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We have recently shown that a polyphenol-rich insoluble dietary fibre preparation from carob pulp (Ceratonia siliqua L; carob fibre) decreased

postprandial acylated ghrelin, TAG and NEFA during an acute liquid meal challenge test. However, delayed effects of carob fibre consumption are

unknown. Therefore, a randomized controlled crossover study in nineteen healthy volunteers consuming foods with or without 50 g carob fibre was

conducted. On the subsequent day (day 2), glucose, TAG, total and acylated ghrelin as well as insulin, NEFA and leptin were assessed at baseline

and at timed intervals for 300min after ingestion of standardized bread. Consumption of carob fibre-enriched foods did not affect fasting concen-

trations of glucose, TAG, total ghrelin, NEFA, insulin and leptin. Fasting acylated ghrelin was increased on the day subsequent to carob fibre

consumption compared with control (P¼0·046). After consumption of the standard bread on day 2, glucose response (P¼0·029) was increased,

and TAG (P¼0·033) and NEFA (P,0·001) responses were decreased compared with control. Postprandial responses of total and acylated ghrelin,

insulin and leptin on day 2 were unaffected by carob fibre consumption the previous day. In conclusion, an increase in total and acylated plasma

ghrelin accompanied by enhanced lipid metabolism after carob fibre consumption suggests higher lipid utilization and suppressed lipolysis on the

day subsequent to carob fibre consumption. However, elevated glucose levels after carob fibre consumption need to be addressed in future studies.

Carob: Insoluble dietary fibre: Polyphenols: Glucose: Insulin: Ghrelin

Epidemiological studies clearly show that a high intake of
insoluble fibre is associated with a low risk for CVD and dia-
betes1–3. Beneficial effects of insoluble dietary fibre are also
discussed in the context of consumption of whole grain, con-
taining further bioactive compounds such as polyphenols, anti-
oxidants or vitamins. As another potential mechanism for the
beneficial effects of dietary fibre, fermentation processes in the
colon are discussed resulting in the production of SCFA4,5.
Polyphenols have been shown to reduce food intake, to
lower leptin concentrations6 and to promote fat oxidation in
rats7. Recently, we showed that the consumption of a poly-
phenol-rich insoluble dietary fibre preparation from carob
pulp (Ceratonia siliqua L; carob fibre) acutely decreased post-
prandial TAG and NEFA concentrations, while increasing fat
oxidation during a liquid meal challenge test8. Elevated circu-
lating TAG and NEFA play a key role in the development of
insulin resistance9. Impaired whole body insulin resistance is

characterized by a lowered ability of skeletal muscle to oxi-
dize fatty acids9. Therefore, functional foods lowering circu-
lating NEFA by increasing fat oxidation might be of interest
for the prevention and treatment of diabetes and obesity.

Obesity is the result of a positive energy balance. Among
peripheral hormones regulating energy balance, the orexigenic
ghrelin and the anorexigenic leptin are of special interest10–15.
Ghrelin is synthesized and secreted mainly from the fundic
region of the stomach and stimulates food intake16. It has
been proposed that ghrelin secretion in man is directly regu-
lated by leptin restraint17. Leptin is a hormone that is predomi-
nantly secreted by adipose tissue18,19, but it is also synthesized
and secreted in the stomach by fundic glands20. Approxi-
mately 25% of circulating leptin is originated from the
stomach21. Leptin is primarily involved in energy homeostasis
and satiety. Leptin concentrations in the circulation are
increased in proportion to fat mass and circulating leptin
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conveys information to the hypothalamus regarding the amount
of energy stored in adipose tissue, suppressing appetite and
affecting energy expenditure12. Recently, we reported that
the consumption of carob fibre was associated with an acute
decrease in acylated plasma ghrelin during a liquid meal chal-
lenge test8. However, no information is available about
delayed effects of carob fibre on acylated and total ghrelin
and its effects on leptin secretion.

The aim of the study was to investigate delayed effects of
carob fibre consumption on: (1) fasting levels; (2) postprandial
response of glucose, insulin, NEFA, TAG, leptin and total and
acylated ghrelin concentration. We also investigated whether
carob consumption is associated with fermentation processes
in the colon resulting in the production of SCFA.

Methods

Study design and subjects

This was a randomized crossover trial with two sessions last-
ing 300min each, separated by intervals of at least 1 week.
Nineteen healthy adults were recruited. Exclusion criteria
were history of chronic diseases, dyslipidaemia, impaired glu-
cose tolerance, intentional weight loss within 3 months prior
to the study, extreme sports, history of chronic alcohol
abuse and any medication influencing glucose or lipid metab-
olism. The Ethics Committee of the University of Potsdam
approved the study protocol. Written informed consent was
obtained from all participants before starting the study.

Habitual alcohol intake

A semi-quantitative, self-administered 4-d food record was
used to assess alcohol intake of the study participants. The
assessment was conducted three times and the results of the
three food records (three £ 4 d) were averaged. Trained staff
delivered the record and subjects were instructed to record
their entire food intake at the time of consumption. Alcohol
intake was coded on the basis of the German Food Code
and Nutrient Data Base BLS II.322. The accuracy and validity
of energy intake estimated by the food record was validated
against total energy expenditure estimated by doubly labelled
water technique23.

Body composition

Anthropometric data of the participants were collected at the
beginning of the study. Body weight was assessed using an elec-
tronic calibrated scale to the nearest 0·1 kg (Soehnle, Murrhardt,
Germany). Body height was determined with a GPM anthrop-
ometer (Siber & Hegner, Zurich, Switzerland) to the nearest
0·1 cm. BMI was calculated as body weight (kg)/ height (m)2.

Dietary intervention

On the day preceding the blood sampling sessions (day 1), foods
with or without a total of 50 g carob fibre were provided in a ran-
domized order containing a total energy of 6228 v. 6279 kJ
(Table 1). Carob fibre, a preparation from carob pulp (Caromax,
Nutrinova, Frankfurt, Germany), contained (g/100 g): 5·8 simple
carbohydrates; 5·2 protein; 0·2 fat. The total fibre content was

74·6 g per 100 g carob fibre preparation corresponding to
68·4 g insoluble and 6·2 g soluble fibre. The content ofwater-sol-
uble polyphenols of the preparation was 2·84 g per 100 g; the
content of extractable polyphenols by organic solvents was
0·39 g per 100 g24. The major polyphenol compounds of carob
fibre were gallic acid, gallotannins and flavonol glycosides24.

The participants were able to distinguish between meals
containing carob fibre v. placebo by taste and colour. How-
ever, laboratory staff were not informed about the treatments
of participants. Participants were advised to consume the
foods provided for breakfast, dinner and lunch. Participants
were allowed to consume additional foods but the additional
foods had to be the same in both treatments. Foods rich in
polyphenols, such as red wine, olive oil or cacao products,
were not allowed. Dietary intake was assessed using an esti-
mated food record23.

In the morning of study day 2 after a 10 h overnight fast,
subjects consumed 103 g standardized white bread within
5min. The energy content of the white bread was 1027 kJ
with a nutrient content of 50·0 g carbohydrates, 7·7 g proteins,
1·5 g fat and 2·9 g dietary fibre.

Blood sampling and analyses

On study day 2, an indwelling catheter was inserted into an ante-
cubital vein of the subjects and blood samples were collected
before and 15, 30, 45, 60, 75, 90, 120, 150, 180, 210, 240, 270
and 300min after consumption of the standardized bread. On
each session, a total of 180ml blood was collected. Postprandial
measurements were made within a 300-min time period to
ensure complete meal absorption independent of the carob
fibre enrichment as a routine procedure comparable with other
studies25.

Table 1. Composition of the dietary intervention and total dietary intake
of the day preceding the blood sampling‡

(Mean values with their standard errors)

Treatment

Carob fibre Control

Standardized foods provided (g)
White bread 180 170
Spice cake 150 140
Soup 400 400
Milk drink 500 500
Carob fibre 30 0

Nutrient content of foods provided
Energy (kJ) 6228 6279
Carbohydrates (g) 207 203
Fat (g) 48 48
Protein (g) 49 45
Fibre (g) 45 8

Total dietary intake† Mean SE Mean SE

Energy (kJ) 9178 471 9168 617
Carbohydrates (g) 273 15 271 16
Fat (g) 83 5 82 8
Protein (g) 81 6 69 5
Dietary fibre (g) 52* 2 14* 1

*P,0·05 between treatments.
† Including all foods consumed (i.e. standardized foods provided and additional

free-choice foods).
‡ For details of subjects and procedures, see Methods.
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For serum separation, blood was collected in tubes containing
a serum clot activator and allowed to clot. To obtain plasma,
bloodwas collected in EDTA-containing tubes and immediately
processed. Serum and plasma tubes were centrifuged at 1500 g
for 10min at 48C and supernatants were obtained and stored at
2408C until analysis. For measurement of total and acylated
ghrelin, plasma was collected in tubes containing EDTA and
500U Aprotinin (Bayer, Leverkusen, Germany) per ml whole
blood. For stabilization, plasma supernatant was acidified with
1mmol/l HCl and then stored at2408C.
Plasma total ghrelin was measured by a commercial RIA,

which utilizes 125I-labelled ghrelin and a ghrelin antiserum
to determine the concentration of total ghrelin in plasma by
a double antibody/polyethylenglycol technique (GHRT-
89HK; Linco Research, St. Charles, MO, USA). The sensi-
tivity of the method was 93 pg/ml. There was no cross-reac-
tion with ghrelin 1-10, motilin-related peptide, glucagon,
leptin or insulin. The intra- and inter-assay CV were 10·0%
and 14·7%, respectively. Recovery was calculated as 96%.
Plasma active ghrelin determination was performed using

RIA (GHRA-88HK, Linco Research) that utilizes 125I-labelled
ghrelin as a tracer and an antibody (raised in guinea pigs) that
is specific for the biological active form of ghrelin with the
octanoyl group on serine 3. The sensitivity of the method
was 7·8 pg/ml. There was no cross-reaction with ghrelin
14–28, motilin-related peptide, glucagon, leptin or insulin.
The intra- and inter-assay CV were 6·7% and 9·6%, respect-
ively. Recovery was calculated as 114%.
Plasma glucose was measured in duplicate by the hexoki-

nase method using commercially available colorimetric
reagents (ADVIAw 1650 Chemistry System; GLUH, Bayer,
Leverkusen, Germany) with an intra-assay CV of 1·2%.
Serum insulin was determined by ADVIA Centaur Immu-

noassay (Bayer) with an intra-assay CV of 2·6%.
Plasma TAG were analysed using the enzymatic colori-

metric agents TRIG for the ADVIAw Chemistry System
1650 (Bayer). The intra-assay CV was 1·2%.
Serum NEFA were analysed using an enzymatic colori-

metric method (ASC-ACOD method; Wako Chemicals,
Neuss, Germany) with an inter-assay CV of 2·7%.
Leptin concentration in serum was measured using an immu-

nofluorometric assay as described previously26. Microtitre
plates coated with anti-leptin mAb 4D3 (500 ng/well) were
washed and standards or samples were pipetted into each well
together with 50 ng biotinylated anti-leptin mAb 6D9 in
0·175ml assay buffer. After an overnight incubation at 48C,
the plates were washed and streptavidin-europium was added.
After an additional incubation for 30min, plates were washed
again, enhancement solution was added and the signal measured
after 15min using the DELFIA (Wallac, Turku, Finland).
Within assay variability (CV %) was 7·4%, 4·3% and 5·6% at
leptin concentrations of 0·8 ng/ml, 2·5 ng/ml and 15·3 ng/ml,
respectively. Between assay CV % at the same concentrations
was 8·3, 5·2 and 5·9%, respectively.
Serum total cholesterol was analysed using the CHOD/PAP

method (ABX Diagnostics Cholesterol; ABX Diagnostics,
Montpellier, France) with an intra-assay CV of 0·8%.
Serum HDL-cholesterol was analysed using a colorimetric

test (ABX Diagnostics HDL Cholesterol Direct; ABX Diag-
nostics) with an intra-assay CV of 1·3%. LDL-cholesterol
was calculated according to Friedewald27.

Breath hydrogen analysis

To control for dietary compliance, air breath samples were
collected as a marker of colonic fermentation before and 30,
60, 90, 120, 150, 180, 210, 240, 270 and 300min after con-
sumption of the standardized bread on day 2 and measured
using a Breath Hydrogen Analyzer (Quintron Model-12i-
Microlyzer; Quintron Instruments, Milwaukee, WI, USA).
All subjects were capable of producing breath H.

Determination of SCFA

For estimation of SCFA using GC, suspensions prepared from
fresh faeces, obtained from the two defecations following day
1, were mixed with water (material/water 1:5wt/vol.) and
homogenized and SCFA were determined as described pre-
viously28. The GC system (Hewlett-Packard, Waldbronn,
Germany) consisted of a HP gas-chromatograph 5890 Series
II, HP 7673 GC/SFC Injector, HP GC Auto Sampler Control-
ler, Detector FID and Software-HP Chemstation. He gas was
used as the carrier. The intra- and inter-assay CV were
1·6% and 2·0%, respectively.

Statistical analyses

All statistical analyses were performed using SPSS for
Windows 11.5 (SPSS Inc., Chicago, IL, USA). Baseline
characteristics are shown as means and standard deviations.
All other data are shown as means with their standard
errors. Fasting concentrations on the day subsequent to the
consumption of foods enriched with and without 50 g carob
fibre were compared by paired samples t test. Time series
data for total and acylated ghrelin and serum leptin were
shown as absolute values and normalized to baseline values,
which was defined as time 0min. Absolute responses to stan-
dardized bread were tested by a mixed linear model with
subject as random factor and time, carob concentration and
carob concentration £ time as fixed factors. Statistical differ-
ences in the response of the blood parameters during the
examinations were analysed using ANOVA. A probability
P,0·05 was considered as significant.

Pearson correlation coefficients were calculated for each
subject between total and acylated plasma ghrelin and other
biomarkers with and without placebo treatment. Individual
coefficients of correlation were averaged and 5% CI were cal-
culated after correction with Fisher’s z transformation.

Results

General characteristics and dietary intervention

The study population consisted of nine males and ten females.
One subject had a BMI .26 kg/m2. None of the subjects
showed a fasting glucose .6·1mmol/l (Table 2). Total
energy and nutrient intake at day 1 was similar in both treat-
ments (Table 2).

Colonic fermentation and SCFA

The day subsequent to the consumption of foods enriched with
a total of 50 g carob fibre, fasting breath H concentrations
were significantly higher than the day after consumption of
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control foods, indicating an enhanced colonic fermentation (57
(SEM 9) v. 34 (SEM 6) ppm; P¼0·032; Fig. 1), indicating good
compliance of the participants. During the postprandial phase,
breath H concentrations decreased rapidly (P¼0·001). Faecal
concentrations of acetate, butyrate, proprionate and n-valerate
as well as total SCFA were similar after carob fibre and con-
trol (data not shown).

Fasting blood levels and postprandial response

Consumption of carob fibre the previous day did not signifi-
cantly affect fasting plasma glucose, TAG and serum NEFA
(Table 3), but resulted in higher plasma glucose (P¼0·029)
and lower plasma TAG (P¼0·033) and serum NEFA
(P,0·001) responses after bread ingestion (Fig. 2). Fasting
serum insulin and postprandial response of serum insulin to
bread ingestion were similar after consumption of foods
with or without carob fibre.

Fasting acylated plasma ghrelin concentrations were
increased on day 2, subsequent to the consumption of foods
enriched with carob fibre, as compared with previous con-
sumption of control (P¼0·046), while fasting total plasma
ghrelin concentrations remained unchanged. Consumption of
carob fibre also affected postprandial plasma ghrelin response
(Fig. 3). Absolute total and acylated plasma ghrelin responses
to bread ingestion were higher on the day subsequent to carob

fibre consumption compared with control (P¼0·027 and
P,0·001, respectively). When plasma ghrelin concentrations
were normalized to baseline, no effects of carob fibre
consumption on changes of the total and acylated plasma
ghrelin concentrations from baseline were observed, indicating
that the magnitude of total and acylated plasma ghrelin
response to the meal was not altered by carob fibre
consumption.

Carob fibre consumption did not affect fasting serum leptin
or absolute or relative postprandial serum leptin response after
bread ingestion on day 2, compared with control (Fig. 3).
However, when plasma leptin concentrations were normalized
to baseline, a marginal increase in serum leptin levels after
150min was observed (P¼0·070), indicating a slight change
in the amplitude of serum leptin response.

Postprandial total and acylated plasma ghrelin were nega-
tively correlated with plasma insulin and positively with
NEFA (Table 4). Coefficients of correlations were higher
when only postprandial responses on the day subsequent to
the consumption of foods enriched with carob fibre were
included. Coefficients of correlation were lower between
total plasma ghrelin and other biomarkers.

Discussion

The major findings of the present study were elevated total
and acylated plasma ghrelin levels 24 h after carob fibre con-
sumption, which are accompanied by an enhanced lipid
metabolism. Carob fibre consumption also resulted in higher
postprandial plasma glucose response.

We recently showed that acute administration of carob
fibre lowered acylated ghrelin levels, increased RQ and
energy expenditure with an acutely enhanced lipid metab-
olism and increased fat oxidation during a liquid meal chal-
lenge test28. The results of the present study show elevated
ghrelin levels 24 h after carob consumption, suggesting that
higher lipid utilization as observed after acute carob

Table 2. Baseline characteristics of participants*

(Mean values and standard deviations for nine males and ten females)

Characteristic Mean SD Range

Age (years) 31·0 11·6 23–63
BMI (kg/m2) 22·7 2·0 19·8–26·2
Body fat mass (%) 24 7 12–37
Fasting plasma glucose (mmol/l) 4·9 0·3 4·4–5·5

* For details of subjects and procedures, see Methods.

Fig. 1. Postprandial breath H concentrations (cH2) after consumption of stan-

dardized bread on the day subsequent to the consumption of foods enriched

with 50 g carob fibre (–O–) or control (–W–) foods. cH2 were significantly

higher after consumption of carob fibre compared with control (P,0·001).

For details of subjects and procedures, see Methods.

Table 3. Fasting blood concentrations of participants on the day sub-
sequent to the consumption of foods enriched with 50 g carob fibre or
control foods (day 2)*

(Mean values with their standard errors for nineteen participants)

Treatment

Carob fibre Control

Characteristics Mean SE Mean SE P- value

Plasma glucose

(mmol/l)

4·9 0·1 4·9 0·1 0·938

Serum insulin (pmol/l) 47·3 5·1 48·1 5·4 0·869

HOMA-IR 1·5 0·1 1·5 0·2 0·820

Plasma TAG (mmol/l) 1·08 0·06 1·07 0·06 0·788

Serum NEFA (mmol/l) 434 58 458 72 0·628

Plasma total

ghrelin (ng/l)

1300 37 1276 31 0·605

Plasma acylated

ghrelin (ng/l)

83 9 65 6 0·046

Serum leptin (mg/l) 8·8 1·7 10·4 2·8 0·490

* For details of subjects and procedures, see Methods.
Significance of paired samples t test is given. HOMA-IR, Homeostasis Model

Assessment of Insulin Resistance.
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consumption induced a state comparable with a negative
energy balance. In rats, acylated ghrelin not only promotes
food intake but also decreases fat utilization and energy
expenditure11,29,30. Ghrelin is also a suppressor of adipose
tissue lipolysis via inhibition of AMP-activated protein
kinase31,32. In the present study, elevated ghrelin might
have resulted in decreased circulating TAG and NEFA due
to higher lipid utilization and suppressed lipolysis. The mag-
nitude of postprandial serum NEFA suppression was similar
between both treatments, suggesting a similar insulin-
mediated NEFA suppression. However, NEFA slope after
liver-mediated suppression was lower after carob consump-
tion, suggesting a higher uptake of NEFA by muscle tissue.
Beyond ghrelin, bioactive compounds such as polyphenols
may also be responsible for these effects. Narenginin, a poly-
phenol found in grapefruit, has been shown to reduce plasma
TAG in diabetic rats33 and inhibited apo-B secretion34. In
rats, grape seed polyphenols also lowered plasma TAG,
NEFA and apo-B35. A potential synergistic effect of dietary
fibre and polyphenols might add to these effects. In rats,
apple pectin combined with a polyphenol-rich apple concen-
trate reduced plasma cholesterol and TAG more effectively
than pectin or polyphenols alone36.
Effects of elevated acylated ghrelin on long-term food

intake after carob fibre consumption remain speculative due

to the concomitant increase in total plasma ghrelin in the
second half of postprandial response. The major isoform of
ghrelin is desacyl ghrelin, which might counteract or abolish
the effects of acylated ghrelin37.

In contrast with ghrelin, leptin acts to reduce food intake
and increase energy expenditure by binding and activating
its specific receptor in the hypothalamus10,19,38,39. In vivo,
leptin suppresses ghrelin release from isolated rat stomach40.
Recently, it has been proposed that ghrelin secretion in
human subjects is also regulated by leptin restraint12,17. How-
ever, this hypothesis cannot be confirmed by the present study,
as the effects were only marginal and 24-h profiles of leptin
secretion are missing.

The increase in postprandial plasma glucose response after
carob fibre consumption was an unexpected finding, since the
consumption of a highly purified insoluble dietary fibre has
been shown to improve insulin response directly after con-
sumption and to enhance postprandial carbohydrate handling
the subsequent day of ingestion41. This might be explained
by the high content of polyphenols in carob fibre and the
effect of polyphenols on glucose uptake. We recently
showed that polyphenol-rich carob fibre, administered within
a water–glucose solution, increased postprandial glucose
and insulin responses, suggesting a deteriorated glycaemic
control42. Cell studies have shown that polyphenols

Fig. 2. Postprandial response of plasma glucose, serum insulin, plasma TAG and serum NEFA after consumption of standardized bread on the day subsequent

to the consumption of foods enriched with 50 g carob fibre (–X–) or control (–W–) foods. Carob fibre consumption resulted in higher plasma glucose (P¼0·029)

and a lower plasma TAG (P¼0·033) and serum NEFA (P,0·001). For details of subjects and procedures, see Methods.
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decrease glucose uptake into cells via inhibition of phospha-
tidylinositol 3-kinase, a key regulator of insulin-induced
GLUT4 translocation43,44. Our hypothesis is supported by
the fact that serum insulin response was not altered by carob
consumption despite higher plasma glucose response,
suggesting that the effect is triggered by an alteration in insu-
lin action rather than insulin secretion. However, other poly-
phenols activated phosphatidylinositol 3-kinase45; therefore,
the mechanisms involved in the effect observed in the present
study remain speculative.

In conclusion, an increase in total and acylated plasma
ghrelin accompanied by enhanced lipid metabolism after
carob fibre consumption suggests higher lipid utilization and
suppressed lipolysis on the day subsequent to carob fibre
consumption. However, elevated glucose levels also indicate
potential adverse effects that might be caused by polyphenols
and need to be addressed in future studies. Whether incr-
eased ghrelin concentrations after carob consumption exert
unfavourable effects on energy homeostasis in human subjects
needs to be addressed in middle and long-term studies.

Fig. 3. Postprandial absolute and relative response of total and acylated plasma ghrelin as well as serum leptin after consumption of standardized bread on the

day subsequent to the consumption of foods enriched with 50 g carob fibre (–O–) or control (–W–) foods. Carob fibre consumption resulted in higher absolute

total and acylated plasma ghrelin (P¼0·027 and P,0·001, respectively) but did not affect serum leptin concentrations. Differences in total and acylated plasma

ghrelin and serum leptin from baseline were not affected by carob consumption. For details of subjects and procedures, see Methods.
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