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Abstract

Weight regain after weight loss is common. In the Diogenes dietary intervention study, a high-protein and low-glycaemic index (GI) diet

improved weight maintenance. The objective of the present study was to identify (1) blood profiles associated with continued weight loss

and weight regain (2) blood biomarkers of dietary protein and GI levels during the weight-maintenance phase. Blood samples were

collected at baseline, after 8 weeks of low-energy diet-induced weight loss and after a 6-month dietary intervention period from female

continued weight losers (n 48) and weight regainers (n 48), evenly selected from four dietary groups that varied in protein and GI

levels. The blood concentrations of twenty-nine proteins and three steroid hormones were measured. The changes in analytes during

weight maintenance largely correlated negatively with the changes during weight loss, with some differences between continued

weight losers and weight regainers. Increases in leptin (LEP) and C-reactive protein (CRP) were significantly associated with weight

regain (P,0·001 and P¼0·005, respectively), and these relationships were influenced by the diet. Consuming a high-protein and high-

GI diet dissociated the positive relationship between the change in LEP concentration and weight regain. CRP increased during the

weight-maintenance period only in weight regainers with a high-protein diet (P,0·001). In addition, testosterone, luteinising hormone,

angiotensinogen, plasminogen activator inhibitor-1, resistin, retinol-binding protein 4, insulin, glucagon, haptoglobin and growth hormone

were also affected by the dietary intervention. The blood profile reflects not only the weight change during the maintenance period, but

also the macronutrient composition of the dietary intervention, especially the protein level.
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luteinising hormone; LP, low protein; PAI1, plasminogen activator inhibitor 1; RBP4, retinol-binding protein 4; TES, testosterone; WL, continued weight
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The worldwide epidemic of obesity and related health

problems including diabetes demands profound measures to

help overweight and obese people to reduce their weight

and maintain a healthier reduced weight(1,2). Compared with

weight loss, weight maintenance after weight loss requires

a continuous long-term effort to battle weight regain that

commonly occurs(3). Medical treatments, physical activity,

and also dietary intervention have been shown to be capable

of improving the success rate of weight maintenance(4). Mani-

pulating the macronutrient content, particularly by increasing

the protein content, has shown some benefit on preventing

weight regain(5). In addition, a low-glycaemic index (GI)

diet may favour a healthy metabolic profile(6).

The Diogenes programme is a pan-European project

targeting the obesity problem by dietary intervention. In this

programme, the relative efficacy of four different diets with

variation in protein:carbohydrate ratio and GI level was inves-

tigated with respect to weight-loss maintenance in European

families with overweight and obese parents(7,8). It showed

that both a modestly higher protein content and a modest

reduction in GI in the context of an ad libitum diet improve

weight-loss maintenance(9).

To understand the biological processes underlying the

physiological outcome of weight maintenance on different

diets, a systematic profiling of the body is useful. Since

the ongoing physiological activities of all tissues are

reflected in it, blood is an important source for discovering

biomarkers(10). Here, we investigated thirty-two proteins and

steroid hormones in the blood of women who participated

in the Diogenes dietary intervention study. The profiling of

these targeted adipokines, cytokines, inflammation markers,

vascular factors, satiety hormones, sex hormones and other

metabolic hormones, in a search for their relationship with

weight regain or weight loss during intended weight main-

tenance, and their relationship with dietary protein and GI

levels, helps to get an insight into the differences in

weight maintenance when manipulating dietary protein

and GI intake.

Subjects and methods

Subjects and study design

The participants were part of the pan-European, multicentre,

randomised and controlled dietary intervention study Dio-

genes (http://www.diogenes-eu.org, ClinicalTrials.gov regis-

tration no.: NCT00390637). The design and dietary

intervention have been described in detail previously(7–9).

The study was conducted according to the guidelines laid

down in the Declaration of Helsinki and all procedures

involving human subjects were approved by the local

ethical committees in the respective countries: (1) Medical

Ethics Committee of the University Hospital Maastricht and

Maastricht University, The Netherlands; (2) The Committees

on Biomedical Research Ethics for the Capital region of

Denmark, Denmark; (3) Suffolk Local Research Ethics Com-

mittee, UK; (4) University of Crete Ethics Committee,

Greece; (5) the Ethics Commission of the University of

Potsdam; (6) Research Ethics Committee at the University of

Navarra, Spain; (7) Ethical Committee of the Institute of

Endocrinology, Czech Republic; (8) Ethical Committee to the

National Transport Multiprofile Hospital in Sofia, Bulgaria.

Written informed consent was obtained from all subjects.

In brief, the study was composed of two phases: a weight-

loss phase and a weight-maintenance phase with dietary

intervention. Overweight or obese but otherwise healthy

subjects followed an 8-week, low-energy diet with about

3·3–4·2 MJ/d. Those who achieved $8 % loss of initial body

weight were in a 2 £ 2 factorial design randomised to one of

the following four moderate-fat ad libitum diets or a control

diet for 6-month weight maintenance with dietary counselling

every 2–4 weeks(7): diet 1, low protein (LP) and low GI (LGI)

(LP/LGI); diet 2, LP and high GI (HGI) (LP/HGI); diet 3, high

protein (HP) and LGI (HP/LGI); diet 4, HP and HGI (HP/HGI).

Participants were advised to maintain their weight loss during

this phase, but there were no restrictions with respect to

further weight reduction.

The anthropometrical and physiological parameters were

measured on clinical investigation day (CID) 1 before weight

loss, CID2 after weight loss and CID3 after weight mainten-

ance. The subjects were not given a standard diet the day

before CID, but were asked not to consume any food or

liquids except for 350–500 ml water at least 10 h before the

investigation. The majority of the participants had their fat

mass measured by dual-emission X-ray absorptiometry scan

or bioelectrical impedance analysis. Blood, urine and fat

biopsy samples were collected at each centre using the same

standardised protocols(8). For the present study, EDTA

plasma and serum samples in the fasting state were divided

into aliquots and kept at 2808C during storage and transpor-

tation. In addition, serum glucose, TAG, cholesterols, dietary

intake based on food diaries, and urinary analysis of 24 h N

excretion to assess adherence to the diet were measured as

described previously(8,9).

The sample size estimation of the complete Diogenes

study has been described previously(9). As in previous

studies(11,12), to avoid biological variation caused by ethnicity

and sex, we focused on Caucasian female participants, who

were below 50 years of age, non-diabetic and non-dyslipidae-

mic, taking one of the four intervention diets (selection criteria

shown in Fig. 1). Considering facility capacity and assay cost,

based on a ‘weight-maintenance score’ we selected ninety-six

subjects in total, which is about half of the eligible subjects

after removing extremes with the lowest and highest 10th

percentile of the score from each diet group, which might

have an overwhelming effect by their large body-weight

change on other biological processes. From each dietary

group, twelve subjects with relatively the highest weight

reduction during the 6-month maintenance period (continued

weight losers (WL)) and twelve subjects with relatively the

highest weight regain in that period (weight regainers (WR))

were studied (Fig. 1).

A power calculation showed that assuming a standard

deviation of 50 % of the mean value of the variable, if such

a ninety-six-subject design would enter three-way ANOVA,

the power would be 0·80 to detect a main-effect difference
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at a two-sided 0·05 significance level, when the true difference

between the groups is 29 %. For the two-factor interaction, the

power would be 0·80, when the difference is 50 %. For

the three-factor interaction, the power would be 0·80, when

the difference is 81 %.

Measurement of targeted blood factors

The selection of blood analytes as targets is described in the

supplementary material (available online at http://www.

journals.cambridge.org/bjn). All the samples were blinded

and randomly allocated with respect to dietary intervention

and weight change before transport to the laboratories for

analysis. The majority of the analytes were analysed in

plasma, unless otherwise stated, by two multiplex biomarker

testing laboratories with Clinical Laboratory Improvement

Amendments certification: Rules-Based Medicine (Austin,

TX, USA), applying their Human Metabolic Map version

1.0 (http://www.rulesbasedmedicine.com/products-services/

human-metabolic.asp), and SearchLight (Aushon BioSystems,

Woburn, MA, USA), applying a customised multiplex immu-

noassay. The remaining analytes were analysed in-house, as

in the previous study(11).

Data analysis

Analytes by multiplex assays were excluded if more than half

of the samples were not measurable on the standard curve or

with high variation in controls. The final list of included analytes

is shown in Table 1. The values of insulin-like growth factor 1 of

16 % of the samples and the values of growth hormone (GH)

of 6 % of the samples, which were flagged as being below

the detection limit, were imputed with a value of half of the

lowest detected concentration. The data of plasma insulin

(INS) measured by Rules-Based Medicine were calibrated

using INS data from a subset of serum samples as described

previously(11). Furthermore, outliers defined as a data point

out of the mean ^ 4 SD range were removed for each analyte.

The anthropometrical and physiological parameters that

were all normally distributed are expressed as means and stan-

dard deviations. The fold changes during weight loss and

maintenance were evaluated by the ratio of the values in

CID2:CID1 and CID3:CID2, respectively. For blood analytes,

the natural logarithm-transformed concentration and fold

changes were used for analyses.

Univariate data analysis was done with SPSS version 15.0

(SPSS, Inc., Chicago, IL, USA). Mean dietary intakes were

Subjects completed the Diogenes dietary intervention study
n 537

Female n 356

Diet 5: control diet Diet 1: LP/LGI

Diet 4: HP/HGI

Eligible subjects n 236

Age < 50 years

Extremes

Score <P10

The next lowest score

Continued weight losers
(n 48)

Weight regainers
(n 48)

–
–

Baseline fasting total cholesterol < 7 mM

Baseline fasting TAG < 3·6 mM

Baseline fasting glucose < 7 mM

Race = Caucasian

Diet 3: HP/LGI

Diet 2: LP/HGI
Diet 5: control dietDiet 1: LP/LGI

Diet 4: HP/HGI

Diet 3: HP/LGI

Diet 2: LP/HGI

Male n 181

–

–
–

Diet 1: LP/LGI (n 12)

Diet 4: HP/HGI (n 12)

Immunoassay to profile thirty-two
blood proteins and steroid hormones

on CID1, CID2 and CID3Diet 3: HP/LGI (n 12)

Diet 2: LP/HGI (n 12)
Diet 1: LP/LGI (n 12)

Diet 4: HP/HGI (n 12)

Diet 3: HP/LGI (n 12)

Diet 2: LP/HGI (n 12)

Extremes

Score >P90Weight maintenance score

(weight CID3–weight CID2)
(weight CID1–weight CID2)

=

>0

The next highest score

<0

Fig. 1. Schematic representation of the experimental design and subject selection. CID1, baseline, before weight loss; CID2, after 8-week weight loss; CID3, after

6-month weight maintenance; GI, glycaemic index; HP, high protein; LP, low protein; LGI, low GI; HGI, high GI; P10, 10th percentile; P90, 90th percentile.
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compared by the t test. For anthropometrical and physiologi-

cal parameters, the difference between the WL and WR groups

in CID1, CID2 and the CID2:CID1 ratio were analysed by the

t test. The differences in the fold change during the weight-

maintenance period were analysed by one-way ANOVA with

respect to weight loss or regain, with the CID2:CID1 ratio as

a covariate. The effects of dietary protein and GI on the

changes in body weight and body fat were analysed by two-

way ANOVA with the CID2:CID1 ratio as a covariate in the

WL and WR groups separately.

The relationship between the fold changes in blood ana-

lytes during weight loss and weight maintenance was evalu-

ated by Pearson’s correlation. The fold changes in blood

analytes during the maintenance period were analysed in a

multi-way ANOVA using the outcome of maintenance (WL

or WR), dietary protein (low and high), and dietary GI (low

and high) as fixed factors, and with or without age, weight

CID2:CID1 ratio and the CID2:CID1 ratio of the analyte as cov-

ariates. The P values were further controlled for false discov-

ery rate in multiple testing with the Benjamini–Hochberg

method(13) using the ‘stats’ package in R (version 2.10.1;

http://www.r-project.org/)(14). The fixed factor in multi-way

ANOVA with a P,0·03, equivalent to multiple testing

q , 0·25, was taken as significant. In other cases, a two-side

P,0·05 was taken as significant.

To explore the relationships between the fold changes in

anthropometry, physical parameters and biochemical analytes

during the weight-maintenance phase, we used multivariate

data analysis with the software GeneMaths XT version 2.12

(Applied Maths, Sint-Martens-Latem, Belgium). Supervised

discriminant principal component analysis was applied to

the fold changes in all anthropometrical and physiological

parameters, and measured blood proteins and steroids, on

participants nested in eight maintenance and diet groups.

The missing values were first imputed by the K nearest-neigh-

bours method within the program. Grouped subjects with LP

or HP, and LGI or HGI were also shown in the principal com-

ponent analysis score plot as group profiles. A variable with a

loading score .2 or a geometric mean of the loading score on

all components .3 was taken as an important contributor.

Results

Subjects’ characteristics

From the Diogenes dietary intervention study, ninety-six over-

weight/obese but otherwise healthy women (age 29–49

years), who had the most pronounced (but not extreme) WL

or WR after weight loss according to the weight-maintenance

score, were selected evenly from four dietary groups. In the

pooled subjects, the WL and WR groups did not differ with

regard to anthropometrical and physiological characters at

baseline (CID1) nor after weight loss (CID2), and only

showed a trend (P¼0·057) for younger age in the WL group

Table 1. List of analysed proteins and steroid hormones in plasma and serum

Category Symbol Name Executed

Sex hormones PRO Progesterone Rules-Based Medicine
TES Testosterone Rules-Based Medicine
LH Luteinising hormone Rules-Based Medicine
FSH Follicle-stimulating hormone Rules-Based Medicine
PRL Prolactin Rules-Based Medicine

Other steroid hormone COR Cortisol Rules-Based Medicine
Vascular factors ACE Angiotensin I converting enzyme 1 Rules-Based Medicine

AGT Angiotensinogen Rules-Based Medicine
PAI1 Plasminogen activator inhibitor-1, active Aushon SearchLight

Adipokines LEP Leptin Rules-Based Medicine
RETN Resistin Rules-Based Medicine
ASP Acylation-stimulating protein Rules-Based Medicine
ADIPOQ Adiponectin Rules-Based Medicine
RBP4 Retinol-binding protein 4 Aushon SearchLight

Insulin and related hormones INS Insulin Rules-Based Medicine
GCG Glucagon Rules-Based Medicine
IAPP Islet amyloid polypeptide, amylin, total In-house

Immunoproteins MIF Macrophage migration inhibiting factor Aushon SearchLight
IL-6 Interleukin 6 In-house
IL-8 Interleukin 8 In-house
TNF-a Tumour necrosis factor a In-house
MMP9 Matrix metallopeptidase 9 In-house*
HPT Haptoglobin In-house*
CRP C-reactive protein In-house*

Growth factors GH Growth hormone Aushon SearchLight
IGF1 Insulin-like growth factor 1 Rules-Based Medicine
VEGFD Vascular endothelial growth factor-D Aushon SearchLight
PEDF Pigment epithelium-derived factor Aushon SearchLight
IGFBP1 Insulin-like growth factor binding protein 1 Aushon SearchLight
IGFBP3 Insulin-like growth factor binding protein 3 Aushon SearchLight

Satiety hormones GLP1 Glucagon-like peptide-1, total Rules-Based Medicine
PP Pancreatic polypeptide Rules-Based Medicine

* Analysed in serum. Others in plasma.
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Table 2. Characteristics of the study subjects by diet and the outcome of weight maintenance at baseline (CID1), after 8-week weight loss (CID2) and after 6-month maintenance intervention (CID3)*

(Mean values and standard deviations)

Pool Diet 1, LP/LGI Diet 2, LP/HGI Diet 3, HP/LGI Diet 4, HP/HGI

WL (n 48) WR (n 48) WL (n 12) WR (n 12) WL (n 12) WR (n 12) WL (n 12) WR (n 12) WL (n 12) WR (n 12)

Parameters Time Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Weight-maintenance
score

20·28 0·14 0·42 0·12 20·31 0·11 0·43 0·10 20·17 0·10 0·52 0·11 20·36 0·20 0·38 0·11 20·30 0·08 0·33 0·10

Age (years) 39·3 5·3 41·3 5·0 43·0 5·8 41·1 3·8 38·3 3·6 42·9 3·6 38·4 4·4 39·3 6·0 37·4 5·6 41·8 6·0
Weight (kg) CID1 97·5 16·4 93·3 12·6 101·3 18·5 98·9 10·8 87·3 6·9 91·9 12·8 104·5 16·4 91·6 16·2 96·7 17·3 91·0 9·3

CID2 86·3 14·6 83·8 11·8 89·7 17·5 88·7 9·8 78·0 7·6 83·1 12·6 91·7 14·7 81·7 15·3 85·8 14·4 81·5 8·4
CID3 83·0 13·6 87·7 12·2 86·1 16·9 93·2 10·4 76·5 7·8 87·5 12·5 87·1 13·5 85·4 15·9 82·4 13·6 84·7 8·2

BMI (kg/m2) CID1 34·5 4·8 33·3 4·3 35·8 5·0 34·6 4·4 30·9 2·6 33·4 4·4 36·3 4·2 32·2 4·5 35·0 5·4 33·0 4·2
CID2 30·6 4·3 29·9 4·1 31·6 4·9 31·1 4·2 27·6 2·9 30·2 4·4 31·9 3·8 28·8 4·2 31·1 4·5 29·5 3·7
CID3 29·4 4·0 31·3 4·2 30·4 4·8 32·6 4·3 27·1 2·9 31·8 4·5 30·3 3·3 30·0 4·3 29·8 4·2 30·6 3·7

Fat mass (%) CID1 44·3 5·1 43·4 5·4 45·6 4·3 45·1 5·8 41·0 4·9 44·4 4·5 44·8 5·5 41·3 5·5 45·7 4·9 42·7 5·8
CID2 40·4 6·1 39·7 6·5 42·7 4·9 43·7 4·5 35·8 6·2 40·6 7·3 41·2 6·1 38·3 6·7 41·5 5·7 36·6 5·9
CID3 37·6 5·8 40·7 5·7 37·7 4·9 41·8 5·1 35·0 5·7 43·7 5·4 39·5 5·3 39·2 6·2 38·4 7·0 39·0 5·6

Waist (cm) CID1 104 13 102 11 107 13 107 10 96 7 101 13 107 9 101 13 105 19 99 10
CID2 95 12 94 10 96 12 98 9 86 7 94 9 100 7 92 13 96 16 93 9
CID3 91 12 97 10 93 14 103 9 87 8 98 10 93 9 93 10 93 15 95 9

Systolic blood
pressure (mmHg)

CID1 121 13 120 12 128 12 122 13 114 10 116 13 116 12 119 11 124 12 124 13

CID2 116 12 114 13 123 12 115 12 110 11 110 15 113 10 118 11 119 14 114 13
CID3 118 13 120 13 124 12 124 9 117 13 116 11 114 13 122 19 118 12 117 9

Diastolic blood
pressure (mmHg)

CID1 75 10 73 10 80 11 75 9 71 8 70 12 74 6 73 11 75 13 75 8

CID2 71 9 71 11 73 7 74 12 69 11 68 8 70 8 75 12 73 11 69 10
CID3 72 9 74 10 74 10 75 11 71 9 73 11 70 6 74 12 73 10 73 8

Cholesterol (mmol/l) CID1 4·6 0·8 4·6 1·0 5·0 0·8 4·3 1·4 4·6 0·8 4·9 0·9 4·5 0·9 4·6 0·7 4·5 0·7 4·7 1·0
CID2 4·1 0·7 4·2 0·8 4·3 0·8 4·0 1·0 3·9 0·4 4·4 0·6 4·1 0·4 4·0 0·9 4·0 0·9 4·2 0·8
CID3 4·5 0·6 4·8 0·8 4·7 0·6 4·8 0·7 4·5 0·4 5·0 0·7 4·5 0·6 4·8 0·9 4·3 0·8 4·8 0·9

TAG (mmol/l) CID1 1·3 0·5 1·2 0·5 1·4 0·6 1·2 0·6 1·1 0·4 1·1 0·6 1·2 0·7 1·0 0·4 1·2 0·3 1·5 0·5
CID2 1·1 0·3 1·1 0·5 1·1 0·4 1·2 0·8 1·0 0·4 1·0 0·4 1·1 0·3 0·9 0·3 1·1 0·3 1·3 0·4
CID3 1·0 0·4 1·2 0·6 0·9 0·3 1·3 0·6 1·2 0·4 1·1 0·4 1·0 0·5 1·0 0·4 1·0 0·4 1·4 0·7

HDL (mmol/l) CID1 1·3 0·3 1·3 0·4 1·3 0·3 1·1 0·4 1·3 0·3 1·4 0·3 1·3 0·3 1·4 0·4 1·2 0·2 1·1 0·3
CID2 1·2 0·2 1·2 0·3 1·2 0·3 1·1 0·3 1·2 0·3 1·3 0·2 1·2 0·2 1·3 0·4 1·1 0·2 1·1 0·2
CID3 1·4 0·3 1·4 0·4 1·5 0·4 1·4 0·3 1·4 0·3 1·6 0·4 1·4 0·3 1·6 0·5 1·3 0·2 1·2 0·3

LDL (mmol/l) CID1 2·8 0·7 2·8 0·8 3·1 0·7 2·7 1·1 2·7 0·7 3·0 0·7 2·6 0·7 2·7 0·6 2·8 0·6 2·9 0·9
CID2 2·4 0·6 2·5 0·7 2·6 0·8 2·4 0·7 2·3 0·4 2·7 0·6 2·4 0·3 2·3 0·7 2·4 0·8 2·6 0·8
CID3 2·6 0·6 2·8 0·7 2·8 0·6 2·9 0·5 2·6 0·3 3·0 0·5 2·6 0·5 2·7 0·9 2·5 0·8 2·9 0·8

Glucose (mmol/l) CID1 4·9 0·8 5·0 0·6 5·2 0·7 5·4 0·9 4·7 0·4 4·8 0·4 4·8 0·5 5·0 0·5 4·8 1·2 5·0 0·6
CID2 4·7 0·7 4·8 0·4 4·9 1·0 4·9 0·6 4·5 0·4 4·7 0·4 4·6 0·5 4·7 0·4 4·8 0·5 4·7 0·3
CID3 4·7 0·4 4·9 0·5 4·8 0·5 5·0 0·5 4·6 0·5 4·9 0·5 4·6 0·4 4·9 0·5 4·6 0·4 5·0 0·4

Insulin (mIU/ml)‡ CID1 9·1 4·9 10·2 6·7 10·0 5·5 15·1 10·8 8·5 3·5 8·1 3·7 7·5 2·3 8·0 3·9 10·5 7·1 9·5 3·1
CID2 5·7 3·6 6·5 3·0 5·6 3·6 7·9 4·6 4·9 2·8 5·5 1·7 5·7 3·1 5·4 2·2 6·8 4·8 7·4 2·2
CID3 6·8 5·3 7·9 3·8 6·8 5·2 9·9 5·4 7·8 8·0 7·4 2·3 6·2 3·9 7·0 3·1 6·4 3·4 7·5 3·1

HOMA-IR† CID1 2·0 1·3 2·4 1·8 2·4 1·7 3·8 3·0 1·8 0·7 1·7 0·8 1·6 0·7 1·9 0·8 2·3 1·8 2·1 0·7
CID2 1·2 0·9 1·4 0·8 1·3 0·9 1·8 1·2 1·0 0·6 1·1 0·4 1·1 0·6 1·1 0·5 1·5 1·3 1·5 0·5
CID3 1·5 1·3 1·7 0·9 1·5 1·3 2·1 1·3 1·7 2·1 1·6 0·5 1·3 0·8 1·6 0·8 1·3 0·7 1·6 0·7

LP, low protein; LGI, low glycaemic index; HGI, high glycaemic index; HP, high protein; WL, continued weight losers; WR, weight regainers; HOMA-IR, homeostasis model assessment of insulin resistance.
* Values are from the fasting state.
† Calculated as fasting glucose (mmol/l) £ fasting insulin (mIU/ml)/22·5.
‡ 1 mIU/ml ¼ 6·945 pmol/l.
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compared with the WR group (Table 2). During the weight-

loss phase, only the fold change in weight was different,

although borderline, between the WL (0·89 (SD 0·03)) and

WR groups (0·90 (SD 0·02) (P¼0·021).

As expected from the selection, during the 6-month

maintenance phase, all subjects of the WL group lost weight

(3·3 (SD 2·2) kg), while all WR subjects gained weight (3·9

(SD 1·2) kg). They were different in the CID3:CID2 ratio of

all measured adiposity indices (P,0·001). In addition, WL

subjects had less increase in diastolic blood pressure

(P¼0·035), cholesterol (P¼0·044), TAG (P¼0·037) and

glucose (P¼0·045).

Post-intervention dietary intakes are presented in Table 3.

From the dietary recall of about three-quarters of the cohort

who had available food records, there was a modest difference

in dietary protein (2·9 % energy (%E)) and GI (3·5 units)

between the LP and HP groups and between the LGI and HGI

groups, respectively. Those differences were also detectable

in the WL and WR groups, with the exception of protein

intake between the HP and LP subjects in the WL group.

These differences were confirmed by the urinary N excretion

as a marker of adherence to a HP or LP diet (Table 3).

Further analysis showed that among the pooled subjects,

no dietary effect could be detected on the fold change in

either body weight or fat mass percentage (P.0·5). However,

in the WL group, HP intake and LGI were associated with

more weight loss (P¼0·014 and 0·012, respectively). In the

WR group, HP intake was associated with less weight regain

(P¼0·001), whereas GI had no effect (P¼0·7). But for fat

mass, no significant dietary effect in both groups could be

detected (P.0·5).

Blood protein and steroid changes during weight loss
and maintenance

At baseline, after weight loss and after the weight-maintenance

period, twenty-nine blood proteins and three steroids were

measured (Fig. 2). They were grouped into seven categories

based on their functions. Cortisol was listed as an extra category.

Except for angiotensinogen (AGT), acylation-stimulating protein

and GH, twenty-nine out of thirty-two analytes showed

that their changes during weight maintenance were negatively

correlated with the changes during weight loss in the pooled

subjects (Table 4), suggesting a ‘return-back’ effect of the body

to keep the homeostasis as it was before the weight loss.

Especially, the immunoproteins macrophage migration inhi-

biting factor, C-reactive protein (CRP), haptoglobin and

matrix metalloproteinase 9, the sex hormones follicle-stimulat-

ing hormone and luteinising hormone (LH), and the growth

factors vascular endothelial growth factor-D and insulin-like

growth factor binding protein 1 (IGFBP1) strongly showed

this effect, with r . 0·5 and P,0·001. Interestingly, WL and

WR subjects showed differences in this return-back effect

for some analytes. Leptin (LEP) and pancreatic polypeptide

showed this effect significantly more profoundly in the

WR group, and GH and TNF-a also had this trend. On

the other hand, IL-6 was affected in the WL group, but not

in WR subjects.

Relationships among anthropometrical, physiological and
biochemical characteristics

Multivariate data analysis with discriminant principal com-

ponent analysis showed that the WL and WR groups can be

separated completely on the principal component 1, which

accounts for 91 % of the total subject variance and is mainly

determined by the weight-maintenance score, weight/BMI,

fat mass and waist circumference (Fig. 3(a) and (b)). LEP,

CRP, TAG and glucose were also associated with WR, and

IGFBP1 was the only associated with WL.

The effect of dietary intervention was minor, as the profiles

of LP, HP, LGI and HGI were all close to the origin. WR sub-

jects with LP or HP diets were grouped in a different direction

on the principal component 2, which accounts for 2·8 % of the

total variance and is mainly determined by CRP, testosterone

(TES), retinol-binding protein 4 (RBP4) and fat mass for HP,

and glucagon (GCG), adiponectin and LEP for LP (Fig. 3(a)

and (b)).

Plasminogen activator inhibitor 1 (PAI1), INS, resistin and

LH did not have a loading score $2 on these two main com-

ponents, but had a geometric mean $3 for all components.

Therefore, these factors also contributed to maximally explain

the variance.

Difference in blood profile by weight maintenance
and dietary intervention

Because of the complex interaction of weight maintenance

and dietary intervention, multi-way ANOVA taking all factors

and their interactions into account was conducted to identify

the effect of each factor and of their interactions on the fold

change in blood analytes CID3:CID2. Besides this raw model,

a controlled model was also analysed with age, weight

CID2:CID1 ratio and the CID2:CID1 ratio of the analyte as

covariates, because the former two showed to be different

with regard to the outcome of weight maintenance, and the

latter one was included for controlling the return-back effect

that had considerable contribution to the ANOVA model.

The results are shown in Table 5 and the supplementary

material (available online at http://www.journals.cambridge.

org/bjn).

Higher increases in LEP and CRP were positively associated

with weight regain in the pooled subjects identified by both

raw and controlled models. However, there were some differ-

ences among the diets (Fig. 4). Furthermore, LEP positively

correlated with fat mass percentage on their fold changes

(adjusted for LEP CID2:CID1 ratio) with the diets LP/LGI

(r 0·812, P,0·001), LP/HGI (r 0·602, P¼0·031) and HP/LGI

(r 0·606, P¼0·008), but not with the diet HP/HGI (r 0·166,

P¼0·510). The relationship between the outcome of weight

maintenance and the fold change in LEP was lost after extra

controlling for the fold change in fat mass (CID3:CID2) in

the model. While for CRP, this extra controlling did not

make a difference. IGFBP1 had a trend to positively associate

with WL (P¼0·034), but this trend disappeared after control-

ling for its CID2:CID1 ratio.
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Table 3. Food intake in dietary groups and weight-maintenance groups post-intervention (after 6-month maintenance intervention)*

(Mean values and standard deviations)

Pooled Continued weight losers Weight regainers

LP HP LP HP LP HP

Dietary protein group Mean SD Mean SD P Mean SD Mean SD P Mean SD Mean SD P

No. of valid/no. total participants 37/48 36/48 19/24 17/24 18/24 19/24
Total energy intake (kJ/d) 6455 2228 6815 2297 0·498 5346 1913 6825 2681 0·063 7625 1952 6807 1967 0·213
Carbohydrate (%E) 49·7 9·7 45·6 7·4 0·046† 52·4 10·2 47·8 8·1 0·144 46·9 8·7 43·7 6·4 0·200
Fat (%E) 31·4 8·7 32·8 8·6 0·503 27·7 6·9 30·8 9·8 0·289 35·3 8·8 34·6 7·1 0·787
Protein (%E) 17·8 4·1 20·7 5·4 0·012† 19·4 4·5 20·6 6·3 0·495 16·2 3·0 20·8 4·6 0·001†
Alcohol (%E) 1·0 2·3 0·9 2·1 0·774 0·5 1·3 0·8 2·3 0·590 1·6 2·9 0·9 2·1 0·432
GI 58·3 5·1 57·1 4·6 0·311 58·2 5·9 55·7 4·9 0·172 58·3 4·3 58·4 4·0 0·957
Markers of dietary compliance
No. of valid/no. of total participants 30/48 31/48 14/24 15/24 16/24 16/24
Total 24 h urinary N excretion (g/d) 11·8 3·3 13·8 3·3 0·023† 12·5 4·3 14 3·4 0·299 11·2 2·1 13·6 3·4 0·023†

LGI HGI LGI HGI LGI HGI

Dietary GI group Mean SD Mean SD P Mean SD Mean SD P Mean SD Mean SD P

No. of valid/no. of total participants 38/48 35/48 20/24 16/24 18/24 19/24
Total energy intake (kJ/d) 6533 2213 6741 2324 0·696 5902 2176 6222 2704 0·696 7234 2094 7178 1916 0·933
Carbohydrate (%E) 47·1 9·3 48·3 8·5 0·558 49·6 10·1 51·0 8·7 0·654 44·4 7·5 46·1 7·9 0·506
Fat (%E) 32·4 8·9 31·8 8·4 0·780 29·8 8·8 28·4 8·2 0·623 35·2 8·3 34·7 7·7 0·838
Protein (%E) 19·9 4·5 18·5 5·4 0·234 20·2 5·2 19·6 5·7 0·737 19·6 3·6 17·6 5·1 0·188
Alcohol (%E) 0·6 1·8 1·3 2·6 0·153 0·4 1·0 1·0 2·5 0·309 0·8 2·4 1·6 2·7 0·354
GI 56·0 4·6 59·5 4·5 0·002† 55·3 5·2 59·2 5·3 0·034† 56·9 3·8 59·7 3·9 0·030†

LP, low protein; HP, high protein; GI, glycaemic index; LGI, low glycaemic index, HGI, high glycaemic index.
* The group difference was analysed by the t test.
† Values were significantly different (P,0·05).
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Higher increases in TES and CRP were related to a HP diet,

but these changes were only found in WR subjects. Higher

increases in LEP, INS and GCG were related to a LP diet in

the pooled subjects.

There was no analyte for which the fold change did signifi-

cantly reflect the dietary GI level, neither in pooled subjects

nor in WL or WR subjects.

When comparing the interaction of dietary protein and GI,

the fold changes in AGT, INS, LH, RBP4 and PAI1 showed

difference for the combinations of protein and GI levels.

Particularly, AGT and PAI1 had differences of more than

two-fold among combinations, which remained significant

with post hoc testing (see the supplementary material,

available online at http://www.journals.cambridge.org/bjn).

Concerning the efficacy of some blood analytes as the bio-

marker of dietary protein or GI level, there were significant

differences between the WL and WR groups. Interestingly,

those markers are functionally related. Fold changes in resis-

tin, CRP and haptoglobin, which are influenced by the inter-

action of weight maintenance and dietary protein level, are

(related to) immunoproteins, whereas fold changes in GH

and LH influenced by the interaction of weight maintenance,

dietary protein and GI are related to cell growth and

development.
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Fig. 2. Fold changes in blood proteins and steroids during (a) weight-loss phase (after 8-week weight loss (CID2):baseline, before weight loss (CID1)) and (b)

weight-maintenance phase (after 6-month maintenance intervention (CID3):CID2). Box plot shows the median and interquartile range without outliers of the fold

change in each analyte. COR, cortisol; PRO, progesterone; TES, testosterone; FSH, follicle-stimulating hormone; LH, luteinising hormone; PRL, prolactin; ACE,

angiotensin I converting enzyme 1; AGT, angiotensinogen; PAI1, plasminogen activator inhibitor-1, active; ADIPOQ, adiponectin; ASP, acylation-stimulating pro-

tein; LEP, leptin; RBP4, retinol-binding protein 4; RETN, resistin; GCG, glucagons; INS, insulin; IAPP, islet amyloid polypeptide, amylin, total; CRP, C-reactive pro-

tein; HPT, haptoglobin; MIF, macrophage migration inhibiting factor; MMP9, matrix metallopeptidase 9; GH, growth hormone; IGF1, insulin-like growth factor 1;

IGFBP1, insulin-like growth factor binding protein 1; IGFBP3, insulin-like growth factor binding protein 3; PEDF, pigment epithelium-derived factor; VEGFD, vascu-

lar endothelial growth factor-D; GLP1, glucagon-like peptide-1, total; PP, pancreatic polypeptide.
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Discussion

The present data showed that the changes in measured pro-

teins and steroid hormones during the weight-maintenance

phase largely depend on their changes during the weight-

loss phase, indicating that the body is trying to return to the

original homeostatic state. This process also occurred in the

WL group, even though their weight and fat mass continued

to decrease. The energy state changing from negative during

weight loss to balanced during weight maintenance might

be the driving force of this process. Such a return-back

effect on blood protein and steroid hormones is in line with

a previously observed ‘reversal effect’ on blood lipids, glucose

and INS during weight-loss maintenance(15,16). In contrast to

the WR group, the WL group showed the ability to recall the

pre-weight-loss state of IL-6 and to readily reach new states

for LEP, pancreatic polypeptide, GH and TNF-a. For LEP as

the most important indicator of body fat, it is not surprising

that it showed a different pattern between the WL and WR

groups concerning this process. It is also reasonable that pan-

creatic polypeptide as an appetite-regulating hormone that

influences energy intake(17) was different. Furthermore, it is

known that GH has an abnormal metabolism in obesity(18),

of which the mechanism is not clear(19). Here, we observed

an increase in GH during weight loss followed by a decrease

in WR but a stable level in WL during maintenance. However,

because of the large inter-individual variation of GH we must

be careful in drawing a conclusion. The other two cytokines

are both related to obesity(20), but return-back regulation of

IL-6 failed in the WR group while that of TNF-a did not.

The present observations imply that the process controlling

the transition of these proteins to a new homeostatic state

seems to be different between the WL and WR groups,

which warrants further investigations.

The discriminant principal component analysis showed that

the WR and WL groups were mainly distinguished by body

Table 4. Correlations between the fold changes in blood analytes during the weight-loss phase and the weight-maintenance phase*

(Correlation coefficients)

Pooled WL WR
Group difference*

Category Analyte r P r P r P P

Others COR 20·420 ,0·001† 20·416 0·003† 20·420 0·003† 0·892
Sex hormones FSH 20·521 ,0·001† 20·569 ,0·001† 20·473 0·001† 0·609

LH 20·508 ,0·001† 20·598 ,0·001† 20·424 0·003† 0·123
PRO 20·448 ,0·001† 20·478 0·001† 20·411 0·004† 0·813
TES 20·286 0·005† 20·288 0·047† 20·324 0·028† 0·849
PRL 20·377 ,0·001† 20·330 0·022† 20·422 0·004† 0·574

Vascular factors ACE 20·279 0·006† 20·259 0·075 20·313 0·032† 0·527
AGT 20·186 0·078 20·202 0·169 20·182 0·243 0·773
PAI1 20·212 0·039† 20·152 0·303 20·298 0·042† 0·394

Adipokines LEP 20·430 ,0·001† 20·328 0·023† 20·711 ,0·001† ,0·001‡
RBP4 20·438 ,0·001† 20·353 0·014† 20·510 ,0·001† 0·167
ADIPOQ 20·415 ,0·001† 20·225 0·125 20·493 ,0·001† 0·105
RETN 20·347 0·001† 20·287 0·048† 20·398 0·006† 0·705
ASP 20·079 0·448 20·200 0·177 0·001 0·994 0·239

Insulin and related hormones INS 20·457 ,0·001† 20·375 0·009† 20·623 ,0·001† 0·365
IAPP 20·397 ,0·001† 20·395 0·007† 20·465 0·002† 0·616
GCG 20·221 0·032† 20·376 0·008† 20·088 0·557 0·181

Immunoproteins CRP 20·523 ,0·001† 20·524 ,0·001† 20·528 ,0·001† 0·582
IL-6 20·324 0·001† 20·441 0·002† 20·175 0·239 0·090
IL-8 20·371 ,0·001† 20·551 ,0·001† 20·215 0·147 0·334
HPT 20·554 ,0·001† 20·594 ,0·001† 20·533 ,0·001† 0·852
MIF 20·571 ,0·001† 20·506 ,0·001† 20·637 ,0·001† 0·224
MMP9 20·562 ,0·001† 20·560 ,0·001† 20·564 ,0·001† 0·874
TNF-a 20·400 ,0·001† 20·219 0·159 20·496 0·001† 0·067

Growth factors GH 20·186 0·072 20·008 0·959 20·392 0·006† 0·063
IGF1 20·409 ,0·001† 20·394 0·006† 20·435 0·002† 0·225
VEGFD 20·511 ,0·001† 20·555 ,0·001† 20·442 0·002† 0·513
PEDF 20·373 ,0·001† 20·391 0·006† 20·355 0·014† 0·884
IGFBP1 20·525 ,0·001† 20·550 ,0·001† 20·462 0·001† 0·612
IGFBP3 20·352 ,0·001† 20·412 0·004† 20·307 0·036† 0·642

Satiety hormones GLP1 20·315 0·002† 20·397 0·005† 20·268 0·068 0·735
PP 20·367 ,0·001† 20·151 0·306 20·521 ,0·001† 0·049‡

WL, continued weight losers; WR, weight regainers; COR, cortisol; FSH, follicle-stimulating hormone; LH, luteinising hormone; PRO, progesterone; TES, testosterone; PRL,
prolactin; ACE, angiotensin I converting enzyme 1; AGT, angiotensinogen; PAI1, plasminogen activator inhibitor-1, active; LEP, leptin; RBP4, retinol-binding protein 4; ADI-
POQ, adiponectin; RETN, resistin; ASP, acylation-stimulating protein; INS, insulin; IAPP, islet amyloid polypeptide, amylin, total; GCG, glucagons; CRP, C-reactive protein;
HPT, haptoglobin; MIF, macrophage migration inhibiting factor; MMP9, matrix metallopeptidase 9; GH, growth hormone; IGF1, insulin-like growth factor 1; VEGFD, vascular
endothelial growth factor-D; PEDF, pigment epithelium-derived factor; IGFBP3, Insulin-like growth factor binding protein 3; GLP1, glucagon-like peptide-1, total; PP, pancrea-
tic polypeptide.

* Pearson’s correlation analysis on ln after 8-week weight loss (CID2):baseline, before weight loss (CID1) v. ln after 6-month weight maintenance:CID2. The difference between
the WL and WR groups on the correlation slope was compared by ANOVA with the interaction of group ID (WL or WR) and CID2:CID1 as a covariate.

† Correlation was significant different (P,0·05).
‡ Correlations were significantly different between WL and WR (P,0·05).
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anthropometrical parameters, but not much by the blood ana-

lytes, at least for this 6-month period. The blood profile

reflected the diet intervention profile more than weight main-

tenance. Nevertheless, the differences between the high and

low dietary protein or GI levels were modest in the present

study, which is in line with the conclusion from the whole

Diogenes study(9).

The important contributors identified by discriminant princi-

pal component analysis were confirmed by ANOVA. However,

in ANOVA, we corrected for the changes during the weight-

loss phase, which allowed us to focus on the real effects

from different diets or by weight maintenance. Therefore,

we used the results from ANOVA to identify blood biomarkers.

In this way, LEP and CRP were the only two proteins signifi-

cantly associated with weight regain. Although these two pro-

teins are well recognised as obesity biomarkers, the present

results provide additional details about the effect of the dietary

components.

LEP is primarily released by adipocytes(21) and its circulating

level reflects the amount of adipose tissue in the body. There-

fore, it is logical that LEP is a biomarker of WR due to regained

fat mass, as observed by others(22). Interestingly, although

their fat mass increased similarly as with other diets, the WR

group with the HP/HGI diet failed to increase LEP more

than the WL group with the same diet. LEP did not follow

the change in body fat mass, implying that abnormal regu-

lation occurs on the secretion of LEP in proportion to the fat

mass with this diet. A previous study has shown that a HP

diet blunts the increase in LEP during weight maintenance

compared with LP diets, done with a 20 % higher protein

intake (18 % v. 15 %E) for a 3-month weight-maintenance

period(23). A HP diet is suggested to stimulate the central ner-

vous system LEP sensitivity to compensate for the decrease in

LEP level and to sustain reduction in appetite and weight(24).

However, another study could not significantly demonstrate

this effect of a HP diet (25 % v. 15 %E) for a comparable

weight-maintenance period(25). We also observed a trend for

the influence of GI on the effect of HP (interaction P¼0·074),

namely that only with HGI there is a lowering effect of diet pro-

tein (P¼0·015) on the change in LEP. On the other hand, with

HGI there is also an enhancing effect of weight regain

(P¼0·020) on the change in LEP. Therefore, with the combi-

nation diet HP/HGI, there was no apparent difference between

the WR and WL groups. This complex interaction between diet

GI and weight-maintenance performance may explain the

inconsistencies in previous studies and suggests that GI may

influence the signalling of LEP in the brain.

Although CRP is not an adipokine, it is strongly associated

with total and abdominal, subcutaneous and visceral adi-

posity, especially in pre-menopausal women(26,27). CRP

increased during the weight-maintenance phase only with a

HP diet in the WR group. This interaction between diet protein

and the outcome of weight maintenance has not been

reported before. This finding may explain the discrepancy

between the present result and those from others. Due

et al.(28) did not find the effect of a HP diet on CRP and

other acute-phase proteins, possibly because their subjects

all lost weight in a 6-month weight-control programme.

Other studies have reported CRP to be decreased by a HP

diet(29), but in those studies, the effects of weight loss and diet-

ary protein level were not dissected. We did not observe an

effect of HP on CRP in weight losers, but in the present

case, this could be due to the fact that there was only slight

difference in dietary protein intake in HP and LP subjects in

the WL group (Table 3).

CRP is produced by the liver, and it is known that liver func-

tion can be affected by dietary protein level as has been

demonstrated for the hepatic gluconeogenesis(30). Production

of CRP can be induced by adipocytokines including IL-6 and

TNF-a(31), but in the present study the HP diet had no effect
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Table 5. Summary of blood analytes* that are associated with the outcome of weight maintenance and dietary intervention†

Dietary intervention

Maintenance
Protein Protein £ GI

Maintenance £ protein Maintenance £ protein £ GI
Category Analyte Model Pooled Pooled WR Pooled WL WR Pooled Pooled

Sex hormones TES Raw HP HP
Controlled HP HP

LH Raw HP/LGI_WR (LP/LGI_WR)
Controlled HP/LGI (LP/LGI)

Vascular factors PAI1 Raw HP/HGI (HP/LGI) HP/HGI (HP/LGI)
Controlled HP/HGI (HP/LGI)

AGT Raw HP/LGI (LP/LGI)
Controlled HP/LGI (LP/LGI) HP/LGI (LP/LGI)

Adipokines LEP Raw WR
Controlled WR LP

RETN Raw HP_WR
Controlled

RBP4 Raw LP/HGI
Controlled

Insulin and
related hormones

INS Raw LP
Controlled LP/HGI

GCG Raw LP LP
Controlled

Immunoproteins CRP Raw WR HP HP_WR
Controlled WR HP HP

HPT Raw
Controlled HP_WR

Growth factors GH Raw HP/LGI_WL
Controlled

GI, glycaemic index; WR, weight regainers; WL, continued weight losers; TES, testosterone; HP, high protein; LH, luteinising hormone; LGI, low GI; LP, low protein; PAI1, plasminogen activator inhibitor-1, active; HGI, high GI;
AGT, angiotensinogen; LEP, leptin; RETN, resistin; RBP4, retinol-binding protein 4; INS, insulin; GCG, glucagons; CRP, C-reactive protein; HPT, haptoglobin; GH, growth hormone.

* Significant association (P,0·03) in the multi-way ANOVA of the fold change (ln after 6-month weight maintenance:after 8-week weight loss (CID2)) in the blood analytes in pooled, or the WL or WR group, without (raw) or with
(controlled) age, weight CID2:baseline, before weight-loss (CID1) ratio and the CID2:CID1 ratio of the analyte as covariates.

† The conditions positively associated with the higher/highest fold change in the blood analyte are indicated. The conditions positively associated with the lowest fold change are also indicated in parentheses.
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on the blood level of those factors. Thus, we speculate that the

HP intake can enhance the sensitivity for adipocytokines to

stimulate the production of CRP from the liver. Besides CRP,

the other two proteins that showed significant interaction

between diet protein and maintenance with a similar pattern,

haptoglobin and resistin, are also related to the immune

system. As with CRP, haptoglobin is also mainly secreted

from the liver(32). Interestingly, a study in mice has suggested

that a HP diet provokes a more profound response of the

immune system to an infection than a LP diet(33). This aug-

ments the link between the immune system and the HP diet.

Finally, because CRP is a predictor of CVD(34), the risk to

increase the CRP concentration by weight regain with a HP

diet needs confirmation and further investigation on a

longer term and in a larger population.

An increase in TES has not been linked to the dietary pro-

tein level before. TES is an anabolic hormone. A few studies

have pointed out that protein nutrition attenuates the increase

in TES by resistance training(35,36). The present data suggest

that a HP diet may prevent the body from going into a

catabolic state during weight maintenance. In addition, TES

acts to increase lipolysis and its administration in males

induced a loss of adipose tissue in the leg(37).

INS and GCG were identified as biomarkers of a LP diet.

This finding is not in line with the concept that elevated post-

prandial amino acids stimulate INS and GCG secretion(38).

However, as a high level of carbohydrate is part of the LP

diet, they could as well be biomarkers of a high-carbohydrate

diet, which would fit well with the main function of these two

hormones in the carbohydrate metabolism.

Compared with dietary protein, differences in GI had less

effect on the blood profile of examined proteins and steroids.

However, several analytes were significantly influenced by the

interaction between protein and GI, especially PAI1, AGT and

LH. The dietary effect of protein and GI on AGT and LH has

not been reported in human subjects, and therefore the pre-

sent results require further validation. The present finding

that PAI1 is repressed by the LGI diet is in line with a study

in non-diabetic obese women(39). In that study, this effect

was observed with 12–15 %E protein in the diet(39). We

observed this effect in combination with the HP diet in WL

subjects, which is somehow surprising because of the small

difference in protein intake between the LP and HP groups

among the WL subjects. PAI1 is not only a vascular factor play-

ing an important role in thrombosis, but is also involved in the

regulation of the extracellular matrix of adipocytes and may

play a positive role in the development of adipocytes(40). Sup-

pression of PAI1 may therefore inhibit adipose tissue develop-

ment, explaining the relationship between HP/LGI intake and

weight loss during the weight-maintenance phase(9).

In summary, the blood protein and steroid measurements

indicate that the WL and WR groups during the maintenance

phase differ in the process controlling adaptation to a new

homeotic state. In addition, our measurements indicate that

a HP diet may be beneficial to prevent weight regain and

reduce adipose tissue growth by lowering GCG and INS,

and by enhancing the anabolic state and lipolysis via TES. Fur-

thermore, the diet HP in combination with the diet LGI has an

inhibiting effect on weight regain by lowering the plasma level

of PAI1, a modulator of adipose tissue development. However,

the effect of the HP diet on body weight could not be con-

firmed by the present data on fat mass, perhaps due to limited

sample size of this Diogenes subcohort. Finally, the increased

CRP level in weight regainers on a HP diet may point to a

potential health risk.

The present observations were obtained in women with

limited sample size as a result of the careful phenotypic selec-

tion and the analytical feasibility. Therefore, further studies in

men are needed and validation in a larger cohort. Because of

our limited sample size and stringent cut-off criteria, we may

have missed some true biomarkers. As such, the present

findings provide leads for further investigation to better

understand the process of weight maintenance.
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