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Abkürzungsverzeichnis 
 
AGA   appropriate-for-gestational-age 
AGA-in-NW  appropriate-for-gestational-age Tiere, aufgezogen in normalen Würfen 
AGRP   Agouti-related Peptide 
ARC   Nucleus arcuatus hypothalami 
AUCG   area under the curve of glucose 
BMI   Body-Mass-Index 
cDNA   complementary DNA 
CI   Konfidenzintervall 
DNA   Desoxyribonukleinsäure 
EZ   Einzelzellpool 
g   Gramm 
GAL   Galanin 
GGew    Geburtsgewicht 
GTT   Glukosetoleranztest 
HE/HF   high-energy/high-fat 
IRI/BG   Insulin/Blutglukose-Ratio 
kcal   Kilokalorien 
kg   Kilogramm 
KW   kleiner Wurf 
LBW   low birth weight 
LMD   Lasermikrodissektion 
LT   Lebenstag 
mRNA   messenger-Ribonukleinsäure 
MW   Mittelwert 
NPY   Neuropeptid Y 
n.s.   nicht signifikant 
NW   normaler Wurf 
OR   Odds Ratio 
PCR   Polymerasekettenreaktion 
POMC   Proopiomelanocortin 
RNA   Ribonukleinsäure 
SD   Standardabweichung 
SEM   Standardfehler des Mittelwertes 
SGA   small-for-gestational-age 
SGA-in-NW  small-for-gestational-age Tiere, aufgezogen in normalen Würfen 
SGA-in-KW   small-for-gestational-age Tiere, aufgezogen in kleinen Würfen 
WHR   waist-to-hip-ratio 
µm   Mikrometer
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1.  Zusammenfassung 
 
1.1  Abstract 
1.1.1 Abstract - englisch  
Since the 1990s, epidemiological data have shown that low birth weight (LBW) is associated with 
increased risk for long-term health adversity, especially concerning cardiovascular diseases, risk 
of type 2 diabetes and the metabolic syndrome, in which overweight is of central pathogenetic 
importance. Causal mechanisms, however, of the so-called ‘small-baby-syndrome’ are still 
unclear. On the other hand, a number of studies have reported that individuals born with high 
birth weight, induced by prenatal overnutrition, are also at increased risk for type 2 diabetes later 
in life. In the pathogenesis of the ‘small-baby-syndrome’, early postnatal overnutrition is attracting 
increasing attention as a possible link between low birth weight and later ‘diabesogenic’ risk. 
Thus, the objective of this translational work was first, to investigate the relation between birth 
weight and later overweight risk with an epidemiologically approach and second, to examine the 
influence of early postnatal overnutrition in low birth weight animals experimentally.  
A comprehensive meta-analysis, which included 66 studies involving more than 640,000 persons 
from 26 countries globally, aged 1-75 years, revealed a linear positive relationship between birth 
weight and later, long-term overweight risk over nearly the entire birth weight spectrum. 
Individuals with a birth weight > 4000 g showed an almost doubled long-term overweight risk as 
compared with normal birth weight (2500-4000 g) subjects. In contrast, low birth weight was 
followed by a decreased overweight risk in later life. 
In a ‘genuine’ animal model, newly established here, rats with LBW were followed up into late 
adult age, and developed increased risk for diabetogenic alterations and hyperphagia only if they 
were exposed to neonatal overfeeding. Using the highly specific and cutting edge technology of 
lasercapture microdissection (LMD)-based neuropeptide expression analyses in single neuron 
pools of the arcuate hypothalamic nucleus (ARC) revealed a nearly unchanged gene expression 
of orexigenic neuropeptides despite marked hyperleptinemia and hyperinsulinemia. Gene 
expression of the anorexigenic neurohormone proopiomelanocortin (POMC) was significantly 
decreased, even when referred to the regulating satiety signals, leptin and insulin, from the 
periphery. This strongly indicates a neonatally acquired malprogramming of the anorexigenic 
POMC-system due to neonatal overfeeding in LBW rats.  
Together our epidemiological and experimental results show that high birth weight is an 
independent risk factor for long-term overweight risk while this could not be confirmed for low 
birth weight. However, neonatal overfeeding in rats with low birth weight plays a crucial role in 
the development of ‘diabesogenic’ alterations in later life. In conclusion, both the prenatal as well 
as neonatal period seem to be critical phases for the determination of long-term adverse health 
outcomes in terms of the metabolic syndrome and, consequently, may potentially allow 
measures of primary prevention.  
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1.1.2  Abstract - deutsch 
Seit Mitte der 1990er Jahre wurde in zahlreichen epidemiologischen Studien ein Zusammenhang 
zwischen einem verminderten Geburtsgewicht (GGew) und der Entwicklung von 
kardiovaskulären Erkrankungen, Typ 2 Diabetes und Symptomen des metabolischen Syndroms 
im späteren Leben beobachtet (’small-baby-syndrome’), in dem Übergewicht eine zentrale 
pathophysiologische Rolle spielt. Zugrundeliegende ätiopathogenetische Mechanismen sind 
bislang ungeklärt. Andererseits existieren Studien, in denen beobachtet wurde, dass ein zu 
hohes GGew, verursacht durch pränatale Überernährung, ebenfalls einen Risikofaktor für 
spätere Erkrankungen, wie z.B. Typ 2 Diabetes, darstellt. In der Pathogenese des ’small-baby-
syndrome’ rückt als möglicher ’link’ zwischen einem verminderten GGew und dem späteren 
Erkrankungssrisiko eine frühpostnatale Überernährung zunehmend in den Fokus. Ziel der vor-
liegenden Arbeit war es daher, in einem translationalen Ansatz den Zusammenhang zwischen 
dem GGew und dem späteren Übergewichtsrisiko epidemiologisch zu untersuchen und in einer 
tierexperimentellen Langzeitstudie der Frage nachzugehen, inwieweit eine frühpostnatale Über-
ernährung nach zu niedrigem GGew das spätere Übergewichts- und Diabetesrisiko beeinflusst.  
Im Rahmen einer Metaanalyse, die 66 Studien mit mehr als 640.000 Personen im Alter von ein 
bis 75 Jahren aus 26 Ländern weltweit berücksichtigte, zeigte sich über das gesamte 
Geburtsgewichtsspektrum ein positiver Zusammenhang zwischen dem GGew und dem späteren 
Übergewichtsrisiko. Dabei hatten Kinder mit einem GGew über 4000 g ein fast doppelt so hohes 
Risiko im späteren Leben übergewichtig zu werden wie normalgewichtige Neugeborene. 
Dagegen ging ein niedriges GGew mit einem signifikant verminderten Risiko für Übergewicht im 
späteren Leben einher.  
In einem hier neu etablierten, ’genuinen’ Tiermodell für das ’small-baby-syndrome’ kam es bei 
adulten Ratten mit einem verminderten GGew nur dann zu einer Disposition für diabetogene 
Stoffwechselstörungen und Hyperphagie, wenn sie einer neonatalen Überernährung ausgesetzt 
waren. Genexpressionsanalysen in Einzelneuronen des Nucleus arcuatus hypothalami (ARC), 
die mit Hilfe einer hier ebenfalls neu etablierten Methodenkombination aus Lasermikrodissektion 
und quantitativer real-time PCR durchgeführt wurden, ergaben eine nahezu unveränderte 
Expression orexigener Neuropeptide im Vergleich zu den Kontrolltieren, trotz ausgeprägter 
Hyperleptinämie und Hyperinsulinämie. Die Expression des anorexigenen Proopiomelanocortins 
(POMC) war dagegen, sogar unter Bezug auf die regulierenden peripheren Sättigungssignale 
Leptin und Insulin, signifikant vermindert, was für eine neonatal erworbene Fehlprogrammierung 
des anorexigenen POMC-Systems infolge frühpostnataler Überernährung spricht.  
Zusammenfassend zeigen diese Untersuchungen, dass ein zu hohes GGew einen 
unabhängigen Risikofaktor für späteres Übergewicht darstellt, während es keine Hinweise darauf 
gibt, dass dies auch nach vermindertem GGew der Fall ist, wie in der Hypothese des ’small-
baby-syndrome’ ursprünglich postuliert. Allerdings scheint, auch bei Kindern mit einem 
verminderten GGew, neonatale Überernährung einen Risikofaktor für die Entwicklung von 
Übergewicht und diabetogenen Stoffwechselstörungen im späteren Leben darzustellen. Somit 
erweisen sich sowohl die Prä- als auch die Neonatalphase als kritische Zeitfenster, in denen das 
Risiko für spätere Krankheiten im Sinne des metabolischen Syndroms geprägt wird und folglich 
einer primärpräventiven Intervention zugänglich sein dürfte. 
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1.2 Einleitung und Zielstellung 
Mit einer für das Jahr 2030 vorhergesagten Prävalenz von 58% in der erwachsenen 

Weltbevölkerung gehören Übergewicht und Adipositas schon heutzutage zu den größten 

Gesundheitsproblemen weltweit [Kelly et al. 2008]. Bedingt durch ihre konsekutiven diabetischen 

und kardiovaskulären Erkrankungen stellen sie eine immense medizinische wie auch 

gesundheitspolitische Herausforderung dar [Haslam und James 2005, Hossain et al. 2007, Knoll 

und Hauner 2008, Scully 2012]. Um die geradezu epidemieartige Ausbreitung einzudämmen, ist 

es dringend erforderlich, frühzeitig erfassbare Risikofaktoren aufzudecken, um damit das 

Augenmerk zunehmend auf Maßnahmen einer Primärprävention richten zu können.   

In den frühen neunziger Jahren wiesen die Arbeitsgruppen um Hales und Barker erstmals auf 

einen Zusammenhang zwischen vermindertem Geburtsgewicht und einem erhöhten Risiko für 

spätere kardiovaskuläre Erkrankungen, Typ 2 Diabetes und die Entwicklung von Symptomen 

des metabolischen Syndroms hin [Barker et al. 1989 und 1993, Hales und Barker 1992]. Sie 

postulierten, dass es sich bei diesem, auch als ’small-baby-syndrome’ bekannt gewordenen 

Zusammenhang, vor allem um die Folgen einer pränatalen Unterernährung handelt [Hales und 

Barker 1992 und 2001]. Die zugrundeliegenden pathophysiologischen Mechanismen sind bis 

heute ungeklärt. Im Zusammenhang mit dem ’small-baby-syndrome’ ist bisher ebenso unklar, ob 

demzufolge auch eine inverse Beziehung zwischen dem Geburtsgewicht und dem späteren 

Risiko für die Entwicklung von Übergewicht besteht, welches im Symptomenkomplex des 

metabolischen Syndroms den entscheidenden pathophysiologischen Risikofaktor darstellt 

[Cameron et al. 2008, Eckel et al. 2010]. Bisher existierte in der internationalen Literatur keine 

umfassende Datensynthese zu dieser Fragestellung. 

Demgegenüber stehen Ergebnisse einer Reihe von epidemiologischen Studien, die berichten, 

dass nicht nur ein geringes, sondern auch ein hohes Geburtsgewicht infolge pränataler 

Überernährung einen Risikofaktor für die spätere Entwicklung von Krankheiten darstellt. So 

konnten Metaanalysen zeigen, dass sowohl zu niedriges als auch zu hohes Geburtsgewicht mit 

einem erhöhten Risiko für Typ 2 Diabetes und Hypertonie im späteren Leben assoziiert sind 

[Gamborg et al. 2007, Harder et al. 2007a, Huxley et al. 2002].  

Für den Effekt des verminderten Geburtsgewichtes auf spätere Krankheitsrisiken wird seit 

langem von unserer Arbeitsgruppe, wie auch zunehmend international, einer gesteigerten 

neonatalen Gewichtszunahme im Sinne eines ’rapid neonatal weight gain’ infolge neonataler 

Überernährung maßgebliche Bedeutung beigemessen [Dörner und Plagemann 1994, Eriksson 

et al. 1999, Schellong et al. 2008, Singhal et al. 2007]. Tierexperimentelle Untersuchungen 

unserer Arbeitsgruppe zeigen, dass ein fetaler und/oder neonataler Hyperinsulinismus infolge 

einer fetalen und/oder neonatalen Überernährung zu einer dauerhaften hypothalamischen 

Fehlregulation von Neuropeptiden führen kann, welche an der zentralnervösen Regulation von 

Nahrungsaufnahme, Stoffwechsel und Körpergewicht maßgeblich beteiligt sind. Die Folge ist 
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eine dauerhaft erhöhte Disposition für Übergewicht, Diabetes und konsekutive Erkrankungen 

[Plagemann 2008, Plagemann et al. 1999a, 1999b, 2009 und 2012b, Schellong et al. 2008 und 

2009]. Der mögliche Einfluss einer neonatalen Überernährung bei Tieren mit einem ’genuin’ 

verminderten Geburtsgewicht auf das spätere Übergewichts- und Diabetesrisiko wurde 

tierexperimentell im Langzeitversuch bislang nicht untersucht.  

Nahrungsaufnahme und Körpergewicht werden vornehmlich im Nucleus arcuatus hypothalami 

(ARC), einem Kerngebiet des Hypothalamus, durch orexigene, also die Nahrungsaufnahme 

stimulierende (z.B. Neuropeptid Y, NPY) bzw. anorexigene, die Nahrungsaufnahme hemmende 

(z.B. Proopiomelanocortin, POMC) Neuropeptide reguliert. Während in der internationalen 

Literatur Konsens darüber besteht, dass es unter Nahrungskarenz im Tiermodell der Ratte zu 

einer hypothalamischen Up-Regulation orexigener Neuropeptide kommt [Ahima et al. 1999, 

Bi et al. 2003, Dallman et al. 1999, Palou et al. 2009, Pritchard et al. 2003], ist die Befundlage 

bezüglich der Regulation des entscheidenden anorexigenen Neuropeptids POMC im 

Fastenzustand bislang uneindeutig [Ahima et al. 1999, Bi et al. 2003, Dallman et al. 1999, Palou 

et al. 2009, Pritchard et al. 2003]. Ursachen dafür könnten in der neuromorphologischen 

Spezifität des Untersuchungsmaterials und/oder in der Sensitivität der angewandten Methodik 

liegen. Um jedoch eindeutige Aussagen hinsichtlich neuropeptiderger Regelmechanismen im 

Rahmen der Hunger- und Sättigungsregulation, gerade auch innerhalb hochsensibler 

Thematiken, wie bspw. der des ’small-baby-syndroms’, treffen zu können, ist die Verwendung 

hochsensitiver und gleichzeitig hochspezifischer Untersuchungsmethoden eine 

Grundvoraussetzung.  

 

Für die vorliegende Promotionsarbeit ergaben sich somit folgende Zielstellungen: 

1. Epidemiologische Untersuchungen zum Zusammenhang zwischen dem Geburts-
gewicht und dem späteren Übergewichtsrisiko. 
Im epidemiologischen Teil dieser Promotionsarbeit sollte in einem systematischen Review und 

einer Metaanalyse untersucht werden, ob der laut ’small-baby-syndrome’-Hypothese postulierte 

inverse Zusammenhang zwischen dem Geburtsgewicht und dem Risiko für die Entwicklung von 

Übergewicht im späteren Leben tatsächlich besteht [Schellong et al. 2012]. 

2. Methodenetablierung zur Lasermikrodissektion und Neuropeptidexpression. 
In Vorbereitung einer tierexperimentellen Langzeitstudie zum ’small-baby-syndrome’ sollte 

zunächst eine Methodenkombination aus Lasermikrodissektion (LMD) und quantitativer real-time 

PCR etabliert werden, um hochsensitive Genexpressionsanalysen in neuromorphologisch 

spezifischem Probenmaterial durchführen zu können. Hierzu sollten im Tiermodell der Ratte die 

Auswirkungen einer Nahrungskarenz und anschließender peripherer Glukosegabe auf die 

Genexpression orexigener und anorexigener Neuropeptide im ARC untersucht werden 

[Landmann, Schellong et al. 2012].  
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3. Tierexperimentelle Langzeitstudie zum ’small-baby-syndrome’. 
In einem tierexperimentellen Langzeitversuch sollte mit Hilfe eines neu etablierten, ’genuinen’ 

Tiermodells für das ’small-baby-syndrome’ untersucht werden, inwieweit bei Ratten mit einem 

verminderten Geburtsgewicht eine vermehrte neonatale Gewichtszunahme infolge neonataler 

Überernährung einen Einfluss auf das spätere Übergewichts- und Diabetesrisiko hat. Dabei 

sollte auch die Futteraufnahme der Tiere im adulten Alter untersucht werden. Auf 

molekularbiologischer Ebene sollten mittels der zuvor etablierten LMD-basierten 

Genexpressionsanalyse in Einzelneuronen des ARC Neuropeptid-Expressionsmuster 

charakterisiert werden, die in die hypothalamische Regulation von Nahrungsaufnahme, 

Körpergewicht und Stoffwechsel entscheidend involviert sind, um mögliche Pathomechanismen 

aufzudecken, die dem ’small-baby-syndrome’ zugrunde liegen könnten [Schellong et al. 2013]. 

 
1.3  Methodik 
1.3.1 Epidemiologische Untersuchungen 
Mit Hilfe eines systematischen Reviews und einer Metaanalyse der bis dato publizierten Literatur 

untersuchten wir, ob tatsächlich ein Zusammenhang zwischen dem Geburtsgewicht und dem 

Risiko für die Entwicklung von Übergewicht im späteren Leben besteht [Schellong et al. 2012]. 

Die Durchführung des systematischen Reviews und der Metaanalyse erfolgte in 

Übereinstimmung mit den Vorgaben des PRISMA Statement (Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses) für systematische Übersichten und Metaanalysen 

[Moher et al. 2009]. In Erweiterung eines früheren systematischen Reviews unserer 

Arbeitsgruppe [Harder et al. 2007b] wurde eine umfangreiche Literaturrecherche in den 

Datenbanken MEDLINE und Embase (1966 - Januar 2011) mit den Suchbegriffen “birth weight“, 

“overweight“, “obesity“ und “adiposity“ durchgeführt, um alle relevanten Studien zu erfassen, die 

den o.g. Zusammenhang untersucht haben. Eingeschlossen wurden alle als Originalarbeit 

publizierten Studien, in denen bei den Studienteilnehmern Angaben zum Geburtsgewicht in 

mindestens zwei Kategorien gemacht wurden, oder Studien, in denen eine Odds Ratio (OR) mit 

95% Konfidenzintervall (95% CI) für Übergewicht pro Einheit Geburtsgewicht berichtet wurde 

und die mindestens eine Angabe zum Anteil übergewichtiger Probanden in mindestens einem 

Lebensalter enthielten.  

Aus den extrahierten Daten wurden zunächst mit einem dichotomen Ansatz gepoolte 

Effektschätzer berechnet. Dabei wurde eine gepoolte Odds Ratio und das dazugehörige 95% CI 

für Übergewicht nach niedrigem Geburtsgewicht (< 2500 g) im Vergleich zum darüber liegenden 

Geburtsgewicht (> 2500 g) bzw. im Vergleich zu einem normalen Geburtsgewicht (2500 bis 

4000 g = Referenzkategorie) berechnet. Anschließend wurde dieses Verfahren für hohes 

Geburtsgewicht (> 4000 g) wiederholt. 
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Um eine etwaige Heterogenität zwischen den Studienergebnissen zu beurteilen, wurde der 

Cochrane-Q-Test genutzt. Der Grad der Heterogenität wurde nach Higgins als I2 bestimmt 

[Higgins et al. 2003]. Bei Vorliegen von Heterogenität erfolgte die Berechnung der gepoolten 

Effektschätzer aus den Effektschätzern der Einzelstudien mit dem ’random effects model’, 

welches die Variabilität zwischen den Studien berücksichtigt und in der Regel zu einer 

konservativeren Schätzung führt. Die Ergebnisse wurden in Form von ’forest plots’ graphisch 

dargestellt. Um mögliche Ursachen für Heterogenität zu identifizieren und um die Stabilität der 

gepoolten Schätzer zu überprüfen, wurden Sensitivitätsanalysen durchgeführt. Für bestimmte 

Merkmale, wie z.B. Studiendesign oder Klassifikationskriterien für Übergewicht, wurden 

gesonderte Analysen vorgenommen und separate Odds Ratios berechnet. Das mögliche 

Vorliegen von ’publication bias’ wurde zunächst graphisch mit Hilfe eines ’funnel plots’ geprüft, in 

dem die Effektschätzer der einzelnen Studien gegen deren Standardfehler aufgetragen wurden. 

Die formale Überprüfung einer ’funnel plot’ Asymmetrie erfolgte mittels linearer 

Regressionsanalyse mit dem Egger Test [Egger et al. 1997] und mit dem Rangkorrelationstest 

nach Begg [Begg und Mazumdar 1994]. 

Zur Beschreibung der Form des kontinuierlichen Zusammenhanges zwischen dem 

Geburtsgewicht und dem späteren Übergewichtsrisiko verwendeten wir die Methode der 

Metaregression [Berlin et al. 1993].  

Abschließend führten wir eine separate Analyse mit denjenigen Studien durch, die confounder-

adjustierte Schätzer berichtet haben, um zu überprüfen, ob die Stärke des beobachteten 

Zusammenhanges durch Störgrößen (confounder) beeinflusst wird.  

 

1.3.2 Methodenetablierung zur Lasermikrodissektion und Neuropeptidexpression 
In Vorbereitung einer tierexperimentellen Langzeitstudie zum ’small-baby-syndrome’ sollte 

zunächst eine molekularbiologische Methodenkombination etabliert werden, welche in 

neuromorphologisch spezifischem Probenmaterial aus histologischen Gehirnschnitten eine 

präzise Genexpressionsanalyse von Neuropeptiden erlaubt, die in die Hunger- und 

Sättigungsregulation involviert sind. Deshalb erfolgte die Etablierung der Methode der LMD zur 

Präparation von Einzelneuronen aus dem ARC und anschließender mRNA-Expressionsanalyse 

mittels quantitativer real-time PCR unter definierten Experimentalbedingungen am Tiermodell der 

Ratte, indem adulte Tiere einer Nahrungskarenz ausgesetzt wurden [Landmann, Schellong et al. 

2012]. Hierzu wurde eine Versuchsgruppe ad libitum gefüttert, während eine zweite Gruppe 

einer 12-stündigen Nahrungskarenz ausgesetzt wurde. Einer dritten Gruppe wurde nach einer 

ebenfalls 12-stündigen Nahrungskarenz eine 20%ige Glukoselösung (1,5 g Glukose/kg 

Körpergewicht) intraperitoneal appliziert. Dreißig Minuten nach Glukoseapplikation erfolgte die 

Tötung aller Tiere durch rasche Dekapitation. Aus dem gewonnenen Trunkalblut wurden 

Blutglukose (Glukoseoxidase-Peroxidase-Methode, Dr. Lange GmbH), Plasmainsulin (Insulin 
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Radioimmunoassay (RIA) Kit, Adaltis) und Plasmaleptin (Rattenleptin RIA Kit, Linco) bestimmt. 

Die Gehirne wurden zügig entnommen und mit Hilfe von tiefgekühltem Isopentan eingefroren. In 

einem Kryostat wurden im Bereich des Hypothalamus 10 µm dicke koronare Gefrierschnitte in 

Serie gefertigt, mittels Kresylviolett übersichtsgefärbt und anschließend der LMD zugeführt. Über 

die gesamte rostro-kaudale Ausdehnung des ARC, entsprechend den Koordinaten im 

Rattengehirn-Atlas nach Paxinos und Watson [Paxinos und Watson 1986], wurden unter 

Verwendung des AS/LMD-Gerätes von Leica (Leica Microsystems CMS GmbH) Proben 

gewonnen. Dabei wurde in folgender Weise verfahren: Auf der linken Seite des Hypothalamus 

wurde der ARC als zusammenhängender Zellverband isoliert. Anschließend wurden im selben 

Schnitt von der kontralateralen Seite des ARC Einzelneuronen isoliert und zu insgesamt 100 

Neuronen je Probe (Tier) gepoolt.  

Aus den isolierten Einzelneuronen bzw. Zellverbänden des ARC wurde anschließend mit 

kommerziellen Kits die RNA isoliert, in cDNA umgeschrieben und anschließend in der 

quantitativen real-time PCR (Applied Biosystems 7500) amplifiziert. Die Analyse der 

Neuropeptide Agouti-related Peptide (AGRP) und POMC, mit beta Actin als Referenzgen, 

erfolgte als Duplex-PCR in Triplikaten [Plagemann et al. 2010]. Es wurden ausschließlich 

kommerzielle, für das Zielgen spezifische, intronüberspannende Primer und Sonden der Firma 

Applied Biosystems verwendet, um eine Vervielfältigung genomischer DNA zu vermeiden. Die 

Berechnung der relativen Genexpression erfolgte mittels relativer Quantifizierung in Anlehnung 

an die 2-ΔCt-Methode unter Berücksichtigung der jeweiligen PCR-Effizienzen und durch 

Normalisierung auf das Referenzgen beta Actin [Schmittgen und Livak 2008].  

 

1.3.3 Tierexperimentelle Langzeitstudie 
Um die Auswirkungen einer neonatalen Überernährung bei Ratten mit einem verminderten 

Geburtsgewicht im Langzeitversuch zu untersuchen, etablierten wir ein neues, ’genuines’ 

Tiermodell für das ’small-baby-syndrome’ [Neitzke et al. 2011, Schellong et al. 2013]. In 

Anlehnung an klinische Kriterien definierten wir neugeborene Ratten normaler Rattenmütter als 

’small-for-gestational-age’ (SGA), wenn ihr Geburtsgewicht unterhalb der Untergrenze des 

95% CI des mittleren Geburtsgewichts gleichgeschlechtlicher Tiere des zugehörigen Wurfes lag. 

Tiere, deren Geburtsgewicht innerhalb der Grenzen des 95% CI des Geburtsgewichts 

gleichgeschlechtlicher Tiere des zugehörigen Wurfes lag, wurden für ’appropriate-for-gestational-

age’ (AGA) erklärt. So definierte Tiere wurden bis zum 21. Lebenstag (LT) durch Aufzucht in 

normalen Würfen (’Nestern’) mit 12 Nachkommen pro Mutter normal ernährt (SGA-in-NW) oder 

in kleinen Würfen (’Nestern’) mit nur 3 Tieren überernährt (SGA-in-KW). Als Kontrolltiere galten 

bei Geburt normalgewichtige Tiere in normalen Würfen (AGA-in-NW). Nach dem Absetzen von 

der Mutter (21. LT) fand die Aufzucht aller Tiere in randomisierter Gruppenhaltung bis in das 

hohe adulte Alter statt. Es wurden in regelmäßigen Abständen Körpergewicht und Körperlänge 
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bestimmt und das relative Körpergewicht berechnet. Nach Tötung der Tiere am 560. LT erfolgte 

die Bestimmung des Körperfettanteils mit Hilfe des Soxhlet-Verfahrens [Plagemann et al. 2009].  

 

1.3.3.1   Metabolische Parameter 
Aus dem Nüchternblut bzw. aus dem bei Dekapitation gewonnenen Trunkalblut wurden 

Blutglukose (Glukoseoxidase-Peroxidase-Methode, Dr. Lange GmbH), Plasmainsulin (Insulin 

RIA Kit, Adaltis) und Plasmaleptin (Rattenleptin RIA Kit, Linco) bestimmt. Die Insulin/Blutglukose-

Ratio (IRI/BG-Ratio) wurde berechnet, um Hinweise auf eine mögliche Insulinresistenz zu 

erhalten [Griffin et al. 1998, Harder et al. 2001].  

Für die Durchführung von Glukosetoleranztests (GTT) am 130. und 530. LT wurden die Tiere 

zunächst einer 16-stündigen Nahrungskarenz ausgesetzt. Nach Nüchternblutentnahme und 

intraperitonealer Applikation einer 20%igen Glukoselösung (1,5 g Glukose/kg Körpergewicht) 

wurde nach 15, 30 und 90 Minuten die Blutglukose bestimmt und anschließend die Fläche unter 

der Glukosekurve (engl. area under the curve of glucose, AUCG) berechnet.  

 

1.3.3.2   Nahrungsaufnahme 
Im adulten Alter von 470 bis 560 Lebenstagen wurde die Futteraufnahme der Tiere erfasst. Dazu 

wurde zunächst über einen Zeitraum von 30 Tagen die tägliche Futteraufnahme einer 

Standarddiät (ssniff, V1534-0; umsetzbare Energie: 3,1 kcal/g) bestimmt und anschließend über 

einen Zeitraum von 60 Tagen die tägliche Aufnahme einer hyperkalorischen Hochfettdiät (high-

energy/high-fat (HE/HF)-Diät; Sonderdiät, Altromin 132006; umsetzbare Energie: 4,1 kcal/g). Die 

Tiere erhielten Futter und Trinkwasser ad libitum. 

 

1.3.3.3   Hypothalamische Neuropeptidexpression 
Bei Tötung am 560. LT wurden die Gehirne von Versuchs- und Kontrolltieren zügig entnommen 

und mit Hilfe von tiefgekühltem Isopentan eingefroren. In einem Kryostat wurden im Bereich des 

Hypothalamus 10 µm dicke koronare Gefrierschnitte in Serie gefertigt, mittels Kresylviolett 

übersichtsgefärbt und anschließend der zuvor etablierten LMD zugeführt (siehe 1.3.2). Über die 

gesamte rostro-kaudale Ausdehnung des ARC wurden in zufälliger Reihenfolge Einzelneuronen 

isoliert und zu insgesamt 100 Neuronen je Probe (Tier) gepoolt.  

Mit Hilfe kommerzieller Kits wurde aus den isolierten Einzelneuronen des ARC die RNA isoliert, 

in cDNA umgeschrieben und anschließend mittels quantitativer real-time PCR amplifiziert. Die 

Analyse der Neuropeptide NPY, AGRP, Galanin (GAL) und POMC, mit beta Actin als 

Referenzgen, erfolgte als Duplex-PCR in Triplikaten [Plagemann et al. 2010]. Zur Durchführung 

und Auswertung der Genexpressionsanalysen siehe Kapitel 1.3.2. 
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1.3.4  Statistik 
Alle Analysen im Rahmen der Metaanalyse erfolgten unter Verwendung des Softwarepaketes 

STATA 11.0 (Stata Corp., College Station, TX, USA).  

Aus den Daten der tierexperimentellen Untersuchungen wurden Gruppen-Mittelwerte (MW), die 

dazugehörige Standardabweichung (SD) bzw. der Standardfehler des Mittelwertes (SEM) 

berechnet. Mittelwertvergleiche zwischen zwei Gruppen erfolgten mittels U-Test nach Mann und 

Whitney. Der Vergleich der Daten von mehr als zwei Gruppen erfolgte mit der einfachen 

Varianzanalyse (Analysis of Variance, ANOVA) und anschließendem Tukey’s HSD post-hoc-

Test. Zusammenhänge zwischen Variablen wurden mit dem Spearman-Rangkorrelationstest 

untersucht. Das Signifikanzniveau wurde auf p<0,05 festgelegt. Alle statistischen Analysen 

wurden mit SPSS (Version 19.0) bzw. GraphPad Prism (Version 4.03) durchgeführt.  

 
1.4  Ergebnisse 
Im Folgenden sind die Kernbefunde der dieser Promotionsarbeit zugrundeliegenden drei 

Publikationen umrissen (siehe Kapitel 4 ’Druckexemplare’). Auf Originalabbildungen der 

jeweiligen Publikationen wird an entsprechender Stelle verwiesen.  

 

1.4.1 Epidemiologische Untersuchungen zum Zusammenhang zwischen Geburtsgewicht 
und späterem Übergewichtsrisiko 

Von insgesamt 3.513 potentiell für unsere Fragestellung relevanten Studien gingen 108 Studien 

in den systematischen Review ein, die 1.485.561 Studienteilnehmer im Alter von 6 Monaten bis 

79 Jahren umfassten. 94 der 108 Studien (87%) beschrieben einen positiven Zusammenhang 

zwischen dem Geburtsgewicht und dem späteren Übergewichtsrisiko. 6 Studien (5,6%) 

beobachteten einen U-förmigen Zusammenhang, d.h., dass sowohl ein geringes als auch ein 

hohes Geburtsgewicht einen Risikofaktor für späteres Übergewicht darstellten. In 7 Studien 

(6,5%) konnte kein Zusammenhang zwischen dem Geburtsgewicht und dem späteren Risiko für 

Übergewicht beobachtet werden. Nur eine Studie (0,9%) berichtete einen inversen Zusammen-

hang zwischen dem Geburtsgewicht und dem späteren Übergewichtsrisiko (Abb. 1).  

Von den Studien des systematischen Reviews konnten aus methodischen Gründen 42 Studien 

nicht in die Metaanalyse eingeschlossen werden, weil bspw. die genaue Definition der 

Geburtsgewichtsperzentilen fehlte oder die in den Studien berichteten Daten für eine quantitative 

Analyse nicht ausreichend waren. Somit gingen insgesamt 66 Studien in die Metaanalyse ein, 58 

Kohortenstudien und 8 Fall-Kontroll-Studien, die 643.902 Studienteilnehmer auf 6 Kontinenten 

im Alter von 1-75 Jahren umfassten. Hiervon berichteten 59 Studien (89,4%) einen positiven 

Zusammenhang zwischen dem Geburtsgewicht und dem späteren Übergewichtsrisiko. 3 Studien 

(4,5%) zeigten einen U-förmigen Zusammenhang. In 4 Studien (6,1%) konnte kein 

Zusammenhang nachgewiesen werden. In keiner der Studien wurde ein inverser 

Zusammenhang zwischen dem Geburtsgewicht und dem späteren Übergewichtsrisiko 

beschrieben.  
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Abb. 1: Zusammenhang zwischen Geburtsgewicht und späterem Übergewichtsrisiko. 
Systematischer Review der publizierten Literatur (1966 – Januar 2011) zum Zusammenhang zwischen 
dem Geburtsgewicht und dem späterem Übergewichtsrisiko [Schellong et al. 2012]. Angabe der 
Studienanzahl für den jeweiligen Zusammenhang in Prozent, basierend auf 108 Studien aus 30 Ländern 
auf 6 Kontinenten.  
 

Der dichotome Vergleich ergab, dass ein niedriges Geburtsgewicht (< 2500 g), verglichen mit 

einem Geburtsgewicht > 2500 g, mit einem verminderten Risiko für späteres Übergewicht 

assoziiert ist (OR=0,67; 95% CI: 0,59-0,76), ebenso wie ein niedriges Geburtsgewicht 

(< 2500 g), verglichen mit einem normalen Geburtsgewicht (2500-4000 g) (OR=0,73; 

95% CI: 0,63-0,84). Ein hohes Geburtsgewicht (> 4000 g), verglichen mit einem Geburtsgewicht 

< 4000 g, ist dagegen mit einem erhöhten Risiko für Übergewicht im späteren Leben assoziiert 

(OR=1,66; 95% CI: 1,55-1,77), ebenso wie ein hohes Geburtsgewicht (> 4000 g), verglichen mit 

einem normalen Geburtsgewicht (2500-4000 g) (OR=1,60; 95% CI: 1,45-1,77).  

Der I2 Test nach Higgins zeigte an, dass sowohl für zu niedriges Geburtsgewicht (I2=93%) als 

auch für zu hohes Geburtsgewicht (I2=81%) eine signifikante Heterogenität der 

Studienergebnisse vorlag. Die Sensitivitäts- und Subgruppenanalysen ergaben jedoch, dass die 

gepoolten Effektschätzer robust sind. Weder eine Stratifizierung nach Studiendesign oder nach 

der Methode der Geburtsgewichtserhebung gaben einen Hinweis auf ’recall bias’. Auch die 

geographische Herkunft der Studien, das Geschlecht der Studienteilnehmer oder die 

Publikationssprache hatten keinen Einfluss auf die Effektschätzer. Die Stratifizierung nach dem 

Alter ergab, dass es nach zu hohem Geburtsgewicht zu einer leichten Abschwächung des 

Übergewichtsrisikos im Laufe des Lebens kommt, jedoch im Erwachsenenalter noch immer eine 

40%ige Risikoerhöhung nachweisbar ist (OR=1,40; 95% CI: 1,23-1,59), während nach geringem 

Geburtsgewicht keine signifikante Risikoverminderung mehr zu beobachten war. In der 

Stratifizierung nach dem Klassifikationskriterium für Übergewicht zeigte sich, dass Studien, die 

nicht Body-Mass-Index (BMI)-basierte Kriterien, wie bspw. den Taillenumfang oder den Taille-

Hüft-Quotienten (engl. waist-to-hip-ratio, WHR), benutzt haben, sogar einen stärkeren 

Zusammenhang zwischen dem Geburtsgewicht und dem späteren Übergewichtsrisiko 
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beobachtet haben als Studien, die den BMI als Übergewichtskriterium benutzt hatten. Die 

’influence analysis’ ergab, dass die gepoolten Schätzer robust sind und keine der Einzelstudien 

den gepoolten Gesamtschätzer maßgeblich oder gar signifikant beeinflusst hatte.  

Tests nach Begg und Egger lieferten weder für den Zusammenhang zwischen zu niedrigem 

Geburtsgewicht und späterem Übergewichtsrisiko (p=0,80 bzw. p=0,07) noch für den zwischen 

zu hohem Geburtsgewicht und Übergewichtsrisiko (p=0,45 bzw. p=0,23) im späteren Leben 

einen Hinweis auf das Vorliegen eines ’publication bias’. Der ’funnel plot’ stellte sich symmetrisch 

dar und lieferte somit ebenfalls keinen Hinweis auf einen ’publication bias’.  

Zur Beschreibung der Form des kontinuierlichen Zusammenhangs zwischen dem 

Geburtsgewicht und dem späteren Übergewichtsrisiko verwendeten wir die Methode der 

Metaregression. Nahezu über das gesamte Geburtsgewichtsspektrum hinweg zeigte sich ein 

linear positiver Zusammenhang zwischen dem Geburtsgewicht und dem späteren 

Übergewichtsrisiko. Bei einem Geburtsgewicht von unter 1500 g konnte keine weitere 

Risikoverminderung mehr beobachtet werden.  

Für die Metaanalyse der confounder-adjustierten Daten wurden diejenigen Studien 

berücksichtigt, die adjustierte Schätzer für ein Geburtsgewicht < 2500 g und/oder > 4000 g 

berichtet haben. Während nur eine Studie einen adjustierten Schätzer für niedriges 

Geburtsgewicht angab, haben 16 der eingeschlossenen 66 Studien einen adjustierten Schätzer 

für hohes Geburtsgewicht berichtet. Der gepoolte adjustierte Schätzer für Übergewicht nach 

hohem Geburtsgewicht war ähnlich dem gepoolten Schätzer für die unadjustierten Daten 

derselben Studien mit den gleichen Referenzkategorien. Die Analyse der adjustierten Schätzer 

ergab, dass Kinder mit einem Geburtsgewicht von mehr als 4000 g in ihrem späteren Leben ein 

fast doppelt so hohes Risiko haben, übergewichtig zu werden wie normalgewichtige 

Neugeborene (OR=1,96; 95% CI: 1,43-2,67) unter Adjustierung auf Alter, Geschlecht, 

sozioökonomischen Status und elterliches Übergewicht.  

 

1.4.2 Experimentelle Etablierung der Lasermikrodissektion 
Im Experimentalansatz mit adulten Ratten führten 12 Stunden Nahrungskarenz zu einer 

deutlichen Abnahme der Leptin- und Insulinspiegel im Plasma (p<0,05), während die 

Blutglukosekonzentration nur tendenziell vermindert war. Hypoleptinämie und Hypoinsulinämie 

waren mit einer deutlich erhöhten Genexpression des orexigenen Neuropeptids AGRP im LMD-

präparierten ARC assoziiert. Das Ausmaß der AGRP-Expression korrelierte dabei positiv mit der 

neuroanatomischen Spezifität des analysierten Untersuchungsmaterials von einer um 23% 

erhöhten Expression im Zellverband zu einer um 125% gesteigerten Expression in LMD-

präparierten Einzelneuronen des ARC (jeweils p<0,05). Die Expression des anorexigenen 

Neuropeptids POMC war dagegen überraschenderweise unter Fastenbedingungen sowohl im 

Zellverband als auch in den Einzelneuronen des ARC unverändert (Abb. 2).  
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Die Applikation einer Glukoselösung führte bei Tieren, die zuvor einer Nahrungskarenz 

ausgesetzt waren, zu einem deutlichen Anstieg der Blutglukose (+137%) sowie zu einer 

deutlichen Hyperleptinämie (+608%) und Hyperinsulinämie (+544%) (alles p<0,05). 

Dementsprechend war die Expression des orexigenen AGRP im Zellverband herabreguliert und 

unterschied sich nun nicht mehr zwischen den Gruppen. In den präparierten Einzelneuronen war 

sogar eine signifikante Verminderung der AGRP-Genexpression (-50%) im Vergleich zu den 

Kontrolltieren zu beobachten. Dagegen war die Expression des anorexigenen Neuropeptids 

POMC nach Glukoseapplikation signifikant erhöht. Auch hier ließ sich mit zunehmender 

Spezifität des Untersuchungsmaterials eine deutliche Abstufung in der Expression beobachten 

(+44% im Zellverband, +128% in den Einzelneuronen; p<0,05, Abb. 2).  

 

 

 

 

 

 

 

 

 

 

 

 
Abb. 2: mRNA-Expression von Proopiomelanocortin (POMC) im Nucleus arcuatus hypothalami 
(ARC) nach 12-stündiger Nahrungskarenz und nach peripherer Glukosegabe. Präparation des ARC 
als Zellverband (Schnitt) bzw. Einzelzellpool (EZ) [Landmann, Schellong et al. 2012]. Dargestellt ist die 
relative Genexpression bezogen auf beta Actin, angegeben als MW ± SEM in Prozent der 
Kontrollgruppenwerte. Gruppenvergleich mittels Mann-Whitney U-Test: * p<0,05. 
 

1.4.3 Tierexperimentelle Langzeituntersuchungen zum ’small-baby-syndrome’ 
Körpergewicht 

SGA-Tiere, die einer neonatalen Überernährung ausgesetzt waren (SGA-in-KW), zeigten 

frühpostnatal ein rasches Aufholwachstum und unterschieden sich bereits ab dem 7. LT nicht 

mehr signifikant von den Kontrolltieren (AGA-in-NW). Dagegen holten SGA-Tiere, die neonatal 

normal ernährt wurden (SGA-in-NW), dieses Gewichtsdefizit erst bis zum 60. LT auf. Nach dem 

60. LT zeigten sich keine Unterschiede mehr zwischen den drei Gruppen, weder im 

Körpergewicht noch in der Körperlänge oder im relativen Körpergewicht. In der Analyse der 

Körperzusammensetzung bei Tötung am 560. LT ließ sich ein tendenziell erhöhter prozentualer 

Körperfettanteil nur bei den neonatal überernährten SGA-Tieren beobachten (n.s., Abb. 3).  
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Metabolische Parameter im adulten Alter 

Während des gesamten Versuchszeitraumes konnten keine signifikanten Unterschiede der 

Nüchternblutglukose zwischen den Gruppen beobachtet werden. Im adulten Alter zeigten nur die 

neonatal überernährten SGA-Tiere (SGA-in-KW) sowohl unter normaler Ernährung 

(Standarddiät) am 360. LT als auch unter hyperkalorischer Hochfettdiät am 560. LT (bei Tötung) 

erhöhte Plasmaspiegel von Insulin (p<0,05) und Leptin (p<0,05 am 560. LT) sowie eine erhöhte 

Insulin/Blutglukose-Ratio (p<0,05) im Vergleich zu den Kontrolltieren (Abb. 3). 

Nach intraperitonealer Glukosegabe im jungen adulten Alter (130. LT) zeigten neonatal 

überernährte SGA-Tiere (SGA-in-KW) eine signifikante Erhöhung der Blutglukose nach 

90 Minuten (p<0,05), während die AUCG jedoch nicht signifikant erhöht war. Der GTT im hohen 

adulten Alter (530. LT) ergab keine signifikanten Unterschiede zwischen den Gruppen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Abb. 3: Kernbefunde der tierexperimentellen Untersuchungen zum ’small-baby-syndrome’ im 
adulten Alter. Dargestellt sind der Körperfettanteil am 560. LT, die Aufnahme von high-energy/high-fat-
Diät im Zeitraum vom 500. bis 560. LT, die Insulin/Blutglukose-Ratio sowie der POMC-mRNA/Insulin-
Quotient am 560. LT [Schellong et al. 2013]. Vergleich von Tieren mit normalem Geburtsgewicht in 
normalen Würfen (AGA-in-NW, weiße Säulen) mit Tieren, die ein vermindertes Geburtsgewicht aufwiesen 
und in normalen Würfen (SGA-in-NW, graue Säulen) bzw. kleinen Würfen (SGA-in-KW, schwarze Säulen) 
aufgezogen wurden. MW ± SEM, dargestellt in Prozent der Kontrollgruppenwerte. Gruppenvergleich 
mittels ANOVA und Tukeys HSD post-hoc-Analyse: * p<0,05. 
 

Futteraufnahme im adulten Alter 

In den Untersuchungen zur Futteraufnahme im adulten Alter zeigte sich vom 470. bis zum 

500. LT eine signifikant verminderte Aufnahme von Standarddiät bei den neonatal normal 

ernährten SGA-Tieren (SGA-in-NW) sowohl im Vergleich zu den neonatal überernährten SGA-

Tieren (SGA-in-KW; p<0,05) als auch im Vergleich zu den Kontrolltieren (AGA-in-NW; p<0,01). 
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SGA-in-NW-Tiere nahmen vom 500. bis 560. LT gleiche Mengen der hochkalorischen HE/HF-

Diät auf wie AGA-in-NW-Tiere, während neonatal überernährte SGA-Tiere eine signifikant 

erhöhte Aufnahme von HE/HF-Diät zeigten (p<0,01, Abb. 3). Über den gesamten 

Beobachtungszeitraum vom 470. bis 560. LT zeigten die neonatal überernährten SGA-Tiere eine 

signifikant erhöhte Futter- und somit Energieaufnahme (p<0,05), wobei die mittlere tägliche 

Gesamtenergieaufnahme positiv mit dem prozentualen Körperfettgehalt der Tiere am 560. LT 

korrelierte (r=0,24; p<0,05).  
 

Neuropeptidexpression im Nucleus arcuatus hypothalami (ARC) 

In der Analyse der Neuropeptid-mRNA-Expression in Einzelneuronen des ARC am 560. LT 

konnten keine signifikanten Unterschiede zwischen den Gruppen festgestellt werden. Allerdings 

spiegelte sich bei den neonatal überernährten SGA-Tieren die signifikant erhöhte 

Nahrungsaufnahme vom 470. bis 560. LT in einer tendenziell verminderten POMC-Expression 

und einem Trend zu einer erhöhten Expression des orexigenen NPY im Vergleich zu den 

Kontrolltieren wider. SGA-Tiere, die neonatal normal ernährt wurden, zeigten dagegen sogar 

eine tendenziell verminderte Expression der orexigenen Neuropeptide NPY, AGRP und Galanin.  

Da die hypothalamische Expression der Neuropeptide entscheidend von den im Blut 

zirkulierenden Sättigungssignalen abhängig ist [Schwartz et al. 1997, Woods et al. 2008], wurde 

ein Quotient aus der mRNA-Expression des jeweiligen Neuropeptids und den Plasmaspiegeln 

von Leptin bzw. Insulin gebildet [Plagemann et al. 2009]. Dabei zeigte sich eine signifikante 

Reduktion des POMC-mRNA/Insulin-Quotienten (p<0,05, Abb. 3) und eine tendenzielle 

Verminderung des POMC-mRNA/Leptin-Quotienten bei den neonatal überernährten SGA-Tieren 

(SGA-in-KW) gegenüber den Kontrolltieren. Bei den neonatal normal ernährten SGA-Tieren 

(SGA-in-NW) blieb auch unter Bezug auf die peripheren Sättigungssignale der Trend zu einer 

Down-Regulation der orexigenen Neuropeptide bestehen, was sich u.a. in einem signifikant 

verminderten AGRP-mRNA/Leptin-Quotienten zeigte (p<0,05). 

Da die Regulation der Nahrungsaufnahme zudem ein Zusammenspiel orexigen und anorexigen 

wirkender Neuropeptide darstellt, führten wir hier erstmals die Berechnung eines Quotienten aus 

orexigener (NPY, AGRP, GAL) pro anorexigener (POMC) mRNA-Expression ein [Schellong 

et al. 2013]. Man erhält somit einen Netto-Indikator als integrativen Parameter der 

neuropeptidergen Sättigungsregulation. Neonatal überernährte SGA-Tiere wiesen dabei einen 

nahezu doppelt so hohen NPY/POMC-Quotienten auf sowohl im Vergleich zu SGA-in-NW-Tieren 

als auch im Vergleich zu den Kontrolltieren (p<0,05), der zudem positiv mit der Futteraufnahme 

korrelierte (r=0,64, p<0,01). Ebenfalls signifikant erhöht war der GAL/POMC-Quotient bei den 

neonatal überernährten SGA-Tieren im Vergleich zu den SGA-in-NW-Tieren (p<0,05). 
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1.5  Diskussion 
Ausgehend von der zentralen Bedeutung von Übergewicht und Adipositas im Symptomen-

komplex des metabolischen Syndroms [Cameron et al. 2008, Eckel et al. 2010] und unter 

Zugrundelegung der Hypothese des ’small-baby-syndrome’ müsste das erhöhte Risiko für die 

Entwicklung eines metabolischen Syndroms bei untergewichtigen Neugeborenen maßgeblich 

über ein vermehrtes Auftreten von Übergewicht bzw. Adipositas im Kindes- bzw. Erwachsen-

enalter vermittelt werden. Dazu untersuchten wir im epidemiologischen Teil dieser Arbeit mit 

Hilfe einer Metaanalyse der bis dato publizierten Literatur, ob tatsächlich ein Zusammenhang 

zwischen dem Geburtsgewicht und dem Risiko für die Entwicklung von Übergewicht im späteren 

Leben besteht [Schellong et al. 2012]. Über nahezu das gesamte Geburtsgewichtsspektrum 

hinweg zeigte sich ein linear positiver Zusammenhang zwischen dem Geburtsgewicht und dem 

späteren Übergewichtsrisiko. Kinder, deren Geburtsgewicht über 4000 g lag, hatten ein nahezu 

verdoppeltes Übergewichtsrisiko im späteren Leben, unabhängig vom Geschlecht, dem Alter, 

dem sozioökonomischen Status und dem parentalen BMI. Dagegen stellte ein vermindertes 

Geburtsgewicht (< 2500 g) keinen Risikofaktor für Übergewicht im späteren Leben dar, wie in 

der Hypothese zum ’small-baby-syndrome’ ursprünglich postuliert. Die vorliegende Metaanalyse 

ist mit 66 eingeschlossenen Studien, die mehr als 640.000 Studienteilnehmer aller Altersgruppen 

enthielten, die bisher umfassendste, globale Datensynthese zu diesem Thema. Andere 

Metaanalysen, die zeitgleich mit dieser bzw. unmittelbar danach entstanden sind, kamen 

ebenfalls zu dem Ergebnis, dass ein zu hohes Geburtsgewicht mit einem erhöhten 

Übergewichtsrisiko im späteren Leben assoziiert ist [Weng et al. 2012, Yu et al. 2011, Zhao et al. 

2012].  

An dieser Stelle sei kritisch angemerkt, dass in den meisten der in die Metaanalyse 

eingeschlossenen Studien der BMI als Klassifikationskriterium für Übergewicht/Adipositas 

verwendet worden ist. Obwohl sich die Ermittlung des BMI (kg/m2) aufgrund seiner einfachen 

Handhabung als Routineparameter zur Übergewichtsklassifikation durchgesetzt hat, ist er für 

eine Risikoabschätzung übergewichtsassoziierter Morbiditäten, wie bspw. kardiovaskuläre 

Erkrankungen, aufgrund der Außerachtlassung des Muskel-Fett-Verhältnisses nur bedingt 

geeignet [Lee et al. 2008]. In zukünftigen Studien sollten daher Parameter gewählt werden, die 

eine Aussage über das Fettverteilungsmuster erlauben, wie etwa die WHR oder der 

Taillenumfang [Lee et al. 2008]. In einer Subgruppenanalyse von Studien, die nicht BMI-basierte 

Kriterien, wie bspw. die WHR oder den Taillenumfang, als Übergewichtskriterium benutzt haben, 

zeigte sich hier allerdings sogar ein stärkerer Zusammenhang zwischen dem Geburtsgewicht 

und dem späteren Übergewichtsrisiko als in Studien, die den BMI verwendet hatten, was 

einerseits die Rolle der WHR bzw. des Taillenumfangs als bessere Prädiktoren hervorhebt [Lee 

et al. 2008], andererseits die pathophysiologische Validität der hier gewonnenen Ergebnisse 

unterstreicht. 
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In den letzten Jahren wurde für den Effekt des verminderten Geburtsgewichtes auf spätere 

Krankheitsrisiken zunehmend die Rolle eines schnellen Aufholwachstums im Sinne eines ’rapid 

neonatal weight gain’ anerkannt, wie von unserer Arbeitsgruppe seit langem postuliert [Dörner 

und Plagemann 1994]. So haben viele epidemiologische Studien gezeigt, dass eine rasche 

Gewichtszunahme bei Neugeborenen mit einem verminderten Geburtsgewicht einen Risikofaktor 

für die spätere Entwicklung von Adipositas, erhöhtem Körperfettanteil, gestörter Glukosetoleranz 

und kardiovaskulären Erkrankungen darstellt [Crowther et al. 1998, Fabricius-Bjerre et al. 2011, 

Forsén et al. 1999, Ibánez et al. 2006, Ong et al. 2000]. Dieser Zusammenhang ist sogar 

unabhängig vom Geburtsgewicht nachweisbar, d.h. über das gesamte Geburtsgewichtsspektrum 

[Stettler et al. 2002, Plagemann et al. 2012a].  

In der vorliegenden Metaanalyse war eine stringente Subgruppenanalyse bezüglich der 

neonatalen Gewichtsentwicklung nicht durchführbar, da nur in 5 Originalstudien entsprechende 

Angaben gemacht worden sind, von denen wiederum nur 3 Studien adjustierte Schätzer 

beinhalteten. Keine dieser Studien berichtete allerdings ein erhöhtes Übergewichtsrisiko nach 

vermindertem Geburtsgewicht, weder in der Analyse der adjustierten noch in derjenigen der 

unadjustierten Daten. Im Gegenteil, jede dieser Studien zeigte eine positive Assoziation 

zwischen dem Geburtsgewicht und dem späteren Übergewichtsrisiko, auch unabhängig von der 

neonatalen Gewichtszunahme.  

Als Ursache für eine gesteigerte frühkindliche Gewichtszunahme und deren Langzeitfolgen wird 

seit langem von unserer Arbeitsgruppe als auch zunehmend international einer neonatalen 

Überernährung maßgebliche Bedeutung beigemessen. Dass die frühpostnatale Überernährung 

eine entscheidende Rolle in der Entwicklung von Übergewicht, Insulinresistenz und weiteren 

Symptomen des metabolischen Syndroms darstellt, konnten unsere und weitere Arbeitsgruppen 

in zahlreichen Untersuchungen im Tiermodell zeigen. Werden bspw. normalgewichtige Ratten in 

kleinen Würfen (’Nestern’) vom 3. bis 21. Lebenstag überernährt, so zeigen diese Tiere zunächst 

eine gesteigerte frühpostnatale Gewichtszunahme und entwickeln nachfolgend eine Reihe von 

Stoffwechselstörungen wie z.B. Hyperphagie, Insulinresistenz, Hyperleptinämie sowie einen 

erhöhten Körperfettgehalt [Boullu-Ciocca et al. 2005, Hou et al. 2011, López et al. 2005, 

Plagemann et al. 1999a und 1999b]. Die Ursachen für die beschriebene Symptomatik sind auf 

molekularbiologischer Ebene zu suchen. Frühere Arbeiten unserer Arbeitsgruppe zeigen, dass 

ein neonataler Hyperinsulinismus bzw. Hyperleptinismus infolge einer frühpostnatalen 

Überernährung zu einer neuroendokrinen Fehlprogrammierung von Regulationsmechanismen 

der Nahrungsaufnahme, des Körpergewichtes und des Stoffwechsels führen kann. Bei 

normalgewichtigen neonatal überernährten Ratten war die Genexpression der orexigenen, d.h. 

die Nahrungsaufnahme stimulierenden Neuropeptide NPY und GAL im ARC trotz hoher Leptin- 

und Insulinspiegel erhöht, während die Expression des anorexigenen, d.h. die 

Nahrungsaufnahme hemmenden POMC vermindert war, was zu einer lebenslang anhaltenden 
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Hyperphagie dieser Tiere beitragen kann [Plagemann et al. 1999a und 1999b und 2009, López 

et al. 2005].  

Im tierexperimentellen Teil des Promotionsprojektes sollte deshalb mit Hilfe eines ’genuinen’, 

d.h. kausal unabhängigen, hier neu etablierten Tiermodells für das ’small-baby-syndrome’ im 

Langzeitversuch untersucht werden, inwieweit die neonatale Gewichtszunahme infolge 

neonataler Überernährung einen Einfluss auf das spätere Übergewichtsrisiko nach neonatalem 

Untergewicht hat. Hierzu wurden Ratten mit einem verminderten Geburtsgewicht vom 3. bis zum 

21. LT durch Aufzucht in normalen Würfen (’Nestern’) mit 12 Nachkommen pro Mutter normal 

ernährt oder in kleinen Würfen mit nur 3 Tieren aufgezogen, was zu einer qualitativen und 

quantitativen neonatalen Überernährung dieser Tiere führte [Babický et al. 1973, Fiorotto et al. 

1991]. Hierbei zeigte sich, dass bei Tieren mit einem verminderten Geburtsgewicht eine 

Überernährung in den ersten Lebenstagen zu einer verstärkten neonatalen Gewichtszunahme 

führte im Gegensatz zu SGA-Tieren, die neonatal normal ernährt wurden. Obwohl sich die Tiere 

im adulten Alter hinsichtlich ihres Körpergewichtes nicht mehr unterschieden, zeigten die Tiere 

mit einem verminderten Geburtsgewicht im adulten Alter eine Disposition zu diabetogenen 

Stoffwechselstörungen, jedoch nur dann, wenn sie neonatal überernährt worden waren 

[Schellong et al. 2013].  

In epidemiologischen Studien hat sich gezeigt, dass ca. 80-90% der SGA-Neugeborenen ihr 

Gewichtsdefizit innerhalb der ersten zwei Lebensjahre aufholen, während die restlichen 10-20% 

kein Aufholwachstum zeigen [Hokken-Koelega et al. 1995, Albertsson-Wikland und Karlberg 

1994]. Eben diese rasche Gewichtszunahme stellt jedoch offenbar einen Risikofaktor für die 

spätere Entwicklung einer Insulinresistenz bei Kindern mit vermindertem Geburtsgewicht dar 

[Fabricius-Bjerre et al. 2011, Ibánez et al. 2006], die auch mit einer erhöhten abdominellen 

Fettmasse assoziiert ist [Ibánez et al. 2006].  

Gemäß der ’Barker-Hypothese’ haben Neugeborene mit einem verminderten Geburtsgewicht per 

se ein erhöhtes Risiko, im Laufe ihres Lebens Stoffwechselstörungen im Sinne eines 

metabolischen Syndroms, wie z.B. Diabetes mellitus Typ 2 oder Hyperlipidämie, zu entwickeln 

[Barker et al. 1993]. In der vorliegenden Studie zeigten die SGA-Tiere, die neonatal normal 

ernährt wurden, jedoch zu keinem Zeitpunkt metabolische Alterationen im Sinne eines erhöhten 

diabetogenen Risikos. Dagegen zeigten SGA-Tiere, die neonatal überernährt wurden  (SGA-in-

KW), im adulten Alter eine Hyperinsulinämie und eine erhöhte Insulin/Blutglukose-Ratio als 

Hinweise auf eine Insulinresistenz. Das spricht dafür, dass die beobachteten metabolischen 

Veränderungen bei SGA-in-KW-Tieren nicht auf das verminderte Geburtsgewicht 

zurückzuführen sind, sondern ihre Ursache eher in der frühpostnatalen Überernährung haben 

dürften.  

Im Zusammenhang mit der Pathogenese des ’small-baby-syndrome’ wurde in einer kürzlich 

erschienenen prospektiven Kohortenstudie eine dauerhaft veränderte Nahrungsaufnahme als 
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möglicher ’link’ zwischen einem verminderten Geburtsgewicht und dem späteren Auftreten von 

chronischen Krankheiten, wie z.B. Typ 2 Diabetes mellitus, diskutiert. In dieser Studie konnte 

gezeigt werden, dass bei Personen mit einem verminderten Geburtsgewicht im hohen adulten 

Alter die Aufnahme von Fett erhöht war [Perälä et al. 2012]. Dies bestätigt den Befund einer 

weiteren Longitudinal-Studie, in der bei Kindern eine inverse Beziehung zwischen dem 

Geburtsgewicht und der Fettaufnahme im Alter von 43 Monaten beschrieben wurde [Shultis et al. 

2005]. Diese Beobachtungen konnten in der hier vorliegenden tierexperimentellen Studie 

bestätigt werden. Neonatal überernährte SGA-Tiere entwickelten eine Hyperphagie, 

insbesondere unter HE/HF-Diät. Diese könnte ursächlich für den tendenziell erhöhten 

Körperfettanteil dieser Tiere sein, was durch eine signifikant positive Korrelation zwischen 

Körperfett und Futteraufnahme bekräftigt wird. Allerdings zeigten neonatal normal ernährte SGA-

in-NW-Tiere keine Hyperphagie, weder unter Standardfutter noch unter HE/HF-Diät. Insofern 

könnte für die epidemiologisch beobachtete ’Fettpräferenz’ nach low birth weight eher eine 

neonatale Überfütterung mit ’rapid neonatal weight gain’ verantwortlich sein, was in den 

genannten Studien allerdings nicht berücksichtigt und untersucht wurde.  

Bemerkenswerterweise ergaben die LMD-basierten Genexpressionsanalysen in Einzelneuronen 

des ARC bei den neonatal überernährten SGA-in-KW-Tieren im adulten Alter, trotz ausgeprägter 

Hyperleptinämie und Hyperinsulinämie, im Vergleich zu den Kontrolltieren eine unveränderte 

Expression der orexigenen Neuropeptide NPY, GAL und AGRP. Dagegen war die Expression 

des anorexigenen POMC, auch unter Bezug auf die regulierenden peripheren Sättigungssignale 

Leptin und Insulin, vermindert. Insgesamt spricht dieses Expressionsmuster für eine neonatal 

erworbene Fehlprogrammierung des anorexigenen POMC-Systems infolge frühpostnataler 

Überernährung. Diese könnte der veränderten Nahrungsaufnahme der neonatal überernährten 

SGA-Tiere zugrunde liegen.  

Die Bedeutung des anorexigenen POMC-Systems in der hypothalamischen Regulation von 

Nahrungsaufnahme und Stoffwechsel konnte zuvor im Zuge der experimentell basierten 

Etablierung der LMD-Methodik in dieser Promotionsarbeit bereits genauer charakterisiert 

werden. Hierzu untersuchten wir die Auswirkungen einer Nahrungskarenz auf die Genexpression 

orexigener und anorexigener Neuropeptide im ARC der Ratte. Unter Nahrungskarenz kam es, 

wie auch in der Literatur beschrieben [Sánchez et al. 2008], tatsächlich zu einer Up-Regulation 

des orexigenen Neuropeptids AGRP. Das Ausmaß der AGRP-Expression korrelierte dabei mit 

der neuroanatomischen Spezifität des Untersuchungsmaterials, also vom als Zellverband 

isolierten ARC bis hin zu den 100 gepoolten Einzelneuronen [Landmann, Schellong et al. 2012]. 

Überraschenderweise war die Expression des anorexigenen POMC, zu der in der Literatur 

widersprüchliche Befunde existierten [Ahima et al. 1999, Bi et al. 2003, Dallman et al. 1999, 

Palou et al. 2009, Pritchard et al. 2003], jedoch zugleich nicht down-reguliert. Sowohl im 

Zellverband als auch in den Einzelneuronen des ARC war die POMC-Expression unverändert, 
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trotz verminderter Leptin- und Insulinspiegel. Erst nach peripherer Glukoseapplikation kam es zu 

einer deutlichen Up-Regulation der POMC-Expression. Diese Beobachtungen weisen darauf hin, 

dass die POMC-Expression im ARC nicht nur oder in erster Linie leptin- bzw. insulinabhängig 

reguliert wird, sondern offenbar glukosevermittelt erfolgt. Im Sinne einer Gegenregulation, unter 

Glukose-mobilisierenden Situationen (wie z.B. Stress), scheint POMC im ARC eher als ‘anti-

orexigenes‘ Neuropeptid zu fungieren, ein Befund, der jenseits der hier realisierten 

Methodenetablierung einen maßgeblichen Beitrag zum Verständnis der Physiologie des ’POMC-

Systems’ insgesamt darstellt.  

Darüber hinaus unterstützen diese Befunde zugleich die Genexpressionsdaten, die im Rahmen 

des ‘genuinen‘ Tiermodells für das ‘small-baby-syndrome‘ erhoben wurden. Hier zeigten 

neonatal überernährte SGA-Tiere im Vergleich zu den Kontrolltieren nahezu unveränderte 

Blutglukosespiegel. Vor dem Hintergrund des oben beschriebenen Einflusses der peripheren 

Glukose auf die hypothalamische POMC-Expression würde man hier folglich keine Regulation 

der POMC-Expression erwarten. Bemerkenswerterweise zeigten neonatal überernährte SGA-

Tiere aber eine deutliche Down-Regulation des POMC im ARC, was für eine 

Fehlprogrammierung des anorexigenen POMC-Systems bei diesen Tieren spricht. 

Mit den hier durchgeführten Untersuchungen ist es somit gelungen, die Methodenkombination 

aus Lasermikrodissektion und mRNA-Expressionsanalysen zu etablieren, die Methodenvalidität 

und Methodenspezifität zu verifizieren und zudem neue Erkenntnisse zur glukoseabhängigen 

POMC-Expression im Hypothalamus zu gewinnen.  

 
1.6  Fazit 
Die Ergebnisse dieser Promotionsarbeit zeigen, dass das alleinige Vorliegen eines verminderten 

Geburtsgewichtes keinen unabhängigen Risikofaktor für die Entwicklung eines Übergewichts 

und metabolischen Syndroms im späteren Leben darstellt, sondern dass vermutlich eine 

neonatale Überernährung nach niedrigem Geburtsgewicht eine entscheidende Rolle in der 

Pathogenese des ’small-baby-syndrome’ spielen dürfte. Dabei legen die experimentellen Daten 

als möglichen Pathogenesemechanismus eine neuropeptiderge Fehlprogrammierung von 

Sättigungssignalen der Stoffwechsel- und Körpergewichtsregulation nahe. In Abbildung 4 sind 

die hier epidemiologisch und tierexperimentell gewonnenen Erkenntnisse zusammenfassend 

dargestellt und interpretiert (Abb. 4). 

Das Geburtsgewicht wird nicht in erster Linie genetisch [Kilpeläinen et al. 2011], sondern 

maßgeblich durch das Intrauterinmilieu determiniert [Brooks et al. 1995], welches wiederum 

entscheidend durch die Ernährung bzw. den Ernährungszustand der Mutter beeinflusst wird. Mit 

der eingangs erwähnten, global zunehmenden Übergewichtsprävalenz steigt auch die Zahl 

übergewichtiger Frauen im reproduktionsfähigen Alter [Heslehurst et al. 2007]. Zahlreiche 

epidemiologische Studien zeigen mittlerweile, dass eine mütterliche prägravide Adipositas, eine 
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hohe Gewichtszunahme der Mutter in der Schwangerschaft sowie eine diabetische 

Stoffwechsellage in graviditate über eine fetale Überernährung zu einem erhöhten 

Makrosomierisiko des Kindes führen [Yu et al. 2013, Oken et al. 2009, Crowther et al. 2005] und 

nachfolgend zu einem erhöhten Übergewichtsrisiko im späteren Leben prädisponieren 

[Schellong et al. 2012]. Nach der Geburt wird die Gewichtszunahme des Neugeborenen vor 

allem durch die Säuglingsernährung bestimmt. Dabei stellt Stillen die optimale Form der 

Säuglingsernährung dar, weil es, neben einer Vielzahl weiterer Vorteile, auch das Risiko des 

Kindes für Übergewicht und damit assoziierte Stoffwechselstörungen im späteren Leben senkt 

und somit positive Langzeitwirkungen auf dessen Gesundheit hat [Gillman et al. 2001, Harder 

et al. 2005]. 

Die dargestellten Ergebnisse zeigen in übergreifender, translationaler Interpretation, dass sowohl 

pränatale als auch neonatale Einflüsse den sich entwickelnden Organismus prägen, dadurch 

einen lebenslangen Effekt auf dessen Gesundheit bzw. Krankheitsdispositionen haben können 

und somit geeignete Zeitfenster für primärpräventive Maßnahmen darstellen dürften, namentlich 

zur Vermeidung eines dauerhaft erhöhten Adipositas- und Diabetesrisikos.  

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
 
 
 
 
 
 
Abb. 4: Zusammenfassende Übersicht. Synopsis von Arbeitshypothese, translationalem 
Forschungsansatz und Kernbefunden der vorliegenden Publikationspromotion.  
(ARC, Nucleus arcuatus hypothalami; GGew, Geburtsgewicht; LMD, Lasermikrodissektion; POMC, 
Proopiomelanocortin) 
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Abstract

Background: Overweight is among the major challenging health risk factors. It has been claimed that birth weight, being a
critical indicator of prenatal developmental conditions, is related to long-term overweight risk. In order to check this
important assumption of developmental and preventive medicine, we performed a systematic review and comprehensive
meta-analysis.

Methods and Findings: Relevant studies published up to January 2011 that investigated the relation between birth weight
and later risk of overweight were identified through literature searches using MEDLINE and EMBASE. For meta-analysis, 66
studies from 26 countries and five continents were identified to be eligible, including 643,902 persons aged 1 to 75 years.
We constructed random-effects and fixed-effects models, performed subgroup-analyses, influence-analyses, assessed
heterogeneity and publication bias, performed meta-regression analysis as well as analysis of confounder adjusted data.
Meta-regression revealed a linear positive relationship between birth weight and later overweight risk (p,0.001). Low birth
weight (,2,500 g) was found to be followed by a decreased risk of overweight (odds ratio (OR) = 0.67; 95% confidence
interval (CI) 0.59–0.76). High birth weight (.4,000 g) was associated with increased risk of overweight (OR = 1.66; 95% CI
1.55–1.77). Results did not change significantly by using normal birth weight (2,500–4,000 g) as reference category
(OR = 0.73, 95% CI 0.63–0.84, and OR = 1.60, 95% CI 1.45–1.77, respectively). Subgroup- and influence-analyses revealed no
indication for bias/confounding. Adjusted estimates indicate a doubling of long-term overweight risk in high as compared
to normal birth weight subjects (OR = 1.96, 95% CI 1.43–2.67).

Conclusions: Findings demonstrate that low birth weight is followed by a decreased long-term risk of overweight, while
high birth weight predisposes for later overweight. Preventing in-utero overnutrition, e.g., by avoiding maternal
overnutrition, overweight and/or diabetes during pregnancy, might therefore be a promising strategy of genuine
overweight prevention, globally.
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Introduction

Overweight is among the top challenging health problems at the

beginning of the 21st century [1]. Prevalence has increased

alarmingly, reaching epidemic levels in adults, adolescents, and

even children in the US and globally [1–3]. Across the age

spectrum, critical metabolic and cardiovascular morbidity (type 2

diabetes, hypertension, metabolic syndrome, coronary heart

disease, stroke) is causally linked to obesity [2,4,5]. Cardiovascular

and all-cause mortality are strongly related to overweight and

obesity irrespective of age, sex, and ethnicity [6–9]. Therefore,

measures of primary, genuine prevention are urgently needed.

For some years, the ‘fetal origins hypothesis’ on early causes of

later diseases has become one of the most promising theoretical

frameworks in medicine [10–12]. Especially, birth weight has been

suggested and used as basic indicator to establish these highly

influential concepts [10,12], since it is decisively determined by the

prenatal developmental conditions [13,14]. However, one of the

most important axioms in this context has not been tested globally

so far. Although overweight is of central pathogenetic importance

for metabolic, cardiovascular and general morbidity and mortality

[2,4,5], no comprehensive analysis has investigated whether the

risk of becoming overweight is related to birth weight in children,

adolescents, and adults, i.e., for the long-term.

Therefore, we aimed to characterize this overall critical aspect

of the ‘fetal origins’ approach by a systematic review and meta-
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analysis, substantially extending previous preliminary reviews [15–

17].

Methods

Search strategy and selection criteria
Systematic review and meta-analysis were conducted according

to the PRISMA statement for meta-analysis of observational

studies (Text S1) [18], including the preparation of a protocol and

analysis plan (Text S2). We performed a comprehensive literature

search, including the databases MEDLINE and EMBASE (1966–

January 2011), to identify studies that investigated the relation

between birth weight and later risk of overweight. Searched terms

were ‘‘birth weight’’, ‘‘overweight’’, ‘‘obesity’’ and ‘‘adiposity’’,

without language restrictions. Furthermore, we manually searched

all references cited in original studies and all reviews identified.

Authors were contacted if data, methods and/or parameter

definitions provided from the respective studies remained unclear.

To be eligible for meta-analysis, a study had to fulfill the

following criteria, defined a priori: 1) It had to be an original report

on the relation between birth weight and risk of overweight. 2)

Odds ratios (OR) and 95% confidence intervals (95% CI) (or data

with which to calculate them) for risk of overweight in at least two

strata of birth weight had to have been reported. All studies which

reported the proportion of overweight or obese subjects in at least

one age at follow up were included. We did not restrict to a

particular definition of overweight/obesity as studies may have

been published before currently accepted definitions were

introduced [16]. The majority of studies used body mass index

(BMI) as overweight criterion in childhood, adolescence as well as

adulthood (80%).

From all eligible studies, data were abstracted in duplicate, using

a standardized form. An independent reviewer confirmed all data

entries.

Statistical analysis
Dichotomous comparisons. We extracted data on numbers

of subjects with and without overweight above or below the cutoff

value and calculated corresponding crude odds ratios and 95%

confidence intervals. We constructed fixed-effects as well as

random-effects models to estimate the pooled odds ratios for risk

of overweight above vs. below the respective cutoff value across all

studies.

Assessment of heterogeneity. By calculating the I2 accord-

ing to Higgins et al [19], we assessed heterogeneity. Ranging from

0 to 100%, I2 is a direct measure of inconsistency of study results in

a meta-analysis, with 0% indicating no inconsistency.

Influence analysis. Robustness of the pooled estimates was

checked by influence analyses. Each of the studies was individually

omitted from the data set, followed in each case by recalculation of

the pooled estimate of the remaining studies.

Subgroup/Sensitivity analyses. To identify potential

sources of heterogeneity and sources of bias, studies were stratified

by study design and source of birth weight data to assess potential

recall bias. Additionally, studies were stratified by publication

language. To examine participation/selection bias, we stratified by

extent of lost to follow-up. Further stratifications were made by

geographic origin, age, overweight classification criterion, source

of overweight data, gender distribution, gestational age and

parental overweight (BMI.25 kg/m2). To assess the impact of

parental socioeconomic status (SES), we stratified by the extent by

which low SES was present in the study samples.

Publication bias. Publication bias was assessed by inspection

of the funnel plot and formal testing for funnel plot asymmetry,

using Begg’s test and Egger’s test.

Meta-regression. To explore the shape of the continuous

relation between birth weight and later overweight risk, meta-

regression technique was applied [20]. Accordingly, birth weight-

specific odds ratios were related to the respective birth weight.

Since birth weight was reported as categorical data with a certain

range in the studies (per example, 2,000–2,500 g, 3,000–3,500 g

etc.), median of the upper and lower limits of each category was

assigned to the particular estimate in each study [21]. Estimates

were plotted against respective birth weight as independent

variable. After visual inspection, we primarily decided to use a

linear regression model. Additionally, fractional polynomial

regression was applied because it does not make an a priori

assumption on shape of the curve. The family of second-order

fractional polynomial models provides rich and flexible shapes of

curves by choosing p = (p1,…,pm) as real-valued vector of

fractional power from a predefined set [22]. All estimates were

weighted by 1/variance.

Analysis of confounder-adjusted data. To perform meta-

analysis of confounder-adjusted data we considered all studies

which reported adjusted odds ratios for risk of overweight for the

birth weight categories ,2,500 g and/or .4,000 g. Resulting

pooled odds ratios were based, however, on different reference

categories, as defined by the authors themselves, and therefore not

directly comparable to the pooled unadjusted odds ratios

evaluated for ,2,500 g vs. .2,500 g and .4,000 g vs.

,4,000 g, respectively. To make pooled adjusted and unadjusted

odds ratios more comparable, we therefore additionally calculated

in all studies which provided adjusted data an unadjusted odds

ratio that considered the reference category as used self-chosen by

the authors for the adjusted odds ratios in the respective studies

(bottom Tab. 1). Thereby, an orientating comparability of pooled

adjusted vs. unadjusted odds ratios over all eligible studies was

achieved [23–25].

Software. All calculations were performed with STATA,

version 11.0, software (Stata Corp., College Station, TX, USA).

Ethics Statement
An ethics statement was not required for this work.

Results

Baseline characteristics of the studies
Course of the systematic review is illustrated in a flow diagram

according to the PRISMA statement (Figure 1). From a total of

3,513 potentially relevant entries, 108 studies were identified

which related birth weight to risk of later overweight [26–133].

They involved a total of 1,485,561 persons at six months to 79

years of age (for study characteristics see Table S1).

In the systematic review, 94 of the 108 studies (87%) reported a

positive relation between birth weight and later risk of overweight.

In 7 studies (6.5%), no relation between birth weight and later risk

of overweight was observed, while in 6 studies (5.6%) a U-shaped

relation was found. Only one study (0.9%) reported an inverse

relation between birth weight and later overweight risk.

For methodological reasons, 42 studies could not be included in

the meta-analysis. Reasons for exclusion were firstly, data were

insufficiently reported for quantitative analysis (n = 20). Secondly,

birth weight was reported as z-score or centiles without units

(n = 9) and thirdly, birth weight was dichotomized at unjustified

cut points (n = 13) (see Figure 1). However, these excluded studies

showed no relevant differences in general characteristics, e.g.,
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Figure 1. Flow diagram of selection process. Course of systematic literature review on birth weight and risk of overweight later in life, 1966–
January 2011.
doi:10.1371/journal.pone.0047776.g001
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distribution of geographic origin, age at follow up, assessment of

overweight etc. Moreover, the observed relations between birth

weight and later outcome did generally not differ from those

observed in studies which could be included in the meta-analysis.

Of the 42 excluded studies, 35 (83.4%) reported a positive relation

between birth weight and later risk of overweight. In 3 studies

(7.1%), no relation between birth weight and risk of later

overweight was observed. A U-shaped relation was reported in 3

studies (7.1%) and only one study (2.4%) reported an inverse

relation between birth weight and later overweight risk. These

percentages were very similar to those observed in the studies

which could be included into meta-analysis (see below).

For meta-analysis, 66 studies were identified to be eligible,

including 58 cohort studies and eight studies with case-control-

design [68–133], involving a total of 643,902 persons. Age of

participants ranged from 1 to 75 years and the year of birth ranged

from 1914–2004 (Table S1). Studies were performed in Asia,

Australia, Europe, North America and South America. Study size

varied ranging from 82 to 153,536 participants.

General estimates
Of the 66 studies eligible for meta-analysis 59 studies (89.4%)

reported a positive relation between birth weight and later risk of

overweight. In 4 studies (6.1%), no relation between birth weight

and later risk of overweight was observed, whereas in 3 studies

(4.5%) a U-shaped relation was detected. None of the studies

reported an inverse relation between birth weight and later

overweight risk.

Low birth weight (,2,500 g) was found to be associated with a

decreased risk of overweight in the random-effects model

(OR = 0.67; 95% CI: 0.59–0.76) as well as in the fixed-effects

model (OR = 0.75; 95% CI: 0.72–0.79; see Figure 2).

High birth weight (.4,000 g) was associated with increased risk of

overweight in the random-effects model (OR = 1.66; 95% CI:

1.55–1.77) as well as in the fixed-effects model (OR = 1.61; 95%

CI: 1.57–1.65; see Figure 3).

Given these results, we repeated the dichotomous comparisons,

now using ‘‘normal birth weight’’ (2,500–4,000 g) as reference

category for all studies that gave data on both ends of the birth

weight spectrum. The pooled estimate for low birth weight was

0.73 (95% CI: 0.63–0.84) and those for high birth weight was 1.60

(95% CI: 1.45–1.77; all random-effects model).

Influence analysis showed that the pooled estimates were robust.

Omission of individual studies revealed that no single study had a

particular influence on the pooled estimates, detected by pooled

odds ratios ranging from 0.65 (95% CI: 0.57–0.73) to 0.68 (95%

CI: 0.60–0.77) for low birth weight, and 1.64 (95% CI: 1.54–1.75)

to 1.68 (95% CI: 1.58–1.78) for high birth weight.

Sensitivity/subgroup analyses
According to I2 [19], results were heterogeneous for both low

birth weight (I2 = 93%) and high birth weight (I2 = 81%). To

identify possible sources of heterogeneity and bias, we performed

sensitivity/subgroup analyses (Table 1). Neither stratification by

study design, nor by method of recording birth weight gave

indication of recall bias. Geographic origin had no impact on the

pooled estimates. Stratification by publication language also gave

no indication for respective bias. Consideration of age revealed

that the effect of high birth weight remained significant even in

adulthood, whereas influence of low birth weight remained non-

significant. Stratification by overweight classification criterion

showed that studies which used non-BMI-based criteria, such as

waist circumference (WC), waist-to-hip ratio (WHR) or waist-to-

height ratio (WHtR), reported even stronger relations between

birth weight and later overweight risk. Gender distribution had no

impact on the pooled estimates. Furthermore, studies with higher

lost to follow-up rates (.20%) had similar pooled estimates as

those with low percentage of lost participants (#20%). Surpris-

ingly, a considerable number of studies did not account for

gestational age, SES and/or parental body weight. However, even

these potentially critical confounders had no significant impact on

the overall results (Table 1).

Impact of publication bias
Neither for the relation between low birth weight and risk of

overweight nor for that between high birth weight and later

overweight risk evidence for publication bias was found, as

indicated by visual inspection of funnel plots, proven by

nonsignificant Begg’s tests (low birth weight: p = 0.80; high birth

weight: p = 0.45) and Egger’s tests (low birth weight: p = 0.07; high

birth weight: p = 0.23).

Shape of the continuous association between birth
weight and risk of overweight

In a first step, we fitted a linear meta-regression model to the

data, which revealed a significant positive linear relation between

birth weight and subsequent overweight risk (b = 0.3461023

(0.2820.4061023); p,0.001). To further explore the shape of

the association, fractional polynomial regression was used. Figure 4

shows the shape of the curve for the continuous relation between

birth weight and later risk of overweight, estimated by a second-

order fractional polynomial regression model (b1 = 14.13 (9.27–

19.00); b2 = 220.34 (226.582(214.09)); p1 = 21; p2 = 20.5;

p,0.001; inverse variance weighted). Over nearly the entire birth

weight spectrum, birth weight was found to be linearly positively

related to overweight risk. Risk does not further decrease below a

birth weight of 1,500 g. Comparison of model fitness parameters

showed that a linear regression model performed as good as the

fractional polynomial model (p = 0.17 for comparison of deviance

between both models).

Impact of confounders on strength of the association
Whereas only one study gave an adjusted estimate for low birth

weight, in 16 studies confounder-adjusted estimates for risk of

overweight after high birth weight were reported. Number and

types of adjustments varied across the studies (Table S2). The

pooled confounder-adjusted estimate for overweight after high

birth weight was nearly the same as the pooled estimate of the

unadjusted data from the same studies using the same reference

category (Table 1). Fully adjusted estimates revealed a nearly

doubled long-term overweight risk in individuals with high birth

weight compared to normal birth weight subjects (OR = 1.96; 95%

CI: 1.43–2.67). Weighted fractional polynomial regression of the

confounder-adjusted data revealed very similar results as in the

case of unadjusted data (b1 = 16.59 (9.55–23.64); b2 = 224.11

(233.06 (215.16)); p1 = 21; p2 = 20.5; p,0.001; inverse variance

weighted).

Discussion

Over several years, increasing attention is given on early

developmental origins of long-term diabetic, adipogenic, and

cardiovascular disorders in terms of the metabolic syndrome

[10,11]. However, the direction and strength of relation between

birth weight and long-term overweight risk has not been tested

globally so far in a comprehensive manner. Therefore, we aimed

to characterize this overall critical aspect of the ‘fetal origins’

approach by a respective meta-analysis, quantitatively as well as
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qualitatively substantially extending and proving previous prelim-

inary reviews, statements, proposals etc. by our own group and

others [15–17].

The data set and meta-analysis provided here is by far the

largest one analyzed to date on this topic and the first to address

the whole lifespan, provide confounder-adjusted estimates and

incorporate global data i.e., including western, westernized as well

as developing countries in Northern- and South America, Europe,

Asia and Australia. Our analysis shows with high consistency that

an increased birth weight (.4,000 g) may lead to a doubling of the

long-term overweight risk, irrespective of geographic/ethnic

origin, sex, socio-economic status, parental weight status etc.

In the context of the ‘small baby syndrome’ and the respective

‘fetal origins’ hypotheses [10–12], it has been claimed that low

birth weight is a risk factor for cardiovascular diseases and type 2

diabetes, as tested by systematic reviews and meta-analyses with

mixed results [134–138], as well as for the development of

overweight/obesity, i.e., one of the most critical cardiometabolic

risk determinants [5–7]. Interestingly, results of our meta-analysis

do not support this claim. In contrast, across the birth weight

spectrum a linear positive relation exists with later overweight risk.

Only a small fraction of studies, analyzing probands with very low

birth weight (VLBW; ,1,500 g; n = 3 studies), found no further

decrease of overweight risk at this very ‘left-handed’ side of the

birth weight spectrum.

General concerns on our data and their interpretation might

arise regarding the suitability of investigated parameters and/or

the consideration of bias and/or confounding variables. For

instance, it has increasingly been proposed that the effect of low

birth weight on later health risks might rather result from

increased (‘rapid’) neonatal weight gain/catch up growth [139].

This was regarded, unfortunately, in only five reports (4.6%; Table

S3) [79,109,114,115,116], three of which [79,115,116] reported

respectively adjusted data analyses. An ‘obesogenic’ effect of low

birth weight was not observed in these unadjusted or adjusted

studies. By contrast, all found an effect of high birth weight on

later overweight risk, independently of early weight gain.

Furthermore, although BMI has been established as routine

parameter to identify overweight, it does not necessarily describe

the cardiometabolically critical fat content and distribution [140].

Alternative measures, particularly reflecting abdominal obesity

(waist circumference, waist-to-hip ratio, waist-to-height ratio),

have been shown to be more accurate risk predictors [140].

Respective subgroup analyses revealed, however, that the relation

between birth weight and later overweight risk was even

strengthened when non-BMI related measures were applied. Also

subgroup analyses considering gestational age, age at follow-up,

geographic origin etc. showed no significant influence on the

overall outcome. Moreover, pooled adjusted estimates were

calculated considering the influence of confounders on the

strength of the relation under investigation. However, they had

Figure 2. Low birth weight (,2,500 g) and subsequent risk of overweight. ORs for overweight in subjects with birth weights ,2,500 g as
compared with subjects with birth weights $2,500 g. Studies are ordered alphabetically by first author. The point estimate (center of each black
square) and the statistical size (proportional area of square) are represented. Horizontal lines indicate 95% confidence intervals. The pooled odds ratio
(diamond) was calculated by means of a random effects model. OR, odds ratio; CI, confidence interval.
doi:10.1371/journal.pone.0047776.g002
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no significant impact on the final outcome. Even parental weight

status had only a marginal influence on the relation between birth

weight and later overweight risk. This result appears to be of

particular interest, since parental weight/overweight might

represent contribution of genetic factors to the investigated

relationship. Interestingly, it has been shown that none of the

genetic obesity risk factors identified to date has a significant

influence on birth weight [141], making respective confounding

rather unlikely, as supported here.

Recently, Yu et al. [17] published a systematic review on the

association between birth weight and downstream obesity,

including 129,260 subjects from 33 studies, mainly originating

from Asia (58%). Their meta-analysis involved 20 studies with a

total of 42,863 subjects, most from China (15 studies; 88% of

subjects). We analyzed a similar number of studies from Asia

(n = 12) with a higher number of subjects from Asia (n = 140,734)

as well as China (n = 103,411) in our meta-analysis. Interestingly,

focussing on Asian/Chinese subjects Yu et al. [17] came to similar

results as presented here: low birth weight was accompanied by

decreased risk of obesity later on (OR = 0.61; 95% CI: 0.46–0.80),

while high birth weight was associated with increased obesity risk

(OR = 2.07; 95% CI: 1.91–2.24). Their analysis focused solely on

obesity, with the meta-analysis only on children and adolescents

including mainly Asian/Chinese subjects, studies and databases. A

number of variables (e.g., geographic origin/ethnicity, gestational

age, age at follow-up, parental weight etc.) were not considered

and confounder adjusted estimates were not provided. Neverthe-

less, the observed trend in the relation under investigation was

Figure 3. High birth weight (.4,000 g) and subsequent risk of overweight. ORs for overweight in subjects with birth weights .4,000 g as
compared with subjects with birth weights #4,000 g. Studies are ordered alphabetically by first author. The point estimate (center of each black
square) and the statistical size (proportional area of square) are represented. Horizontal lines indicate 95% confidence intervals. The pooled odds ratio
(diamond) was calculated by means of a random effects model. OR, odds ratio; CI, confidence interval.
doi:10.1371/journal.pone.0047776.g003
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Table 1. Birth weight and later risk of overweight: sensitivity and confounder analyses*.

Category Low birth weight Odds ratio (95% CI) High birth weight Odds ratio (95% CI)

Number of studies n = 30 n = 45

Study design

cohort studies 0.67 (0.5920.76) (n = 29) 1.66 (1.5621.78) (n = 40)

case-control studies 0.17 (0.0221.50) (n = 1) 2.05 (1.5122.78) (n = 5)

Geographic origin

Europe 0.72 (0.5420.95) (n = 11) 1.63 (1.4421.84) (n = 20)

North America 0.76 (0.6120.95) (n = 4) 1.64 (1.4321.88) (n = 7)

South America 0.53 (0.4220.68) (n = 10) 1.69 (1.4821.93) (n = 6)

Asia 0.83 (0.4821.42) (n = 4) 1.75 (1.6221.89) (n = 10)

Australia 0.50 (0.3220.77) (n = 1) 2.23 (1.2224.06) (n = 2)

Publication language

English 0.67 (0.5920.77) (n = 26) 1.68 (1.5721.80) (n = 38)

Non English 0.63 (0.4320.94) (n = 4) 1.60 (1.3021.97) (n = 7)

Age at follow up

0–18 years 0.60 (0.5420.67) (n = 23) 1.76 (1.6521.87) (n = 37)

.18 years 0.97 (0.7921.20) (n = 7) 1.40 (1.2321.59) (n = 8)

Overweight classification criterion

BMI 0.68 (0.6020.78) (n = 25) 1.63 (1.5321.74) (n = 36)

Non BMI 0.52 (0.2421.11) (n = 5) 2.26 (1.8522.75) (n = 9)

Assessment of birth weight

registry 0.74 (0.3221.69) (n = 1) 1.39 (0.8822.19) (n = 2)

records/examination 0.68 (0.5720.81) (n = 14) 1.72 (1.5621.89) (n = 22)

interview/questionnaire 0.65 (0.5320.80) (n = 14) 1.65 (1.4821.83) (n = 18)

not reported 0.17 (0.0221.50) (n = 1) 2.08 (0.6926.19) (n = 3)

Assessment of overweight

records/examination 0.63 (0.5620.71) (n = 26) 1.71 (1.6121.82) (n = 39)

interview/questionnaire 0.88 (0.7021.11) (n = 4) 1.45 (1.2421.71) (n = 5)

not reported - 6.72 (1.45231.0) (n = 1)

Gender distribution

#50% males 0.59 (0.4120.85) (n = 10) 1.65 (1.4321.91) (n = 18)

.50% males 0.70 (0.6220.78) (n = 18) 1.71 (1.6021.83) (n = 23)

not reported 0.66 (0.5220.84) (n = 2) 1.68 (1.5521.82) (n = 4)

Lost-to-follow up

#20% 0.57 (0.4620.70) (n = 11) 1.72 (1.5821.88) (n = 13)

.20% 0.74 (0.6120.89) (n = 17) 1.65 (1.4921.83) (n = 26)

not reported 0.53 (0.2321.22) (n = 2) 1.80 (1.6022.02) (n = 6)

Parental SES

low SES.30% of population 0.71 (0.6020.83) (n = 5) 1.64 (1.4721.18) (n = 7)

low SES#30% of population 0.58 (0.5220.65) (n = 5) 1.78 (1.6321.94) (n = 9)

not reported 0.70 (0.5820.85) (n = 20) 1.61 (1.4521.79) (n = 29)

Gestational age

only term newborns 0.59 (0.4120.84) (n = 3) 1.67 (1.4421.94) (n = 9)

term and preterm newborns 0.65 (0.5720.74) (n = 6) 1.70 (1.4621.97) (n = 5)

not reported 0.68 (0.5620.82) (n = 21) 1.66 (1.5121.82) (n = 31)

Parental overweight

.30% of population 0.69 (0.4121.18) (n = 2) 1.58 (1.2921.94) (n = 6)

#30% of population - 1.73 (1.5521.93) (n = 4)

not reported 0.67 (0.5820.76) (n = 28) 1.66 (1.5421.79) (n = 35)

Confounder-adjusted analyses
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similar to those ascertained and described in our study. This

appears to underline the global impact and reproducibility of the

observed relationship and indicates that it is even relevant for

Asian populations, characterized by a high frequency of relatively

‘low birth weight’ subjects but, simultaneously, continuous

increase of ‘diabesity’ prevalence [142,143].

Therefore, it must be noted that the provided data analyses

should not be interpreted in terms of a ‘beneficial’ effect of a

reduced birth weight. To the contrary, epidemiological, clinical as

well as experimental observations have convincingly demonstrated

long-term deleterious consequences in association with a decreased

birth weight, especially concerning metabolic-syndrome-like dis-

orders and diseases [10,11]. Therefore, future studies should

consider more precise measures of body composition, fat content

and, especially, accompanying metabolic and hormonal alterations

both at birth and later life to better understand pathophysiological

links between altered prenatal nutritional and growth conditions

and later overweight and ‘diabesity’ risk. Future studies should

generally consider important variables in the relationship between

fetal growth and later outcome, especially the potential impact of

gestational age, maternal diseases during pregnancy, as well as

neonatal nutrition, growth pattern and fat deposition. Finally, a

slight trend has been observed here towards successively increasing

risk of overweight in low birth weight subjects with increasing age,

i.e., in adulthood (Table 1). Therefore, a ‘U-shaped’ curve, as it has

been described regarding type 2 diabetes and hypertension

[136,134], with increasing age up to the elderly of the relation

between birth weight and later risk of overweight, cannot be

excluded from our data. Occasionally, pathophysiological causes

and mechanisms of a latency of overweight manifestation in

formerly low birth weight subjects remain to be evaluated.

Birth weight is essentially determined by the in-utero develop-

mental conditions (13, 14), especially the materno-fetal food supply

[144–146]. Accordingly, it appears important to notice that in

parallel with the global ‘diabesity’ epidemics [2,3]; the number of

overweight and/or diabetic women at reproductive age has

increased dramatically [147,148]. Overweight and/or diabetes

during pregnancy, however, lead to fetal overnutrition, often

followed by increased birth weight, fatness and macrosomia at

birth [144–146,149,150]. All of this has been shown to be

preventable by adequate nutritional and metabolic management

during pregnancy [151,152]. With respect to our data of increased

Figure 4. Relationship between birth weight and risk of overweight. Continuous relation between birth weight and later risk of overweight,
calculated by fractional polynomial regression. Studies are represented by black dots. Grey shading indicates the 95% confidence interval around the
fitted line. The model was estimated from a robust regression model based on second-order fractional polynomial (21, 20.5) functions weighted by/
variance.
doi:10.1371/journal.pone.0047776.g004

Table 1. Cont.

Category Low birth weight Odds ratio (95% CI) High birth weight Odds ratio (95% CI)

Number of studies n = 30 n = 45

Studies with adjustments

unadjusted estimates 0.50 (0.3220.78) (n = 1) 1.87 (1.5622.25) (n = 16)

adjusted estimates 0.51 (0.3320.80) (n = 1) 1.93 (1.5622.38) (n = 16)

Studies without adjustments 0.68 (0.6020.77) (n = 29) 1.68 (1.5421.84) (n = 29)

Abbreviation: BMI, body mass index; CI, confidence interval
*random-effects model
doi:10.1371/journal.pone.0047776.t001
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overweight risk in formerly macrosomic newborns, respective

preventive measures may therefore not only improve the

peripartal and perinatal outcome [151,152], but even the long-

term overweight risk and resulting disease dispositions. This

prediction is in line with a number of epidemiological, clinical and

experimental data which have shown an increased risk of

overweight, obesity and diabetes in offspring of diabetic and/or

obese pregnant women, even independent of or in addition to

genetic dispositions [153–157]. Especially, fetal hyperglycemia/

overnutrition leads to fetal B cell hyperplasia and hyperinsulinism,

which have been shown to be preserved for the long term and

subsequently may predispose to insulin resistance and a permanent

obesity disposition [144–146,158–161]. In general, mechanistic

approaches speak in favour of epigenomic and/or microstructural

long-term malprogramming of body weight regulatory systems by

fetal overfeeding and accompanying hormonal disturbances

during critical periods of fetal development, predisposing to

increased overweight risk for the long-term [146,154,157–162].

Accordingly, prenatal life appears to be a ‘critical period’

[163,164] of determination and, consequently, potential genuine

prevention of long-term overweight predisposition and its critical

co-morbidity [165]. Interestingly, high birth weight has also been

described to be a risk factor for, e.g., type 2 diabetes, hypertension,

childhood primary brain tumors and breast cancer

[136,134,166,167], all shown to be critically linked to overweight

throughout life [2–4,168].

Taken together, increased birth weight is reproducibly and

independently linked to increased overweight risk later on,

suggesting prenatal overfeeding as important risk factor which

‘programms’ a long-term obesity predisposition. In conclusion,

avoiding in-utero overnutrition, especially by avoiding and/or

adequately managing maternal overweight, overnutrition, in-

creased weight gain and/or diabetes during pregnancy, appears

to be a promising strategy to lower overweight risk for the long

term, globally.
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a  b  s  t  r  a  c  t

It  is  well  established  that  under  fasting  conditions  the  expression  of  the  orexigenic  neuropeptide  agouti-
related  peptide  (AGRP)  is  up-regulated  in the hypothalamic  arcuate  nucleus  (ARC),  while  inconsistent
data  exist  regarding  fasting  regulation  of  the  anorexigenic  neurohormone  proopiomelanocortin  (POMC).
Inconsistencies  might  have  methodological  reasons,  especially  concerning  neuromorphological  and/or
experimental  (nutritional)  specificity.  We  analyzed  the  expression  of  both  neuropeptides  in  ARC neurons,
using  lasercapture  microdissection  (LMD)  and  real-time  PCR  in  12  h  fasted  vs.  fed  Wistar  rats  as  well  as
after  a  standardized  glucose  load,  i.e., under  clinically  relevant  conditions  in  terms  of diagnosing  glu-
cose  intolerance  in the  human.  Under  fasting  conditions,  clear  up-regulation  of  AGRP  was  observed,  with
increasing  magnitude  in  ARC  single  neurons  (SNP)  as  compared  to ARC  cell  layers  (+125%  vs.  +23%,  resp.),
closely  correlated  to hypoinsulinemia  and  hypoleptinemia.  Surprisingly,  in  the  fasting  state  POMC  was
not  found  to be  down-regulated,  neither  in  ARC  cell layers  nor  in ARC  single  neurons  (+9%  vs.  +6%).  How-
ever,  glucose-refeeding  under  diagnostically  relevant  conditions  led to  strong  neuronal  up-regulation  of

POMC  expression  in ARC  SNP  (+128%),  and  AGRP  down-regulation  (−50%).  In  conclusion,  experimentally,
topographically,  and  analytically  specific  and  standardized  conditions  confirmed  AGRP  in ARC  neurons
as  being  neuronally  up- and  down-regulated,  resp.,  depending  on  the  general  nutritional  state,  while
POMC  was found  to  be (up-)  regulated  only  after  peripheral  glucose  load.  Findings  suggest  that  POMC
in  ARC  neurons  acts  glucose-mediated  as  an  “anti-orexigenic”  neurohormone,  specifically  responding  to
hyperglycemia.
. Introduction

Food intake and body weight are regulated by a complex
ystem of peripheral and central signals. Within the hypothala-
ic melanocortinergic system proopiomelanocortin (POMC) and

gouti-related peptide (AGRP) exert opposing effects on food intake
nd energy balance [35]. POMC, the precursor molecule of the
norexigenic post-translational cleavage peptide �-melanocyte-
timulating hormone (�-MSH), is synthesized in the hypothalamus
xclusively in the arcuate hypothalamic nucleus (ARC) [11]. Via

xonal �-MSH transport into the paraventricular nucleus (PVN)
nd activation of the melanocortin-4 receptor (MC4-R) there, an
ncrease in POMC expression in the ARC leads to reduced food

∗ Corresponding author at: Charité – Universitätsmedizin Berlin, Augustenburger
latz  1, 13353 Berlin, Germany. Tel.: +49 30 450524041; fax: +49 30 450524928.

E-mail address: andreas.plagemann@charite.de (A. Plagemann).
1 These authors contributed equally to the study.

304-3940/$ – see front matter ©  2012 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.neulet.2012.03.025
© 2012 Elsevier Ireland Ltd. All rights reserved.

intake. On the opposite, orexigenic AGRP, which is also expressed
exclusively in the ARC [14,23], functions as endogenous antagonist
[24] and inverse agonist [16] at melanocortin receptors. Thus, cen-
tral administration of AGRP results in a stimulation of food intake
[36]. Within this regulatory system, leptin and insulin act as circu-
lating satiety signals from the periphery. POMC and AGRP neurons
co-express leptin and insulin receptors [3,7]. Physiologically, circu-
lating leptin and insulin are considered to stimulate the expression
of POMC, while inhibiting expression of AGRP [4,17,34].

A  considerable proportion of the data that led to the above-
mentioned regulatory paradigm came from studies in fasting vs.
fed animals. It is well established that during fasting the expres-
sion of AGRP is increased, due to decreased levels of plasma leptin
and insulin, as demonstrated in the whole hypothalamus [21,25]
as well as specifically in the ARC [6,32]. However, regarding POMC

regulation in the fasting state the existing literature is inconsis-
tent. Some studies observed a significant down-regulation of POMC
expression in whole hypothalamus samples [5,21,22,37] and in
the ARC [1,6], while other studies reported no POMC regulation,

46

dx.doi.org/10.1016/j.neulet.2012.03.025
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:andreas.plagemann@charite.de
dx.doi.org/10.1016/j.neulet.2012.03.025


88 E.M.  Landmann et al. / Neuroscience Letters 515 (2012) 87– 91

F amus.
p -Nis

n
[
r
a
r
s

a
c
[
i
P
r
s
g
t

2

4
G
1
a
C
t
a
L
(
f
t
f
r
m

i
p
G
c
U
p
t
c

f
c
l
P

ig. 1. Lasercapture microdissection of the arcuate nucleus (ARC) from rat hypothal
reparations from the contralateral ARC ((B) scale bar = 50 �m),  isolated from 10 �m

either after short-term fasting [25] nor after longer fasting periods
30]. Some of these discrepancies may  arise from different fasting
egimens used (24 h vs. 48 h vs. 72 h), combined with non-specific
pproaches to re-feed animals. Additionally, differences in neu-
oanatomical specificity (whole hypothalamus vs. whole ARC vs.
ingle ARC neurons) might be relevant.

In recent years lasercapture microdissection (LMD) has become
 powerful technique to obtain small samples and/or even spe-
ific cell populations in heterogeneous tissues such as the brain
13,38]. We  therefore analyzed the expression of AGRP and POMC
n ARC neurons, using LMD  combined with subsequent real-time
CR after a fasting period of 12 h, which corresponds to clinically
elevant regimens as in glucose tolerance tests. Accordingly, further
tandardization was achieved by a specific refeeding (standardized
lucose load), instead of providing ad libitum feeding which leads
o a mixed macronutrient effect.

. Materials and methods

Experiments  were performed in male Wistar rats, weighing
00–450 g, of an outbred colony strain (Charles River, Sulzfeld,
ermany). Animals were kept under standard conditions with
2 h:12 h inverse light–dark rhythm and free access to tap water
nd standard pellet diet (control diet for rats, ssniff, Soest, Germany,
ode V1536-000). All animal procedures were in accordance with
he European Communities Council Directive (86/609/EEC) and
pproved by the local animal welfare committee (G 0026/07;
ageso Berlin, Germany). One group of rats was fed ad libitum
fed, n = 4), another group was studied after fasting for 12 h (12 h
asted, n = 7). A third group received 0.75 ml  of a 20% glucose solu-
ion/100 g body weight (i.e., 1.5 g/kg) intraperitoneally after 12 h
asting (12 h fasted + glucose, n = 3). 30 min  after glucose injection
ats were rapidly decapitated. All animals were sacrificed in the
orning between 08.00 and 09.00 a.m.
Trunk blood was collected for determination of blood glucose,

mmunoreactive plasma insulin and leptin. Glucose was measured
hotometrically (glucoseoxidase-peroxidase method; Dr. Lange
mbH, Berlin, Germany). For determination of insulin and leptin,
ommercial radioimmunoassays were used (Linco, St. Charles, MO,
SA). Recombinant rat insulin and leptin (Linco) served as standard
reparation. The intra-assay variation was 1.4–4.6% in a concen-
ration range of 0.5–3.7 ng/ml for insulin (n = 14), and 2.4–4.6% in a
oncentration range of 1.6–11.6 ng/ml (n = 14) for leptin [15,28].

Following rapid decapitation, brains were quickly removed,

rozen in isopentane and stored at −70 ◦C. For LMD, 10 �m-thick
oronary serial sections were cut through the deep-frozen hypotha-
ami, mounted on glass slides (Leica frame slides with 1.4 �m
olyethylene terephthalat (PET)-membrane), dried on air, and
 Cell layer preparation of the whole ARC ((A) scale bar = 100 �m),  and single neuron
sl stained cryosections. 3 V = third ventricle; SN = microdissected single neuron.

finally  Nissl-stained with cresyl violet under RNase-free conditions.
Staining method was chosen to cover standards of ensuring neu-
ronal specificity, allowing data comparability with other studies
[26], and to avoid detection bias in between-group compar-
isons in subsequent mRNA-analyses. After staining, slides were
kept at −70 ◦C until LMD. To verify anatomical location of the
ARC, a rat brain atlas was used [27]. Samples were captured by
Leica Microsystems AS/LMD® instrument (Leica Microsystems CMS
GmbH, Wetzlar, Germany) across the full rostral-caudal extent of
the ARC, corresponding to levels 26–32 as defined by Paxinos and
Watson [27]. In each of the serial sections, the following proce-
dure was  carried out: On the left-hand side of the hypothalamus,
the ARC was prepared as a whole cell layer (Fig. 1A). Then, from
the contralateral, i.e., right-hand side of same sections, in total 100
neurons were picked individually and pooled (single neuron pools,
SNP) (Fig. 1B). To ensure neuronal specificity, only neurons with a
distinct nucleolus and soma appearance were LMD-prepared and
used for subsequent measurements [15]. Both microdissection as
well as subsequent analyses were performed in a blinded manner
by two independent investigators (E.L., K.S.).

Total RNA was extracted from samples and DNase treated using
the PureLink RNA Micro Kit (Invitrogen) according to the manu-
facturer’s instructions. The RNA was  dissolved in 14 �l RNase-free
water and samples were stored at −70 ◦C until further process-
ing. 7.5 �l RNA was reverse-transcribed into complementary DNA
(cDNA) using Superscript-First-Strand-Synthesis System (Invitro-
gen, Carlsbad, USA), and 2 �l cDNA were amplified in subsequent
real-time PCR.

Duplex  real-time PCR was performed in triplicate in an Applied
Biosystems 7500 instrument [29]. POMC and AGRP mRNA expres-
sion were analyzed using commercial intron-spanning TaqMan®

gene expression assays from Applied Biosystems (Rn00595020 m1,
FAM-labeled for POMC, and Rn01431703 g1, FAM-labeled for
AGRP), together with an endogenous control assay for the
housekeeping gene beta Actin (4352340E, VIC-labeled). Standard
protocol conditions consisted of denaturation at 95 ◦C for 10 min,
followed by 40 two-step cycles at 95 ◦C for 15 s and 60 ◦C for 1 min
(TaqMan Gene Expression Assays Protocol, part number 4333458,
Applied Biosystems). mRNA quantification referred to the 2−�Ct

method [33]. For determination of PCR efficiency (E), we examined
a serial dilution of target- and housekeeping gene and calculated
E = 10(−1/slope). Relative expression of target genes (vs. beta Actin)
was determined by respective Ct according to the equation [31]:
E−Ct(target gene)
target gene

E−Ct(beta Actin)
beta Actin
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Table 1
Metabolic parameters.

Parameter Fed
(n = 4)

12 h fasted
(n  = 7)

12 h fasted + glucose
(n  = 3)

Blood glucose
(mmol/l)

5.26 ±  0.35 4.36 ±  0.14* 10.34 ±  1.33#

Insulin (ng/ml) 3.55 ± 0.36 1.01 ± 0.31* 6.50 ± 1.80#

Leptin (ng/ml) 4.55 ± 0.64 0.91 ± 0.24* 6.44 ± 3.62#
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alues are expressed as means ± SEM. Number of animals in parenthesis.
p < 0.05 vs. fed by Mann–Whitney U-test.
p < 0.05 vs.12 h fasted by Mann–Whitney U-test.

Data are expressed as means ± SEM. Real-time PCR data are
iven as arbitrary units. Mann–Whitney U-test was  used to analyze
roup differences. For analysis of relations between two variables,
pearman’s rank correlation test was performed (SPSS Software
8.0, Munich, Germany).

.  Results

As an experimental precondition [9], we first verified that mRNA
xpression of the housekeeping gene beta Actin was unaffected
y respective feeding conditions. Neither fasting nor glucose-
efeeding led to changes of beta Actin mRNA expression in ARC
ell layers or ARC SNP’s (data not shown).

12 h fasting led to a decrease in plasma concentrations of glucose
−17%), insulin (−72%) and leptin (−80%) (Table 1). Hypoleptinemia
nd hypoinsulinemia were associated with a significant increase
f AGRP expression in ARC cell layers (+23%; fed vs. 12 h fasted:
.26 ± 0.01 vs. 0.32 ± 0.01; p ≤ 0.05), while POMC expression did not
iffer significantly between groups (fed vs. 12 h fasted: 1.45 ± 0.20
s. 1.59 ± 0.20; n.s.). Measurement in pools of 100 single ARC
eurons revealed an increase in AGRP expression in fasted vs.

ed animals of even +125% (fed vs. 12 h fasted: 0.16 ± 0.03 vs.
.36 ± 0.02; p ≤ 0.05). Again, however, POMC expression showed
o significant group difference (fed vs. 12 h fasted: 1.49 ± 0.22 vs.
.58 ± 0.16; n.s.) (Fig. 2A).

Rats  that received a glucose load after 12 h fasting showed

trongly increased plasma glucose (+137%), insulin (+544%) and
eptin (+608%) (Table 1). Accordingly, in ARC cell layers AGRP
xpression was found to be down-regulated and did no longer
iffer between fasted and glucose-refed group (12 h fasted vs.

+ 100

+ 150

- 100

- 150

POMCAGRP

12h fasting

ARC SNP ARC SNP

0

%

+ 50

- 50

(A) (B)

(fed)

ig. 2. mRNA expression of agouti-related peptide (AGRP) and proopiomelanocortin (PO
ingle  neuron pools (n = 100 neurons per animal) from the ARC (SNP) under different fa
ompared to ad libitum feeding (n = 7 animals), leads to an increase in AGRP expression
OMC expression is not changed. (B) Rather, POMC expression increases due to a standard
esponses are presented as percentage of respective controls (±SEM).
e Letters 515 (2012) 87– 91 89

12  h fasted + glucose: 0.19 ± 0.02 vs. 0.20 ± 0.02; n.s.). Moreover, in
single neuron pools AGRP expression was even found to be signif-
icantly decreased in 12 h fasted + glucose rats (12 h fasted vs. 12 h
fasted + glucose: 0.10 ± 0.01 vs. 0.05 ± 0.02; p ≤ 0.05).

This was accompanied by a significant up-regulation of POMC
expression in ARC cell layers of +44% (12 h fasted vs. 12 h
fasted + glucose: 0.94 ± 0.01 vs. 1.35 ± 0.08; p ≤ 0.05). In ARC single
neurons, a POMC expression increase of even +128% was observed
(12 h fasted vs. 12 h fasted + glucose: 0.57 ± 0.05 vs. 1.30 ± 0.21;
p ≤ 0.05) (Fig. 2B).

4. Discussion

Although it is an established paradigm that POMC and AGRP
act within the hypothalamic melanocortinergic system as antago-
nists in the regulation of food intake and body weight, controversial
data exist on whether and how POMC expression is regulated in
response to starvation.

After  12 h fasting no significant regulation of POMC expression
was detected here, neither in ARC cell layers nor in ARC single
neurons (Fig. 2A). Similar was observed by investigating whole
hypothalamus in a number of other studies. Neither short-term
fasting of 4 h or 8 h nor long-term fasting periods of 48 h or 72 h led
to a change of POMC expression in the whole hypothalamus, mea-
sured by real-time- or RT-PCR [19,25,30]. Even in the distinct ARC
no significant regulation of POMC expression after a 24 h-fasting
period was detected by in situ hybridization [8]. This is in contrast
to reports of a significant decrease of POMC expression measured
by real-time PCR in the whole hypothalamus, or POMC suppression
determined by Northern Blot in the whole ARC [20,22].

As  demonstrated here, application of single neuron LMD  gives
no indication for POMC regulation under 12 h fasting condi-
tions. This observation in ARC single neurons was underpinned
by missing correlations of POMC mRNA to insulin (r = −0.05;
p = 0.91) and leptin (r = 0.38; p = 0.35). In parallel, however, expres-
sion of the orexigenic neuropeptide AGRP was  significantly
increased after 12 h fasting, confirming a number of other stud-

ies [6,12,21,25,32,37]. Worthy to note, in the only LMD-based
study so far [26], which was  performed in diet-induced obese rats
exposed to an energy-dense high-fat diet, POMC was observed to
be decreased by only 22% after a 4-times longer fasting period of

POMCAGRP

12h fasting + Glucose

ARC SNP ARC SNP

0

+ 100

+ 150

%

+ 50

- 50

- 100

- 150

(fasted)

MC) within cell layers of the arcuate hypothalamic nucleus (ARC) as compared to
sting and glucose-refeeding regimens. (A) Data show that fasting (n = 4 animals),
, with increasing magnitude in ARC SNP as compared to ARC cell layers, whereas
ized peripheral glucose load (n = 3 animals) as compared to fasted animals. Relative
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8 h, as compared to respectively high-caloric fed rats. AGRP was
imultaneously increased by 113%. Accordingly, our data show that
asting for only 12 h in normal rats under normal dietary con-
itions, leads to an increase in AGRP expression in ARC single
eurons of +125% as compared to +23% in whole ARC cell layers
Fig. 2A). Data validity in ARC SNP’s is supported by inverse corre-
ations of AGRP expression to insulin (r = −0.79; p = 0.02) and leptin
r = −0.69; p = 0.09).

Consequently, the question arose of a specific nutritional reg-
lation of POMC expression. In fact, this could be demonstrated
ere through a standardized glucose-refeeding. Fasting followed
y a defined peripheral glucose load led to a significant up-
egulation of POMC mRNA, with increasing measurable magnitude
f POMC expression from ARC cell layers (+44%) to ARC SNP’s
+128%) (Fig. 2B). In parallel, AGRP expression was significantly
ecreased in single neuron pools (−50%), confirming the expected
ounter-regulation of the orexigenic system in this nutritional
tate. Accordingly, with increasing specificity of the investigated
aterial (ARC cell layers vs. ARC single neurons), expression of
GRP in fasted animals as well as POMC expression in the glucose-
efed group was gradually found to be up-regulated, thereby
trongly supporting the sensitivity of the used method (LMD com-
ined with real-time PCR).

Concerns  might be raised according to the ‘one dose–one time
oint’ approach of our study. However, it should be noted that
ioneer studies in the field used very similar approaches [2,10],
nally leading to the establishment of the widely accepted insulin-
nd leptin-dependent regulation paradigm. Moreover, our study
rimarily addressed a translational, potentially clinically relevant
pproach (‘glucose tolerance test’ conditions). This might be of
articular relevance for comparatively estimating respective basic
esearch data. While our observations remain to be confirmed, of
ourse, appropriate consideration of glucose levels in future stud-
es, experimentally as well as clinically, might contribute to a more
recise understanding of the regulations under investigation.

Interpreted integratively, data suggest that POMC expression in
RC neurons is not regulated under short-term fasting conditions

12 h), but responds highly sensitive and immediately (30 min) to
yperglycemia. This suggestion seems to be supported by the fact
hat 3.5 fold difference in insulin and 4.5 fold difference in leptin
evels in fed vs. fasted rats were not accompanied by differences in
OMC expression, while only 1.5 fold glucose increase gave rise to

 2.3 fold increase of POMC expression in ARC neurons (Table 1 and
ig. 2).

Summarizing, in addition to responding to insulin and lep-
in, hypothalamic POMC expression seems to depend on the
eripheral, circulating glucose level as an additional regulator.

nterestingly, while electrophysiological glucose responsiveness
f POMC-expressing ARC neurons has been documented [18], in
ur study a significant correlation of POMC expression in ARC
NP to circulating, peripheral glucose levels was observed under
yperglycemic conditions (r = 0.87; p = 0.02). This speaks in favor
f a direct response of the hypothalamic melanocortin system to
ostprandial changes in peripheral blood glucose levels. Most note-
orthy, while intracerebroventricular glucose application did not

ignificantly affect ARC POMC expression [12], a peripheral glucose
oad does so, as demonstrated here. Therefore, the influence of cir-
ulating glucose levels on hypothalamic POMC expression should
e considered as important variable in future studies.

Even from a teleological point of view, the observed data and
nterpretation of a glucose-mediated regulation of hypothalamic
OMC expression appears to be plausible. While acute, short-term

ctivation of the POMC-driven HPA system fundamentally aims to
obilize endogenous glucose in parallel with inhibiting food intake

nder stressful conditions, a specifically glucose-mediated “anti-
rexigenic” function of POMC expression in hypothalamic feeding

[

[

e Letters 515 (2012) 87– 91

circuits  would logically fit with the overall stress-coping function
of the ‘POMC system’, in general. Of course, this hypothesis remains
to be verified.

In  conclusion, the methodology described and proved here (neu-
ronal LMD  with subsequent real-time PCR) allows a highly precise
and complex analysis of neuropeptidergic regulatory mechanisms
of body weight and food intake in respective paradigms, potentially
combining neuromorphological and neurogenetic analyses intrain-
dividually, which is technically not feasible in more traditional
approaches such as in situ hybridization. Our observations indicate
a glucose-dependent regulation of hypothalamic POMC  expression
in a dose-response manner, specifically in response to hyper-
glycemia. This might have considerable implications for further
investigations, interpretations and pharmacological considerations
regarding functioning of the hypothalamic melanocortinergic sys-
tem in the regulation of food intake and metabolism.
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Abstract

Background: Epidemiological data have shown long-term health adversity in low birth weight subjects, especially
concerning the metabolic syndrome and ‘diabesity’ risk. Alterations in adult food intake have been suggested to be causally
involved. Responsible mechanisms remain unclear.

Methods and Findings: By rearing in normal (NL) vs. small litters (SL), small-for-gestational-age (SGA) rats were neonatally
exposed to either normal (SGA-in-NL) or over-feeding (SGA-in-SL), and followed up into late adult age as compared to
normally reared appropriate-for-gestational-age control rats (AGA-in-NL). SGA-in-SL rats displayed rapid neonatal weight
gain within one week after birth, while SGA-in-NL growth caught up only at juvenile age (day 60), as compared to AGA-in-
NL controls. In adulthood, an increase in lipids, leptin, insulin, insulin/glucose-ratio (all p,0.05), and hyperphagia under
normal chow as well as high-energy/high-fat diet, modelling modern ‘westernized’ lifestyle, were observed only in SGA-in-
SL as compared to both SGA-in-NL and AGA-in-NL rats (p,0.05). Lasercapture microdissection (LMD)-based neuropeptide
expression analyses in single neuron pools of the arcuate hypothalamic nucleus (ARC) revealed a significant shift towards
down-regulation of the anorexigenic melanocortinergic system (proopiomelanocortin, Pomc) in SGA-in-SL rats (p,0.05).
Neuropeptide expression within the orexigenic system (neuropeptide Y (Npy), agouti-related-peptide (Agrp) and galanin (Gal))
was not significantly altered. In essence, the ‘orexigenic index’, proposed here as a neuroendocrine ‘net-indicator’, was
increased in SGA-in-SL regarding Npy/Pomc expression (p,0.01), correlated to food intake (p,0.05).

Conclusion: Adult SGA rats developed increased ‘diabesity’ risk only if exposed to neonatal overfeeding. Hypothalamic
malprogramming towards decreased anorexigenic activity was involved into the pathophysiology of this neonatally
acquired adverse phenotype. Neonatal overfeeding appears to be a critical long-term risk factor in ‘small-for-gestational-age
babies’.
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Introduction

Prevalence of obesity, diabetes and accompanying disturbances

has increased globally reaching epidemic levels in adults,

adolescents and even children [1–4]. To prevent the further

spread of this epidemic, identifying early risk factors is urgently

needed to develop appropriate prevention strategies.

Since the early 1990s, great attention has been given to the

association between a low birth weight (LBW) and long-term risk

of developing cardiovascular diseases, type 2 diabetes and the

metabolic syndrome. The respective ‘small-baby-syndrome’ hy-

pothesis proposes that poor materno-fetal nutrition leads to growth

restriction and, consequently, long-lasting programming towards

‘diabesogenic’ alterations [5,6]. A ‘thrifty phenotype’ acquired

in utero through poor fetal nutrition should enable affected

individuals to better adaptation towards reduced food availability

in later life [5,7]. However, when those individuals are exposed to

affluent conditions later on, according to the hypothesis this

acquired disposition leads to the development of type 2 diabetes,

cardiovascular diseases, and the metabolic syndrome.

Many epidemiological studies have confirmed the phenomeno-

logical association between low birth weight and later develop-

ment of symptoms of the metabolic syndrome [8–10]. Causal

mechanisms, however, of the ‘small-baby-syndrome’ are still

unclear. A recent epidemiological study showed that in formerly

‘small babies’, altered dietary habits are linked to the increased risk

in later life [11], in line with the ‘thrifty phenotype’ hypothesis.

Being small at birth was associated with higher intake of fat at later

adult age.
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However, a number of studies have reported that individuals

born with high birth weight, induced by prenatal overnutrition,

are also at increased risk of ‘diabesity’ later on. Meta-analyses

demonstrated that both low and high birth weight are associated

with increased risk of developing type 2 diabetes and hypertension

[12–14]. Moreover, long-term risk for overweight, i.e., the most

important cardio-metabolic risk factor, has even been shown to be

linearly positively related to birth weight [15]. The explanation of

this developmental paradox remains unclear and the role of

prenatal undernutrition and/or low birth weight as independent risk

factors for the development of ‘diabesity’ and metabolic syndrome

later on has to be challenged [16].

A number of animal studies, especially in rodents, were

performed to investigate mechanisms of the association between

reduced materno-fetal food supply, low birth weight (LBW) and

later diseases. Rats with LBW, however, showed rather reduced

body weight in the long-term, reduced food intake and normal

glucose tolerance [17–19]. The fact that findings from animal

models do not completely coincide with the observations from

epidemiological studies leads to the suggestion that there must be

additional factors predisposing to increased ‘diabesity’ risk in later

life of ‘small babies’ [16].

Over several years, our group has proposed that neonatal

overnutrition after low birth weight might play a decisive role in

this scenario [20]. Currently, catch-up growth through ‘rapid’

neonatal weight gain has become a potential mechanism within

the ‘small-baby-syndrome’ hypothesis [21–23]. To investigate

consequences of neonatal overfeeding, i.e., the probably most

important cause of rapid neonatal weight gain, the small litter

model is a long-established experimental paradigm [24–28].

Reduction of litter size in rodents causes increased weight gain

during the early postnatal period due to qualitative as well as

quantitative overnutrition [29]. Rats raised in small litters

display early overweight, increased food intake, impaired glucose

tolerance, hyperinsulinemia, hyperleptinemia, and hypertriglyc-

eridemia in later life [25–27,30,31]. This neonatally acquired

phenotype has been linked with permanent dysregulation of

neuropeptides critically involved in the central nervous regula-

tion of food intake and body weight [26,27,31–38].

Interestingly, altered food intake in the long-term has recently

also been considered causal for adverse health outcomes in low

birth weight humans [11]. Consequently, the question arises

whether the increased risk of ‘diabesogenic’ alterations after low

birth weight might rather be a consequence of neonatal

overnutrition than fetal underfeeding and low birth weight per se.

Up to now, this has rarely been considered in clinical and

experimental studies.

Thus, we established a new, ‘genuine’ rat model of low birth

weight to investigate the long-term outcome of ‘small-for-

gestational-age’ rats additionally exposed to neonatal overnutri-

tion, as compared to normal neonatal feeding [39]. We examined

later food intake both under normal conditions by feeding

standard laboratory chow as well as under dietary provocation

by exposing the animals to a high-energy/high-fat diet at higher

adult age. Long-term metabolic profile was characterized and

hypothalamic expression patterns of orexigenic (Agrp, Gal, Npy) and

anorexigenic (Pomc) neuropeptides in single neurons from the

arcuate hypothalamic nucleus (ARC) were measured, using

lasercapture microdissection (LMD) combined with quantitative

real-time PCR to ensure highest possible specificity and sensitivity

[40].

Materials and Methods

Ethics Statement
All animal procedures were carried out in accordance with the

European Communities Council Directive (86/609/EEC) and

were approved by the local animal welfare committee (G 0093/02;

Lageso Berlin, Germany).

Animal Model and Study Design
Virgin female Wistar rats (Charles River Laboratories, Sulzfeld,

Germany), weighing 200–250 g, were time mated with normal

males and delivered spontaneously. Pups were defined as small-

for-gestational-age (SGA) if their birth weight was below the lower

limit of the 95% confidence interval of the mean birth weight of all

pups of the same litter and sex. Pups which had a birth weight

within the limits of the 95% confidence interval for litter and sex

were assigned as appropriate-for-gestational-age (AGA). The study

groups (neonatal overnutrition vs. control) were generated by

adjusting the litter sizes per mother on day 3 of life into litters of

only three pups (small litters, SL) or 12 pups (normal litters, NL)

through random distribution [24,32]. SGA rats were raised then in

normal (SGA-in-NL) or small litters (SGA-in-SL) until weaning.

AGA rats were raised in normal litters, i.e., under normal neonatal

feeding conditions, and served as controls (AGA-in-NL).

After weaning (day 21 of life), female rats were housed under

standard conditions with 12/12 h inverse light-dark rhythm,

controlled temperature (2262uC) and free access to tap water and

standard laboratory chow (commercial control diet for rats; ssniff

R/M-H, Soest, Germany, Code V1536–000). Feeding studies

were performed from day 470 to 560 (see below). At day 560,

animals were sacrificed and tissues and blood were collected.

Body Weight and Body Composition
Body weight and body length (nose to anus length) and

mortality were monitored and recorded throughout life. Relative

body weight/body length was evaluated in g/cm. On day 560,

body composition was determined by weighing first the carcass

mass after stomach and intestine removal. Next, dry mass and fat-

free dry mass (FFDM) were determined by drying carcasses to

constant weight followed by whole body chloroform extraction in

a Soxhlet apparatus. FFDM and body fat were calculated as

percentage of carcass mass [41].

Basal Metabolic Parameters
Blood samples were taken after an overnight fast (16 h) by

puncture of the retroorbital plexus under light ether anaesthesia

[31] at days 360 and 560 of life to determine basal metabolic

parameters. Blood glucose was measured photometrically using

the glucoseoxidase-peroxidase (GOD-PAP) method (Dr Lange

GmbH, Berlin, Germany). Total plasma cholesterol and plasma

triglyceride concentrations were quantified using the cholester-

inoxidase-peroxidase (CHOD-PAP) method and the glyceride-3-

phosphatoxidase-peroxidase (GPO-PAP) method, respectively (Dr

Lange GmbH, Berlin, Germany).

Leptin concentration was quantified using a commercial

radioimmunoassay (rat leptin RIA kit, Linco, St. Charles, MO,

USA). Recombinant rat leptin (Linco) served as the standard

preparation. The intra-assay variation ranged between 2.4–4.6%

in a concentration range of 1.6–11.6 mg/l.

For determination of insulin, within one assay a modified

commercial radioimmunoassay was performed (Adaltis, Freiburg,

Germany). Rat insulin (Novo Nordisk Biolabs, Copenhagen,

Denmark) with a biological potency of 21.3 IU/mg was used as

standard preparation. The intra-assay coefficient of variation was

Long-Term ‘Diabesity’ Risk in SGA Rats
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4.5–7.4% in a concentration range of 9.2–94.2 mIU/l. The

insulin/glucose-ratio was calculated as a measure of peripheral

insulin resistance [42].

Glucose Tolerance Test
Glucose tolerance tests were performed at days 130 and 530 of

life. After an overnight period of fasting (16 h), a 20% glucose

solution (1.5 g/kg body weight) was injected intraperitoneally.

Blood samples were taken at 0, 15, 30, and 90 minutes after

glucose loading for determination of blood glucose levels. Using

these values, the area under the curve of glucose (AUCG) against

time was calculated for each animal [31].

Food Intake Study
Food intake was studied at older adult age (between days 470

and 560 of life), with individual housing. First, food intake of

standard laboratory chow was measured for 30 days (days 470–

500 of life). Chow comprised of 9% fat, 33% protein, and 58%

carbohydrates with a metabolizable energy content of 3.1 kcal/g

(ssniff R/M-H, Soest, Germany, Code V1536-000). For the

following 60 days (500–560 day of life), rats were exposed to a

palatable high-energy/high-fat (HE/HF) diet containing 34% fat,

23% protein, 43% carbohydrates with a metabolizable energy

content of 4.1 kcal/g (specific diet, Code 132006; Altromin, Lage,

Germany). This was a modified version of the diet described by

Levin et al. and has previously been shown as highly palatable

[34,43]. As both diets have different energy contents caloric intake

per day was calculated (kcal/d). Rats were fed ad libitum

throughout the study period and had free access to tap water.

Food intake was recorded daily and body weight measured weekly

to the nearest 0.1 g (Sartorius MC 1, Laboratory LC 6200,

Sartorius AG, Göttingen, Germany).

Neuropeptide Expression in the Hypothalamic Arcuate
Nucleus (ARC)

Lasercapture Microdissection (LMD). Following rapid

sacrifice on day 560 of life, brains were immediately isolated,

frozen in isopentane and stored at 280uC. For LMD, 10 mm-thick

coronary serial sections were cut through the deep-frozen

hypothalami, mounted on glass slides (Leica frame slides with

1.4 mm Polyethylene terephthalat (PET)-membrane), dried on air,

and finally Nissl-stained with cresyl violet under RNase-free

conditions. After staining, slides were kept at 280uC until LMD.

Anatomical location of the ARC was verified according to a rat

brain atlas [44]. Using the Leica Microsystems AS/LMDH
instrument (Leica Microsystems CMS GmbH, Wetzlar, Ger-

many), in total 100 neurons were randomly picked individually

from each brain and animal, respectively, pooled from serial

sections across the full rostral-caudal extent of the ARC,

corresponding to planes 26 to 32 as defined by Paxinos and

Watson [44] (Figure 1). In order to ensure neuronal specificity,

only neurons with a distinct nucleolus and soma appearance were

LMD-prepared and used for subsequent measurements [40].

LMD-captured neuronal cells were additionally verified by

microscopical inspection of the tube cap.

RNA preparation and quantitative real-time PCR. Total

RNA was isolated from LMD-prepared samples and DNase

treated using the PureLink RNA Micro Kit (Invitrogen, Carlsbad,

USA), according to the manufacturer’s protocol as described

previously [40]. RNA was reverse-transcribed into complementary

DNA (cDNA) using the Superscript-First-Strand-Synthesis System

(Invitrogen), and cDNA was amplified in subsequent real-time

PCR.

Duplex real-time PCR was performed in triplicate in an Applied

Biosystems 7500 instrument [35,40]. Npy, Gal, Agrp, and Pomc

mRNA expression were analyzed using commercial intron-

spanning TaqManH gene expression assays from Applied Biosys-

tems (Npy: Rn00561681_m1; Gal: Rn01501525_m1; Pomc:

Rn00595020_m1; Agrp: Rn01431703_g1; all FAM-labeled), to-

gether with an endogenous control assay for the housekeeping

gene Beta actin (4352340E, VIC-labeled), validated previously [40].

For all amplifications, a standard protocol was used: 1 cycle of

95uC for 10 min, followed by 40 two-step cycles at 95uC for 15 s

and 60uC for 1 min [TaqMan Gene Expression Assays Protocol,

part number 4333458, Applied Biosystems]. Relative expression of

target genes (vs. Beta actin) was determined by respective Ct values

according to the 22DCt method as described elsewhere [40,45,46].

Statistics
Data are expressed as means 6 SD unless otherwise indicated.

Real-time PCR data are given as arbitrary units. One-way analysis

of variance (one-way ANOVA over all groups) followed by

Tukey’s HSD post hoc analysis was used to analyze group

differences (SPSS Software 19.0, Munich, Germany). For analysis

of relations between two variables, Spearman’s rank correlation

test was performed with GraphPad Prism Version 4.03 (GraphPad

Software, Inc., San Diego, California, USA). Statistical signifi-

cance was set at p,0.05.

Results

Mortality
Mortality over the entire study period (day 1–560 of life) was

increased in neonatally overfed SGA-in-SL rats (12.5%; 2 of 16) as

compared to the normal-fed AGA-in-NL rats of the control group

(8.5%; 6 of 71), while mortality in neonatally normal-fed SGA-in-

NL rats was rather decreased (0%; 0 of 14; differences not

statistically significant).

Body Weight and Body Composition
Mean birth weight of rats born small-for-gestational-age (SGA)

was significantly decreased as compared to control rats that had a

birth weight appropriate-for-gestational-age (AGA) (p,0.001;

Table 1). SGA rats exposed to neonatal overnutrition by rearing

in small litters (SGA-in-SL) showed rapid neonatal weight gain.

From day 7 of life onwards, they did not show any further

difference in body weight, as compared to AGA pups raised in

normal litters. In contrast, SGA pups raised in normal litters

(SGA-in-NL) did not catch up in body weight until day 60 of life.

After day 60, no further differences in body weight were observed

among the three groups. Additionally, no significant differences in

body length and relative body weight were observed in SGA rats

raised in normal vs. small litters as compared to the rats of the

control group until the end of the study (Table 1).

Analysis of body composition revealed no significant group

differences in fat-free dry-mass at day 560, i.e., at the end of the

study. However, a trend towards increased body fat content was

observed in neonatally overfed SGA-in-SL rats (Table 1).

Basal Metabolic Parameters
While basal, i.e., fasting blood glucose levels did not differ

significantly between groups over the entire observational period,

plasma insulin concentrations were significantly increased in

neonatally overnourished SGA-in-SL rats on days 360 of life,

i.e., before the feeding study, and 560 of life, i.e., at the end of the

HE/HF feeding study, as compared to AGA-in-NL control rats

(day 360: AGA-in-NL: 29.3610.6 mIU/l vs. SGA-in-NL:

Long-Term ‘Diabesity’ Risk in SGA Rats
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30.569.7 mIU/l vs. SGA-in-SL: 39.9613.7 mIU/l; day 560:

AGA-in-NL: 84.8634.2 mIU/l vs. SGA-in-NL: 82.7630.4 mIU/

l vs. SGA-in-SL: 113.7662.3 mIU/l; both p,0.05; Figure 2A and

2B). Basal hyperinsulinemia was associated with a significantly

increased insulin/glucose-ratio in SGA-in-SL rats (day 360: AGA-

in-NL: 6.462.3 vs. SGA-in-NL: 7.662.6 vs. SGA-in-SL: 8.562.8;

day 560: AGA-in-NL: 15.466.3 vs. SGA-in-NL: 14.665.3 vs.

SGA-in-SL: 21.6611.3; both p,0.05; Figure 2A and 2B). This

was accompanied by hyperleptinemia (p,0.01), significantly

correlated with body fat (Figure 3A), significantly increased

cholesterol levels (p,0.05) and slightly increased levels of

triglycerides at day 560 of life in SGA-in-SL rats. In contrast, at

no time point were significant differences in metabolic profile

found in SGA rats raised in normal litters (SGA-in-NL) as

compared to controls (AGA-in-NL).

Glucose Tolerance Test
After intraperitoneal glucose loading at younger adult age (day

130 of life), neonatally overnourished SGA-in-SL rats showed

significantly increased blood glucose levels at 90 minutes (p,0.05;

Figure 2C), while their AUCG was not significantly increased

(AGA-in-NL: 15.862.7 mmol/l/h vs. SGA-in-NL:

16.862.8 mmol/l/h vs. SGA-in-SL: 17.262.4 mmol/l/h;

p = 0.097). Glucose tolerance test at later adult age (day 530 of

life) revealed no significant differences between groups (Figure 2D).

Food Intake
Energy intake in adulthood of standard laboratory chow (days

470–500 of life) was significantly decreased in neonatally normal-

fed SGA rats (SGA-in-NL) as compared to both SGA-in-SL and

AGA-in-NL rats (AGA-in-NL: 57.969.0 kcal/d vs. SGA-in-NL:

50.166.1 kcal/d vs. SGA-in-SL: 59.465.3 kcal/d; p,0.05 and

p,0.01, respectively; Figure 4A). However, SGA-in-NL rats

consumed similar calories of high-energy/high-fat diet (days

500–560 of life) as compared to AGA-in-NL animals, while

neonatally overfed SGA rats showed significantly increased energy

intake of HE/HF diet (AGA-in-NL: 65.966.8 kcal/d vs. SGA-in-

NL: 65.966.2 kcal/d vs. SGA-in-SL: 72.067.5 kcal/d; p,0.01;

Figure 4B). Energy intake over the whole observational period

(day 470–560 of life) was significantly increased in SGA-in-SL rats

as compared to SGA-in-NL rats (AGA-in-NL: 63.566.7 kcal/d vs.

SGA-in-NL: 61.165.1 kcal/d vs. SGA-in-SL: 68.165.9 kcal/d;

p,0.05; Figure 4C), and positively correlated to body fat over all

groups (Figure 3B). Accordingly, leptin was positively correlated to

body fat not just in SGA-in-SL (r = 0.42) but in all groups (AGA-

in-NL: r = 0.58; SGA-in-NL: r = 0.68; Figure 3A).

Neuropeptide Expression in the Hypothalamic Arcuate
Nucleus (ARC)

Analyses of mRNA expression of neuropeptides in single neuron

pools (n = 100 neurons per animal) from the ARC at the end of the

experiment on day 560 of life revealed no significant differences

between groups (Figure 5A). Increased overall food intake in

neonatally overnourished SGA-in-SL rats, however, was accom-

panied by a non-significant tendency towards decreased levels of

anorexigenic Pomc and increased levels of orexigenic Npy

expression as compared to AGA-in-NL control rats (Pomc: AGA-

in-NL: 0.8660.15 vs. SGA-in-NL: 1.0060.17 vs. SGA-in-SL:

0.6360.05, p = 0.213; Npy: AGA-in-NL: 0.960.2 vs. SGA-in-NL:

0.760.2 vs. SGA-in-SL: 1.260.1, p = 0.206; Figure 5A). Expres-

sion of Agrp and Gal was unchanged. Neonatally normal-fed SGA-

in-NL rats exhibited decreased expression (not statistically

Figure 1. Single neuron preparation using lasercapture microdissection. Schematic illustration (A) and Nissl-staining (B) of rat hypothalamic
nuclei at plane 29 according to Paxinos and Watson [44]; scale bar = 100 mm. Insert shows single neuron preparations from the arcuate nucleus (ARC)
using Lasercapture microdissection (LMD); scale bar = 25 mm. VMN = ventromedial hypothalamic nucleus, SN = microdissected single neuron.
doi:10.1371/journal.pone.0078799.g001
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significant) of orexigenic Npy, Agrp and Gal (Agrp: AGA-in-NL:

0.1560.03 vs. SGA-in-NL: 0.1160.03 vs. SGA-in-SL: 0.1460.01,

p = 0.525; Gal: AGA-in-NL: 0.0860.01 vs. SGA-in-NL: 0.0560.01

vs. SGA-in-SL: 0.0860.02, p = 0.306; Figure 5A), corresponding to

their overall tendency towards reduced food intake under chow

diet (Figure 4).

Because of the well-known dependency of neuropeptide

expression (Pomc, Agrp, Npy, Gal) on their regulating hormones

leptin and insulin [47–50], we additionally calculated the quotient

of neuropeptide expression per unit of leptin and insulin,

respectively, as described elsewhere [32]. In SGA-in-SL rats, Pomc

expression per corresponding insulin was clearly decreased as

compared to AGA-in-NL rats (AGA-in-NL: 13.661.9 vs. SGA-in-

NL: 12.262.6 vs. SGA-in-SL: 6.060.4; p,0.05), whereas the

above mentioned non-significant increase in Npy expression was no

longer present (AGA-in-NL: 13.861.8 vs. SGA-in-NL: 9.261.9 vs.

SGA-in-SL: 13.561.5; p = 0.158; Figure 5B). In contrast, SGA-in-

NL rats showed a marked decrease in Agrp expression per

corresponding leptin as compared to controls (AGA-in-NL:

10.962.4 vs. SGA-in-NL: 4.861.0 vs. SGA-in-SL: 6.160.8;

p,0.05; Figure 5C). In general, the trend towards decreased

expression of orexigenic Npy, Agrp, and Gal in SGA-in-NL rats

remained even when referring to insulin and leptin, respectively

(Figure 5B and 5C). Expression of anorexigenic Pomc was

unchanged in SGA-in-NL rats, even when referred to insulin

and leptin, respectively (Figure 5B and 5C).

Finally, quotients of orexigenic (Agrp, Npy, Gal) per anorexigenic

(Pomc) mRNA expression were calculated to get a proxy of the ‘net-

balance’ here [Figure 5D]. Gal/Pomc was increased significantly in

SGA-in-SL as compared to SGA-in-NL rats. Moreover, Npy/Pomc

was found to be nearly doubled in SGA-in-SL as compared to

both AGA controls as well as SGA-in-NL rats, and found to be

positively correlated to food intake over all groups (Figure 3C).

Discussion

Low birth weight (IUGR, SGA) has been shown to be related to

increased long-term ‘diabesity’ risk though reasons remain

unclear. Acquired alterations of food intake have been suggested

as a possible mechanism. In most of epidemiological-clinical

studies, in utero causes of low birth weight and, especially, the

potential impact of neonatal nutrition and resulting early growth

pattern for the long-term outcome have not been adequately

considered. We investigated the impact of neonatal overfeeding for

the long-term ‘diabesity’ risk, food intake, and related neuropepti-

dergic regulatory parameters of body weight control in ‘small-for-

Table 1. Body weight, body length and body composition of rats born appropriate-for-gestational-age (AGA) or small-for-
gestational-age (SGA).

Variables AGA-in-NL SGA-in-NL SGA-in-SL p (one-way ANOVA)

Body weight (g)

day 1 6.660.5 (71) 5.860.5a (14) 5.960.5a (16) ,0.001

day 7 14.161.4 (71) 12.461.6a (14) 13.862.8 (16) 0.004

day 14 28.262.2 (71) 25.264.2a (14) 29.766.6b (16) 0.003

day 21 46.864.3 (71) 40.765.8a (14) 47.3610.0b (16) 0.001

day 30 88.766.4 (71) 81.6610.5a (14) 86.2618.3 (16) 0.044

day 60 208623.4 (71) 208619.9 (14) 206633.9 (16) 0.951

day 90 260622.3 (71) 259622.0 (14) 255640.3 (16) 0.763

day 180 310628.1 (71) 308629.0 (14) 300650.5 (16) 0.505

day 360 361633.1 (70) 363653.8 (14) 362665.2 (14) 0.990

day 540 432656.7 (65) 457662.3 (14) 460689.1 (14) 0.177

day 560 444654.9 (65) 461656.0 (14) 450658.6 (14) 0.563

Body length (cm)

day 21 10.160.3 (71) 9.960.5 (14) 10.361.1 (16) 0.108

day 30 13.360.4 (71) 12.960.6 (14) 13.161.3 (16) 0.066

day 60 18.760.5 (71) 18.560.6 (14) 18.461.0 (16) 0.261

day 90 20.260.5 (71) 20.160.6 (14) 19.960.9 (16) 0.170

day 180 21.760.6 (71) 21.560.8 (14) 21.360.7 (16) 0.058

day 360 22.360.6 (70) 22.460.6 (14) 22.260.9 (14) 0.587

day 540 22.260.5 (65) 22.260.5 (14) 21.960.7 (14) 0.117

day 560 22.260.5 (65) 22.360.5 (14) 21.960.7 (14) 0.092

Body composition (day 560)

Relative body weight (g/cm) 20.062.2 (65) 20.462.0 (14) 20.662.3 (14) 0.543

Fat-free dry-mass (%) 19.462.0 (64) 19.361.8 (14) 19.062.6 (14) 0.809

Body fat content (%) 32.566.0 (64) 32.065.8 (14) 35.567.2 (14) 0.223

Values are expressed as means 6 SD. Number of animals in parenthesis.
ap,0.05 vs. AGA-in-NL,
bp,0.05 vs. SGA-in-NL (by Tukey’s HSD post hoc analyses).
Abbreviation: NL, normal litter; SL, small litter.
doi:10.1371/journal.pone.0078799.t001
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gestational-age’ rats, introducing a novel ‘genuine’ rodent LBW-

model set according to clinical definitions of SGA (birth weight

below the lower limit of the 95% confidence interval of the mean

birth weight of same litter and sex).

In our study, all animals with a reduced birth weight (SGA)

showed catch-up growth, irrespective of whether they were

neonatally normal-fed or overfed. Adult age SGA rats did not

differ in total body weight and body length when compared to

AGA control rats. This is consistent with epidemiological

observations which described that 80–90% of SGA newborns

show full catch-up growth within the first two years of life [51,52].

However, while neonatally normal-fed SGA pups only caught up

in body weight at day 60 of life, neonatal overnutrition of SGA

pups resulted in ‘rapid’ neonatal weight gain within some days.

From the first week of life onwards, these SGA-in-SL rats did not

further differ from AGA controls.

Epidemiological-clinical studies have indicated that ‘rapid’

neonatal weight gain appears to be a risk factor for the

development of obesity, increased body fat, insulin resistance,

impaired glucose tolerance and cardiovascular diseases in the long-

term [8,20,53–58], even independent of birth weight [23,59]. In a

large population-based study, Stettler and colleagues examined the

extent to which the development of overweight depends on birth

weight and/or weight gain during the first 4 months of life. They

observed that increased weight gain from birth until the age of 4

months is associated with later increased overweight risk [59]. This

association has been completely confirmed in prenatally ‘overfed’

(hyperglycemia-exposed) offspring of diabetic mothers [23]. By

these studies, rapid neonatal weight gain has been shown to be an

independent risk factor in general as well as in particular at risk

populations [23,59].

According to the ‘small-baby-syndrome’ hypothesis [6], children

with a low birth weight are per se at increased risk to develop

metabolic disturbances in later life, e.g., impaired glucose tolerance

and dyslipidemia, resulting from prenatal undernutrition. Neona-

tally normal-fed SGA rats in the present study, however, did not

show increased risk throughout later life. In contrast, during

glucose tolerance test at day 130 of life, neonatally overnourished

SGA-in-SL rats showed significantly increased blood glucose levels

at 90 minutes. This tendency towards altered metabolism became

further accentuated in older animals, when neonatally overfed

SGA-in-SL rats developed hyperinsulinemia and an increased

Figure 2. Metabolic parameters in early and later adulthood. Fasting plasma levels of blood glucose (BG), insulin, insulin/glucose-ratio (IRI/
BG), leptin, triglycerides (TG), and cholesterol (Chol) on day 360 of life, i.e., before the feeding study (A), and day 560 of life, i.e., at the end of HE/HF
feeding study (B). Data are shown as percentages of AGA-in-NL-levels (means 6 SEM). Plasma glucose levels after intraperitoneal glucose loading on
day 130 of life, i.e., before feeding study (C), and day 530 of life, i.e., during high-energy/high-fat (HE/HF) feeding study (D) in rats born small-for-
gestational-age, raised in normal litters (SGA-in-NL) or small litters (SGA-in-SL), as compared to rats with normal birth weight raised in normal litters
(AGA-in-NL). Data are means 6 SD. *p,0.05, **p,0.01 (one-way ANOVA followed by Tukey’s HSD post hoc analysis).
doi:10.1371/journal.pone.0078799.g002
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insulin/glucose ratio under basal conditions (days 360 and 560 of

life), indicating insulin resistance [42]. Consequently, metabolic

alterations observed in SGA rats cannot be attributed to decreased

birth weight per se, but suggest rather early postnatal overnutrition

as the critical risk factor here. This appears to be in line with

findings of a clinical study in which the influence of prematurity on

later occurrence of insulin resistance has been studied [9]. Hofman

et al. observed that children born with low birth weight had

reduced insulin sensitivity later on, irrespective of their gestational

age (preterm AGA or term SGA). They found that the risk among

preterm AGA-children was similar to the risk of term SGA-

children. This observation gives rise to reasonable doubts

concerning the role of diminished prenatal food supply as an

independent risk factor in the pathogenesis of ‘diabesity’ in the ‘small-

baby-syndrome’ [60]. It can be assumed that rather postnatal

influences, especially neonatal overnutrition leading to rapid

neonatal weight gain, are of critical importance for the long-term

‘diabesogenic’ outcome of ‘SGA babies’. Accordingly, the

association between rapid neonatal weight gain and later

metabolic disorders was examined in a prospective cohort study.

Fabricius-Bjerre et al. observed that accelerated growth during the

first three months of life leads to disturbances of glucose

metabolism later in life [8]. High infant weight gain was positively

related with high insulin levels as well as high HOMA-IR later on

(homeostasis model assessment of insulin resistance).

In addition to the above mentioned diabetic alterations at older

adult age in neonatally overfed SGA rats, these animals also

showed an altered fat metabolism. SGA-in-SL rats displayed

increased levels of cholesterol and triglycerides and clearly

increased leptin levels, while SGA-in-NL rats did not show any

adipogenic alterations. Hyperleptinemia in neonatally overnour-

ished rats was accompanied by a tendency towards increased body

fat content which was, however, not associated with significantly

increased total body weight, finally indicating increased ‘adiposity’

in these animals. Thus, elevated leptin levels in SGA-in-SL appear

to reflect increased body fat, not necessarily increased total body

weight, which is underlined by a positive correlation of body fat

with plasma leptin levels (Figure 3A). Findings from human studies

support this relationship. For instance, Ibánez et al. have

demonstrated that children who were born SGA at term have

abdominal fat mass at 4 years closely related to the rate of catch-

up weight gain within the first 2 years of life [57]. It is well known

from a number of clinical studies that increased fat mass decisively

contributes to the development of insulin resistance [61–63],

accompanied with increased plasma insulin and triglyceride levels

[63], as observed here experimentally.

Figure 3. Correlation analyses. Relation between plasma levels of leptin and percentage of body fat at day 560 of life (A). Percentage of body fat
presented as a function of overall mean food intake (chow+HE/HF) (B). Relation between overall mean food intake (chow+HE/HF diet) and mRNA
expression of Npy per unit Pomc (Npy/Pomc) in the arcuate hypothalamic nucleus at day 560 of life (C). Group-specific plots are illustrated (&: AGA-in-
NL; m: SGA-in-NL; .: SGA-in-SL). Inserts show overall correlation coefficients and significances derived from Spearman’s rank correlation tests.
doi:10.1371/journal.pone.0078799.g003

Figure 4. Food intake study in later adult age. Ad libitum energy intake of standard laboratory chow for 30 days (day 470–500 of life) (A),
followed by providing a high-energy/high-fat (HE/HF) diet for 60 days (day 500–560 of life) (B). (C) shows overall caloric intake of chow and HE/HF
diet throughout food intake study (day 470–560 of life). Absolute and relative body weight changes during the food intake study (day 470–560 of life)
(D). Data are means 6 SEM, shown as percentages of AGA-in-NL-levels. *p,0.05, **p,0.01 (one-way ANOVA followed by Tukey’s HSD post hoc
analysis).
doi:10.1371/journal.pone.0078799.g004
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In the context of the pathogenesis of the ‘small-baby-syndrome’,

a recently published cohort study considered altered dietary habits

in later life to be causal for adverse health outcomes. Being small at

birth was associated with higher intake of fat at later adult age

[11]. This confirms findings of another longitudinal study in which

an inverse relation between birth weight and fat intake in 43-

month-old children was described [64]. Interestingly, these

epidemiological findings seem to be confirmed by data from our

animal experiment. However, the clinical studies did not consider

neonatal nutrition and growth pattern. In our experimental study,

only SGA rats which were neonatally overfed showed increased

food intake later on, especially under high-energy/high-fat diet.

Worthy to note, milk of SL dams has been characterized to be

altered in terms of a high-energy/high-fat quality as compared to

milk of dams nourishing litters of normal size [29]. Therefore, our

observations might even indicate an early food preference

conditioning of SGA-in-SL rats through their dams’ milk

composition towards a HE/HF diet preference, persisting

throughout later life. Trend towards elevated body fat content

observed in later life of SGA-in-SL rats was possibly caused by

hyperphagia and high-energy/high-fat food preference, confirmed

by positive correlation between body fat and food intake

(Figure 3B). In contrast, neonatally normal-fed SGA-in-NL rats

did not show hyperphagia, neither under chow nor under high-

energy/high-fat diet. However, a trend towards ‘relative prefer-

ence’ for HE/HF diet vs. chow was observed within the SGA-in-

NL group, although neither indicating hyperphagia nor HE/HF

preference as compared to AGA or SGA-in-SL rats (Figure 4).

In the presented study, neonatally normal- and overfed SGA

rats did not differ significantly with respect to mortality. However,

in SGA-in-NL rats mortality was trending to be even lower as

compared to AGA controls while, in contrast, SGA-in-SL rats

showed a tendency towards increased mortality. This appears to

be in line with findings by Ozanne and Hales [65]. While in their

studies pre- and neonatal underfeeding gave rise to increased

longevity, decreased life span of male mice that underwent fetal

growth restriction and thereafter experienced rapid catch-up

growth has been observed [65]. Note, in the mentioned

experiment [65] reduced birth weight was induced by maternal

protein-restriction during pregnancy. Rodent models of maternal

malnutrition during pregnancy and lactation are among the most

frequently used animal models to investigate mechanisms of

perinatal programming according to the ‘small-baby-syndrome’

hypothesis. However, offspring whose dams were fed a low protein

diet during pregnancy did not always exhibit the full spectrum of

metabolic and cardiovascular alterations as observed in epidemi-

Figure 5. Neuropeptide mRNA expression in neuron pools of the hypothalamic ARC nucleus at day 560 of life. Relative gene
expression of proopiomelanocortin (Pomc), agouti-related peptide (Agrp), neuropeptide Y (Npy), and galanin (Gal), all normalized to Beta actin (A).
Additionally, expression levels at the end of the feeding study (day 560 of life) are shown per unit plasma insulin (B) and plasma leptin (C),
respectively, in AGA and SGA rats raised in normal (NL) or small litters (SL). Illustration of ‘orexigenic indices’, calculated as quotients of orexigenic
(Agrp, Npy, Gal) per anorexigenic (Pomc) mRNA expression (D). Data are means 6 SEM, shown as percentages of AGA-in-NL-levels. *p,0.05 (one-way
ANOVA followed by Tukey’s HSD post hoc analysis).
doi:10.1371/journal.pone.0078799.g005
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ological and clinical studies. Moreover, experiments mostly were

carried out exclusively in males and/or offspring were not

examined into older adult age [18,19,65]. Therefore, in our study

we focused on females and later adult aged animals to properly

examine the long-term outcomes.

Food intake and body weight are decisively regulated by

orexigenic and anorexigenic neuropeptides expressed in the

hypothalamic arcuate nucleus (ARC) [66]. The hypothalamic

expression of these neuropeptides is mainly regulated by the

circulating satiety signals leptin and insulin [50]. Lasercapture

microdissection of single neurons combined with quantitative PCR

has been proven to be the most powerful technique allowing a

highly precise and complex analysis of gene expression patterns in

discrete neuronal cell populations [40]. Therefore, we applied this

method here to perform gene expression analyses. Measurements

at older adult age revealed a trend towards down-regulation of

orexigenic Agrp and Npy in neonatally normal-fed SGA-in-NL rats

whereas expression of the anorexigenic Pomc was slightly increased.

Expression of orexigenic Gal was rather decreased in SGA-in-NL.

This is of particular interest since Gal is known to particularly

stimulate fat ingestion [48,67]. Altogether, results show a long-

term decreased activity of the orexigenic system in neonatally

normal-fed SGA-in-NL rats, which is strengthened by consider-

ation of circulating leptin and insulin levels (Figures 5B and 5C)

and might be causal for the significantly decreased food intake as

compared to controls, especially under chow diet.

In contrast, hypothalamic expression of Agrp and Gal was

unchanged and Npy even slightly increased in neonatally overfed

SGA-in-SL rats as compared to AGA controls, despite their

marked basal hyperleptinemia and hyperinsulinemia. Correspond-

ing expression of the anorexigenic Pomc was even decreased, also

when referred to the increased levels of the satiety signals insulin

and leptin. This gene expression pattern strongly indicates a

neonatally acquired neuropeptidergic malprogramming, especially

of the anorexigenic Pomc-system, due to neonatal overfeeding in

SGA rats (SGA-in-SL).

Finally, since food intake is regulated by both orexigenic and

anorexigenic neuropeptides, we additionally introduced here an

integrative neuropeptidergic ‘net-indicator’. Dividing the expres-

sion levels of Npy, the most potent orexigenic neuropeptide [66],

by the expression levels of Pomc, the most important anorexigenic

neuropeptide [66], may provide an orientating proxy (‘orexigenic

index’) for better estimation of neuropeptidergic appetite vs. satiety

activity and regulation in a given situation. In neonatally overfed

SGA-in-SL rats, reduced expression of anorexigenic Pomc and

unchanged expression of orexigenic Npy resulted in an increased

‘orexigenic index’ (Npy/Pomc), corresponding with hyperphagia

and supported by a positive correlation with overall food intake.

Similar was observed for the Gal/Pomc index (Figure 5D). In

contrast, in neonatally normal-fed SGA-in-NL no respective

alterations were observed as compared to AGA controls

(Figure 5D).

In summary, neonatally normal-fed SGA rats (SGA-in-NL)

growth caught up only at late juvenile age and did not develop

‘diabesity’ and hyperphagia later on, neither under normal chow

diet nor under high-energy/high-fat dietary provocation repre-

senting a ‘westernized’ lifestyle. Their long-term hypothalamically

driven orexigenic activity was rather decreased than increased. In

contrast, neonatally overfed SGA-in-SL rats displayed rapid

neonatal weight gain and catch-up growth within the first week

of postnatal life. In the long-term, these SGA rats displayed

significantly increased ‘diabesity’ risk as compared to normal rats.

Hyperphagia, particularly pronounced under high-energy/high-

fat dietary provocation, was accompanied with hyperleptinemia,

hyperinsulinemia, increased insulin-glucose-ratio, and correlated

with body fat. This was accompanied with and correlated to

reduced expression of the anorexigenic hypothalamic ARC-Pomc,

and respective increase of the ‘orexigenic index’ (Npy/Pomc, Gal/

Pomc), even under consideration of the circulating regulators

insulin and leptin. Altogether, this indicates a neonatally acquired

hypothalamic resistance of the anorexigenic system towards

peripheral satiety signals (insulin, leptin) in neonatally overfed

SGA-in-SL rats.

In conclusion, the early neonatal period appears to be at least as

critical as prenatal life for long-term programming of ‘diabesity’

risk and altered food intake in SGA rats, as we previously

suggested and proposed [16,20,31,33,39]. Neonatal overfeeding

may predispose via hypothalamic malprogramming to hyperpha-

gia and accompanying/subsequent disorders in terms of the

metabolic syndrome in ‘small-for-gestational-age’ subjects. This

should be considered in future experimental as well as clinical

approaches to unravel mechanisms underlying the ‘small-baby-

syndrome’.
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