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Abstract
Calorie restriction during gestation in rats has long-lasting adverse effects in the 
offspring. It induces metabolic syndrome-related alterations, which are partially re-
versed by leptin supplementation during lactation. We employed these conditions to 
identify transcript-based nutrient sensitive biomarkers in peripheral blood mononu-
clear cells (PBMCs) predictive of later adverse metabolic health. The best candidate 
was validated in humans. Transcriptome analysis of PBMCs from adult male Wistar 
rats of three experimental groups was performed: offspring of control dams (CON), 
and offspring of 20% calorie-restricted dams during gestation without (CR) and with 
leptin supplementation throughout lactation (CR-LEP). The expression of 401 genes 
was affected by gestational calorie restriction and reversed by leptin. The changes 
preceded metabolic syndrome-related phenotypic alterations. Of these genes, Npc1 
mRNA levels were lower in CR vs CON, and normalized to CON in CR-LEP. In hu-
mans, NPC1 mRNA levels in peripheral blood cells (PBCs) were decreased in sub-
jects with mildly impaired metabolic health compared to healthy subjects. Therefore, 
a set of potential transcript-based biomarkers indicative of a predisposition to meta-
bolic syndrome-related alterations were identified, including NPC1, which was 
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1 |  INTRODUCTION

Prevention of chronic diseases, particularly obesity and its 
associated metabolic dysfunctions, is one of the major chal-
lenges in current societies.1 Diagnostic biomarkers predictive 
of metabolic disease risk will help prevention and manage-
ment of metabolic syndrome.2 However, there is a lack of 
such biomarkers. Numerous studies carried out in the last 
decade have successfully used peripheral blood cells (PBCs), 
either the subfraction of mononuclear cells (peripheral blood 
mononuclear cells, PBMCs) or whole PBCs, as a source of 
candidate transcriptomic biomarkers of health and disease.3-5 
The interest in these cells as a surrogate tissue is because 
human blood samples can be obtained in sufficient quantities 
with minimally invasive techniques, compared to samples 
of other tissues.6 Moreover, their gene expression profile re-
flects in part the expression profile that occurs in other tis-
sues, such as liver and adipose tissue, and hence may reflect 
the physiological and pathological state of the body.7-10

The phenotypes of health or disease in adulthood are the 
result of the interaction between genetic and environmental 
factors, but metabolic programing during perinatal develop-
ment also plays a key role.11,12 In fact, a growing body of 
evidence suggests that maternal nutritional conditions during 
critical stages of life may have long-term consequences for 
the metabolic health of the offspring, affecting their propen-
sity to obesity in adulthood.11-13 In this context, human and 
animal studies associate gestational undernutrition with ad-
verse health outcomes in adult offspring.13-15 Mechanisms 
underlying the dysregulation of energy homeostasis due to 
perinatal nutrition have been associated, among other pro-
cesses, to a lower capacity to respond to insulin and leptin 
signaling,16,17 a perturbed hypothalamic structure and func-
tion,18,19 and a reduced innervation and functionality of white 
and brown adipose tissues 20,21 and of the stomach.22

Hormones such as glucocorticoids, insulin, and leptin are 
the main candidates as early life causative factors involved in 
developmental programing.14 Furthermore, leptin, a natural 
component of breast milk,23 is considered an essential factor 
during lactation in the protection against the development of 
obesity and related pathologies in later life.24,25 Leptin sup-
plementation of rat pups at physiological doses throughout 
lactation protects them against the development of age- and 
high-fat diet related excess body weight and other metabolic 

alterations.26,27 Moreover, dietary leptin supplementation to 
the offspring of calorie-restricted rats during gestation re-
verses part of the malprogramed effects associated to under-
nutrition during gestation. In young animals this was seen 
for alterations in hypothalamic structure and function,28 adi-
pose tissue and stomach sympathetic innervation,29,30 and the 
altered gene expression profile in PBMCs,29 which all were 
largely normalized by dietary leptin supplementation.

The beneficial effects of leptin treatment during lactation 
preventing the detrimental effects of gestational undernutri-
tion become phenotypically evident in adulthood, particularly 
in rats exposed to an obesogenic diet.31 Leptin supplementa-
tion largely prevents the higher risk of accumulating excess 
fat and other disturbances of the metabolic syndrome, such 
as insulin resistance, hypertriglyceridemia, and hepatic lipid 
deposition.31 Here, we made use of this rat leptin supplemen-
tation model to identify diagnostic biomarkers predictive of 
metabolic disease risk, that is, markers in still healthy adults 
predictive for their risk for metabolic disease. We compared 
offspring of ad libitum fed control female rats (CON) to off-
spring of rats exposed to mild undernutrition during gesta-
tion (CR) and offspring of CR rats treated with leptin during 
lactation (CR-LEP). Offspring were analyzed in adulthood, 
prior to the manifestation of phenotypic alterations, which 
became apparent after 6  months.31 PBMCs were isolated 
and whole genome transcriptome analysis was performed, 
potential biomarkers were identified, a set was selected for 
confirmation and one of the most promising candidate bio-
markers was subsequently assessed in humans, in two groups 
of individuals: one representing subjects with full health and 
the other group's subjects showing mildly impaired metabolic 
health.

2 |  MATERIALS AND METHODS

2.1 | Animal study

2.1.1 | Animals and experimental design

The animal protocol followed in this study was reviewed and 
approved by the Bioethical Committee of the University of 
the Balearic Islands (Resolution Number 8453, June 2010) 
and guidelines for the use and care of laboratory animals of 

validated in humans. Low NPC1 transcript levels in PBCs are a candidate biomarker 
of increased risk for impaired metabolic health in humans.
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the University were followed in accordance with EU direc-
tive 2010/63/EU.

Animals were housed under standard conditions, with 
controlled temperature (22°C) and a 12  hours light-dark 
cycle (light from 8:00 to 20:00), and had unlimited ac-
cess to tap water and standard normal fat chow diet (SD)  
(3.3 Kcal  g−1, with 8.0% calories from fat; Panlab, 
Barcelona, Spain). The animal protocol followed to obtain 
the three experimental groups was previously described in 
detail.31 Briefly, virgin female Wistar rats (Charles River 
Laboratories, Barcelona, Spain) were mated with male rats. 
Day of conception (day 0 of pregnancy) was determined by 
the presence of sperm in vaginal smear. Pregnant rats were 
single caged and divided into two groups: the group of con-
trol dams (CON; n = 6 animals) was fed ad libitum with SD 
and the group of calorie-restricted dams (CR-dams; n = 14 
animals) was subjected to a 20% calorie restriction from 
day 1 to day 12 of gestation. After the calorie restriction 
period, all dams were fed ad libitum. On day 1 after de-
livery, excess pups in each litter were removed to keep 10 
pups per dam as standardization. Pups born from CR-dams 
were randomly assigned into two groups: CR and CR-LEP. 
CR-LEP animals were supplemented each day throughout 
lactation with an oral solution of recombinant murine leptin 
(PeproTech, London, UK) dissolved in water, with the use 
of a pipette. The amount of leptin given to animals was pro-
gressively increased from 1 ng of leptin on postnatal (PN) 
day 1 to 43.8 ng on PN day 20, as previously described.31 
CON and CR pups received the same volume of the vehicle 
(water). Male pups were weaned at PN day 21, and then, 
8 pups from the CON group, 11 from the CR group, and 
13 from the CR-LEP group were housed in groups of two 
animals per cage and fed with a SD.

Body weight of the animals was monitored and body fat 
content was measured at weaning and 4  months of age by 
EchoMRI-700TM; Echo Medical Systems, LLC., Houston, 
TX, USA.

2.1.2 | Analysis of blood parameters

Blood samples were collected under 12 hours fasting condi-
tions from the saphenous vein at the age of 3 months. Serum 
was obtained by centrifugation of blood (700g, 10 minutes) 
and stored at −20°C until further analysis. Blood glucose 
concentration was measured by Accu-Chek Glucometer 
(Roche Diagnostics, Barcelona, Spain). Serum levels of lep-
tin and insulin were measured by commercial rat enzyme-
linked immunosorbent assay (ELISA) kits (R&D Systems, 
Minneapolis, MN, USA, and Mercodia AB, Uppsala, 
Sweden, respectively) according to the manufacturer's in-
structions. The homeostatic model assessment for insulin 
resistance (HOMA-IR) was used to assess insulin resistance, 

using the formula of Matthews et al.32 HOMA-IR = fasting 
glucose (mmol/L) × fasting insulin (mU/L)/22.5.

2.1.3 | PBMC isolation

Blood samples of CON, CR, and CR-LEP rats were collected 
from the saphenous vein at the age of 4 months under ad li-
bitum feeding conditions and used to obtain PBMCs. Blood 
samples were collected using EDTA (final concentration of 
3-4 mM) as an anticoagulant, and then, diluted with an equal 
volume of buffered saline (iso-osmotic). PBMCs were im-
mediately isolated by OptiPrepTM density-gradient separa-
tion (Sigma-Aldrich Química SA, Madrid, Spain) according 
to the manufacturer’s instructions.

2.1.4 | Total RNA isolation from PBMCs

Total RNA was extracted from PBMCs by EZNA TOTAL 
RNA kit I (Omega Bio-Tek Inc, Norcross, GA, USA) fol-
lowing the manufacturer's instructions. Isolated RNA was 
quantified using the NanoDrop ND-1000 spechtrophotom-
eter (NanoDrop Technologies, Ins., Wilmington, DE, USA).

2.1.5 | Microarray processing

RNA from PBMC samples obtained from CON, CR, and 
CR-LEP animals at the age of 4 months were used for gene 
expression microarray analysis. Quality of RNA samples was 
analyzed on Agilent 2100 Bioanalyzer with RNA 6000 Nano 
chips (Agilent Technologies, South Queensferry, United 
Kingdom), and all samples used for microarrays had a RNA 
integrity number (RIN) ≥ 8 (a total number of 32 samples). 
Two hundred nanograms of RNA from each sample was 
reverse transcribed to complementary DNA (cDNA) using 
the Agilent Low Input Quick Amp Labeling kit (Agilent 
Technologies, Inc, Santa Clara, CA, USA), according to the 
manufacturer's protocol. Then, as published,33 half of the 
cDNA sample (10 µL) was used for the linear amplification 
of RNA and labeling with cyanine-3 (Cy3) and the other half 
with cyanine-5 (Cy5), using half of the amounts indicated 
by the manufacturer. Transcription and labeling were car-
ried out at 40°C for 2 hours, and the labeled and amplified 
cRNA samples were purified as previously described.9 All 
Cy3-labeled samples were pooled and served as a reference 
pool. Each sample containing 825 ng of cRNA labeled with 
Cy5 and 825 ng of Cy3 pool was hybridized on 4 × 44 K 
G4131F whole rat genome Agilent microarrays (Agilent 
Technologies) for 17 hours at 65°C in hybridization cham-
bers in an oven rotating at 10  rpm (Agilent Technologies). 
After hybridization, the arrays were washed as previously 



9006 |   SZOSTACZUK eT Al.

described,9 following the manufacturer's protocol (Agilent 
Technologies).

2.1.6 | Microarray data analysis

An Agilent Microarray Scanner (Agilent Technologies) was 
used to scan the arrays. The scanned images were examined 
for visible defects and proper grid alignment. The intensi-
ties of the signals from each spot were quantified, and the 
raw data were extracted using Feature Extraction Software 
version 10.5.1.1 (Agilent Technologies). Quality control was 
performed for each of the arrays using LimmaGUI package 
in R from Bioconductor Software. All the arrays passed the 
quality control,34 but one sample was discarded as an outlier. 
Thus, in total, a dataset from 31 arrays was used in the next 
step of analysis. Data were imported into GeneMaths XT 2.12 
(Applied Mathematics, Sint-Martens-Latem, Belgium) for 
background correction and normalization. Locally weighted 
linear regression (LOWESS) analysis was chosen as a nor-
malization method, that can remove intensity-dependent ef-
fects in the log2(ratio) values.35 Then, the values were log2 
transformed, and the target samples (Cy5) intensities were 
normalized based on a reference pool (Cy3) design, as de-
scribed previously.36 Target signals with an average intensity 
lower than two-fold above average background were dis-
carded to increase accuracy of the data. Correction for multi-
ple testing was not applied, as these corrections are often too 
strict to identify small effects, which are usually observed in 
nutritional studies.37 Validity of data was assured by check-
ing biological plausibility and by independent analysis by 
RT-qPCR (see below) in PBMCs. Since we were interested 
in genes showing differential expression levels between the 
CR and CON groups, Student's t test was performed between 
groups, with the first analysis between CR and CON animals. 
Using the significant transcripts, we next identified those 
showing a nonsignificant differential expression between 
CR-LEP and CON, representing reversion/normalization of 
expression. The threshold of significance for this statistical 
test was set at P <  .05. Moreover, fold change (FC) calcu-
lations between groups of animals (CR vs CON, CR-LEP 
vs CR, and CR-LEP vs CON) were performed. To select 
unique genes from duplicate probes, those sequences with 
higher statistical differences between CR and CON groups 
were considered. Microarray data are deposited in NCBI 
Gene Expression Omnibus (GEO) under accession number 
GSE93150.

Afterward, a statistically significant list of genes was man-
ually analyzed taking into account their biological informa-
tion, which was obtained with the use of available databases 
including Genecards, NCBI, UniProt, and WikiPathways, 
based on key biological domains, such as molecular function 
and biological process.

A heatmap was constructed using R after a range scaling 
method (zero-mean centered). Principal component analy-
sis (PCA) was performed using the Excel add-in Multibase 
(Numerical Dynamics, Japan), with dots indicating individ-
ual samples and the ellipses representing the distribution of 
the groups.

2.1.7 | Real-time quantitative RT-
polymerase chain reaction (RT-qPCR) analysis

Four genes with a signal in the array above the signal re-
quired to be quantifiable by RT-qPCR were selected to 
validate the microarray results: agouti related neuropeptide 
(Agrp), pro-opiomelanocortin (Pomc), interleukin 1 b (Il1b), 
and interleukin 10 (Il10) (see Table S1 for further details). 
For RT-qPCR analysis, 50 ng of PBMC total RNA was used 
for reverse transcription by using iScript cDNA synthesis kit 
(Bio-Rad Laboratories, SA, Madrid, Spain), according to the 
manufacturer’s protocol.

Real-time PCR was performed using the Applied 
Biosystems StepOnePlus Real-Time PCR System (Applied 
Biosystems) with Power SYBER Green PCR Master Mix 
(Applied Biosystems, CA, USA). Each PCR was performed 
from 1/5 dilution of the cDNA product and forward and re-
verse primers (5µM each). All primers were purchased from 
Sigma Genosys (Sigma-Aldrich Química, Madrid, Spain). 
After an initial Taq activation at 95°C for 10 minutes, PCR was 
performed using 40 two-temperature cycles with the following 
cycling conditions: 95°C for 15 seconds and 58, 60, or 62°C 
for (as appropriate for each primer pair) 1 minute. To verify the 
purity of the products, a melting curve was produced after each 
run according to the manufacturer's instructions. The values for 
the threshold (Ct) were calculated by the instrument's software 
(StepOne Software v2.2.2), and the relative expression of each 
mRNA was calculated as a percentage of male CON rats, using 
the 2−ΔΔCt method38 with Ribosomal Protein L24 (Rpl24), 
Ribosomal Protein L41(Rpl41), and Ribosomal Protein L36a 
Like (Rpl36al) as reference genes. These reference genes were 
selected based on high expression and lowest coefficient of 
variation over all samples by microarray analysis.

2.2 | Human study

2.2.1 | Participants

For human verification, subjects from the BIOCLAIMS 
cohort were included in the present study. This cohort con-
sists of 1310 Austrian study subjects aged 18 to 85  years, 
who were recruited in the BIOCLAIMS (“Biomarkers of 
Robustness of Metabolic Homeostasis for Nutrigenomics-
derived Health Claims Made on Food”) project of the 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93150
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European Commission's Framework 7 program. The study 
protocol was approved by the Ethics Committees of both the 
Medical University of Graz and Karl-Franzens University 
of Graz, Austria (approval numbers 23-306ex10/11 and 23-
324ex10/11, dated 20/05/2011; and GZ.39/46/63ex2014/15, 
dated 31/03/2015) and the study was conducted according to 
the Declaration of Helsinki. Written informed consent was 
obtained from all study subjects prior to study entry. The in-
clusion criteria for the cohort were age of 18-85 years and 
body mass index of 18-36 kg/m2, and the exclusion criteria 
were any acute inflammatory diseases, immunological dis-
eases, cardiovascular disease events in the past 6 months and 
malignancies in the past 6 months, as well as pregnancy. All 
subjects underwent comprehensive clinical and biochemical 
investigations. Based on these results, two subgroups of ap-
parently healthy subjects were selected for the present study: 
(a) Subjects with “full health” (n = 30, 14 males and 16 fe-
males), that is, without any indication of impaired health ac-
cording to the comprehensive tests applied, and (b) subjects 
with mildly impaired metabolic health with signs of an im-
paired glucose homeostasis, but healthy with respect to vas-
cular and renal biomarkers. The specific inclusion criteria for 
the group with full health were carotid artery intimal medial 
thickness (CIMT) ≤ 75th percentile at both sides,39,40 home-
ostatic model assessment of insulin resistance (HOMA-IR) 
index  ≤  2.532 and/or HbA1c  <  38  mmol/mol,41 and esti-
mated Glomerular Filtration Rate (eGFR) according to the 
Modification of Diet in Renal Disease Study (MDRD)42 equa-
tion >60 mL/min/1.73 m2, as well as all clinical chemistry 
variables (including red and white blood cell count, plasma 
lipids, liver function tests, plasma pancreatic enzymes, 
C-reactive protein, plasma total protein and albumin, iron sta-
tus, and thyroid gland stimulating hormone) within the nor-
mal range ±10%; and not taking any medication. The group 
with mildly impaired metabolic health (n = 26, 12 males and 
14 females) had to have HOMA-IR index >2.5 plus HbA1c 
of 38-46 mmol/mol, eGFR >60 mL/min/1.73 m2, and CIMT 
not >75th percentile on left plus right side.

2.2.2 | Analysis of blood parameters and 
anthropometric assessment

Blood was collected in the morning after an overnight fast 
from the antecubital vein on VacuetteVR (Greiner Bio-One, 
Frickenhausen, Germany) blood-collection tubes. For heparin 
plasma, lithium heparin coated tubes were used, which were 
immediately centrifuged at 1620g at 4°C for 10 minutes. For 
serum, uncoated tubes were used, which were left to clot for 
at least 30 minutes before centrifugation at 1620g at 4°C for 
10  minutes. Plasma and serum were stored at −80°C until 
further analysis. Blood glucose concentrations were deter-
mined photometrically on a Roche/Hitachi Cobas c Systems 

by a routine hexokinase enzymatic method, plasma leptin con-
centrations were determined by a Human Leptin Quantikine 
ELISA Kit (R&D Systems, Minneapolis, MN) and serum 
insulin concentrations by ADVIA Centaur CP Immunoassay 
(Siemens Healthcare Diagnostics, Erlangen, Germany) ac-
cording to the manufacturer's instructions. HOMA-IR was cal-
culated as described above for the animal study. HbA1c was 
determined in red blood cells obtained from blood collected 
in EDTA-coated vacutainers using a fully automated HPLC-
based Arkray ADAMS A1c analyzer (Menarini Diagnostics, 
Florence, Italy), and results were expressed as mmol/mol Hb.

Anthropometric assessment was performed as described 
previously.43 Briefly, weight and height as well as waist cir-
cumference were measured and body fat mass (kg) was deter-
mined using a FORANA HeliosVR bioelectrical impedance 
analyzer (FORANA GmbH, Frankfurt, Germany) according 
to standardized procedures.

2.2.3 | NPC1 gene expression in 
human PBCs

From each participant, a total of 2.5  mL peripheral blood 
was collected after an overnight fast on PAXgene Blood 
RNA vacutainer tubes (Becton Dickinson BD Diagnostics—
Preanalytical Systems, Heidelberg, Germany) via antecu-
bital fossa venipuncture. Total RNA was isolated using the 
PAXgene blood RNA kit according to the manufacturer's in-
structions (Qiagen) and as described previously.3 Measurement 
of NPC1 transcript levels was carried out as described above. 
TRIM27 (Tripartite Motif Containing 27), was chosen as ref-
erence gene. Primer sequences used for human NPC1 were: 
forward, 5′-TGAAGGAAATGGTCAGATTGG-3′; reverse, 
5′-GCTTGTGTTGGGAGGCTATG-3′, and for TRIM27: 
forward, 5′- GCGGAGACTAACGTGTCGTG-3′; reverse, 
5′-GGGCATCTGGTCCTGCTC-3′.

2.3 | Statistical analysis

Data are expressed as mean ± SEM. The statistical analysis 
of microarray data has been described in detail in the above 
section (microarray data analysis). Statistics of the selected 
genes measured by RT-qPCR were computed with SPSS 
Statistics 24.0 (SPSS, Chicago, IL). In the animal study, statis-
tical significances of normally distributed data were assessed 
by one-way ANOVA, followed by LSD post hoc tests. In the 
human study, box-and-whisker plots were used for graphi-
cal display and Mann-Whitney U tests for comparing the two 
groups. Shapiro-Wilk tests were applied to test for normal dis-
tributions, and ln-transformation was applied when required. 
Linear regression analysis was used to study the relation be-
tween NPC1 mRNA levels and plasma leptin concentrations, 
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Pearson's correlation coefficient to determine the association 
between ln-transformed NPC1 mRNA levels and ln-trans-
formed HbA1c concentrations, and Spearman rank order 
correlations for testing possible age dependencies of NPC1 
mRNA levels and plasma leptin concentrations. SigmaPlot 
version 14.0 (Systat Software, San Jose, CA) was used for sta-
tistical analysis and graphical displays in the human studies. 
P < .05 was defined as the threshold of significance.

3 |  RESULTS

3.1 | Animal study

3.1.1 | Phenotypic characteristics and 
circulating parameters

Body weight and fat mass, both at weaning and at the age 
of 4 months were not significantly different between CON, 
CR, and CR-LEP animals (Table 1). Also, no significant dif-
ferences between groups were found concerning circulating 
glucose, leptin, and insulin levels, nor was HOMA-IR index 
different, at the age of 3 months (Table 1).

3.1.2 | Gene expression in PBMCs at the 
age of 4 months based on whole-genome 
microarray analysis

Whole genome transcriptome analysis was performed using 
RNA from PBMCs of 4-month-old animals from the CON, 

CR, and CR-LEP groups. A 59.2% of the probes (26,665) had a 
signal of, on average, two times above background and the cor-
responding mRNAs were considered expressed and analyzed 
further. In total, 3043 probes were found to be significantly dif-
ferent between CON and CR animals (P < .05; Student's t test). 
Next, of these probes, differences in expression levels between 
CR and CR-LEP and between CR-LEP and CON were statis-
tically tested. In total, 871 probes were significantly different 
between CON and CR, but not statistically different between 
CON and CR-LEP (P <  .05; Student t test). The expression 
levels of these genes was negatively affected by CR during ges-
tation, and totally or partially reversed by oral leptin treatment 
throughout lactation. After duplicate removal, these probes rep-
resent 484 unique genes, of which 83 genes were not annotated, 
and therefore, were not taken into account for the subsequent 
classification, nor for the heatmap or PCA representations.

The 401 remaining genes were classified into several bi-
ological processes according to their function, using the da-
tabases described in the Materials and Methods section. Of 
these genes, 178 were lower expressed in CR vs CON and 223 
were higher expressed (Figure 1). As shown in Figure 1, the 
processes with the highest number of differentially expressed 
genes were “transcription and translation machinery,” “cell 
turnover,” “transport,” “signaling,” and “protein metabolism.” 
Additional processes with a substantial number of genes were 
“immune system,” “cytoskeleton,” and “lipid metabolism.” The 
remaining genes were related to, among others, carbohydrate 
metabolism, nucleic acid metabolism, and central metabolism.

Of the 401 known unique genes differently expressed in CR 
vs CON and not different between CON and CR-LEP animals, 
nine were identified to be also significantly different between 

 

CON CR CR-LEP

n = 8 n = 11 n = 13

a. Anthropometric measurements      

Body weight, 21 days (g) 44.3 ± 1.8 45.9 ± 0.6 46.1 ± 0.7

Body weight, 4 months (g) 399 ± 10 409 ± 10 402 ± 8

Fat mass, 21 days (g) 4.2 ± 0.3 4.5 ± 0.1 4.4 ± 0.2

(%) 9.4 ± 0.3 9.7 ± 0.3 9.3 ± 0.5

Fat mass, 4 months (g) 56.9 ± 3.2 65.1 ± 3.8 60.4 ± 3.2

(%) 14.3 ± 0.7 15.9 ± 0.8 14.9 ± 0.6

b. Circulating parameters      

Glucose (mmol/L) 5.35 ± 0.35 5.35 ± 0.23 5.41 ± 0.17

Leptin (µg/L) 1.81 ± 0.27 2.99 ± 0.46 2.84 ± 0.37

Insulin (µg/L) 0.49 ± 0.06 0.73 ± 0.12 0.59 ± 0.08

HOMA-IR index 2.12 ± 0.35 3.08 ± 0.45 2.62 ± 0.41

Note: CON: the offspring of control dams fed ad libitum with standard chow diet during gestation and 
lactation; CR: the offspring of 20% calorie-restricted dams during gestation; and CR-LEP: CR rats daily 
supplemented with oral leptin throughout lactation. Circulating parameters were measured at the age of 
3 months under fasting conditions. Data are mean ± SEM. No significant differences were found by one-way 
ANOVA (P > .05).

T A B L E  1  Anthropometric and 
circulating parameters in CON, CR, and 
CR-LEP rats
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CR and CR-LEP groups (P < .05; Student's t test). These nine 
unique genes thus show total reversion in their differential ex-
pression upon oral leptin treatment throughout lactation, and 
they are: centromere protein A (Cenpa), clathrin, light chain 
A (Clta), F-box protein 31 (Fbxo31), hemoglobin, epsilon 1 
(Hbe1), MAX network transcriptional repressor (Mnt), neu-
rofibromin 1 (Nf1), plasminogen activator, urokinase receptor 
(Plaur), rennin (Ren), and regulator of microtubule dynamics 3 
(Rmdn3). The remaining 392 genes are genes whose expression 
levels differed significantly between CON and CR animals, but 
not between CON and CR-LEP, but also not between CR-LEP 
and CR animals. These genes thus exhibited a partial reversion 
upon leptin treatment throughout lactation. The expression be-
havior of the 401 genes is shown by heatmap (Figure 2A, Table 
S2) and PCA (Figure 2B) illustrating the clear distinction be-
tween CR animals and CON animals (Principal component 1), 
whereas CR-LEP animals appear more dispersed.

Given the link between the dysregulation of the interplay 
of carbohydrate and lipid metabolism and the establishment 
of metabolic disorders, among the genes identified in the an-
imal study we focused on those related to carbohydrate and 

lipid metabolism (10 and 14 genes, respectively). A detailed 
description of these genes is given in Table 2. See also Figure 
S1 with the heatmap corresponding to the 24 genes included 
in Table 2. Among them, NPC1 was selected to be assayed in 
human blood cells as a candidate gene in relation to the de-
velopment of metabolic-syndrome-related disorders, because 
it is not only related to lipid metabolism, but it is also con-
nected with glucose metabolism and insulin sensitivity.44,45

3.2 | Human study

3.2.1 | Characteristics of study subjects

A summary of the anthropometric and blood test results 
of the group with full health (control group) and the 
group with mildly impaired metabolic health is shown 
in Table  3. Mean BMI and body fat mass were signifi-
cantly higher in the group with mildly impaired metabolic 
health, as were plasma leptin levels, which were further 
significantly (P  <  .001) higher in female compared to 

F I G U R E  1  Microarray data classification into biological processes of the core group of 401 known genes differentially expressed in PBMC 
samples between CR and CON animals and simultaneously not different between CR-LEP and CON animals at the age of 4 months. Statistical 
analysis between groups was performed (P < .05, Student’s t test). The number of genes downregulated or upregulated is indicated for each group 
of genes. Ranking of processes is based on number of upregulated and downregulated genes. *Processes of which individual genes are presented in 
Table 2
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male subjects, both in the group with full health (females, 
n = 16, 13.0 ± 1.76 µg/L; males, n = 14, 2.65 ± 0.56 µg/L) 
and mildly impaired metabolic health (females, n  =  14, 
30.0  ±  4.19  µg/L; males, n  =  12, 9.85  ±  1.71  µg/L). 
According to the inclusion criteria, fasting plasma levels of 
glucose and insulin as well as HOMA-IR and red blood cell 
HbA1c were all higher in the group with mildly impaired 
metabolic health compared to the healthy control group (all 
P < .001). Mean age of human subjects was 41.1 years, and 
the age range was between 20.4 and 74.0 years. It should 
be noted that the subjects with full health were younger 
than those with mildly impaired metabolic health; given 
that subjects with full health were more likely to be less 
prevalent at older ages in a randomly recruited cohort and 
age was not a selection criterion for the two groups.

3.2.2 | Validation of NPC1 in humans

Subjects with mildly impaired metabolic health showed 
decreased expression levels of NPC1 in PBCs in com-
parison with subjects with full health (P  =  .029, Mann-
Whitney U test) (Figure  3A). Given the age difference 
between the two groups (Table  3), the effect of age on 
NPC1 expression levels was studied and showed that 
NCP1 expression levels were not related to age (r = 0.132, 
P = .350) (Figure 3B). Negative associations were found 
between expression levels of NPC1 and plasma leptin 
levels (r  =  −0.280, P  =  .045) (Figure  3C). Plasma lep-
tin levels were not related to age (r  =  0.158, P  =  .260) 
(Figure  3D). A negative association between expression 
levels of NPC1 and HbA1c levels was lost when corrected 

F I G U R E  2  A, Heatmap representing individual expression data of the group of 401 known genes differentially expressed in PBMC samples 
between CON and CR animals and simultaneously not different between CON and CR-LEP animals at the age of 4 months. Rows represent the 
zero-mean-centered gene expression values sorted by hierarchical clustering; the columns represent individual animals after sorting by hierarchical 
clustering (see Table S2 for further details). B, Principal components analysis (PCA) plot based on expression data of the group of 401 genes. CON, 
CR, and CR-LEP animals are plotted based on their loading scores on the first two principal components. Confidence ellipses are drawn around 
each group. In both figures, CON, CR, and CR-LEP animals are indicated in blue, red, and green colors, respectively. CON: the offspring of control 
dams fed ad libitum with standard chow diet during gestation and lactation; CR: the offspring of 20% calorie-restricted dams during gestation; and 
CR-LEP: CR rats daily supplemented with oral leptin throughout lactation
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for significant age effects on HbA1c levels (data not 
shown). No significant differences were found between 
male and female subjects regarding NPC1 mRNA levels 
in PBCs (data not shown).

4 |  DISCUSSION

In the present study, we searched for genes whose expres-
sion levels in PBMCs of adult rats were affected by calorie 

 
Subjects with full 
health (n = 30)

Subjects with mildly 
impaired metabolic 
health (n = 26)

Mann-Whitney 
U test

Age (y) 32.2 ± 1.5 51.4 ± 3.1 P < .001

a. Anthropometric measurements

Body weight (kg) 68.7 ± 1.87 86.9 ± 2.96 P < .001

Body mass index (kg/m2) 23.1 ± 0.47 29.5 ± 0.84 P < .001

Body fat mass (kg) 18.5 ± 1.11 30.6 ± 2.07 P < .001

Body fat mass (%) 26.9 ± 1.39 35.0 ± 1.82 P = .002

Waist circumference (cm) 83.8 ± 1.63 101 ± 1.90 P < .001

b. Circulating parameters

Glucose (mmol/L) 4.66 ± 0.07 5.20 ± 0.12 P < .001

Leptin (µg/L) 8.18 ± 1.36 20.7 ± 3.09 P < .001

Insulin (µIU/mL) 7.55 ± 0.66 17.4 ± 1.47 P < .001

HOMA-IR 1.57 ± 0.15 3.94 ± 0.29 P < .001

HbA1c (mmol/mol Hb) 36.0 ± 0.56 41.2 ± 0.38 P < .001

Note: Data are mean ± SEM.

T A B L E  3  Characteristics of the 
human subjects of the study

F I G U R E  3  NPC1 expression levels in peripheral blood cells of human subjects with full health were significantly higher compared with 
mildly impaired metabolic health (panel A); mRNA levels determined by RT-qPCR are expressed as a percentage of the mean value of individuals 
with full health, and data are presented as box-and-whisker plots displaying the median, first and third quartile (box), first and third quartile plus/
minus 1.5 times the interquartile range (whiskers), as well as the 5th and 95th percentiles (individual dots). NPC1 expression levels, expressed as 
a percentage of the mean value of individuals with full health, were inversely related with plasma leptin levels (panel C). NPC1 expression levels 
(panel B) and plasma leptin concentrations (panel D), did not show age dependencies (n.s., not significant)

Full health Mildly impaired
metabolic health
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restriction of their mothers during gestation and, at the same 
time, to assess if such alterations were totally or partially 
reverted by early life intervention with leptin supplementa-
tion orally taken during the suckling period. Since we were 
interested in finding predictive biomarkers for metabolic 
diseases in still healthy adults, we analyzed gene expres-
sion in 4-month old adult rats, but before the phenotypic 
changes related to the metabolic syndrome, as appear at the 
age of 6 months, were manifest.31 From this starting point, 
the whole genome transcriptome analysis in 4-month old rat 
PBMCs identified a group of 401 known genes. As antici-
pated, at the age of 6 months,31 the CR animals, particularly 
when exposed to an obesogenic diet, showed an imbalance in 
energy homeostasis, and displayed excess fat accumulation, 
insulin resistance, hypertriglyceridemia, hepatic lipid deposi-
tion, and adipose tissue inflammation. These alterations were 
reversed, at least in part, in CR animals that were orally given 
leptin during the suckling period.31 Because of the disrupted 
metabolism, we focused our attention to the genes related to 
carbohydrate and lipid metabolism, and particularly to those 
for which involvement in metabolic syndrome was supported 
by scientific literature (Apoo, Insig1, Npc1, Pcyt2, Pla2g2a, 
Rxrb, Slc2a8, Slc2a9, Slc27a4, and Sort1).

Slc2a8 (Solute carrier family 2, (facilitated glucose trans-
porter) member 8) and Slc2a9 (Solute carrier family 2, (fa-
cilitated glucose transporter) member 9) belong to the solute 
carrier 2A family, which encode members of the facilitative 
glucose transporters. SLC2A8, also known as GLUT8, is a 
glucose and fructose transporter that is widely distributed in 
tissues, including liver.46,47 GLUT8 is important for hepatic 
fructose uptake, mediating fructose-induced de novo lipogen-
esis, and has been shown to be essential for fructose-induced 
nonalcoholic fatty liver disease.48 The function of SLC2A8 
in PBMCs has not been described. SLC2A9 is also known as 
GLUT9 as well as the urate efflux transporter (URATv1). It is 
mainly expressed in kidney, liver, leukocytes, and placenta.49 
This protein acts as a fructose and as a uric acid transporter, 
and plays a critical role in uric acid homeostasis, influenc-
ing circulating urate concentration, excretion, and gout.50 
Common genetic variants of SLC2A9 have been found to be 
associated with serum urate levels in Caucasian cohorts,51-53 
and with increased risk for type 2 diabetes complicated with 
hyperuricemia in Chinese population.54

Among the group of genes related to lipid metabolism, 
Pcyt2 (phosphate cytidylyltransferase 2, ethanolamine), and 
Rxrb (retinoid X receptor beta) were both upregulated in 
CR animals compared with controls. Notably, low expres-
sion levels of Pcyt2 and Rxrb in PBMCs were previously 
proposed as potential markers of improved metabolic health 
since they were found to be downregulated in the offspring 
of rat dams exposed to a mild calorie restriction during lac-
tation,9 which are less prone to develop obesity and insulin 
resistance under high-fat diet feeding.55 Thus, the opposite 

pattern of expression of both genes in animal models of im-
paired and improved metabolic health reinforces their poten-
tial as biomarkers.

The protein encoded by Pcyt2 is the main regulatory en-
zyme in de novo biosynthesis of phosphatidylethanolamine 
from ethanolamine and diacylglycerol. Pcyt2 is known to 
play a pivotal role in processes which when deregulated could 
lead to the development of obesity, insulin resistance, liver 
steatosis, and dyslipidemia.56 However, further studies need 
to be done to interrogate the potential relationship between 
increased expression levels of this gene and the detrimental 
health effects described in CR animals. Regarding Rxrb, it 
encodes for one of the three retinoid X receptor (RXR) sub-
types and belongs to the family of nuclear hormone receptors 
which are involved in, for example, mediating the effects of 
9-cis-retinoic acid. RXRb heterodimerizes with, for example, 
peroxisome proliferator-activated receptor alpha (PPARα), 
which together contribute to the induction of the acyl-CoA 
oxidase gene, which encodes the rate-limiting enzyme of 
peroxisomal ß-oxidation of fatty acids.57 RXRb may also be 
involved in lipogenesis, since it mediates the induction of the 
lipogenic enzyme fatty acid synthase via SREBP-1c.58 The 
higher expression levels of Rxrb in PBMCs of CR animals 
compared with controls could be indicative of increased li-
pogenesis capacity in these animals, according to the positive 
correlation described between expression levels of this gene 
in PBMCs and in white adipose tissue in adult rats.9

Another lipid metabolism-related gene is Slc27a4 (Solute 
Carrier Family 27 Member 4), which has been suggested 
to play a role in acquired obesity.59 This gene encodes 
SLC27A4/FATP4, a member of a family of fatty acid trans-
port proteins involved in translocation of long-chain fatty 
acids across the plasma membrane and intracellular fatty acid 
trafficking, especially transporting adipocyte lipolysis-de-
rived fatty acids from the lipid droplet into circulation. Here, 
we found increased expression levels of Slc27a4 in PBMCs 
of CR animals. Interestingly, expression levels of this gene 
in human adipose tissue were also found to be increased in 
obesity (independent of genetic factors), and correlated with 
measures of obesity and insulin resistance that are influenced 
by both genetic and nongenetic factors.59

Other genes related to lipid metabolism that were upreg-
ulated in CR animals have been related to cardiovascular 
heart disease, particularly Apoo (Apolipoprotein O), Pla2g2a 
(Secretory Phospholipase A2 Group IIA), and Sort1 (sortilin 
1). APOO was identified as a novel apoprotein overexpressed 
in heart tissue in a model of obesity-related hypertension in-
duced by a high-fat diet in dogs.60 This protein was also found 
to be upregulated in the heart of diabetic patients.61 Further 
studies have demonstrated that APOO localizes in the mito-
chondria of cardiomyocytes and its overexpression enhances 
mitochondrial uncoupling and respiration, leading to mito-
chondrial dysfunction, lipotoxicity, and cardiomyopathy.62 
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This protein has been proposed as a signal regulator of mi-
tochondrial function and cardiac metabolism, representing a 
link between impaired mitochondrial function and the onset 
of cardiomyopathy.62 Present results showing increased ex-
pression levels of Apoo in PBMCs of CR animals could be 
indicative of impaired mitochondrial function, and hence 
may be predictive of the altered heart function associated to 
obesity and diabetes. In turn, Pla2g2a encodes for a member 
of the phospholipase A2 family. It catalyzes the hydrolysis 
of the sn-2 ester bond of phospholipids found in lipoproteins 
and cell membranes, generating nonesterified free fatty acids 
and lyso-phospholipids, which may promote diverse pro-in-
flammatory processes.63 PLA2 type IIA is recognized for 
its role in chronic inflammatory diseases and generation of 
PGE2 and other eicosanoids after immune cell activation.64 
Remarkably, Pla2g2a has been described to be upregulated 
in the stromal vascular cell fraction of adipose tissue in di-
et-induced obese rats, whereas the inhibition of PLA2 type 
IIA protein reversed and protected against diet-induced ad-
iposity, insulin resistance, and other metabolic dysfunctions 
induced by high-fat diet.64 In humans, increased plasma con-
centration of PLA2 type IIA has also been associated with the 
risk of coronary events in various studies.65,66 The upregula-
tion of Pla2g2a in CR animals compared to controls is thus 
likely associated with increased susceptibility to alterations 
related to the metabolic syndrome, particularly cardiovascu-
lar health. Sortilin 1, the protein encoded by the Sort1 gene, 
is a cellular trafficking receptor that is responsible for the 
transport of apoB100 to the lysosome for degradation in liver. 
Notably, sortilin 1 is also expressed in macrophages, where 
it promotes uptake of native low-density lipoprotein, foam 
cell formation, and atherosclerosis.67 Deficient macrophage 
expression of Sort1 has been shown to be protective against 
atherosclerosis, at least in part by reducing LDL uptake67; 
thus, the finding of increased expression levels of Sort1 in 
PBMCs of CR animals might be indicative of increased vas-
cular risk, but this requires further investigation.

Other interesting genes not only related to lipid metab-
olism, but also with important connections with insulin 
homeostasis, are Insig1 (Insulin-induced gene-1) and par-
ticularly Npc1 (NPC intracellular cholesterol transporter 1). 
Insig1 encodes for an endoplasmic reticulum resident protein, 
which inhibits the rate-limiting enzyme in cholesterol biosyn-
thesis, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reduc-
tase. It also blocks processing of SREBPs, thus preventing 
high-glucose-induced activation of lipid biosynthetic genes. 
Therefore, it plays a critical role in the feedback control of 
lipid synthesis.68 Overexpression of Insig1 has been shown to 
protect β cells against glucolipotoxicity.68 In turn, decreased 
Insig1 mRNA expression levels have been found in white 
adipose tissue from obese mice with insulin resistance and 
from humans with morbid obesity.69 Moreover, a single-nu-
cleotide polymorphism (SNP) in the promoter region of this 

gene (rs2721) has been associated with triacylglycerol (TG) 
levels.70 Individuals homozygous for the T allele showed a 
two-fold lower expression of INSIG1 in liver biopsy samples 
and had 9% higher TG levels when compared with individ-
uals homozygous for the G allele.70 Taking these findings 
into account, decreased expression levels of this gene in CR 
animals compared with controls may be in accordance with 
alterations in lipid metabolism and predisposition to insulin 
resistance under a high-fat, high-glucose diet, reinforcing its 
use as a potential biomarker of predisposition to alterations in 
lipid metabolism and insulin homeostasis.

Npc1 encodes a transmembrane protein involved in cho-
lesterol efflux from the lysosome, but it is also related to 
glucose metabolism, influencing body weight, and insulin 
homeostasis. In humans, genetic variants within NPC1 have 
been associated with obesity and type 2 diabetes,71,72 and rare 
loss-of-function NPC1 mutations are also linked to increased 
risk of obesity.73 Npc1 haploinsufficient mice also display 
greater susceptibility to increased whole body and abdominal 
adiposity and hepatic steatosis, together with other abnor-
mal metabolic features such as hyperleptinemia, dyslipid-
emia, and insulin resistance, in the absence of hyperphagia.44 
Alterations associated with a deficiency in NPC1 protein 
have been related to an impairment of insulin signaling and 
insulin-mediated glucose uptake in adipocytes.45 Notably, 
such alterations are common with the metabolic profile of 
the adult offspring of gestational calorie-restricted offspring 
rats described by ourselves and other groups, with the outputs 
depending on the severity of the intervention and of postna-
tal (PN) dietary conditions.31,74 Hence, taken together, these 
results provide biological bases for the interest of blood cells 
transcript levels of Npc1 as a candidate biomarker of energy 
homeostasis and adipocyte insulin sensitivity maintenance.

Expression levels in blood cells of the above mentioned 
genes identified as differentially expressed in an animal 
model with higher predisposition to metabolic alterations, 
and sensitive to early life intervention, could be of interest 
as candidate biomarkers for diagnosing the risk of metabol-
ic-related pathologies in adulthood. NPC1 is one of the most 
promising genes, because it is connected to both lipid and 
glucose metabolism and related to insulin sensitivity, there-
fore, it was selected to be assessed in humans.

Notably, the presence of decreased NPC1 mRNA levels in 
blood cells of adult subjects with mildly impaired metabolic 
health—particularly in relation to glucose homeostasis—but 
otherwise healthy, in comparison with subjects with full 
health, supports it as an early biomarker of increased risk of 
insulin resistance. As a consequence of the evolution of met-
abolic changes with age, subjects with impaired metabolic 
health were older than those with full health, mainly because 
those with full health were less prevalent at older ages in the 
randomly recruited cohort. However, and importantly, the 
changes in NPC1 expression levels were not related to age.
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This biomarker, if further validated in other human stud-
ies, may allow the identification of individuals at increased 
risk, before disease onset becomes evident, and may be 
used to monitor effectiveness of interventions. To this end 
it should be explored (a) if and at what stage of deterioration 
of metabolic health changes in NPC1 transcript levels occur 
in subjects with full health on the long term, and (b) if the 
changes observed in the group with metabolically impaired 
health, along with the lower NPC1 transcript levels, can be 
reverted by well-controlled lifestyle (diet and/or physical ac-
tivity) interventions.

In conclusion, functional microarray analysis of PBMCs of 
animal models which underwent prenatal and early PN inter-
ventions has allowed the identification of a group of genes of 
interest as potential candidate markers in adulthood of predis-
position to alterations related to the metabolic syndrome and 
its reversion by nutritional intervention in early life. About 
10 genes related to carbohydrate and lipid metabolism with 
established functional connections with insulin homeosta-
sis, hepatic steatosis, and cardiovascular health (particularly 
Npc1, Apoo, Insig1, Pcyt2, Pla2g2a, Rxrb, Slc2a8, Slc2a9, 
Slc27a4, and Sort1) are of particular interest as potential bio-
markers, especially NPC1 which was chosen to be confirmed 
in humans. Its expression levels in PBCs was decreased in a 
group of adult volunteers with a mildly impaired metabolic 
health, but otherwise healthy, compared with individuals 
with an optimal health. The relevance of Npc1, but also of the 
other genes identified, once validated in other human studies, 
lies in the possibility of early detection of an increased risk of 
carbohydrate metabolism-related pathologies in adults before 
the onset of an overt disease, with the final goal of prevent-
ing the manifestation of the disease. These genes may also 
be used to monitor effectiveness of early interventions using 
blood cells as a minimally invasive surrogate tissue.
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