin Treatment. JAMA Intern Med (2016) 176(8):1105-13.
doi: 10.1001/jamainternmed.2016.2751

Son HH, Moon JY, Seo HS, Kim HH, Chung BC, Choi MH. High-
Temperature GC-MS-Based Serum Cholesterol Signatures may Reveal Sex

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Differences in Vasospastic Angina. J Lipid Res (2014) 55(1):155-62.
doi: 10.1194/j1r.D040790

Chang YH, Abdalla DS, Sevanian A. Characterization of Cholesterol
Oxidation Products Formed by Oxidative Modification of Low Density
Lipoprotein. Free Radic Biol Med (1997) 23(2):202-14. doi: 10.1016/s0891-
5849(96)00626-0

Brown AJ, Jessup W. Oxysterols and Atherosclerosis. Atherosclerosis (1999)
142(1):1-28. doi: 10.1016/s0021-9150(98)00196-8

Virginio VW, Nunes VS, Moura FA, Menezes FH, Andreollo NA, Rogerio F,
et al. Arterial Tissue and Plasma Concentration of Enzymatic-Driven
Oxysterols are Associated With Severe Peripheral Atherosclerotic Disease
and Systemic Inflammatory Activity. Free Radic Res (2015) 49(2):199-203.
doi: 10.3109/10715762.2014.992894

Olsen BN, Schlesinger PH, Ory DS, Baker NA. Side-Chain Oxysterols: From
Cells to Membranes to Molecules. Biochim Biophys Acta (2012) 1818(2):330—
6. doi: 10.1016/j.bbamem.2011.06.014

Backer JM, Dawidowicz EA. Mechanism of Cholesterol Exchange Between
Phospholipid Vesicles. Biochemistry (1981) 20(13):3805-10. doi: 10.1021/
bi00516a021

Lemaire S, Lizard G, Monier S, Miguet C, Gueldry S, Volot F, et al. Different
Patterns of IL-1beta Secretion, Adhesion Molecule Expression and Apoptosis
Induction in Human Endothelial Cells Treated With 7alpha-, 7beta-
Hydroxycholesterol, or 7-Ketocholesterol. FEBS Lett (1998) 440(3):434-9.
doi: 10.1016/s0014-5793(98)01496-3

Ziedén B, Kaminskas A, Kristenson M, Kucinskiené Z, Vessby B, Olsson AG,
et al. Increased Plasma 7 Beta-Hydroxycholesterol Concentrations in a
Population With a High Risk for Cardiovascular Disease. Arterioscler
Thromb Vasc Biol (1999) 19(4):967-71. doi: 10.1161/01.atv.19.4.967
Wooton-Kee CR, Cohen DE, Vore M. Increased Cholesterol 7alpha-
Hydroxylase Expression and Size of the Bile Acid Pool in the Lactating Rat.
Am ] Physiol Gastrointest Liver Physiol (2008) 294(4):G1009-16. doi: 10.1152/
ajpgi.00017.2008

Thacker SG, Rousset X, Esmail S, Zarzour A, Jin X, Collins HL, et al. Increased
Plasma Cholesterol Esterification by LCAT Reduces Diet-Induced
Atherosclerosis in SR-BI Knockout Mice. J Lipid Res (2015) 56(7):1282-95.
doi: 10.1194/jlr.M048629

Nissen SE, Tuzcu EM, Brewer HB, Sipahi I, Nicholls SJ, Ganz P, et al. Effect of
ACAT Inhibition on the Progression of Coronary Atherosclerosis. N Engl J
Med (2006) 354(12):1253-63. doi: 10.1056/NEJMo0a054699

Meuwese MC, de Groot E, Duivenvoorden R, Trip MD, Ose L, Maritz FJ, et al.
ACAT Inhibition and Progression of Carotid Atherosclerosis in Patients With
Familial Hypercholesterolemia: The CAPTIVATE Randomized Trial. Jama
(2009) 301(11):1131-9. doi: 10.1001/jama.301.11.1131

Simonen PP, Gylling H, Miettinen TA. Body Weight Modulates Cholesterol
Metabolism in Non-Insulin Dependent Type 2 Diabetics. Obes Res (2002) 10
(5):328-35. doi: 10.1038/0by.2002.46

Paramsothy P, Knopp RH, Kahn SE, Retzlaff BM, Fish B, Ma L, et al. Plasma
Sterol Evidence for Decreased Absorption and Increased Synthesis of
Cholesterol in Insulin Resistance and Obesity. Am J Clin Nutr (2011) 94
(5):1182-8. doi: 10.3945/ajcn.110.006668

Liitjohann D, Bjorkhem I, Beil UF, von Bergmann K. Sterol Absorption and
Sterol Balance in Phytosterolemia Evaluated by Deuterium-Labeled Sterols:
Effect of Sitostanol Treatment. J Lipid Res (1995) 36(8):1763-73. doi: 10.1016/
$0022-2275(20)41495-6

Alqahtani S, Qosa H, Primeaux B, Kaddoumi A. Orlistat Limits Cholesterol
Intestinal Absorption by Niemann-Pick C1-Like 1 (NPC1L1) Inhibition. Eur J
Pharmacol (2015) 762:263-9. doi: 10.1016/j.ejphar.2015.05.060

Davis HRJr., Altmann SW. Niemann-Pick CI Like 1 (NPC1L1) an Intestinal
Sterol Transporter. Biochim Biophys Acta (2009) 1791(7):679-83.
doi: 10.1016/j.bbalip.2009.01.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

Frontiers in Endocrinology | www.frontiersin.org

February 2022 | Volume 13 | Article 824269


https://doi.org/10.1016/j.phrs.2017.05.022
https://doi.org/10.2337/diacare.21.8.1288
https://doi.org/10.1016/s0140-6736(97)11509-4
https://doi.org/10.1016/s0140-6736(97)11509-4
https://doi.org/10.2147/dmso.S300342
https://doi.org/10.1016/j.jsbmb.2015.04.014
https://doi.org/10.2174/138161211795428795
https://doi.org/10.2174/138161211795428795
https://doi.org/10.1155/2013/769457
https://doi.org/10.1080/07853890410018907
https://doi.org/10.1053/gast.2001.26155
https://doi.org/10.1053/gast.2001.26155
https://doi.org/10.1016/j.jsbmb.2021.105940
https://doi.org/10.1089/met.2015.0095
https://doi.org/10.3892/br.2018.1100
https://doi.org/10.3390/antiox10020251
https://doi.org/10.3390/antiox10020251
https://doi.org/10.1111/jphp.13032
https://doi.org/10.3233/ch-131765
https://doi.org/10.1002/mnfr.202100516
https://doi.org/10.1002/mnfr.202100516
https://doi.org/10.1001/jamainternmed.2016.2751
https://doi.org/10.1194/jlr.D040790
https://doi.org/10.1016/s0891-5849(96)00626-0
https://doi.org/10.1016/s0891-5849(96)00626-0
https://doi.org/10.1016/s0021-9150(98)00196-8
https://doi.org/10.3109/10715762.2014.992894
https://doi.org/10.1016/j.bbamem.2011.06.014
https://doi.org/10.1021/bi00516a021
https://doi.org/10.1021/bi00516a021
https://doi.org/10.1016/s0014-5793(98)01496-3
https://doi.org/10.1161/01.atv.19.4.967
https://doi.org/10.1152/ajpgi.00017.2008
https://doi.org/10.1152/ajpgi.00017.2008
https://doi.org/10.1194/jlr.M048629
https://doi.org/10.1056/NEJMoa054699
https://doi.org/10.1001/jama.301.11.1131
https://doi.org/10.1038/oby.2002.46
https://doi.org/10.3945/ajcn.110.006668
https://doi.org/10.1016/S0022-2275(20)41495-6
https://doi.org/10.1016/S0022-2275(20)41495-6
https://doi.org/10.1016/j.ejphar.2015.05.060
https://doi.org/10.1016/j.bbalip.2009.01.002
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Kwon et al. Orlistat and Sterol Metabolism

this article, or claim that may be made by its manufacturer, is not guaranteed or (CC BY). The use, distribution or reproduction in other forums is permitted,
endorsed by the publisher. provided the original author(s) and the copyright owner(s) are credited and that

the original publication in this journal is cited, in accordance with accepted
Copyright © 2022 Kwon, Kwon, Lee, Choi and Lee. This is an open-access article academic practice. No use, distribution or reproduction is permitted which does
distributed under the terms of the Creative Commons Attribution License not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org 10 February 2022 | Volume 13 | Article 824269


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	The Effect of Orlistat on Sterol Metabolism in Obese Patients
	Introduction
	Methods
	Randomized Trial
	Post-Trial Follow-Up
	Trial Outcomes
	Quantitative Profiling of Serum Sterols
	Statistical Analysis

	Results
	Clinical Characteristics
	Changes in Body Composition
	Changes in Sterols During the 12-Week Intervention and the Post-Trial Follow-Up

	Discussion
	Limitations and Strengths

	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	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


