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Abstract  

Neuropeptide Y (NPY) is an important neurotransmitter in the control of energy metabolism. 
Several studies have shown that obesity is associated with increased levels of NPY in the 
hypothalamus. We hypothesized that the central release of NPY has coordinated and integrated 
effects on energy metabolism in different tissues, resulting in increased energy storage and 
decreased energy expenditure (EE). We first investigated the acute effects of an 
intracerebroventricular (ICV) infusion of NPY on gene expression in liver, brown adipose tissue 
(BAT), soleus muscle (sMuscle), and subcutaneous and epididymal white adipose tissue (sWAT 
and eWAT). We found increased expression of genes involved in gluconeogenesis and 
triglyceride secretion in the liver already 2h after the start of the NPY administration. In BAT, 
the expression of thermogenic genes was decreased. In sWAT, the expression of genes involved 
in lipogenesis was increased, whereas in sMuscle the expression of lipolytic genes was decreased 
after ICV NPY. These findings indicate that the ICV infusion of NPY acutely and 
simultaneously increases lipogenesis and decreases lipolysis in different tissues. Subsequently, 
we investigated the acute effects of ICV NPY on locomotor activity, respiratory exchange ratio 
(RER), EE and body temperature. The ICV infusion of NPY increased locomotor activity, body 
temperature and EE as well as RER. Together, these results show that an acutely increased 
central availability of NPY results in a shift of metabolism towards lipid storage and an increased 
use of carbohydrates, while at the same time increasing activity, EE and body temperature.  
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Introduction 

Neuropeptide Y (NPY) is a 36-amino acid neuropeptide, which is widely expressed in the central 
(1) and peripheral nervous system (2). In the brain, NPY is found in many brain areas (3), 
including the hypothalamus, dentate gyrus, lateral thalamus and striatum, with highest 
concentrations in the arcuate nucleus of the hypothalamus (Arc). NPY is the most potent 
orexigenic neuropeptide known thus far. The stimulatory effect of NPY on feeding is seen after 
intracerebroventricular (ICV) infusion of NPY in the lateral (4) and third ventricle (3V) (5), as 
well as after local infusion in specific brain areas (6,7)  including the paraventricular nucleus of 
the hypothalamus (PVN) (8), the lateral hypothalamus (LH) (7), the nucleus accumbens (9) and 
the ventral tegmental area (9). Administration of NPY into the hypothalamus or ventricular 
system also strongly affects energy metabolism, as it increases hepatic glucose production 
(10,11), triglyceride production (12), white adipose tissue lipoprotein lipase activity (13), while 
decreasing  hepatic insulin sensitivity (10,11) and thermogenesis (13-15). These findings clearly 
show that central administration of NPY has profound metabolic effects throughout the body. 
Together these data indicate that the coordinated action of NPY is to promote energy storage and 
decrease energy expenditure.  

One characteristic of obesity is the excessive intake, synthesis and storage of lipids as fat. This 
overproduction of fat is associated with increased lipogenesis in different organs, such as liver 
and white adipose tissue (WAT) (16,17). Several studies found that obesity is associated with 
elevated levels of NPY in the hypothalamus (18-22). Therefore, it has been speculated that a 
derangement of the hypothalamic NPY system may play an important role in the development of 
obesity. However, most of the studies investigating the effects of NPY reported on isolated 
observations in single organs instead of whole body effects in all major metabolic organs.  

Liver, WAT, brown adipose tissue (BAT) and muscle are important organs when it comes to the 
regulation of energy metabolism. A disturbance of metabolic processes, such as thermogenesis, 
lipogenesis and fatty acid oxidation, in these organs may contribute to the pathology of obesity. 
In order to increase our understanding of how central NPY could be involved in the development 
of obesity, we investigated the acute effects of ICV NPY on energy metabolism at the whole 
animal level, as well as on gene expression in different metabolic tissues.    

In male Wistar rats we measured the acute effects of NPY administered in the 3V on locomotor 
activity, the respiratory exchange ratio (RER), energy expenditure (EE) and body temperature 
and collected liver, WAT, BAT, soleus muscle (sMuscle) and subcutaneous and epididymal 
white adipose tissue (sWAT and eWAT) from these rats two hours after the start of the infusion 
to check changes in gene expression. 

Materials and Methods 

Animals 
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Experiments were performed with 10 weeks old adult male Wistar rats (Charles River, Germany). 
Animals were kept in the animal facility with a 12h light/12h dark cycle (lights on at 7:00) under 
constant conditions of temperature (21±2ºC) and humidity (60±5%). Food and water was 
available ad libitum (AL), unless stated otherwise. All experiments were approved by the animal 
care committee of the Royal Netherlands Academy of Arts and Science. 

Surgical procedures 

After 7 days of habituation, rats were anesthetized with a 0.14 ml/100g body weight (BW) i.m. 
Ketamine-Xylazine-Atropin mixture: Ketamine (Eurovet Animal Health, Bladel, The 
Netherlands): 45.7mg/ml, Xylazine (Bayer Health Care, Mijdrecht, The Netherlands): 2.3mg/ml, 
Atropin (Pharmachemine B.V., Haarlem, The Netherlands): 0.014mg/ml. Post-operative care 
was provided by a subcutaneous injection of the painkiller Buprecare (AUV, Cuijk, The 
Netherland, 0.005mg/100g BW) after the operation. 

A permanent catheter was placed into the right jugular vein for blood sampling. The catheter was 
tunneled subcutaneously and exited at the top of the skull. It was filled with a mixture of 
polyvinylpyrrolidone (PVP; Sigma-Aldrich Corp., St. Louis, MO), heparin (LEO Pharma, 
Ballerup, DK) and amoxicillin (Centrafarm, Etten-Leur, NL). During the same surgery, a 
permanent silicon cannula was stereotaxically implanted into the third ventricle using a standard 
Kopf stereotaxic apparatus (coordinates: 0.2 mm antero-posterior to bregma in the midline and 
9.0 mm ventral to the brain surface;  toothbar was set at 5 mm). Catheter and cannula were fixed 
on top of the head of the animals using dental cement. A temperature sensitive data logger (DST 
nano-T) (Star-Oddi, Gardabaer, Iceland) was implanted subcutaneously at the back and 
measured body temperature every 15 min. Experiments were only performed after recovery of 
animals to their pre-surgery body weight.  

Experimental procedures 

Infusion procedure 

During the experiment, animals received an ICV infusion of NPY (1 μg/μl) or vehicle (Milli-Q 
water) for 2h. The first 5 min consisted of a bolus infusion at a rate of 1 μl/min rate. After the 
bolus infusion, the infusion rate was changed to 5 μl/h for the remaining 2h. 

Experiment 1: Effects of ICV NPY on plasma glucose and corticosterone levels and gene 
expression  

For adaptation, animals were connected to a metal collar, to guide the ICV infusion catheter, on 
the day before the experiment. On the experimental day, food was removed 4h before the start of 
the experiment (09:00 am). At the same time animals were connected to the blood sampling and 
infusion lines, which were attached to the metal collar and kept out of reach from the rats by 
ways of a counterbalanced arm. Experiments, meaning experimental ICV infusions, were started 
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at 01:00 pm. Animals were divided in two groups: NPY infusion (n=11) and vehicle infusion 
(n=8). The first blood samples were taken just before the start of the NPY/vehicle infusion (at 
01:00 pm). After the start of the ICV infusion blood samples were taken every 20 min for 2h. At 
the end of the 2h infusion period (at 03:00 pm), animals were sacrificed by a lethal intravenous 
injection of pentobarbital. Brain, liver, BAT, sWAT, eWAT and sMuscle were collected and 
stored at -80 ºC until analysis. 

Experiment 2: Effects of ICV NPY on energy metabolism in rats 

Two days before the experiment, animals were transferred to the calorimetry system for 
adaptation. On the experimental day, animals were connected to the metal collar and the ICV 
infusion line 4h before the experiment (09:00 am). Food and water were also removed at this 
time point. Rats were divided in two groups: NPY infused animals (n=12) and vehicle infused 
animals (n=11). Experimental ICV infusions started at 01:00 pm. After the 2h infusion period, 
animals stayed in the calorimetric cage for 2 more undisturbed hours. After these two hours, 
animals were disconnected from the metal collar and infusion lines and food and water were 
replaced (i.e., at 05:00 pm). Animals remained in the calorimetric cage for another day before 
being sacrificed.  

Food intake, locomotor activity, RER and EE were measured individually by an indirect 
calorimetry system (PhenoMaster / LabMaster, TSE Systems, Bad Homburg, Germany). 
Locomotor activity was assessed as distance travelled in cm per 15 min. O2 consumption (VO2) 
and CO2 production (VCO2) were assessed individually in every cage for 100 seconds every 15 
min. RER was calculated according to the formula: VCO2/VO2. EE was calculated according to 
the formula: (CVO2*VO2+CVCO2*VCO2)/1000 (the CVO2 and CVCO2 were pre-set values 
(CVO2=3.941, CVCO2=1.106)). Carbohydrate oxidation was calculated according to the formula: 
(4.585*VCO2-3.226*VO2)/60000 (23) and lipid oxidation was calculated according to the 
formula (1.695*VO2-1.701*VCO2)/60000 (23). Body temperature changes were measured by the 
subcutaneous temperature sensitive data loggers and analyzed after sacrifice. 

Cannula placement verification 

After the experiment, brains were cut with a cryostat into 25 µm sections. All sections were 
stained with Thionin and cannula placement was checked by microscope. Data from animals 
with an incorrect placement were excluded from the final analysis. 

Plasma measurements 

Plasma glucose concentration was determined during the experiment in blood spots using a 
glucometer (Freestyle, Abbott, Hoofddorp, The Netherlands). Plasma corticosterone and insulin 
concentrations were measured in duplicate by a radioimmunoassay kit (Corticosterone, ICN 
biomedical, Costa Mesa, CA; Insulin, Merck Millipore, Amsterdam, NL).  
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RNA extraction and cDNA synthesis 

Liver, eWAT, sWAT and BAT were homogenized by T10 basic UL TRA-TURRAX® 
homogenizer (IKA, Germay) with TRIzol (QIAGEN) and total RNA was isolated with Trizol 
protocol. sMuscle was homogenized by crush method, and total RNA was isolated with Trizol 
protocol. Total RNA was purified by NucleoSpin® RNAII Kit (Macherey-Nagel) and included a 
DNase step according to the manufacturer’s instructions. 

RNA was reverse transcribed using Transcriptor First cDNA Synthesis Kit (Roche) with oligo-
dT primers (30min at 55 ºC, 5min at 85 ºC). Additional reverse transcriptase minus (-RT) 
controls were run to check genomic DNA contamination. 

Reverse transcription polymerase chain reaction (RT-PCR) 

Gene expression was measured by quantitative RT-PCR using the following reaction system: 2 
μl cDNA was incubated in a final volume of 10 μl reaction containing 1×SensiFAST SYBR NO-
ROX Mix and 25 ng of each primer (forward and reverse). Quantitative RT-PCR (qRT-PCR) 
was performed in Lightcycler®480 (Roche), primer information for each gene is shown in Table 
1. The relative amount of each gene was normalized against the geometric mean of two 
housekeeping genes (for liver: hypoxanthine guanine phosphoribosyl transferase (Hprt) and 
TATA box binding protein (Tbp); for BAT, eWAT, sWAT and sMuscle: glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) and Hprt)). 

Statistical analysis 

Data are presented as mean ± SEM (standard error of the mean). Statistical analysis was 
performed using SPSS version 22.0. Independent Student t-test’s were performed to compare 
gene expression. An ANOVA with repeated measures was performed to compare RER, 
carbohydrate oxidation, lipid oxidation, activity, heat production, temperature and plasma 
glucose, corticosterone and insulin levels. If appropriate, post-hoc analysis was performed using 
independent t-test’s with Bonferroni correction. 
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Table 1 – Information on gene primers 
 

Gene Forward Primer Reverse Primer 

Clock 
genes 

Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC 
Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA 
Cry2  TGGATAAGCACTTGGAACGGAA TGTACAAGTCCCACAGGCGGTA 
Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC 
Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT 

Rev-erbα ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT 
Dbp CCTTTGAACCTGATCCGGCT TGCCTTCTTCATGATTGGCTG 

Metabolic 
genes 

Lpl CAAAACAACCAGGCCTTCGA AGCAATTCCCCGATGTCCA 
Glut2 GTCCAGAAAGCCCCAGATACC TGCCCCTTAGTCTTTTCAAGCT 
Glut4 GGGCTGTGAGTGAGTGCTTTC CAGCGAGGCAAGGCTAGA 
Fabp4 AAATGTGCGACGCCTTTGTG CCAAGTCCCCTTCTACGCTG 
Acc1 GATGATCAAGGCCAGCTTGT CAGGCTACCATGCCAATCTC 
Fas CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC 

Srebf1 GGAGCCATGGATTGCACATT AGGAAGGCTTCCAGAGAGGA 
Pparγ CAGGAAAGACAACAGACAAATCA GGGGGTGATATGTTTGAACTTG 
Pparβ CGCATGAAGCTCAAGTACG CTTCCAAAGCGGATAGCGTTGT 

Chrebp AGCATCGATCCGACACTCAC TGTTCAGCCGAATCTTGTCC 
Lipin1 TCACTACCCAGTACCAGGGC TGAGTCCAATCCTTTCCCAG 
Scd1 CTACAAGCCTGGCCTCCTGC GGCACCCAGGGAAACCAGGA 
Apob CACCTAAGATCAACAGTCGCTTC TCGAAAGCCAGACCCACTT 
Mttp GCGAGTCTAAAACCCGAGTG CACTGTGATGTCGCTGGTTATT 
Arf1 TGGCGCCACTACTTCCAG TCGTTCACACGCTCTCTGTC 

Cpt1a ACAATGGGACATTCCAGGAG AAAGACTGGCGCTGCTCA 
Cpt1b GTGCTGGAGGTGGCTTTGGT TGCTTGACGGATGTGGTTCC 
Acc2 GCACGAGATTGCTTTCCTAG GCTTCCGCTCCAGGGTAGAGT 

Pparα TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT 
Pgc1α CAATGAATGCAGCGGTCTTA GTGTGAGGAGGGTCATCGTT 
Leptin GCTCTCTGCAGGACATTCTTCA GCCCGGTGGTCTTGGAA 

Adiponectin AATCCTGCCCAGTCATGAAG CATCTCCTGGGTCACCCTTA 
Visfatin ACAGATACTGTGGCGGGAATTGCT TCGACACTATCAGGTGTCTCAG 
Resistin ATCAAGACTTCAGCTCCCTACTG GTGACGGTTGTGCCTTCTG 

Atgl CTACCACATTGGAGTGGCC AGCAGGCAGGGTCTTCAGTA 
Hsl TCACGCTACATAAAGGCTGCT CCACCCGTAAAGAGGGAACT 

G6pase CCCATCTGGTTCCACATTCAA GGCGCTGTCCAAAAAGAATC 
Gk CAAGCTGCACCCGAGCTT TGATTCGATGAAGGTGATTTCG 

Pepck GTGTCCCCCTTGTCTACGAA GGTCGTGCATGATGACCTT 
Hmgcr CAACCTTCTACCTCAGCAAGC ACAGTGCCACACACAATTCG 
Cyp7a1 TTTGGGGAATTGCCGTGTTG CGGAATCAACCCGTTCTCCA 

Gr ACCTGGATGACCAAATGACCC GGAGCAAAGCAGAGCAGGTTT 
D1 GAAGTGCAACGTCTGGGATT CTGCCGAAGTTCAACACCA 
D2 TCCTGGAGCGTTTCTCCTT CATAAGCTACGTTGGCATTATTGT 

Thrα1 CATCTTTGAACTGGGCAAGT CTGAGGCTTTAGACTTCCTGATC 
Thrβ1 TGGGCGAGCTCTATATTCCA ACAGGTGATGCAGCGATAGT 
Adrb1 CACGCTGCCCTTTCGCTACC CACTTGGGGTCGTTGTAGCA  
Adrb2 CGCTTCACGTTCGTGCTGGC CGACCGCTATGAGCGTGTAG 
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Metabolic 
genes 
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Adrb3 CTTCCCAGCTAGCCCTGTT CCTTGCTAGATCTCCATGG 
Ucp1 AATCAGCTTTGCTTCCCTCA GCTTTGTGCTTGCATTCTGA 
Ucp2 GACTCTGTAAAGCAGTTCTACACCAA GGG CAC CTG TGG TGC TAC 
Ucp3 GCACTGCAGCCTGTTTTGCTGA ATAGTCAGGATGGTACCGAGCA 

House-
keeping 
genes 

Gapdh TGAACGGGAAGCTCACTGG TCCACCACCCTGTTGCTGTA 
Hprt GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA 
Tbp TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC 

 
Abbreviations used: Bmal1: also known as Arntl, Aryl hydrocarbon receptor nuclear translocator-like 
protein 1.  Per1: period circadian clock 1. Per2: period circadian clock2. Cry1: cryptochrome circadian 
clock 1. Cry2: cryptochrome circadian clock 2. Rev-erbα: also known as Nr1d1, nuclear receptor 
subfamily 1, group D, member 1. Dbp: D site of albumin promoter (albumin D-box) binding protein.   
Lpl: Lipoprotein lipase. Glut2: also known as Slc2a2, solute carrier family 2 (facilitated glucose 
transporter), member 2. Glut4: also known as Slc2a4, solute carrier family 2 (facilitated glucose 
transporter), member 4. Fabp 4: fatty acid binding protein 4. Acc1: also known as Acaca, acetyl-CoA 
carboxylase alpha. Fas: also known as Fasn, fatty acid synthase. Srebf1: sterol regulatory element binding 
transcription factor 1. Pparγ: also known as Pparg, peroxisome proliferator-activated receptor gamma. 
Pparβ: also known as Ppard, peroxisome proliferator-activated receptor delta. Chrebp: also known as 
Mlxipl, MLX interacting protein-like. Scd1: stearoyl-Coenzyme A desaturase 1.  Apob: apolipoprotein B.  
Mttp: microsomal triglyceride transfer protein. Arf1: ADP-ribosylation factor 1. Cpt1a: carnitine 
palmitoyltransferase 1a. Cpt1b: carnitine palmitoyltransferase 1b. Acc2: also known as Acacb, acetyl-CoA 
carboxylase beta.  Pparα: also known as Ppara, peroxisome proliferator activated receptor alpha. Pgc1α: 
also known as Ppargc1a, peroxisome proliferator-activated receptor gamma, coactivator 1 alpha. Visfatin 
also known as Nampt, nicotinamide phosphoribosyltransferase. Atgl: adipose triglyceride lipase.  Hsl: also 
known as Lipe, lipase, hormone sensitive. G6pase: also known as G6pc, glucose-6-phosphatase, catalytic 
subunit. Gk: glycerol kinase. Pepck: also known as Pck1, phosphoenolpyruvate carboxykinase 1. 
Hmgcr: 3-hydroxy-3-methylglutaryl-CoA reductase. Cyp7a1: cytochrome P450, family 7, subfamily a, 
polypeptide 1. Gr: glucocorticoid receptor.  D1: also known as Dio1, deiodinase, iodothyronine, type I. 
D2: also known as Dio2, deiodinase, iodothyronine, type II. Thrα1: Thyroid hormone receptor (TR) alpha 
1. Thrβ1: Thyroid hormone receptor (TR) beta 1. Adrb1: adrenoceptor beta 1. Adrb2: adrenoceptor beta 2. 
Adrb3: adrenoceptor beta 3. Ucp1: uncoupling protein 1. Ucp2: uncoupling protein 2. Ucp3: uncoupling 
protein 3. Gapdh: glyceraldehyde-3-phosphate dehydrogenase. Hprt: also known as Hprt1, hypoxanthine 
phosphoribosyltransferase 1.Tbp: TATA box binding protein.  
 
 
Results 

Experiment 1: Effects of ICV NPY on plasma glucose, corticosterone and insulin levels and 
gene expression  

Two (both NPY infused) out of the 19 animals operated upon had to be excluded from further 
analysis, because of a wrong probe placement.  

1. Effects of ICV NPY on glucose and corticosterone levels in plasma 
Four out of the 17 remaining animals had to be excluded from the plasma hormone analysis, 
because their catheter was blocked during the experiment. Plasma glucose levels were measured 
before and during the ICV NPY/vehicle infusion (Fig.1A). NPY (n=8) and vehicle (n=5) animals 
showed similar basal glucose levels before the ICV infusion. ANOVA analysis showed 
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significant effects of Time (p=0.009) and Treatment (p=0.033). The effect of Interaction was not 
significant (p=0.385). Plasma glucose levels in NPY infused animals were higher during the 
whole experiment, although post-hoc analysis did not reveal significant differences at any 
specific time point. 

Vehicle and NPY animals showed similar basal corticosterone levels (Fig.1B). ANOVA showed 
a significant effect of Treatment (p<0.001). The effects of Time (p=0.083) and Interaction 
(p=0.171) did not reach significance. The ICV infusion of NPY resulted in a significant increase 
in corticosterone levels at t=40 min (p=0.007) and t=80 min (p=0.023). 

Plasma insulin levels were measured before and during the ICV NPY/vehicle infusion (Fig.S1). 
NPY and vehicle animals showed similar basal insulin levels before the ICV infusion. ANOVA 
analysis showed a significant effects of Time (p<0.001). The effect of Treatment (p=0.051) and 
Interaction (p=0.059) just missed significance. 

 

 
Fig.1. Effects of ICV NPY on plasma glucose (A) and corticosterone (B) levels. Data are presented as 
mean ± SEM. * p<0.05; ** p<0.01. Open circles – ICV vehicle infusion rats (n=5), Closed circles – ICV 
NPY infusion rats (n=8).  

2. Effects of ICV NPY on metabolic gene expression in liver 

We studied 27 metabolic genes in the liver. ANOVA showed a significant effect of Treatment on 
the expression level of 8 metabolic genes (Table 2). The expression level of Fas, Lipin1, Mttp, 
Arf1, GK, Pgc1α, Pepck and Cyp7a1 was significantly increased after the ICV administration of 
NPY (Fig.2). The changes in the expression level of Acc1 (p=0.069; increase) and Pparα 
(p=0.087; decrease) just missed significance.  
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Fig.1. Effects of ICV NPY on plasma glucose (A) and corticosterone (B) levels. Data are presented as 
mean ± SEM. * p<0.05; ** p<0.01. Open circles – ICV vehicle infusion rats (n=5), Closed circles – ICV 
NPY infusion rats (n=8).  

2. Effects of ICV NPY on metabolic gene expression in liver 

We studied 27 metabolic genes in the liver. ANOVA showed a significant effect of Treatment on 
the expression level of 8 metabolic genes (Table 2). The expression level of Fas, Lipin1, Mttp, 
Arf1, GK, Pgc1α, Pepck and Cyp7a1 was significantly increased after the ICV administration of 
NPY (Fig.2). The changes in the expression level of Acc1 (p=0.069; increase) and Pparα 
(p=0.087; decrease) just missed significance.  
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We analyzed the correlation in the NPY infused animals only. We found that Lipin1 expression 
was positively correlated with the corticosterone response (Fig.S2). Pepck expression was 
negatively correlated with the glucose response (Fig.S2).   

Fig.2. Effects of ICV NPY on metabolic gene expression in liver. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Tbp). * 
p<0.05; ** p<0.01.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY infusion rats 
(n=9). For ANOVA analysis see Table 2.  Data for Pparγ, Scd1, Apo, Acc2, Hsl, Hmgcr and Gr are not 
shown, but were not affected by ICV NPY. 
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Table 2 – Acute effects of ICV NPY infusion on metabolic gene expression levels in liver, 
BAT, eWAT, sWAT and sMuscle 

Gene Tissue 
Liver BAT eWAT sWAT sMuscle 

Lpl 0.200 0.002 0.234 0.137 0.372 
Glut2 0.648 — — — — 
Glut4 — 0.591 0.674 0.763 0.655 
Fabp4 — — 0.651 0.731 — 
Acc1 0.069 0.214 0.996 0.466 0.075 
Fas 0.042 0.401 0.887 0.249 0.387 

Srebf1 0.455 0.002 0.219 0.104 0.401 
Pparγ 0.705 0.003 0.509 0.742 0.343 
Pparβ — 0.107 — — 0.928 

Chrebp — — — — 0.909 
Lipin1 0.004 0.483 0.658 <0.001 — 
Scd1 0.103 — 0.243 0.566 0.113 
Apob 0.771 — — — — 
Mttp 0.036 — — — — 
Arf1 0.020 — — — — 

Cpt1a 0.864 — — — — 
Cpt1b — 0.998 0.492 0.342 0.074 
Acc2 0.571 0.655 0.721 0.443 0.496 
Pparα 0.087 0.493 0.976 0.088 0.639 
Pgc1α 0.026 0.077 0.091 0.912 0.038 
Leptin — — 0.193 0.039 — 

Adiponectin — — 0.387 0.450 — 
Visfatin — — 0.507 0.005 — 
Resistin — — 0.772 0.224 — 

Atgl 0.411 0.814 0.555 0.528 0.027 
Hsl 0.720 0.228 0.896 0.341 0.095 

G6pase 0.154 — — — — 
Gk 0.048 — — — — 

Pepck 0.018 — — — — 
Hmgcr 0.345 — — — — 
Cyp7a1 0.028 — — — — 

Gr 0.491 0.327 0.040 0.587 0.099 
D1 0.624 — — — — 
D2 — 0.010 — — 0.567 

Thrα1 — 0.832 — — — 
Thrβ1 — 0.238 — — — 
Adrb1 0.331 0.008 — — — 
Adrb2 0.785 — — — 0.066 
Adrb3 — 0.859 0.005 0.305 — 
Ucp1 — 0.086 — — — 
Ucp2 0.215 — 0.526 0.051 0.984 
Ucp3 — <0.001 0.040 0.037 0.042 

Results are presented as p value. Significant effects are in bold 
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3. Effects of ICV NPY on metabolic gene expression in BAT 

Twenty two metabolic genes were studied in BAT (Table 2). The expression level of Lpl, D2, 
Adrb1 and Ucp3 was significantly decreased and that of Srebf1 and Pparγ was significantly 
increased, after the ICV NPY infusion (Fig.3). The decrease in Pgc1α (p=0.077) and Ucp1 
(p=0.086) expression in NPY rats just missed significance.  

The expression level of Ucp1 was positively correlated with that of Lpl (Fig.S2) and Ucp3 
expression was positively correlated with that of D2 (Fig.S2). 

 
Fig.3. Effects of ICV NPY on metabolic gene expression in BAT. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05; ** p<0.01; *** p<0.001.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY 
infusion rats (n=9). For ANOVA analysis see Table 2.  Data for Pparβ and Gr are not shown, but were 
not changes significantly by ICV NPY. 
 
4. Effects of ICV NPY on gene expression in eWAT 

We studied the expression level of 23 metabolic genes in eWAT (Table 2 and Fig.4). The ICV 
infusion of NPY decreased Adrb3 and Gr expression, but increased Ucp3 expression. The 
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decrease in the expression level of Pgc1α did not reach significance (p=0.091). We did not find 
any correlation between these gene expression responses. 

 
Fig.4. Effects of ICV NPY on metabolic gene expression in eWAT. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05; ** p<0.01.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY infusion rats 
(n=9). For ANOVA analysis see Table 2.  Data for Scd1, Acc2 and Hsl are not shown, but were not 
affected by ICV NPY. 
 
5. Effects of ICV NPY on gene expression in sWAT 

Twenty three metabolic genes were studied in sWAT (Table 2 and Fig.5). The expression level 
of Lipin1, Leptin, Visfatin and Ucp3 was higher in the NPY infused group as compared to the 
vehicle infused group. The increased expression of Ucp2 (p=0.051) and PPARα (p=0.086) just 
missed significance. The expression level of Leptin was positively correlated with that of Per1 
and Per2 (Fig.S2). 
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Fig.5. Effects of ICV NPY on metabolic gene expression in sWAT. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05; ** p<0.01; *** p<0.001.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY 
infusion rats (n=9). For ANOVA analysis see Table 2.  Data for Scd1, Acc2 and Hsl are not shown, but 
were not changed by ICV NPY. 
 
6. Effects of ICV NPY on gene expression in sMuscle 

In sMuscle, we studied the expression level of 19 metabolic genes. The Treatment effect was 
significant for 3 metabolic genes (Table 2). The expression level of Atgl and Ucp3 was 
significantly decreased and that of Pgc1α was significantly increased after the ICV infusion of 
NPY (Fig.6). The ICV infusion of NPY also tended to decrease the expression level of Acc1 
(p=0.075), Cpt1b (p=0.074), Hsl (p=0.095), Gr (p=0.099) and Adrb2 (p=0.066), but these 
decreases did not reach significance. No significant correlations between the different gene 
responses were found in the NPY animals. 

7. Effects of ICV NPY on clock gene expression in liver, BAT, eWAT, sWAT and sMuscle 

Seven clock genes were investigated in the 5 tissues studied (Table 3, Fig.7 and Fig.8). 
Depending on the tissue studied clock genes responded differently to the administration of NPY. 
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Also with regard to clock genes, liver and BAT were the most responsive tissues, with a 
significant change in expression in 4 and 3 clock genes, respectively. The expression level of 
Bmal1 was significantly increased in liver and was significant decreased in BAT after the ICV 
infusion of NPY. After NPY infusion, the expression level of Per1 was significantly increased in 
liver and sWAT. The Per2 expression level was increased in liver and sWAT (p=0.086) after the 
ICV infusion of NPY. The expression level of Cry1 was significantly decreased in BAT and was 
increased (p=0.078) in liver after the ICV NPY infusion. In sMuscle, the expression level of 
Cry2 was significantly decreased in NPY rats. Dbp expression was significantly decreased in the 
liver and was significantly increased in BAT after ICV infusion of NPY. In the liver, the Dbp 
expression level was negatively correlated with the plasma corticosterone response (Fig.S2). In 
eWAT and sMuscle, the expression level of Dbp was decreased after ICV infusion of NPY, but 
this decrease did not reach significance. The Reverbα expression level was significantly 
decreased in eWAT and sMuscle in NPY infused rats. 

 
Fig.6. Effects of ICV NPY on metabolic gene expression in sMuscle. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY infusion rats (n=9). For 
ANOVA analysis see Table 2.   
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Fig.5. Effects of ICV NPY on metabolic gene expression in sWAT. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05; ** p<0.01; *** p<0.001.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY 
infusion rats (n=9). For ANOVA analysis see Table 2.  Data for Scd1, Acc2 and Hsl are not shown, but 
were not changed by ICV NPY. 
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Fig.7. Effects of ICV NPY on the expression of Bmal1, Per1, Per2 and Cry1 in liver, BAT, eWAT, 
sWAT and sMuscle. Data are expressed as mean ± SEM. mRNA values were normalized to the geometric 
mean of two housekeeping genes (for liver, Gapdh and Tbp; for BAT, eWAT, sWAT and sMuscle, Hprt 
and Gapdh). * p<0.05; ** p<0.01; *** p<0.001.  White bars – ICV vehicle infusion rats (n=8), Black bars 
– ICV NPY infusion rats (n=9). For ANOVA analysis see Table 3.  
 
Table 3 – Acute effects of ICV NPY infusion on clock gene expression levels in liver, BAT, 

eWAT, sWAT and sMuscle 

Gene Tissue 
Liver BAT eWAT sWAT sMuscle 

Bmal1 0.017 0.009 0.669 0.311 0.481 
Per1 0.018 0.229 0.356 0.014 0.896 
Per2 <0.001 0.440 0.174 0.086 0.846 
Cry1 0.078 0.037 0.772 0.369 0.179 
Cry2 0.424 0.305 0.169 0.421 0.020 
Dbp 0.022 0.024 0.060 0.881 0.057 

Rev-erbα 0.836 0.653 0.047 0.954 0.011 
Results are presented as p value. Significant effects are in bold 
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Fig.8. Effects of ICV NPY on the expression of Cry2, Dbp and Reverbα in liver, BAT, eWAT, sWAT 
and sMuscle. Data are expressed as mean ± SEM. mRNA values were normalized to the geometric mean 
of two housekeeping genes (for liver, Gapdh and Tbp; for BAT, eWAT, sWAT and sMuscle, Hprt and 
Gapdh). * p<0.05; ** p<0.01.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY 
infusion rats (n=9). For ANOVA analysis see Table 3.  
 
Experiment 2: Effects of ICV NPY on energy metabolism in rat 

Seven (4 vehicle, 3 NPY) out of the 23 experimental animals had to be excluded from the final 
analysis, because of a wrong probe placement. 

1. Effects of ICV NPY on RER and carbohydrate and lipid oxidation 

We measured RER in the NPY and vehicle animals before, during and after the infusion 
(Fig.9A). During the 4-hour fasting period, preceding the start of the experiment, RER slowly 
decreased. During the ICV infusion RER was higher in the NPY infused group as compared to 
the vehicle group (Fig.9A; Interaction p<0.001). Two hours after stopping the infusion, the RER 
level was similar again in NPY and vehicle infused animals (Fig.9A). After returning food in the 
cage, RER increased again in both NPY and vehicle infused animals. This increase again was 
higher in NPY animals than in vehicle animals (Fig.9A; Treatment p=0.026; Table 4).  

Carbohydrate oxidation was higher in NPY animals than in vehicle animals during the ICV 
infusion (Fig.9B; Interaction p=0.015). After returning food in the cage, carbohydrate oxidation 
rate increased in both infusion groups. The increase in the NPY infusion group was again more  
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Fig.9. Effects of ICV NPY on energy metabolism. RER (A), Carbohydrate oxidation (B), Lipid oxidation 
(C) Activity (D), EE (E) and Temperature (F). Data are presented as mean ± SEM. Grey line – ICV 
vehicle infusion rats (n=7; for temperature, n=4), Black line – ICV NPY infusion rats (n=9; for 
temperature, n=5). Data from 11:00 to 23:00 are shown in the light grey rectangle.  The arrow head 
indicates the time for starting the ICV infusion, the infusion was stopped 2-hours later (at 15:00 hours). 
The arrow indicates the time of disconnecting the animal from the infusion cannula and swivel and 
returning food back into the cage. Dark onset at 19:00. For an ANOVA with repeated measures analysis 
from 13:00 to 15:00, 15:00 to 17:00, 17:00 to 19:00 and 19:00 to 21:00 see Table 4.  
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Fig.9. Effects of ICV NPY on energy metabolism. RER (A), Carbohydrate oxidation (B), Lipid oxidation 
(C) Activity (D), EE (E) and Temperature (F). Data are presented as mean ± SEM. Grey line – ICV 
vehicle infusion rats (n=7; for temperature, n=4), Black line – ICV NPY infusion rats (n=9; for 
temperature, n=5). Data from 11:00 to 23:00 are shown in the light grey rectangle.  The arrow head 
indicates the time for starting the ICV infusion, the infusion was stopped 2-hours later (at 15:00 hours). 
The arrow indicates the time of disconnecting the animal from the infusion cannula and swivel and 
returning food back into the cage. Dark onset at 19:00. For an ANOVA with repeated measures analysis 
from 13:00 to 15:00, 15:00 to 17:00, 17:00 to 19:00 and 19:00 to 21:00 see Table 4.  
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pronounced than in the vehicle infusion group, but this time did not reach significance (Fig.9B; 
Treatment=0.089). The rate of lipid oxidation decreased in both NPY and vehicle infused 
animals when food was returned in the cage, with the decreases in NPY animals being stronger 
than in vehicle animals (Fig.9C; Treatment p=0.045; Table 4). 

2. Effects of ICV NPY on locomotor activity 

Locomotor activity was increased in the NPY group during the infusion (13:00-15:00) (Fig.9D, 
Table 4). Activity remained higher in the NPY group as compared to the vehicle group during 
the first 2h after the end of the infusion (15:00-17:00) (Fig.9D, Table 4). After returning food in 
the cage, locomotor activity increased in both NPY and vehicle infused animals. The locomotor 
activity of NPY animals was higher than that of vehicle animals during the first 2 h after 
returning the food (17:00-19:00) (Fig.9D, Table 4). However, food intake was not significantly 
different between the NPY and vehicle infused animals (17:00-19:00: vehicle vs NPY, 1.78±0.62 
(g) vs 2.73±0.35 (g); 19:00-23:00: vehicle vs NPY, 5.78±1.19 (g) vs 4.96±0.96 (g)).  

3. Effects of ICV NPY on EE  

EE was measured before, during and after the ICV infusion (Fig.9E). EE was a little bit higher in 
NPY animals compared to vehicle animals during the infusion and during the first 2h after the 
infusion (Fig.9E, Treatment p<0.001; Table 4). EE increased in both groups when food was 
returned in the cage, but this increase was more pronounced in NPY than in vehicle animals 
(Interaction p=0.004).  

4. Effect of acute ICV NPY on body temperature 

Body temperature rapidly increased in NPY animals after the start of the infusion (Interaction 
p=0.085) and remained higher until the first hours of the dark period (Fig.9F, Table 4).  

Discussion  

NPY is a very important neuropeptide for the control of energy metabolism. In the present study, 
we found that the ICV administration of NPY simultaneously affects gene expression in different 
peripheral tissues, including liver, BAT, WAT and sMuscle (Fig.10). ICV NPY increased the 
expression of hepatic genes involved in glucose production, TG synthesis and TG secretion, as 
well as WAT genes involved in lipogenesis. At the same time, in BAT and muscle ICV NPY 
decreased the expression level of genes involved in thermogenesis and lipolysis, respectively. 
Congruent with these effects on gene expression, ICV NPY increased RER, EE, body 
temperature and locomotor activity (Fig.10). The increased RER was due to an NPY-induced 
increased carbohydrate oxidation when no food was present and a decreased lipid oxidation 
when food was present. The changes in gene expression and RER reveal that NPY favors an 
increased use of carbohydrates over lipids as energy source and a shift from lipolysis to 
lipogenesis. Contrary to the general idea, an increased release of central NPY did not acutely 
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lower energy expenditure. From an evolutionary viewpoint these changes are very adaptive, 
indeed the hungry organism needs to save energy but in order to search for food it also needs to 
be active and spend energy. But whether the increase in activity occurs or not, the increased 
central NPY levels will result in a lesser use of lipids. It may be clear that in our current 
sedentary society decreased lipid usage that is not balanced by increased energy expenditure will 
result in the development of obesity. 

 

Fig.10. Acute metabolic effects of ICV administered NPY. In addition to several physiological changes at 
the whole level, i.e., increased locomotor activity, body temperature, energy expenditure and the 
respiratory exchange ratio (RER), simultaneously ICV administered NPY also induces a multitude of 
metabolic changes in different tissues.  

Expression of all genes involved in de novo lipogenesis (GK, ACC1, FAS and LIPIN1) (24,25) 
and TG secretion (MTTP and ARF) (26,27) was increased after ICV NPY, indicating that central 
NPY stimulates hepatic lipogenesis and VLDL-TG secretion. This finding nicely agrees with a 
number of previous observations (12,28,29). Hepatic genes involved in glucose production 
(Pepck, G6pase and PGC1α) were also increased by ICV NPY, as also reported previously 
(10,11). According to these previous studies (11,28) ICV NPY increased glucose production and 
TG secretion via an increased sympathetic hepatic input. Pparα expression was decreased after 
ICV NPY, indicating that the fatty acid β-oxidation was decreased. Together these findings thus 
show that in the liver central NPY increases TG synthesis and secretion as well as glucose 
production, but at the same time inhibits fatty acid β-oxidation. 
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Fig.10. Acute metabolic effects of ICV administered NPY. In addition to several physiological changes at 
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respiratory exchange ratio (RER), simultaneously ICV administered NPY also induces a multitude of 
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NPY stimulates hepatic lipogenesis and VLDL-TG secretion. This finding nicely agrees with a 
number of previous observations (12,28,29). Hepatic genes involved in glucose production 
(Pepck, G6pase and PGC1α) were also increased by ICV NPY, as also reported previously 
(10,11). According to these previous studies (11,28) ICV NPY increased glucose production and 
TG secretion via an increased sympathetic hepatic input. Pparα expression was decreased after 
ICV NPY, indicating that the fatty acid β-oxidation was decreased. Together these findings thus 
show that in the liver central NPY increases TG synthesis and secretion as well as glucose 
production, but at the same time inhibits fatty acid β-oxidation. 
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It is well known that sympathetic nerve stimulation increases non-shivering thermogenesis in 
BAT, mainly via the β adrenoceptor (β-AR). Atgie et al (30) showed that noradrenaline (NE) 
controls thermogenesis mainly via the β1-AR when circulating NE levels are low. We found that 
Adrb1 expression was decreased after central NPY, indicating that ICV NPY inhibits 
sympathetic nervous system (SNS) input to BAT, which is in agreement with previous studies 
(15,31). In BAT, LPL hydrolyzes plasma TG’s to provide fatty acids. In this study we found the 
expression level of Lpl in BAT to be decreased in NPY rats, very much similar to the finding of 
Kotz et al (32). LPL synthesis and activity is regulated by the SNS (33), thus the reduction in 
SNS input in BAT induced by ICV NPY also inhibits the expression of Lpl (15). UCP1 plays an 
important role in BAT non-shivering thermogenesis (34,35). In our current study Lpl expression 
level was positively correlated with Ucp1 expression in the NPY infused animals, indicating that 
the reduced influx of fatty acids contributes to the decrease in non-shivering thermogenesis. It 
has been shown that sympathetic stimulation up-regulates UCP1 expression in BAT (36,37). 
Triiodothyronine (T3) amplifies this adrenergic stimulation of Ucp1 (38). In BAT, T3 is 
produced locally by the enzyme deiodinase type 2 (D2), also this process is activated by the SNS 
(39). It is well known that PGC1α controls mitochondrial biogenesis and respiration (40,41), as 
well as the expression of Ucp1 in BAT (42,43). In the present study we found that Lpl, Ucp1, D2 
and Pgc1α expression were all decreased after ICV NPY, all in line with a decrease in SNS and a 
decrease in non-shivering thermogenesis in BAT. PPARγ and SREBF1 are necessary and master 
regulators for adipogenesis (44-47). The increased expression of Srebf1 and Pparγ in the NPY-
infused animals indicates a shift toward increased BAT mass and increased storage of fatty acids 
as TG’s. Thus increased central NPY level results in a switch from non-shivering thermogenesis 
to adipogenesis in BAT. 

The general  accepted idea is that UCP3 functions as a mitochondrial exporter of fatty acids to 
protect mitochondria from lipid induced oxidative damage (48). In sWAT the expression level of 
genes involved in fatty acid uptake was not changed, whereas that involved in lipogenesis 
(Lipin1) was increased, thus fatty acids seem to shift from ß-oxidation by mitochondria to TG 
synthesis. It has been reported that Ucp2 mRNA, leptin and visfatin correlate positive with body 
mass index (BMI) (49-51), thus the increased expression level of Ucp2, Leptin and Visfatin in 
sWAT of NPY infused animals possibly reflects an increased lipogenesis and fat mass. Changes 
in gene expression in sWAT and eWAT were very comparable, although somewhat more 
pronounced in sWAT. Pgc1α expression was decreased in eWAT of NPY animals, therefore 
mitochondrial biogenesis and function most likely are decreased in eWAT of NPY animals. 
Because mitochondrial biogenesis and function are decreased, the excess fatty acids in 
mitochondria have to be exported to the cytoplasm to prevent mitochondrial damage, resulting in 
increased Ucp3 expression. The expression of Adrb3 was decreased after ICV NPY, indicating a 
decrease of SNS WAT input. Together these data indicate that central NPY induces decreased 
mitochondrial activity and increased lipogenesis in WAT.  
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The expression of ATGL and HSL (52,53) was decreased in sMuscle after ICV NPY, indicating 
a decreased lipolysis. CPT1b expression was decreased in NPY animals, indicating less fatty 
acid transport to mitochondria (54). Less fatty acids transported into the mitochondria also 
results in a decreased expression of Ucp3 (48). Together these data show that ICV NPY reduces 
lipolysis and fatty acid oxidation in sMuscle. Langfort et al. (55) showed that the SNS stimulates 
the expression of Hsl in muscle. In this study, we found that muscle Adrb2 and Hsl expression 
was decreased after ICV NPY, indicating a decrease of SNS muscle input.  

The increased RER in NPY animals was due to an increased carbohydrate oxidation during the 
ICV infusion and the first five hours after refeeding, and to a decreased lipid oxidation in the 
NPY animals during the first 5h of refeeding. Zhang et al (56) showed that NPY-/- mice exhibited 
a significantly reduced RER compared to wild type mice, also suggesting that NPY activation 
promotes the oxidation of carbohydrates. Together the RER and gene expression data clearly 
demonstrate that activation of the (central) NPY signal shifts substrate oxidation away from 
lipids towards carbohydrates and promotes lipogenesis. 

Locomotor activity was increased in NPY animals during the ICV infusion, as well as during the 
first 2h after infusion and during the first 3h of refeeding. Indeed, others have shown that mice 
with a genetic ablation of NPY (57,58) or the NPY Y1 receptor (59) exhibit a reduction of 
locomotor and exploratory behavior. Pfluger et al (60) showed that the increased locomotor 
activity after ICV NPY mainly consists of foraging behavior. Energy expenditure was increased 
in NPY rats during the ICV infusion, as well as after the infusion and during the first 3h of 
refeeding. These changes are very similar to the changes in locomotor activity, thus the increased 
energy expenditure most likely is primarily associated with mobility. The effects of central NPY 
on body temperature very much depend on the brain areas aimed for and the injection doses used 
(7,61). In our study, the hyperthermia induced after 3V NPY (15 μg in 2 hours) was comparable 
to previous results in animals infused 3V with a high dose of NPY (>10 μg) (7,61). Because 
glucose uptake (62) and fatty acid oxidation was decreased in muscle in NPY animals, shivering 
thermogenesis probably is not the main contributor to the increase in body temperature. In view 
of the reduced BAT activity, also non-shivering thermogenesis is an unlikely explanation. 
Although the mechanism of the 3V NPY-induced increase in body temperature is still not clear, 
the increased locomotor activity together with an increase in peripheral vasoconstriction may 
contribute to this phenomenon. It is clear, however, that the ICV infusion of NPY acutely 
increases food seeking behavior, as an additional strategy to combat the shortage of calories 
indicated by the high levels of NPY.  

NPY and its receptors (63) are found in many brain areas. NPY outside the hypothalamus seems 
to be mainly involved in emotional behavior, responsiveness to stressful stimuli, ethanol intake, 
neurogenesis and neuroprotection (64-66). Indeed transgenic mice that overexpress NPY in the 
cortex, hippocampus and amygdala, but not in hypothalamus, exhibit no major phenotypes 
related to food intake and body weight (67). On the other hand, transgenic mice with only 18% 
net increase in Arc NPY levels show a clear metabolic phenotype (68). Previous experiments 
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(12,29,64,69-77) have shown that many of the physiological parameters that changed after 
central NPY, such as BAT activity, fat mass, plasma TG, corticosterone and insulin, RER, and 
energy expenditure, are also affected by Y1 and/or Y5 receptor activation. Based on these 
findings, we speculate that the metabolic changes reported in the current study are mainly 
evoked via hypothalamic Y1 and Y5 receptor stimulation. 

In addition to the effects on energy metabolism, we also found that ICV NPY affects clock gene 
expression levels in the liver, BAT, eWAT, sWAT and sMuscle. It has been shown by others that 
the SNS (78-81), corticosterone (82-88), glucose (89), locomotor activity (90-92) and body 
temperature (7,93) may affect clock gene expression. In our study, we found all these parameters 
also to be changed in ICV NPY animals (11,15,28). Therefore, changes in these parameters 
could contribute to the changes in clock gene expression observed in the NPY rats. However, the 
effects of NPY on clock gene expression were tissue- and gene-specific, suggesting distinct 
routes of entrainment among tissues. ICV NPY had opposite effects on sympathetic input to 
BAT and liver (12,15,28,29). Interestingly, in the present study we found that the effect of NPY 
on Bmal1, Cry1 and DBP expression in the liver was the reverse of its effect on these clock 
genes in BAT. Thus, we speculate that NPY affects the expression of these clock genes in the 
liver and BAT mainly via the SNS. 

Finally, it has clearly been shown (84,94-102) that peripheral clock genes play an important role 
in regulating energy metabolism, such as adipogenesis, insulin secretion, bile acid and glucose 
homeostasis and mitochondrial metabolism. Although all these observations are based on chronic 
experiments, at present it cannot be excluded that also the acute changes in clock gene 
expression as observed in the present study are contributing to the changes in metabolism after 
ICV NPY administration.   

In summary, ICV administration of NPY changes gene expression in liver, BAT, WAT and 
sMuscle. The changes in gene expression are indicative for an increased gluconeogenesis, TG 
synthesis and TG secretion from liver and increased lipogenesis in sWAT. In addition, ICV NPY 
decreases non-shivering thermogenesis in BAT and fatty acid oxidation and lipolysis in sMuscle. 
The increased RER induced by ICV NPY is in full agreement with the shift in substrate 
oxidation from lipid to carbohydrate oxidation indicated by the gene expression data. Thus, ICV 
NPY induces an anabolic phenotype with increased hepatic TG and glucose production, as well 
as increased lipid storage. At the same time ICV NPY also increases locomotor activity, likely 
aimed at the search for food. It may be clear that this strong anabolic and foraging phenotype 
induced by increased NPY release is beneficial in times of food scarcity, but devastating in 
conditions where food is plenty available and activity is limited.  
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Supplemental data 
 

 
Fig.S1. Effects of ICV NPY on plasma insulin levels. Data are presented as mean ± SEM. Open circles – 
ICV vehicle infusion rats (n=5), Closed circles – ICV NPY infusion rats (n=8).  
 
 

 
Fig.S2. Correlation between relative gene expression of 2 different genes or between relative gene 
expression and the glucose/corticosterone response in ICV NPY infused rats in liver, BAT and sWAT. 
Each black dot represents data from one rat. Glucose/corticosterone responses are quantified according to 
their individual AUC. AUC: positive area under the curve of the glucose/corticosterone response in Fig.1.  
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