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Study Objectives: There are reports suggesting that 
obstructive sleep apnea (OSA) may itself cause weight gain. 
However, recent reports showed increases in body mass index 
(BMI) following continuous positive airway pressure (CPAP) 
treatments. When considering weight changes, changes in 
humoral factors that have signifi cant effects on appetite such 
as acyl (AG) and desacyl ghrelin (DAG), leptin, insulin, and 
glucose and their interactions, examples of which are AG/DAG 
and AG/insulin, are important. The aim of this study was to test 
the hypothesis that some appetite-related factors had a specifi c 
profi le before and after CPAP treatment.
Methods: Metabolic parameters were measured cross-
sectionally while fasting and 30, 60, 90, and 120 min following 
breakfast in no or mild OSA (apnea-hypopnea index < 15, n = 15) 
and moderate-to-severe OSA (apnea-hypopnea index ≥ 15, n = 
39) participants in a single institute. There were no differences 
in age, sex, BMI, or visceral fat accumulation between the two 
groups. Twenty-one patients with moderate-to-severe OSA 
who received CPAP treatment also prospectively underwent 
the same testing following 3 months of CPAP treatment.
Results: Although fasting and postprandial glucose, insulin, and 
leptin levels did not differ between no or mild OSA and moderate-
to-severe OSA participants, AG and DAG, including AG/DAG 

and AG/insulin, under fasting and postprandial conditions were 
signifi cantly increased in the moderate-to-severe OSA patients 
(p < 0.01). After 3 months of CPAP treatment in 21 of the 
moderate-to-severe OSA participants, AG/DAG did not change 
signifi cantly, but other ghrelin-related parameters including AG/
insulin signifi cantly decreased compared with values before 
treatment but remained higher than in no or mild OSA.
Conclusions: Among several important metabolic factors, 
ghrelin-related factors had the strongest associations with 
moderate-to-severe OSA. These results indicate that continuous 
changes in ghrelin secretion in OSA patients existed at least 
within 3 months of CPAP treatment. Methods to prevent OSA as 
well as treatment in its early stage may be recommended.
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Obstructive sleep apnea (OSA) is said to induce cardiovas-
cular and metabolic diseases.1,2 Obesity is considered a 

major risk factor for OSA, and reports suggest that OSA may 
itself cause weight gain.3–5 When considering weight changes, 
humoral factors such as ghrelin, leptin, insulin, and glucose, 
which have signifi cant effects on appetite, are important.6–8

Most data on the associations between OSA and some humoral 
factors have been acquired in the fasting state.9–12 However, it is 
important to investigate not only fasting data but postprandial 
data because these humoral secretions are signifi cantly affected 
by food intake.13–15 Ghrelin exists in 3 forms: acyl ghrelin (AG), 
desacyl ghrelin (DAG), and the fragmented form. Recent data 
showed that interactions between AG and DAG as well as be-
tween AG and insulin are important in the energy balance and 
insulin resistance in patients with conditions such as obesity, 
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BRIEF SUMMARY
Current Knowledge/Study Rationale: It is said that there is a recipro-
cal interaction between obesity and obstructive sleep apnea (OSA). A 
few studies have shown that the treatment of OSA with continuous posi-
tive airway pressure (CPAP) is associated with a signifi cant reduction 
in body mass index (BMI), while other studies have found a signifi cant 
increase in BMI following CPAP treatment. It is important to consider 
the changes in BMI, physical activity, and neurohormonal mechanisms 
that induce satiety and hunger.
Study Impact: From the simultaneous measurements of 7 appetite-
related factors (acyl ghrelin (AG), desacyl ghrelin (DAG), leptin, insulin, 
glucose, acyl/desacyl and acyl/insulin ratios) in fasting and postpran-
dial stages before and after CPAP treatment, it was found that ghrelin-
related factors had the strongest associations with moderate-to-severe 
OSA. The elevations in the blood ghrelin-related factors did not improve 
completely following 3 months of CPAP treatments.

SCIENTIFIC INVESTIGATIONS
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type 2 diabetes, and metabolic syndrome.15–17 But these param-
eters have never been investigated in patients with OSA.

If OSA may itself cause weight gain,3–5 treatment of OSA 
with continuous positive airway pressure (CPAP) should there-
fore prevent further weight gain or facilitate weight loss.18 
However, available evidence regarding weight change is con-
flicting.19–21 Two recent reports showed increases in body mass 
index (BMI) following CPAP treatments.18,22

The mechanisms of changes in BMI following CPAP treat-
ment have been investigated from the viewpoint of energy ex-
penditure.23 It is said that OSA is associated with an increased 
energy expenditure during sleep, which is normalized by treat-
ment with CPAP.23 When considering body weight changes, 
energy intake is also important, with investigations of appetite-
related (food intake) factors promising to be useful. However, 
there have been no data on the simultaneous measurements of 
7 appetite-related factors (AG, DAG, leptin, insulin, glucose, 
acyl/desacyl ratio and acyl/insulin ratio) under fasting and 
postprandial conditions before and after CPAP treatment.

We hypothesized that some of the seven appetite-related fac-
tors might have specific patterns that would induce a continuous 
promotion of appetite under fasting and postprandial condi-
tions in OSA patients before and following CPAP treatment. 
To test that hypothesis, the primary aim was to investigate the 
effects of CPAP treatment on the blood levels of postprandial 
appetite-related factors such as AG, DAG, leptin, insulin, and 
glucose in addition to the fasting levels. The second aim was 
to examine the interaction among these factors such as AG/
DAG and AG/insulin ratios, which were thought to be impor-
tant in the energy balance and insulin resistance.13–15 In this 
study, visceral and subcutaneous fat accumulation determined 

by computed tomography (CT) were also measured because 
fat accumulation and distribution had significant associations 
with metabolic parameters.24

METHODS

Study Subjects
In this study, we consecutively assessed for eligibility 128 

adults (age > 20 y, BMI ≤ 35 kg/m2). The participants came to 
our hospital with suspected OSA because they had witnessed 
apnea and/or symptoms such as sleepiness, nonrestorative sleep, 
fatigue, insomnia, gasping, or choking. When being assessed 
for eligibility, the subject’s medical history was recorded and a 
physical examination was performed. Serum thyroid stimulating 
hormone and free-T4 levels were also measured. Of these 128 
subjects, 55 clinically stable adults were consecutively enrolled. 
In Japan, obesity is defined as BMI ≥ 25 kg/m2, with the preva-
lence of individuals with a BMI > 35 kg/m2 of 0.5%.25 Exclusion 
criteria were history of gastrointestinal surgery; cardiovascular 
disease such as myocardial infarction or ischemic heart dis-
ease; acute infection; malignancy; inflammatory, autoimmune, 
or other chronic diseases; diabetes mellitus under treatment 
with hypoglycemic agents or insulin; regular use of steroids 
or immunosuppressive drugs; renal dysfunction (serum creati-
nine ≥ 1.2 mg/dL); respiratory diseases such as bronchial asthma 
or chronic obstructive pulmonary disease; endocrine disorders 
and neurological disorders. In addition, patients were excluded 
if they had predominantly central sleep apnea. In addition, we 
excluded 1 patient without sufficient postprandial data. The re-
maining 54 patients were examined (Figure 1). This study was 
approved by the Kyoto University Graduate School and Faculty 
of Medicine Ethics Committee, IRB approval number C-311. All 
patients gave written informed consent to participate.

Study Design
All patients underwent attended diagnostic overnight poly-

somnography (PSG). At 08:00 on the morning following a 
12-h overnight fast and PSG, each patient consumed a standard 
mixed meal containing 539 kcal, with 54.8% of the calories 
composed of carbohydrate, 29.2% of fat, and 16.0% of protein. 
Blood samples were collected while still fasting and 30, 60, 90, 
and 120 min following the meal. Throughout the blood studies, 
physical activity was kept to a minimum.

From results of the PSG, the 54 subjects were divided into 
2 groups: no or mild OSA group whose apnea-hypopnea in-
dex (AHI) was < 15 (n = 15) and mild-to-moderate OSA group 
whose AHI was ≥ 15 (n = 39). In this study, there were no 
significant differences in age, sex, BMI, subcutaneous fat 
area (SFA), visceral fat area (VFA), Epworth Sleepiness Scale 
(ESS), or comorbidities between the 2 groups (Table 1).

Of the 39 patients in the moderate-to-severe OSA group, 28 
received CPAP treatment following the first examination be-
cause under the health insurance system in Japan CPAP is only 
permitted for OSA patients with an AHI > 20. Seven patients 
did not agree to testing following 3 months of CPAP treat-
ment, leaving 21 patients who underwent testing of several 
parameters after 3 months of CPAP treatment (that is, ranging 
from almost 3 months to 1 to 3 weeks beyond 3 months).

Figure 1—Flowchart of trial design.

BMI, body mass index; AHI, apnea-hypopnea index; CPAP, continuous 
positive airway pressure.
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PSG
The diagnosis of OSA was confirmed by PSG (SomnoStar 

pro, Cardinal Health, Dublin, OH, USA), which was started 
at 22:00 and ended at 06:00 the following morning. Surface 
electrodes were attached using standard techniques to obtain 
an electrooculogram, electromyogram of the chin, and 12-lead 
electroencephalograph. Sleep stages were defined accord-
ing to the criteria of Rechtschaffen and Kales.26 Ventilation/
respiratory effort was monitored by inductive plethysmogra-
phy (Respitrace QDC, Viasys Healthcare, Palm Springs, CA, 
USA). Airflow was monitored by a nasal pressure transducer 
(PTAFlite, Pro-Tech Services Inc., Mukilteo, WA, USA) and 
supplemented by an oronasal thermal sensor (Sleepmate Tech-
nologies, Midlothian, VA, USA). Arterial oxygen saturation 
(SpO2) was monitored continuously with a pulse oximeter 
(Adult Flex System, Nonin Medical, Plymouth, MN, USA).

Apnea was defined as the complete cessation of airflow and 
hypopnea as a clear decrease in airflow of 50% lasting ≥ 10 s ac-
companied by a decrease in SpO2 ≥ 3% and/or associated with 

arousal.27 All AHI values were expressed as the number of epi-
sodes of apnea and hypopnea per hour over the total sleep time. 
The lowest SpO2 during sleep was calculated in each patient.

Measurements of Blood Samples
While fasting and 30, 60, 90, and 120 min after a meal, glu-

cose, insulin, leptin, AG, and DAG were measured. Blood 
samples for determination of AG and DAG concentrations 
were collected into chilled polypropylene tubes containing 
EDTA-2Na (1 mg/mL) and aprotinin (Ohkura Pharmaceuti-
cal, Inc., Kyoto, Japan: 500 kallikrein inactivator U/mL), and 
centrifuged. Then, the separated plasma sample was imme-
diately added to 1N HCl (10% of plasma volume) and stored 
at −80°C until analysis. Ghrelin levels were measured with a 
fluorescence enzyme immunoassay (FEIA; Tosoh Corp. To-
kyo, Japan) that was used in a previous report.28 The minimal 
detection limits for AG and DAG in this assay system were 
2.5 fmol/mL and 10 fmol/mL, respectively. The interassay co-
efficients of variation were 2.9% and 3.1% for AG and DAG, 

Table 1—Characteristics, PSG and laboratory data in no or mild OSA patients and moderate-to-severe OSA patients.
No or Mild OSA (n = 15) Moderate-to-Severe OSA (n = 39) p value

Age 54.3 ± 14.3 54.6 ± 12.4 0.95
Male 14 (93.3) 36 (92.3) 0.99
BMI 26.2 ± 3.0 26.5 ± 3.9 0.78
Waist circumference (cm) 93.6 ± 8.1 93.0 ± 9.1 0.82
SFA (cm2) 138.2 ± 67.3 131.2 ± 73.2 0.76
VFA (cm2) 102.6 ± 44.7 96.2 ± 52.2 0.69
VFA/SFA 0.85 ± 0.55 0.82 ± 0.38 0.86
Current smoker 4 (28.6) 6 (15.4) 0.44
ESS 11.1 ± 5.5 10.4 ± 5.3 0.70
Comorbidity

Hypertension 6 (40.0) 14 (35.9) 0.78
Dyslipidemia 8 (53.3) 19 (48.7) 0.76
Statin use 5 (33.3) 11 (28.2) 0.75

PSG data
TST, min 382.0 ± 68.1 399.7 ± 80.6 0.45
Sleep efficiency, % 71.4 ± 12.4 75.9 ± 13.5 0.27
Arousal index, events/h 23.6 ± 12.1 34.0 ± 15.8 0.03
AHI, events/h 8.8 (6.6–11.1) 24.3 (19.9–54.5) < 0.0001
Min SpO2, % 87 (86–90) 79 (75–83) 0.001
4% ODI, events/h 3.9 (2.0–5.2) 16.5 (11.9–45.4) < 0.0001
SpO2 < 90%, %TST 0.1 (0.0–1.0) 4.3 (1.6–15.7) 0.02

Blood (fasting)
Creatinine (mg/dL) 0.83 ± 0.11 0.83 ± 0.13 0.86
HDL-C (mg/dL) 47 ± 15 49 ± 12 0.59
LDL-C (mg/dL) 119 ± 22 113 ± 40 0.63
TG (mg/dL) 153 ± 98 143 ± 83 0.70
CRP (mg/dL) 0.07 ± 0.13 0.11 ± 0.14 0.38
HOMA-IR 1.63 ± 0.91 1.94 ± 1.42 0.44

Continuous variables were expressed as mean ± standard deviation or median value with interquartile range when analyzed by the Mann-Whitney U test. 
Categorical variables were expressed as absolute numbers with percentages in each group. PSG, polysomnography; OSA, obstructive sleep apnea; BMI, 
body mass index; SFA, subcutaneous fat area; VFA, visceral fat area; ESS, Epworth Sleepiness Scale; TST, total sleep time; AHI, apnea-hypopnea index; 
Min SpO2, minimum percutaneous oxygen saturation; ODI, oxygen desaturation index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density 
lipoprotein cholesterol; TG, triglycerides; CRP, C reactive protein; HOMA-IR, homeostasis model assessment of insulin resistance.
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respectively.28 Serum leptin was measured by radioimmunoas-
say (Mitsubishi Kagaku Bio-Clinical Laboratories, Inc., Tokyo, 
Japan). The intra- and interassay coefficients of variation were 
4.8% and 8.3%, respectively. All other assays, excluding those 
for plasma ghrelin and serum leptin, were performed by the 
biochemistry department at Kyoto University Hospital using 
standard techniques.29 Hypertension was defined as systolic 
blood pressure ≥ 140 mm Hg or diastolic blood pressure ≥ 90 
mm Hg or the use of an antihypertensive medication. Dyslipid-
emia was defined as serum low-density lipoprotein cholesterol 
(LDL-C) ≥ 140 mg/dL, high-density lipoprotein cholesterol 
(HDL-C) < 40 mg/dL or triglycerides (TG) ≥ 150 mg/dL30 or 
the use of an antilipidemic medication.

Visceral Adipose Tissue Measurement
VFA was assessed by an Aquilion 64 CT system (Toshiba 

Medical Systems Corporation, Tochigi, Japan) running on 135 
kVp, 440 mA, 0·5-s scan time and 10·0 mm slice thickness. We 
used a single CT scan obtained at the level of the umbilicus,31 
and the VFA and SFA were quantified using a specialized im-
age analysis program (AZE Virtual Place 99, AZE of America, 
Ltd., Irvine, CA, USA).

Statistical Analysis
Data were analyzed using JMP 9.0 (SAS Institute, Inc. 

Cary, NC, USA). Continuous variables were expressed as 
mean ± standard deviation or the median value with interquar-
tile range where analysis was by Mann-Whitney U test. Cat-
egorical variables were expressed as absolute numbers with 
percentages in each group. Postprandial levels of glucose, in-
sulin, leptin, AG, and DAG were calculated for the four 30-min 
intervals as the area under the curve (AUC) according to the 
trapezoid rule. The associations between participants’ char-
acteristics, PSG data, and laboratory data (blood and urine) 
including postprandial profiles and presence of OSA were as-
sessed. Continuous variables were tested by the unpaired t test 
or Mann-Whitney U test. Categorical variables were compared 
by the χ2 test or Fisher exact test. The differences between the 
baseline value and each postprandial value in each subject 
were tested by the paired t test.

Covariances between 2 sets of continuous data were ana-
lyzed by Pearson correlation coefficient tests, and those 
between dichotomous data were by the Spearman rank cor-
relation coefficient. We also defined “presence of OSA” as 
AHI ≥ 15. Multiple regression analysis was performed to adjust 

Figure 2—Comparison of fasting and postprandial acylated ghrelin, desacyl ghrelin, glucose, insulin, and leptin between no or 
mild OSA patients and moderate-to-severe OSA patients.

Before treatment, both AG and DAG were significantly higher in the moderate-to-severe OSA patients than in no or mild OSA patients (A,B). The measured 
values of fasting and postprandial glucose, insulin, and leptin levels between no or mild OSA patients and moderate-to-severe OSA patients were not 
significantly different. Data are shown as mean ± standard deviation. Single asterisk indicates p < 0.05 between the no or mild OSA patients and moderate-
to-severe OSA patients. OSA, obstructive sleep apnea.
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for confounders such as age, gender, BMI, and current smok-
ing. Next, multiple regression analyses, with a p value < 0.10 
required for entry into the models, were performed to identify 
those variables that could best predict fasting and postprandial 
AG, DAG, AG/DAG, and AG/insulin. Also, to exclude the ef-
fects of co-linearity on the multiple regression analyses, we 
tested for co-linearity among the variables. Then, among the 
variables that had very strong co-linearity (r > 0.70) with each 
other, such as the arousal index, AHI, and 4% oxygen desatu-
ration index (ODI), the highest one was selected.

To investigate changes in each postprandial AUC and other 
parameters before and after 3 mo of CPAP, comparisons of 
data between baseline and after 3 mo of CPAP treatment were 
tested by a paired t test. In all analyses, p value < 0.05 was 
considered statistically significant.

RESULTS

Clinical Characteristics of Subjects
Participants’ characteristics, PSG data, and fasting lab-

oratory data at baseline are shown in Table 1. Except for 
sleep parameters, other factors such as age, sex, BMI and 
fat distribution and accumulation, and ESS were not signifi-
cantly different between the no or mild OSA patients and 
the moderate-to-severe OSA patients. Since the participants 
came to our hospital due to suspected OSA with witnessed 

apnea and/or symptoms such as sleepiness, nonrestorative 
sleep, fatigue, the ESS scores in both groups were relatively 
high (Table 1).

Fasting and Postprandial Ghrelin, Glucose, Insulin, 
and Leptin Levels

Fasting and postprandial changes in glucose, insulin, leptin, 
AG, and DAG levels are shown in Figures 2 and 3 and Table 2. 
At baseline, both AG and DAG were significantly higher in 
the moderate-to-severe OSA patients (AG, p = 0.002; DAG, 
p = 0.001) than in the no or mild OSA group patients (Table 2, 
Figure 2A, 2B). In addition, in the moderate-to-severe OSA 
patients both AG/DAG (p = 0.01) and AG/insulin (p = 0.01) 
were significantly higher than in the no or mild OSA patients 
(Table 2, Figure 3).

Regarding the fasting and AUC data, AG, DAG, AG/DAG, 
and AG/insulin were significantly higher in the moderate-to-
severe OSA patients than in no or mild OSA patients (Table 2, 
Figures 2A, 2B, 3A, and 3B).

Glucose and insulin values at each postprandial time point 
were significantly elevated compared with the baseline values 
in both groups (Figure 2C, 2D), whereas leptin levels at each 
postprandial time point were significantly decreased compared 
with baseline values in both groups (Figure 2E), although the 
decreases were small. However, the measured values of fasting 
and postprandial glucose, insulin, and leptin were not signifi-
cantly different between the two patients groups.

Figure 3—Comparison of fasting and postprandial acylated ghrelin/desacyl ghrelin ratio and acylated ghrelin/insulin ratio 
between no or mild OSA patients and moderate-to-severe OSA patients. 

Before treatment, both AG/DAG and AG/insulin were significantly higher in the moderate-to-severe OSA patients than in the no or mild OSA patients (A,B). 
Data are shown as mean ± standard deviation. Single asterisk indicates p < 0.05 between the no or mild OSA patients and moderate-to-severe OSA 
patients. OSA, obstructive sleep apnea.
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Associations between Fasting and Postprandial 
Hormonal Levels and Clinical Indices, and Determinants 
of AG, DAG, AG/DAG, and AG/Insulin Levels

After adjustment for age, gender, BMI, and smoking status, 
which were said to be associated with ghrelin levels, the as-
sociations between several parameters (fat and fat distribution, 
PSG data, fasting blood data and the presence of moderate-to-
severe OSA) and fasting and postprandial AG, DAG, AG/DAG, 
and AG/insulin were investigated. Ghrelin-associated param-
eters were significantly related to several parameters including 
the presence of moderate-to-severe OSA (Table 3).

Multiple regression analyses, with a p value < 0.10 (between 
each parameter in Table 1 and AG, DAG, AG/DAG, and AG/
insulin) required for entry into the models (Tables S1, S2, 
supplemental material), were performed to identify the fac-
tors that could predict fasting and postprandial AG, DAG, AG/
DAG, and AG/insulin. The presence of moderate-to-severe 
OSA had a significant positive correlation with postprandial 
AG, DAG, and AG/DAG and fasting and postprandial AG/in-
sulin (Table 4).

Effects of CPAP Treatment on Postprandial Changes in 
Glucose, Insulin, and Ghrelin Levels

During the study period, BMI did not increase significantly 
(before CPAP: 27.8 ± 5.5 vs following 3 mo of CPAP 28.0 ± 5.5, 
p = 0.28). The average time of usage of the CPAP machine was 
4.5 ± 2.0 h/day. AHI significantly decreased from 41.2 ± 22.3 
to 3.9 ± 3.1 by CPAP treatment. Following CPAP treatment in 
the OSA group, AG (fasting and 60 and 120 postprandial min), 

DAG (fasting and 30, 60 and 90 postprandial min) AG/insulin 
(fasting and 60 postprandial min), AGAUC, DAGAUC, and AG/in-
sulinAUC were significantly decreased compared with data be-
fore CPAP treatment, while fasting AG/DAG and postprandial 
AG/DAGAUC did not change significantly (Figure 4A, 4B, and 
Figure 5). Although fasting and postprandial AG and DAG 
significantly decreased following 3 months of CPAP treatment, 
the levels were still higher than those of no or mild OSA pa-
tients (Figure 4A, 4B, and Figure 6). Although AG/insulin 
levels in OSA patients were significantly decreased, they were 
significantly higher than those among the no or mild OSA pa-
tients (fasting: moderate-to-severe OSA following 3 months 
of CPAP 1.46 ± 1.47 vs. no or mild OSA patients 0.59 ± 0.34, 
p = 0.03; postprandial: moderate-to-severe OSA following 
3 mo of CPAP 37 ± 36 vs. no or mild OSA patients 15 ± 8, 
p = 0.02) (Figure 5B). Fasting and postprandial glucose, in-
sulin, and leptin were not significantly changed (Figures 4C, 
4D, and 4E). If we excluded patients with daily usage time of 
CPAP < 3 h, the data (n = 16) were almost the same except 
for fasting DAG and AG/DAG ratio (Table S3, supplemental 
material).

DISCUSSION

Not only fasting but also postprandial AG and DAG lev-
els were significantly elevated in patients with moderate-to-
severe OSA compared with no or mild OSA patients even 
though BMI, waist circumference, SFA, and VFA were 
similar in the two groups. On the other hand, there were no 

Table 2—Fasting and postprandial glucose, insulin, leptin, and acylated and desacyl ghrelin levels in no or mild OSA patients 
and moderate-to-severe OSA patients.

No or Mild OSA (n = 15) Moderate-to-Severe OSA (n = 39) p value
Glucose

Fasting (mg/dL) 99 ± 15 99 ± 14 0.96
AUC (mg/dL × min) 16,088 ± 4,681 15,778 ± 3,989 0.81

Insulin
Fasting (μU/mL) 6.7 ± 3.8 7.9 ± 5.7 0.45
AUC (μU/mL × min) 7,415 ± 3,708 6,593 ± 4,347 0.52

Leptin
Fasting (ng/mL) 6.5 ± 3.8 7.1 ± 4.5 0.69
AUC (ng/mL × min) 692 ± 392 756 ± 466 0.64

Acylated ghrelin
Fasting (fmol/ml) 3.3 ± 1.8 11.4 ± 9.6 0.002
AUC (fmol/mL × min) 321 ± 127 1,013 ± 761 0.001

Desacyl ghrelin
Fasting (fmol/mL) 19.5 ± 10.9 38.7 ± 20.9 0.001
AUC (fmol/mL × min) 1,916 ± 814 3,697 ± 1,783 0.0006

Acylated/desacyl ghrelin
Fasting 0.18 ± 0.06 0.27 ± 0.13 0.01
AUC 21 ± 6 31 ± 10 0.0006

Acylated ghrelin/insulin 
Fasting (fmol/μU) 0.59 ± 0.34 2.24 ± 2.42 0.01
AUC (fmol/μU) 15 ± 8 57 ± 54 0.005

Values presented as mean ± standard deviation or number (%). AUC, area under the curve; OSA, obstructive sleep apnea.
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significant differences in fasting or postprandial glucose, in-
sulin, and leptin levels between the two groups. Although the 
AG/DAG ratio did not change significantly, other ghrelin-re-
lated parameters, including the AG/insulin ratio, significantly 
decreased following 3 months of CPAP treatment. However, 
the values of those parameters in the moderate-to-severe 
OSA patients remained higher than in the no or mild OSA 
patients. In addition, the presence of OSA (AHI ≥ 15) was a 
significant factor in relation to values for AG, DAG, AG/DAG, 
and AG/insulin.

Differences in Metabolic Hormones between 
Moderate-to-Severe OSA and No or Mild OSA Patients

Among glucose, insulin, leptin, and ghrelin, including AG 
and DAG, only the ghrelin-related parameters were signifi-
cantly increased under both fasting and postprandial condi-
tions in moderate-to-severe OSA patients compared with no 
or mild OSA patients. Several parameters such as age, sex, 
BMI, SFA, VFA, ESS, and comorbidities (Table 1) that have 
significant effects on levels of ghrelin-related parameters were 
not significantly different between the two patient groups. Al-
though several studies have examined the relation between 
OSA and ghrelin levels, results have not been consistent.9–11,32 

Several factors such as obesity, age, and sex,15,33,34 which in-
fluence ghrelin secretion, may contribute to the previous in-
consistent results regarding the relationship between OSA and 
ghrelin secretion. Further, in former studies11,32 that did not 
demonstrate significant associations between OSA and ghre-
lin, plasma ghrelin levels were not measured separately as two 
circulating forms of ghrelin (AG and DAG), which have dif-
ferent biophysical activities, but were measured as total ghre-
lin. In our examinations, we added 1N HCl (10% of plasma 
volume) to plasma samples immediately, which stabilized 
the acylated ghrelin and allowed us to separately measure 
AG and DAG. As a result, we could show that both fasting 

Table 3—Multivariate regression analysis for AG, DAG, 
AG/DAG ratio and AG/insulin ratio after adjustment for age, 
gender, BMI, and smoking status.

β p value
Fasting AG (fmol/mL)

Presence of OSA 0.416 0.002
Postprandial AG (fmol/mL × min)

AHI, events/h 0.305 0.04
Presence of OSA 0.451 0.001

Fasting DAG (fmol/mL)
AHI, events/h 0.320 0.03
Presence of OSA 0.453 0.0008
4% ODI, events/h 0.319 0.03

Postprandial DAG (fmol/mL × min)
AHI, events/h 0.331 0.02
Presence of OSA 0.468 0.0005
4% ODI, events/h 0.321 0.03

Fasting AG/DAG
Presence of OSA 0.318 0.02

Postprandial AG/DAG
TST, min 0.299 0.04
Sleep efficiency, % 0.363 0.02
AHI, events/h 0.302 0.04
Presence of OSA 0.445 0.001

Fasting AG/insulin (fmol/μU)
Presence of OSA 0.343 0.008

Postprandial AG/insulin (fmol/μU)
Presence of OSA 0.375 0.004

AG, acylated ghrelin; DAG, desacyl ghrelin; BMI, body mass index; β, 
standard regression coefficient; OSA, obstructive sleep apnea; AHI, apnea-
hypopnea index; ODI, oxygen desaturation index; TST, total sleep time.

Table 4—Multivariate linear regression analysis for AG, 
DAG, AG/DAG and AG/insulin.

β p value r R2 (%)
Fasting AG (fmol/mL)

Sleep efficiency, % 0.197 0.12 –
Presence of OSA 0.379 0.004 0.409 15.5
Cumulative R2 15.5

Postprandial AG (fmol/mL × min)
Sleep efficiency, % 0.208 0.09 –
Presence of OSA 0.408 0.002 0.440 18.0
Cumulative R2 18.0

Fasting DAG (fmol/ml)
Waist circumference −0.226 0.11 –
Presence of OSA 0.395 0.03 0.423 16.7
4% ODI, events/h 0.067 0.68 –
Cumulative R2 16.7

Postprandial DAG (fmol/mL × min)
Presence of OSA 0.425 0.006 0.450 19.1
4% ODI, events/h 0.046 0.76 –
Cumulative R2 19.1

Postprandial AG/DAG
BMI (kg/m2) 0.085 0.50
TST, min 0.247 0.06
Presence of OSA 0.478 0.002 0.453 21.7
4% ODI, events/h −0.100 0.51
Cumulative R2 21.7

Fasting AG/insulin (fmol/μU)
VFA (cm2) −0.299 0.03 −0.392 11.7
Presence of OSA 0.321 0.01 0.341 10.9
TG (mg/dL) −0.128 0.34
Leptin (ng/mL) −0.196 0.13
Cumulative R2 22.6

Postprandial AG/insulin (fmol/μU)
VFA (cm2) −0.285 0.04 −0.385 11.0
Presence of OSA 0.350 0.007 0.373 13.1
TG (mg/dL) −0.140 0.29
Leptin (ng/mL) −0.198 0.12
Cumulative R2 24.1

AG, acylated ghrelin; DAG, desacyl ghrelin; β, standard regression 
coefficient; r, correlation coefficient; R2, contribution rate; OSA, 
obstructive sleep apnea; ODI, oxygen desaturation index; BMI, body 
mass index; TST, total sleep time; VFA, visceral fat area.
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and postprandial AG and DAG were greatly elevated in the 
moderate-to-severe OSA group compared with the no or mild 
OSA patients. Our study revealed that AGAUC and DAGAUC 
were positively correlated with AHI and/or the 4% ODI after 
adjustment for confounding factors. A long-term prospective 
study is needed to confirm whether the increased postprandial 
ghrelin in OSA participants is caused by intermittent hypoxia 
induced by OSA.

AG/DAG and AG/insulin Ratios in Moderate-to-Severe 
OSA Patients

No study has investigated the AG/DAG or AG/insulin ratio 
in OSA patients. Increases in the AG/DAG and AG/insulin ra-
tios mean that there is an increase in AG relative to DAG and 
insulin levels. Ghrelin acylation is dependent on the function 
of ghrelin O-acyl transferase (GOAT) and the availability of 
substrates such as proghrelin and short-to-medium-chain fatty 
acids.35 In this study, the presence of dyslipidemia and the 
components of the breakfast meal were the same between the 
moderate-to-severe OSA patients and no or mild OSA patients. 

Therefore, OSA may increase GOAT activity. In addition to the 
AHI and the presence of OSA, total sleep time and sleep effi-
ciency, which had a significant relationship to postprandial AG/
DAG, might have a significant association with GOAT activ-
ity (Table 3). Indeed, several studies have shown that recurrent 
partial sleep deprivation and chronic short sleep duration are 
associated with a significant increase in levels of ghrelin.36,37 
OSA causes recurrent arousals that result in sleep fragmenta-
tion and loss of sleep quality.38 These sleep disorders in OSA 
might lead to an abnormality in postprandial ghrelin secretion. 
Thus, OSA and sleep parameters may induce an increase in 
GOAT activity, the mechanism of which was not determined 
in this study.

Recent data showed that obese patients with metabolic 
syndrome had high AG/DAG.16 AG/DAG was shown to be as-
sociated with insulin sensitivity.17 That there is an interaction 
between secretions of ghrelin and insulin has been reported.15,39 
The increased AG/insulin noted in our OSA patients suggests 
that the interaction between AG and insulin may be disturbed 
in general in patients having OSA.

Figure 4—Change in postprandial acylated ghrelin, desacyl ghrelin, glucose, insulin, and leptin before and after 3 months of 
CPAP treatment in patients with moderate-to-severe OSA (n = 21). 

Following CPAP treatment, AG (fasting and 60 and 120 postprandial minutes), DAG (fasting and 30, 60, and 90 postprandial min), AGAUC, and DAGAUC were 
significantly decreased compared with pretreatment values (A,B), while fasting and postprandial glucose, insulin, and leptin were not significantly changed 
(C–E). Data are shown as mean ± standard deviation. Single asterisk indicates p < 0.05 between before CPAP and after 3 mo of CPAP.  OSA, obstructive 
sleep apnea; CPAP, continuous positive airway pressure.
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Data before and after CPAP Treatment
Although the present study showed that fasting and post-

prandial AG, DAG, and the AG/insulin ratio were decreased 
after 3 months of CPAP, those values were still significantly 
higher than in no or mild OSA patients; also, there was no 
change in AG/DAG following CPAP treatment (Figures 4–6). 
It is unclear whether a longer period of CPAP would have im-
proved these levels and ratios or whether irreversible changes 
in secretion of ghrelin might occur in OSA patients, as in hy-
poxic-induced “neural injury,” such as daytime sleepiness and 
impaired memory and concentration.40

Recent data showed that patients treated by CPAP might 
have body weight gain after CPAP treatment.18,22 The mecha-
nism was said to be decreased energy expenditure.21 In contrast, 
higher AG/DAG ratios and higher values for ghrelin-related 
parameters in patients with OSA might show that they had fol-
lowed the same dietary habits as before CPAP treatment. Re-
cent data from four months of CPAP treatment showed that 
the participants did not change their dietary habits.40 Our data 
may support their data. Thus, preserved dietary habits due to 
ghrelin-related factors in this study in addition to a decrease in 
energy expenditure in OSA patients following CPAP treatment 
might cause body weight gain41 or make it difficult to lose body 
weight during CPAP treatment.21

This study had some limitations. Firstly, the sample 
size was small. Therefore, the findings might be caused by 
chance. However, the differences in the fasting and postpran-
dial AG and DAGAUC between no or mild OSA patients and 

moderate-to-severe OSA patients were very large. Therefore, 
the results could be considered significant and definitive. To 
confirm the findings of our study, a community-based pro-
spective study with large sample size is warranted. Secondly, 
we did not randomize the application of CPAP or use sham 
CPAP to confirm the effects of CPAP. Under the health insur-
ance system in Japan randomization and the use of sham CPAP 
are difficult. However, not only fasting but also postprandial 
data could lessen these limitations. Thirdly, the population in 
our study was Japanese. Therefore, the results might be spe-
cific to a Japanese population. A large study of another ethnic 
population might explore the ethnic differences in the results 
or confirm these results. Fourthly, the differences in the pe-
riod of CPAP treatment might have affected the results of our 
study. However, after diagnosing PSG, all 21 patients who 
underwent testing of several parameters following 3 months 
of CPAP treatment had received CPAP treatment within one 
month. Thus, we think that this possible limitation had a mini-
mal effect on the study outcomes.

In conclusion, in moderate-to-severe OSA patients, ghre-
lin, including AG and DAG, was a more suitable metabolic 
marker than insulin or leptin under not only fasting but also 
postprandial conditions. In addition to the continuous increase 
in the AG/DAG ratio, the increases in fasting AG/insulin per-
sisted in OSA patients even though significant improvements 
were found following 3 months of CPAP treatment. Ghrelin 
and ghrelin-related markers may be useful to monitor meta-
bolic disorders in OSA patients before and following CPAP 

Figure 5—Change in acylated ghrelin/desacyl ghrelin ratio and acylated ghrelin/insulin ratio before and after 3 months of CPAP 
treatment in patients with moderate-to-severe OSA (n = 21). 

Following CPAP treatment, AG/insulin ratio (fasting and 60 postprandial min) and AG/insulinAUC ratio were significantly decreased compared with baseline 
values (B), while fasting AG/DAG or AG/DAGAUC did not change significantly (A). Data are shown as mean ± standard deviation. Single asterisk indicates 
p < 0.05 between before CPAP and after 3 months of CPAP. OSA, obstructive sleep apnea; CPAP, continuous positive airway pressure.
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treatment. Early diagnosis and treatment of OSA patients 
would be necessary because irreversible changes in the ghrelin 
system might occur in those with OSA. A long-term prospec-
tive study is needed to clarify this issue.

ABBREVIATIONS

AG, acylated ghrelin 
AHI, apnea-hypopnea index
AUC, area under the curve
CRP, C reactive protein
DAG, desacyl ghrelin
β, standard regression coefficient
BMI, body mass index
ESS, Epworth Sleepiness Scale
HDL-C, high-density lipoprotein cholesterol
HOMA-IR, homeostasis model assessment of insulin resistance
LDL-C, low-density lipoprotein cholesterol
Min SpO2, minimum percutaneous oxygen saturation
ODI, oxygen desaturation index
OSA, obstructive sleep apnea
PSG, polysomnography
r, correlation coefficient
R2, contribution rate
SFA, subcutaneous fat area
TG, triglycerides
VFA, visceral fat area
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Table S1—Associations of fasting and postprandial acylated ghrelin and desacyl ghrelin levels with participants’ characteristics, 
PSG data and biomarkers.

Fasting Postprandial
Acylated Desacyl AcylatedAUC DesacylAUC

r p value r p value r p value r p value
Age (y) −0.025 0.86 −0.043 0.76 −0.035 0.81 −0.038 0.79
Gender (male) 0.031 0.83 0.088 0.53 0.058 0.68 0.121 0.38
BMI (kg/m2) −0.172 0.22 −0.175 0.21 −0.124 0.37 −0.174 0.21
Waist circumference (cm) −0.220 0.11 −0.237 0.09 −0.164 0.24 −0.196 0.16
SFA (cm2) −0.168 0.24 −0.148 0.31 −0.155 0.28 −0.161 0.27
VFA (cm2) −0.205 0.15 −0.134 0.36 −0.180 0.21 −0.153 0.29
VFA/SFA −0.028 0.85 0.004 0.98 0.003 0.99 0.024 0.87
Current smoker −0.072 0.61 0.091 0.51 −0.025 0.86 0.014 0.92
Hypertension 0.028 0.84 −0.036 0.80 −0.048 0.73 −0.035 0.80
Dyslipidemia 0.048 0.73 0.072 0.61 0.045 0.75 0.016 0.91
Statin use −0.096 0.49 −0.123 0.38 −0.111 0.43 −0.122 0.38
ESS −0.010 0.94 −0.024 0.87 −0.024 0.86 −0.013 0.93
TST, min 0.190 0.17 0.161 0.25 0.231 0.09 0.169 0.22
Sleep efficiency, % 0.255 0.06 0.163 0.24 0.271 0.04* 0.191 0.17
Arousal, events/h 0.105 0.45 0.231 0.09 0.113 0.42 0.207 0.13
AHI, events/h 0.193 0.16 0.275 0.04* 0.217 0.12 0.277 0.04*
Presence of OSA 0.409 0.002* 0.423 0.001* 0.440 0.0008* 0.450 0.0005*
Mini SpO2, % 0.004 0.98 0.045 0.75 −0.013 0.93 0.040 0.77
4% ODI, events/h 0.185 0.18 0.277 0.04* 0.213 0.12 0.274 0.04*
SpO2 < 90%, %TST 0.106 0.45 0.142 0.31 0.125 0.37 0.135 0.33
Blood (fasting)

Creatinine (mg/dL) 0.127 0.36 0.065 0.64 0.121 0.39 0.169 0.22
HDL-C (mg/dL) −0.014 0.92 −0.063 0.65 −0.010 0.94 −0.086 0.54
LDL-C (mg/dL) −0.084 0.55 0.005 0.97 −0.011 0.94 −0.037 0.79
TG (mg/dL) −0.098 0.48 −0.019 0.89 −0.085 0.54 −0.046 0.74
CRP (mg/dL) 0.065 0.64 0.200 0.15 0.045 0.75 0.101 0.47
Glucose (mg/dL) −0.137 0.32 −0.087 0.53 −0.121 0.39 −0.109 0.44
Insulin (μU/mL) −0.100 0.48 −0.050 0.72 −0.048 0.73 −0.052 0.71
Leptin (ng/mL) −0.097 0.49 −0.180 0.19 −0.113 0.42 −0.203 0.14

*p < 0.05. AUC, area under the curve; PSG, polysomnography; BMI, body mass index; SFA, subcutaneous fat area; VFA, visceral fat area; ESS, Epworth 
sleepiness scale, TST, total sleep time; AHI, apnea-hypopnea index; OSA, obstructive sleep apnea; Min SpO2, minimum percutaneous oxygen saturation; 
ODI, oxygen desaturation index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; CRP, C reactive 
protein. 
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Table S2—Associations of fasting and postprandial acylated ghrelin/desacyl ghrelin and acylated ghrelin/insulin ratios with 
participants’ characteristics, PSG data and biomarkers.

Fasting Postprandial
AG/DAG AG/Insulin AGAUC/DAGAUC AGAUC/InsulinAUC

r p value r p value r p value r p value
Age (y) −0.154 0.27 0.157 0.26 −0.049 0.72 0.160 0.25
Gender (male) −0.023 0.87 0.086 0.54 −0.052 0.71 0.083 0.55
BMI (kg/m2) −0.027 0.85 −0.374 0.005* 0.118 0.40 −0.366 0.006*
Waist circumference (cm) −0.045 0.75 −0.374 0.006* 0.029 0.84 −0.362 0.007*
SFA (cm2) −0.040 0.78 −0.349 0.01* 0.017 0.91 −0.341 0.01*
VFA (cm2) −0.148 0.31 −0.392 0.005* −0.068 0.64 −0.385 0.005*
VFA/SFA −0.084 0.56 −0.023 0.88 −0.073 0.62 −0.028 0.85
Current smoker −0.212 0.13 −0.179 0.20 −0.082 0.56 −0.184 0.18
Hypertension −0.048 0.73 −0.010 0.94 −0.043 0.76 −0.030 0.83
Dyslipidemia −0.088 0.53 −0.002 0.99 0.049 0.72 0.027 0.85
Statin use −0.062 0.66 −0.105 0.45 −0.129 0.35 −0.117 0.40
ESS 0.091 0.51 −0.034 0.81 0.001 0.99 −0.059 0.68
TST, min 0.087 0.53 0.085 0.54 0.283 0.04* 0.081 0.56
Sleep efficiency, % 0.211 0.13 0.154 0.27 0.318 0.02* 0.136 0.33
Arousal, events/h 0.057 0.69 −0.017 0.90 0.082 0.56 −0.003 0.98
AHI, events/h 0.178 0.20 0.031 0.83 0.350 0.009* 0.036 0.80
Presence of OSA 0.341 0.01* 0.341 0.01* 0.453 0.0005* 0.373 0.005*
Mini SpO2, % −0.126 0.37 −0.010 0.94 −0.187 0.18 0.003 0.98
4% ODI, events/h 0.170 0.22 0.058 0.68 0.361 0.007* 0.063 0.65
SpO2 < 90%, %TST 0.130 0.35 0.026 0.85 0.404 0.002* −0.009 0.95
Blood (fasting)

Creatinine (mg/dL) 0.161 0.25 0.083 0.55 0.012 0.93 0.066 0.64
HDL-C (mg/dL) 0.015 0.91 0.064 0.65 0.046 0.74 0.074 0.59
LDL-C (mg/dL) −0.025 0.86 −0.097 0.49 0.007 0.96 0.002 0.99
TG (mg/dL) −0.074 0.60 −0.246 0.07 −0.098 0.48 −0.263 0.055
CRP (mg/dL) 0.020 0.89 0.036 0.80 −0.004 0.98 0.027 0.85
Glucose (mg/dL) −0.151 0.28 −0.107 0.44 −0.081 0.56 −0.128 0.36
Insulin (μU/mL) −0.068 0.63 – – 0.026 0.85 – –
Leptin (ng/mL) 0.094 0.50 −0.256 0.06 0.098 0.48 −0.258 0.06

*p < 0.05. AG, acylated ghrelin; DAG, desacyl ghrelin; AUC, area under the curve; PSG, polysomnography; BMI, body mass index; SFA, subcutaneous fat 
area; VFA, visceral fat area; ESS, Epworth sleepiness scale, TST, total sleep time; AHI, apnea-hypopnea index; OSA, obstructive sleep apnea; Min SpO2, 
minimum percutaneous oxygen saturation; ODI, oxygen desaturation index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein 
cholesterol; TG, triglycerides; CRP, C reactive protein. 
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Table S3—Effects of CPAP on laboratory data in OSA patients with good adherence to CPAP (≥ 3 h/day) (n = 16).
Before CPAP After 3 mo of CPAP p value

Preprandial blood values
Glucose (mg/dL) 100 ± 15 100 ± 22 0.87
Insulin (μU/mL) 5.5 ± 2.9 6.9 ± 4.7 0.04
Leptin (ng/mL) 6.3 ± 2.7 6.1 ± 2.4 0.65
Acylated ghrelin (fmol/mL) 10.7 ± 7.7 6.4 ± 5.1 0.01
 Desacyl ghrelin fmol/mL) 35.0 ± 15.7 29.2 ± 17.2 0.15
Acylated ghrelin/desacyl ghrelin 0.28 ± 0.11 0.22 ± 0.10 0.04
Acylated ghrelin/insulin(fmol/μU) 2.14 ± 1.67 1.21 ± 1.05 0.001

Postprandial blood values
Acylated ghrelinAUC 988 ± 782 675 ± 460 0.04
Desacyl ghrelinAUC 3,482 ± 1,467 2,852 ± 1,168 0.04
Acylated ghrelin/desacyl ghrelinAUC 31 ± 11 28 ± 10 0.19
Acylated ghrelinAUC/insulinAUC (fmol/μU) 51 ± 39 32 ± 27 0.002
GlucoseAUC 16,017 ± 3,309 15,766 ± 4,230 0.73
InsulinAUC 5,925 ± 2,858 6,634 ± 4,071 0.17
LeptinAUC 674 ± 254 630 ± 239 0.24

Values presented as mean ± standard deviation. CPAP, continuous positive airway pressure; AUC, area under the curve.


