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Association Between Ketosis and Changes in Appetite 
Markers with Weight Loss Following a Very Low-Energy 
Diet
Catia Martins 1,2,3, Siren Nymo 1,4, Helen Truby5, Jens F. Rehfeld6, Gary R. Hunter 3, and Barbara A. Gower3

Objective: The purpose of this study was to examine whether the degree 
of ketosis, measured as plasma β-hydroxybutyrate (βHB) in fasting, was 
associated with changes in appetite feelings and plasma concentration of 
appetite-related hormones after weight loss.
Methods: A total of 87 individuals with obesity (BMI: 36.5 ± 4.0 kg/m2;  
age: 42.4 ± 9.7 years; 39 males) underwent 8 weeks of a very low- 
energy diet. Body weight/composition, plasma concentration of βHB, and 
appetite-related hormones (active ghrelin, active glucagon-like peptide 1 
[GLP-1], total peptide YY, cholecystokinin [CCK], and insulin) and subjec-
tive appetite feelings were measured at baseline and week 9.
Results: Participants lost 17.7 ± 4.1 kg and were ketotic (βHB: 1.24 ± 0.82 
mmol/L in fasting) at week 9. A negative association was found between 
βHB in fasting at week 9 and changes in basal (r = −0.315, P = 0.003) and 
postprandial ghrelin concentration (r = −0.286, P = 0.008), and a positive 
association was found with the change in postprandial GLP-1 (r = 0.244, 
P = 0.025) and CCK (r = 0.228, P = 0.035). No association was seen be-
tween βHB in fasting and changes in peptide YY or subjective feelings of 
appetite.
Conclusions: βHB plasma concentration in fasting is associated with 
lower concentrations of the hunger hormone ghrelin and increased con-
centrations of the satiety hormones GLP-1 and CCK. Future studies 
should explore the molecular mechanisms by which βHB modulates the 
secretion of gut hormones.

Obesity (2020) 28, 2331-2338. 

Introduction
Ketogenic diets, including both very low-energy diets (VLEDs) and ketogenic low-carbo-
hydrate diets, have become a popular approach to inducing rapid weight loss in individuals 
with obesity (1-3). With ketosis, the increase in hunger feelings and upregulated ghrelin 
secretion that are otherwise seen with diet-induced weight loss are blunted (4-8). Gibson 
and collaborators (7) reported in their meta-analysis that ketogenic diets are able to prevent 
the increase in appetite following weight loss, with individuals reporting feeling less hungry 
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Study Importance

What is already known?

►	Very low-energy diets (VLEDs) can in-
duce clinically significant weight loss 
without the increase in hunger feelings 
and upregulated ghrelin secretion other-
wise seen with weight loss.

►	The exact mechanism by which VLEDs 
suppress appetite remains to be fully 
understood.

►	 It is believed that β-hydroxybutyrate 
(βHB), a ketone body, modulates the ap-
petite suppression seen with VLED, but 
this has not been fully explored.

What does this study add?

►	βHB in the fasting state was inversely 
associated with changes in ghrelin se-
cretion and positively associated with 
changes in postprandial secretion of 
GLP-1 and CCK with a VLED.

►	No association was seen between βHB 
in fasting and changes in postprandial 
peptide YY or changes in subjective feel-
ings of appetite with a VLED.

How might these results change the 
direction of research or the focus of 
clinical practice?

►	 Individuals presenting with higher con-
centrations of βHB with a VLED should 
expect a larger reduction in the hunger 
hormone ghrelin and a greater increase 
in the satiety hormones GLP-1 and CCK. 
The molecular mechanisms by which 
βHB modulates the secretion of gut hor-
mones should be explored.
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in the fasted state and, in some cases, more full after a meal. This is 
of interest in clinical practice, as sustained increases in hunger feelings 
are a common complaint of individuals who have reduced their weight 
(9,10), and these feelings likely contribute to the high rate of attrition 
in weight loss interventions and reduced adherence to energy-restricted 
diets over time.

The exact mechanisms leading to appetite suppression while under 
ketosis remain to be established but they are likely part of a compli-
cated pathway (11). Our group (12,13) and Sumithran et al. (4) have 
consistently shown that appetite suppression lasts only for as long as 
participants are actually ketotic, which is defined as a plasma concen-
tration of β-hydroxybutyrate (βHB) ≥ 0.3 mmol/L in the fasting state. 
When participants cease to be ketotic, by either refeeding or re-addition 
of carbohydrates, there is a significant increase in hunger feelings and 
ghrelin secretion, above pre–weight loss levels (4-6).

Examining the relationship between the plasma concentration of 
ketone bodies, namely βHB, the most abundant ketone body in 
humans (14), and appetite markers in participants undergoing keto-
genic diets could indirectly provide evidence for the role of ketones 
in appetite suppression. Therefore, the aim of this analysis was to 
investigate the associations between the magnitude of ketosis in the 
fasting state, measured as βHB, and the changes in appetite (both 
subjective appetite feelings and plasma concentration of appetite-re-
lated hormones) that occur with significant weight loss. We hypothe-
sized that ketosis (βHB in fasting) would be inversely associated with 
feelings of hunger, desire to eat, and prospective food consumption 
and that the secretion of ghrelin in the fasting state would be posi-
tively associated with the feelings of fullness and the release of sati-
ety hormones in the postprandial state.

Methods
This paper reports a secondary analysis of the “Weight loss mainte-
nance and compensatory mechanisms activated with a VLED” study 
and it was approved by the Norwegian regional ethics committee 
(Ref. 2012/1901), registered at ClinicalTrials.gov (NCT01834859), 
and conducted according to the guidelines laid down in the 
Declaration of Helsinki. All participants provided written informed 
consent before study commencement. The primary outcome of the 
study was weight loss maintenance at 1 year, after an initial 8-week 
VLED, which has been published (10). Secondary outcomes in-
cluded changes in appetite and energy expenditure in response to the 
weight loss induced by the VLED (5,6,12). To provide the contex-
tual background for this secondary data analysis, participants were 
healthy adults (18-65 years, 40 males and 55 females) with obesity 
(30 < BMI < 50 kg/m2) who were recruited via newspaper advertising 
serving the community of Trondheim, Norway. Entry criteria were 
that participants were weight-stable (<2 kg body weight change over 
the last 3 months), not currently dieting to lose weight, and leading 
an inactive lifestyle (<150 minutes of physical activity of at least 
moderate intensity per week) (15). Given that the appetite of nor-
mally ovulating women has been shown to vary across the men-
strual cycle (16) but not in those who take oral contraception (17), 
only postmenopausal women, women taking oral contraceptives, or 
those with a normal menstrual cycle (28 ± 2 days) were included 
in the study. The study excluded pregnant or breastfeeding women 
and anyone with clinically significant illness, including diabetes, 

previous weight loss surgery, and/or taking medication known to 
affect appetite or induce weight loss.

A total of 100 participants (45 males) started the study. Two did not tol-
erate the VLED, one consumed extra food, one withdrew for personal 
reasons, and one was lost to follow-up. Additionally, eight participants 
did not have βHB data at either baseline, week 9, or both. The present 
manuscript includes 87 participants (39 males) and represents a com-
pleters analysis only.

Weight loss intervention
Participants followed a dietitian-lead ketogenic VLED (Karo Pharma 
AS) for eight consecutive weeks, which allowed for 550 and 660 
kcal/d for females and males, respectively (42% carbohydrate, 36% 
protein, 18% fat, and 4% fiber). No-energy fluids were allowed ad  
libitum. Further details about the intervention can be found else-
where (5).

Data collection
The following measurements were conducted at baseline (before the 
start of the weight loss intervention) and the morning after the end of 
the 8-week VLED (week 9) while the participants were in the fasting 
state and immediately after they had voided in the morning.

Body weight and composition. Body weight and composition were 
determined by whole-body air displacement plethysmography (BOD 
POD; COSMED)

β-hydroxybutyrate. Blood samples were collected into EDTA-
coated tubes, and the plasma was used to measure the concentration of 
βHB with an enzyme-linked immunosorbent assay (ELISA) kit (MAK-
134, Sigma-Aldrich Inc.).

Appetite measures. Subjective feelings of appetite (hunger, 
fullness, desire to eat, and prospective food consumption [PFC]) were 
measured using a validated 10-cm visual analog scale (18), and blood 
samples were collected in the fasted state (basal) and then every 30 
minutes (0, 30, 60, 90, 120, and 150 minutes) after a standardized 
breakfast for a period of 2.5 hours. The standardized breakfast 
contained 600 kcal (17% protein, 35% fat, 44% carbohydrate, and 
4% fiber) and consisted of whole-grain oat bread, butter, cheese, 
strawberry jam, orange juice, and low-fat milk or yogurt. The 
participants were asked to eat the full breakfast within 15 minutes 
and the time point was recorded as zero when they started eating. 
Plasma samples were taken at the same time points and analyzed for 
active ghrelin, total peptide YY(PYY), active glucagon-like peptide 
1 (GLP-1), and insulin using a Human Metabolic Hormone Magnetic 
Bead Panel (LINCOplex Kit; MilliporeSigma) and cholecystokinin 
(CCK) using an in-house radioimmunoassay method (19) (intra- and 
interassay coefficient of variation was <10% and <20% for active 
ghrelin, GLP-1, and PYY, <10% and <15% for insulin, and <5% 
and <15% for CCK).

Statistical analysis
Statistical analysis was performed with SPSS Statistics version 22 
(IBM Corp.). Data are presented as means (SD), and statistical sig-
nificance was set at P < 0.05. A mixed ANOVA was conducted to 
look at the effects of time and sex, as well as their interaction, on 



Obesity

www.obesityjournal.org  Obesity | VOLUME 28 | NUMBER 12 | DECEMBER 2020     2333

Original Article
CLINICAL TRIALS AND INVESTIGATIONS

anthropometric measurements and fasting βHB plasma concentra-
tion. Appetite data were analyzed using linear mixed-effects models, 
with restricted maximum-likelihood estimation, including fixed ef-
fects for time and sex and their interaction.

Correlation analysis was performed between βHB in fasting at week 
9 and changes (week 9 to baseline) in subjective appetite feelings and 
plasma concentration of appetite-related hormones with weight loss 
using Spearman correlation coefficients, as βHB was not normally 
distributed. Linear regression was also used to look at the association 
between βHB plasma concentration at week 9 and changes in appetite, 
after adjusting for age, sex, baseline BMI, and weight loss. R2 adjusted 
and significance values for the models are reported.

The total area under the curve (AUC) for subjective feelings of appe-
tite and appetite-related hormones was calculated from 0 to 150 min-
utes using the trapezoid rule. For more information on the calculation 
and validity of AUC in appetite research, see Blundell et al. (20). Only 
participants with βHB and appetite data available at both baseline and 
week 9 were included (n = 87).

Two extreme values (values more than 3 SD from the mean) for the 
change in GLP-1 AUC with weight loss were found (−6,046 and 
−5,616 pg/mL*min), and five extreme values were identified for the 
change in PYY AUC with weight loss (−12,989, −10,548, 12,677, 
22,630, and 25,912 pg/mL*min). These values were removed from 
the analysis.

Weight regain at 1 year was calculated as change in body weight from 
week 9 to 1 year divided by initial weight loss (baseline to week 9) and 
expressed as a percentage. The association between ketosis at week 9 
and weight regain was assessed by Spearman correlation.

Results
Eighty-seven Caucasian adult participants (39 males) with obesity 
who had an average age of 42.4 ± 9.7 years and an average BMI of 
36.5 ± 4.0 kg/m2 were included in this analysis. Males were younger 
(40.1 ± 9.5 vs. 44.4 ± 9.6 years, P = 0.04) and presented a higher 
weight and fat-free mass (kg) compared with females (P < 0.001 for 
both), but there were no differences in BMI or fat mass (kg) between 
sexes (Table 1).

There was a significant reduction in body weight of 17.9 ± 4.1 kg 
at week 9, significantly larger in males compared with females 
(20.4 ± 4.0 vs. 15.4 ± 2.7 kg, P < 0.001). Percentage of weight loss was 
16.0% ± 2.1%, which was also larger in males compared with females 
(17.1% ± 2.2% vs. 15.1% ± 1.7%, P < 0.001). A significant increase 
in βHB, in the fasting state, was seen between baseline and week 9 
measurements (0.98 ± 0.87 mmol/L, P < 0.001), and the increase was 
smaller in males compared with females (0.61 ± 0.84 and 1.29 ± 0.79 
mmol/L, respectively, P = 0.001) (Table 1). Subjective feelings of 
appetite and plasma concentrations of appetite-related hormones at 
baseline and week 9 in all participants, males, and females are shown 
inTables 2 and 3. A significant reduction in subjective feelings of 
hunger while fasting and in desire to eat and PFC, both in fasting 
and postprandially, was seen at week 9, whereas postprandial fullness 
increased (the increase being greater in males). Plasma concentra-
tions of insulin, both basal and postprandial, and postprandial CCK 
were significantly reduced at week 9. Postprandial concentrations of 

GLP-1 and CCK increased in males and declined in females from 
baseline to week 9.

No significant correlations were found between βHB in the fasting 
state at week 9 and changes in subjective feelings of appetite (Table 4 
and online Supporting Information). The association between βHB in 
the fasting state at week 9 and changes in the plasma concentrations 
of appetite-related hormones with weight loss are shown in Table 5. 
Fasting βHB at week 9 was inversely associated with the changes in 
the plasma concentrations of ghrelin (both basal and postprandial) 
and positively associated with the changes in the postprandial con-
centrations of GLP-1 and CCK when all participants were analyzed 
together. Similar associations were seen in females (with the excep-
tion of CCK) but not in males. No correlation was seen between βHB, 
in fasting, at week 9 and changes in basal or postprandial insulin con-
centrations in either all participants, males, or females. Scatterplots 
for the association between fasting βHB at week 9 and changes in 
the plasma concentrations of appetite-related hormones are shown 
in Figure 1.

A sensitivity analysis in those participants who were actually ketotic 
(78 out of 87 participants), which is defined as plasma concentrations 
of βHB ≥ 0.3, produced similar results (no correlation with changes in 
subjective feelings of appetite, inverse correlation with ghrelin [basal 
and AUC], and positive correlation with AUC for satiety hormones).

No significant correlation was seen between fasting βHB at week 9 and 
weight regain at 1 year (r = −0.190, P = 0.132, n = 64).

Discussion
This secondary analysis explored the potential association between de-
gree of ketosis, as measured objectively by βHB in the fasting state, and 

TABLE 1 Anthropometrics and β-hydroxybutyrate at baseline 
and week 9

Baseline Week 9 P value

Weight (kg)
All (n = 87) 109.8 ± 18.2 92.2 ± 15.0 Time, P < 0.001
Males (n = 39) 119.5 ± 19.2 99.1 ± 16.4 Sex, P < 0.001
Females (n = 48) 102.0 ± 12.9 86.5 ± 11.1 T*S, P < 0.001

FM (kg)
All (n = 87) 48.0 ± 10.8 34.4 ± 10.1 Time, P < 0.001
Males (n = 39) 47.0 ± 12.7 31.6 ± 11.6 Sex, P = 0.133
Females (n = 48) 48.8 ± 9.2 36.6 ± 8.2 T*S, P < 0.001

FFM (kg)
All (n = 87) 61.1 ± 11.5 57.2 ± 10.4 Time, P < 0.001
Males (n = 39) 71.3 ± 8.8 66.5 ± 7.8 Sex, P < 0.001
Females (n = 48) 53.1 ± 5.3 49.9 ± 4.9 T*S, P < 0.001

βHB in fasting 
(mmol/L)
All (n = 87) 0.21 ± 0.25 1.24 ± 0.82 Time, P < 0.001
Males (n = 39) 0.29 ± 0.27 0.98 ± 0.77 Sex, P = 0.092
Females (n = 48) 0.15 ± 0.22 1.44 ± 0.81 T*S, P < 0.001

Data are shown as mean ± SD.
βHB, β-hydroxybutyrate; FFM, fat-free mass; FM, fat mass; T*S, time*sex interaction.
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TABLE 2 Subjective feelings of appetite at baseline and week 9

Variable All participants (n = 87) Males (n = 39) Females (n = 48) P value

Hunger in fasting (cm) Time, P = 0.132
Baseline 3.8 ± 0.3 3.7 ± 0.4 3.9 ± 0.4 Sex, P = 0.590
Week 9 4.3 ± 0.3 4.6 ± 0.4 3.9 ± 0.4 T*S, P = 0.158

Hunger AUC (cm*min) Time, P = 0.018
Baseline 348 ± 25 268 ± 33 428 ± 37 Sex, P < 0.001
Week 9 293 ± 25 186 ± 33 401 ± 37 T*S, P = 0.226

DTE in fasting (cm) Time, P = 0.027
Baseline 4.6 ± 0.2 4.5 ± 0.3 4.7 ± 0.3 Sex, P = 0.928
Week 9 5.3 ± 0.3 5.4 ± 0.5 5.1 ± 0.4 T*S, P = 0.380

DTE AUC (cm*min) Time, P = 0.007
Baseline 422 ± 29 339 ± 39 506 ± 43 Sex, P < 0.001
Week 9 353 ± 29 237 ± 039 469 ± 43 T*S, P = 0.202

PFC in fasting (cm) Time, P < 0.001
Baseline 5.9 ± 0.2 5.2 ± 0.3 6.7 ± 0.3 Sex, P < 0.001
Week 9 4.7 ± 0.2 4.1 ± 0.3 5.3 ± 0.3 T*S, P = 0.622

PFC AUC (cm*min) Time, P < 0.001
Baseline 678 ± 35 530 ± 46 826 ± 52 Sex, P < 0.001
Week 9 480 ± 35 329 ± 46 631 ± 52 T*S, P = 0.925

Fullness AUC (cm*min) Time, P < 0.001
Baseline 882 ± 25 941 ± 34 824 ± 37 Sex, P < 0.001
Week 9 1,084 ± 25 1,204 ± 34 963 ± 37 T*S, P = 0.048

Data are shown as estimated marginal means ± SEM. 
AUC, area under the curve; DTE, desire to eat; PFC, prospective food consumption; T*S, time*sex interaction.

TABLE 3 Plasma concentration of appetite-related hormones at baseline and week 9

Variable All participants (n=87) Males (n=39) Females (n=48) P value

Basal ghrelin (pg/mL) Time, P = 0.425
Baseline 97 ± 8 112 ± 11 82 ± 12 Sex, P = 0.103
Week 9 101 ± 8 111 ± 11 92 ± 12 T*S, P = 0.322

Ghrelin AUC (pg/mL*min) Time, P = 0.123
Baseline 10,313 ± 822 11,991 ± 1,107 8,633 ± 1,215 Sex, P = 0.109
Week 9 11,246 ± 822 12,047 ± 1,107 10,446 ± 1,215 T*S, P = 0.146

Basal insulin (pg/mL) Time, P < 0.001
Baseline 1,092 ± 55 989 ± 75 1,287 ± 81 Sex, P = 0.003
Week 9 379 ± 55 300 ± 75 457 ± 81 T*S, P = 0.078

Insulin AUC (pg/mL*min) Time, P < 0.001
Baseline 633,117 ± 33,573 578,575 ± 45,483 687,659 ± 49,396 Sex, P = 0.330
Week 9 360,692 ± 33,573 357,663 ± 45,483 363,721 ± 49,396 T*S, P = 0.117

GLP-1 AUC (pg/mL*min) Time, P = 0.062
Baseline 1,974 ± 270 1,919 ± 364 2,030 ± 400 Sex, P = 0.532
Week 9 2,229 ± 270 2,613 ± 364 1,846 ± 400 T*S, P = 0.002

PYY AUC (pg/mL*min) Time, P = 0.398
Baseline 8,895 ± 929a 7,845 ± 1,281b 9,946 ± 1,346c Sex, P = 0.989
Week 9 9,513 ± 929a 10,540 ± 1,281b 8,485 ± 1,346c T*S, P = 0.006

CCK AUC (pmol/L*min) Time, P < 0.001
Baseline 385 ± 14 412 ± 20 357 ± 21 Sex, P = 0.012
Week 9 286 ± 14 325 ± 20 246 ± 21 T*S, P = 0.326

Data are shown as estimated marginal means ± SEM.
 an = 61,  bn = 29,  cn = 32. 
AUC, area under the curve; CCK, cholecystokinin; GLP-1, glucagon-like peptide 1; PYY, peptide YY; T*S, time * sex interaction.
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alterations in appetite markers after substantial weight loss. We found 
that the degree of ketosis was related to the absolute changes in appetite 
hormones seen with weight loss. For ghrelin, which stimulates appetite, 
higher levels of βHB in fasting were related to smaller increases in both 
basal and postprandial concentration of active ghrelin. For the satiety 
hormones GLP-1 and CCK, higher levels of βHB in fasting were related 
to smaller reductions in the postprandial concentration of active GLP-1 
and CCK.

Our group (5,6,13), as well as Sumithran et al. (4), has consis-
tently shown that when weight loss is induced with a ketogenic diet 
(VLED), subjective feelings of hunger and ghrelin secretion do not 
increase and remain at pre–weight loss levels for as long as ketosis 
is maintained. This has been clearly demonstrated to occur even after 
substantial and rapid weight loss (16%-17% of body weight) (5,6). 
The impact of ketosis on the release of satiety hormones remains 
to be fully established. We reported previously that ketosis (βHB 
in fasting) does not modulate the postprandial secretion of satiety 
peptides (PYY, GLP-1, and CCK) during weight loss (5). On the 
other hand, Sumithran and colleagues (4) reported, in both males 
and females, no changes in the postprandial release of active GLP-
1, with a 13% loss of body weight and a significant reduction in 
the postprandial release of total PYY, regardless of the ketotic state. 
However, when ketotic, the decrease in postprandial CCK secretion 
otherwise seen with weight loss was prevented (4). This latest finding 
was previously reported by Chearskul and colleagues in males with 
obesity (21).

The exact mechanisms mediating the appetite suppressant effect of 
ketogenic diets remain unknown. According to Paoli and colleagues 
(11), the pathway is likely complicated, as βHB seems to exert an 
action on both orexigenic and anorexigenic signals. For example, βHB 
increases circulating concentrations of adiponectin, brain gamma-am-
inobutyric acid, and AMP-activated protein kinase phosphorylation 
while decreasing brain reactive oxygen species production (orexigenic 
response). However, βHB also increases lipolysis from adipose tis-
sue, decreases neuropeptide Y and agouti-related protein expression 
in regions of the hypothalamus involved in appetite control, increases 
postprandial CCK secretion, decreases ghrelin secretion, and reduces 
AMP-activated protein kinase expression (anorexigenic response) (for 
a more detailed explanation about these pathways, see Paoli et al. (11)).

The present analysis suggests that ketosis, measured by βHB, might 
have a direct or indirect effect on the secretion of appetite-related 
hormones, given that βHB, in the fasting state, was negatively asso-
ciated with changes in basal and postprandial ghrelin secretion 
and positively associated with changes in postprandial GLP-1 and 
CCK secretion. A modest but significant positive association was 
also seen with PYY postprandial secretion before the exclusion of 
extreme values (r = 0.260, P = 0.043), and even though this correla-
tion became nonsignificant after that, it needs to be noted that data on 
PYY plasma concentration were available on only 61 of the 87 par-
ticipants (because of many participants presenting with concentra-
tions below the detection limit of the assay). Despite the association 
between ketones and plasma concentration of gut peptides (derived 

TABLE 4 Correlations between β-hydroxybutyrate plasma concentration in fasting state at week 9 and changes in subjective 
feelings of appetite after weight loss

All participants (n = 87) Males (n = 39) Females (n = 48)

∆ Hunger in fasting r = −0.117, P = 0.281 r = 0.212, P = 0.195 r = −0.059, P = 0.693
∆ DTE in fasting r = −0.061, P = 0.573 r = −0.048, P = 0.771 r = 0.115, P = 0.437
∆ PFC in fasting r = −0.064, P = 0.555 r = 0.104, P = 0.536 r = −0.192, P = 0.191
∆ Hunger AUC r = −0.071, P = 0.514 r = −0.059, P = 0.723 r = 0.030, P = 0.841
∆ DTE AUC r = −0.115, P = 0.289 r = −0.196, P = 0.231 r = 0.045, P = 0.763
∆ PFC AUC r = −0.039, P = 0.722 r = 0.104, P = 0.528 r = −0.083, P = 0.576
∆ Fullness AUC r = −0.007, P = 0.946 r = −0.094, P = 0.570 r = −0.025, P = 0.865

AUC, area under the curve; DTE, desire to eat; PFC, prospective food consumption.

TABLE 5 Correlation analysis between βHB in fasting state at week 9 and changes in the plasma concentration of appetite-
related hormones after weight loss

All participants (n = 87) Males (n = 39) Females (n = 48)

∆ Basal active ghrelin r = −0.315, P = 0.003 r = −0.211, P = 0.198 r = −0.317, P = 0.03
∆ Active ghrelin AUC r = −0.286, P = 0.008 r = −0.157, P = 0.340 r = −0.321, P = 0.028
∆ Basal insulin r = 0.161, P = 0.161 r = −0.020, P = 0.905 r = 0.147, P = 0.330
∆ Insulin AUC r = 0.088, P = 0.421 r = −0.092, P = 0.577 r = 0.214, P = 0.153
∆ Active GLP-1 AUC r = 0.244, P = 0.025 r = 0.014, P = 0.932 r = 0.312, P = 0.033
∆ Total PYY AUC r = 0.199, P = 0.142a r = 0.053, P = 0.795b r = 0.309, P = 0.102c

∆ CCK AUC r = 0.228, P = 0.035 r = 0.211, P = 0.197 r = 0.206, P = 0.165

 an = 61.  bn = 29.  cn = 32. 
AUC, area under the curve; CCK, cholecystokinin; GLP-1, glucagon-like peptide 1; PYY, peptide YY.
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Figure 1 Association between βHB plasma concentration, in the fasting state, at week 9 and changes in the plasma concentration of (A) basal 
ghrelin, (B) ghrelin AUC, (C) GLP-1 AUC, (D) CCK AUC, (E) PYY AUC, (F) basal insulin, and (G) insulin AUC. Regression line is for all participants. 
R2 adjusted and P value for models derived from linear regression after adjusting for age, sex, baseline BMI, and weight loss. AUC, area under 
the curve; CCK, cholecystokinin; GLP-1, glucagon-like peptide 1; PYY, peptide YY.
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from correlation analysis), it cannot be clearly ascertained that it is 
the elevated ketone levels that lead to the reduced appetite seen with 
ketogenic diets. For that, evidence of causality is required. However, 
a recent study by Stubbs et al. (22) reported that in a group of healthy 
adults, acute ketone monoester ingestion suppressed appetite com-
pared with glucose ingestion and that increased ketonemia (βHB) 
was significantly correlated to decreased hunger and increased full-
ness. Appetite suppression following ketone monoester ingestion 
was also paralleled by lower postprandial plasma ghrelin concentra-
tions (compared with glucose ingestion). It needs, nevertheless, to be 
emphasized that in this acute infusion study the plasma concentration 
of both PYY and GLP-1 was downregulated following ketone mon-
oester ingestion (22).

The reasons for the different responses by males and females reported 
here remain to be determined. Overall, the appetite responses to keto-
sis do not seem to be modulated by sex, with the exception of post-
prandial GLP-1, which increases in females only under ketogenic 
conditions (6). Several factors might have contributed to the fact that 
the association between ketosis and secretion of ghrelin, GLP-1, and 
CCK was seen only in females. First, females experienced a larger 
increase in βHB plasma concentration, in fasting, in response to the 
VLED as compared with males. However, this is unlikely to explain 
the sex differences in the association between βHB and secretion of 
gut peptides. Second, males were, on average, 4 years younger than 
females. Interestingly, age was modestly but positively correlated with 
changes in both basal and postprandial ghrelin (r = 0.279, P = 0.009 
and r = 0.303, P = 0.005, respectively). So, differences in age, despite 
being small (average 4 years), might have contributed to the associa-
tion between βHB and appetite being observed only in females. Third, 
males lost significantly more weight, fat mass, and fat-free mass than 
females. It is possible that the association between fasting βHB and 
appetite is weakened or disappears after a certain threshold of body 
fat loss. However, no association was seen between weight loss and 
changes in the secretion of appetite-related hormones, with the excep-
tion of postprandial GLP-1 (r = 0.247, P = 0.022). Finally, the energy 
load of the standardized meal was not adjusted for body size, mean-
ing that a larger postprandial secretion of satiety peptides and a larger 
postprandial inhibition of ghrelin should be expected in females, given 
that the test meal represented a larger proportion of energy needs in 
females compared with males. However, this could not explain why 
the association between βHB and basal ghrelin concentration was seen 
only in females.

It needs to be emphasized that even though βHB, in the fasting state, 
was found to be associated with the secretion of active ghrelin, CCK, 
and GLP-1, no association was seen between βHB and subjective feel-
ings of appetite. This may suggest a low threshold of βHB to suppress 
hunger. In fact, data from the meta-analysis by Gibson et al. (7) indicate 
that it would not be necessary to achieve a concentration of βHB, in 
the fasting state, greater than 0.5 mmol/L for hunger to be suppressed. 
In the present analysis, 85% of the participants had βHB ≥ 0.5 mmol/L. 
This might have contributed to the lack of association between βHB and 
subjective feelings of appetite. Sumithran and colleagues (4) reported 
similar results to ours in a smaller sample (n = 39) of individuals with 
overweight and obesity. Despite an inverse association between βHB in 
fasting and ghrelin secretion and a positive association between βHB in 
fasting and CCK secretion, no association was reported between βHB 
and subjective feelings of appetite under ketogenic conditions achieved 
with a VLED. Of note, fasting βHB concentration was, on average, 
0.43 ± 0.08 mmol/L (4).

This analysis has both strengths and limitations. Strengths include 
the measurement of both subjective appetite feelings and plasma 
concentration of appetite-related hormones during fasting and in 
response to a meal. Second, this analysis includes a heterogeneous 
sample of both males and females with obesity, with a wide range 
of BMI (30-50 kg/m2) and age (20-65 years), which is important for 
the generalizability of the results. Third, βHB was measured with a 
specific ELISA, not a handheld monitor, which is expected to have 
substantially better precision and accuracy. However, a multiplex 
kit was used to measure the plasma concentration of active ghrelin, 
active GLP-1, total PYY, and insulin, which is likely to result in less 
accurate and precise measurements than optimized assays for each 
individual hormone. Limitations of this study include that this was 
an analysis of completers only. However, no significant differences 
were seen between those who completed and those who did not com-
plete the study for age, sex, baseline BMI or body composition, or 
any of the appetite variables measured. Another limitation is that 
it examines only associations among variables, with no ability to 
determine causation. Furthermore, the correlation coefficient values 
showed modest agreement, mainly attributable to the wide range of 
individual responses as measured by βHB values. Moreover, most 
of the participants (82%) had a βHB concentration at week 9 that 
was >0.5 mmol/L, the threshold above which appetite suppression is 
believed to occur (7). This might have contributed to the lack of cor-
relation between ßHB and subjective feelings of appetite. It needs to 
be emphasized that the results of this research apply only to VLEDs 
and that ßHB plasma concentration was measured only in fasting. 
Future research should measure ßHB also in the postprandial state 
and determine whether ketogenic diets during energy balance have 
the same impact on appetite.

In conclusion, plasma concentration of βHB, in the fasting state, is 
associated with lower circulating concentrations of the hunger hormone 
ghrelin and increased concentrations of the satiety hormones GLP-1 
and CCK. This finding adds further evidence for the role of ketosis in 
modulating appetite. More studies are needed to confirm these findings 
and to elucidate the mechanism whereby ketosis may module the secre-
tion of gut peptides. Additionally, future research in this field should 
include a wider range of βHB concentration.O
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