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Preface 

This dissertation covers the work conducted during the whole period of the student PhD 

study at the Nutrition Research Unit, Department of Animal Science, Aarhus University, Section 

of Production, Nutrition and Health, Department of Veterinary and Animal Sciences, University 

of Copenhagen, and Denmark Technical University. This dissertation has been submitted to 

Graduate School of Technical Sciences (GSTS) at Aarhus University in partial fulfillment of the 

requirement for obtaining a PhD degree. All work presented in this dissertation was conducted in 

the period of February 2017 to January 2021, and was conducted at the facilities at Section of 

Nutrition Research Unit and Section for Reproduction and Obstetrics, University of Copenhagen, 

Nutrition Research Unit, Aarhus University, and Animal Production Experimental Centre (SHF), 

Ås Gård and Norwegian University of Life Science (NMBU), Norway.  

This PhD project was based on animal studies financed by the Danish Council for 

Strategic Research (grant 09067124) and was part of the research program of the Center for 

Foetal Programming (CFP), Denmark. This project was partly funded by the Ministry of Higher 

Education, Malaysia, and the PhD candidate was sponsored by the Ministry of Higher Education, 

Malaysia and Universiti Putra Malaysia.  

The overall aim of the project was to investigate long-term implications of pre-and 

postnatal malnutrition on the cellularity and molecular changes of different adipose tissues, 

hence consequences on later adipose expandability and adipose-related metabolic 

disarrangements in a precocial sheep model. The PhD student have received adipose tissue 

(subcutaneous, mesenteric, perirenal, and epicardial) samples from previous Copenhagen sheep 

experiment conducted in the period of 2011 until 2013, and has been responsible for the adipose 

tissue analysis. In addition, the student participated in the Norway sheep experiment, which was 

carried out at the Animal Production Experimental Centre (SHF), Ås Gård, Norway, and has 

been accountable for the umbilical cord-related analysis.  

This dissertation comprises six main chapters. The first two chapters contain background, 

hypotheses, and a literature review. The third chapter describes the methodological approach 

used in this study. The fourth chapter contains the summary of the main findings in each paper 

and/or manuscript. The fifth chapter contains a general discussion, while chapter six covers the 

overall conclusions, limitations and future perspectives of this study.  
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Summary 

Over the past few decades, adipose tissue has become a focus of interest due to it 

involvements in various pathological diseases such as obesity and other metabolic 

disarrangements. Known as a tissue with higher degree of plasticity than other organs, it is very 

sensitive toward environmental cues, especially nutrition. Therefore, this study aimed to 

investigate long-term effects of pre-and postnatal malnutrition on the expandability and 

functional traits of four main adipose depots, namely subcutaneous (SUB), mesenteric (MES), 

perirenal (PER), and epicardial (EPI) adipose tissues at adolescence (6 months of age) and 

adulthood (2 ½ years old). To unravel the molecular and biological pathways underlying 

impaired adipose functionality and predisposition for metabolic diseases, we performed the 

Differential Expressed Gene (DEG) analysis of two of these adipose tissues (SUB and PER) and 

performed functional enrichment analysis using freely available software and established 

bioinformatics pipelines.  

In this study, adolescent lambs and adult sheep were born from dams (twin-pregnant) 

subjected to either normal (100% of energy and protein requirements; NORM), undernutrition 

(50% of energy and protein requirements; LOW) or overnutrition (150%/110% of energy/protein 

requirements; HIGH) in the last 6 weeks pre-partum (term~147 days). From day three post-

partum, twin lamb were assigned to either a low-fat hay-based diet (CONV) or a high-

carbohydrate-high-fat diet (HCHF) until 6 months of age, where subgroups of animals were then 

euthanized. The remaining animals were fed the same moderate low-fat diet for 2 years until 

adulthood, and were then euthanized at 2 ½ years of age. SUB was sampled above the 

longissimus dorsi muscle at the level of the 13th rib and EPI from the anterior surface of the 

heart, whereas MES and PER were randomly sampled after separation of the adipose tissue from 

their respective organs. Assessments of adipose tissue cellularity (i.e. proportion of adipocytes 

and membrane area) were performed using Visiopharm® software (Visiopharm®, Hoersholm, 

Denmark), mRNA expression of adipose-related markers (i.e. adipogenic, lipid metabolisms, 

inflammatory) were characterized by quantitative real-time polymerase chain reaction, and 

analyses for DEG (SUB and PER) applying deep RNA sequencing and it respective 

bioinformatic pipelines.  

By the end of adolescence (6-months old lambs), both prenatal LOW and HIGH 

predisposed for development of abdominal adiposity and extreme perirenal adipocyte 
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hypertrophy by depressing non-obese cellularity in SUB and MES and by impairing SUB, MES, 

and PER hyperplasic (healthy) as opposed to hypertrophic (unhealthy) expandability, when 

challenged with postnatal HCHF diet-induced obesity. In PER, prenatal LOW (but not HIGH) 

upregulated inflammatory markers. The early postnatal HCHF diet induced hypertrophic 

expansion of adipose mass, particularly in PER, and in concomitant with upregulated 

inflammatory markers in all depots studied.  

In adulthood, depot- and sex specific long-term effects of pre-and postnatal nutrition was 

found, with sex-specific upper-limits for fat cell numbers and sizes (males<females) observed in 

SUB regardless of the early pre-postnatal nutrition, whereas PER was main target of prenatal 

nutrition, with reduced hypertrophic ability in LOW, and particularly LOW males, compared to 

NORM/HIGH males and all females. On the contrary, HIGH males had higher hypertrophic 

ability of PER, and thus phenotypically resembled all females. However, expression of most of 

the studied adipose markers was highest in LOW and LOW males, and could not account for the 

reduced in hypertrophic expandability in these groups. The EPI was mainly a target of the early 

postnatal HCHF diet with larger adipocytes size and upregulated expression of adipogenic and 

lipogenic markers observed in adulthood even after 2 years of dietary correction. 

The differential expression analysis of SUB revealed no DEG in any of the group 

comparisons, which confirms the upper-limits for expandability in SUB of adult sheep 

irrespective of the early nutrition history. However, in PER, 993 and 186 DEGs were identified 

between LOW versus HIGH and NORM, respectively, and these genes were enriched in 

biological pathways related to especially transmembrane transporter activity, motor activity 

related to cytoskeletal and spermatozoa function, cell cycle progression and response to extra 

cellular stimuli. The combination of pre-and postnatal malnutrition (LOW-HCHF and HIGH-

HCHF) downregulated genes that participated in adipose remodeling and immunity-related 

pathways. The kidney cell differentiation was targeted by long-term effect of postnatal diet 

(HCHF versus CONV). In total, 6 and 2 hub genes were identified for prenatal LOW versus 

HIGH and NORM, respectively, whereas 8 and 9 hubs genes were detected for LOW-HCHF and 

HIGH-HCHF versus NORM-CONV. MMP9 was the only hubs gene for the postnatal diet 

(HCHF versus CONV). AURKA, MELK, TTK are among well-known markers to be expressed in 

adipose- and adipose stem cells, whose expression levels were altered by prolonged effects of 
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particularly, prenatal LOW, whereas CTSS and IGTB2 are among adipose markers to be affected 

by LOW/HIGH-HCHF (versus NORM-CONV), and known to be linked to obesity.  

Our study suggests that there is a quite fixed upper-limit for SUB expandability in 

adulthood, which means that PER expandability may be a determining factor for early nutrition 

impacts on MES and perhaps ectopic (non-adipose tissue) fat deposition, rendering LOW male in 

particular predisposed for obesity-related metabolic risks. The EPI, however, was a particular 

target of the early postnatal HCHF diet with upregulated expression of adipogenic and lipogenic 

markers associated with adipocyte hypertrophy in adulthood. Both pre- and/or postnatal 

malnutrition differentially programmed (patho-) physiological pathways with implications for 

adipose functional development associated with metabolic dysfunctions, and PER was a major 

target. 
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Sammendrag (Danish summary) 

I løbet af de sidste par årtier er fedtvæv blevet et fokusområde på grund af dets betydning 

for forskellige patologiske sygdomme såsom fedme og andre metaboliske forstyrrelser. Kendt 

som et væv med højere grad af plasticitet end andre organer, er det meget følsomt over for 

miljømæssige påvirkninger, især ernæring. Derfor havde denne undersøgelse til formål at 

undersøge langtidsvirkninger af underernæring før og efter fødslen på muligheden for udvikling 

af funktionelle træk ved fire væsentlige fedtdepoter, nemlig subkutant (SUB), mesenterisk 

(MES), perirenalt (PER) og epikardialt (EPI) fedtvæv hos unge får (6 måneder) og voksne får (2 

½ år). For at afdække de molekylære og biologiske veje, der ligger til grund for nedsat 

funktionalitet af fedtvæv og evt associeret disposition for metaboliske sygdomme, udførte vi 

analyse for Differentielt Udtrykte Gener (DEG) på to af disse fedtvæv (SUB og PER), og udførte 

en funktionel berigelsesanalyse ved hjælp af frit tilgængeligt software og etablerede 

bioinformatik pipelines. 

I denne undersøgelse blev anvendt unge lam og voksne får, født af moderdyr (tvillinge 

drægtige) som havde været udsat for enten normal ernæring (100 % energi- og proteinbehov; 

NORM), underernæring (50 % energi- og proteinbehov; LAV) eller overernæring (150 %/110 % 

energi- og proteinbehov; HØJ) i de sidste 6 uger før fødsel (termin ~ 147 dage). Fra dag tre efter 

fødsel blev tvillingelammene tildelt enten en fedt-fattig hø baseret diæt (CONV) eller en diæt 

med højt indhold af kulhydrat og fedt (HCHF) indtil 6-måneders alderen (efter pubertet), 

hvorefter undergrupper af dyr blev aflivet. De resterende dyr blev fodret med den samme 

moderate fedtfattige diæt i 2 år indtil de som voksne blev aflivet i en alder af 2½ år. Prøver af 

SUB blev taget over longissimus dorsi-musklen ved det 13. ribben og EPI fra den forreste 

hjerteoverflade, mens MES og PER tilfældigt blev udtaget efter adskillelse af fedtvævet fra deres 

respektive organer. Vurderinger af fedtvævets sammensætning (dvs. andel af adipocytter og 

membranareal) blev udført ved hjælp af et Visiopharm®-software (Visiopharm®, Hoersholm, 

Danmark), mRNA-ekspression for fedtomsætningsrelaterede markører (dvs. adipogene, lipid 

metabolisme, inflammatoriske) blev karakteriseret ved kvantitativ real-time polymerase 

kædereaktion (qPCR) og analyser for DEG (i SUB og PER) blev udført efter deep RNA-

sekventering ved applicering af diverse bioinformatik pipelines. 

Hos de 6 måneder gamle lam var både prenatal LAV og HØJ ernæring disponerende for 

deponering af intra-abdominalt fedt, og ekstrem perirenal adipocyt hypertrofi under 
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efterfølgende fedme udvikling. Dette grundet en intrinsisk nedsat cellularitet i SUB og MES og 

en nedsat evne af SUB, MES og PER til at ekspandere gennem hyperplasisk (sund) i modsætning 

til hypertrofisk (usund) vækst, når det blev udfordret med den fedme-inducerende HCHF-diæt 

efter fødslen. I PER opregulerede en prenatal LAV (men ikke HØJ) ernæring ekspression af 

inflammatoriske markører. Den tidlige postnatale HCHF-diæt inducerede ekstem hypertrofisk 

udvidelse af adipocytter, især i PER, samtidig med opregulering af inflammatoriske markører i 

alle undersøgte depoter. 

Hos voksner får, blev der fundet depot- og kønsspecifikke langtidsvirkninger af præ- og 

tidlig postnatal næring, og der var kønsspecifikke øvre grænser for cellularitet og adipocy 

størrelse (hanner<hunner) i SUB, som var uafhængige af ernæringen i det tidlige liv. Derimod 

var PER et specifikt mål for ernæringsbetinget programmering i det prænataleliv, hvor en nedsat 

hypertrofisk evne blev set hos LAV, og især LAV hanner, sammenlignet med NORM/HØJ 

hanner og alle hunner. Omvendt havde HØJ hanner en større hypertrofisk evne i PER, antog 

således en fænotypisk a la hunners. Ekspressionen af de fleste af de undersøgte specifikke 

fedtmarkører var imidlertid højest hos LAV og LAV hanner, og kunne dermed ikke redegøre for 

den reducerede hypertrofiske ekspandabilitet i disse grupper. EPI var hovedsageligt et mål for 

den tidlige postnatale HCHF-diæt, som medførte forøget adipocyt størrelse og opreguleret 

ekspression af adipogene og lipogene markører også i voksenalderen, selv efter 2 års fodring på 

en fedtfattig diæt. 

Den differentielle ekspressions analyse af gener i SUB kunne ikke afsløre DEG'er, 

hvilket er i tråd med de faste øvre grænser for ekspandabilitet i SUB hos voksne får uanset den 

tidlige ernæringshistorie. I PER blev der imidlertid identificeret 993 og 186 DEG’er mellem 

LAV versus HØJ henholdvis NORM, og disse gener var beriget i biologiske veje relateret til især 

transmembran transportøraktivitet, motoraktivitet relateret til cytoskelet og spermatozo funktion, 

cellecyklus progression og respons på ekstracellulære stimuli. Kombinationen af prænatal 

fejlernæring kombineret med den tidlige postnatale HCHF diæt (LAV-HCHF og HØJ-HCHF) 

nedregulerede gener, involveret i remodellering af fedtvæv og immun processer. 

Signaleringsveje involveret i nyrecelledifferentiering var målrettet af langtidseffekten af den 

tidlige postnatale HCHF versus CONV diæt. I alt blev der identificeret 6 og 2 såkaldte hubgener 

for LAV versus HØJ hhv NORM, mens 8 og 9 hubgener blev påvist for LAV-HCHF hhv HØJ-

HCHF versus NORM-CONV. MMP9 var det eneste hubgen relateret til den postnatale HCHF i 



6 
 

forhold til CONV diæt. Ekspressionsniveauer af AURKA, MELK og TTK kunne relateres til 

langtidsvirkninger af især LAV ernæring prænatalt, og de er blandt velkendte markører, der 

udtrykkes i fedt- og fedtstamceller. CTSS og IGTB2 var blandt de markører, der var differnetielt 

udtrykt i LAV-HCHF og HØJ-HCHF sammenlignet med NORM-CONV får, og er kendt for at 

være forbundet med fedmeudvikling. 

Vores undersøgelser antyder, at der er en ret fast øvre grænse for ekspandabilitet af SUB i 

voksenalderen, hvilket betyder, at den tidliger ernærings indvirkning på evnen til fedtaflejring i 

PER kan være en afgørende faktor, hvor disponeret man bliver for at deponere fedt i MES og 

potentielt andre ikke-fedtvæv. Dette gør særligt LAV hanner disponeret for fedmerelaterede 

metaboliske risici. Til forskel fra de andre væv var EPI var særligt påvirket af den tidlige 

postnatale HCHF-diæt med opreguleret ekspression af adipogene og lipogene markører 

associeret med adipocyt hypertrofi i voksenalderen. Både prænatal tidlig postnatal ernæring 

programmerede dermed på differentieret vis (pato-)fysiologiske veje i fedtvæv med 

implikationer for funktionelle træk. der er relateret til udvikling af andre metabolske 

dysfunktioner, og PER var et vigtigt mål for denne programmering. 
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My own contribution to the thesis 

I have written the dissertation as well as the second and third papers. For the first paper, 

my contribution was only to write the discussion based on a final evaluation of the data. I was 

responsible for performing the morphological analysis of all adipose tissues (subcutaneous, 

mesenteric, perirenal, and epicardial) using Visiopharm® software, but I was only involved in 

the preparation for staining and full slide scanning of EPI samples.  

I was responsible for the sampling of umbilical cords from newborn lambs as part of an 

experiment undertaken at the Animal Production Experimental Centre (SHF), Ås Gård, Norway. 

I was also responsible for performing the immunofluorescence staining of these samples as well 

as for the development of different applications using Visiopharm® software to evaluate 

different structures of the umbilical cord including stem cells (as detailed in Chapter 3).  

Finally, I have performed the transcriptomics analysis of Differential Expressed Gene 

(DEG) and Weighted Gene Co-expression Network Analysis (WGCNA).  
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Chapter 1: Introduction 

The phenomenon of fetal programming and Developmental Origins of Health and 

Disease (DOHaD) suggest that any insult (i.e. nutrition, and stress) taking place during critical 

developmental period (i.e. in utero) may have long-term implications for the development and 

physiology of an individual later in life, and the susceptibility towards environmental exposures 

in postnatal life (i.e. nutrition and disposition for obesity) (Barker, 1995; Godfrey & Barker, 

2001; Budge et al., 2005). Adipose tissue (AT) is known as one of key target organs of pre- and 

postnatal malnutrition (i.e. undernutrition, overnutrition, and diet-induced obesity) programming 

in humans and various animal species models (Bayol et al., 2008; Long et al., 2015; Yavuz et al., 

2016). This is due to the fact that AT formation and maturation in many species including 

humans take place in utero (Gemmell & Alexander, 1978; Poissonnet et al., 1983), and continue 

into the early period of postnatal life for instance in rodents (Greenwood & Hirsch, 1974).  

Adipose tissue acts both as a paracrine and endocrine organ by producing various 

bioactive peptides, known as ‘adipokines’ which play important roles in regulation of appetite 

and energy balance, insulin sensitivity, immunity, lipid and glucose metabolism, all of which are 

linked to cardiovascular and other diseases (Ronti et al., 2006). The fat distribution patterns, the 

extent of fat capacity to accommodate caloric excess, and distribution of small and large fat cells, 

rather than just total fat mass, appear to be important factors for maintaining cellular function of 

AT, and are determining risk factors for development of metabolic disorders (Tan & Vidal-Puig, 

2008; Grundy, 2015; Hepler & Gupta, 2017; Stenkula & Erlanson-Albertsson, 2018). Regional 

and sex differences in cellular composition and physiology of AT have been well described in a 

review by Lee et al. (2013). Studies in swine and ovine models have demonstrated that 

malnutrition and obesity development have implications for fat deposition, gene expression 

patterns, and associated metabolic traits that are depot and sex specific (Barbero et al., 2013; 

Bloor et al., 2013). Therefore, depots and sex differences should be taken into account, when 

investigating the individual’s risk for obesity and metabolic dysfunctions due to for example 

early nutrition history. Gene expression profiling studies of AT have revealed vast numbers of 

different adipose molecular markers especially inflammatory genes that could be linking to 

expanded fat mass and obesity co-morbidities (Clément & Langin, 2007). The nutrition has been 

shown to program gene expression and development of ATs in different animal models (Duffield 

et al., 2009b; Faulconnier et al., 2011; Grant et al., 2011; Peñagaricano et al., 2014). 
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Different animal models including rodents, pig, and sheep have been used to decipher the 

biological complexity of AT due to nutritional perturbation (Muhlhausler et al., 2007; 

Borengasser et al., 2013; Hoevenaars et al., 2014), but rodent models are by far the most 

commonly used, and in this species the focus is mainly on effects of mal(nutrition) on 

epididymal fat (Knittle & Hirsch, 1968; Liang et al., 2016). The epididymal fat does not exist in 

humans, and it is therefore not a good model for in utero programming of AT in humans. Sheep 

has been a quite commonly used animal model in research relating to fetal development due to 

the very similar fetal growth trajectory, physiological maturity at birth and also a similar number 

of offspring as in humans. Most importantly, the ontogenesis of fetal AT both in sheep and 

humans is similar and begins between mid and late gestation (Gemmell & Alexander, 1978; 

Symonds et al., 2004), and human epidemiological studies have shown that developmental origin 

of metabolic disorders and obesity are related to malnutrition particularly in the third trimester. 

This was a crucial consideration in the choice of animal model, since the present study focused 

on effects of fetal malnutrition on AT development and function later in life. Several previous 

reports have documented that the ovine model is suitable for particularly in utero nutritional 

interventions in the third trimester with associated complications for AT development and 

functions later in postnatal life (Khanal et al., 2014; Khanal et al., 2015; Khanal et al., 2016). 

In this study we aimed to test the following hypotheses that 1) mismatching combinations 

of late gestation and early postnatal malnutrition have adverse implications for adipose 

expandability and functional traits, which track into adulthood and are differentially manifested 

in subcutaneous (SUB), mesenteric (MES), perirenal (PER), and epicardial (EPI) adipose tissue, 

and in a sex-specific way, 2) transcriptomics methodological approaches can reveal underlying 

hitherto unknown pathways involved in tissue specific responses to early life malnutrition, 

leading to identification of potential candidate markers for fetal programming (hub genes) and 

shedding light on the involvement of different ATs in organ and metabolic dysfunction arising 

from adverse programming in early life. To test these hypotheses, we used a well-documented 

sheep model for studying implications of matching versus mismatching nutrition in late fetal 

contra early postnatal life (Khanal et al., 2014; Khanal et al., 2015; Khanal et al., 2016). 
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Chapter 2: Literature review 

The aim of this literature review is to provide fundamental knowledge related to the PhD 

topic, understanding the concepts, experimental techniques and methods used in the field of fetal 

programming. Besides that, it helps to identify the weakness of the previous studies (see review 

(Vuguin, 2007; Vo & Hardy, 2012; Swanson & David, 2015; Neri & Edlow, 2016)), which need 

to be addressed in the present study, and to avoid duplication. Finally, it also a give clear picture 

and new idea that can be implemented in the present study, for example, the potential used of 

umbilical cord as early diagnosis of fetal programming (Javaid et al., 2005).  

 

2.1 Adipose tissue 

The formation of AT begins in fetal life and maturation continues in early postnatal life, 

with the exact duration varying between species (Greenwood & Hirsch, 1974; Gemmell & 

Alexander, 1978; Poissonnet et al., 1983; Bispham et al., 2002; Symonds et al., 2004). The AT is 

composed of various cell types including pre-/adipocytes, adipoblasts, a variety of microvascular 

and immune cells within its stromal vascular fraction and perhaps as-yet-not-identified cells 

(Hausman et al., 2014; Lafontan, 2014). The origin of fat cells during the development in 

embryogenesis and after birth is still unclear (Ailhaud et al., 1992). Some studies have suggested 

that fat cells (brown and white) are derived from common mesenchymal stem cells, while others 

have shown evidence of distinct origins even for the same type of fat cell, but present in different 

depots (depending on species) (Bonnet et al., 2010; Hepler & Gupta, 2017). Nonetheless, the 

distinct molecular mechanisms and the functional properties of brown and white adipose tissue 

are better-understood (Ailhaud et al., 1992).  

The three major white adipose depots, which are in focus in the present PhD, include 

SUB, intra-abdominal (omental, retroperitoneal, visceral) and muscular (Bonnet et al., 2010; 

Hepler & Gupta, 2017). The growth and expansion of AT relies either on one or both of two 

processes: increase in numbers of adipocytes (hyperplasia) and increase in cell size of existing 

adipocytes (hypertrophy) (Lecoutre & Breton, 2015) with the former mainly occurring during 

prenatal life and the latter after birth (Bonnet et al., 2010). New adipocytes are recruited in a 

process called adipogenesis, which is defined as the process of proliferation, differentiation and 

maturation of stem-cell-like cells to form adipocytes capable of lipogenesis and lipolysis 

(Hausman et al., 2014). Adipogenesis involves a complex network of transcription factors acting 



13 
 

at different time points during the differentiation process (Siersbæk et al., 2010), which is 

accompanied by coordinated changes in cell morphology and hormone sensitivity (Dubois et al., 

2009). The differentiation of preadipocytes into adipocytes are regulated by several adipogenic 

and lipogenic transcription factors such as peroxisome proliferator-activated receptor gamma 

(PPARG), CCAAT/enhancer binding protein (C/EBPα, β, γ), the sterol regulatory element-

binding protein 1C (SREBP1c) (Muhlhausler et al., 2008; Lecoutre & Breton, 2015). On the 

other hand, increase in adipocyte size (hypertrophy) relies on a functional enzymatic apparatus 

involved in formation and storage of triglycerides in the mature adipocyte (Lecoutre & Breton, 

2015).  

The distribution of AT in the body differs among individuals and is dependent on a 

number of factors, such as nutrition, sex, age as well as energy homeostasis of the individual AT 

(Bjørndal et al., 2011; White & Tchoukalova, 2014). Besides that, depots differences in 

physiology (blood flow and innervation), cellular compositions, and AT metabolic and endocrine 

functions has been previously demonstrated, in which these factors are important factors of fat 

distribution and its metabolic consequences (Lee et al., 2013). In this experiment, we focused on 

four ATs (subcutaneous (SUB), mesenteric (MES), perirenal (PER), and epicardial (EPI)) with 

different anatomical locations, developmental trajectories, and metabolic functions and their 

ontogeny will be described in the following.  

 

2.1.1 Subcutaneous adipose tissue formation 

SUB represents the major adipose depot in both humans (Harrington et al., 2004) and 

pigs (Hausman & Hausman, 1993). In human fetuses, and depending on the location, fat lobule 

formation commences between week 14 and 16 of fetal life (Poissonnet et al., 1983). The 

ontogenesis of SUB is well characterized both in sheep and cattle (Gemmell & Alexander, 1978; 

Vernon, 1981). The small locules of lipid first appears in 70 and 80 days old sheep and cattle 

fetuses, respectively. SUB shows many features in common with that of PER at day 70 of 

gestation, however, at days 100, fat cells of SUB possessed clumps of glycogen and large lipid 

locules, but with very few mitochondria compared to PER (Gemmell & Alexander, 1978).  

 



14 
 

2.1.2 Perirenal adipose tissue formation 

The ontogenesis of PER and SUB was studied in a greater detailed compared to other 

visceral or organ fat depots, and including animal models such as sheep and cattle (Gemmell et 

al., 1972; Gemmell & Alexander, 1978; Bonnet et al., 2010). Both in sheep and cattle, fetal AT 

development begins in mid-up to late gestation, around day 70 in sheep and 80 day in cattle, 

which is similar to human fetuses (Symonds et al., 2003).  

 

2.1.3 Mesenteric adipose tissue formation 

MES development, unlike SUB and PER, is poorly studied, but it has been reported that 

MES, omental fat and EPI originate from the splanchnopleuric mesoderm related with the gut 

(Ho & Shimada, 1978; Matloch et al., 2016). Symonds and colleagues (Symonds et al., 2003) 

suggested that the omental fat, if present, is very sparse in sheep fetuses, and hence development 

of this fat should take place mostly in the postnatal period. Others, however, have reported that 

abdominal and intermuscular fat develops during the last 20 days of gestation (Robelin et al., 

1985; Bonnet et al., 2010). 

 

2.1.4 Epicardial adipose tissue 

EPI is located between the myocardium and visceral pericardium, mainly on the right 

ventricle surface and anterior wall of the left ventricle (Ansaldo et al., 2019). EPI is one of the 

least studied adipose depot across species. Nonetheless, based on indirect evidence of the 

influence of maternal nutrition and gestational diabetes mellitus in humans, EPI can be detected 

as early as 20-28 weeks of pregnancy or maybe even earlier than that (Roseboom et al., 2000b; 

Roseboom et al., 2006; Jackson et al., 2016; Yavuz et al., 2016). It has been shown that in beef 

cattle fetuses, a heartbeat can be detected as early as 21 to 22 days post-ovulation (Funston et al., 

2010), meaning that at this point EPI might be required to support the mechanical function of the 

heart (Iacobellis et al., 2005). EPI in near-term fetuses of a large mammal (i.e. axis deer) 

constituted 16% of the total dissectible AT from heart in healthy specimens (Marchington et al., 

1989).   
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2.2 Adipose expandability, fat distribution patterns, and consequences for adipose related 

metabolic diseases  

The AT is not only a site of energy storage, but also provide insulation, padding for 

physical protection of the organs and body (Poulos et al., 2010). Nowadays, it has become 

acknowledged that AT also serves regulatory functions in the body, and it produces a broad 

ranges of active compounds including hormones and cytokines, which regulate appetite, 

systemic glucose homeostasis, lipid metabolism, inflammation, and many other physiological 

processes (Sacks & Fain, 2007; Deng & Scherer, 2010; Poulos et al., 2010; Hepler & Gupta, 

2017). In addition, these active compounds are bridging the cross talks between AT and other 

organs to affect whole body metabolism (Stenkula & Erlanson-Albertsson, 2018). The AT has 

also been implicated in several pathologies such as obesity, diabetes and other metabolic diseases 

due to its high degree of plasticity and sensitivity in response to various environmental stimuli, 

including nutrition (Duffield et al., 2009a).  

 Tan and Vidal-Puig (2008) have presented evidence from many studies that the risk of 

developing metabolic disturbances is depending more on the ability of specific ATs to 

accumulate fat (expandability) to accommodate caloric excess, rather than the total fat mass per 

se. This expandability capacity is determined by multiple factors, including the number of 

preadipocytes, genetic programs of adipogenesis, vasculogenesis and other cellular component 

within the AT (Tan & Vidal-Puig, 2008). Moreover, the so-called expandability hypothesis 

suggests that once the fat depots reach the maximal storage capacity, it will trigger a cascade of 

events that can result in development of the metabolic syndrome. Deficiency in AT expansion 

for instance in patients with lipodystrophy syndrome, may increase the risk of metabolic 

disturbances due to redistribution of fat storage towards skeletal muscle or liver (Garg, 2004; 

Garg & Misra, 2004).  

However, higher expandability capacity is not always considered a good indicator of a 

‘healthy’ fat. The distribution between small and large fat cells also appear to be important for 

maintaining normal cellular function and metabolism in AT (Stenkula & Erlanson-Albertsson, 

2018). The influence of fat cell size variation (small and large) during disease conditions related 

to insulin resistance, diabetes, and obesity has been thoroughly reviewed by Stenkula & 

Erlanson-Albertsson (2018). In this review, both increased occurrence of very small and large fat 

cells was associated with impaired AT functions associated with insulin-resistance and type-2 



16 
 

diabetes. Both small and large adipocytes were considered to be dysfunctional and unable to 

properly expand, but large adipocytes (in contrast to small) also secrete proinflammatory 

cytokines, which can spill into the circulation, and this can possibly be associated with 

pathological conditions like systemic inflammation and/or insulin resistance as reviewed in 

(Grundy, 2015). Although the adipocyte size distribution obviously is of importance in relation 

to development of various metabolic diseases, no clear cut-off values for healthy versus 

dysfunctional small and large fat cells have been provided.  

A number of studies have demonstrated that AT depots at different anatomical sites 

exhibit cellular and structural differences alongside with distinct metabolic and regulatory 

functions that consequently affect tissue plasticity and remodeling as reviewed by (Poulos et al., 

2010; Pellegrinelli et al., 2016). The SUB is considered a healthy fat depot, and hence a high 

expansion capacity and ability to store excess nutrients in this tissue can therefore prevent the 

overflow of nutrients to other adipose and non-adipose tissues (Porter et al., 2009; Gealekman et 

al., 2011; Tchkonia et al., 2013). It has thus been reported, that obese individuals, who 

preferentially store excess fat in the intra-abdominal region and/or in non-adipose tissue (ectopic 

fat deposition) are more susceptible to development of obesity related adverse metabolic 

disturbances than those with a preference for accumulation of fat in the SUB region (Grundy, 

2015; Hepler & Gupta, 2017). Visceral adiposity is thus a particular risk factor for obesity 

related metabolic alterations, and this may be due to the fact that lipids and metabolites produced 

by visceral fat depots can be drained directly into the portal circulation and hence affect other 

important and metabolically active organs, such as the liver (Hepler & Gupta, 2017).  

 

2.3 Fetal programming and the fetal origin of adult disease (DOHaD) hypothesis 

The fetal programming and DOHaD hypotheses propose that any insults, including 

nutritional, during fetal life may permanently programme the structure, physiology and 

metabolism of the individual, and predispose for various metabolic and endocrine alterations 

later in life (Barker, 1995; Godfrey & Barker, 2001). In a situation of suboptimal nutrition in 

utero, the fetus can make adaptive developmental responses to maximize the uptake and 

utilization of nutrients for survival, however, if the postnatal nutrition subsequently becomes 

abundant (mismatching the intrauterine situation), this has been shown to predispose the 
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offspring for obesity and obesity-related metabolic diseases, such as type 2 diabetes, later in 

adult life (Hales & Barker, 2001). 

In human epidemiological studies, body proportions at birth, including birth weight, head 

size and body length, has been used as markers of fetal nutrition (reviewed in (Barker, 1995)). It 

is well acknowledged that there is a U-shaped association between birth weight of humans (small 

or large for gestational age) and obesity, insulin resistance and diabetes incidence in adulthood 

(McCance et al., 1994; Stein et al., 1996; Baker et al., 2008). Although, both under- and 

overnutrition (including maternal obesity and gestational diabetes) can program the fetal 

development, the implications on health later in life is dependent on the timing of the nutritional 

insult relative to the critical periods of organs/tissues development (Barker, 1995; Roseboom et 

al., 2000b; Roseboom et al., 2006).  

 

2.4 Prenatal nutritional programming of adipose tissue and subsequent implications on health  

During a specific period of World War 2, food supplies were cut off to a Dutch region, 

and detailed records were kept regarding food distribution to the population. Based on this, it has 

been possible to conduct retrospective studies on this “Dutch famine” regarding the long-term 

implications of undernutrition in different periods of gestation later in life (Roseboom et al., 

2000a; Roseboom et al., 2000b; Roseboom et al., 2006). It has been established that the life-long 

implications depended on the timing of the nutritional insult, where poor nutrition in early 

gestation was associated with risk for coronary heart disease, whereas those who experienced 

nutrient restriction in late gestation developed glucose-intolerance in adulthood (Roseboom et 

al., 2000b; Roseboom et al., 2006). Similarly, by tracing thousands of men and women born in 

1911-1930 in three different parts of the United Kingdom (Hertfordshire, Sheffield, and Preston), 

it was found that those born small-for-gestation-age, as adults had raised blood pressure, blood 

cholesterol, plasma fibrinogen concentrations, and impaired blood glucose regulation, which are 

main risk factors for coronary heart disease (Barker, 1995; Martyn et al., 1995). However, these 

studies did not specify, how the development of specific tissues or organs was affected by the 

poor intra-uterine nutrition to later predispose for the various metabolic disorders. Many animal 

experiments have subsequently shown that AT is a primary target of early life nutritional 

programming, and impaired development of this tissue is associated with occurrence of the same 
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kind of metabolic diseases, including type 2 diabetes and glucose intolerance (Gardner et al., 

2005; Ford et al., 2007; Lecoutre & Breton, 2015) .  

Experiments with animals have shown that both nutrient restriction and overnutrition in 

utero may permanently programme the structure and physiology of AT with subsequent 

implications for metabolic health (Gardner et al., 2005; Long et al., 2015; Umekawa et al., 2015). 

Prenatal undernutrition in late, but not early, gestation was associated with increased perirenal fat 

mass, and altered glucose-insulin homeostasis of the offspring later in adulthood (one year old 

sheep) (Gardner et al., 2005). Similar to this previous study, maternal overnutrition imposed 

during 60 days before mating and throughout the gestation period increased the fat mass and 

adipocyte diameter in subcutaneous, perirenal, and omental AT of lambs at weaning, and 

predisposed for hyperglycemia and hypoinsulinemia (Long et al., 2015). In a mice model of 

maternal moderate high-fat diet (45% of fat) confined throughout gestation, it was demonstrated 

that mice offspring (age 35 weeks) born to the moderately overnourished dams had hypertrophic 

MES adipocytes and they developed hypertension and glucose intolerance, but no differences 

were found in fat mass of MES, SUB and epididymal AT (Umekawa et al., 2015). From these 

findings, it appears that the effects of maternal nutrition depend on the specific timings of the 

nutritional insults in relation to the specific time windows for development of the different ATs, 

and expandability patterns (hyperplasia versus hypertrophy) can be programmed in fetal life.   

Although the prenatal nutrition itself can alter the development, growth and physiology of 

offspring later in life, the ‘programmed’ phenotypic end-point also depends on the postnatal 

nutrition and/or environmental cues (Chan et al., 2009). It has been shown both in ovine and 

swine models that the adverse effects of both nutrient restriction and overnutrition in fetal life on 

adiposity and severity of metabolic alterations in the offspring can be further ameliorated, when 

it is followed by a postnatal high-fat feeding (Chen et al., 2008; Chan et al., 2009; Barbero et al., 

2013; Long et al., 2015). From these findings, it appears that the two contrasting nutritional 

insults (maternal overnutrition and undernutrition) may have similar phenotypic implications for 

the offspring in postnatal life, with increases susceptibility for development of obesity and 

obesity-related metabolic disorders. Nonetheless, until now it is poorly understood, whether the 

underlying mechanisms leading to similar phenotypic manifestations are similar, and this 

warrants further investigations. Although the underlying mechanism for such observation is 

poorly understood, it is generally recognized that epigenetic mechanisms is, at least in part, 
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responsible for the changes in phenotypic manifestation of the genome as a results of fetal 

programming.  

 

2.5 Epigenetic modifications of early life programming 

A most intriguing or disturbing aspect of adverse intrauterine nutrition programming is 

the phenomenon of transgenerational inheritance from mother to first generation offspring and 

the second generation offspring as well (Zambrano et al., 2005). This phenomenon of 

“heritability” is ascribed to epigenetic modifications, which are mediated by stable and heritable 

alterations in gene (protein) expression and function, but not changes in the genome per se (Ji et 

al., 2017). Key epigenetic players are DNA methylation and histone post-translational 

modifications, which interplay with each other, with regulatory proteins and with non-coding 

RNAs, to remodel chromatin into domains such euchromatin, constitute or facultative 

heterochromatin and to achieve nuclear compartmentalization (Delcuve et al., 2009). Studies in 

rat models showed that intrauterine malnutrition can permanently change the expression of many 

adipose markers, such as leptin via epigenetic modifications, and altered transcription pattern for 

this key factor in adipose function and endocrine signaling can be passed from one generation to 

the next (Jousse et al., 2011; Borengasser et al., 2013). Therefore, epigenetic modifications are 

undoubtedly important mechanisms involved in fetal programming. The exact mechanism, 

whereby epigenetic modifications are induced in response to fetal nutrition is still unclear, and 

answers is also not available for the question why manifestation of the programming is not 

readily observable at birth, but rather gradually manifests as the individual approaches 

adulthood.  

Any modifications resulting from the fetal programming obviously occur prior to birth, 

and hence must be present in the newborn. Studies in humans, have demonstrated mitochondrial 

dysfunction of mesenchymal stem cells derived from the umbilical cord of offspring born to 

gestational diabetes mellitus mothers (Kim et al., 2015). This study thus provides an additional 

feature to the fetal programming story, namely that stem cells in any tissue could be particular 

targets of the fetal programming, and this could contribute to explain the delayed and long-term 

implications for the development of that tissue and ability to recover from tissue damage.   
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In any case, there is a need to identify valid biomarkers that can help us to identify 

adversely programmed individuals at birth, and help us to design the best possible nutritional 

intervention strategies targeting individuals exposed to different levels of nutrition pre-partum.  

 

2.6 Summary 

The ontogenesis of most of ATs begin in utero and some continue early in postnatal life. 

It appears that long-term early life nutritional programming, of which the impacts are depending 

on timing of nutritional intervention, targets ATs hence specific windows of different adipose 

development. In addition, evidence of sexual dimorphism in term of adiposity, fat distribution 

preferences, and response to early life nutrition has been reported. The fat distribution patterns, 

the extent of fat capacity to accommodate caloric access, and distribution of small and large fat 

cells, rather than just total fat mass, appear to be important factors for maintaining cellular 

function of AT, and are determining risk factors for development of metabolic disorders. The 

two contrasting nutritional insults (maternal HIGH and LOW) may have similar phenotypic 

implications for the offspring in postnatal life, with increased susceptibility for development of 

obesity and obesity-related metabolic disorders. The nutrition has been shown to program 

expression of adipose molecular markers, and vast numbers of adipose gene markers particularly 

inflammation genes could be linking to expanded fat mass and obesity co-morbidities. 

Nonetheless, until now it is poorly understood, whether the underlying mechanisms leading to 

similar phenotypic manifestations are similar, and this warrants further investigations. Epigenetic 

mechanisms are undoubtedly an important mechanism involved in fetal programming, although 

the phenotypic manifested only gradually develop with advances in age. The reason for this is at 

present unknown, but it calls for the need to find biomarkers that can help us to identify 

adversely programmed individuals at birth, and help us to design the best possible nutritional 

intervention strategies targeting individuals exposed to different levels of nutrition pre-partum.  
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Chapter 3: Methodological approach 

Three papers are included in this thesis, and they are all based on AT samples obtained 

from the same longitudinal 3 (prenatal nutrition) x 2 (postnatal nutrition) factorial design sheep 

experiment, which has been described in detail by (Khanal et al., 2014; Khanal et al., 2016). In 

the experiment, twin pregnant sheep in their 2nd or 3rd parity were subjected to 3 different diets 

during the last 6 weeks of gestation (equivalent to the third trimester; term ~147 days):  

- NORM diet fulfilling Danish recommendations for net energy and protein 

- LOW diet fulfilling only 50% of the energy and protein recommendations 

- HIGH diet providing 150% of recommended net energy and 110% of protein 

recommendations.  

The lambs suckled their dams the first 3 days after birth, thereafter the dams were 

removed, and the twin lambs were reared in individual pens on each their postnatal diet until 6 

months of age:  

- CONV (conventional, moderate) diet consisting of milk replacer until 8 weeks of age 

and high quality hay exclusively thereafter. The amounts were adjusted weekly to 

ensure a constant and moderate growth rate of approximately 250 g/d. 

- HCHF (high-carbohydrate (i.e. starch)-high fat) diet consisting of a mix of milk 

replacer and 38% fat dairy cream (1:1 ratio, max 2 L/d) and rolled maize (max 2 

kg/d) supplemented with a little barley straw.  

Subgroups of lambs were sacrificed as adolescents at 6 months of age by the end of the 

postnatal dietary intervention and ATs sampled. Remaining animals were thereafter managed in 

two sex-divided groups and fed the same hay-based (low-fat) diet for 2 years until they were 

sacrificed for tissue sampling in adulthood at 2 ½ years of age. This represented a 2 years period 

of dietary correction for the sheep that had been fed the HCHF diet during the first 6 months of 

their lives.  

At autopsy, samples were obtained from four different ATs (SUB, PER, MES and EPI), 

which are formed at different time points during fetal development and have different metabolic 

functions, and hence believed to have different roles in the development of metabolic disorders.  

In this chapter, the main methodological approaches to study features relating to adipose 

expandability in this PhD project will be presented. This includes considerations regarding the 

choice of sheep as an animal model for late gestation programming (in this case of AT); 
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considerations regarding design of the HCHF diet; methods used to characterize AT 

expandability traits; the transcriptomics approach to unravel molecular biology underlying 

complex traits, including analyses for differentially expressed genes and weighted gene co-

expression network analysis.  

Finally, a brief presentation will be given of an unsuccessful attempt to look for early 

diagnostic markers for adverse intrauterine programming in stem cells in a tissue easily 

accessible at birth, namely the umbilical cord.  
 

3.1 Sheep as an animal model for late gestation programming of adipose tissue 

For obvious ethical reasons, it is not possible to conduct controlled intervention studies in 

humans to unravel the biology underlying nutritional programming in fetal life. For that reason, a 

number of animal models have been used in previous research, including rodents, sheep, pigs, 

avian species, and non-human primates in the DOHaD field to complement and explain findings 

from human epidemiological studies, as reviewed in (Mostyn & Symonds, 2009). The non-

human primates are by far the species that most closely resemble humans in terms of fetal 

growth trajectory in utero, but due to high rearing costs, complex management (Penfold & 

Ozanne, 2015; Chatfield & Morton, 2018) and also ethical issues, they are seldom used. Rodents 

are the most extensively used animal models in studies of how in utero challenges in the form of 

under- or overnutrition and nutrients can program AT development and have long-term 

consequences for its function later in life (Mostyn & Symonds, 2009; Sebert et al., 2010). 

However, the rodent is born at a developmental stage equivalent to the human fetus by the end of 

2nd trimester. This means that the major part of adipose formation and maturation in rodents take 

place after birth, whereas it occurs prior to birth in humans (Greenwood & Hirsch, 1974; 

Poissonnet et al., 1983). Even though it has been customary to compare developmental processed 

occurring in late human pregnancy to that of rodents during the lactation period, caution in the 

interpretation of such findings must be exerted, since mode of nutritional delivery to the neonate 

is distinctly different from that to the fetus (Zambrano et al., 2005). Moreover, in rodents, the 

studied AT of choice has mostly been epididymal fat, which does not exist in humans, and this 

tissue is furthermore reported to be formed primarily postnatally (Moreno-Mendez et al., 2020). 

For those reasons, the rodent and epididymal fat are not good models for third trimester in utero 

programming of ATs in humans.  
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Pigs are extensively used as models for humans, including in such areas as nutritional 

programming in early life (Barbero et al., 2013), obesity, toxicology as reviewed in (Miller & 

Ullrey, 1987). The anatomy and physiology of the pig digestive tract is similar to that of humans, 

and it makes the pig a preferred model for postnatal nutritional studies. However, due to distinct 

differences in gestation length, litter size, offspring maturity at birth (Miller & Ullrey, 1987; 

Wang et al., 2016), and hence timing of adipose formation and maturation relative to the time of 

birth, it is less suitable for the purpose of this study.  

Sheep has been a quite commonly used animal model in research relating to fetal 

development due to the very similar fetal growth trajectory, physiological maturity at birth and 

also a similar number of offspring to that of humans. Most importantly, the fetal AT ontogenesis 

in sheep is similar to that of humans and begins between mid and late gestation (Gemmell & 

Alexander, 1978; Symonds et al., 2004), and human epidemiological studies have shown that the 

developmental origin of metabolic disorders and obesity are related to malnutrition particularly 

in the third trimester. This was a crucial consideration in the choice of animal model, since the 

present study focused on effects of fetal malnutrition on AT development and function later in 

life. Numerous studies, including our study has successfully demonstrated that the ovine model 

is suitable for in utero nutritional intervention and the study of associated complications of AT 

development and function later in postnatal life (Khanal et al., 2014; Khanal et al., 2016). 

In contrast to the translatability between sheep and humans with respect to fetal growth 

trajectory, there are significant translational challenges, when it comes to postnatal nutrition due 

to the distinctive differences in digestive systems, sheep being ruminant animals, and one aspect 

of this project regarded consequences of matching or mismatching nutrition in late fetal and early 

postnatal life.  

It has been reported that the digestion, absorption and metabolism of nutrients in young 

ruminants from birth up 3 weeks of age are very similar to monogastrics, as long as milk 

constitute the main part of the diet (Kaba et al., 2018; Martín-Alonso et al., 2019) and 

forestomach function not yet well established. When the newborn ruminant suckles milk from 

the dam, it triggers a so-called esophageal groove reflex, whereby muscle flaps close to form a 

tube-like structure that connects the esophagus to the reticulo-amosal orifice. In this way, the 

flow of milk is directed directly from the esophagus to the abomasum, hence by passing 
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forestomach fermentation (Kaba et al., 2018; Martín-Alonso et al., 2019), as illustrated in Figure 

1B.  

Using this knowledge, we designed a high-carbohydrate (i.e. starch)-high-fat (HCHF) 

dietary regime to create absorptive patterns resembling that of humans on a Westernized diet. 

The lambs were removed from their dams 3 days after birth and artificially reared until 6 months 

of age on a liquid mix of milk replacer and 38% fat dairy cream in a 1:1 ratio, which was 

provided semi-ad libitum in a suckling bucket with a rubber nipple, as illustrated in Figure 1A. 

When young ruminants suckle milk from such a bucket, it will bypass rumen fermentation due to 

this esophageal groove reflex, which is not the case, if they drink the milk straight from the 

bucket (reviewed in (Kaba et al., 2018)). In addition to the liquid milk-cream mix, lambs were 

also fed semi-ad libitum with rolled maize (Khanal et al., 2014). In ruminants, starch normally 

undergoes extensive fermentation in the forestomachs, resulting in absorption of short chain fatty 

acids. However, some starch can escape rumen fermentation and subsequently be digested in the 

small intestine giving rise to absorption of glucose. This depends on the rumen degradability of 

starch, which is lower in maize than wheat and barley (Herrera-Saldana et al., 1990), and rolled 

maize was therefore chosen as the suitable carbohydrate (starch) supplementation for the lambs, 

in addition to the supply of lactose (disaccharide) from milk to ensure significant intestinal 

absorption of glucose. In this way, high (for a ruminant animal) postprandial increases in plasma 

triglyceride and glucose were achieved (Khanal et al., 2020a). 
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Figure 1: (A) Lamb ingesting the milk replacer-dairy cream mix fed from a suckling bucket to 

elicit the esophageal-reflex; (B) the reticular groove illustrated by (Pochòn, 2016), 1: esophagus, 

2: left lip, 3: right lip, 4: cardia, 5: reticulo-omasal orifice, 6: reticular fundus, 7: ruminoreticular 

fold, 8: abomasum, 9: rumen; (C) extremity of the reticular groove as seen by rumen endoscopy 

performed on the left flank of the sheep: top panels show the semi-open sphincter to the left and 

closed sphincter to the right, lower panels show a closed sphincter with slight mucosal prolapse 

to the right (from (Kaba et al., 2018) http://creativecommons.org/licenses/by/4.0/). 
 
3.2 Characterization of adipose tissue morphology 

The ability of individual ATs to expand and accommodate caloric excess as well as the 

distribution of small versus large adipocytes within an AT (rather than just total fat mass) appear 

to be important for normal AT function, and such traits in turn determine fat distribution patterns 

in the body and risk of obesity related disorders (Tan & Vidal-Puig, 2008; Grundy, 2015; Hepler 

& Gupta, 2017; Stenkula & Erlanson-Albertsson, 2018). The capacity of AT to accumulate fat in 

a healthy or unhealthy way depends on the ability of to increase the number of adipocytes 

http://creativecommons.org/licenses/by/4.0/
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(hyperplasia) versus increase the size of individual adipocytes (hypertrophy). Therefore, we 

wished to evaluate the possible impact of early life nutrition on expandability traits of four 

important ATs (SUB, MES, PER, and EPI). Specimens of the four ATs were sampled 

immediately post-mortem from adolescent lambs and adult sheep and fixed in 4% 

paraformaldehyde for 24 hr and in 2% paraformaldehyde for another week, and subsequently 

paraffin embedded. Three 5 µm tissue sections were collected from each AT sample and 

analyzed separately. The sections were cut with a distance of 300 µm to ensure that a particular 

cell would only be present in one section. The sections were subjected to different types of 

staining to be able to perform morphometric analyses of tissue components and adipocyte size 

distribution. Adipose tissue sections from adolescent lambs were iron-hematoxylin stained 

(Paper I), which we found provided the best coloring of adipose cell membranes compared to 

hematoxylin and eosin (H&E) staining. Initially, all AT from the adult sheep were also stained 

with iron-hematoxylin (Paper II). However, in EPI this coloring did not produce clearly visible 

cell membranes, which made it difficult to analyze, and EPI sections were subsequently re-

stained with H&E, which gave the best staining of cell membranes to differentiate single 

adipocytes in this tissue (Paper II).  

Stained adipose slides from the 6 months old lambs were scanned by a Panoramic MIDI 

whole slide scanner (3DHISTECH Ltd, Konkoly-Thege M.str., Budapest, Hungary) and a total 

of five pictures were randomly taken from each section at 20x magnification, providing a total of 

15 pictures for histology analyses from each AT per animal (Paper I). The Image J software was 

used to measure the different structures of AT on slides, such as area covered by adipocytes, 

collagen fibers and microvessels (Paper I). For adolescent lambs, adipocytes used for 

measurement of cross-sectional area (CSA) were chosen by randomly assigning a 15 points 

transparent grid, and CSA of hit adipocytes was measured manually. 

For 2 ½ years old sheep, the stained adipose slides were scanned at 5x magnification 

using an automated slide scanner for bright field and fluorescence (AXIO Scan.Z1; Zeiss; 

Germany). Previous studies in humans have shown that there is an association between the 

occurrence of a special sub-population of very small adipocytes (<40 µm diameter) with insulin 

resistance in obese subjects (McLaughlin et al., 2014), and findings in a sheep model of late 

gestation undernutrition suggested that such a sub-population of very small adipocytes in 

adulthood may have a fetal origin (Nielsen et al., 2013) and associated with insulin dysregulation 
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later in life. Therefore, we wanted a more detailed analysis of all cells in the tissue slides, to be 

able to avoid any bias with overrepresentation of large as opposed to very small cells, when 

using a counting grid. As a new software became available (Visiopharm®, Hoersholm, 

Denmark) a special application (APP) was designed for this software (Iron Haematoxylin 

Adipose Tissue APP ID 10113; Visiopharm®). This application identifies cell membranes, 

characterizes shape and size of individual adipocytes through 3 different protocols (Paper II). 

The first protocol classifies the individual shape of adipocytes, which measures the deviation 

from circularity of an object with a range from 0 (being a line) to 1 (being a perfect circle). The 

last two protocols measure the CSA of all adipocytes, and quantifies the relative proportion in 

the tissue slides of adipocytes, cell membrane and undefined areas. The adipocytes were 

automatically categorized into size classes according to their CSA, with classes ranging from 0-

40, 40-200, 200-400, 400-800, 800-1600, 1600-3200, 3200-6400, 6400-12800, 12800-26500, 

26500-36000 and >36000 µm2. The cell size class >36000 µm2 was not included in any further 

calculations, since it contained a high proportion of cells, where membranes between individual 

cells were inadequately stained.  

The adipocytes represented in a tissue slide can obviously be cut at varying distances 

from their center, and characterization of the CSA of adipocytes in a tissue section is therefore 

not a representative measure of the “true” cell size. Nevertheless, evaluation of the range of 

CSAs for cells in a section can provide information about the maximum cell size and possible 

occurrence of distinct cell size populations (1 versus 2 cell size populations as depicted in Figure 

2).  
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Figure 2: The fat cell size distribution with 2 clear peaks in perirenal adipose tissue and only 1 

peak in epicardial adipose tissue of adult sheep, respectively (Paper II). 

 

Furthermore, histological evaluation of tissue slides only provide a two-dimensional 

picture of tissue composition and size distribution of the adipocytes cut at different planes, but it 

does not provide quantitative information about the total numbers of adipocytes in the tissue. 

This information is, however, important to be able to evaluate to what extent an expansion of AT 

mass during e.g. obesity development relies more heavily on expansion of the size of existing 

adipocytes (hypertrophy) versus formation of new adipocytes (hyperplasia). The total AT mass 

was determined in SUB, PER and MES at autopsy, and we therefore attempted to make a semi-

quantitative estimate of the adipocyte population size in these 3 tissues by calculating a cell 

number index (CNI; arbitrary units) using the following formula: 

CNI = (adipose mass (kg) x % adipocyte coverage in tissue slides)/volume of a 

 spherical adipocyte with a diameter equivalent to the average CSA of adipocytes.  

The volume of such a spherical adipocyte was calculated using this formula:  

 V= (4/3) πr³,  

where the radius, r, was derived from a circle with the same area as the average CSA of 

adipocytes.  
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3.3 Differential Expressed Gene (DEG) and Weighted Gene Co-expression Network Analysis 

(WGCNA) approach to study the biology underlying complex traits  

We attempted to unravel changes in gene expression pathways that could explain 

observed impacts of the early nutrition history on adipose expandability traits and fat storing 

capacity (i.e. hyperplasic versus hypertrophic expandability, cell size distribution patterns etc.) in 

adolescence, and if this would track into adulthood. At first, we performed quantitative real-time 

polymerase chain reaction (qPCR) analysis of mRNA expression for molecular markers known 

to be involved in adipose development, glucose and lipid metabolisms, angiogenesis, 

inflammation, and signaling of key hormones. However, as it is discussed in Paper 1 and Paper 

II, the associations between changes in expression of the genetic markers and adipose 

morphological traits were poorly related in both adolescent lambs and adult sheep. Obviously, 

other molecular pathways must have been involved and of greater importance than those 

included in our initial gene expression analyses. 

Studies in humans, pigs, dogs, and ruminants have been able through transcriptomics 

analysis to identify key molecular markers involved in adipose development and functions in 

respect to breed differences, depot-differences, nutritional influences, and obesity (Henegar et 

al., 2008; Faulconnier et al., 2011; Grant et al., 2011; Kogelman et al., 2014; Leal et al., 2018; 

Yuan et al., 2019). We therefore adopted another approach, namely deep RNA-sequencing and 

transcriptomics analyses, to search for the unknown and to possibly unravel molecular biological 

pathways underlying the morphological changes of AT relating to the early nutrition history. 

This was done on samples from SUB and PER from adult sheep, since the early nutrition history 

had these two tissues as major targets judged from other measured parameters, and our focus was 

on encoding mRNA.  

The RNA-sequencing, including RNA extraction was performed by Novogene (HK) 

Company Limited, Hong Kong. The total RNA were extracted followed the TRIzol® protocol. 

The total RNA quality was first quantified in Nanodrop (Thermo Fisher Scientific, Carlsbad, CA, 

USA), followed by quantification of RNA degradation and potential contamination by Agarose 

Gel Electrophoresis and assessment of total RNA quantity and integrity using an Agilent 2100 

BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA). Finally, total RNA concentration 

was measured using the Qubit® RNA Assay Kit and a Qubit® 2.0 Fluorometer (Life 

Technologies, Carlsbad, CA, USA).  
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After quality control, Ribo-Zero™ rRNA Removal Kit (EPICENTRE® Biotechnologies, 

Madison, Wisconsin, USA) was used to remove ribosomal RNAs (rRNAs). The purified RNA 

was randomly fragmented to short fragments of 250 and 300 base-paired in fragmentation buffer. 

The first-strand cDNA was then synthesized by adding random hexamer primers, followed by 

the second-strand using a custom second-strand synthesis buffer (Illumina, USA), dNTPs (dUTP, 

dATP, dGTP and dCTP) and DNA polymerase I. The AMpure XP beads was used to purify the 

double-stranded DNA, and a poly A tail was ligated to the sequencing joint. The correct-sized 

fragments were purified by AMPure XP beads. The USER Enzyme (USER® Enzyme, New 

England, BioLabs® Inc, UK) was used to degrade the cDNA strands containing U instead of T, 

and the first strand cDNA was sequenced, thereby preserving the direction of the RNA. Finally, 

PCR amplification was conducted and the products were purified (AMPure XP beads) for 

constructing the cDNA libraries. The quality of the latter was assessed using Agilent 

BioAnalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA) and qPCR. The 

libraries were sequenced on an Illumina Hiseq 4000 platform, and 150 base-paired long paired-

end reads were generated. 

The pipelines for the differential expression and gene network analyses are illustrated in 

Figure 3. The FastQC v0.11.8 software was used to examine the quality of pair-end reads for all 

samples (Andrews, 2010). The adapter sequences and low quality of reads were removed using 

Trimmomatic v0.39 software (Bolger et al., 2014). Then, rRNA contamination was removed 

from the paired-end reads using database from SILVA v132 (Quast et al., 2012). The rRNA 

sequences were retrieved from SILVA, and processed to build a bwa index file using Burrows-

Wheeler-Aligner (BWA) v0.7.17-r1188 software (Li, 2013). The clean data were mapped to the 

SILVA database using bwa mem and then the paired and unmapped sequences were extracted 

using samtools v1.10 (Li et al., 2009) and bedtools v2.29.2 (Quinlan & Hall, 2010). The 

generated ‘clean reads’ were used for all downstream bioinformatics analysis. The STAR v2.7.3a 

was used to map the clean reads to the reference genome Oar v3.1.99 gtf (Flicek et al., 2012) 

with default parameter except that a maximum of 8 mismatches were allowed (Dobin et al., 

2013). To access the quality of the alignment, a quality control was performed using Qualimap 

v2.2 (García-Alcalde et al., 2012). After mapping, each SAM file obtained was sorted and 

transformed into a bam file by Samtools v1.9 (Li et al., 2009), and the gene expression counts 

were computed using HTSeq v0.11.8 (Anders et al., 2015). Genes with extremely low expression 
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levels are less reliable, therefore genes with less than 1 count per million (cpm) were removed 

prior to the network construction as suggested by (Mazzoni et al., 2016).  

 

 

Figure 3: The pipelines for Differential Expressed Gene (DEG) analysis and Weighted Gene Co-

expression Network Analysis (WGCNA).  
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The DEG were identified using DESeq2 R-package v1.26.0 (Love et al., 2014; Team, 

2017). The genes were considered differentially expressed at a False Discovery Rate (FDR) 

<0.05. The gene counts were normalized using the default normalization procedures provided by 

DESeq2 (correcting for the library size and RNA composition biases) and fitted with the 

following model;  

 

Y = sex + PostN + PreN+ sex:PostN + sex:PreN + PostN:PreN 

 

Where Y is the gene expression count, PreN is the fixed effect of prenatal nutrition 

(NORM, LOW and HIGH), PostN is the fixed effect of the postnatal nutrition (CONV and 

HCHF), and sex is the fixed effect of sex (♂ = males and ♀ = females).  

 

Due to insufficient time, results from the WGCNA are not included in this dissertation. 

Nonetheless, the analyses are ongoing and the description of how the WGCNA was constructed 

is therefore included in this methodological approach section. For the network construction, the 

similar expression dataset from the DEG analysis was used (Paper III). The networks were 

constructed separately for SUB and PER using WGCNA v1.69 (Langfelder & Horvath, 2008) 

package in R studio (Team, 2017). The effect of pre- and postnatal nutrition, and sex were 

corrected using the DESeq2 fits a generalized linear model assuming a negative binomial 

distribution of the read counts (Love et al., 2014). The WGCNA was constructed following the 

steps previously described (Carson & Lawson, 2020; Gao et al., 2020). First, the sample 

clustering was performed to remove any obvious outliers. Second, to ensure a scale-free network 

topology, soft threshold power (B) were set by raised to a power B of 12 for both tissues with 

scale-free topology index above 0.8. After that, the topological overlap matrix (TOM) was 

computed from the adjacency matrix containing the pairwise Pearson correlation coefficients 

(PCCs). The modules of co-expressed genes were identified using the dynamic tree cut algorithm 

and each module was assigned a color. The module eigengenes (MEs) were computed for each 

module and Pearson’ correlations were calculated between each module eigengene and each trait 

to estimate module-trait relationships. Finally, the modules of interest were selected based on the 

module-trait relationship with a FDR value of <0.05 and correlation value between modules and 

traits >0.80. 
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The Search Tool for the Retrieval of Interacting Genes (STRING) database was used to 

obtain Protein-Protein Interaction (PPI) data (Paper I and III). In order to reveal the regulatory 

and interactive networks that include our target genes, the 13 studied adipose markers related to 

adipose development, angiogenesis, lipid and glucose metabolisms and inflammation (see 

detailed in Paper I), were used to build the PPI network using the STRING-web interface, 

http://string.embl.de/ (Jensen et al., 2009). In Paper II, the analysis of the PPI networks, 

modules selection, and identification of hub genes were performed using several applications in 

the Cytoscape v3.7.2 (Shannon et al., 2003). The DEGs were mapped to the STRING database to 

evaluate and visualize the interactive relationships among DEGs, with a confidence score >0.7 

defined as significant (Doncheva et al., 2018). The modules were screened through the PPI 

networks using the Molecular Complex Detection (MCODE) application with the degree cutoff 

2, node score cutoff 0.2, and k-core maximum depth 100 (Bader & Hogue, 2003). The top 

modules with more than 6 edges (genes) were selected as significant modules. The hub genes 

were then identified through four centrality methods including Degree, Edge Percolated 

Component (EPC), Eccentricity, and Maximum Neighborhood Component (MNC) using the 

Cyto-Hubba application in Cytoscape (Chin et al., 2014). The intersections of these four 

algorithms were observed, and Venn plots were generated to identify significant hub genes using 

an online website (http://bioinformatics.psb.ugent.be/webtools/Venn/).  

The functional enrichment analysis was performed both for the selected modules and the 

DEGs identified for each group comparison using the Cytoscape ClueGO application (Bindea et 

al., 2009). The lists of genes identified from the significant modules and differential analysis 

were uploaded in the application, and Ovis aries (Taxonomy ID: 9940) was used as the reference 

genome to find significant enrichments. The selection criteria for the enrichment was based on 

two-sided hypergeometric test with P-value <0.05 and the P-values were corrected for multiple 

testing using the Benjamini-Hochberg FDR. Other criteria include a minimum of 3-20 Gene 

Ontology (GO) levels and 3 minimum number of genes or at least 4% genes in the respective 

terms.  

The final outputs of the DEG analysis are gene lists with differential expression patterns 

between treatments, whereas WGCNA (based on the same sequencing data as DEGs) reveal sets 

of highly co-regulated genes, called ‘modules’, that are thought to participate in the same 

biological functions and/or pathways (Kogelman et al., 2014; Lowe et al., 2017; van Dam et al., 

http://string.embl.de/
http://bioinformatics.psb.ugent.be/webtools/Venn/
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2018). Next, hub genes, which are highly connected nodes (connected to many different genes) 

were identified from networks (or significant modules) obtained from these two analyses using 

different types of centrality measurements (Liu et al., 2016; Yang et al., 2020). The hub genes, 

therefore, can be identified as potential candidate biomarkers (Liu et al., 2016; dos Santos Silva 

et al., 2019), in this case for observed phenotypes of ATs in response to early life nutritional 

programming 

 

3.3 Fetal umbilical stem cells as potential early indicators for adverse intrauterine programming  

As previously discussed, fetal programming changes the phenotypic manifestation of the 

genome, and epigenetic modifications of the genome are believed to be a/the or the underlying 

mechanism. Such modifications occur in utero in response to the insult that induces the fetal 

programming, and will thus be present in the individual at birth. However, as also discussed, the 

phenotypic manifestation of fetal programming only gradually develops as the individual 

matures and reaches adulthood. To explain this uncoordinated manifestation over time, we 

propose that basal mechanisms responsible for development, maturation and repair in a tissue 

(i.e. stem or precursor cells) could be particular targets of fetal programming in affected tissues, 

and we hypothesized that indications of such modifications in adipose stem cells could 

potentially be visible in another tissue rich in stem cells and readily available at birth, namely the 

umbilical cord. 

Human umbilical cord tissue, that would otherwise be discarded at birth, has been used in 

a number of other studies to characterize structural, cellular, and molecular alterations in this 

tissue in newborns that were subjected or exposed to different perinatal environmental cues 

(Javaid et al., 2005; Secco et al., 2008; Rua et al., 2014; Kim et al., 2015). For instance, Javaid et 

al. (2005) investigated the potential relation between umbilical vein serum leptin concentrations 

to body composition and bone mass of male and female infants. The study showed that the leptin 

concentrations were positively associated with body lean and fat mass, body mineral content, and 

estimated volumetric bone density of infants. Moreover, they found an association of umbilical 

vein leptin concentration with maternal adiposity, suggesting that maternal fat stores mediate 

effects on fetal body tissues through variations in fetal leptin concentrations.  

Stem cells are found in various tissue types and are important for tissues remodeling. 

They have the ability to continuously renew themselves, undergo differentiation into various 
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specialized cells, and are able to renew and be involved in tissue repair in the tissues they inhabit 

(Weiss & Troyer, 2006). Mesenchymal stem cells can be postnatally recovered from different 

components of the human umbilical cord, including blood cells, blood vessels or cells in the 

Wharton’s Jelly, which surrounds the umbilical blood vessels, and they are capable of 

differentiating into adipocytes, osteoblasts, and chrondroblasts in vitro (Weiss & Troyer, 2006; 

Kim et al., 2015). Some studies have reported that gestational (maternal) age, route of delivery, 

birth order, gender and birthweight can affect the quantity and quality of umbilical cord derived 

mesenchymal stem cells, while other studies have failed to demonstrate such an effect (Marin et 

al., 2011; Kim et al., 2015; Gil-Kulik et al., 2019). Maternal nutrition, maternal obesity, 

gestational diabetes, and smoking have been demonstrated to have a strong effect on the cellular 

and molecular properties of umbilical cord-derived mesenchymal stem cells (Rua et al., 2014; 

Kim et al., 2015; Baker et al., 2017a) with potential implications for offspring adiposity and 

growth. For example, adipocytes differentiated in vitro from umbilical stem cells obtained from 

babies born to obese mothers had higher concentrations of long-chain acylcarnitine 

concentration, upregulated gene expression for makers of lipid transport and indicators of 

oxidative stress, and this correlated to higher adiposity in these infants at 5 months of age (Baker 

et al., 2017b).  

These findings lend support to the hypothesis that umbilical stem cells can be used to 

diagnose individuals subjected to adverse programming in utero, provided the appropriate 

biomarkers can be identified. This hypothesis was unsuccessfully pursued as part of a sheep 

experiment conducted at the Norwegian University of Life Sciences, Aas, Norway, and it will 

briefly be described here. 

In the Norwegian sheep experiment, we attempted to study impacts of maternal level of 

nutrition during the pre-pubertal and gestational periods on morphological changes and 

expression of a stem cell marker protein (i.e. CD44 molecule) in umbilical cord samples from 

their newborn lambs. 

The umbilical cord samples were collected from twin lambs, approximately 5 minutes 

after delivery. The umbilical cord was clamped 1 cm from the belly of the lamb, and a sample 

was then taken approximately1-3 cm distal to the clamp and mounted on a paraffin plate and 

fixed in 10% neutral formalin buffer for subsequent histological evaluations. Another part was 

immediately frozen in liquid nitrogen and stored at -80 o C for subsequent RNA-related analysis. 
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Histological samples were embedded in paraffin, and tissue sections (5 µm) were stained with 

H&E and Mason-Trichrome for morphological characterization of different tissue structures 

(Figure 4).  

The stained sections were full slide scanned at 5x magnification using an automated slide 

scanner for bright field and fluorescence (AXIO Scan.Z1;Zeiss;Germany), and several 

applications were developed for the Visiopharm® software to evaluate characteristics of 

different umbilical cord structures, such as total number of nuclei in blood vessel walls and in 

Wharton’s Jelly (APP1), total area of blood vessels (APP2), total area of the tissue section and 

area of the Wharton’s Jelly (APP3), and total area contaminated with blood (APP4), as illustrated 

in Figure 5. Other sections were utilized for immunofluorescence staining for expression of a 

mesenchymal stem cell surface protein marker (i.e. CD44) (Figure 4). 

Unfortunately, it was impossible to get any meaningful results. The morphological 

evaluations revealed that the blood vessels in the umbilical cords from lambs rupture and become 

retracted from the umbilical cord at birth (in contrast to what the group has previously observed 

in piglets), resulting in substantial hemorrhage in tissue sections, rupture of the umbilical cord 

membrane, and there were blood vessel(s) missing in the majority of the specimens collected 

(Figure 5). In agreement with studies in other species, we found the most extensive staining for 

the stem cell marker (CD44) in infiltrated blood and in blood vessel walls, but also some profuse 

and weak staining in the Wharton’s Jelly (Figure 5E).  

No further results from the Norwegian sheep experiment are included in this thesis. If the 

raised hypothesis is to be pursued in future studies, the appropriate sampling method must be 

considered (e.g. at caesarian section) to ensure that the structure and components of the umbilical 

cord tissue can be preserved post-sampling.  
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Figure 4: (A) Sheep used in the Norwegian sheep experiment. (B) Example of umbilical cord 

sample immediately after birth. (C), (D) and (E) Examples of the same umbilical cord samples 

stained with H&E, Masson-Trichrome, and for presence of a stem cell marker protein (CD44), 

respectively. These staining revealed that only 2 (out of 3) blood vessels were present, there were 

signs of extensive tissue damage and hemorrhage, and presence of the stem cell marker protein 

was expressed in infiltrated blood, in blood vessel walls and Wharton’s Jelly in decreasing order 

of intensity. (F) and (G) Examples of umbilical cord samples with ruptured membranes and 

missing or damaged (½) blood vessel.  
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Figure 5: The development of applications (APPs) for different structures of umbilical cord using 

Visiopharm® software. (A) Total nuclei of umbilical cord blood vessel APP, (B) Total area of 

umbilical cord blood vessel APP, (C) Total area of umbilical cord cytoplasm APP, and (D) Total 

blood area APP.  
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Chapter 4: General results 

This chapter briefly present the main findings for each paper and/or manuscript included 

in this thesis. The papers and manuscript presented here are based on ATs obtained from the 

same experiment, where subgroup of animals were euthanized at the age of 6 months 

(adolescents) by the end of the postnatal dietary intervention, and the rest at 2 ½ years of age 

(adults) after having been fed with the same low-fat hay-based diet for 2 years.  

 

4.1 Paper I 

Differential impacts of late gestational over-and undernutrition on adipose tissue traits and 

associated visceral obesity risk upon exposure to a postnatal high-fat diet in adolescent sheep 

The hypothesis of this paper was that prenatal under- and overnutrition predispose for 

abdominal fat deposition by interfering the hyperplasic and hypertrophy ability in adipose depot 

specific ways (SUB, MES, PER, and EPI) following early postnatal HCHF diet feeding. The 

results showed that, compared to NORM lambs, LOW and HIGH lambs had reduced intrinsic 

(non-obese) especially in MES and PER due to lower proportion of adipocytes and lower 

adipocyte size, respectively under the postnatal CONV diet. Under the postnatal HCHF diet, 

prenatal malnutrition induced adipocyte hypertrophy in SUB and PER (particularly in HIGH), 

and MES (particularly LOW) due to reduced hyperplasic adipocyte ability in these three adipose 

depots. Moreover, the HCHF diet decreased and increased tissue-specific gene expression 

involved in adipose metabolism and inflammation, respectively. The epicardial adipocytes size 

were increased in the HCHF fed lambs but less pronounced in HIGH and LOW lambs compared 

to NORM lambs. Similar to other depots, the expression of lipid/glucose metabolism and 

inflammatory markers were down- and upregulated in the HCHF fed lambs compared to CONV 

fed lambs.  
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4.2 Paper II 

Depot and sex-specific implications for adipose tissue expandability and functional traits in 

adulthood of late prenatal and early postnatal malnutrition in a precocial sheep model 

In this paper, we aimed to test the hypothesis that pre- and postnatal malnutrition 

programed the expandability and functional traits of adult sheep ATs in depot- and specific 

manners. Unlike adolescent lambs, the effect of sex become prominent with advancing in age (2 

½ years age sheep). The SUB, MES, and PER were differentially targeted by long-term pre- and 

postnatal nutritional programming, whereas EPI was targeted only by early postnatal nutrition. In 

general, there was no long-term effect of prenatal nutrition on the morphological traits of SUB, 

except for the proportion of small adipocytes (<40µm2), where higher percentages were found in 

NORM females and HIGH males compared to NORM males and other group in between. 

Irrespective of pre- and postnatal nutrition, SUB had reached upper-limits for adipocyte size and 

CNIs with higher upper limits attained in females compared to males. For gene expression, only 

LPL was affected by independent effect of prenatal nutrition, while the expression of most of the 

studied genes were higher in NORM male for interaction effect of prenatal and sex) or NORM-

CONV groups for the interaction effect of pre- and postnatal nutrition compared to all female 

and LOW/HIGH males, and other pre- and postnatal combination groups, respectively. In PER, 

LOW females had the highest fat mass, average adipocyte CSA, and adipose cell coverage area, 

and opposite was observed for LOW males. Interestingly, HIGH male had attained similar 

adipose indicators (adipocyte CSA, tissue composition, and cell size distribution) which 

resembles to female sheep. The genes expression levels of CGI58, FABP4, GLUT1, IRS1, and 

VEGFA were highest in LOW sheep while other genes such as CD44, GCR, HSL, and TGFB1 

were highly expressed in LOW males compared to other respective groups. HCHF sheep had the 

highest expression levels of CEBPB and PLIN1 but the lowest CD68 compared to CONV sheep. 

Similar to PER, LOW females had the highest proportion of larger adipocytes with LOW males 

at the other extreme. Nonetheless, the gene expressions were less affected by pre- and postnatal 

nutrition with no systematic expression patterns. For EPI, there was a shift in cell size 

distribution toward higher proportion of larger and smaller adipocytes in HCHF sheep compared 

to CONV sheep. In addition, HCHF sheep had larger adipocyte CSA accompanied by 

upregulated of adipose metabolism related markers such as ADIPOQ, FABP4, FAS, HSL, PLIN1, 

and PPARG.  
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4.3 Paper III 

Transcriptomics analysis of differentially expressed genes in subcutaneous and perirenal 

adipose tissue of sheep as affected by their pre- and early postnatal malnutrition histories  

The aimed of this paper was to identify list of genes that are differentially expressed in 

SUB and PER of sheep with history of different pre- and postnatal nutrition. As anticipated, 

there was no prolonged effect of pre- and postnatal nutrition on gene expression profiles of SUB, 

except 44 DEGs were identified between males and females. 993 DEGs (975 and 18 genes were 

down- and upregulated, respectively) were identified between LOW and HIGH, whereas 186 

DEGs (179 upregulated genes and 7 downregulated genes) were detected between LOW and 

NORM. 702 out of 873 DEGs were downregulated in the interaction effect of prenatal nutrition 

and sex (PreNxsex). The DEGs identified between LOW and HIGH, and LOW and NORM 

group, in general, were participated in various transmembrane transport related activity (ion and 

metal ion, inorganic anion), motor activities related to cell cycle progression and sperm motility 

(microtubules and dynein), and various signals regulation and response (macromolecule 

metabolic process, peptide growth secretion, growth factor stimulus). For the interaction effects 

of pre- and postnatal nutrition, we identified 101 and 192 DEGs between LOW-HCHF and 

HIGH-HCHF versus NORM-CONV, respectively with most of the genes were downregulated in 

the mismatched LOW-HCHF and matched HIGH-HCHF sheep. These DEGs participated mostly 

in ATs remodeling activities (stress response and apoptosis-related processes) and immunity 

related processes and pathways. On the other hand, 831 DEGs (595 upregulated and 236 

downregulated) were detected in HCHF versus CONV sheep. The functional enrichment analysis 

revealed that early postnatal HCHF diet reduced the immunity-related processes and pathways as 

well as transmembrane ion transporter. Through the PPI networks, we found two significant 

modules for LOW versus HIGH in which the first module was enriched in the mitotic cell 

division (i.e. attachment of mitotic spindle microtubules to kinetochore and mitotic sister 

chromatid segregation), whereas the second module was related to oxidoreductase related 

activity. The significant module detected for LOW-HCHF and HIGH-HCHF versus NORM-

CONV was enriched in myeloid leukocyte activation, whereas for HCHF versus CONV, the 

significant module was associated to collecting duct acid secretion and proton-transporting 

ATPase complex activity. From the PPI networks, we identified 6 hub genes (AURKA, EXO1, 

MELK, PDK, NDC80, and TTK) for LOW versus HIGH, whereas 2 hub genes (CCDC39 and 
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TKTL1) for LOW versus NORM. The C1QA, C1QB, CSF1R, CTSS, ITGB2, and LAPTM5 were 

hub genes both for LOW/HIGH-HCHF versus NORM-CONV group. Moreover, C5AR1 and 

PTPN6 were hub genes for LOW-HCHF versus NORM-CONV, whereas C1QC, SP11, and 

TYROBP were hub genes for HIGH-HCHF versus NORM-CONV. The MMP9 was the only hub 

gene identified for HCHF versus CONV.
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Chapter 5: General discussion 

This experiment was conducted to test if late gestation under- and overnutrition have 

long-term and differential implications for adipose expandability and functional traits in different 

ATs (SUB, MES, PER, and EPI) and their ability to cope with early postnatal overnutrition. In 

addition it was the aim to unravel possible molecular and biological pathways underlying the 

functional changes in AT. The AT samples were obtained from the same experiment, where 

subgroup of animals were euthanized at the age of 6 months (adolescent) by the end of the 

postnatal dietary intervention, and the rest at 2 ½ years of age (adulthood) after having been fed 

with the same low-fat hay-based diet for 2 years.  

We found that the expandability and functional traits of SUB, PER and MES appeared to 

be affected by pre-and postnatal malnutrition history in a concerted, interrelated fashion with 

SUB and PER as direct targets of prenatal programming, whereas, EPI was unaffected by the 

nutrition history in prenatal life, but subject to long-term programming of early postnatal HCHF 

diet. Therefore, the first part of the discussion (sections 5.1 and 5.2) is dedicated to SUB, PER 

and MES, while EPI will be discussed separately (section 5.3). 
   

5.1 Impact of prenatal malnutrition on the ability of SUB, PER and MES to cope with and 

recover from an early postnatal obesogenic dietary exposure 

Fat distribution patterns play an important role when it comes to predisposition for 

metabolic diseases. Central obesity and ectopic fat deposition are both strong risk factors for 

insulin resistance and cardiovascular diseases (Björntorp, 1997; Samara et al., 2012), whereas 

deposition of fat in subcutaneous and gluteofemoral fat depots provide a protective role by 

preventing from adverse effects associated with ectopic fat deposition (Manolopoulos et al., 

2010; Pellegrinelli et al., 2016). There are also sex differences involved, and males appear to be 

more susceptible for central adiposity and obesity-related diseases than females (Bloor et al., 

2013).  

In 6 months old lambs, we found that both late gestation LOW and HIGH nutrition was 

associated with a reduced intrinsic adipocyte cellularity in SUB, MES, and PER and also a 

reduced ability of these tissues to expand by increases in cell numbers (hyperplasic 

expandability), when challenged with the obesogenic HCHF diet in early postnatal life. Thus, 

increases in fat mass in these adipose depots was to a larger extent relying on adipocyte 
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hypertrophy (Paper I). A particular feature of SUB was that there appeared to be a rather fixed 

upper-limits across treatment groups for adipocyte hypertrophy, and this rendered LOW and 

HIGH animals more susceptible for abdominal fat deposition, and PER adipocytes became 

extremely hypertrophied (Paper I). This is not the first experiment to demonstrate that a 

maternal LOW level of nutrition during gestation can predispose for later adipocyte hypertrophic 

expansion and redirection of fat deposition towards the abdominal region in response to postnatal 

overfeeding or catch-up growth. However, we are reporting from the same experiment that the 

opposite nutritional exposure (HIGH) during late fetal life can lead to the exact same phenotypic 

outcome, suggesting that fundamental processes determining intrinsic cellularity and hyperplasic 

growth capacity are suppressed by both types of malnutrition (Paper I) (Barbero et al., 2013; 

Gao et al., 2014; Liu et al., 2015; Khanal et al., 2020b). In addition, redirect our study support 

the so-called adipose expandability hypothesis, which predicts that once the threshold for SUB 

expansion is achieved, fat deposition will to an increasing extent towards intra-abdominal and 

ectopic regions (Sniderman et al., 2007; Cuthbertson et al., 2017). 

In the adult sheep, there was still evidence of a quite fixed upper-limits for expandability 

(higher in females than males), which was not related to the early nutrition history, and a 

compensatory increase in adipocyte numbers must have occurred in LOW and HIGH sheep from 

adolescence to adulthood (Paper II). Based on these results, we therefore challenge the theory 

that adipose expansion in postnatal life occur primarily by hypertrophy of existing adipocytes 

except in the case of morbid obesity (McLaughlin et al., 2010; Lamacchia et al., 2011; Chusyd et 

al., 2016). However, it has been suggested by others that SUB may have a higher adipogenic 

capacity compared to visceral fat (Porter et al., 2009; Gealekman et al., 2011; Tchkonia et al., 

2013; Pellegrinelli et al., 2016). 

Fat distribution patterns are known to be sex dependent, where females predominantly 

favor lipid accumulation in subcutaneous fat, whereas males have a greater ability to accrue 

visceral fat, and these sex differences become more prominent after puberty (Fuente-Martín et 

al., 2013; Palmer & Clegg, 2015) in agreement with our study. A previous study by Medrikova 

and colleagues showed that in response to prolonged high-fat feeding, female mice displayed 

greater ability for adipocyte enlargement both in subcutaneous and gonadal fat, compared to 

male mice, and this was associated with lower fat deposition in liver and better insulin sensitivity 

(Medrikova et al., 2012). In addition, data from their study suggest that adiponectin secretion 
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plays a role in the sex differences observed in adipose expandability and obesity-related 

metabolic disorders at least in the mouse model (Medrikova et al., 2012). Accumulating 

evidences also suggest that estrogens, through activation of their receptors, influence the 

expandability of adipocytes by enhancing adipocyte expandability in SUB, thereby inhibiting 

visceral fat deposition and expansion (reviewed in (Palmer & Clegg, 2015). Similar to these 

findings, sex differences in SUB expandability in our sheep study were observed in adults and 

not adolescent lambs from the same experiment, and in adult sheep, SUB expandability was 

greater in females compared to males (Paper II).  

Given the fixed, but sex-specific, upper-limits for expandability of SUB in adult sheep, 

we point to PER expandability as a major determinant of intra-abdominal fat deposition patterns 

and as a particular target of early nutrition programming (Paper II). Late gestation 

undernutrition, reduced PER expandability particularly in LOW males, whereas late gestation 

overnutrition appeared to induce a female phenotype in HIGH males in terms of cell size 

distribution (Paper II). Among all adult sheep, NORM males and LOW males had the lowest 

average perirenal adipocyte size and the lowest PER fat mass, which was associated with a shift 

in fat cell size distribution toward higher numbers of smaller (800-3200 µm2) and lower numbers 

of larger (6400-25600 µm2) adipocytes compared to other groups (Paper II). In addition, the 

adult (previously obese) HCHF sheep had a lower PER fat mass compared to that of CONV 

sheep, and it was in fact the only fat tissue that had not increased several fold (but in fact became 

numerically reduced) in mass compared to PER sampled from the 6 months old HCHF lambs 

(Khanal et al., 2014). The cause for this collapse in expandability of PER from adolescence to 

adulthood in the HCHF animals is unknown. However, the extreme PER adipocyte hypertrophy 

observed in the HCHF lambs, apparently led to a downward shift in adipocyte size in the second 

cell size peak, similar to what was observed in the NORM males and LOW males compared to 

other sheep (Paper II). Whatever the mechanism, the consequence was a permanently overall 

reduced expandability of this tissue, which could not be reversed by dietary correction for 2 

years.  

It has been previously shown that both very small and very large adipocytes can have 

adverse impacts on adipose development and functions. Adipose tissue inflammation was 

reported as a consequence of dysregulation of hypertrophic, very large cells (Skurk et al., 2007; 

Stenkula & Erlanson-Albertsson, 2018), whereas increased numbers of a sub-population of very 
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small adipocytes in humans fat depots (subcutaneous and omental fat) in obese and morbidly-

obese subjects has been linked to insulin resistance (McLaughlin et al., 2007; McLaughlin et al., 

2014; Fang et al., 2015). In agreement with the latter studies, we observed in PER from adult 

sheep that the numbers of very small adipocytes (<40 µm2) were positively correlated to 

numbers of the largest adipocytes (12800-36000 µm2), but negatively correlated to numbers of 

other smaller adipocytes in cell‐size peak 1 (200-1600 µm2) as well as to CNI (Paper II). In 

response to excess energy intake, adipocytes have the capability to expand in size, however, once 

the expansion ‘threshold’ is reached, recruitment of new and hence formation of small 

adipocytes occur to protect against fat cell breakage and subsequent inflammation (McLaughlin 

et al., 2014; Stenkula & Erlanson-Albertsson, 2018). However, the subpopulation of very small 

adipocytes appear not to be a healthy sign, but rather a reflection of an impaired ability to form 

new cells and mature adipocytes into fully functional ones and/or a failure in their ability to 

accumulate lipids (McLaughlin et al., 2007; Fang et al., 2015). A previous study from the group 

has indicated that this population of very small adipocytes may have a fetal origin in sheep 

(Nielsen et al., 2016), although we could not directly confirm this in the present study.  

Intriguingly, the long-term consequences of the early postnatal HCHF diet on adipocyte 

hypertrophy were observed only in LOW and CONV but not in HIGH males. Hence, the PER 

adipocyte size distribution in adult HIGH-HCHF males was similar to that of female sheep 

(Paper II). This gives rise to the question, whether late gestation overnutrition in fact offers 

some form of protection towards long-term adverse impacts of postnatal overnutrition in males.  

Although we found similar long-term implications of early life nutrition on 

morphological features in MES as those observed in SUB and PER in adolescent as well as adult 

sheep, we did not find any evidence for prenatal impacts on gene expression patterns in MES in 

contrast to SUB and particularly PER (see section 5.2) (Paper I and II). In addition, in 

adulthood, the numbers of large adipocytes in MES were positively correlated to the numbers of 

large adipocytes in PER (Paper II). Therefore, it is tempting to speculate that MES is not a 

primary target of early nutrition programming. Furthermore, given the fixed (but sex-specific) 

expandability of SUB adipocytes, it is suggested that the observed prenatal impacts on 

expandability in MES are most likely indirect consequences of expandability changes in PER 

(Paper I and II).   
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The HCHF diet induced extreme adipocyte hypertrophy and extreme perirenal fat 

expansion in the 6 months old lambs, and this was associated with an approximately 1/3 

reduction of kidney weight compared to the CONV fed lambs (Khanal et al., 2014). As 

previously mentioned, in the adult sheep there was a reduction in PER fat mass in HCHF 

compared to CONV sheep (Paper II). Apparently, the lack of expansion of PER fat mass from 

adolescence into adulthood allowed for compensatory kidney growth, since no differences were 

observed in kidney weight between the adult CONV and HCHF sheep after they had been fed the 

same moderate low-fat hay-based diet for 2 years (Paper II). It has not been possible to find any 

previous reports on such a compensatory kidney growth in any species. However, it has been 

previously demonstrated that excessive perirenal fat expansion can modify kidney development 

and function simply due to mechanical compression (Lamacchia et al., 2011), and infiltration of 

adipocytes into the renal sinus can compress the renal vein and artery, leading to increased 

interstitial pressure, and hence reduced kidney function in adulthood (Foster et al., 2011). In this 

context, it is intriguing to speculate that the previously reported hypercholesterolemia, 

hyperuremia, and hypercreatinemia (Khanal et al., 2015) observed in the nutritionally 

mismatched LOW-HCHF sheep from this study could be related to adverse programming of 

PER expandability and associated renal dysfunctions following the early suppression of kidney 

growth (Paper II). This points to PER expandability as a major determinant for fat deposition 

patterns, and risk of fatty acid and cholesterol overflow as well as kidney dysfunction in 

situations of nutrient excess.  

Altogether, our findings further support the AT expandability theory and evidences from 

humans and animal model that poor expandability of SUB can redirect fat deposition towards the 

intra-abdominal region. Hence, SUB might be an initiating factor for redistribution of fat to other 

depots, rather than being directly implicated in adverse metabolic risks related to early nutrition 

programming. Our study also points out that PER becomes a major tissue determining intra-

abdominal distribution of fat flows toward MES and/or ectopic regions (non-adipose organs). It 

also appears that early obesity development can have significant long-term implications, leading 

to a collapse in PER expandability after massive hypertrophy of adipocytes in this tissue in early 

postnatal life.  
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5.2 The molecular and biological pathway underlying changes in adipose morphology and 

associated metabolic disarrangements  

In this study, we aimed to unravel the molecular mechanisms involved in changes in 

adipose expandability due to 3 successive timings of nutrition interventions: 1) last 6 weeks 

(trimester) of late gestation (LOW, HIGH, NORM), 2) first 6 months of postnatal life (CONV, 

HCHF), and 3) 2-years of dietary correction (for HCHF sheep) with feeding of a low-fat hay-

based diet. We examined the expression of a range of genetic markers encoding for proteins 

known to be involved in adipose fat and carbohydrate metabolism, hormone signaling, 

angiogenesis, and cell turnover by the end of the early postnatal feeding intervention (at 6 

months of age) and in adulthood after the dietary correction period (i.e. at 2 ½ years of age) 

(Paper I and II). These qPCR analyses revealed poor associations between observed 

morphological changes and gene expression levels for the studied markers in all fat depots, both 

in 6 months old lambs and in the 2 ½ years old sheep (especially when evaluating the effect of 

the prenatal nutrition). Therefore, we hypothesized that other adipose markers and/or pathways 

would have been responsible for the early nutrition impacts on adipose expandability. To 

investigate this, we proceeded with an untargeted deep RNA sequencing and transcriptomics 

approach using SUB and PER from adult sheep, since these fat depots according to the initial 

targeted qPCR analyses were the primary targets of prenatal nutritional programming with long-

term implications. Moreover, through transcriptomics analysis and it respective downstream 

bioinformatic pipelines (i.e. PPI network, module selection) we would potentially be able to 

identify hub genes that can be proposed as biomarkers for fetal and neonatal nutrition 

programming. 

As mentioned previously, the marked reduction in intrinsic (non-obese) cellularity (CNI) 

in SUB in prenatally LOW and HIGH adolescent lambs were not evident in the adult sheep, and 

there must have been a compensatory hyperplastic growth phase occurring within the 2 years 

period with feeding of a low-fat hay-based diet (Paper I and II). From the DEG analysis, we 

could, however, not find any evidence of molecular mechanisms responsible for the apparent 

‘compensatory’ growth of SUB, since the transcriptome of this tissue, in the adult sheep was 

unaffected by the early life mal(nutrition), but this on the other hand could contribute to explain 

the observed very similar (sex-specific) upper-limits for hypertrophic expandability of SUB 
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adipocytes across all treatment groups (Paper III). At present, there is no answer to how, when 

and why a compensatory hyperplasic expandability took place in this tissue prior to adulthood.   

Similar to a rat model of long-term maternal junk food diet (during pregnancy and 

lactation) (Bayol et al., 2008), we found in our Copenhagen sheep model that prenatal 

malnutrition (especially LOW) was associated with long-term permanent changes in the 

transcriptome profiles of PER in adult sheep (Paper III). Our results demonstrated that prenatal 

LOW (compared to HIGH and NORM) altered the mRNA expression in PER of markers 

involved in transmembrane transport (e.g. ion, inorganic, and metal ion), motor activities related 

to cell cycle and sperm motility (e.g. microtubules, cilia, and dynein), and perception and 

response to various extracellular signals (e.g. macromolecule and growth factor stimulus) (Paper 

III). The targeting of these pathways are in line with work previously published by Leal and 

colleagues (Leal et al., 2018), in which enhanced nutrient supply during the pre-weaning period 

was associated with an increase in omental fat mass (both hyperplasia and hypertrophic 

adipocyte expansion) in the preweaned calves, and altered expression of genes in pathways 

relating cell cycle (e.g. mitosis and cell cycle progression), cellular assembly and organization 

(e.g. cytoskeleton formation), and molecular transport. Thus, PER and omental fat appear to be 

targets of pre-and postnatal nutrition, respectively, depending on the specific timing of their 

development (Gemmell & Alexander, 1978; Symonds et al., 2004; Bonnet et al., 2010). 

The cell cycle involves regulatory sites like cell proliferation and cell size homeostasis 

(Björklund, 2019), adipocyte differentiation, function (Lopez-Mejia et al., 2018) with 

consequences for whole body homeostasis. Various ion channel and transmembrane transporters 

are involved in adipose proliferation and remodeling as reviewed by Zheng et al. (2019). The 

cellular uptake of metabolites, such as glucose and amino acids, as well as mitochondrial activity 

and ATP production are important factors for cell cycle progression (Björklund, 2019), and such 

molecules are transported to the nucleus from the external environment or across mitochondrial 

membranes via various types of transmembrane transporters (Gadde & Heald, 2004). For 

example, ion channels have been shown to participate in the regulation of food intake, hormone 

release and adipocyte proliferation, and proliferating adipocytes (compared to resting cells) 

exhibit increased ion channel expression, and a variety of ion channels have been associated to 

the pathogenesis of obesity (Vasconcelos et al., 2016). Besides that, the microtubules are also 

essential structural components involved in the cell cycle, and required for the segregation of the 
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complete set of chromosomes to each daughter cell (Gadde & Heald, 2004). The microtubule 

activities are crucial for the structural organization of cells especially for cell shape, division, 

motility, intracellular transport; they regulate cell polarity, modulate cell adhesion, and control 

force-production by the actin cytoskeleton (Kaverina & Straube, 2011; Matis, 2020). Altogether, 

based on these previous studies, the pathways that we found to be targets of early nutrition seem 

to be fundamental for proper adipose development and survival, and most of the involved genes 

were downregulated in sheep with a prenatal LOW history. Nevertheless, it is still unclear to 

what extend these mechanisms contributed to impaired hypertrophic PER ability in LOW males 

(but not LOW females), and which specific cells within AT that are altered and associated with 

these pathways, hence warrant future investigation.   

In the PPI networks, hub proteins (genes) are connected to many other proteins and 

demonstrate a significant contribution in organizing the networks, in which deletion of a hub 

protein is thought to more lethal than deletion of a non-hub protein (He & Zhang, 2006). The 

application of RNA-technologies such as microarray and RNA-sequencing have become a 

method of choice in detecting a vast number of (adipose) markers and biological pathways 

related to for instance, obesity and obesity comorbidities (Awaya et al., 2008; Xu et al., 2013; 

Kogelman et al., 2014). In PER, we identified 3 hub genes (among 8) between prenatal LOW 

versus HIGH, which have previously been shown to be expressed in the adipose-derived 

mesenchymal stem cells. They were AURKA, TTK (and family member of TTK, TKTL for LOW 

versus NORM) and MELK. The expression of these hub genes were downregulated in the LOW 

group, when compared to HIGH, but the opposite direction of expression (downregulated) was 

observed when compared to NORM for TKTL. These hub genes are known to be involved in 

adipogenesis and ciliary disassembly in adipose/adipocyte-derived mesenchymal stem cells (Xu 

et al., 2002; Kim et al., 2014; Cook, 2016; Ritter et al., 2018a; Ritter et al., 2018b). In obese 

subject, upregulated expression of these genes (thought to function as ciliary disassembly 

regulators) was associated with shortened and deficient cilia in the adipose-derived mesenchymal 

stem cells. In contrast, in vitro study have shown that adipocyte-derived mesenchymal stem cells 

cultured at low density (~50% confluent) had higher expression of proliferating-related genes, 

such as AURKA (including TTK), whereas higher expression levels of immunity, cell 

communication, signal transduction and cell motility-related genes (e.g. cytokine, chemokine, 

and growth factors) were found in high-density culture (90% confluent) (Kim et al., 2014). From 
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these two studies, it seems that AURKA performed distinct functions depending on the state of 

adiposity and density of adipose-mesenchymal stem cells. We could obviously not point out, 

which specific cells that contributed to the altered expressions of genes in PER, since we used 

whole tissues samples for extraction of RNA. Nevertheless, our study suggests that 

adipocyte/adipose-derived stem cells in PER could be particular targets of long-term prenatal 

nutritional programming (especially in LOW), and this would contribute to explain, why 

programming effects become manifested in a tissue particularly, or exclusively, if the eliciting 

exposure coincides with the specific time window of development for that tissue. If 

mesenchymal stem cells are particular targets for changes in gene expression, we hypothesized 

that signs of adverse fetal programming potentially could be detected at birth even in stem cells 

derived from a readily available tissue, namely the umbilical cord. We were, as previously 

mentioned, unsuccessful in our attempt to pursue this hypothesis in the present project.  

ITGB2 and CTSS are among hub genes, whose expressions were altered in the PER of 

LOW/HIGH-HCHF compared to NORM-CONV, whereas MMP9 was the only hub gene 

identified between HCHF and CONV sheep. The associations between these hub genes and 

obesity and obesity co-morbidities are well established. An increased expression of these hub 

genes were observed in the SUB of obese Pima Indian subjects, and a single polymorphisms in 

the ITGB2 were found in Japanese Americans, whose diet had become ‘westernized’ compared 

to native Japanese (Nair et al., 2005; Awaya et al., 2008). All of these hub genes play important 

roles in inflammation and immunity related processes and pathways, and most intriguingly, they 

are expressed in preadipocytes, rendering an involvement in adipogenesis likely, and they 

represent a possible link to changes in fat expandability (Nair et al., 2005; Taleb et al., 2006; 

Clément & Langin, 2007). In PER, we found that ITGB2 and CTSS expressions were 

downregulated in LOW/HIGH-HCHF adult sheep compared to NORM-CONV sheep, but the 

mechanisms underlying a reduced expression of these genes in the sheep subjected to 

mismatched or matched nutrition in pre- and early postnatal life are still unknown.  

We have previously shown that the kidney weight of the 6 months old HCHF lambs were 

reduced (approximately 1/3 reduction in total weight) compared to CONV lambs, which could be 

ascribed to a mechanical compression and direct functional (exerting local toxic) effects from the 

extreme PER expansion, as shown in other studies (Yun et al., 2012; Cordeiro et al., 2013; Hall 

et al., 2015). However, during the 2 years period on a low-fat hay-based diet, kidney weights of 
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the now adult HCHF sheep became identical to those of CONV sheep, demonstrating that 

compensatory kidney growth took place during this 2 years period (Khanal et al., 2015). We are 

not aware of reports from humans of such an ability for a quite dramatic postnatal compensatory 

growth of kidney size from adolescence to adulthood, but the gene expression enrichment 

analysis revealed that pathways related to kidney cell differentiation were persistently 

downregulated in the adult HCHF as compared to CONV sheep (Paper III). A normalization of 

kidney size may therefore not necessarily imply a normalization of kidney function. In addition, 

a pathway related to cholesterol metabolism (downregulated genes) was significantly enriched in 

LOW-HCHF sheep compared to NORM-CONV sheep (Paper III). Impaired kidney function 

and PER cholesterol metabolism pathways may be responsible for the previously observed adult 

hypercholesterolemia, hyperuremia and hypercreatinemia in the adult LOW (but not HIGH) 

sheep, when they had additionally been challenged with the HCHF diet in early postnatal life 

(Khanal et al., 2016). 

 

5.3 Epicardial adipose tissue was a target of long-term programming in response to early 

postnatal overnutrition  

EPI is located in close proximity to the myocardium due to the absence of fascial 

boundaries in this tissue, and EPI can hence interact locally with both the myocardium and the 

epicardial vasculature through secretion of e.g. fatty acids and proinflammatory adipokines 

(Iacobellis et al., 2005). Studies in humans have shown that the thickness of the EPI fat layer is 

significantly correlated, and proportionately increased, with the severity of coronary artery 

disease, and these correlations are apparently not closely related to body fat accumulation 

elsewhere (Jeong et al., 2007; Eroglu et al., 2009; Iacobellis et al., 2011).  

The epicardial adipocytes have been reported to be smaller in size compared to 

adipocytes in other tissues, which agrees with results from our study, and they have also been 

shown to have more dynamic lipid metabolism enabling epicardial adipocytes to both 

accumulate and quickly release fatty acids from stored lipids on demand (Motoyama et al., 2009; 

Miksztowicz et al., 2017; Berg et al., 2019). It is therefore a tissue known to play an important 

role in the development of cardiovascular diseases.  

It has not been possible to find other reports regarding cell populations within the EPI 

from other species, but we found a clear unimodal adipocyte size distribution pattern in this 
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tissue indicating that EPI in contrast to the other ATs is composed of a single cell population. 

Moreover, to our knowledge we are the first to show that EPI is not a target of nutritional 

programming occurring in the last trimester of gestation. This may be logical considering the 

presumed timing of formation and development of this tissue. In human fetuses, the formation of 

EPI has reported to take place in the second trimester around week 20 to 28 of gestation (Jackson 

et al., 2016; Yavuz et al., 2016). Hence, findings from epidemiological studies in humans have 

shown that maternal undernutrition in early pregnancy, was a particular risk factor for 

development of cardiovascular diseases in adulthood, but this was not the case for undernutrition 

in late pregnancy (Roseboom et al., 2000b; Roseboom et al., 2006). A nutritional insult in late 

gestation, as in our sheep experiment, may therefore be beyond the critical time window of 

development, where a nutrition insult could induce significant epigenetic or other programming 

events in EPI. 

However, we did observe marked changes in adult sheep that had been fed the 

obesogenic HCHF diet in early postnatal life, and in fact, EPI was by far the AT most affected in 

both the short and long-term by the early postnatal nutrition. The size of EPI adipocytes were 

more hypertrophied in the adolescent HCHF lambs, while they were exposed to the HCHF diet, 

as compared to CONV lambs, and this difference persisted into adulthood, even after the 2 years 

period of dietary correction for the HCHF sheep (Paper I and II). In adolescent lambs, the 

adipocyte hypertrophy was associated with an upregulated gene expression for inflammatory 

markers. Adipose inflammation is a common feature associated with obesity development, 

following e.g. exposure to high-energy diets and/or rapid catch-up growth in the early postnatal 

period (Twig et al., 2016; Weihrauch-Blüher et al., 2018).   

In the adult HCHF sheep, gene expression levels were also upregulated for adipogenic, 

lipogenic, and lipolytic markers, indicating a higher capacity for lipid metabolism in agreement 

with the more extensive fat infiltration in the hypertrophied adipocytes.  

Altogether, our data support human epidemiological data that EPI is not a target of 

programming in response to late gestation malnutrition. However, it is a target of programming 

in the early postnatal period, where early obesity development can have long-term and adverse 

consequences for EPI expandability traits that are not reversible upon dietary correction later in 

life.     
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Chapter 6: Conclusions, limitations and futures perspectives 

6.1 Conclusions 

The present sheep study has shown that the long-term impacts of early life mal(nutrition) 

on the structural and functional traits of AT are depot- and sex-specific, and the sex-specific 

differences become more evident with advanced age. At 6 months of age (adolescence), both a 

prenatal LOW and HIGH nutrition history was associated with intrinsic (non-obese) reduced 

cellularity as well as an impaired adipocyte hyperplastic ability during obesity development, 

hence rendering this adipose tissue more predisposed for expansion by adipocyte hypertrophy 

(SUB, MES, and PER) upon feeding of an obesogenic (HCHF) diet in early postnatal life. 

Adipocytes in SUB furthermore appeared to have rather fixed upper-limits for expandability by 

hypertrophy, which were reached earlier than in other depots, subsequently redirecting fat 

deposition towards other tissues and predisposing for abdominal obesity, and with PER as a 

tissue with extreme capacity for (hypertrophic) expansion. Hypertrophy induced by the postnatal 

HCHF feeding was associated with a concomitant upregulated expression of inflammatory 

markers in all adipose tissues studied.    

After 2 years of feeding a low-fat hay-based diet, no evidence of differences in cellularity 

were observed in the now 2 ½ years old adult sheep, demonstrating that there was a time window 

for compensatory growth with formation of new SUB adipocytes, but with sex-specific upper-

limits for cellularity and hypertrophic expandability now being clearly evident (males<females). 

PER was a major target for long-term impacts of prenatal malnutrition, evidenced as reduced and 

increased adipocyte hypertrophic ability in LOW males and HIGH males, respectively. Due to 

fixed upper-limit for SUB adipocyte hypertrophy, PER expandability appears to become a major 

determining factor for patterns of intra-abdominal fat deposition, rendering LOW and 

particularly LOW males predisposed for MES and non-adipose lipid accumulation, and 

associated metabolic risks in adulthood. EPI, in contrast to other depots, was a main target for 

long-term implications of postnatal, but not prenatal, nutrition, which tracked into adulthood as 

increased expression levels for adipogenic and lipogenic genes associated with adipocyte 

hypertrophy. 

Our data provide evidence that early life mal(nutrition) permanently altered gene 

expressions in adult sheep in PER, but not SUB, which agrees with the transcriptome of SUB 

being unaffected by early life nutrition. However, a subset of 44 genes differed in expression 
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between the two sexes, and this could possibly explain the sex-specific upper-limits for 

expandability attained in all adult sheep. The mechanism, whereby SUB in LOW and HIGH 

lambs restored its hyperplastic ability in adulthood is unknown.  

In PER, fundamental genes (proteins) relating to biophysical sensing of the extracellular 

(micro) environment and cytoskeletal motor function were downregulated in adult LOW 

compared to other sheep, with associated implications for adipocyte proliferation, maturation, 

and tissue organization. A number of hub genes affected by the early life nutrition history in the 

adult sheep were identified. These included downregulated AURKA, MELK and TKT in LOW 

sheep, downregulated CTSS and ITGB2 in LOW-HCHF and HIGH-HCHF as compared to 

NORM-CONV, and downregulated MMP9 in HCHF as compared to CONV fed sheep. These 

hub genes have are known to be expressed in adipocytes and adipose-derived mesenchymal stem 

cells and participate in important biological functions and pathways related to adipogenesis, 

ciliary disassembly and obesity. If stem cells and/or preadipocytes are particular targets of early 

nutrition insults, this could explained why the manifestation of programming effects in different 

tissues depend on the timing of the insult relative to the important time windows of their 

development, which for PER is late gestation. Finally, molecular pathways associated with 

impaired cholesterol metabolism, adipose immunity and impaired kidney cell differentiation 

were also targeted by early life nutrition in PER, which could contribute to explain the 

hypercholesterolemia, hyperuremia, and hypercreatinaemic previously reported in the adult 

LOW (but not HIGH) sheep with an additional history of early postnatal obesity development.  

 

6.2 Limitations and future perspectives 

One weakness of the present study is that we did not identify whether the twins were 

monozygotic or dizygotic, and therefore we could not demonstrate the extent of paternal effects. 

This might have influenced genes expression of ATs, but to what extent are unknown. In this 

study, whole AT was used for the transcriptomics analysis; therefore, the results obtained could 

not be directly ascribed to any specific cell components within each AT. Nowadays, single cell 

analysis has increasingly gained attention, and in the future, it would be relevant to study the role 

of specific adipose cell types (e.g. adipocytes versus preadipocytes and mesenchymal stem cells) 

within an adipose depot, to elucidate their relative contribution to AT expandability and whole 

body functions. As previously mentioned, one most exciting aspect of adverse intrauterine 
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nutrition programming is the phenomenon of transgenerational inheritance from mother to first 

generation and to the next, which can be ascribed to epigenetic modifications. Epigenetic 

modifications are important mechanisms involved in fetal programming, and such modifications 

induced in intrauterine life must be present at birth; it is therefore puzzling why manifestation of 

fetal programing only gradually becomes evident with age. At present, there is no answer 

available for this question, and it calls for the need to find biomarkers that can help us to identify 

adversely programmed individuals at birth, and help us to design the best possible nutritional 

intervention strategies targeting individuals exposed to different levels of nutrition pre-partum. 

For this purpose, umbilical cord tissue, otherwise regarded as waste at birth, could be utilized to 

search for such biomarkers in mesenchymal stem cells, if they could reflect what we have 

observed in adipose tissue. As described, we tried to look into this question using sheep as a 

model of prenatal nutritional programming, but unfortunately were not able to get any 

meaningful results, due to the rupture of the umbilical cord structure in lambs immediately post-

partum.  
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Abstract
We hypothesized that late gestation malnutrition differentially affects expandability 
of adipose tissues to predispose for early postnatal visceral adiposity. Twin-lambs 
born to dams fed HIGH (150%/110% of required energy/protein, respectively), 
NORM (100% of requirements) or LOW (50% of NORM) diets during the last tri-
mester were used. Postnatally, lambs were raised on moderate (CONV) or high-
carbohydrate-high-fat (HCHF) diets. Adipose tissues were sampled at autopsy at 
6  months of age (~puberty) to characterize cellularity, adipocyte cross-sectional 
area and gene expression patterns. HIGH and LOW compared to NORM lambs had 
reduced intrinsic (under CONV diet) cellularity in subcutaneous and mesenteric 
(particularly LOW), and reduced obesity-induced (under HCHF diet) hyperplasia 
in subcutaneous, mesenteric and perirenal (particularly HIGH) adipose tissues. This 
corresponded with more pronounced HCHF diet-induced hypertrophy in mesenteric 
(particularly LOW), perirenal (particularly HIGH) and subcutaneous (particularly 
HIGH) adipose tissues, and tissue-specific reductions in mRNA expressions for lipid 
metabolism, angiogenesis and adipose development. Gene expression for inflamma-
tion and lipid metabolism markers were increased and decreased, respectively, in 
HCHF lambs (HCHF lambs became obese) in all tissues. Both prenatal over- and un-
dernutrition predisposed for abdominal adiposity and extreme perirenal hypertrophy 
due to reduced intrinsic (observed under CONV diet) cellularity and impaired ability 
of subcutaneous, mesenteric and perirenal adipose tissues to expand by hyperplasia 
rather than hypertrophy on an obesogenic (HCHF) diet.

K E Y W O R D S

adipocyte tissue, cellularity, fetal programming, hyperplasia, hypertrophy

1 |  INTRODUCTION

It is now well accepted that maternal nutrient restriction 
during gestation, followed by a mismatching subsequent 

overnutrition in early life, is associated with increased obe-
sity risk (Cleal et al., 2007; Gluckman, Hanson, & Spencer, 
2005; Yan et al., 2017). In recent years, it has become recog-
nized that adipose tissue must be one of the major targets of 
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the so-called fetal programming (Symonds, Pope, Sharkey, 
& Budge, 2012) linking prenatal undernutrition to increased 
prevalence of obesity in postnatal life. In this way, the con-
tribution of adverse fetal nutrition to the present global in-
crease in prevalence of obesity (Desai & Ross., 2011) must 
be acknowledged.

Although studies on intrauterine overnutrition are scarce, 
some evidence do exist suggesting that maternal overnutri-
tion can have similar adverse impacts as maternal undernu-
trition on adiposity risk and fat deposition patterns later in 
life. Thus, previous studies in higher animals like sheep and 
pigs have shown that dietary interventions in the form of ges-
tational over- (Giblin et al., 2015; Long, Rule, Tuersunjiang, 
Nathanielsz, & Ford, 2015; Muhlhausler, Duffield, & 
McMillen, 2007a, 2007b) or undernutrition (Ford et al., 
2007; Yan et al., 2017) similarly can give rise to increased fat 
deposition and visceral adiposity in the offspring. In sheep 
studies conducted by our group, we have in agreement with 
these observations found that maternal malnutrition both in 
the form of over- or undernutrition during late gestation re-
sults in altered fat deposition patterns, resulting in a higher 
visceral to subcutaneous fat ratio in the offspring (Khanal et 
al., 2014; Nielsen et al., 2013). The precise mechanisms un-
derlying such altered fat distribution patterns are not known, 
but it has been proposed to be associated with a reduced ex-
pandability of subcutaneous adipose tissue, which can lead to 
increased visceral adipose tissue mass upon exposure to an 
obesogenic diet to a nutrient overflow situation (Sniderman, 
Bhopal, Prabhakaran, Sarrafzadegan, & Tchernof, 2007). In 
fact, subcutaneous fat is considered as a “healthy” fat depot, 
since it can act as a nutrient “sink” in situations of excessive 
energy availability, and it also has unique intrinsic proper-
ties to provide beneficial impacts on whole-body metabo-
lism (Tran, Yamamoto, Gesta, & Kahn, 2008). Thus, poor 
expandability of subcutaneous fat may increase the risk of 
nutrient overflow and excess accumulation of abdominal fat 
(Spalding et al., 2008, 2017).

Previous studies have suggested that alterations in mater-
nal nutrient supply during pregnancy can lead to changes in 
expression patterns of genes associated with lipid metabo-
lism and inflammatory responses in adipose tissues of off-
spring. Maternal protein restriction throughout the gestation 
and lactation period upregulated the expressions of the glu-
cose transporter-4 (GLUT4) gene, a key element for glucose 
uptake, as well as fatty acid synthase (FAS) and CCAAT/
enhancer-binding protein (C/EBP)-β genes in visceral adi-
pose tissue in rat offspring (Guan et al., 2005). Other studies 
have demonstrated that late gestational nutrient restriction in 
sheep leads to overexpression of inflammatory markers such 
as cluster of differentiation 68 (CD68) and toll-like receptor 4 
(TLR4) in perirenal adipose tissue of the offspring (Sharkey, 
Symonds, & Budge, 2009), and in rodents early postnatal 
high-fat diet was associated with adipose tissue inflammation 

with up-regulation of monocyte chemoattractant protein-1 
(MCP-1) and CD68 (Kayser, Goran, & Bouret, 2015; Xu et 
al., 2003). These studies demonstrate that glucose and lipid 
metabolism pathways as well as inflammatory processes in 
adipose tissue could be possible targets of fetal programming, 
and the question is, whether this could contribute to explain 
the proposed link between fetal malnutrition and increased 
obesity risk later in life. Gestational overnutrition and being 
born large-for-gestational-age are now also increasingly 
recognized as predisposing factors for adiposity later in life 
(Ojha, Saroha, Symonds, & Budge, 2013; Rajia, Chen, & 
Morris, 2010), but the mechanisms behind the association be-
tween maternal overnutrition and adipose tissue development 
and inflammation remain to be explored.

In this study, we used the Copenhagen sheep model 
(Khanal et al., 2014; Nielsen et al., 2013) to test the hypoth-
eses that 1) both late gestational under- and overnutrition 
diminish the postnatal expandability of adipose tissues in a 
differential way, thereby predisposing for excess fat deposi-
tion in the abdominal regions upon exposure to an early post-
natal high-fat, obesogenic diet, and 2) this is associated with 
differential changes in cellularity in adipose tissues (subcuta-
neous, mesenteric, perirenal and epicardial).

2 |  MATERIALS AND METHODS

2.1 | Experimental animals and treatments

All the experimental animal handling protocols were ap-
proved by the Danish National Committee on Animal 
Experimentation. This study was conducted using a sub-
group of animals from a larger experiment, which was con-
ducted at the experimental facilities on the Rosenlund farm, 
Lynge, Denmark under the auspices of the Faculty of Health 
and Medical Sciences, University of Copenhagen, Denmark. 
The experimental animals, dietary treatments, and their man-
agement have previously been described in detail (Khanal et 
al., 2014) and are outlined in Figure 1. In short, the study 
was a 3  ×  2 factorial design experiment, and for this part 
of the study, 26 lambs born as twins from 26 twin pregnant 
ewes were used. The ewes had been subjected to three differ-
ent diets in late gestation: overnutrition (HIGH; where daily 
amounts of feed ingested corresponded to 150% and 110% of 
requirements for energy and protein, respectively, as speci-
fied by (NRC, 2007); N = 10), moderate nutrition (NORM; 
fulfilling requirements for energy and protein; N = 6), and un-
dernutrition (LOW; fulfilling 50% of energy and protein re-
quirements; N = 10). From 3 days after birth until six months 
of age (just after puberty), the twin lambs were assigned to 
either a high-carbohydrate, high-fat diet (HCHF; max. 2 L/d 
of a 1:1 milk replacer-dairy cream mix and max. 2 kg/day 
of rolled maize; N = 13) or a moderate low-fat conventional 
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diet (CONV; hay supplemented with milk replacer during 
the first 8 weeks of life and hay only thereafter; feed alloca-
tion was adjusted weekly so that moderate growth rates of 
appr. 225 g/day were achieved; N = 13). Thus, six different 
treatment groups exposed to matched or mismatched nutri-
tion pre- and postnatally were created: HIGH-HCHF, HIGH-
CONV, NORM-HCHF, NORM-CONV, LOW-HCHF, and 
LOW-CONV.

2.2 | Tissue sampling and processing

At 6 months of age, subgroups of animals from each treat-
ment group were humanely euthanized in such a way that 
there would be as uniform a distribution of gender as pos-
sible in slaughtered and surviving animals to be able to sub-
sequently assess the consequences in both genders as adults 
of different early life nutrition exposures. The exception was 
that only males were slaughtered from the NORM-CONV 
and NORM-HCHF groups due to a smaller group size. 
Therefore, when evaluating results from the present study, 
it should be borne in mind that gender effects could only be 
evaluated for the LOW and HIGH prenatal groups and not 
for the animals from the prenatal NORM group, as reported 
earlier (Khanal et al., 2014). Tissues were sampled from sub-
cutaneous (above the muscularis longissimus dorsii at the 
level of the last rib), the epicardial (from the anterior surface 
of the heart), and randomly from mesenteric and perirenal 
adipose tissues. For gene expression studies, pieces of tis-
sues were immediately submerged in RNAlater (RNAlater® 
Solution, Ambion, The RNA Company, USA) for 24 hr and 
then all samples were stored at −80°C pending analyses. For 

histological evaluations, adipose tissue samples were fixated 
in 4% paraformaldehyde (PFA) for 24 hr, and afterwards in 
1% PFA for a week until paraffin embedding.

2.3 | Histology

The PFA-fixed tissue samples embedded into paraffin blocks 
were used for tissue sectioning. Five µm thick sections were 
cut using a Leica sliding microtome (Leica Microsystems, 
Ballerup, Denmark) and mounted on a superfrost glass slide 
(SuperFrost® WHITE; Hounsen Laboratorieudstyr, Århus, 
Denmark). In every tissue block, 300 µm was cut off and dis-
carded after the first collection, and this was repeated twice 
yielding sections from three different collection sites within 
each tissue sample. To ensure unbiased results, each slide 
was assigned a number to mask its identity throughout the 
analysis process. After sectioning, tissue slides were put in a 
heating oven at 50°C for 40 min and thereafter stored at room 
temperature until staining. The slides were stained according 
to the protocol by van Gieson, as reported previously (Khanal 
et al., 2014).

The stained tissue slides were scanned by a Panoramic 
MIDI whole slide scanner (3DHISTECH Ltd, Konkoly-
Thege M. str., Budapest, Hungary) and a total of five pictures 
were randomly taken from each section at 20× magnification, 
providing a total of fifteen pictures for histology analyses 
from each adipose tissue depot per animal. The relative pro-
portion of different tissue structures in the slides were evalu-
ated using ImageJ software (Abràmoff, Magalhães, & Ram, 
2004) by randomly applying a 28-points transparent grid on 
each picture as described (Safayi et al., 2010). The tissue 

F I G U R E  1  Experimental design (For details, see (Khanal et al., 2014)). HIGH: diet fed to twin-pregnant dams during the last trimester 
and fulfilling 150% of their daily energy and 110% of their daily protein requirements (N = 10; four males, six females); LOW: diet fed to twin-
pregnant dams during the last trimester and fulfilling 50% of their daily energy and protein requirements (N = 10; 5 males, 5 females;); NORM: diet 
fed to twin-pregnant dams during the last trimester and fulfilling 100% of their daily energy and protein requirements (N = 6; six males, 0 female;); 
HCHF: high-carbohydrate, high-fat postnatal diet fed to lambs and consisting of cream-milk replacer mix in a 1:1 ratio supplemented with rolled 
maize (N = 13; 8 males, 5 females) and CONV: conventional postnatal diet fed to lambs and consisting of milk replacer and hay until 8 weeks of 
age and hay only thereafter and adjusted to achieve moderate and constant growth rates of approx. 225 g/day (N = 13; 7 males, 6 females)
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structures were classified as adipocytes, collagen fibres or 
microvessels, and proportions of these structures referred to 
the number of hits on a given cell structure relative to the total 
number of hits in the whole picture. The counting of coincid-
ing points (420 hits per sample) with the above-mentioned 
desired structures allowed unbiased estimation (Gundersen 
et al., 1988) of volume fractions for each animal. Adipocyte 
cross-sectional area (CSA) was determined manually and ad-
ipocytes used for CSA measurements were chosen by ran-
domly assigning a 15-points transparent grid. A cell number 
index (CNI) was calculated for subcutaneous, mesenteric and 
perirenal adipose tissues as: adipocyte mass (total fat mass 
(kg) multiplied by the percentage of adipocytes in the tissue) 
divided by the cell volume of a spherical adipocyte with a 

radius derived from the measured mean CSA: CSA = π × r2. 
The CNI is obviously not an estimate of the total number of 
adipocytes in the respective tissues, since adipocytes are not 
spherical but have an angular shape (particularly in HCHF 
fed lambs; see Figures 2‒4), and the mean CSA determined 
in the slides will expectedly be lower than the actual CSA 
at the center of the adipocyte, since the cells counted obvi-
ously will represent cells cut at different distances relative 
to the center. However, the calculated CNI should allow us 
to evaluate, whether differences in fat deposition patterns in 
response to different pre-and postnatal nutritional exposures 
would be a result of changes in adipocyte size (hypertrophy) 
or potentially also a result of changes in adipocyte numbers 
(hyperplasia).

F I G U R E  2  Histological evaluation of adipocytes in subcutaneous adipose tissue. Five µm thick tissue sections were stained by van Gieson 
staining; the tissue slides were scanned by a panoramic whole slide scanner and the pictures were taken at 20× magnification. Scale bar is 100 µm 
for all pictures. HIGH, LOW, NORM, HCHF, and CONV: see legend to Figure 1
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2.4 | Quantitative real-time PCR (qPCR)

2.4.1 | RNA extraction and cDNA synthesis

To extract total mRNA, about 300 mg of adipose tissue was 
homogenized in 2000 µl TRIzol® reagent (Invitrogen, Life 
Technologies Europe BV) on a gentleMACS homogenizer 
(Miltenyi Biotec, Bergisch Gladbach) and about 600 µl su-
pernatant solution was used for phase separation by using 
120  µl 1-Bromo-3-Chloropropane (Sigma-Aldrich). Then 
the upper colorless aqueous phase was removed for precipi-
tation of RNA with 500 µl of isopropanol (Sigma-Aldrich) 
for 1 hr at −20°C. RNA was subsequently purified using the 
Promega RNA Total Isolation kit (Promega Corporation), 

and RNA concentrations and integrity of isolated RNAs 
were analysed as previously described (Hou et al., 2013). To 
synthesize cDNA, 0.5 µg of total RNA was used for reverse 
transcription, which was performed as previously described 
(Hou et al., 2013). All cDNA samples were stored at −20°C 
until further analysis.

2.4.2 | Quantitative real-time PCR (qPCR)

The mRNA expression levels of target genes in differ-
ent adipose tissue depots were determined by qPCR. The 
cDNA was pooled to make standard curves and a calibra-
tor for each plate. Standard curves were made using serial 

F I G U R E  3  Histological evaluation of adipocytes in mesenteric adipose tissue. Five µm thick tissue sections were stained by van Gieson 
staining; the tissue slides were scanned by a panoramic whole slide scanner and the pictures were taken at 20× magnification. Scale bar is 100 µm 
for all pictures. HIGH, LOW, NORM, HCHF and CONV: see legend to Figure 1
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dilutions of cDNA (1:2, 1:4, 1:8, 1:16, 1:32, and 1:64) to 
determine the efficiency of each primer set within the result-
ing linear regression. Efficiencies of primers were between 
1.84 and 1.93 (this equates to an increase between 85% 
and 92% of target nucleic acid in each amplification cycle) 
(Table 1). Calibrators, samples and negative controls were 
performed in triplicate. The mRNA expression levels of 14 
target genes (see Table 1) were determined in all the sam-
pled adipose tissues using LightCycler® 480 SYBER Green 
I Master (Roche Applied Science) and LightCycler® 480 
(Roche Applied Science) systems. The reaction volume of 
each well was 10 μl, which contained 2 μl ten-times diluted 
cDNA, 5 μl 2 × SYBR Green I master mix (Roche Applied 
Science), 1  μl 10  μM forward primer (TAG Copenhagen, 
Copenhagen, Denmark), 1  μl 10  μM reverse primer (TAG 

Copenhagen), and 1 μl nuclease-free water (Roche Applied 
Science). Samples and negative controls (no cDNA tem-
plate) were run in an amplification cycle program including 
denaturation (95°C for 10 s), annealing (58–60°C for 10 s) 
and elongation (72°C for 20 s) that was repeated 45 times in 
each qPCR reaction. Melting curves of PCR products were 
analyzed by a LightCycler 480 instrument ver. 2.0 software 
(Roche Applied Science) to ensure that a single product was 
obtained, and the PCR-product size was confirmed by aga-
rose gel electrophoresis.

Data were analyzed using the advanced relative quantifi-
cation method provided by the LightCycler 480 instrument 
ver. 2.0 software. The GAPDH gene was chosen as the refer-
ence gene to normalize the expression levels of target genes. 
The primer sequences are listed in Table 1.

F I G U R E  4  Histological evaluation of adipocytes in perirenal adipose tissue. Five µm thick tissue sections were stained by van Gieson 
staining; the tissue slides were scanned by a panoramic whole slide scanner and the pictures were taken at 20× magnification. Scale bar is 100 µm 
for all pictures. HIGH, LOW, NORM, HCHF, and CONV: see legend to Figure 1
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2.5 | Protein–protein interaction (PPI) 
network analyses for candidate genes

The thirteen candidate genes studied here are, as previously 
mentioned, known gene targets/biomarkers of adipose tissue 
metabolism, development and inflammation. Pre- and post-
natal nutritional insults could potentially modify expression 
levels of other genes/markers, which are closely co-regulated 
with these target genes. This would result in correspond-
ing changes in protein–metabolite abundance in different 
tissues. In order to reveal such regulatory and interactive 
networks that include our target genes, protein–protein in-
teraction (PPI) networks were built by anchoring the target 
genes and deriving known and predicted interactions by run-
ning the network analyses tool STRING (Search Tool for the 
Retrieval of Interacting Genes/Proteins; http://string.embl.
de/; (Jensen et al., 2009) which accesses a database of known 
and predicted protein interactions and uses one protein per 
gene, in the same way as described previously (Kadarmideen 
& Janss, 2007). If there was more than one isoform per gene, 
the longest isoform was selected, unless there was infor-
mation to suggest that another isoform is better annotated. 
The interactions revealed in STRING include direct (physi-
cal) and indirect (functional) associations derived from four 
sources: genomic context, high-throughput experiments, co-
expression databases, and previous knowledge (text mining).

2.6 | Statistical analyses

Statistical evaluation of data was performed in the SAS soft-
ware (v.9.2; SAS Institute) and JMP (version 10.0; SAS 
Institute Inc.). Homogeneity of variance was evaluated by 
visual inspection of residuals plots, and normality of re-
siduals was tested by means of quantile-quantile plots. The 
data were analysed by the generalized linear mixed models 
(GLIMMIX procedure). The models included fixed effects of 
pre- and postnatal nutrition and their interaction. Within the 
postnatal HCHF group, a few animals (one from the NORM, 
two from the HIGH and two from the LOW prenatal groups) 
had poorer growth rates compared to other animals in their 
groups (body weight < 30 kg vs. >35 kg at 6 months of age), 
but despite their skinny appearance, such lambs slaughtered 
at 6-months of age had extensive abdominal fat deposition 
(Khanal et al., 2014). Thus, we performed additional statistical 
analyses to see whether these “small skinny fat” phenotype 
animals showed any indications of being different from the 
rest of the animals within their group that displayed “normal” 
appearances and growth trajectories for the parameters stud-
ied. Ewe body weight and body condition score (BCS) were 
used to group ewes at the start of the experiment to ensure even 
distribution of these traits, when ewes were assigned to each of 
the three different maternal feeding levels. Lamb gender (first T
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priority) and birth weight (second priority) were used to al-
locate lambs to each of the two different postnatal treatment 
groups to ensure as even a gender and birth weight distribution 
as possible in the two postnatal treatment groups arising from 
a given prenatal treatment. Therefore, to avoid any biases in 
variance parameters, lamb birth weight and gender, and ewe 
body weight and BCS were used as co-variables. Differences 
in least square means (LS means) were compared by Tukey's 
multiple comparison test and presented results are expressed 
as LS means with standard error of mean (LS means ± SEM) 
unless otherwise stated. The level of significance was set at 
p < .05.

3 |  RESULTS

No significant effects were detected of gender or prenatal 
nutrition or interactions between pre- and postnatal nutrition 
exposures for any of the studied parameters unless explicitly 
stated in the following.

3.1 | Birth weight, growth and fat deposition

Results for birth weight, growth characteristics, and fat depo-
sition and distribution in the experimental animals have been 
reported elsewhere (Khanal et al., 2014). A summary of the 
main findings is presented here (Table 2), as it is consid-
ered necessary to allow interpretation of the results from the 
present study. In short, the prenatally undernourished LOW 
lambs had reduced birth weights compared to lambs born to 
HIGH and NORM dams, whereas birth weights for NORM 

and HIGH lambs did not differ significantly. The lambs fed 
the obesogenic HCHF diet postnatally attained significantly 
higher body weights at six months of age than the CONV fed 
lambs. The subcutaneous fat deposition was higher in NORM 
lambs compared to HIGH and LOW lambs (both absolute 
weight and weight expressed as percentage of body weight), 
although a significant difference appeared only between 
NORM and HIGH lambs. HIGH and LOW lambs had de-
creased deposition ratios of subcutaneous fat relative to both 
mesenteric and perirenal fat, but the prenatal diet did not in-
fluence deposition ratios of mesenteric relative to perirenal 
fat. The HCHF lambs had significantly higher depositions 
in absolute weights of subcutaneous (~5.5 fold), mesenteric 
(~5-fold) and especially perirenal (~9 fold) fat compared to 
CONV lambs (Table 2). Similar fold increases were found 
also after correction for body weight (results not shown). 
Thus, lambs fed the HCHF diet had higher deposition ratios 
of perirenal fat relative to both subcutaneous and mesenteric 
fat than CONV lambs. The postnatal diet did not influence 
deposition ratios of subcutaneous relative to mesenteric fat.

3.2 | Histology: Adipose morphology, 
adipocyte CSA (size) and adipose CNI 
(cellularity)

3.2.1 | Subcutaneous adipose tissue

HIGH-CONV lambs had higher proportions in adipose tis-
sue of adipocytes and lower proportions of collagen infiltra-
tion compared to LOW- and NORM-CONV lambs (Table 3). 
Both HIGH- and LOW-HCHF lambs had lower proportions in 

T A B L E  2  Effects of pre- and postnatal nutrition on organ and adipose tissue weights in six months old lambs

Parameters

Prenatal nutrition Postnatal nutrition

HIGH (N = 10) NORM (N = 6) LOW (N = 10) HCHF (N = 13) CONV (N = 13)

Birth weight, kg 4.38 ± 0.15a 4.35 ± 0.18a 3.89 ± 0.15b – –

At 6 months of age:

Body weight, kg 36.5 ± 1.05b 44.8 ± 1.36a 38.5 ± 1.05ab 42.3 ± 0.9a 37.0 ± 0.9b

Subcutaneous fat*, g 140 ± 16b 234 ± 23a 182 ± 16ab 315 ± 15a 57 ± 14b

Mesenteric fat, g 718 ± 111 845 ± 149 771 ± 112 1,279 ± 97a 257 ± 97b

Perirenal fat, g 876 ± 95 990 ± 139 1,124 ± 95 1793 ± 86a 198 ± 85b

Subcutaneous:mesenteric 
fat ratio

0.22 ± 0.02b 0.33 ± 0.05a 0.23 ± 0.02b 0.26 ± 0.03 0.24 ± 0.02

Subcutaneous:perirenal fat 
ratio

0.23 ± 0.04b 0.35 ± 0.05a 0.22 ± 0.03b 0.18 ± 0.02b 0.33 ± 0.03a

Note: Data are presented as least square means ± SEM (For details, see (Khanal et al., 2014)). Effects of prenatal nutrition, postnatal nutrition or gender were 
significant p < .05 if the data within a row and within the respective columns are marked by different superscripts. SD, sheep diet; LD, lamb diet; NORM (N = 6; 
6 male, 0 female), normal diet fulfilling requirements for energy and protein; HIGH (N = 10; 4 male, 6 female), 150% of requirements for energy and 100% of 
requirements for protein; LOW (N = 10; 5 male, 5 female), 50% of requirements for energy and protein; HCHF (n = 13; 8 male, 5 female), high carbohydrate-high fat 
diet; CONV (N = 13; 7 male, 6 female) conventional diet to achieve moderate and constant growth rates of appr. 225 g/day. The subcutaneous fat represents the fat 
layer above the longissimus dorsii from the right side of the animal.
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adipose tissue of adipocytes and higher proportions of collagen 
infiltration compared to NORM lambs (p = .0005 and .001 for 
interaction of pre- and postnatal nutrition for proportions of adi-
pocyte and collagen, respectively). The HIGH-CONV lambs 
had the smallest adipocytes followed by NORM- and LOW-
CONV lambs (Table 3). HIGH animals had a slightly higher 
degree of adipocyte hypertrophy upon exposure to a HCHF 
diet compared to LOW and NORM lambs, whereas adipocyte 
sizes increased to similar sizes in NORM- and LOW-HCHF 
lambs during obesity development (p <  .0001 for interaction 
of pre- and postnatal nutrition; Figure 2; Table 3). Both HIGH 
and LOW lambs had reduced intrinsic (nonobese) as well as 
obesity-induced cellularity (lower CNIs) compared to NORM 
lambs. In lambs fed the HCHF diet, CNI was increased the 
most in NORM-CONV, less in LOW-HCHF and not at all in 
HIGH-HCHF (p < .0001 for interaction of pre- and postnatal 
nutrition; Table 3). Male lambs had lower proportions in adi-
pose tissue of adipocytes (p = .02), higher proportions of colla-
gen infiltration (p = .04) and higher CNIs (p < .0001) compared 
to female lambs. Small skinny fat lambs had reduced adipocyte 
CSA (4,906 ± 120 vs. 6,755 ± 81 µm2; p < .0001) and a higher 
proportion in adipose tissue of micro-vessels (5.7 ± 0.67 vs. 
3.5 ± 0.44%; p = .03) compared to other HCHF-fed lambs.

3.2.2 | Mesenteric adipose tissue

LOW-CONV lambs had a lower proportion of adipocytes 
and higher proportion of collagen in adipose tissue com-
pared to HIGH- and NORM-CONV lambs, and HIGH-
CONV lambs had a lower proportion of microvessels 
compared to LOW- and NORM-CONV lambs. When fed, 
the obesogenic HCHF diet, HIGH lambs attained a higher 
proportion of adipocytes and both HIGH and LOW lambs 
had lower proportions of microvessels compared to NORM 
lambs (p =  .02 for interaction of pre- and postnatal nutri-
tion for proportions of both adipocyte and micro-vessels). 
All CONV lambs, regardless of their prenatal nutrition, 
had similar adipocyte size (Figure 3). All HCHF fed lambs 
had larger sized adipocytes compared to CONV fed lambs, 
however LOW-HCHF lambs attained the largest adipo-
cyte CSA (p  =  .0007 for interaction of pre- and postna-
tal nutrition; Table 3). Both HIGH and LOW lambs had 
lower nonobese and obesity-induced CNIs compared to 
NORM lambs. Additionally, HIGH lambs had increased 
intrinsic (nonobese) and obesity-induced CNIs compared 
to LOW lambs (interaction of pre- and postnatal nutrition 
p < .0001; Table 3). Male lambs had lower adipocyte CSA 
(p < .0001), a lower proportion of adipocytes (p < .0001) 
and higher proportions of collagen (p  =  .0004) and mi-
crovessels (p  =  .002) in adipose tissue compared to fe-
male lambs. Small skinny fat lambs had higher adipocyte 
CSA (9,074 ± 104 vs. 8,584 ± 104 µm2; p < .001), a lower 

proportion of adipocytes (88.9  ±  1.41 vs. 92.7  ±  0.85%; 
p = .006), and a higher proportion of collagen (4.27 ± 0.96 
vs. 1.61  ±  0.58%; p  =  .013) compared to other HCHF 
lambs.

3.2.3 | Perirenal adipose tissue

Both HIGH-CONV and particularly LOW-CONV lambs 
had lower intrinsic (nonobese) adipocyte size compared 
to NORM-CONV lambs. Upon exposure to an early 
postnatal HCHF diet, both HIGH and LOW lambs had a 
much more marked increase in adipocyte size compared 
to NORM lambs (p  <  .0001 for interaction of pre- and 
postnatal nutrition; Figure 4; Table 3), and perirenal adi-
pocytes in LOW- and HIGH-HCHF lambs were by far the 
largest across all the studied tissues. The proportions of 
adipocytes and microvessels were increased (p  =  .003) 
and decreased (p  <  .001), respectively, in lambs fed the 
HCHF compared to CONV diet. Intrinsic cellularity (CNI) 
was similar in all CONV fed groups. Upon exposure to the 
HCHF diet, CNI of adipocytes increased in all lambs, but 
the obesity-induced increase in CNI was much less pro-
nounced in HIGH (38%) and LOW lambs (79%) compared 
to NORM lambs (257%), and HIGH-HCHF had lower CNI 
also compared to LOW-HCHF lambs. As in subcutaneous 
fat, male lambs had higher CNIs compared to female lambs 
(p <  .0001). Small skinny fat lambs had lower adipocyte 
CSA (11,454 ± 108 vs. 12,100 ± 108 µm2) compared to the 
rest of the HCHF lambs (p < .0001).

3.2.4 | Epicardial adipose tissue

HIGH lambs had the highest intrinsic (nonobese) adipocyte 
size and NORM lambs the lowest with LOW lambs in be-
tween. Upon exposure to the early postnatal HCHF diet, all 
lambs increased their adipocyte size, but the obesity-induced 
hypertrophy was less pronounced in HIGH and LOW lambs, 
which attained smaller adipocyte areas compared to NORM 
lambs (p < .0001 for interaction of pre- and postnatal nutri-
tion; Table 3; Figure S1). Small skinny fat lambs had lower 
adipocyte CSA (5,593 ± 120 vs. 7,758 ± 84 µm2) compared 
to the rest of the HCHF lambs (p < .0001).

3.3 | qPCR

Expression levels for selected target genes were studied in 
all of the three adipose tissues and covered genes involved 
in: (a) lipid metabolism: FASN (fatty acid synthase), FABP4 
(fatty acid-binding protein 4), LPL (lipoprotein lipase), HSL 
(hormone sensitive lipase), (b) glucose transport: GLUT4 
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(glucose transporter member 4), (c) angiogenesis: vascular 
endothelial growth factor A (VEGFA), (d) adipose tissue 
differentiation: PPAR-γ (peroxisome proliferator-activated 

receptor gamma), C/EBP-β (CCAAT enhancer-binding pro-
tein beta), and (e) inflammation: TNF-α (tumor necrosis 
factor alpha), MCP-1 (monocyte chemoattractant protein 1), 
TLR4 (toll-like receptor 4), CD68 (cluster of differentiation 
68), and IL-6 (interleukin 6) (Ailhaud, Grimaldi, & Négrel, 
1992) (Table 1).

3.3.1 | Subcutaneous adipose tissue

Prenatal effects
In lambs exposed to prenatal over- and undernutrition, 
mRNA expression was reduced (and to a similar extent) for 
genes associated with lipid metabolism compared to NORM 
lambs, namely HSL (p = .0008 and p = .049 for HIGH and 
LOW, respectively) and FABP4 (p = .0076 for LOW and a 
nonsignificant tendency for HIGH (p = .086); Figure 5a). A 
similar nonsignificant trend was observed for the angiogenic 
factor, VEGFA (p = .097).

Postnatal effects
The postnatal HCHF diet decreased the expression of most 
of the studied genes with relation to lipid metabolism and 
adipose development (Figure 5b). Thus, HCHF lambs had 
decreased mRNA expressions of FASN (~70% reduc-
tion; p < .01), GLUT4 (~70% reduction; p < .0001), HSL 
(p  <  .01), PPAR-γ (p  <  .001), C/EBP-β (p  =  .076), and 
VEGFA (p  <  .01) compared to CONV lambs. However, 
for inflammatory genes, the opposite pattern was observed, 
since the postnatal HCHF diet increased mRNA expres-
sions of MCP-1 (p  <  .01) and CD68 (>2-fold, p  <  .05) 
with similar nonsignificant trends observed for TNF-α 
(p  =  .072), IL-6 (p  =  .0658) compared to CONV lambs 
(Figure 5c).

Gender effects
Female lambs had higher mRNA expression of LPL 
(0.77 ± 0.16 vs. 0.41 ± 0.06; p < .01) and TNF-α (2.4 ± 0.23 
vs. 1.30 ± 0.18; p = .001) genes compared to male lambs.

F I G U R E  5  mRNA expression of genes in subcutaneous adipose 
tissue as affected by prenatal (a) and postnatal (b and c) nutrition. 
HSL, hormone sensitive lipase; FABP4, fatty acid-binding protein 
4; VEGFA, vascular endothelial growth factor A; FASN, fatty acid 
synthase; GLUT4, glucose transporter 4; PPAR-γ, peroxisome 
proliferator-activated receptor-γ; C/EBP-β, CCAAT/enhancer-binding 
protein-β; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; MCP-1, 
monocyte chemoattractant protein-1; CD68, cluster of differentiation 
68. HIGH, LOW, NORM, HCHF, and CONV: See legends to Figure 
1. Data represents expression ratios relative to glyceraldehyde 
3-phosphate dehydrogenase, and values are presented as least 
square (LS) means ± SEM. Bars indicate tendencies (#p < .1) and 
significant differences between treatment groups (*p < .05; **p < .01; 
***p < .001)
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3.3.2 | Mesenteric adipose tissue

Prenatal effects
None of the studied genes were affected by the prenatal nu-
trition, except that LOW lambs exposed to the HCHF diet 

(1.95 ± 0.27) had higher mRNA expression of the TLR4 gene 
compared to LOW lambs fed the CONV diet (0.79 ± 0.27; 
p  <  .01), resulting in a significant interaction of pre- and 
postnatal diet for this gene (p < .05; Figure S2).

Postnatal effects
As for subcutaneous adipose tissue, the postnatal HCHF diet de-
creased the mRNA expression of most of the studied genes as-
sociated with lipid metabolism and adipose tissue development 
(Figure S2A). The HCHF lambs had reduced mRNA expres-
sion of FASN (~50% reduction; p < .01), FABP4 (p < .0001), 
GLUT4 (~70% reduction; p < .0001), HSL (~75% reduction; 
p < .0001), LPL (p < .0001), PPAR-γ (p < .0001), and VEGFA 
(~70% reduction; p <  .0001) with a nonsignificant trend ob-
served also for C/EBP-β (p = .092) as compared to CONV fed 
lambs. As for subcutaneous fat, the postnatal HCHF diet also 
increased mRNA expressions of the inflammatory markers 
TNF-α (p <  .001), IL-6 (~4.5 fold, p <  .001), MCP-1 (~3.5 
fold, p < .0001), and CD68 (~3.5 fold, p < .001) (Figure S2).

3.3.3 | Perirenal adipose tissue

Prenatal effects
LOW lambs had significantly higher mRNA expression of 
MCP-1 compared to HIGH (p  <  .05) and NORM lambs 
(p  <  .01), which had similar expression levels of MCP-1 
(Figure 6a). There was also a similar tendency (p = .058) for 
upregulation of mRNA expression of the IL-6 gene in LOW 
compared to HIGH and NORM lambs.

Postnatal effects
The postnatal HCHF diet decreased the mRNA expressions 
for most of the genes studied related to lipid metabolism 
and adipose development. As in subcutaneous and mesen-
teric fat, the HCHF diet decreased mRNA expression in 
perirenal fat of FASN (p = .052), GLUT4 (~50% reduction; 
p < .0001), HSL (~50% reduction; p < .001), LPL (~50% re-
duction; p < .0001), PPAR-γ (p < .0001), C/EBP-β (p < .01) 
and VEGFA (~75% reduction; p <  .0001) (Figure 6b), but 
increased expressions of the inflammatory markers TNF-α 
(p < .01), IL-6 (~11.5 fold, p < .0001), MCP-1 (~4.5 fold, 
p < .0001), and CD68 (~3-fold, p < .001) (Figure 6c).

F I G U R E  6  mRNA expression of genes in perirenal adipose 
tissue as affected by prenatal (a) and postnatal (b and c) nutrition. LPL, 
lipoprotein lipase. IL-6, MCP-1, FASN, GLUT4, HSL, PPAR-γ, C/
EBP-β, VEGFA, TNF-α, IL-6, MCP-1, C68, HIGH, NORM, LOW, 
HCHF and CONV: see legend to Figure 5. Data represent expression 
ratios relative to glyceraldehyde 3-phosphate dehydrogenase, and 
values are presented as least square (LS) means ± SEM. Bars indicate 
tendencies (#p < .1) and significant differences between treatment 
groups (*p < .05; **p < .01; ***p < .001)
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Gender effects
No significant gender differences were observed in the peri-
renal adipose tissue for any of the genes studied.

3.3.4 | Epicardial adipose tissue

Prenatal effects
Epicardial adipose tissue was the most sensitive to prenatal 
diet effects followed by subcutaneous adipose tissue. The 
prenatal diet affected the mRNA expression of a range of 
genes involved in lipid metabolism and adipose tissue devel-
opment, namely FABP4 (p <  .05), GLUT4 (p <  .05), HSL 
(p < .05) and PPAR-γ (p < .05) (Figure 7a). Lambs exposed 
to LOW levels of nutrition prenatally had reduced mRNA ex-
pressions of FABP4, GLUT4, and PPAR-γ with a tendency 
observed also for HSL (p < .05, p < .05, p < .05 and p = .064, 
respectively). Similar expression levels were observed for all 
the studied genes in HIGH and LOW lambs (except for the 
HSL gene), but the numerical reductions in expression levels 
for these genes in HIGH compared to CONV lambs were not 
significantly.

Postnatal effects
Similar to the subcutaneous, mesenteric and perirenal adi-
pose tissue depots, the postnatal HCHF diet decreased the 
mRNA expressions in epicardial adipose tissue for most 
of the genes studied with relation to lipid metabolism and 
adipose tissue development (Figure 7b). The expression 
levels of GLUT4 (p <  .001), LPL (p <  .05) and VEGFA 
(~2-fold, p = .001) were decreased in HCHF compared to 
CONV lambs (Figure 7a). As with the other adipose tissue 
depots studied, the opposite trend was observed for inflam-
matory marker genes, where the HCHF diet increased the 
expression of TNF-α (p <  .05), IL-6 (~3-fold, p <  .001), 
MCP-1 (~3.5 fold, p < .0001), TLR4 (p < .001), and CD68 
(p < .05) levels as compared to CONV-fed lambs (Figure 
7c).

Gender effects
Female lambs had higher mRNA expressions of FASN 
(1.17 ± 0.16 vs. 0.60 ± 0.14; p < .05) and LPL (1.08 ± 0.11 
vs. 0.65 ± 0.10; p < .05) genes compared to male lambs. On 

the other hand, male lambs had higher mRNA expressions 
of MCP-1 (1.13 ± 0.17 vs. 0.68 ± 0.12; p <  .05) and IL-6 
(1.42 ± 0.12 vs. 0.59 ± 0.13; p < .01) genes as compared to 
female lambs.

F I G U R E  7  mRNA expression of genes in epicardial adipose 
tissue as affected by prenatal (a) and postnatal (b and c) nutrition. 
TLR4, toll like receptor 4. HSL, PPAR-γ, FABP4, GLUT4, LPL, 
VEGFA, TNF-α, IL-6, MCP-1, CD68, HIGH, NORM, LOW, HCHF, 
and CONV: see legends to Figures 5 and 6. Data represent expression 
ratios relative to glyceraldehyde 3-phosphate dehydrogenase, and 
values are presented as least square (LS) means ± SEM. Bars indicate 
tendencies (#p < .1) and significant differences between treatment 
groups (*p < .05; **p < .01; ***p < .001)
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3.4 | Protein-protein interaction 
networks analyses

The results of the PPI networks are given in two formats: a 
network with varying levels of confidence (Figure S3) and a 
network showing evidence for interactions (Figure S4). The 
input nodes are colored and nodes of a higher iteration/depth 
are in white. Each family of proteins is assigned a different 
color. The STRING analyses revealed many (more than 20) 
other candidate genes/molecular markers that very strongly 
interact with the target genes/markers studied, and they in-
cluded: lipid metabolism markers such as monoacylglyceride 
lipase (MGLL), perilipin 1 (PLIN1) and acetyl co-enzyme A 
carboxylase (ACACA); markers of adipose tissue develop-
ment such as sterol regulatory-binding protein-1 (SREBP1); 
and a family of apolipoproteins, such as apolipoprotein E 
(APOE), apolipoprotein A1 (APOA1) and apolipoprotein C3 
(APOC3). Other markers such as colony-stimulating factor 
2 (CSF2, involved in cell proliferation and differentiation) 
and nitric oxide synthase 2 (NOS2) interacted with the in-
flammatory markers, which in our study were affected by the 
postnatal HCHF diet.

4 |  DISCUSSION

The present study confirmed our hypotheses that prenatal 
malnutrition, both in the form of late gestation under- and 
overnutrition, can predispose for visceral obesity in young 
offspring, by interfering with adipose tissue developmental 
and functional traits, but in a tissue-specific manner. It con-
firms findings from previous studies in different animal spe-
cies including sheep (Long et al., 2015), cattle (Long et al., 
2012) and rats (Bayol, Simbi, Bertrand, & Stickland, 2008; 
Bayol, Simbi, & Stickland, 2005) that maternal malnutrition 
imposed at different stages of fetal development can alter 
the fat distribution patterns in offspring. The major new 
finding in this study was that (a) both prenatal over- and 
undernutrition depressed intrinsic (nonobese) adipose cel-
lularity in subcutaneous and mesenteric adipose tissue, and 
reduced the ability of subcutaneous, mesenteric, and peri-
renal adipose tissue to expand by hyperplasic rather than 
hypertrophic growth, (b) this was associated with a dra-
matic obesity-induced increase in perirenal adipocyte cell 
size, (c) long-term consequences of prenatal malnutrition on 
gene expression patterns were observed exclusively in sub-
cutaneous and epicardial fat and could not consistently be 
related to observed changes in morphology and expandabil-
ity traits across the different adipose tissues, (d) epicardial 
adipose tissue, of which very little is known (Yamaguchi et 
al., 2015), was target of both pre- and postnatal nutrition, 
but in a distinctly different way compared to the other three 
adipose tissues.

4.1 | Long-term implications of fetal 
programming are differentially expressed 
in adipose tissues affecting both intrinsic 
cellularity and hyperplasic ability upon early 
obesity development

The long-term consequences of fetal under- and overnutrition 
were manifested differentially on morphological changes and 
genes expression in the different adipose depots studied. Such 
differential impacts of late fetal malnutrition on adipose tissue 
functional development may be related to the timing of adipose 
tissue development (Roseboom, Rooij, & Painter, 2006) rela-
tive to the timing of the malnutritional exposure. Distinct differ-
ences in responses to late gestation malnutrition may, however, 
also be related to depot-specific differences in the ability of 
adipogenic precursors to develop in response to different nutri-
tional exposures (Joe, Yi, Even, Vogl, & Rossi, 2009).

In the sheep fetus, the formation of subcutaneous fat be-
gins around day 90 of gestation followed by a significant 
regression from around gestation day 115, and it virtually dis-
appears at term (~147 days in sheep) (Alexander, 1978). The 
formation of perirenal-intra-abdominal fat commences as a 
brown fat at around day 70 of gestation in sheep, and a rapid 
increase in fat mass along with a parallel increase in lipid 
content occurs until day 110–120 of gestation (Alexander, 
1978). In fact, from ~90 to 125 days of gestation, there is sig-
nificant increase (>7-fold) in the amount of perirenal adipose 
tissue formed, thereafter it declines by 145 days of gestation 
(Symonds, Phillips, Anthony, Owens, & McMillen, 1998), 
and in neonates the brown tissue is rapidly replaced by white 
adipose tissue in the perirenal fat depot (Symonds, Bryant, 
Clarke, Darby, & Lomax, 1992). Thus, maternal nutrient re-
striction resulted in a reduced expression of growth factors 
and adipogenesis markers was observed in sheep in perirenal 
fetal adipose tissue at 89 d of gestation giving rise to lower 
fetal and adipose tissue fetal mass in late gestation (Wallace et 
al., 2015) and nutrient restriction during late gestation leads 
to a reduced perirenal adipose tissue weight in the sheep fetus 
near term (Budge et al., 2004). These studies suggest that a 
considerable part of subcutaneous and perirenal adipose tis-
sue remodeling takes place during late gestation, and insults 
at this stage could potentially interfere with their future func-
tional maturation and expandability.

Much less information is available on the ontogenesis 
of mesenteric and particularly epicardial adipose tissues. 
Contrary to subcutaneous adipose tissue, which develops 
during fetal life, visceral adipose tissue, appears to preferen-
tially differentiate in postnatal life both in sheep and humans 
(Symonds, Mostyn, Pearce, Budge, & Stephenson, 2003). 
Knowledge regarding the ontogeny of epicardial fat forma-
tion and its function is extremely limited. Until very recently, 
it was believed not to exist in rodents models (Yamaguchi et 
al., 2015), and knowledge about this tissue is mainly derived 



   | 15 of 21KHANAL et AL.

from information provided by noninvasive imaging tech-
niques (Wong et al., 2017). Epicardial adipose tissue has a 
common embryonic origin with the heart (Antonopoulos & 
Antoniades, 2017), and has been quantified in human fetuses 
by echocardiography from week 20 in pregnancy (Jackson 
et al., 2016). Thus, development commences early in fetal 
life, and adverse fetal programming predisposing for coro-
nary heart diseases later in life in humans has in fact been 
linked to maternal undernutrition particularly in early gesta-
tion (Roseboom et al., 2000, 2006).

In this study, long-term consequences of late gestation 
malnutrition were observed in all adipose tissues, but in a 
tissue-specific way, and they will therefore be discussed 
individually.

4.1.1 | Subcutaneous adipose tissue

Fat tissue has a limited capacity to expand in response to a 
constant high nutrient load (Virtue & Vidal-Puig, 2008), and 
the ability of adipocytes to expand can be restricted by several 
factors, including hypoxia and matrix mechanics (Halberg et 
al., 2009). Studies in humans have shown that a predisposition 
for central obesity in South Asians compared to Caucasians 
has been associated with a reduced capacity in superficial 
subcutaneous adipose tissue to deposit fatty acids (Sniderman 
et al., 2007). This led to the proposition of the “adipose tis-
sue expandability” hypothesis, stating that limitations to the 
growth and expansion of subcutaneous adipose tissue will di-
minish its lipid storing capacity resulting in redirection of fat 
deposition toward visceral and ectopic regions (Sniderman et 
al., 2007). This can be associated with undesirable metabolic 
disturbances, since subcutaneous fat is considered a “healthy 
fat” in contrast to other adipose tissues. In fact, transplantation 
of subcutaneous fat into the visceral cavity of recipient mice 
(but not visceral fat into the subcutaneous compartment) could 
improve whole body insulin sensitivity and stimulate periph-
eral glucose uptake (Tran et al., 2008).

In this study, prenatal exposure to either over- or under-
nutrition not only decreased intrinsic cellularity of subcu-
taneous adipose tissue, but also restricted its hyperplasic 
expandability, particularly in HIGH, upon early postnatal 
obesity development, which made this tissue rely on hyper-
trophic expansion during obesity development. However, 
since the upper limit for hypertrophic expandability of sub-
cutaneous adipocytes appeared to be fixed (in contrast to 
the other tissues studied), a reduction in hyperplasic abil-
ity due to malnutrition in late fetal life, in effect caused 
a reduction in the overall expandability of this tissue and 
increased proportions of fat deposited in the abdominal re-
gion (Table 1).

Increased or decreased intake of protein during pregnancy 
have also been found to reduce subcutaneous fat mass in piglets, 

which in agreement with our study could be associated with re-
duced subcutaneous adipocyte numbers, but not size (Rehfeldt 
et al., 2012). Thus, prenatal nutrition appears to interfere with 
subcutaneous adipose tissue cellularity and hence expandabil-
ity, and this will alter regional preferences for fat distribution 
patterns later in life (reviewed by (Lecoutre & Breton, 2014)).

We examined changes in gene expression levels for mark-
ers known to be involved in adipocyte differentiation, regula-
tion of lipid and carbohydrate metabolism, angiogenesis and 
inflammation. Lower expression of lipid metabolism (FAB4 
and HSL) and angiogenic (VEGF) genes were observed in 
both fetally under- and overnourished lambs and this could 
be part of the underlying reason for reduced intrinsic subcu-
taneous adipocyte cellularity. The development and expan-
sion of adipocytes require a supply of oxygen and nutrients 
from blood vessels, and this is achieved by development of 
the capillary network through angiogenesis (Moreno-Indias 
& Tinahones, 2015). Reduced adipocyte differentiation and 
fat mobilization in addition to poor angiogenesis, can lower 
the ability of the subcutaneous adipose tissue to store lipids 
(Ortega et al., 2010; Sun et al., 2012).

Thus, not only undernutrition but also overnutrition, 
during the last trimester can reduce subcutaneous expand-
ability as a result of reduced intrinsic cellularity and reduced 
ability for hyperplasic growth during obesity development. 
These must be important determinants for expandability, 
when the upper limit for adipocyte cell size apparently is 
rather fixed in subcutaneous tissue, as suggested by our re-
sults. Changes in gene expressions suggest that reduced ca-
pacity for angiogenesis and lipid metabolism may be part of 
the underlying mechanism.

4.1.2 | Perirenal adipose tissue

Perirenal adipose tissue expandability traits are also affected 
by abnormal maternal nutrition during pregnancy, but in a 
different way than for subcutaneous adipose tissue. Thus, in 
rat offspring from dams fed a low-calorie diet during gesta-
tion, perirenal adipocyte sizes were increased along with in-
tra-abdominal fat accumulation, when they were challenged 
to a hypercaloric diet in postnatal life (Bieswal et al., 2006). 
In this study, we observed extreme hypertrophy in both LOW 
and HIGH lambs exposed to the obesogenic HCHF diet in 
early postnatal life as compared to NORM-HCHF lambs, and 
this was associated with impaired ability to upregulate cell 
numbers during obesity development. Adipocyte size is posi-
tively correlated to secretion of adipokines and inflammatory 
cytokines, such as leptin, interleukin-6 and −8, and tumor 
necrosis factor alpha (TNF-α) (Skurk, Alberti-Huber, Herder, 
& Hauner, 2007; Suganami, Nishida, & Ogawa, 2005). This 
can lead to infiltration of macrophages and inflammation of 
adipose tissue (Lecoutre & Breton, 2014), and in a previous 
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sheep study, prenatal undernutrition increased the expression 
of pro-inflammatory gene markers in perirenal adipose tissue 
in offspring (Sharkey et al., 2009). It is possible that the fetal 
origin of such a hypertrophy-driven pro-inflammatory re-
sponse in perirenal adipose tissue may particularly be the re-
sults of a prenatal undernutrition exposure, since only LOW 
(but not HIGH) lambs in our study had upregulation of IL-6 
and MCP-1 gene expression, when exposed to the obesogenic 
HCHF diet postnatally. Interestingly, subgroups of animals 
from all treatment groups were kept after 6 months of age 
and transferred to a normal low-fat sheep diet, which they 
were fed for 2  years, and then they were studied as adults 
at 2.6  years of age. The 2.6-year-old mismatching LOW-
HCHF sheep in contrast to all other groups showed signs of 
adult hypercholesterolemia, hypercreatinemia, and hyper-
uremia (Khanal et al., 2016). An ultrasonographic study with 
adult humans from the Uberlândia Heart Study (Roever et 
al., 2015) demonstrated that perirenal fat deposition was ad-
versely associated with both the metabolic syndrome and car-
diovascular risk factors. Taking this into consideration, it is 
tempting to speculate that perirenal adipose tissue may be an 
important target for prenatal malnutrition, and this can con-
tribute to explain the fetal origin of the metabolic syndrome 
and cardiovascular disease.

Perirenal adiposity is also believed to play an important 
role in development of renal disorders and chronic kidney 
disease (Lamacchia et al., 2011; Roever et al., 2015). Due 
to the distinct feature of perirenal adipose tissue with a sur-
rounding outer multi-layered fibrous membrane and the prox-
imity to the kidney, its expansion can directly affect kidney 
development and function by compression of the kidney and 
its blood supply and by direct exchange of adipokines and 
cytokines, formed in adipocytes as they enlarge (Liu, Sun, 
& Kong, 2018; Williams et al., 2007). Thus, the pattern of 
expandability in this adipose tissue (hypertrophic vs. hyper-
plasic) has implications for kidney function and other disor-
ders. This is evidenced by findings in diabetic Zucker rats, 
where improved insulin-sensitivity and normo-lipidaemia 
were obtained by treatment with pioglitazone, and this was 
associated with an increase in fat mass in various adipose tis-
sues (although perirenal adipose tissue was not studied) in an 
apparently healthy way by formation of new small adipocytes 
at the expense of shrinkage/disappearance of existing mature 
ones (de Souza et al., 2001).

Therefore, in individuals exposed to fetal over- or un-
dernutrition, reduced subcutaneous expandability combined 
with impaired ability to expand perirenal fat mass by hyper-
plasic rather than hypertrophic growth may be a contributing 
risk factor for development of kidney as well as metabolic 
and cardiovascular disorders later in life. None of the studied 
genetic markers for adipose metabolic function, adipogenesis 
or angiogenesis could account for this prenatal impact on per-
irenal expandability.

4.1.3 | Mesenteric adipose tissue

Fetal malnutrition both in the form of under- and overnu-
trition reduced not only subcutaneous, but also mesenteric 
adipose intrinsic cellularity as well as the ability of both 
perirenal and mesenteric adipose tissue to expand by hy-
perplasic rather than hypertrophic growth during obesity 
development. Male offspring from mice fed a diet with a 
relatively high fat content (45% fat) during gestation were 
also found to have larger sized mesenteric adipocytes and 
enhanced expression of proinflammatory macrophage 
markers in mesenteric fat (Umekawa et al., 2015). In cat-
tle, it was similarly found that adipocytes in both subcuta-
neous, perirenal, and mesenteric adipose tissue had larger 
diameters in calves subjected to undernutrition during fetal 
life as compared to controls (Long et al., 2012). In our 
study, the adverse changes in adipose expandability traits 
appeared to be less pronounced in fetally overnourished 
(HIGH) as compared to undernourished (LOW) lambs. 
Whether this reflects an adaptive advantage during obesity 
development for individuals exposed to fetal overnutri-
tion, remains to be established. It is, however, interesting 
in light of the observation that only LOW-HCHF sheep 
developed signs of hypercholesterolemia in adult life, as 
mentioned above, and mesenteric fat thickness has been 
identified as an independent determinant of metabolic 
syndrome and cardiovascular disease risk in humans (Liu, 
Chan, Chan, Chan, & Chu, 2006). We were unable to doc-
ument any impact of fetal nutrition history on expression 
levels for any of the genetic markers in mesenteric adipose 
tissue, and the underlying reason for the fetally derived 
morphological changes in this tissue therefore remains to 
be established.

Reduced capacity of subcutaneous adipose tissue to 
expand, and impaired ability of both subcutaneous and 
perirenal adipose tissue to recruit or form new adipocytes 
have been identified as factors that alter preferences for 
fat distribution toward the abdominal region (Drolet et al., 
2008). Due to its inaccessibility, it was only recently that 
mesenteric adipocyte size distribution was characterized 
for the first time in humans. The study showed that insulin 
resistance and type 2 diabetes in obese humans could be 
linked to a limited ability to form new adipocytes in this 
tissue (Fang, Guo, Zhou, Stahl, & Grams, 2015). Our sheep 
study demonstrates that malnutrition in late fetal life inter-
feres with intrinsic cellularity and impairs the ability of all 
these three adipose tissues to expand by healthy hyperpla-
sia in times of nutrient excess. This increases the risk of 
nutrient overflow toward the abdominal region, since up-
per-hypertrophic limits for adipocyte expansion apparently 
are reached earlier in subcutaneous (least expandable) than 
mesenteric and particularly perirenal (most expandable) 
adipocytes.
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4.1.4 | Epicardial adipose tissue

As previously pointed out, our knowledge about the func-
tional development of epicardial adipose tissue is limited 
due to the inaccessibility of this tissue in humans and its 
virtual absence in rodent animal models. Hitherto, it has 
therefore been unknown, if adverse exposures in prenatal 
life can affect the functional development of epicardial tis-
sue (Symonds, Bloor, Ojha, & Budge, 2017). To our sur-
prise, we found that epicardial adipose tissue was the most 
sensitive toward prenatal malnutrition in terms of gene ex-
pression for markers of adipocyte development and lipid 
metabolism. Epicardial adipose tissue is associated with 
the development of a wide range of cardiovascular diseases 
in humans (Alexopoulos et al., 2010; Wong et al., 2017), 
and unfavorable cardiometabolic risk factors in children 
(Schusterova, Leenen, Jurko, Sabol, & Takacova, 2014). 
Epicardial fat has a high capacity for fatty acid synthesis, 
uptake and release, and is believed to play a special lipo-
protective role against elevated levels of free fatty acids in 
the coronary arterial circulation, and reversely it can act as 
a local energy supply for cardiac muscle through release of 
fatty acids when needed (Marchington, Mattacks, & Pond, 
1989; Marchington & Pond, 1990). We found that prena-
tally malnourished lambs, both under- and overnourished, 
had higher intrinsic cross-sectional areas of epicardial adi-
pocytes, but their upper-hypertrophic expandability during 
obesity development was reduced. This is in agreement 
with reduced expression of the FABP4, GLUT4, PPAR-γ, 
and HSL genes. In this experiment, we did not attempt 
to excise the total epicardial fat mass, and to what extent 
these gene expression changes reflect ability of epicardial 
adipose tissue to store fat and hence protect the myocar-
dium against toxic levels of circulating free fatty acids, 
remains to be established. Recently, it has been reviewed 
that complex bidirectional pathways exist, whereby epicar-
dial-derived adipokines and cytokines can affect cardiac 
function, and vice-versa via paracrine signaling from the 
heart (Antonopoulos & Antoniades, 2017). We have shown 
for the first time that epicardial adipose tissue is another 
important adipose target of prenatal nutritional program-
ming, and this can be part of the underlying reason for fetal 
origins of cardiovascular health disorders later in life.

4.2 | A postnatal obesogenic 
diet targets all visceral depots, 
downregulates the expression of genes related 
to lipid metabolism, and is a risk factor for 
adipose tissue inflammation

The early postnatal obesogenic HCHF diet-induced adi-
pocyte hypertrophy in all studied tissues and increased 

adipose cellularity (not evaluated in epicardial). In agree-
ment with this, the fat mass in HCHF compared to CONV 
lambs increased ~5-fold in mesenteric and ~9-fold in peri-
renal fat as previously reported (Khanal et al., 2014). This 
study accentuates that postnatal obesity development rely 
on both hypertrophic and hyperplasic adipose expansion. 
In our lambs, subcutaneous and epicardial adipocytes ap-
peared to have the lowest upper-hypertrophic limits for 
adipocyte expansion followed by mesenteric adipocytes, 
and the prenatal nutrition history did not have an impact 
on this upper limit despite the fetal impact hyperplasic 
expandability (CNI) during obesity development. In con-
trast, the upper limit for perirenal adipocyte expandability 
was enormous in the two prenatally malnourished HCHF 
groups (LOW-HCHF and HIGH-HCHF), where ability to 
expand by hyperplasic growth was impaired. This extreme 
hypertrophic expandability may have implications for kid-
ney function in relation to obesity development as perire-
nal adipose tissue expansion can induce renal damage due 
to increasing intrarenal pressure and release of cytokines 
from hypertrophic adipocytes. Interestingly, we observed 
that the lambs fed the HCHF diet had approximately 1/3 
lower kidney weights than CONV fed lambs (Khanal et al., 
2014), and in this context it been shown that para- and peri-
renal fat thickness were much more closely related to renal 
function indices compared to other measures (Lamacchia 
et al., 2011).

In the progression of obesity, rat studies have suggested 
that hypertrophic growth of adipose tissue occurs prior 
to hyperplasia (Faust, Johnson, Stern, & Hirsch, 1978). 
Likewise, a study in obese humans suggested that once 
an upper-hypertrophic limit for adipocyte expansion has 
been reached, further adipose expansion rely on formation 
of new cells (Fang et al., 2015). The upper-hypertrophic 
limit is tissue dependent, and was slightly higher in sub-
cutaneous than mesenteric fat in the human study, whereas 
we found the opposite in sheep. Increments in adipocyte 
size already reached a plateau in mice epididymal fat after 
3-weeks of high-fat feeding, and that was associated with 
an upregulation of expression of lipid metabolism asso-
ciated genes (Li, Yu, Pan, & Unger, 2002). This was in 
contrast to our study, where gene expression for markers 
known to be involved in glucose and fatty acid uptake, 
lipid metabolism, adipogenesis, and angiogenesis (Kliewer 
et al., 1997; Tanaka, Yoshida, Kishimoto, & Akira, 1997; 
Zuo, Qiang, & Farmer, 2006) were downregulated in the 
lambs fed the obesogenic HCHF diet. Animal species, 
differences between adipose tissues and dietary exposure 
time may explain the contrasting results. In studies with 
moderately obese women it has been shown, in agreement 
with our sheep study, that gene expression for markers of 
lipogenesis was progressively downregulated in subcutane-
ous adipose tissues as body mass index increased, whereas 
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inflammatory marker expressions were increased in both 
subcutaneous and mesenteric adipose tissues (Guiu-Jurado 
et al., 2015). Hence, a positive correlation has been estab-
lished between adipose tissue inflammation and adipocyte 
size in humans (Skurk et al., 2007).

A previous mice study showed an increased expression 
in proinflammatory genes as obesity progressed, especially 
genes such as MCP-1, MIP-1α, and CD68, which indicate 
macrophage infiltration (Xu et al., 2003) and progression 
of obesity (Weisberg et al., 2003; Xu et al., 2003), leading 
to chronic low-grade adipose tissue inflammation (Chawla, 
Nguyen, & Goh, 2011). Thus, an early postnatal high-fat diet 
causing extensive adipocyte hypertrophy is accompanied by 
an increased proinflammatory response, thus giving rise to 
metabolic complications associated with increasing visceral 
fat deposition (Liu, Mei, Yang, & Li, 2014; Wronkowitz, 
Romacho, Sell, & Eckel, 2014).

5 |  CONCLUSIONS

In conclusion, both prenatal over- and undernutrition predis-
posed for development of abdominal adiposity and extreme 
perirenal hypertrophy by depressing nonobese cellularity in 
subcutaneous and mesenteric fat and by impairing subcuta-
neous, mesenteric, and perirenal adipose tissues hyperplasic 
(healthy) as opposed to hypertrophic (unhealthy) expandabil-
ity upon exposure to a high-fat, obesity inducing diet postpar-
tum. The prenatal programming did not target the expression 
of proinflammatory markers, except that late gestation un-
dernutrition, but not overnutrition, enhanced inflammatory 
responses in the perirenal adipose tissue. However, how this 
relates to perirenal and visceral adiposity risks remains to 
be established. The early postnatal HCHF diet led to hyper-
trophic expansion of fat mass, particularly in perirenal adi-
pose tissue, and led to upregulated inflammatory responses in 
all adipose tissue depots studied. Future studies are needed to 
reveal, whether there are long-term impacts of such pre- and 
postnatal dietary impacts on adipose tissue cellularity.
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Abstract
The aim was to investigate long-term, tissue and sex-specific impacts of pre and 
postnatal malnutrition on expandability and functional traits of different adipose tis-
sues. Twin-pregnant ewes were fed NORM (~requirements), LOW (50% of NORM) 
or HIGH (150%/110% of energy/protein) diets the last 6  weeks prepartum (term 
~147-days). Lambs received moderate, low-fat (CONV) or high-carbohydrate-high-
fat (HCHF) diets from 3 days until 6 months of age, and thereafter CONV diet. At 
2½ years of age (adulthood), histomorphometric and gene expression patterns were 
characterized in subcutaneous (SUB), perirenal (PER), mesenteric (MES), and epi-
cardial (EPI) adipose tissues. SUB had sex-specific (♂<♀) upper-limits for adipocyte 
size and cell-number indices, irrespective of early life nutrition. PER mass and con-
tents of adipocytes were highest in females and HIGH♂, whereas adipocyte cross-
sectional area was lowest in LOW♂. Pre/postnatal nutrition affected gene expression 
sex-specifically in SUB + PER, but unrelated to morphological changes. In PER, 
LOW/LOW♂ were specific targets of gene expression changes. EPI was affected 
by postnatal nutrition, and HCHF sheep had enlarged adipocytes and upregulated 
expressions for adipogenic and lipogenic genes. Conclusion: upper-limits for SUB 
expandability were markedly lower in males. Major targets for prenatal malnutrition 
were PER and males. LOW♂ had the lowest PER expandability, whereas HIGH♂ 
had an adaptive advantage due to increased hypertrophic ability equivalent to fe-
males. Fixed expandability in SUB meant PER became a determining factor for MES 
and ectopic fat deposition, rendering LOW♂ particularly predisposed for obesity-
associated metabolic risks. EPI, in contrast to other tissues, was targeted particularly 
by early postnatal obesity, resulting in adipocyte hypertrophy in adulthood.
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1 |  BACKGROUND

Pre and postnatal malnutrition have distinct impacts on key 
metabolic organs (Guan et al., 2005; Long et al., 2015) and ad-
verse consequences for health during the entire lifespan. White 
adipose tissue formation and differentiation take place during 
fetal development and continues into the early postnatal period 
(Symonds et al., 2003). Previous studies have demonstrated that 
nutritional perturbations at different stages of gestation can alter 
adipocyte morphology and key genes involved in the regulation 
of adipose tissue development, leading to postnatal alterations 
in the functional properties and accumulation of body fat (Long 
et  al.,  2015; Muhlhausler et  al.,  2008). We have previously 
shown that both maternal over- and undernutrition (HIGH and 
LOW, respectively) during late gestation alter fat deposition 
patterns as well as adipose gene expression patterns in ado-
lescent sheep and rats (Khanal et al., 2014, 2020; Kjaergaard 
et al., 2017; Nielsen et al., 2013). This could be ascribed to sup-
pressed expandability of subcutaneous adipose tissue (SUB), 
resulting in a predisposition for visceral adiposity upon early 
postnatal development of obesity.

SUB is believed to play a key role in the partitioning 
of fat deposition (Moreno-Indias & Tinahones,  2015), and 
it counteracts fat deposition elsewhere by acting as an en-
ergy “sink” in periods of excess energy intake (Tchkonia 
et al., 2013). However, the storage capacity of a single adipo-
cyte appears to be finite (Moreno-Indias & Tinahones, 2015). 
According to the adipose tissue expandability hypothesis 
(Mittendorfer, 2011), once the limit for SUB expandability 
is exceeded, there is therefore an increased risk of redirection 
of lipid deposition toward other adipose tissues and/or nonl-
ipocyte cell types. As reviewed by Tan and Pidal-Pulg (Tan 
& Vidal-Puig, 2008), the risk of metabolic disturbances as-
sociated with obesity is not so much linked to the amount of 
fat deposited in the body per se, but primarily to the expand-
ability of adipose tissues and hence capacity for uptake and 
storage of excess nutrients. Furthermore, a balance between 
adipogenesis, lipogenesis and lipolysis controlling adipocyte 
hyperplasia and hypertrophy at the molecular and cellular 
levels plays an important role in the development of adi-
pose-related metabolic diseases such as type II diabetes, insu-
lin resistance, and hyperlipidemia (Choe et al., 2016; Dubois 
et al., 2006). Adipocyte hypertrophy, but not hyperplasia, is 
most often associated with the occurrence of metabolic dis-
turbances by inducing the expression of pro-inflammatory 
cytokines such as interleukins (ILs)-6/8 and monocyte che-
moattractant protein-1 (MCP1), hence predisposing for adi-
pose tissue inflammation (reviewed in Choe et al. 2016).

Sex is known to have a major impact on body fat dis-
tribution, and males are more susceptible for visceral ad-
iposity and obesity-related diseases than females (Bloor 
et al., 2013), although the underlying mechanisms for these 
gender differences are not well understood. It has been 

shown that sex-specific differences in expression of mo-
lecular markers of fat tissue differentiation and/or function 
appear to emerge already in utero (Tchoukalova et al., 2014; 
Wallace et al., 2015), and hence the sex-specific phenotypic 
manifestation of traits could potentially be sensitive to nu-
tritional insults during gestation. A study in baboons (Papio 
sp.), demonstrated that maternal suboptimal nutrition during 
mid-gestation suppressed the growth of male, but not female, 
offspring and led to adipocyte hypertrophy accompanied by 
increased markers of white and brown-type adipogenesis 
in omental fat (Tchoukalova et al., 2014). Another study in 
sheep also showed that young males are at greater risk than 
females to the onset of comorbidities associated with juve-
nile-onset obesity, as they had a higher storage capacity of 
lipids within perirenal-abdominal adipocytes and exhibited 
raised insulin levels and upregulation of inflammatory mark-
ers (Bloor et al., 2013). Similarly, in sheep, a low birth weight 
combined with a high fractional growth rate in early postnatal 
life was associated with an increased expression of lipogenic 
genes in males only (Muhlhausler et al., 2008).

It is noteworthy that the majority of rodent and human 
studies addressing long-term implications of fetal nutrition 
have involved male individuals only, and the female “side 
of the story” is much less elucidated. In addition, the vast 
majority of experimental animal studies pertaining to fetal 
programming have been conducted in altricial species, such 
as rodents, where the offspring do not undergo an intrauter-
ine development equivalent to third-trimester development in 
humans.

In this study, we aimed to test the hypotheses that mis-
matching combinations of late gestation and early postnatal 
malnutrition have adverse implications for adipose expand-
ability and functional traits in adulthood, which are differen-
tially manifested in SUB, mesenteric (MES), perirenal (PER) 
and epicardial (EPI) adipose tissues, and in a sex-specific 
way. To test this hypothesis, we used a well-documented pre-
cocial animal model, the Copenhagen sheep model, for fetal 
programming (Khanal et al., 2014, 2015, 2016). The sheep 
had been exposed to LOW, adequate (NORM) or HIGH 
levels of nutrition during the last trimester of fetal develop-
ment, followed by a restricted CONV or obesogenic, high-
fat HCHF diet from 3-days until 6 months of age (right after 
puberty), and finally, a CONV diet fed ad libitum during the 
next 2 years. Adipose tissues were sampled at autopsy from 
the adult sheep when they reached the age of 2½ years.

2 |  MATERIAL AND METHODS

2.1 | Experimental design, animals and diets

The Copenhagen sheep model, experimental design, 
and dietary interventions have been described in detail 
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previously (Khanal et  al.,  2014, 2016). All the experi-
mental animal handling procedures were approved by the 
Danish National Committee on Animal Experimentation. 
In short, a 3 (prenatal nutrition) × 2 (early postnatal nu-
trition) factorial design experiment was conducted, where 
36 twin pregnant multiparous ewes were allocated to one 
of the following diets during the last 6 weeks of gestation 
(term ~147  days): NORM (fulfilling 100% of daily en-
ergy and protein requirements, LOW (providing 50% of 
NORM), or HIGH (providing 150% of daily energy and 
110% of daily protein requirements; Figure 1). From 3 days 
after birth until 6 months of age (i.e., after puberty), one 
twin lamb from each dam was fed a low-fat, moderate 
CONV diet (hay supplemented during the first 8 weeks of 
life with milk replacer; amounts were adjusted to ensure 
moderate growth rates of appr. 225  g/d). The other twin 
lamb was fed an obesogenic, high-carbohydrate-high-fat 
HCHF diet (37% fat dairy cream with milk replacer in a 1:1 

ratio (max. 2½ l/d) supplemented with rolled maize (max. 
2 kg/d) and barley straw). Subgroups of lambs from each 
of the 6 treatment groups exited the experiment at 6 months 
of age. Remaining animals (N = 36) continued in the part 
of the experiment reported here to be studied as adult 
sheep, and they were from 6 months until 2½ years of age 
(adulthood) fed the same low-fat hay-based diet (hay ad 
libitum; supplemented until approx. 1 year of age with bar-
ley). The total number of animals in each of the six treat-
ment groups was NORM-CONV (N = 6); NORM-HCHF 
(N  =  4); HIGH-CONV (N  =  6); HIGH-HCHF (N  =  6); 
LOW-CONV (N = 8) and; LOW-HCHF (N = 6). Details on 
the chemical compositions of all feed ingredients used and 
daily intake of digestible energy and digestible crude pro-
tein are tabulated in Table S1 and S2, respectively. All ani-
mals had ad libitum access to water and a vitamin-mineral 
supplement at all times. At 2½ years of age (adulthood), 
all sheep had developed adiposity, and were euthanized 

F I G U R E  1  The flow chart of the experimental design and treatment groups. In short, a 3 (prenatal nutrition) x 2 (early postnatal nutrition) 
factorial design experiment was conducted, where 36 twin pregnant multiparous ewes were allocated to one of the following diets during the last 
6 weeks of gestation (term ~ 147 days): NORM (fulfilling 100% of daily energy and protein requirements, LOW (providing 50% of NORM), or 
HIGH (providing 150% of daily energy and 110% of daily protein requirements). From 3 days after birth until 6 months of age (i.e. after puberty), 
one twin lamb from each dam was fed a low-fat, moderate CONV diet (hay supplemented during the first 8 weeks of life with milk replacer; 
amounts were adjusted to ensure moderate growth rates of appr. 225 g/d). The other twin lamb was fed an obesogenic, high-carbohydrate-high-fat 
HCHF diet (37% fat dairy cream with milk replacer in a 1:1 ratio (max. 2½ l/d) supplemented with rolled maize (max. 2 kg/d) and barley straw). 
Subgroups of lambs from each of the 6 treatment groups exited the experiment at 6 months of age. Remaining animals (N = 36) continued in the 
part of the experiment reported here to be studied as adult sheep, and they were from 6 months until 2½ years of age (adulthood) fed the same 
low-fat hay-based diet (hay ad libitum; supplemented until approx. 1 year of age with barley). The total number of animals in each of the six 
treatment groups were: NORM:CONV (N = 6); NORM:HCHF (N = 4); HIGH:CONV (N = 6); HIGH:HCHF (N = 6); LOW:CONV (N = 8) and; 
LOW:HCHF (N = 6)
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by exsanguination following intravenous administration 
of Propofol (B. Braun, Melsungen, Germany; 5–6 mg/kg 
body weight [BW]). All tissues were isolated immediately 
after euthanization, total tissue weight determined (except 
for EPI) and samples were taken for histology and genes 
expression analysis. SUB and EPI samples were dissected 
above the m. longissimus dorsii and from the anterior sur-
face of the heart, respectively, whereas PER and MES were 
sampled randomly after separation from their respective 
organs (Khanal et al., 2020).

2.2 | Tissue preparation and histology

Adipose tissue specimens were fixed in 4% paraformal-
dehyde (PFA) solution for 24  hr and in by 2% PFA for 
another week. Before embedding, tissues were trimmed 
and immersed in a 70% ethanol solution for 24 hr. Sections 
were cut at 5  µm and subsequently stained. Epicardial 
adipose tissue sections were hematoxylin and eosin (HE) 
stained, which gave the best color differentiation of indi-
vidual adipocytes in this tissue, whereas the other adipose 
tissues were stained with iron-hematoxylin to provide a 
more marked coloring of cell membranes. The slides were 
scanned at 5x magnification using an automated slide 
scanner for bright field and fluorescence (AXIO Scan.Z1; 
Zeiss; Germany).

2.3 | Histomorphometric and adipocyte size 
distribution analyses

The cell membrane, shape, and size of adipocytes were iden-
tified and measured using a specially designed morphomet-
ric application, Iron Hematoxylin Adipose Tissue (APP ID 
10113; Visiopharm®; Figure  S1). This application consists 
of three protocols, where the first calculates the relative per-
centages of different tissue structures in the slide, that is, 
adipocytes, cell membranes, and undefined area. The second 
protocol classifies the shape of individual adipocytes accord-
ing to a “Form Factor” (Figure S1a) ranging from 0 (being a 
straight line) to 1 (being a perfect circle). The third protocol 
calculates the cross-sectional area (CSA) of individual adipo-
cytes (Figure S1b) and automatically categorizes adipocytes 
into cell size classes ranging from 0–40, 40–200, 200–400, 
400–800, 800–1,600, 1,600–3,200, 3,200–6,400, 6,400–
12,800, 12,800–26,500, 26,500–36,000, and >36,000  µm2. 
The cell size class >36,000 µm2 was not included in cal-
culations, since it contained a high proportion of cells with 
inadequately stained membranes, that is, the program could 
not identify the individual cells. The average CSA for cells 
determined on the slides will expectedly be lower than the 
average diameter of cells measured at their centers because 

cells in slides were cut at varying distances from their center. 
However, changes in distribution patterns are expected to re-
flect differences in the size of cell populations. A cell number 
index (CNI; arbitrary units) was calculated as previously de-
scribed (Khanal et al., 2020):

The volume of spherical adipocyte was calculated using 
the formula:

where the radius, r, was derived from a circle with the same 
area as the average CSA of adipocytes. Cell size distribution 
patterns, average CSA, and CNI allowed us to evaluate, whether 
differences in fat deposition resulted from changes in adipocyte 
numbers or size.

2.4 | Gene expression analysis

Samples of adipose tissues were preserved in RNAlater® 
Solution (Ambion, The RNA Company) for 24 hr, thereafter the 
solution was discarded and tissue samples then stored at −80°C 
pending mRNA expression analysis, conducted as previously 
described (Khanal et al., 2020). In short, total RNA was isolated 
by homogenizing approximately 150 mg tissue (TissueLyser 
II, QIAGEN) in 1,000 µl TRIzol® reagent (Invitrogen, Life 
Technologies). Phase separation was performed using 120 µl 
chloroform. Then, an upper aqueous phase was mixed with 
500 µl isopropanol to facilitate the precipitation of RNA. The 
SV Total Isolation System (Promega Corporation) was used 
to further extract the RNA following the manufacturer's pro-
tocol except that instead of 100 µl, 50 µl nuclease-free water 
was used to elude RNA. The concentration and integrity of 
isolated RNA was measured using NanoDrop ND-1000 
Spectrophotometer (NanoDrop Products) and Agilent 2100 
Bioanalyzer (Agilent Technologies), respectively. The cDNA 
synthesis was performed by reverse transcription (RT) by ap-
plying Promega Reverse Transcription System (Promega). A 
total of 25 µl reaction mixture was prepared by adding 16.3 
RNA sample and 8.7 µl master mix, respectively. The master 
mix (Promega) consisted of 5 µl M-MLV 5 × Reaction Buffer, 
1.3 µl dNTP Mix, 0.2 µl Random Primers, 0.4 µl Oligo (Dt) 
15 Primer, 0.8  µl RNasin Ribonuclease Inhibitor, and 1 µl 
M-MLV reverse transcriptase. The cDNA samples were stored 
at −20°C pending analysis. The qPCR was performed using 
a Lightcycler 480 SYBR Green I Master (Roche Diagnostic 
GmbH) following the manufacturer's protocols and, β-actin 
(ACTB) was used as a reference gene. The PCR conditions 
used were denaturation (95°C for 10 s), annealing (60°C for 

CNI= (adipose mass(kg)×percentage adipocyte coverage in tissue slides)∕

volume of an average spherical adipocyte

V = 4∕3�r
3



   | 5 of 18AHMAD et Al.

10 s), and elongation (72°C for 20 s), which were repeated 45 
times in each qPCR reaction.

The genes examined involved target genes for adipogen-
esis (ADIPOQ, CD34, CD44, CEBPB, PGC1A, PPARA, 
PPARG, PREF1, TGFB1, and WNT5A), angiogenesis 
(VEGF, and VEGFA), lipid metabolism (ATGL, CGI58, 
FABP4, FAS, HSL, LPL, and PLIN1), glucose metabolism 
(FBPASE, GAPDH, GLUT1, and GLUT4), hormone signal-
ing (ADRA1, ADRβ1, GcR, IGF1R, IRS1, and LEPTIN), en-
ergy homeostasis and obesity (FTO), mitochondrial-derived 
reactive oxygen species synthesis (UCP2), as well as markers 
for inflammation (CD68, IL6, MCP1, TLR4, and TNFA). The 
primer sequences and efficiencies are listed in Table S3.

2.5 | Statistical analysis

Data were analyzed separately for each adipose tissue by 
linear mixed effects (nlme) (version 3.1–137), and emmeans 
(v1.3.3 and v1.4.5) (2019) procedures of the R studio (R Core 
Team, 2017) software package using the following overall 
model:

where Υ is the observed dependent variables, PreN is the 
fixed effect of prenatal nutrition (NORM, LOW, HIGH, 
PostN is the fixed effect of postnatal nutrition (CONV, 
HCHF), Sex is the fixed effect of sex (♂=males, ♀=females)  
on adipose morphological traits, adipocyte size distribution, 
and mRNA expression. Body weights of the twin-pregnant 
dams at the onset of the experiment 6  weeks prepartum 
(BWewe) and of the experimental sheep at birth (BWbirth), 
at six months of age, that is, when the differential postnatal 
feeding ended (BW6), and by the end of the experiment 
in adulthood at 2½ years of age (BW2½) were included as 
covariates in the models. The normality of the model was 
examined using the Shapiro-Wilk's test and qqnorm plots 
of the residuals. If the model did not follow a normal dis-
tribution, the model was normalized by log-transformation. 
The stepwise model reduction was further performed using 
package MASS (v7.3–51.5) and the model having the low-
est AIC was selected for the best-fit model. Post hoc analy-
sis was performed using Tukey's multiple comparison tests, 
when one of the main effects or their interactions were sig-
nificant. Data are presented as emmean ± SEM, and p-val-
ues provided are based on ANOVA. Correlations within 
different adipocyte size classes and between adipocyte size 
classes with gene expression levels were examined using 
R package “corrplot” (Version 0.84; Wei & Simko, 2017), 

and Pearson correlation coefficients were derived from 
correlation plots.

3 |  RESULTS

This study was, as mentioned above, part of a larger experi-
ment. To be able to put the results of the present into per-
spective, some previously reported findings from the same 
animals are briefly mentioned here. LOW sheep were born 
with lower birth weights compared to HIGH and NORM 
sheep (Khanal et  al.,  2020). Compared to NORM, LOW 
as well as HIGH sheep deposited a greater amount of fat 
in MES and PER than SUB, when they became obese as 
adolescents upon exposure to the HCHF diet (Khanal 
et  al.,  2020). At the age of 2½ years, all sheep had been 
exposed to the same low-fat hay-based diet for 2  years; 
LOW-HCHF sheep (99.0  ±  2.7  kg) became heavier as 
adults compared to NORM-CONV and LOW-CONV sheep 
(91.13 ± 2.9 and 91.2 ± 2.4 kg, respectively) with others 
groups in between (Table  S4; Khanal et  al.,  2020). Males 
were heavier (99.4 ± 1.2 kg) than females (92.9 ± 1.4 kg; 
Khanal et al., 2020) The adult LOW-HCHF sheep had mark-
edly increased plasma levels of cholesterol, urea, creatinine, 
and lactate compared to other groups (Khanal et al., 2016).

3.1 | Overall tissue- and sex-specific 
differences in adipose cell size distribution

In the present part of the study, distribution of adipocytes on 
size classes was found to follow a unimodal pattern in SUB 
and EPI (Figure 2a,b), whereas a clear bimodal pattern was 
observed in PER with the second peak falling in different 
cell-size classes depending on treatment group (Figure 2c). 
In MES, there was a plateau across the lower (40–800 µm2) 
cell-size classes, which continued in NORM♀ (unimodal 
pattern) or was followed by a more or less clear second peak 
in the other groups (bimodal pattern; Figure 2d).

As shown in Tables 1, 2 and Figure 2, females had the high-
est fat mass (not determined in EPI), adipocyte CSA (except 
for HIGH♀ in PER), CNI (PER only), and proportions of very 
small (<40  µm2; PER and MES only) and large adipocytes 
(SUB: >3,200 µm2; MES and PER: >6,400 µm2), but low-
est proportions of smaller- to medium-sized adipocytes (SUB: 
40–1,600 µm2, PER: 800–6,400 µm2; MES: 800–3,200 µm2). 
However, in EPI, only few sex effects were seen, and only as 
interactions with the postnatal nutrition (see below).

In all tissues, positive correlations existed between adi-
pocytes numbers within the smaller cell-size classes (SUB 
and MES: 200–1,600  µm2, p  <  .001 and p  <  .001–.05; 
PER: 200–3,200, p  <  .01–.001  µm2; EPI: 40–1,600  µm2, 
p  <  .001–.05) and within the large cell-size classes 

Y=PreN+PostN+Sex+PreN∗PostN

+PreN∗Sex+PostN∗Sex+BWewe+BWbirth

+BW6+BW2
1

2
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(SUB: 3,200–36,000  µm2, p  <  .001–.01; PER and MES: 
>12,800 µm2, p < .001–.01; EPI: >6,400 µm2, p < .001–
.05). Correlations between the small and large cell size 
classes were generally negative (Figure S2a–e), except for 
the very smallest (<40 µm2) adipocytes in PER and MES, 
which (unlike other small cells) were positively correlated 
with numbers of the largest adipocytes (PER: 12,800–
36,000  µm2, p  <  .001; MES: >36,000  µm2, p  <  .05; 
Figure S2b and S2c).

3.2 | Long-term impacts of early nutrition 
history on adipose tissue histology

Implications of malnutrition in early life on adipose mor-
phology and gene expression patterns were, in general, more 

predominant in males than females, but in a tissue-dependent 
way.

3.3 | Subcutaneous adipose tissue

There were generally no prolonged effects of early life nu-
trition history on SUB mass, CNI, average adipocyte CSA 
(Table  1) or adipocyte size distribution (Figure  2a). The 
only exceptions were for very small adipocytes (<40 µm2), 
where NORM♀ and HIGH♂ had a higher percentage 
compared to NORM♂ and with other groups in between 
(p =  .01). The proportion of 40–200 µm2 adipocytes was 
increased by HCHF compared to CONV in HIGH, but de-
creased by HCHF in NORM and LOW sheep (Table S4; 
p = .02).

F I G U R E  2  Effects of prenatal and early postnatal nutrition on the adipocyte size distribution patterns in tissue slides of (a) subcutaneous 
(SUB), (b) epicardial (EPI), (c) perirenal (PER) and (d) mesenteric (MES) adipose tissue from male (♂) and female (♀) 2½ years old adult sheep. 
Values are expressed as the proportion (%) of adipocytes found in different cell size classes. Tissue slides were stained with Iron-Hematoxylin 
except for EPI, which was stained with Hematoxylin and eosin for optimal staining of cell membranes. Cross-sectional area of individual cells was 
determined in whole tissue scans using the Iron Haematoxylin Adipose Tissue software (APP ID 10,113; Visiopharm®, Hoersholm, Denmark). 
NORM, HIGH, LOW, CONV and HCHF: See legends to Figure 1. Number of animals in the different groups: NORM (N = 9, 3♂:6♀); HIGH 
(N = 12, 5♂:7♀) and; LOW (N = 15, 8♂:7♀). Number of animals in the early postnatal nutrition groups: CONV (N = 20, 8♂:12♀) and HCHF 
(N = 17, 8♂: 8♀). Ewed, Lambd, sex, Ewed*sex, Lambd*sex, Ewed*Lambd indicate significant effects found of the late gestation nutrition, early 
postnatal nutrition, sex of the sheep or their interactions, respectively
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3.4 | Perirenal adipose tissue

This was the adipose tissue most affected by the prenatal nutri-
tion history, but in a sex-specific way. LOW♀ had the highest 
and LOW♂ (followed by NORM♂) had the lowest PER mass, 
average CSA of adipocytes and adipose cell coverage (p = .01, 
0.002, and 0.01, respectively) with other groups in between.

In the first cell size peak (40–400 µm2), NORM♀ had the 
highest and NORM♂ the lowest ratio of adipocytes, (p < .01). 
In the second cell size peak, the NORM♂ and LOW♂ peaked 
earlier and had a higher ratio of cells in the 1,600–6,400 µm2 
classes and lowest proportions of cells in the largest adipocyte 
classes, whereas HIGH♂ together with all females peaked in 
the 6,400–12,800 µm2 cell size classes (p < .01). LOW♀ had a 
markedly higher proportion of large adipocytes (>12,800 µm2) 
(p < .001) compared to other groups. Interestingly, HIGH♂, un-
like NORM♂ and LOW♂, had a phenotype similar to female 
sheep for most of the studied parameters (adipocyte CSA, tissue 
composition, and cell size distribution).

Surprisingly, sheep fed the HCHF diet in early postnatal 
life had a lower adult PER mass than CONV sheep (p = .02; 
Table 2). This was associated with a slightly smaller adipocyte 
average CSA and a lower proportion of the largest (25,600–
36,000 µm2), but increased proportion of medium-sized adi-
pocytes (3,200–6,400  µm2) in HCHF compared to CONV 
(p = .05, 0.01, and 0.03, respectively, Table S5). For medium 
to large adipocytes (6,400–25,600 µm2), the proportion was in-
creased by HCHF in NORM and LOW sheep, but decreased by 
HCHF in HIGH sheep (p = .01 and .005; Table S4). The CNI 
was not affected by the early life nutrition history (Table 1).

3.5 | Mesenteric adipose tissue

Impacts of the prenatal nutrition history were sex-specific. 
Hence, LOW♂ and NORM♂ had clear peaks in the lower 
cell size classes (1,600–3,200 and 3,200–6,400  µm2) and 
the lowest proportion of the largest adipocytes compared to 
other animals; the adipocyte distribution pattern for HCHF♂ 
was very similar to that of females rather than other males, 
and in the largest cell size classes (>12,800  µm2), LOW♀ 
had by far the highest proportions of adipocytes and with 
LOW♂ at the other extreme (lowest proportion; Figure 2d; 
p = .00001–.008).

There were no systematic long-term impacts of the early 
postnatal nutrition exposure in this tissue.

3.6 | Epicardial adipose tissue

The EPI was, in contrast to the other tissues, strongly affected 
by the early postnatal nutrition history with hardly any ef-
fects of prenatal nutrition (Table 1). HCHF sheep had larger T
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average adipocyte CSA (Table S5) and a shift in cell size dis-
tribution (Figure 2b) toward higher proportions of both small 
(40–200 µm2; p = .01) and large (>6,400 µm2; p = .003 to 
<.0011) at the expense of medium-sized adipocytes (1600–
3,200  µm2; p  <  .0001). The HCHF diet increased and de-
creased proportions of medium to large (3,200–6,400 µm2) 
and medium (800–1,600 µm2) sized adipocytes, respectively, 
in females, whereas males had the opposite responses to 
HCHF (p = .02 and .01, respectively).

3.7 | Correlations between cell-
number-index and numbers of very small 
(<40 µm2) and very large adipocytes (25000–
36000 µm2) across tissues

Within SUB and MES, CNI was negatively correlated with adi-
pocyte numbers in the largest cell size class (25,600–36,000 µm2; 
r = −.39 and −.31, respectively; p < .05; Figure S2e). Across 
tissues, CNI in PER was positively correlated with numbers of 
very small adipocytes in SUB (r = .37, p < .05) and to numbers 
of very large adipocytes in SUB (r = .42, p < .05) and MES 
(r = .48, p < .01). Numbers of very large adipocytes in MES 
were positively correlated with numbers of very small adipo-
cytes in PER (r = .28, p < .05) and to very large adipocytes in 
SUB (r = .33, p < .05) and PER (r = .50, p < .01).

3.8 | Systematic sex differences in mRNA 
expression levels

Across the four tissues studied, males had consistently and 
markedly higher expression levels than females for almost 
all genes in all adipose tissues (Figure S3), although males 
only had around half or less fat mass in these tissues (not 
determined in EPI) compared to females (Table 2). The only 
genes, where females had the highest expression level, were 
LPL in SUB and EPI, LEPTIN and CD68 in PER and CGI58 
in EPI.

3.9 | Long-term impacts of the early 
nutrition history on mRNA expression levels

The ADRB1, FTO, and LEPTIN were the only genes, for 
which expression levels were completely unaffected by the 
early life nutrition history.

3.10 | Subcutaneous adipose tissue

LPL was the only gene affected (independently of other 
factors) by the prenatal nutrition, and LOW had the 

lowest expression levels followed by NORM and HIGH 
(Figure 3a; p =  .03). The mRNA expression of 15 genes 
involved in adipose development and metabolism was 
affected by the prenatal nutrition in a sex-specific way 
(Figure 3b). For all except one gene (ATGL), NORM♂ had 
higher mRNA expression levels (Figure  3b; p  <  .0001–
.05), whereas for ATGL, the expression level was higher in 
HIGH♂ and LOW♂ than other groups. In females, if any-
thing, expression levels for several genes were consistently 
different (higher or lower) in LOW♀ compared to NORM♀ 
and HIGH♀.

Regarding early postnatal nutrition, HCHF sheep had 
decreased expression levels for GLUT1, PGC1A, and 
TNFA, and increased PPARG expression (Figure  S4a; 
p  =  .004–.03). For five other genes (CD44, CEBPB, 
FBPASE, IL6, and MCP1, Figure S4a), higher expression 
levels were observed in CONV♂ compared to other groups. 
For 15 genes (ADIPOQ, CD44, CEBPB, CGI58, FBPASE, 
GADPH, HSL, IGF1R, IL6, IRS1, MCP1, PLIN1, PGC1A, 
VEGF, and VEGFA) expression levels depended on the 
pre and postnatal interaction, and highest expression lev-
els were observed in NORM-CONV compared to all other 
groups (p = .003–0.05; Figure 3c). The only deviation from 
this pattern was that HIGH-HCHF had the highest LPL  
expression (p = .02).

3.11 | Perirenal adipose tissue

In PER, 17 genes were affected by the prenatal nutrition 
and six of them independently of other factors: LOW 
had the highest expression levels compared to other 
groups for CGI58, FABP4, GLUT1, IRS1, and VEGFA, 
or compared to HIGH for IGF1R (Figure  4a; p  =  .03–
.03). For six genes, the prenatal impacts were sex-spe-
cific (Figure  4b), where the general pattern was that 
LOW♂ attained the highest expression levels compared 
to other groups (CD44, GcR, HSL, and TGFB1) except 
that NORM♂ achieved the highest levels for CEBPB and 
GLUT4 (Figure 4b; p = .0001–.02). For five genes (HSL, 
IL6, MCP1, UCP2, and VEGF), significant pre and early 
postnatal nutrition interactions were found, but no con-
sistent patterns of changes could be deciphered across 
groups (results not shown).

Only three genes were affected by the early postnatal 
nutrition independently of other factors, and HCHF sheep 
had the highest expression levels for CEBPB and PLIN1, 
but lowest for CD68 (Figure S4b; p =  .01–.02). Similar to 
SUB, expression levels were highest in CONV♂ compared 
to other groups for three genes, FABP4, GLUT4, and VEGF 
(Figure S4b; p = .0007–.3). Females, if anything, tended to 
have the opposite response to the postnatal diet compared to 
males.
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F I G U R E  3  Effects of prenatal nutrition (a), sex-dependent effects of the prenatal nutrition (b) and the interactive effects of pre- and early 
postnatal nutrition (c) on mRNA expression patterns in subcutaneous adipose tissue (SUB), expressed relative to the reference gene, beta-actin 
(ACTB). NORM, HIGH, LOW, ♂, ♀, Ewed and sex: See legends to Figures 1 and 2. Values are expressed as emmean ± SEM. ab Significant 
differences between groups are denoted by different superscript letters. Number of animals in the prenatal nutrition groups: a) NORM (N = 8, 
3♂:5♀); HIGH (N = 10, 5♂:5♀) and; LOW (N = 11, 6♂:5♀). Number of animals in the pre- and postnatal interaction groups: NORM:CONV 
(N = 6); NORM:HCHF (N = 4); HIGH:CONV (N = 6); HIGH:HCHF (N = 6); LOW:CONV (N = 8) and; LOW:HCHF (N = 6)
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3.12 | Mesenteric adipose tissue

The MES was the depot least affected by early life nutrition 
history in terms of gene expression patterns. Expression lev-
els of only four genes were affected by the prenatal nutrition 
in either a sex-specific way (CD34, and CEBPB; p = .01) or 
depending on the subsequent early postnatal nutrition expo-
sure (CD34, FABP4, and PPARG; p =  .02–.03), but it was 
difficult to discern any systematic pattern (results not shown). 
Furthermore, postnatal nutrition had an impact on expression 
levels of only one gene, namely ADRA1, where expression 
levels were highest in HCHF sheep (Figure S4c; p = .03).

3.13 | Epicardial adipose tissue

The prenatal nutrition history affected the expression of 14 
genes in EPI, but only independently of other factors for two 
genes. Thus, ADRA1 expression levels were reduced in HIGH 
compared to NORM with LOW in between, and GLUT4 ex-
pression levels were reduced in LOW compared to HIGH 
and NORM (Figure 5a; p =  .04 and .02, respectively). For 
another seven genes (ATGL, IGF1R, GcR, LEPR, TGFB1, 
UCP2, and VEGF), the prenatal impact on expression levels 

was sex-dependent due to opposite responses in LOW♂ com-
pared to LOW♀ to the prenatal nutrition (Figure 5b).

Of all the adipose tissues, EPI was the one most affected 
by the early postnatal nutrition history. HCHF compared to 
CONV sheep had increased expression levels for 6 genes 
(ADIPOQ, FABP4, FAS, HSL, PLIN1, and PPARG) and 
reduced for 2 (CD68, and PPARA) (Figure  S4d). For five 
genes (ATGL, CD68, CGI58, GLUT1, and TLR4) postnatal 
nutrition impacts depended on the prenatal nutrition history, 
and the general pattern was that LOW-CONV had the high-
est expression levels for these, and the changes in expression 
levels induced by HCHF were opposite in LOW compared to 
NORM and HIGH sheep (Figure 5c; p = .05–.05). CONV♂ 
had higher expression levels compared to other groups for 
two genes, namely CD34, and GLUT1 (Figure S4d; p = .04 
and .01, respectively).

3.14 | Correlation between adipocyte 
size and gene expression levels within each 
adipose depot

The significant correlations between adipocyte size classes 
and gene expression levels were in general weak to moderate 

F I G U R E  4  Effects of prenatal nutrition (a), sex-dependent effects of the prenatal nutrition (b) and the interactive effects of pre- and early 
postnatal nutrition, expressed relative to the reference gene, beta-actin (ACTB). NORM, HIGH, LOW, CONV, HCHF, Ewed, Lambd, Sex, ♂ and 
♀: see legends to Figures 1 and 2. Values are expressed as emmean ± SEM. ab Significant differences between groups are denoted by different 
superscript letters. Number of animals in the prenatal nutrition groups: NORM (N = 10, 4♂:6♀); HIGH (N = 12, 5♂:7♀) and; LOW (N = 14, 
5♂:6♀)
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(r <  .6, p =  .05–.001) in all tissues. As expected from cor-
relations between cell size classes, it was observed that when 
gene expression levels were correlated with cell numbers in 
the smaller adipocyte classes (positive or negative), the corre-
lation would have the opposite direction (negative or positive) 
to the larger adipocyte classes (Figure S5a–d). Systematic and 
fairly strong correlations (r ≥ .55, p = .001) between gene ex-
pression levels and adipocyte size distribution were observed 
almost exclusively within cell-size classes in the second cell-
size peak in PER (see Figure 1c). Thus, adipocyte numbers 
in the two smallest size-classes in the second cell-size peak 
(800–1,600 µm2 and 1,600–3,200 µm2) in PER were positively 

correlated (p = .05–.001), respectively, to the expression lev-
els of genes involved in various functions such as adipogen-
esis (ADIPOQ (r = .56 and .68), CD34 (r = .61 and .68) and 
PPARG (r = .61 and .70)), lipid metabolism (CGI58 (r = .54 
and .63), FABP4 (r = .56 and .63), and PLIN1 (r = .66 and 
.75)), glucose metabolism (GLUT4 (r  =  .56 and .65)), hor-
mone signaling (GcR (r = .57 and .69), IGFIR (r = .56 and 
.60) and IRS1 (r = .69 and .82)), energy homeostasis and obe-
sity (FTO (r = .60 and .55)), and angiogenesis (VEGF (r = .71 
and .77), and VEGFA (r = .68 and .81); Figure S5b). Opposite 
direction of correlations was noticed for adipocyte numbers 
in the medium to large (6,400–12,800  µm2) adipocyte size 

F I G U R E  5  Effects of prenatal nutrition (a), sex-dependent effects of the prenatal nutrition (b) and the interactive effects of pre- and early 
postnatal nutrition (c) on mRNA expression patterns of epicardial adipose tissue (EPI), expressed relative to the reference gene, beta-actin 
(ACTB). NORM, HIGH, LOW, Lambd, CONV, HCHF, ♂, ♀ and Ewed, see legends to Figures 1 and 2. Values are expressed as emmean ± SEM. 
ab Significant differences between groups are denoted by different superscript letters. Number of animals in the prenatal nutrition groups: 
NORM (N = 10, 4♂:6♀); HIGH (N = 12, 5♂:7♀) and; LOW (N = 13, 8♂:7♀). Number of animals in the pre- and postnatal interaction group: 
NORM:CONV (N = 6); NORM:HCHF (N = 4); HIGH:CONV (N = 6); HIGH:HCHF (N = 6); LOW:CONV (N = 8) and; LOW:HCHF (N = 7)
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classes to expression levels for these genes (r = −.30 to −.7; 
p < .001–.05; Figure S5b).

Unique to PER and EPI, cell numbers in the smallest ad-
ipocyte size class (<40  µm2) were consistently negatively 
correlated in PER, but positively correlated in EPI (opposite 
direction of correlations), to gene expression levels of adipo-
genic (PPARG (PER: r = −.50, EPI: r = .30)), lipid metabo-
lism (CGI58 (PER: r = −.46; EPI: r = .38), FBPASE (PER: 
r = −.44, EPI: r = .31), HSL (PER: r = −.39, EPI: r = .35), 
LPL (PER: r = −.33; EPI: r =  .37)), and hormone signal-
ing (ADRA1 (PER: r  =  −.35; EPI: r  =  .33); p  <  .01–.05) 
(Figure S5b,d).

4 |  DISCUSSION

This study revealed a sex-specific upper-limit for expandability 
in SUB, which was markedly lower in males than females. The 
major targets for prenatal malnutrition were PER and SUB, 
and males were more susceptible than females. LOW♂ had the 
lowest PER expandability, whereas HIGH♂ had an adaptive 
advantage due to increased hypertrophic ability, equivalent to 
that observed in females. MES was remarkably unaffected by 
the early nutrition history, and given the quite fixed expand-
ability in SUB, our study points to PER as a major determinant 
of adult fat deposition patterns. EPI, in contrast to other tissues, 
was targeted particularly by early postnatal obesity, resulting in 
adipocyte hypertrophy in adulthood.

To be able to put the discussion of these findings into 
perspective, a brief summary is given here of previously re-
ported findings relating to adipose tissue in a subgroup of 
lambs from the same experiment, which was studied as ado-
lescents (6 months of age). The lambs exposed to LOW and 
HIGH nutrition in late fetal life had reduced intrinsic cellu-
larity (CNI) in SUB and MES, reduced ability for hyperplasic 
growth during obesity development in SUB, PER, and MES, 
and a fixed upper limit for adipocyte hypertrophy in SUB. 
Consequently, when LOW and HIGH lambs were fed the 
HCHF diet in early postnatal life, expansion of PER and MES 
fat mass relied to a greater extent on hypertrophic rather than 
hyperplasic growth, and a larger proportion of fat deposition 
was directed toward PER and MES rather than SUB as com-
pared to what was observed in NORM-HCHF lambs (Khanal 
et al., 2020). An approximately ninefold increase in PER fat 
mass in HCHF compared to CONV fed lambs was associated 
with a 1/3 reduction in kidney size (Khanal et al., 2014).

4.1 | General observations on adipocyte 
characteristics

Adipocyte size distribution in the adult sheep in this study 
had a unimodal appearance in SUB, a bimodal appearance 

in PER and MES, and a clear unimodal appearance in EPI. 
From studies in humans, a bimodal pattern has been reported 
for SUB, PER, and MES (Fang et  al.,  2015; McLaughlin 
et al., 2014), suggesting two separate cell populations. The 
discrepancy for SUB may be due to species differences 
(Karastergiou et  al., 2012) or degree of adiposity. Subjects 
included in the two human studies were in contrast to our 
sheep morbidly obese, and we actually did observe an initial 
“shoulder” in the cell size distribution, which together with 
correlation structures between cell size classes indicated that 
two distinct cell size populations might indeed exist in this 
tissue also in sheep.

The CSA is expected to underestimate the actual size of 
adipocytes, as already mentioned, but the maximum cell sizes 
observed should be indicative of the CSA of the largest cells, 
when cut at their mid-plane. Thus, in SUB there appeared 
to be a quite fixed, but sex-specific, upper limit for adipo-
cyte size, that is, hypertrophic expandability, irrespective of 
the early nutrition history, as we had also observed in lambs 
from the same experiment that was studied at 6 months of age 
(Khanal et al., 2020). This distinguished SUB from PER and 
MES. Subcutaneous adipocytes appear to have fixed upper 
limits for hypertrophy also in humans, where the average 
subcutaneous adipocyte sizes in obese subjects have been 
observed to be very similar (O'Connell et al., 2010), despite 
different fat distribution patterns in the body.

4.2 | Sub and per are targets of early 
nutrition programming in a tissue and  
sex-specific way

The quite marked reductions in intrinsic, nonobese cellu-
larity (CNI) in SUB and MES in the adolescent (6 months 
old) LOW and HIGH compared to NORM lambs (Khanal 
et al., 2020) were not evident in the adult sheep in this study. 
This indicates there must have been a time window for com-
pensatory hyperplasic expandability in these tissues after pu-
berty, which was uncoupled from the development of obesity. 
This challenges a previous assumption that adipose tissue 
growth during most of postnatal life occurs by hypertrophy 
of existing adipocytes (Chusyd et al., 2016; Fang et al., 2015; 
Foster et  al.,  2011; Karastergiou et  al.,  2012; Lamacchia 
et al., 2011; Lim & Meigs, 2014; McLaughlin et al., 2014; 
O'Connell et al., 2010), and only in case of extreme obesity 
development in humans will hyperplasic cellular expansion 
be reactivated (Lamacchia et al., 2011) by recruitment of pre-
cursor cells (preadipocytes).

SUB adipocytes had an upper-limit for expandability that 
was unaffected by the early nutrition history, but it was sub-
stantially lower in males than females, as also observed in hu-
mans (Fang et al., 2015; Karastergiou et al., 2012; O'Connell 
et al., 2010). This can explain the greater propensity in males 
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for redirection of fat deposition toward visceral adipose tis-
sues in situations of excess nutrient intake, and hence the in-
creased risk of fat accumulation in nonadipocyte cell types 
(Karastergiou et al., 2012). SUB has thus been proposed to 
be an initiating factor in the process of redistribution of fat 
overflow for deposition at other sites, rather than directly im-
plicated in the development of metabolic dysfunctions, which 
are caused by adipose hypertrophy associated with obesity 
(O'Connell et al., 2010).

Contrary to SUB, very little is known about the specific 
role of PER in relation to development of obesity and as-
sociated disorders, and most studies of PER in humans has 
relied on indirect measurements using ultrasound and other 
noninvasive approaches (Shuster et al., 2012). In rodents, 
studies on visceral adipose tissue have predominantly been 
conducted on epididymal fat, which does not exist in hu-
mans or sheep, and although epididymal fat possesses 
some characteristics similar to omental fat (Karastergiou 
et al., 2012), there are also dissimilarities to visceral tissues 
in humans (Chusyd et al., 2016). Our study points to PER 
as a major determinant of sex-specific intra-abdominal fat 
distribution, and a particular target of long-term conse-
quences of early life nutrition. NORM♂ and LOW♂ had 
the lowest PER fat mass among all sheep and the lowest 
average adipocyte CSA, in agreement with a shift in cell 
size distribution within the second cell size peak toward 
higher numbers of smaller (800–3,200  µm2) and lower 
numbers of larger (6,400–25,600  µm2) adipocytes com-
pared to other groups. Quite interestingly, PER fat mass in 
the adult, formerly obese, HCHF sheep was quantitatively 
reduced compared to CONV sheep, and it was also the only 
tissue that had not increased several fold (and in fact nu-
merically decreased) in weight in the adult HCHF sheep 
compared to the 6 months old HCHF lambs from the same 
experiment (Khanal et al., 2014). The underlying reason for 
this collapse in expandability of PER in HCHF sheep from 
adolescence to adulthood is unknown, but it was associ-
ated with a shift in the second cell size peak toward smaller 
cells similar to that described earlier for the NORM♂ and 
LOW♂ sheep.

Small adipocytes are often considered healthier than 
large hypertrophied adipocytes. When adipocytes expand 
above a certain size, their lipid metabolism changes re-
sulting in the release of cytokines and potentially tissue 
inflammation (Stenkula & Erlanson-Albertsson,  2018). 
These are risk factors in relation to the development of in-
sulin resistance and type 2 diabetes, as reviewed (Stenkula 
& Erlanson-Albertsson,  2018). However, a particular 
sub-population of very small adipocytes (<40 µm2) in SUB 
and omental adipose tissues have also been shown to be 
associated with the degree of insulin resistance in equally 
obese human subjects (Fang et  al.,  2015; McLaughlin 
et al., 2007, 2014).

We observed in PER (and to a lesser extent MES), that 
numbers of these very small adipocytes (<40 µm2) were in 
fact positively correlated with numbers of the largest adipo-
cytes, but negatively correlated with numbers of the other 
small adipocytes in cell-size peak 1 as well as to CNI. In a 
normal and healthy adipose tissue, once the “threshold” for 
storage of fat in peak 2 adipocytes is reached, expansion of 
the population of smaller adipocytes is expected to occur. 
However, the subpopulation of very small adipocytes appears 
to have impaired ability to proliferate and mature into fully 
functional ones and/or failure in their ability to accumulate 
lipids (Fang et al., 2015; McLaughlin et al., 2007), and we 
have previously shown they may have a fetal origin in sheep 
(Nielsen et al., 2016).

An intriguing finding was that a HIGH level of nutrition 
during fetal life appeared to induce a female-like phenotype 
in HIGH♂ with respect to adipocyte size distribution, and 
HIGH♂ had twice as much PER fat mass compared to LOW♂ 
and NORM♂.

Our results therefore suggest that the observed changes in 
cell size distribution in male (NORM and LOW) and HCHF 
sheep reflects a reduced expandability capacity of PER, and 
a HIGH level of nutrition in late fetal life offers protection 
against such adverse changes in males.

4.3 | Early life nutrition impacts on 
morphological and gene expression changes 
poorly related

In the attempt to unravel the mechanisms underlying the ob-
served alterations in adipose tissue expandability, we looked 
for changes in the expression of genes involved in the regu-
lation of various (patho-) physiological functions in adipose 
tissue. In SUB of NORM-CONV and NORM♂ sheep, and 
in PER of LOW and particularly LOW♂, there were signs 
of systematic changes in gene expression compared to other 
groups. However, this was manifested as an upregulation of 
genes considered to promote adipogenesis (CD44, CEBPB), 
angiogenesis (VEGF), lipid metabolism (CGI58, HSL), glu-
cose metabolism (GLUT1), and hormone signaling (IGF1R, 
ISR1), which was contrary to the observed changes in adipose 
expandability and tissue mass. In fact, NORM-CONV and 
NORM♂ had the lowest SUB fat mass among all groups, and 
LOW♂ had the smallest PER adipocytes (CSA). Although 
gene expression levels could of course have adapted over 
time, it appears that other genetic markers than the ones in-
cluded in this study must have been responsible for the ob-
served early nutrition programing of expandability in these 
two tissues.

Similar to our study, a nonhuman primate (baboon) study 
(70% global restriction from day 30 of gestation until term) 
demonstrated that prenatal undernutrition induced expression 
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of adipogenic promoting genes (such as FABP4) in PER of 
specifically males (Tchoukalova et  al.,  2014). This shows 
that the effects of maternal undernutrition are sexually di-
morphic, and female fetuses appear to have a superior ability 
to adapt to malnutrition compared to male fetuses. In the ba-
boon study, prenatal undernutrition was associated with hy-
pertrophied adipocytes in omental adipose tissue of the male 
fetuses, in contrast to what we observed in the adult sheep. 
This could very well be age-related, since PER adipocytes 
of adolescent LOW (and HIGH) lambs from our experiment 
became grossly hypertrophied, when they were fed the obe-
sogenic HCHF diet (Khanal et al., 2020). At some point from 
adolescence to adulthood, there was a collapse in PER ex-
pandability in the HCHF fed.

LOW♂ in particular had increased expression levels of adi-
pogenic genes, such as CD44, TGFB1, and HSL, and expression 
levels were positively correlated with numbers of adipocytes in 
the two smallest adipocyte classes (400–3,200 µm2) in the sec-
ond cell size peak, whereas negative correlations were found 
to numbers of larger adipocytes (6,400–25,600 µm2) as well 
as to the previously mentioned population of very small adi-
pocytes (<40 µm2). We therefore suggest that increased num-
bers of these very small and smaller peak-2 adipocytes in PER 
are in fact unhealthy signs of an adipose tissue with reduced 
expandability and impaired metabolic function. It is tempting 
to speculate that the hypercholesterolemia we observed in the 
nutritionally mismatched adult LOW-HCHF sheep in our study 
(Khanal et al., 2016) could be associated to reduce PER adipo-
cyte expandability combined with unfavorable early program-
ming of gene expression patterns.

The morphological signs of inflammation in SUB or PER 
observed in certain groups of lambs from the same exper-
iment (Khanal et  al.,  2020) were not observed in the adult 
sheep. In agreement with this, none of the inflammatory 
markers was affected by the early nutrition history, except 
for increased expression of MCP1 and TLR4, respectively, in 
the presumable most healthy NORM-CONV and NORM♂ 
sheep. A study in 6-week-old obese mice, similarly demon-
strated that omission of 10% fat in the diet for 12 weeks could 
reduce expression levels of visceral adipose tissue-inflamma-
tory markers (Vieira et al., 2009), and in 14-week-old mice, 
dietary intervention with a low-fat diet or restricted (70%) 
high-fat diet for 5 weeks reduced perirenal macrophage infil-
tration (Hoevenaars et al., 2014).

4.4 | Secondary impacts of changes in 
sub and per expandability

In MES, there were sex-specific differences in adipose 
morphology similar to those observed in SUB and PER. 
Nevertheless, it is tempting to speculate that this was not 
a sign of MES being a primary target of early nutrition 

programming, since hardly any effects on gene expression 
patterns could be detected. However, positive correlations 
were observed between numbers of large adipocytes in PER 
with numbers of large adipocytes in MES. Given the fixed 
(but sex-specific) expandability of SUB adipocytes, the 
observed prenatal impacts on expandability in MES could 
thereby be indirect consequences of expandability changes 
in PER. This points to PER expandability as a major deter-
minant for fat deposition patterns, and risk of fatty acid and 
cholesterol overflow into epicardial and nonadipocyte cell 
types in situations of nutrient excess.

Apparently, the lack of expansion of PER fat mass from 
adolescence into adulthood allowed for compensatory kid-
ney growth, since no differences were observed in kidney 
weight between adult CONV and HCHF sheep after they 
had been fed the same CONV diet for 2 years. Obviously, it 
cannot be ruled out that the suppression of kidney growth 
due to massive PER expansion in HCHF lambs during the 
first 6  months of postnatal life may have had permanent 
implications for certain kidney functions. Previous studies 
(reviewed in Foster et al., 2011) demonstrated that the in-
filtration of adipocytes into the renal sinus could compress 
the renal vein and artery, leading to increased interstitial 
pressure, and excessive PER fat deposition could modify 
kidney function simply due to compression (Lamacchia 
et  al.,  2011). In a cross-sectional study performed on 
type-II diabetic patients (Lamacchia et  al.,  2011) and in 
the Framingham Heart Study (Foster et al., 2011), PER fat 
thickness was found to be a determining factor for kidney 
dysfunction, and individuals with “fatty kidneys” (high 
amount of renal sinus fat) had increased risk of hyperten-
sion and chronic kidney diseases.

In this context, it is intriguing to speculate that the hy-
percholesterolemia, hyperuricemia, and hypercreatinemia 
observed in the nutritionally mismatched adult LOW-HCHF 
sheep in our study (Khanal et al., 2015) could be related to 
adverse programming of PER adipose tissue expandability as 
well as to renal dysfunctions due to the early suppression of 
kidney growth.

4.5 | Epicardial adipose tissue is a target of 
primarily early postnatal programming

To date, scientific literature offers very limited information 
on the ontogenesis of EPI, and not least implications of 
early life malnutrition on this tissue in comparison with the 
previously mentioned adipose tissues. In human fetuses, 
EPI can be detected as early as 20–28 weeks of gestation 
(Jackson et  al.,  2016; Yavuz et  al.,  2016). In adults, fat 
surrounding the heart is associated with artery diseases in-
dependent of the amount of visceral adipose tissue (Lim & 
Meigs, 2014).
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In our study, late gestation malnutrition had negligi-
ble impacts on adipose expandability traits and gene ex-
pression patterns in EPI in adulthood. Epidemiological 
studies in humans, however, have shown that a combina-
tion of maternal undernutrition in the early stage of preg-
nancy followed by overnutrition from day 60 up to term 
promoted increased the risks for adult cardiovascular dis-
eases (Roseboom et  al.,  2000, 2006). Epicardial fat layer 
thickness was also increased in fetuses of diabetic com-
pared to nondiabetic mothers (Jackson et al., 2016; Yavuz 
et  al.,  2016). The discrepancies between human and our 
sheep study are presumably due to differences in the timing 
of the fetal nutritional insult.

In humans, exposure to energy-dense diets and rapid 
catch-up growth in the early postnatal period is known to alter 
the metabolism and functionality of EPI, which may have ad-
verse implications for cardiovascular health later in life (Twig 
et  al.,  2016; Weihrauch-Blüher et  al.,  2019). Under patho-
logical conditions, hypertrophy of epicardial adipocytes may 
be associated with the accumulation of lipids in the wall of 
the proximal coronary arteries (Iacobellis & Barbaro, 2019) 
and in the left atrium along the adventitia (Bornachea 
et al., 2018), since there is no muscle fascia separating EPI 
from the myocardium. In agreement with this, the obesogenic 
HCHF diet fed in early postnatal life in this study gave rise to 
adipocyte hypertrophy in EPI, which was associated with the 
upregulation of both adipogenic (ADIPOQ and PPARG) and 
lipogenic (FAS, HSL, PLIN1) genes. This demonstrates that 
EPI behaves distinctly different compared to SUB, PER, and 
MES, being the main target of early postnatal, but not late 
gestation nutritional programing. Furthermore, the upregu-
lation of these genes in adult sheep with a history of early 
postnatal obesity gave rise to enlarged epicardial adipocytes, 
which was obviously not reversible by 2 years of dietary cor-
rection and associated correction of body fat mass later in 
life.

5 |  CONCLUSION

SUB had sex-specific upper-limits for hypertrophy, which 
was unrelated to the early nutrition history. Adipose cellu-
larity, adipocyte size and hence expandability capacity of 
SUB, PER, and MES were markedly lower in males than 
females. PER was the major target of prenatal malnutrition 
with altered expression levels for a range of genes in LOW 
and specifically LOW♂, which also had reduced adipocyte 
hypertrophic ability. Prenatal HIGH nutrition, on the other 
hand, offered an adaptive advantage for males, evidenced 
by increased PER hypertrophic ability and expandability in 
HIGH♂ toward that observed in females. The genetic mark-
ers included in this study could not account for these morpho-
logical changes. With fixed upper-limits for SUB adipocyte 

hypertrophy, PER expandability appears to become a major 
determining factor for patterns of intra-abdominal fat depo-
sition, rendering LOW and particularly LOW♂ predisposed 
for MES and nonadipose lipid accumulation with associated 
metabolic risks in adulthood. Contrary to the other three 
tissues, EPI was a major target of early postnatal obesity 
development, which tracked into adulthood as increased ex-
pression levels for adipogenic and lipogenic genes associated 
with adipocyte hypertrophy.
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Supplementary Figures 

 

Figure S1 Iron hematoxylin, Adipose Tissue App (Visiopharm® software with application (APP) 

name; Iron Haematoxylin, Adipose Tissue (APP ID 10113), version 1.0). (A) Adipose cells 

classification based on Form Factor (classes range from a Form Factor value of 0 (red; straight 

line) to 1 (dark blue; perfect circle), as indicated by the color bar). (B) Adipose cells 

classification based on cross-sectional area (CSA; classes range from a CSA of 60 um2 (red) to 

36000 um2 (dark blue), as indicated by the color bar). (C) Membrane and cell area detected by 

the APP “02 Quantify Fat Cell Membranes”. (D) Example of stained adipose tissue upon which 

the App is applied.  

 



Figure S2 Overview of correlations (r) between numbers of adipocytes in different cell size 

classes within (A) subcutaneous, (B) perirenal, (C) mesenteric, and (D) epicardial adipose tissues 

from 2½ year old adult sheep with different early nutrition histories.  

 



Figure S3 Sex effects, independent of the early nutrition history, on mRNA expression (relative 

to that of the reference gene, beta-actin) in (A) subcutaneous, (B) perirenal, (C) mesenteric, and 

(D) epicardial adipose tissues in 2½ years old male (♂) and female (♀) adult sheep.  

 



Figure S4 Sex independent effects and sex-dependent interactive effects with early postnatal 

nutrition on mRNA expressions (relative to that of the reference gene, beta-actin) in (A) 

subcutaneous, (B) perirenal, (C) mesenteric, and (D) epicardial adipose tissues from 2½ years 

old male (♂) and female (♀) adult sheep. 
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Figure S5 Overview of correlations (r) between different adipocyte size classes with gene 

expression levels within (A) subcutaneous, (B) perirenal, (C) mesenteric, and (D) epicardial 

adipose tissues from 2½ year old adult sheep with different early nutrition histories.  

 

 

 

 

 



Supplementary Tables 

Table S1 Chemical composition and energy content of experimental feeds 

Feeds DM 

(%) 

Ash 

(%) 

aNDF 

(%) 

ADF 

(%) 

ADL 

(%) 

CP 

(%) 

Cfat 

(%) 

DE 

(MJ/kg) 

Prenatal nutrition                 

Hay 91.4 5.6 47.7 27 3.1 20.8 4.8 13.7 

Barley 89.0 2.3 14.0 6.0 1.1 12.5 3.1 17.1 

Concentrate 87.7 7.7 25.8 18 2.8 15.3 3.8 12.8 

Early postnatal diet 

Hay 93.1 6.8 50.4 32.3 3.5 19.1 3.7 13.5 

Maize 89.5 0.6 4.1 <5 0.9 8.5 1.9 16.3 

Milk powder 95.6 7.1 -  - - 22.5 23.6 19.2 

Cream 42.9 0.8 -  - - 4.3 38.0 30.5 

 

ADF; acid detergent fiber, aNDF; amylase-treated neutral detergent fiber, ADL; acid 

detergent lignin, CF; crude fat, CP; crude protein, DE; digestible energy, DM; dry matter, 

and, MJ; metabolizable energy. The feed ingredients used for the experimental diet in the 

Copenhagen sheep model [5, 18]. The values of the chemical composition and digestible 

energy of the feed ingredients is based of the percentages of dry matter.  



Table S2 Dietary daily digestible energy and dietary crude protein intake of ewes and lambs  

Parameters Pre-partum feeding levels (ewes) 

Groups NORM HIGH LOW 

DE (MJ) 22.9 ± 0.8b 34.8 ± 0.6a 11.0 ± 0.6c 

DCP intake (g) 263 ± 5.7b 284 ± 4.5a 125 ± 4.6c 

 Early postnatal feeding levels (lambs) from day 3 until 6 months of age 

 NORM-CONV NORM-HCHF HIGH-CONV HIGH-HCHF LOW-CONV LOW-HCHF 

DE (MJ)       

Day 3 until 8 weeks 4.5 ± 0.5b 8.4 ± 0.5a 4.3 ± 0.4b 8.0 ± 0.4a 4.3 ± 0.4b 7.7 ± 0.4a 

8 weeks until 6 months 11.9 ± 0.9 12.5 ± 0.9 12.4 ± 0.7 11.5 ± 0.7 11.7 ± 0.7 10.9 ± 0.7 

DCP (g)       

Day 3 until 8 weeks 42.9 ± 1.6a 18.1 ± 1.6b 41.2 ± 1.3a 17.2 ± 1.3b 40.5 ± 1.3a 17.2 ± 1.3b 

8 weeks until 6 months 122 ± 8.6 a 29.8 ± 8.6b 129 ± 7.1a 27.2 ± 7.1b 120 ± 7.1a 26.7 ± 7.2b 

 

DCP; dietary crude protein, DE; digestible energy and MJ; metabolizable energy. The daily intake of DE and DCP of ewes and lambs 

of Copenhagen sheep model [5]. All sheep were born as twins from mothers, which during the last 6 weeks of gestation (term~147 

days) had been exposed to NORM (fulfilling 100% of daily energy and protein requirements); HIGH (fulfilling 150% of energy and 



110% of protein requirements, respectively); or LOW (50% of NORM) levels of nutrition. From 3-days of age until 6 months of age 

(post-puberty), one twin was fed a CONV diet (milk replacer during the first 8 weeks of life and exclusively hay thereafter, and 

adjusted in amounts to achieve moderate constant growth rates of approx. 225 g/day) and the other twin a HCHF diet (high 

carbohydrate (starch)-high-fat diet (37% fat dairy cream mixed with milk replacer in a 1:1 ratio (max. 2½ l/day) supplemented with 

rolled maize (max. 2 kg/d)). From 6 months until 2½ years of age, all sheep were fed with the same CONV (low-fat hay-based diet). 

Tissue samples were obtained at autopsy from the 2½ years old adult sheep, and perirenal and mesenteric adipose tissues stained with 

Iron-Hematoxylin and EPI with Hematoxylin and Eosin for optimal staining of cell membranes. Values are expressed as means ± 

SEM with 95% confidence interval. abc Significant differences between groups are denoted by different superscript letters within row.



Table S3 Primer sequences and efficiencies  

Gene Primer sequences  Efficiency 

ACTB F: 5´- ACC CAG ATG ATG TTC GAG ACC TT-3´ 

R: 5´-TCA CCG GAG TCC ATC ACG AT -3´ 

1.941 

ADIPOQ F: 5´-ATC AAA CTC TGG AAC CTC CTA TCT AC -3´ 

R: 5´-TTG CAT TGC AGG CTC AAG -3´ 

1.902 

ADRA1 F: 5´- ATC CAC ACC ATC TCC CTG AG-3´ 

R: 5´-TCG TCT CTA AGC CCT ACC TCT G -3´ 

2.343 

ADRB1 F: 5´- CGC TCA CCA ACC TCT TCA TC-3´ 

R: 5´-CAC ACA GGG TCT CAA TGC TG -3´ 

1.943 

ATGL F: 5´-CAC CAG CAT CCA GTT CAA CCT -3´ 

R: 5´-CTG TAG CCC TGT TTG CAC ATC T -3´ 

2.024 

CEBPB F: 5´-GAC AAG CAC AGC GAC GAG T -3´ 

R: 5´-GTG CTG CGT CTC CAG GTC -3´ 

3.3465 

CD34 F: 5´-TGA CCT GAG AGA GAT GGG CA -3´ 

R: 5´-CGA GGT GAC CAG TGC AAT CA -3´ 

2.006 

                                                            
1 Safayi S, Theil PK, Hou L, Engbæk M, Nørgaard JV, Sejrsen K, et al. Continuous lactation effects on mammary 
remodeling during late gestation and lactation in dairy goats. Journal of Dairy Science. 2010;93(1):203-17. 
2 Muhlhausler BS, Duffield J, McMillen I. Increased maternal nutrition stimulates peroxisome proliferator activated 
receptor-γ, adiponectin, and leptin messenger ribonucleic acid expression in adipose tissue before birth. 
Endocrinology. 2007;148(2):878-85. 
3 Chan LL, Sebert SP, Hyatt MA, Stephenson T, Budge H, Symonds ME, et al. Effect of maternal nutrient restriction 
from early-to-mid gestation on cardiac function and metabolism after adolescent-onset obesity. American Journal of 
Physiology-Regulatory, Integrative and Comparative Physiology. 2009. 
4 Ji P, Osorio J, Drackley J, Loor J. Overfeeding a moderate energy diet prepartum does not impair bovine 
subcutaneous adipose tissue insulin signal transduction and induces marked changes in peripartal gene network 
expression. Journal of Dairy Science. 2012;95(8):4333-51 
5 González-Calvo L, Joy M, Blanco M, Dervishi E, Molino F, Sarto P, et al. Effect of vitamin E supplementation or 
alfalfa grazing on fatty acid composition and expression of genes related to lipid metabolism in lambs. Journal of 
Animal Science. 2015;93(6):3044-54. 
6 Ceccarelli G, Pozzo E, Scorletti F, Benedetti L, Cusella G, Ronzoni FL, et al. Molecular signature of amniotic fluid 
derived stem cells in the fetal sheep model of myelomeningocele. Journal of Pediatric Surgery. 2015;50(9):1521-7. 



CD44 F: 5´-GAC CAT GGG GCA AAC ACA AC -3´ 

R: 5´-TCT GCC CAC ACC TTC TCC TA -3´ 

2.036 

CD68 F: 5´-GTC CTG CTA CCA CCA CCA GT -3´ 

R: 5´-GCT GGG AAC CAT TAC TCC AA -3´ 

1.927 

CGI58 F: 5´-CAG TGA CGG AAT ACA TCT ACC ACT G -3´ 

R: 5´-GCC AAT TCG CTG GAG CAT -3´ 

1.998 

FABP4 F: 5´-CAT CTT GCT GAA AGC TCG AC -3´ 

R: 5´-AGC CAC TTT CCT GGT AGC AA -3´ 

2.169 

FAS F: 5´-CCC AGC TCA ACG AAA CCA -3´ 

R: 5´-GAC GAG GTC AAC ACC CTT CC -3´ 

2.0810 

FBPASE F: 5´-CGG GAG ATC AAG TGA AGA AGC T-3´ 

R: 5´-CAG GTT CGA CTA TGA TGG CAT GT-3´ 

2.0211 

FTO F: 5´-ACA CAT GGC TTC CCT ACC TG -3´ 

R: 5´-GAG GAT GCG AGA GAC TGG AG -3´ 

2.1012 

GAPDH F: 5´-GTC GGA GTG AAC GGA TTT GG -3´ 

R: 5´-AAC GAT GTC CAC TTT GCC AGT A -3´ 

2.181 

                                                            
7 Khanal P, Pandey D, Binti Ahmad S, Safayi S, Kadarmideen HN, Olaf Nielsen M. Differential impacts of late 
gestational over–and undernutrition on adipose tissue traits and associated visceral obesity risk upon exposure to a 
postnatal high‐fat diet in adolescent sheep. Physiological Reports. 2020;8(3):e14359. 
8 Ahn J, Li X, Choi YM, Shin S, Oh S-A, Suh Y, et al. Differential expressions of G0/G1 switch gene 2 and 
comparative gene identification-58 are associated with fat content in bovine muscle. Lipids. 2014;49(1):1-14. 
9 Hosseini A, Behrendt C, Regenhard P, Sauerwein H, Mielenz M. Differential effects of propionate or β‐
hydroxybutyrate on genes related to energy balance and insulin sensitivity in bovine white adipose tissue explants 
from a subcutaneous and a visceral depot 1. Journal of Animal Physiology and Animal Nutrition. 2012;96(4):570-80. 
10 Qiao Y, Huang Z, Li Q, Liu Z, Hao C, Shi G, et al. Developmental changes of the FAS and HSL mRNA expression 
and their effects on the content of intramuscular fat in Kazak and Xinjiang sheep. Journal of Genetics and Genomics. 
2007;34(10):909-17. 
11 Van Harten S, Brito R, Almeida A, Scanlon T, Kilminster T, Milton J, et al. Gene expression of regulatory enzymes 
involved in the intermediate metabolism of sheep subjected to feed restriction. Animal. 2013;7(3):439-45. 
12 Siersbæk R, Nielsen R, Mandrup S. PPARγ in adipocyte differentiation and metabolism–Novel insights from 
genome‐wide studies. FEBS letters. 2010;584(15):3242-9. 



GcR F: 5´-ACT GCC CCA AGT GAA AAC AGA -3´ 

R: 5´-ATG AAC AGA AAT GGC AGA CAT TTT ATT -3´ 

2.173 

GLUT1 F: 5´-GCA GGA GAT GAA GGA GGA GAG C -3´ 

R: 5´-GCA GCA CCA CGG AAA TGA G -3´ 

2.073 

GLUT4 F: 5´-AGT ATG TGG CGG ATG CTA TGG G -3´ 

R: 5´-CGG CGG AAG ACG GCT GAG -3´ 

1.943 

HSL F: 5´-CCT TCG CAC CAG CCA CAA C-3´ 

R: 5´-CTC GTC GCC CTC AAA GAA GA-3´ 

2.1113 

IGF1R F: 5´-GCC TTT TAC TCT GTA CCG AAT CG-3´ 

R: 5´-GCG CTG CAG CCA AGC T-3´ 

1.9614 

IL6 F: 5´-TCA TCC TGA GAA GCC TTG AGA -3´ 

R: 5´-TTT CTG ACC AGA GGA GGG AAT -3 

1.9215 

IRSI F: 5´-CAA GAC CAT CAG CTT CGT GA -3´ 

R: 5´-GTC CAC CTG CAT CCA GAA CT -3´ 

1.849 

LEPR F: 5´-TTT CCT GGA TGC TGT CAC CC -3´ 

R: 5´-CGG TTT CCC TAC TCC TTC CG -3´ 

2.0116 

LEPTIN F: 5´-GCT CCA CCC TCT CCT GAG TTT -3´ 

R: 5´-ACT GGC GAG GAT CTG TTG GT -3´ 

1.9414 

LPL F: 5´-CGA GTA TGC AGA AGC TCC AAG TC -3´ 1.8414 

                                                            
13 Xu X, Wei X, Yang Y, Niu W, Kou Q, Wang X, et al. PPARγ, FAS, HSL mRNA and protein expression during 
Tan sheep fat-tail development. Electronic Journal of Biotechnology. 2015;18(2):122-7. 
14 Wallace JM, Milne JS, Aitken RP, Adam CL. Influence of birth weight and gender on lipid status and adipose tissue 
gene expression in lambs. Journal of Molecular Endocrinology. 2014;53(1):131-44. 
15 Wang H, Zhao J, Huang Y, Yan X, Meyer A, Du M, et al. Effects of maternal plane of nutrition and increased 
dietary selenium in first-parity ewes on inflammatory response in the ovine neonatal gut. Journal of Animal Science. 
2012;90(1):325-33. 
16 Accession no. NM_001009763.1 



R: 5´-CCT GGT GAA CGT GTG TAA AAC ATC -3´ 

MCP1 F: 5´-GCT GTG ATT TTC AAG ACC ATC CT -3´ 

R: 5´-GGC CTG CTG GAC CCA TTT -3´ 

1.957 

PGC1A F: 5´-CCG AGA ATT CAT GGA GCA AT -3´ 

R: 5´-GAT TGT GTG TGG GCC TTC TT -3´ 

1.8617 

PLIN1 F: 5´-AGG GTG TCA CTG ACA ACG TGG -3´ 

R: 5´-GTT GTC GAT GTC CCG GAA TT -3´ 

1.9418 

PPARA F: 5´-CGT GTG AAC ATG ACC TAG AAG -3´ 

R: 5´-ACG AAG GGC GGA TTG TTG -3´ 

1.8719 

PPARY F: 5´-ACG GGA AAG ACG ACA GAC AAA TC -3´ 

R: 5´-CAC GGA GCG AAA CTG ACA CC -3´ 

2.173 

PREF1 F: 5´-CCA TGG GCA TCT CTT CCT CA -3´ 

R: 5´-GCC GGC CTC CTT GGT GAA -3´ 

2.0220 

TGFB1 F: 5´-AAG CGG AAG GGC ATC GA -3´ 

R: 5´-CGA GCC GAA GTT TGG ACA AA -3´ 

2.2621 

TLR4 F: 5´-CTG AAT CTC TAC AAA ATC CC -3´ 

R: 5´-CTT AAT TTC GCA TCT GGA TA -3´ 

2.037 

                                                            
17 Struewing IT, Barnett CD, Tang T, Mao CD. Lithium increases PGC‐1α expression and mitochondrial biogenesis 
in primary bovine aortic endothelial cells. The FEBS journal. 2007;274(11):2749-65. 
18 Sanz A, Serrano C, Ranera B, Dervishi E, Zaragoza P, Calvo J, et al. Novel polymorphisms in the 5′ UTR of FASN, 
GPAM, MC4R and PLIN1 ovine candidate genes: Relationship with gene expression and diet. Small Ruminant 
Research. 2015;123(1):70-4. 
19 Bispham J, Gardner D, Gnanalingham M, Stephenson T, Symonds M, Budge H. Maternal nutritional programming 
of fetal adipose tissue development: differential effects on messenger ribonucleic acid abundance for uncoupling 
proteins and peroxisome proliferator-activated and prolactin receptors. Endocrinology. 2005;146(9):3943-9. 
20 Fahrenkrug SC, Freking BA, Smith TP. Genomic organization and genetic mapping of the bovine PREF-1 gene. 
Biochemical and Biophysical Research Communications. 1999;264(3):662-7 
21 Hacariz O, Sayers G, Flynn R, Lejeune A, Mulcahy G. IL‐10 and TGF‐β1 are associated with variations in fluke 
burdens following experimental fasciolosis in sheep. Parasite Immunology. 2009;31(10):613-22. 



TNFA F: 5´-CCA CCA ACC ATC ACC AAG GA -3´ 

R: 5´-ACG TTG CGA AGT ATT CCG GT -3´ 

2.1222 

UCP2 F: 5´-ATG ACA GAC GAC CTC CCT TG -3´ 

R: 5´- GGG CAT GAA CCC TTT GTA GA-3´ 

1.9023 

VEGF F: 5´-GGG CTG CTG TAA TGA CGA AAG -3´ 

R: 5´-TGA GGT TTG ATC CGC ATA ATC TG -3´ 

1.811 

VEGFA F: 5´-GCC TTG CCT TGC TGC TCT AC -3´ 

R: 5´-GGT TTC TGC CCT CCT TCT GC -3´ 

1.987 

WNT5A F: 5´-TCT CCT TCG CCC AGG TTG TA -3´ 

R: 5´-GGC TGT GCT CCT ATG ATA TAT ACT TCT G -3´ 

2.1124 

 

 

 

 

 

 

 

 

                                                            
22 Johnsen L, Kongsted AH, Nielsen MO. Prenatal undernutrition and postnatal overnutrition alter thyroid hormone 
axis function in sheep. Journal of Endocrinology. 2013;216(3):389-402. 
23 Yiallourides M, Sebert S, Wilson V, Sharkey D, Rhind S, Symonds M, et al. The differential effects of the timing 
of maternal nutrient restriction in the ovine placenta on glucocorticoid sensitivity, uncoupling protein 2, peroxisome 
proliferator-activated receptor-γ and cell proliferation. Reproduction. 2009;138(3):601-8. 
24 Kiewisz J, Kaczmarek MM, Morawska E, Blitek A, Kapelanski W, Ziecik AJ. Estrus synchronization affects 
WNT signaling in the porcine reproductive tract and embryos. Theriogenology. 2011;76(9):1684-94 



Table S4 Pre- and early postnatal nutrition interaction effects on adipocyte size distribution in 

adipose tissue  

Prenatal 

nutrition 

NORM HIGH LOW P-value 

Postnatal 

nutrition  

CONV HCHF CONV HCHF CONV HCHF 

BW6 (kg) 91.13±2.9 92.1±3.5 98.1±3.0 94.7±2.9 91.2±2.4 99.0±2.7 0.12 

Cell size classes (µm2) and % of adipocytes in each cell size class 

SUB 

40-200 17.2±1.4 11.5±1.5 13.3±1.3 15.7±1.3 13.2±1.1 11.7±1.2 0.02 

PER 

1600-3200 19.8±1.4b 14.4±1.6ab 11.6±1.4a 16.5±1.3ab 17.5±1.2b 17.2±1.2ab 0.02 

6400-12800  12.5±2.3a 22.4±2.7ab 25.0±2.3b 18.7±2.2ab 14.3±2.1a 18.1±2.1ab 0.01 

12800-

25600  

3.00±0.8a 6.74±2.3ab 10.2±2.6b 3.03±0.8a 8.04±2.3a 8.37±2.6ab 0.005 

 

Only parameters for which significant effects were obtained are shown. All sheep were born as 

twins from mothers, which during the last 6 weeks of gestation (term~147 days) had been 

exposed to NORM (fulfilling 100% of daily energy and protein requirements); HIGH (fulfilling 

150% of energy and 110% of protein requirements, respectively); or LOW (50% of NORM) 

levels of nutrition. From 3-days of age until 6 months of age (post-puberty), one twin was fed a 

CONV diet (milk replacer during the first 8 weeks of life and exclusively hay thereafter, and 

adjusted in amounts to achieve moderate constant growth rates of approx. 225 g/day) and the 



other twin a HCHF diet (high carbohydrate (starch)-high-fat diet (37% fat dairy cream mixed 

with milk replacer in a 1:1 ratio (max. 2½ l/day) supplemented with rolled maize (max. 2 kg/d)). 

From 6 months until 2½ years of age, all sheep were fed with the same CONV (low-fat hay-

based diet). Tissue slides were obtained at autopsy from the 2½ years old adult sheep, and 

adipose tissues stained with Iron-Hematoxylin. Average cross-sectional area (CSA) of 

adipocytes and distribution of adipocytes in cell size classes were determined in whole tissue 

scans using the Iron Haematoxylin Adipose Tissue software (APP ID 10113; Visiopharm®, 

Hoersholm, Denmark). Values are expressed as emmean ± SEM derived from proportions (%) 

with 95% confidence interval. The number of animals in the pre- and postnatal nutrition groups 

are: Subcutaneous adipose tissue: NORM-CONV (N=5); NORM-HCHF (N=4); HIGH-CONV 

(N=6); HIGH-HCHF (N=6); LOW-CONV (N=8) and; LOW-HCHF (N=7); Perirenal adipose 

tissue: NORM-CONV (N=6); NORM-HCHF (N=4); HIGH-CONV (N=6); HIGH-HCHF (N=6); 

LOW-CONV (N=8) and; LOW-HCHF (N=7). 

 

Table S5 Effects of early postnatal nutrition on adipocyte size and size distribution in sheep. 

 Postnatal nutrition P-value 

 CONV HCHF  

Sex: ♂ ♀ ♂ ♀  

Average CSA (µm2) 

PER 4632±233 4541±259 0.05 

EPI 2099±72a 2355±78b 0.03 

Cell size class (µm2) and % of adipocytes in each cell size class 

PER 



 3200-6400 18.4±1.1a 21.9±1.2b 0.03 

25600-36000 0.19±0.04a 0.87±0.13c 0.25±0.05ab 0.46±0.09bc 0.01 

MES 

6400-12800  9.12±1.63a 15.99±1.30b 15.89±1.69b 15.33±1.78ab 0.02 

EPI 

40-200 5.19±0.26 5.90±0.33 0.01 

800-1600 17.00±0.60a 20.00±0.58b 18.00±0.61ab 17.60±0.63a 0.01 

1600-3200 30.20±1.26a 35.10±1.20b 26.50±1.05a 26.30±1.11a 0.05 

3200-6400  24.50±1.65b 15.20±1.45a 22.00±1.72b 20.20±1.66ab 0.02 

6400-12800  1.87 ± 0.29b 0.86 ± 0.11a 3.98 ± 0.59c 4.71±0.74c 0.004 

12800-25600  0.15 ± 0.02a 0.11± 0.01a 0.31 ± 0.04b 0.43 ± 0.07b 0.02 

25600-36000 0.03±0.00a 0.05±0.01b 0.003 

 

Only parameters for which significant effects were obtained are shown. All sheep were born as 

twins from mothers, which during the last 6 weeks of gestation (term~147 days) had been 

exposed to NORM (fulfilling 100% of daily energy and protein requirements); HIGH (fulfilling 

150% of energy and 110% of protein requirements, respectively); or LOW (50% of NORM) 

levels of nutrition. From 3-days of age until 6 months of age (post-puberty), one twin was fed a 

CONV diet (milk replacer during the first 8 weeks of life and exclusively hay thereafter, and 

adjusted in amounts to achieve moderate constant growth rates of approx. 225 g/day) and the 

other twin a HCHF diet (high carbohydrate (starch)-high-fat diet (37% fat dairy cream mixed 

with milk replacer in a 1:1 ratio (max. 2½ l/day) supplemented with rolled maize (max. 2 kg/d)). 

From 6 months until 2½ years of age, all sheep were fed with the same CONV (low-fat hay-



based diet). Tissue samples were obtained at autopsy from the 2½ years old adult sheep, and 

perirenal and mesenteric adipose tissues stained with Iron-Hematoxylin and EPI with 

Hematoxylin and Eosin for optimal staining of cell membranes. Average cross-sectional area 

(CSA) of adipocytes and distribution of adipocytes in cell size classes were determined in whole 

tissue scans using the Iron Haematoxylin Adipose Tissue software (APP ID 10113; 

Visiopharm®, Hoersholm, Denmark). Values are expressed as emmean ± SEM derived from 

proportions (%) with 95% confidence interval. Number of animals in the different groups: 

CONV (N=20, 8♂:12♀) and HCHF (N=17, 9♂:8♀). 
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Abstract  19 

Early life malnutrition is known to target adipose tissue with varying impact depending on 20 

timing of the insult. This study aimed to identify differentially expressed genes in subcutaneous 21 

(SUB) and perirenal (PER) fat of 2.5-years old sheep to elucidate the biology underlying 22 

differential impacts of late gestation versus early postnatal malnutrition on functional 23 
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development of adipose tissues. Adipose tissues were obtained from 37 adult sheep born as twins 24 

to dams fed either NORM (fulfilling energy and protein requirements), LOW (50% of NORM) 25 

or HIGH (110% of protein and 150% of energy requirements) diets in the last 6-weeks of 26 

gestation. From 3d to 6mo of age, lambs were fed high-carbohydrate-high-fat (HCHF) or 27 

moderate low-fat (CONV) diets, and thereafter the same moderate low-fat diet. In PER, 993 and 28 

186 differentially expressed genes (DEGs) were identified in LOW versus HIGH and NORM, 29 

respectively. DEGs identified in the mismatched pre-/postnatal nutrition groups LOW-HCHF 30 

(101) and HIGH-HCHF (192) were largely downregulated compared to NORM-CONV. Out of 31 

831 DEGs, 595 and 236 were up- and downregulated in HCHF versus CONV, respectively. 32 

Among the hub genes identified were AURKA, MELK, and TKT for prenatal nutrition, and CTSS 33 

and ITGB2 for pre-/postnatal nutrition (LOW/HIGH-HCHF). MMP9 was the only hub gene 34 

detected when comparing independent effects of postnatal diet. In PER, genes encoding for 35 

proteins relating to biophysical sensing of the extracellular (micro) environment were affected by 36 

long-term effects of prenatal nutrition (especially LOW). We confirmed that mismatched pre-37 

/postnatal feeding was associated with long-term programming of adipose tissue remodeling and 38 

immunity-related pathways. In agreement with phenotypic measurements, early postnatal HCHF 39 

feeding targeted the pathways involved in kidney cell differentiation, whereas the mismatched 40 

LOW-HCHF sheep had impairments in cholesterol metabolism pathways. In conclusion, pre-41 

/postnatal malnutrition differentially programmed (patho-) physiological pathways with 42 

implications for adipose functional development associated with metabolic dysfunctions, and 43 

PER was a major target. 44 

 45 
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Introduction  46 

Compromised nutrition during fetal life may alter the growth trajectory of many 47 

developing organs, including adipose tissues, due to a phenomenon termed fetal 48 

programming. This can lead to tissue malfunction and development of health disorders later 49 

in life (Mostyn & Symonds, 2009; Sharkey et al., 2009). In addition to genetic modifications, 50 

such nutrient-regulated gene expression may play a major role in the development of adult 51 

disease (Moreno-Mendez et al., 2020).  52 

Fat distribution patterns in the body, capacity of adipose tissues to accommodate 53 

nutrient excess, and fat cell size distribution patterns, rather total fat mass, are major 54 

determinant risk factors for predisposition of metabolic disarrangements (Tan & Vidal-Puig, 55 

2008; Grundy, 2015; Stenkula & Erlanson-Albertsson, 2018). Subcutaneous adipose tissue 56 

(SUB) plays a key role in fat partitioning by preventing nutrient overflow and hence fat 57 

deposition elsewhere (i.e. abdominal fats and non-adipose tissue) (Manolopoulos et al., 2010; 58 

Moreno-Indias & Tinahones, 2015; Pellegrinelli et al., 2016), whereas central obesity and 59 

ectopic fat deposition are well-known risk factors for insulin resistance and cardiovascular 60 

diseases (Björntorp, 1997; Samara et al., 2012). In contrast to SUB, the specific roles of 61 

perirenal adipose tissue (PER) in relation to development of obesity and associated disorders 62 

is less elucidated, and most studies of PER in humans have relied on indirect measurements 63 

using ultrasound and other non-invasive approaches (Shuster et al., 2012). Nevertheless, 64 

perirenal fat thickness was shown to be a determining factor for kidney dysfunction and 65 

correlated to risk of severe kidney disease and hypertension in humans (Foster et al., 2011; 66 

Fang et al., 2015).  67 

We have previously shown in a sheep model that late gestation and early postnatal 68 

malnutrition can induce differential, depot and sex-specific changes in adipose developmental 69 

traits and metabolic outcomes in adulthood, with PER and SUB as the major targets of 70 
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prenatal programming in contrast to mesenteric and epicardial adipose tissues (Khanal et al., 71 

2016; Ahmad et al., 2020). Moreover, in our sheep model we observed a 1/3 reduction in 72 

kidney weight of adolescent sheep that had been exposed to an obesogenic high-73 

carbohydrate-high-fat (HCHF) diet in early postnatal life (Khanal et al., 2014). Furthermore, 74 

sheep with a history of prenatal undernutrition followed by early postnatal obesity 75 

development developed hypercholesterolemia, which persisted into adulthood even after 2 76 

years of dietary correction (Khanal et al., 2014; Khanal et al., 2016). 77 

Gene expression profiling studies of adipose tissue have revealed vast numbers of 78 

different adipose molecular markers, especially inflammatory genes, that could be linking 79 

expanded fat mass and obesity co-morbidities (Clément & Langin, 2007). In this context, 80 

nutrition has been shown to program gene expression and development of adipose tissue (i.e. 81 

SUB, PER and omental fat) in different animal models (Duffield et al., 2009; Faulconnier et 82 

al., 2011; Grant et al., 2011; Peñagaricano et al., 2014). Concordantly, using quantitative real-83 

time polymerase chain reaction (qPCR) analysis, we have previously documented impacts of 84 

late gestation and early postnatal nutrition interventions on gene expression of well-known 85 

markers for adipose development, adipose metabolisms as well as inflammation in four 86 

different adipose tissues (SUB, PER, mesenteric and epicardial) of 6 months old lambs and 87 

2.5-year old sheep. However, the early nutrition impacts on gene expression for these 88 

markers were poorly associated to observed changes in adipose morphology, cellularity and 89 

cell size distributions (Ahmad et al., 2020; Khanal et al., 2020b). 90 

In this study, we therefore aimed to unravel, which other genes and/or pathways were 91 

responsible for the observed changes in adipose morphological traits and the phenotypic 92 

manifestations observed in adipose tissue of these animals by using a transcriptomics analysis 93 

approach. Application of RNA-Seq and transcriptomics methodologies could reveal 94 

underlying hitherto unknown pathways involved in tissue specific responses to early 95 
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malnutrition, leading to identification of potential candidate markers for fetal programming 96 

(hub genes) and shedding light on the involvement of different adipose tissues in organ and 97 

metabolic dysfunctions arising from adverse programming in early life.  98 

 99 

Materials and methods  100 

Ethic statement 101 

Animal experiments were conducted at an experimental barn at Rosenlund, Lynge, 102 

Denmark under the inspection of the Faculty of Health and Medical Sciences, University of 103 

Copenhagen. All the experimental procedures were approved by the National Committee on 104 

Animal Experimentation, Denmark (License no: 2010/561-1853). 105 

 106 

Experimental design, animals, diets and tissue collection 107 

The experimental design (animals, diets and management) has been described in 108 

detail by Khanal et al. (Khanal et al., 2014; Khanal et al., 2016). In brief, the experiment was 109 

a 3 x 2 factorial design, in which a total of 36 twin-pregnant crossbred Texel ewes during the 110 

last 6 weeks of gestation (term = 147 days) were allocated to three different diets: NORM 111 

(fulfilling energy and protein requirements according to Danish feeding standards), LOW 112 

(50% of NORM) or HIGH (150% and 110% of daily energy and protein requirements, 113 

respectively). The lambs were separated from their dams three days after birth and twin 114 

lambs were subjected to each of their assigned diets until 6 months of age (after puberty): a 115 

moderate conventional diet, CONV (hay supplemented for the first 8 weeks of life with milk 116 

replacer; adjusted to achieve moderate and constant growth rates of approximately 225 g day-117 

1) or a high-carbohydrate-high-fat diet, HCHF (mix of 37% fat dairy cream with milk 118 

replacer in a 1:1 ratio (max. 2½ L/day) supplemented with rolled maize (max. 2 kg/day) and a 119 

small amount of barley straw) (Figure 1). Subgroups of lambs from each of the 6 treatment 120 
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groups were slaughtered at 6 months of age, while remaining animals were managed in two 121 

sex-divided groups and fed the same low-fat hay-based diet ad libitum until 2.5-years of age 122 

(supplemented with barley until 1.5-years of age). All animals had ad libitum access to water 123 

and a vitamin-mineral mix at all times. The experimental animals were slaughtered as 2.5-124 

years old adult sheep by exsanguination, while under general anesthesia induced 125 

intravenously with Propofol (B.Braun, Melsungen, Germany; 5-6 mg kg-1 body weight). At 126 

autopsy, specimens of subcutaneous (SUB; above the m. longissimus dorsi) and PER were 127 

sampled and immediately collected in RNAlater (RNAlater@Solution, Ambion, The RNA 128 

Company, USA) for 24 hr. Finally, all samples were transferred into empty tubes and stored 129 

at -80° C pending analysis.  130 

 131 
  132 

 133 

Figure 1: The flow chart of the experimental design and treatment groups. Prenatal diet (the 134 

last 6 weeks of gestation, terms = 147 days): NORM (fulfilling 100% of daily energy and 135 

protein requirements), LOW (providing 50% of NORM), or HIGH (providing 150% of daily 136 

energy and 110% of daily protein requirements). The early postnatal diet (day 3 until 6 137 

months of age): CONV (moderate low fat diet consisting of hay supplemented during the first 138 

8 weeks of life with milk replacer; amounts were adjusted to ensure moderate growth rates of 139 
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appr. 225 g/d) and HCHF (high-carbohydrate(starch)-high-fat diet consisting of a mix of 37% 140 

fat dairy cream with milk replacer in a 1:1 ratio (max. 2½ L/d) supplemented with rolled 141 

maize (max. 2 kg/d) and barley straw). The experimental design thus gave rise to six 142 

treatment groups: NORM-CONV (N =9, 5 males:4 females), and NORM-HCHF (N =9, 6 143 

males:3 females), LOW-CONV (N =13, 6 males:7 females), LOW-HCHF (N =13, 5 males:8 144 

females), HIGH-CONV (N=13, 5 males:8 females), HIGH-HCHF (N =13, 5 males:8 145 

females). 146 

 147 

RNA isolation, cDNA library construction and sequencing  148 

Total RNA extraction, cDNA library construction and sequencing was performed by 149 

Novogene (HK) Company Limited, Hong Kong. The total RNA extraction method used was 150 

a Trizol protocol. The quality control of total RNA was performed using three methods as 151 

followed; 1) total RNA was preliminarily quantified in Nanodrop (Thermo Fisher Scientific, 152 

Carlsbad, CA, USA); 2) RNA degradation and potential contamination was tested by Agarose 153 

Gel Electrophoresis; and 3) the quantity and integrity of total RNA was checked using an 154 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and RNA 155 

concentration was measured using the Qubit® RNA Assay Kit and a Qubit® 2.0 Fluorometer 156 

(Life Technologies, Carlsbad, CA, USA).  157 

After quality control of RNA , ribosomal RNAs (rRNAs) were removed by Ribo-158 

Zero™ rRNA Removal Kit (EPICENTRE® Biotechnologies, Madison, Wisconsin, USA). 159 

The purified RNA was first fragmented randomly to short fragments of 250 and 300 base-pair 160 

(bp) in fragmentation buffer, then the first-strand cDNA was synthesized by adding random 161 

hexamer primers. After that, a custom second-strand synthesis buffer (Illumina, USA), 162 

dNTPs (dUTP, dATP, dGTP and dCTP) and DNA polymerase I were added to synthesize the 163 

second-strand. The resulting double-stranded DNA was purified by AMpure XP beads, and a 164 
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poly A tail was ligated to the sequencing joint. The correct-sized fragments were purified by 165 

AMPure XP beads. The USER Enzyme (USER® Enzyme, New England, BioLabs® Inc, 166 

UK) was used to degrade the cDNA strands containing U instead of T, and the first strand 167 

cDNA was sequenced, thereby preserving the direction of the RNA. Finally, PCR 168 

amplification was conducted and the products were purified (AMPure XP beads) for 169 

constructing the cDNA libraries. The quality of the latter was assessed using Agilent 170 

BioAnalyzer 2100 system and qPCR. The libraries were sequenced on an Illumina Hiseq 171 

4000 platform, and 150 bp long paired-end reads were generated.  172 

 173 

RNA-Seq and statistical analysis  174 

The bioinformatic pipeline for identification of differentially expressed genes (DEGs) 175 

is depicted in Figure 2. The sequence quality or paired-end reads of each sample were 176 

assessed using FastQC v0.11.8 (Andrews, 2010). The result showed high quality of the raw 177 

sequences, but different levels of rRNA sequences. The Trimmomatic v0.39 (Bolger et al., 178 

2014) was used to remove potential adapter sequences and trimming of low quality reads. To 179 

achieve optimal coverage, good detection sensitivity, and reliable results, screening and 180 

removal of rRNA contamination of the paired-end reads were done using the database from 181 

SILVA v132 (Quast et al., 2012). The rRNA sequences were retried from SILVA, and the 182 

Burrows-Wheeler-Aligner (BWA) v0.7.17-r1188 software (Li, 2013) was used to build the 183 

index file for BWA. The BWA-MEM was used to map to the clean data to the SILVA 184 

database, and then the paired-end unmapped sequences were extracted using samtools v1.10 185 

(Li et al., 2009) and bedtools v2.29.2 (Quinlan & Hall, 2010). The generated ‘clean reads’ 186 

were used for all the subsequent downstream bioinformatics analyses. The paired-end clean 187 

reads of each sample were mapped to the reference genome Oar v3.1.99 gtf (Flicek et al., 188 

2012) using STAR v2.7.3a (Dobin et al., 2013) with a maximum of 8 mismatches allowed, 189 
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and others parameters were set as default. A post-alignment quality control was performed on 190 

the alignment files using Qualimap v2.2 (García-Alcalde et al., 2012). After mapping, each 191 

sequence alignment map (SAM) file obtained was sorted and transformed into a binary 192 

alignment map (BAM) file by Samtools v1.9 (Li et al., 2009), and used for the gene counting. 193 

The gene expression counts were computed using HTSeq vo.11.8 (Anders et al., 2015). The 194 

low count genes were filtered by excluding less than 1 count per million (cpm) and the DEGs 195 

were identified using DESeq2 v1.26.0 (Love et al., 2014) RStudio (v1.2.5042) (Team, 2020). 196 

The DEGs were considered at a False Discovery Rate (FDR) <0.05. The gene counts were 197 

normalized using the default normalization procedures provided by DESeq2 (correcting for 198 

the library size and RNA composition biases) and fitted with the following model: 199 

 200 

Y = Gender + PostN + PreN + sex:PostN + sex:PreN + PostN:PreN 201 

 202 

Where Y is the gene expression count, PreN is the fixed effect of prenatal nutrition (NORM, 203 

LOW and HIGH), PostN is the fixed effect of the early postnatal nutrition (CONV and 204 

HCHF), and sex is the fixed effect of sex (♂ = males and ♀ = females). In the analyses, we 205 

considered the two-way interaction terms of sex:PostN (2 PostN x 2 sex), sex:PreN (3 206 

prenatal nutrition x 2 sex) and PostN: PreN (3 prenatal nutrition x 2 early postnatal nutrition).  207 

 208 

 209 
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 210 

Figure 2: Overview of the work pipeline of differential expressed gene analysis 211 

 212 

Top modules selection and hub genes identification via protein-protein interaction (PPI) 213 

network  214 

To select the top significant modules and identify the hub genes, we followed the 215 

method described by Yang et al. (Yang et al., 2020). First, the PPI network was constructed 216 

to evaluate the DEGs relationship with a high-confidence score > 0.7 defined as significant 217 

using the Cytoscape StringApp (Doncheva et al., 2018). Secondly, screening of sub-clusters 218 

(modules) of PPI networks was performed through the Molecular Complex Detection 219 

(MCODE) (Bader & Hogue, 2003) application in Cytoscape. The MCODE criteria were set 220 

default with degree of cutoff = 2, node score cutoff = 0.2, and k-core, maximum depth = 100. 221 

The modules with more than 6 nodes (genes) were selected as top modules followed by the 222 

functional enrichment analysis of these modules using Cytoscape v3.7.2 plug-in ClueGO 223 
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(Bindea et al., 2009). The hub genes were identified using the Cyto-Hubba application in 224 

Cytoscape through four centrality methods, including Degree, Edge Percolated Component 225 

(EPC), Eccentricity, and Maximum Neighborhood Component (MNC) (Chin et al., 2014) 226 

with the cutoff criterion of >10 top DEGs for further selection of hub genes (Yang et al., 227 

2020). The top 10 DEGs, which fell within the intersection of these four algorithm methods, 228 

were visualized in a Venn plot (http://bioinformatics.psb.ugent.be/webtools/Venn/), and were 229 

selected as hub genes.  230 

 231 

Functional enrichment analysis 232 

The functional enrichment analysis was performed to further explore the biological 233 

functions and pathways associated with the significant DEGs. Each DEG set identified with 234 

padj < 0.05 were grouped into two sets of downregulated or upregulated genes, and were 235 

imported into Cytoscape v3.7.2 plug-in ClueGO (Shannon et al., 2003; Bindea et al., 2009) to 236 

find significant enrichments using Ovis aries (Taxonomy ID: 9940) as the reference 237 

organism. The selection criteria for Gene Ontology (GO) terms (Biological Process, Cellular 238 

Component and Molecular Process) and Kyoto Encyclopedia of Genes and Genomes 239 

(KEGG) pathways were based on two-sided hypergeometric tests with P-value threshold < 240 

0.05, which was corrected for multiple testing using the Benjamini-Hochberg false discovery 241 

rate (padj). Thresholds of a minimum of 3-20 GO levels, and a minimum number of 3 genes, 242 

or at least 4% genes in the respective terms, were applied.  243 

 244 

Results 245 

Mapping summary 246 

A total of 67 samples (SUB = 31 and PER = 36, respectively) were analyzed using 247 

RNA-sequencing. Approximately 34 million reads per sample were aligned against the recent 248 

http://bioinformatics.psb.ugent.be/webtools/Venn/
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Ovis aries reference genome (oar_v3.1) using the software package STAR. On average, 83% 249 

of the total reads were successfully mapped allowing no more than two mismatches and 250 

restricting the alignments at most 40 genomic locations. Among the aligned reads, 251 

approximately 86% and 65% were mapped to unique genomic regions in SUB and PER, 252 

respectively. After filtering, the mean numbers of clean reads per sample obtained from SUB 253 

and PER were 34,137,165 and 34,818,481, respectively, corresponding to 95.26% and 254 

95.26%, respectively, that uniquely mapped to the Ovies aries reference genome (Ensembl, 255 

release 99). The mean coverages of paired-end reads mapping to exonic, intronic, intergenic, 256 

and intronic/intergenic regions were 26.48%, 36.54%, 36.98% and 7.28% for SUB and 257 

19.22%, 40.55%, 40.22% and 6.01% for PER, respectively. 258 

 259 

Differentially expressed genes (DEGs)  260 

The lists of DEGs after Benjamini-Hochberg correction, padj < 0.05 are shown in 261 

Table 1, and the direction of change of expression for DEGs for each group comparison are 262 

shown in Figure 3. The gene expression profiles of SUB in the adult sheep were not affected 263 

by the pre- or early postnatal nutrition history or sex, except for 44 DEGs identified (padj < 264 

0.05) between adult males and females (data not shown).  265 

In PER, 993 DEGs were identified in LOW sheep compared to HIGH, of which 975 266 

and 18 genes were down- and upregulated, respectively. Of the known downregulated DEGs, 267 

87 had a fold change (FC) between -4.00 and -5.50, whereas the FC for the upregulated 268 

DEGs was ranging from 0.10 to 0.30. In LOW vs NORM sheep, 179 upregulated and 7 269 

downregulated DEGs were identified, of which (for the known upregulated DEGs) 25 had an 270 

FC >4.00. The likelihood ratio test for the interaction between prenatal nutrition and sex 271 

revealed 869 out of 873 DEGs were downregulated. 272 
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DEG analysis was also done between six combinations of pre- and postnatal nutrition, 273 

namely NORM-CONV, NORM-HCHF, LOW-CONV, LOW-HCHF, HIGH-CONV, and 274 

HIGH-HCHF. Among them, a total of 101 and 192 genes showed significant (padj < 0.05) 275 

differential expression between LOW-HCHF vs NORM-CONV and between HIGH-HCHF 276 

vs NORM-CONV, respectively. No DEGs were identified for the other group comparisons. 277 

In particular, 100 out of 101 and 180 out of 192 genes were downregulated in LOW-HCHF 278 

and HIGH-HCHF compared to NORM-CONV, respectively. Of the known downregulated 279 

DEGs in LOW-HCHF vs NORM-CONV, 9 had an FC <-3.00, and for HIGH-HCHF vs 280 

NORM-CONV, 14 had an FC <-3.00. 281 

For the independent effect of early postnatal nutrition, 831 DEGs were identified with 282 

595 upregulated and 236 downregulated in HCHF compared to CONV sheep. Of the known 283 

upregulated DEGs, 50 had a FC between 4.00 and 5.50, whereas for downregulated DEGs, 284 

13 had a FC between -3.00 to -5.00. The list of the top 20 known up- and downregulated 285 

DEGs for all the group comparison, ranked by log2 Fold Change (log2FC), are shown in 286 

Table 2.  287 

 288 

Table 1: The number of up- and downregulated DEGs for different group pairwise 289 

comparison and model reduction for interaction effects of prenatal nutrition and sex 290 

No. Pairwise contrast Total DEGs Upregulated Downregulated 

1 LOW vs HIGH 993 18 975 

2 LOW vs NORM 186 179 7 

3 Prenatal nutrition x sex (PreNxsex) 873 171 702 

4 LOW-HCHF vs NORM-CONV 101 1 100 

5 HIGH-HCHF vs NORM-CONV 192 12 180 

6 HCHF vs CONV 831 595 236 

 291 
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 292 

 293 

Figure 3: Volcano plots depicting the Log2Fold changes for gene expression levels between 294 

sheep with different pre- (NORM, LOW, HIGH) and postnatal (CONV, HCHF) nutrition 295 

histories. A) LOW vs HIGH, B) LOW vs NORM, c) interaction effect of prenatal nutrition 296 

and sex (PreNxsex), D) LOW-HCHF vs NORM-CONV, E) HIGH-HCHF vs NORM-CONV, 297 

and F) HCHF vs CONV. Red and green dots indicate genes up- or downregulated with more 298 

or less than 1.50 or -1.50 fold change, respectively, with padj < 0.05. Genes with black dots 299 

were not significantly differentially expressed. The blue dots represent the padj < 0.05.  300 
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Table 2: The top 10 known up- and top 10 downregulated differentially expressed genes (DEGs) with their encoded proteins for the six (A-F) 301 

group comparisons. 302 

Gene symbol Log2FC P-value padj Encoded protein Expression  

A) LOW vs HIGH 

DSCAM -5.460 2.84E-05 0.015 Down Syndrome Cell Adhesion Molecule down 

C10orf71 -5.395 7.26E-07 0.006 Chromosome 10 Open Reading Frame 71 down 

TMEM63C -5.120 1.42E-05 0.015 Transmembrane Protein 63C down 

FAM221A -4.924 6.54E-05 0.015 Family With Sequence Similarity 221 Member A down 

ADAM7 -4.889 1.08E-05 0.0149 ADAM Metallopeptidase Domain 7 down 

STRC -4.876 7.30E-05 0.016 Stereocilin down 

TKTL1 -4.824 6.83E-06 0.015 Transketolase Like 1 down 

CYP24A1 -4.770 0.0001 0.0167 Cytochrome P450 Family 24 Subfamily A Member 1 down 

MYT1 -4.708 0.0001 0.017 Myelin Transcription Factor 1 down 

ARHGEF5 -4.703 1.30E-05 0.015 Rho Guanine Nucleotide Exchange Factor 5 down 

ETFRF1 0.997 7.44E-05 0.015 Electron Transfer Flavoprotein Regulatory Factor 1 up 

H1-0 0.947 0.0006 0.023 H1.0 Linker Histone up 

CHCHD1 0.790 0.001 0.028 Coiled-Coil-Helix-Coiled-Coil-Helix Domain Containing 1 up 

PECR 0.689 0.003 0.048 Peroxisomal Trans-2-Enoyl-CoA Reductase up 

FBXO6 0.685 0.001 0.027 F-Box Protein 6 up 
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ARL2 0.642 0.003 0.044 ADP Ribosylation Factor Like GTPase 2 up 

MRPL20 0.625 0.0007 0.024 Mitochondrial Ribosomal Protein L20 up 

WARS1 0.576 0.001 0.030 Tryptophanyl-TRNA Synthetase 1 up 

PSMB9 0.574 0.0007 0.023 Proteasome 20S Subunit Beta 9 up 

SNAPIN 0.560 0.003 0.046 SNAP Associated Protein up 

B) LOW vs NORM 

CADM1 -1.234 0.0002 0.041 Cell Adhesion Molecule 1 down 

CXCR4 -1.097 0.0001 0.036 C-X-C Motif Chemokine Receptor 4 down 

VRK2 -0.678 0.0002 0.042 VRK Serine/Threonine Kinase 2 down 

GXYLT1 -0.617 0.0003 0.043 Glucoside Xylosyltransferase 1 down 

SELENOI -0.519 0.0002 0.039 Selenoprotein I down 

TRMT13 -0.511 0.0001 0.036 TRNA Methyltransferase 13 Homolog down 

PIKFYVE -0.419 0.0004 0.043 Phosphoinositide Kinase, FYVE-Type Zinc Finger Containing down 

FSIP2 4.677 4.09E-05 0.026 Fibrous Sheath Interacting Protein 2 up 

XDH 4.661 7.57E-05 0.030 Xanthine Dehydrogenase up 

IQCH 4.631 1.33E-05 0.026 IQ Motif Containing H up 

DCST1 4.630 8.15E-05 0.031 DC-STAMP Domain Containing 1 up 

LIPN 4.557 3.09E-05 0.026 Lipase Family Member N up 

CSMD3 4.452 6.03E-05 0.027 CUB And Sushi Multiple Domains 3 up 
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ABCA12 4.450 4.66E-05 0.026 ATP Binding Cassette Subfamily A Member 12 up 

RNF17 4.409 3.85E-05 0.026 Ring Finger Protein 17 up 

ANO4 4.370 9.46E-05 0.032 Anoctamin 4 up 

CPN1 4.323 3.01E-05 0.026 Carboxypeptidase N Subunit 1 up 

C) PreNxsex 

TEX11 -5.219 0.0004 0.023 Testis Expressed 11 down 

FAT2 -4.728 0.0004 0.023 FAT Atypical Cadherin 2 down 

FSIP2 -4.695 0.001 0.034 Fibrous Sheath Interacting Protein 2 down 

CCDC180 -4.534 0.002 0.042 Coiled-Coil Domain Containing 180 down 

ROBO3 -4.324 0.0005 0.024 Roundabout Guidance Receptor 3 down 

LIPN -4.319 8.00E-05 0.018 Lipase Family Member N down 

ABCA12 -4.286 0.0001 0.018 ATP Binding Cassette Subfamily A Member 12 down 

CNTNAP5 -4.220 0.002 0.042 Contactin Associated Protein Family Member 5 down 

CSMD3 -4.194 0.0001 0.018 CUB And Sushi Multiple Domains 3 down 

SLC26A5 -4.157 0.0001 0.018 Solute Carrier Family 26 Member 5 down 

ANKS4B 1.046 0.0007 0.029 Ankyrin Repeat And Sterile Alpha Motif Domain Containing 4B up 

EPHA2 0.880 0.0002 0.019 EPH Receptor A2 up 

PTMA 0.820 0.0002 0.020 Prothymosin Alpha up 

BTBD19 0.767 0.0002 0.019 BTB Domain Containing 19 up 
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EGR2 0.660 0.001 0.036 Early Growth Response 2 up 

FBRS 0.630 0.0001 0.018 FAU Ubiquitin Like And Ribosomal Protein S30 Fusion up 

MAPK8IP3 0.588 0.0006 0.026 Mitogen-Activated Protein Kinase 8 Interacting Protein 3 up 

PLEKHG2 0.568 0.001 0.036 Pleckstrin Homology And RhoGEF Domain Containing G2 up 

SYNDIG1L 0.567 0.0003 0.021 Synapse Differentiation Inducing 1 Like up 

ARSL 0.560 0.0003 0.022 Arylsulfatase L up 

D) LOW-HCHF vs NORM-CONV 

LIPA -3.246 6.49E-05 0.040 Lipase A, Lysosomal Acid Type down 

FN1 -3.124 4.58E-06 0.021 Fibronectin 1 down 

ITGB2 -3.094 0.0001 0.040 Integrin Subunit Beta 2 down 

LGALS3 -3.054 1.21E-05 0.031 Galectin 3 down 

MSR1 -3.035 0.0002 0.041 Macrophage Scavenger Receptor 1 down 

MS4A8 -3.025 0.0002 0.041 Membrane Spanning 4-Domains A8 down 

LCP1 -3.029 5.66E-05 0.040 Lymphocyte Cytosolic Protein 1 down 

CAPG -3.020 0.0002 0.044 Capping Actin Protein, Gelsolin Like down 

CTSZ -3.011 3.40E-05 0.040 Cathepsin Z down 

 

C5AR1 -2.985 0.0002 0.040 Complement C5a Receptor 1 down 

FIBIN 1.384 0.0004 0.048 Fin Bud Initiation Factor Homolog up 
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E) HIGH-HCHF vs NORM-CONV 

ACHE -4.150 8.08E-05 0.033 Acetylcholinesterase (Cartwright Blood Group) down 

ST14 -3.840 0.0003 0.038 ST14 Transmembrane Serine Protease Matriptase down 

PADI2 -3.548 0.0002 0.036 Peptidyl Arginine Deiminase 2 down 

CRLF2 -3.385 0.0005 0.044 Cytokine Receptor Like Factor 2 down 

HTRA4 -3.358 0.0002 0.036 HtrA Serine Peptidase 4 down 

CD300E -3.210 0.0004 0.040 CD300e Molecule down 

S100A5 -3.211 0.0004 0.041 S100 Calcium Binding Protein A5 down 

NLRP1 -3.117 4.80E-05 0.033 NLR Family Pyrin Domain Containing 1 down 

HK3 -3.100 0.0001 0.033 Hexokinase 3 down 

ITGAX -3.084 0.0004 0.040 Integrin Subunit Alpha X down 

FIBIN 1.380 0.0004 0.040 Fin Bud Initiation Factor Homolog up 

HMCN1 1.269 0.0003 0.038 Hemicentin 1 up 

ETNPPL 0.990 0.0006 0.047 Ethanolamine-Phosphate Phospho-Lyase up 

ARHGAP20 0.837 0.0006 0.047 Rho GTPase Activating Protein 20 up 

DHRS12 0.780 0.0006 0.047 Dehydrogenase/Reductase 12 up 

LYRM1 0.740 0.0006 0.047 LYR Motif Containing 1 up 

TRIM13 0.593 0.0004 0.041 Tripartite Motif Containing 13 up 

DNAL1 0.589 0.0005 0.042 Dynein Axonemal Light Chain 1 up 
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PDRG1 0.564 9.18E-05 0.033 P53 And DNA Damage Regulated 1 up 

F) HCHF vs CONV 

SPP1 -4.788 5.45E-05 0.021 Secreted Phosphoprotein 1 down 

GPNMB -4.412 2.55E-05 0.019 Glycoprotein Nmb down 

TREM2 -3.924 3.08E-05 0.019 Triggering Receptor Expressed On Myeloid Cells 2 down 

SCIN -3.612 2.75E-05 0.019 Scinderin down 

LIPA -3.528 3.99E-05 0.020 Lipase A, Lysosomal Acid Type down 

CAPG -3.374 4.07E-06 0.010 Capping Actin Protein, Gelsolin Like down 

S100A4 -3.350 2.19E-06 0.009 100 Calcium Binding Protein A4 down 

TYROBP -3.248 6.54E-05 0.021 Transmembrane Immune Signaling Adaptor TYROBP down 

CTSZ -3.211 1.38E-05 0.019 Cathepsin Z down 

MMP9 -3.170 0.0006 0.034 Matrix Metallopeptidase 9 down 

LIPN 5.163 3.63E-05 0.020 Lipase Family Member N up 

DCST1 4.950 0.0002 0.027 DC-STAMP Domain Containing 1 up 

TEX11 4.896 1.88E-05 0.019 Testis Expressed 11 up 

ABCB5 4.823 0.0003 0.028 ATP Binding Cassette Subfamily B Member 5 up 

CCDC148 4.808 0.0001 0.023 Coiled-Coil Domain Containing 148 up 

FSIP2 4.802 0.0003 0.028 Fibrous Sheath Interacting Protein 2 up 

C6orf58 4.796 0.0004 0.030 Chromosome 6 Open Reading Frame 58 up 
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MORC1 4.780 0.0006 0.033 MORC Family CW-Type Zinc Finger 1 up 

DKK1 4.776 6.43E-05 0.021 Dickkopf WNT Signaling Pathway Inhibitor 1 up 

CD28 4.642 3.12E-06 0.010 CD28 Molecule up 

303 
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Hub genes, top significant modules, and their respective enrichment identification via 304 

protein-protein interaction (PPI) network analyses of DEGs 305 

The Cytoscape StringApp was used to visualize the long lists of DEG network. The 306 

DEG networks for all group comparison are shown in Supplementary Figure 1A-F. The top 307 

10 DEGs evaluated in the PPI network according to four different centrality criteria (Degree, 308 

EcCentrity, EPC, and MNC) are shown in Table 3, and DEGs that topped the lists according 309 

to all four criteria were considered to be hub genes. Hence, a total of six hub genes for the 310 

LOW vs HIGH comparison, two hub genes for LOW vs NORM, eight hub genes for LOW-311 

HCHF vs NORM-CONV, nine hub genes for HIGH-HCHF vs NORM-CONV, and one hub 312 

gene for HCHF vs CONV, were identified as shown in Figure 3. Among all of the pairwise 313 

group comparison, no hub gene was identifed for the PreNxsex. The hubgenes identified for 314 

LOW vs HIGH were Aurora Kinase A (AURKA), Exonuclease 1 (EXO1), Maternal 315 

Embryonic Leucine Zipper Kinase (MELK) and PDZ Binding Kinase (PDK), NDC80 316 

Kinetochore Complex Component (NDC80 and TTK Protein Kinase (TTK). Those for LOW 317 

vs NORM were Coiled-Coil Domain Containing 39 (CCDC39) and Transkelotase Like 1 318 

(TKTL1). The Complement C1q Chain (C1QA), Complement C1q B Chain (C1QB), Colony 319 

Stimulating Factor 1 Receptor (CSF1R), Cathepsin S (CTSS), Integrin Subunit Beta 2 320 

(ITGB2) and Lysosomal Protein Transmembrane 5 (LAPTM5) were hub genes both for 321 

LOW-HCHF and HIGH-HCHF vs NORM-CONV group. Moreover, the Complement C5a 322 

Receptor 1 (C5AR1) and Protein Tyrosine Phosphatase Non-Receptor Type 6 (PTPN6) were 323 

hub genes for LOW-HCHF vs NORM-CONV, wheares Complement C1q C Chain (C1QC), 324 

Spi- Proto-Oncogene (SP11) and Transmembrane Immune Signaling Adaptor TYROBP 325 

(TYROBP) were hub genes for HIGH-HCHF vs NORM-CONV. The Matrix 326 

Metallopeptidase 9 (MMP9) was the only hub gene for HCHF vs CONV. 327 
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Besides the selection of hub genes, we also identifed the top signifcant modules (sub-328 

cluster) through the PPI networks analysis, of which modules having more than 6 nodes 329 

(genes) were selected. Two top modules were identified from the PPI network of the DEGs 330 

for LOW vs HIGH: module 1 with MCODE score = 9.40 with 11 nodes and 47 edges, and 331 

module 2 with MCODE score = 6.00 with 6 nodes and 15 edges. Two top significant 332 

modules were also observed for PreNxsex: module 1 with MCODE score = 9.56 with 10 333 

nodes and 43 edges, and module 2 with MCODE score = 6.00 with 6 nodes and 15 edges. 334 

One significant module was identified for LOW-HCHF vs NORM-CONV (7 nodes and 20 335 

edges), HIGH-HCHF vs NORM-CONV (8 nodes and 26 edges) and HCHF vs CONV (6 336 

nodes and 14 edges) with MCODE scores of 6.67, 7.43 and 5.60, respectively, as shown in 337 

Figure 4A-G. No significant modules were observed for LOW vs NORM.  338 

To gain insight into the biological function of these modules, a functional enrichment 339 

analysis was performed with ClueGO. For LOW vs HIGH, module 1 was enriched in the 340 

group terms ‘attachment of mitotic spindle microtubules to kinetochore’ (74.47%), ‘mitotic 341 

sister chromatid segregation’ (21.28%), ‘mitotic nuclear division’ (2.13%) and ‘mitotic 342 

spindle organization’ (2.13%), whereas module 2 was enriched in ‘oxidoreductase activity, 343 

acting on NAD(P)H, quinone or similar compound as receptor’ (93.33%) and 344 

‘oxidoreductase phosphorylation’ (6.67%). For the PreNxsex interaction, no functional 345 

enrichment was found for module 1, but similar to LOW vs HIGH, module 2 was enriched in 346 

‘oxidoreductase activity, acting on NAD(P)H, quinone or similar compound as receptor’ 347 

(93.33%) and ‘oxidoreductase phosphorylation’ (6.67%). Both the LOW-HCHF and HIGH-348 

HCHF vs NORM-CONV module was enriched in ‘myeloid leukocyte activation’ (100%). For 349 

HCHF vs CONV, the significant module was enriched in ‘collecting duct acid secretion’ 350 

(88.24%), ‘proton-transporting V-type ATPase complex’ (5.88%), and ‘proton-transporting 351 

two-sector ATPase complex’ (5.88%).  352 
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 353 

 354 

Figure 3: Venn diagram showing the number of top 10 ranked genes and hub genes identified 355 

(genes overlapped in the four centrality methods) in the following comparisons: A) LOW vs 356 

HIGH, B) LOW vs NORM, C) interaction between prenatal nutrition and sex (PreNxsex), D) 357 

LOW-HCHF vs NORM-CONV, E) HIGH-HCHF vs NORM-CONV, and F) HCHF vs 358 

CONV. For the selection of hub genes, the PPI networks were first constructed using the 359 

DEGs with a high-confidence score <0.70, followed by selection of top 10 ranked DEGs 360 

based on four centrality methods: Degree, EcCentrity, EPC, and MNC performed in the 361 

CytoHubba application (Cytoscape-plug in). Finally, genes that fell within all of these four 362 

criteria were considered as hub genes.  363 

 364 
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Table 3: The list of top 10 genes according to four different criteria (Degree, EcCentricity, EPC and MNC) identified through the protein-protein 365 

interaction (PPI) network for six (A-F) comparisons. Significant hub genes are highlighted in bold.  366 

Gene  Degree Gene EcCentricity Gene EPC  Gene MNC 

A) LOW vs HIGH 

TTK 15 MELK 0.009771 TTK 11.523 TTK 14 

AURKB 14 PBK 0.009771 MLPH 11.41 AURKB 13 

NDC80 13 ESCO2 0.009771 NDC80 11.369 NDC80 13 

AURKA 13 NDC80 0.009771 AURKA 11.362 AURKA 13 

KIF2C 12 AURKA 0.009771 KIF2C 11.282 KIF2C 12 

MELK 11 EXO1 0.009771 PBK 11.094 MELK 11 

PBK 11 POLE 0.009771 MELK 10.921 PBK 11 

EXO1 10 TTK  0.009771 CENPN 10.474 CENPN 9 

CCDC39 9 CLSPN 0.009771 ASF1B 9.639 EXO1 8 

CENPN 9 CCDC39 0.007892 EXO1 9.508 ASF1B 7 

B) LOW vs NORM 

CCDC39 3 CCDC39 0.024242 CCDC39 2.394 NIPAL4 1 

TKTL1 2 TKTL1 0.018182 RIMS2 1.932 RPH3A 1 

RIMS2 2 RIMS2 0.018182 TKTL1 1.923 CCDC39 1 

NIPAL4 1 NIPAL4 0.012121 HYDIN 1.912 HKDC1 1 
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RPH3A 1 RPH3A 0.012121 DNAH11 1.899 TTN 1 

HKDC1 1 TTN  0.012121 ARMC4 1.869 HHIP 1 

TTN 1 HHIP 0.012121 CNTNAP5 1.696 CNTNAP5 1 

HHIP 1 ROBO3 0.012121 PCLO 1.68 ROBO3 1 

CNTNAP5 1 USH2A 0.012121 TEX11 1.679 USH2A 1 

ROBO3 1 ARMC4 0.012121 HKDC1 1.666 TKTL1 1 

C) PreNxsex        

WDFY1 27 BTAF1 0.016998 CDC5L 38.608 ENSOARG00000019688 10 

ENSOARG00000019688 11 CDC5L 0.014873 ENSOARG00000010203 35.73 RSL24D1 10 

NMD3 10 GTF2B 0.014873 RSL24D1 34.388 ENSOARG00000008494 9 

PRKACB 10 CDKN2AIPNL 0.013221 ENSOARG00000019688 34.338 SRP54 9 

SRP54 10 ENSOARG00000010203 0.013221 SRP54 34.311 ENSOARG00000001638 9 

ENSOARG00000008494 9 TMPO 0.013221 ENSOARG00000008494 34.285 ENSOARG00000011629 9 

ENSOARG00000001638 9 PRPF39 0.013221 ENSOARG00000016333 34.274 ENSOARG00000006781 9 

ENSOARG00000011629 9 HNRNPC 0.013221 RPL37 34.25 LOC780467 9 

ENSOARG00000006781 9 TCEA1 0.013221 ENSOARG00000001638 34.249 ENSOARG00000016333 9 

LOC780467 9 MSH6 0.013221 LOC780467 34.226 RPL37 8 

D) LOW-HCHF vs NORM-CONV 

ITGB2 11 CTSS 0.062706 ITGB2 8.034 ITGB2 10 
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CTSS 9 PTPN6 0.062706 C1QB 7.933 CTSS 9 

C1QB 9 CSF1R 0.062706 CTSS 7.817 CSF1R 8 

CSF1R 8 ITGB2 0.062706 CSF1R 7.756 C1QB 8 

TYROBP 8 C5AR1 0.04703 TYROBP 7.662 SPI1 8 

SPI1 8 C1QA 0.04703 SPI1 7.568 C1QA 7 

C1QA 7 CYBB  0.04703 C1QA 7.427 TYROBP 7 

LAPTM5 7 LAPTM5 0.04703 LAPTM5 7.275 LAPTM5 6 

PTPN6 4 FN1 0.04703 PTPN6 5.573 C5AR1 3 

C5AR1 3 C1QB 0.04703 C5AR1 5.306 PTPN6 3 

E) HIGH-HCHF vs NORM-CONV 

ITGB2 17 C1QA 0.038743 ITGB2 13.878 ITGB2 13 

TYROBP 12 LAPTM5 0.038743 C1QB 13.461 CTSS 10 

CTSS 11 CTSS 0.038743 TYROBP 13.449 C1QB 10 

C1QB 10 CSF1R 0.038743 CTSS 13.19 CSF1R 9 

CSF1R 9 C1QC  0.038743 CSF1R 13.163 TYROBP 9 

SPI1 9 C1QB 0.038743 C1QA 12.963 SPI1 9 

C1QA 8 ITGB2 0.038743 SPI1 12.862 C1QA 8 

LAPTM5 8 FCER1G 0.038743 C1QC 12.328 C1QC 7 

C1QC 7 TYROBP 0.03874 LAPTM5 11.808 LAPTM5 6 
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PTPN6 5 SPI1 0.03874 PTPN6 9.368 C5AR1 3 

F) HCHF vs CONV 

TYROBP 10 MMP9 0.010243 TYROB 13.307 ATP6V1B2 6 

CXCR4 8 CD44 0.010243 ITGB 12.993 ATP6AP2 5 

ATP6V1B 6 CXCR4 0.008536 CTS 12.632 ATP6V1C1 5 

PTPN 6 TGFB1 0.008536 PTPN6 12.551 TCIRG1 5 

CCDC39 6 CD28 0.008536 CXCR 12.201 ATP6V1E1 5 

PKM 6 CYBB 0.008536 MMP9 12.1 ATP6V1A 4 

MMP9 6 ALCAM 0.008536 LAPTM5  11.938 CTSS 4 

ITGB2 6 ENSOARG0000000780 0.008536 CD44 11.692 MMP9 4 

TCIRG1 6 SPP1 0.008536 ZAP70 11.335 ITGB2 4 

ATP6V1A 5 ACTN2 0.007682 CYBB 10.239 ENTPD5 3 

367 
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 368 

 369 

Figure 4A-G: The significant modules from PPI networks. A-B) module 1 and module 2 for 370 

LOW vs HIGH, C-D) module 1 and module 2 for interaction of prenatal nutrition and sex 371 

(PreNxsex), E) module for LOW-HCHF vs NORM-CONV, F) module for HIGH-HCHF vs 372 

NORM-CONV, and G) module for HCHF vs CONV. The green and red nodes represent 373 

downregulated and upregulated genes, respectively, and the octagon nodes represent hub 374 

genes within the hub genes within the specific modules.  375 

 376 

Functional enrichment analyses of differentially expressed genes (DEGs) 377 

DEGs of prenatal nutrition and prenatal x sex (PreNxsex)  378 

The list of the most significant term of a group (leading term) for all comparison are 379 

shown in table 4. Functional enrichment analyses revealed that GO terms, significantly 380 

enriched with genes differentially expressed between LOW vs HIGH and LOW vs NORM, 381 

were predominantly related to transmembrane (ion) transport activities, motor activities 382 

related to cytoskeletal and spermatozoa function (microtubules and the cytoskeletal motor 383 

protein, dynein), and responsiveness to the (micro)environmental extracellular conditions, 384 
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including endocrine and nervous stimuli (Table 4). There were, however, specific terms, 385 

which distinguished LOW vs HIGH and not LOW vs NORM and vice versa. Thus, the term 386 

‘positive regulation of vascular endothelial growth’ was enriched with DEGs between LOW 387 

vs HIGH, whereas the terms ‘homophilic adhesion via plasma molecules (cellular adhesion)’ 388 

and ‘lipid transporter activity’ were enriched with DEGs between LOW vs NORM.  389 

 390 

DEGs of postnatal nutrition and interaction of prenatal and postnatal nutrition  391 

Most of the functional enrichment in relation to the early postnatal HCHF feeding 392 

were involved in immunity-related processes and pathways as well as transmembrane (ion) 393 

transport. Besides that, a biological process related to cell differentiation involved in kidney 394 

development was enriched among the downregulated DEGs in HCHF sheep.  395 

In particular, 100 out of 101 and 180 out of 192 genes were downregulated in LOW-396 

HCHF and HIGH-HCHF compared to NORM-CONV, respectively. The downregulated 397 

genes identified in both group contrasts (LOW-HCHF or HIGH-HCHF vs NORM-CONV) 398 

were associated with pathways involved in adipose tissue remodeling (stress response and 399 

apoptosis-related processes/pathways) and immunity-related processes/pathways. In addition, 400 

we found, the KEGG pathway related to ‘Cholesterol metabolism’ was enriched in LOW-401 

HCHF compared to NORM-CONV, where the genes involved were downregulated in LOW-402 

HCHF group.  403 

 404 
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Table 4: Significantly enriched biological functions of the DEGs. 405 

Group contrast Ontology source Biological function Terms per group (%) 

A) LOW vs HIGH GO_Biological Process transmembrane transport 14.23 

  GO_Molecular Function ATP binding  7.11 

  GO_Biological Process male gamete generation 6.3 

  GO_Cellular Component presynapse 5.89 

  GO_Biological Process ion channel activity  5.08 

  GO_Biological Process regulation of macromolecule metabolic process 6.67 

  GO_Biological Process ion transport 3.05 

  GO_Cellular Component sodium channel complex 2.89 

   others 48.78 

B) LOW vs NORM GO_Biological Process flagellated sperm motility 38.46 

  GO_Biological Process inorganic anion transmembrane transport 26.92 

  GO_Cellular Component postsynaptic density 7.69 

   others 26.93 

C) Interaction effect of prenatal 

nutrition and sex (PreNxsex) 

GO_Cellular Component dynein complex 21.43 

  GO_Biological Process inorganic molecular entity transmembrane transporter activity 20.00 

  GO_Biological Process cell development  8.57 



32 
 

  GO_Biological Process ion transmembrane transporter activity  7.14 

  GO_Molecular Function motor activity 7.14 

   others 35.72 

D) LOW-HCHF vs NORM-

CONV 

GO_Biological Process leukocyte activation 35.32 

  GO_Biological Process regulation of interleukin-6 production 10.04 

  GO_Molecular Function cell adhesion molecule binding 8.92 

  GO_Biological Process positive regulation of myeloid cell differentiation 7.81 

  KEGG Cholesterol metabolism 3.35 

   others 34.56 

E) HIGH-HCHF vs NORM-

CONV 

GO_Biological Process leukocyte activation 18.43 

  GO_Biological Process regulation of immune system process 6.95 

  GO_Biological Process positive regulation of interleukin-1 production 4.02 

  GO_Biological Process regulation of leukocyte mediated immunity 3.15 

  GO_Biological Process positive regulation of leukocyte mediated immunity 3.07 

   others 64.38 

F) HCHF vs CONV      

Upregulated GO_Biological Process transmembrane transporter activity 26.27 
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  GO_Biological Process regulation of postsynaptic membrane potential 9.91 

  GO_Biological Process regulation of natural killer cell mediated immunity 6.68 

   others 57.14 

Downregulated GO_Biological Process regulation of immune system process 15.35 

  GO_Biological Process inflammatory response  11.68 

  GO_Cellular Component proton-transporting V-type ATPase, V1 domain 3.00 

  GO_Biological Process actin cytoskeleton organization 3.84 

  GO_Biological Process cell differentiation involved in kidney development  0.25 

   others 65.88 

406 
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Discussion 407 

In this study, we aimed to reveal the biological mechanisms and pathways involved in 408 

and/or responsible for tissue-specific (SUB and PER) responses to early life malnutrition, and 409 

to identify potential biomarkers (hub genes) by Next-Generation Sequencing transcriptomics 410 

analysis underlying these changes and their possible association to adverse metabolic and 411 

kidney developmental traits. We have previously demonstrated, in the sheep providing 412 

samples for this study, that SUB of adult sheep irrespective of their early life nutrition 413 

history, had similar upper limits for expandability, however with greater expandability 414 

capacity in females than males, whereas PER was a major target of early life nutritional 415 

programming, and a determinant for intra-abdominal fat distribution patterns (Ahmad et al., 416 

2020). Adult males that had been exposed to late gestation LOW level of nutrition followed 417 

by the mismatching HCHF diet in early postnatal life, had reduced hypertrophic capacity of 418 

PER, whereas fetally overnourished (HIGH) males apparently were resistant to this effect of 419 

the HCHF diet, and all HIGH sheep had increased PER hypertrophic expandability similar to 420 

what was observed in female sheep (Ahmad et al., 2020). As previously mentioned, 421 

morphological features of SUB and PER were poorly correlated to changes in gene 422 

expression of well-known markers for adipose development, metabolism, angiogenesis and 423 

inflammation. Finally, the adult LOW-HCHF sheep, irrespective of sex, were 424 

hypercholesterolemic, hyperureaemic and hypercreatinaemic compared to all other groups, 425 

despite a preceding 2-years period of dietary correction after the exposure to the HCHF diet 426 

in early postnatal life (Khanal et al., 2014; Khanal et al., 2016), and by the end of the 427 

exposure to the HCHF diet, the 6 mo old HCHF lambs had massive deposition of fat in PER 428 

co-existing with a 1/3 reduction in kidney size (Khanal et al., 2014).  429 

In the present part of the study, we found gene expression profiles of PER, but not 430 

SUB were modulated by late gestation and early postnatal nutrition, and the latter even after 431 
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the same low-fat hay-based diet had been fed to all sheep for 2 years. Irrespective of early life 432 

nutrition, only sex-specific differences in the expression of 44 mRNA were identified for 433 

SUB. However, unsurprisingly, long-term effects of the pre-and postnatal nutrition were 434 

observed for mRNA expression of PER, especially as a consequence of a prenatal LOW level 435 

of nutrition. The majority (more than half) of DEGs identified in LOW were downregulated 436 

when compared to HIGH but in contrast opposite response was observed when compared to 437 

NORM (upregulated).The expression of DEGs between LOW/HIGH-HCHF and NORM-438 

CONV were mostly downregulated, and only very few (less than 13) were upregulated in the 439 

former groups.  440 

 441 

The mRNA expression profiles of SUB in adult sheep were unaffected by the late gestation 442 

and early postnatal nutrition history 443 

It is well-known that fat distribution patterns differ between male and females, with 444 

females accruing more fat in subcutaneous and gluteofemoral regions, whereas males have 445 

higher preference for lipid accumulation in the intra-abdominal area. It has been suggested 446 

that the greater susceptibility for central adiposity in males is linked to a higher predisposition 447 

for insulin resistance and cardiovascular diseases (Björntorp, 1997; Bloor et al., 2013; 448 

Fuente-Martín et al., 2013). In contrast, both subcutaneous and gluteofemoral fat serves a 449 

protective role in this respect by preventing abdominal and ectopic fat (non-adipose tissues) 450 

depositions and associated adverse effects (Manolopoulos et al., 2010; Pellegrinelli et al., 451 

2016).  452 

We have recently shown in our sheep model of early life malnutrition that there was a 453 

marked reduction in intrinsic, non-obese cellularity in SUB in prenatally under- and 454 

overnourished (LOW and HIGH) adolescent lambs (6 months of age), but this difference was 455 

not evident in the adult sheep (2.5-years old). These findings suggest there must have been a 456 
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time window for compensatory hyperplastic growth in this tissue, which was not related to 457 

the development of obesity (Ahmad et al., 2020; Khanal et al., 2020a). Moreover, in both 458 

lambs and adult sheep, and irrespective of the early life nutrition history, there was an upper-459 

limit for hypertrophic expandability in subcutaneous adipocytes, with greater expansion 460 

capacity in females than males (Ahmad et al., 2020; Khanal et al., 2020a), and this has also 461 

been observed in humans and murine model (Karastergiou et al., 2012; Medrikova et al., 462 

2012; Fang et al., 2015). The lack of differences in mRNA expression in SUB of the adult 463 

sheep exposed to different combinations of nutrition in early life is consistent with these 464 

previous observations, and upper-limits for expandability in SUB do therefore not appear to 465 

be subject to late gestation programming. The present study could not contribute to shed light 466 

on the underlying mechanisms (i.e. molecular and pathways) that enabled sheep previously 467 

exposed to LOW or HIGH levels of nutrition in prenatal life to restore their hyperplastic 468 

ability from adolescence to adulthood. This warrants further studies. Nonetheless, as reported 469 

previously, the restoration of hyperplastic ability in SUB in prenatally malnourished sheep 470 

might be due to a generally reported higher adipogenic capacity (Porter et al., 2009; 471 

Gealekman et al., 2011; Tchkonia et al., 2013; Pellegrinelli et al., 2016). 472 

Our results, also support the so-called adipose expandability theory, stating that once 473 

the fat storing capacity of SUB is exhausted upon continuous excess nutrient supply, fat 474 

deposition will be directed towards the intra-abdominal region and ultimately towards non-475 

adipocyte cell types, especially in males. SUB has thus been proposed as an initiating factor 476 

for the process of fat redistribution towards other anatomical sites, but not directly implicated 477 

in the development of obesity associated metabolic disturbances per se (Sniderman et al., 478 

2007; O'Connell et al., 2010; Karastergiou et al., 2012; Cuthbertson et al., 2017). As we have 479 

previously point out, the hitherto poorly studied PER thus becomes a major determinant for 480 
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sex-specific intra-abdominal partitioning of fat deposition towards the mesenteric adipose 481 

tissue and ectopic regions (Ahmad et al., 2020).   482 

 483 

The biological functions and pathways underlying the long-term impacts of early nutrition on 484 

PER morphology and associated possible implications for metabolic disorders and kidney 485 

function  486 

Very little scientific documentation exist on the role of PER (dys-)function in relation 487 

to obesity and related co-morbidities. Due to its anatomical location, PER has been studied 488 

mostly by non-invasive means in humans, and the easily accessible epididymal adipose tissue 489 

has been the main visceral adipose tissue studied in rodents. We have previously reported that 490 

early obesity development induced by the HCHF diet in our sheep model had significant 491 

long-term implications for PER, since massive PER expansion and adipocyte hypertrophy in 492 

6 months-old lambs was associated by a collapse of its subsequent expandability later in life 493 

in contrast to 2 other adipose tissues studied (SUB and mesenteric) (Khanal et al., 2016; 494 

Khanal et al., 2020b). It was therefore intriguing, that the present part of the study revealed 495 

major long-term impacts of the early nutrition history on expression of genes in PER. To the 496 

best of our knowledge, we are the first to demonstrate that nutrition in both late gestation and 497 

early postnatal life can alter gene expression profiles permanently in PER in adulthood, even 498 

after animals had been fed the exact same low-fat diet for the last 2 years of their lives. Our 499 

results demonstrate that prenatal malnutrition (especially LOW), in a long-term, can alter 500 

expression of genes participating in basic cell biology/structural functions and pathways 501 

related to transmembrane transport (e.g. ions, inorganic, and metal ions), motor activities 502 

involved in the cell cycle and sperm motility (e.g. microtubules, cilia, and the cytoskeletal 503 

motor protein dynein), and perception and response to various extracellular signals (e.g. 504 

macromolecule and growth factor stimuli). Similar to our findings, Leal and colleagues 505 
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(2018) showed that enhanced nutrient supply during the pre-weaning period altered omental 506 

fat physiology of pre-weaned calves, and this was associated with an increase in omental fat 507 

mass (both hyperplasic and hypertrophic adipocyte expansion), altered biological function 508 

related to the cell cycle (e.g. mitosis and cell cycle progression), cellular assembly, 509 

organization (e.g. cytoskeleton formation) and molecular transport. Based on these evidence, 510 

it appears that PER is a target of prenatal and PER as well as omental fat are targets of 511 

postnatal nutrition, and the long-term impacts may depend on the timing of the nutritional 512 

insult in relation to the biological window of their development (Gemmell & Alexander, 513 

1978; Symonds et al., 2003; Symonds et al., 2004; Bonnet et al., 2010).  514 

Interestingly, early nutrition programing thus only appear to have long-term 515 

implications for some adipose tissues (perhaps depending on the timing of the intervention 516 

relative to functional development of the tissue). In PER, basic functions relating to cell 517 

structure, cytoskeletal motor function and processes involved in communicating information 518 

about the extracellular environment into the cell and cell nucleus were the targets of long-519 

term programming, rather than metabolic processes per se. Various ion channels and 520 

transporters are involved in adipose proliferation and remodeling, as reviewed by (Zheng et 521 

al., 2019). Metabolites such as glucose and amino acids, and ATP formation by 522 

mitochondrial activity are important facilitators for cell cycle progression (Björklund, 2019), 523 

and these molecules are transported to the nucleus from the external environment or across 524 

mitochondrial membranes via various types of transmembrane transporters (Gadde & Heald, 525 

2004). For example, ion channels have been shown to participate in the regulation of 526 

hormone release and adipocyte proliferation, of which the proliferating cells (compared to 527 

resting cells) exhibit ion channel expression. A number of ion channels have been identified 528 

in the pathogenesis of obesity (Vasconcelos et al., 2016). Microtubule activities are crucial 529 

for the structural organization of cells, especially for maintenance of cell shape, division, 530 
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motility, intracellular transport, regulation of cell polarity, modulation of cell adhesion and 531 

for control of force-production by the actin cytoskeleton (Kaverina & Straube, 2011; Matis, 532 

2020). In addition, microtubules are one of the essential components involved in the cell 533 

cycle, required for the segregation of the complete set of chromosomes to each daughter cell 534 

(Gadde & Heald, 2004).Taken together, all of these pathways were altered especially in sheep 535 

with a history of prenatal LOW nutrition, demonstrating that early nutrition programming 536 

will interfere with the ability to develop and structure a normally functioning adipose tissue 537 

and its individual cells. However, to understand the implications of this in humans will 538 

require future research. 539 

The pathological diseases related to abdominal and/or visceral adiposity/obesity has 540 

been extensively investigated in humans and animal models (Foster et al., 2011; Gerriets & 541 

MacIver, 2014; Kim et al., 2020). In this respect it was interesting that a pathway related to 542 

cholesterol metabolism was enriched in the DEGs identified between LOW-HCHF and 543 

NORM-CONV sheep, and expression of the involved genes were downregulated in LOW-544 

HCHF sheep. Obesity is known to give rise to higher levels of circulating cholesterol in the 545 

blood, and this is a recognized factor in the development of coronary heart disease and also 546 

involved in regulation of adipocyte development (reviewed in (Aguilar & Fernandez, 2014)). 547 

The cholesterol content of adipose tissue is positively correlated to the size of adipocytes 548 

(Krause & Hartman, 1984; Zhang et al., 2019). Therefore, the persistent 549 

hypercholesterolemia observed in adult LOW (but not HIGH) sheep that had been exposed to 550 

the obesogenic HCHF diet in early postnatal life (Khanal et al., 2016), could be explained by 551 

an impaired cholesterol metabolism associated with a reduced adipocyte hypertrophic ability 552 

in PER of especially LOW males (Ahmad et al., 2020) favoring lipid overflow into the 553 

mesenteric adipose and non-adipose tissues such as liver and blood (Zhang et al., 2019).  554 

 555 
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Early postnatal diet induced obesity altered the mRNAs expression of PER involved in 556 

cytokine and immunity-related pathways, partly depending on the prenatal nutrition history  557 

Obesity is characterized by adipose tissue expansion due to increase in adipocyte size 558 

(hypertrophy) and/or numbers (hyperplasia), with visceral fat expansion as the primary target 559 

of early phase obesity development, followed by SUB, as shown using mouse models 560 

(Pellegrinelli et al., 2016). However, a sustained adipose expansion can lead to adipocyte 561 

death (apoptosis), tissue inflammation with formation of so-called crown-like structures, 562 

which ultimately results in adipose tissue dysfunction associated with various metabolic 563 

diseases (Pellegrinelli et al., 2016). Macrophages, eosinophils, T and B cells are among the 564 

immune cells responsible for the regulation of systemic as well as local immune homeostasis 565 

and inflammation, which consequently affect the adipose tissue and whole body metabolism 566 

(Gerriets & MacIver, 2014; Huh, Park, Ham, & Kim, 2014; Lu, Zhao, Meng, & Zhang, 2019; 567 

Wang & Wu, 2018). 568 

A maternal low-protein diet has been shown to impair development in the offspring of 569 

organs such as adipose tissues by redirecting the available nutrients to more critical organs 570 

such as the brain, and this will alter the ability of adipose tissues in postnatal life to adapt its 571 

metabolic function to a mismatching nutritional situation (e.g. a high fat diet) (Ozanne et al., 572 

1996; Ozanne & Hales, 1999; Souza-Mello et al., 2007; Kim et al., 2020).  573 

In PER, we demonstrated significant alterations in the expression of mRNA playing a 574 

major roles in adipose-related cytokine and immunity functions in both LOW and HIGH 575 

adult sheep previously exposed to the obesogenic HCHF diet, and the expression of most of 576 

the involved genes were downregulated compared to NORM-CONV sheep. These results 577 

corroborate a previous study in mice showing that maternal protein restriction during two 578 

weeks before mating and throughout gestation reduced the biological pathways activity 579 

related to cytokine production, innate immunity and phagocytosis in the male offspring fed a 580 
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post-weaning high fat-diet. However, the authors also found increase in relative adiposity of 581 

the offspring, but this was not associated with adipose inflammation (Kim et al., 2020).   582 

Intriguingly, the enrichment analysis of DEGs in PER, revealed that some of the 583 

DEGs were involved in biological functions related to kidney cell differentiation, and those 584 

genes were downregulated in the HCHF sheep compared to CONV sheep. In this respect, it is 585 

interesting that chronic kidney disease and compromised renal function has been associates 586 

with extreme PER expansion due to its direct functional (local toxic effects) and mechanical 587 

(compression) effects on the kidney (Cordeiro et al., 2013; Declèves & Sharma, 2015; Yun et 588 

al., 2012) ascribed to their close proximity (Hall, do Carmo, da Silva, Wang, & Hall, 2015). 589 

This may also contribute to the suggested regulatory role of PER on the cardiovascular 590 

system in addition to neural reflexes and adipokine secretion (Liu, Sun, & Kong, 2019). As 591 

previously mentioned, there was a 1/3 reduction of kidney weight in lambs from this trial that 592 

had been fed the HCHF as compared to CONV diet for 6 months (Khanal et al., 2014), and 593 

this can be ascribed to the extreme PER fat mass observed in these lambs. However, there 594 

was apparently a ‘compensatory’ growth of the kidney from adolescence until adulthood in 595 

the HCHF sheep over the following 2 year period, when they were fed a low-fat hay-based 596 

(Khanal et al., 2015). Despite an apparently normalized kidney size, renal function may, 597 

therefore, have continued to be compromised after the early obesity development, and this 598 

could contribute to explain why the adult HCHF sheep were observed to be 599 

hypercreatinaemic and hyperureaemic compared to CONV sheep (Khanal et al., 2016). 600 

Our findings suggest that extreme PER expansion during early life can have persistent 601 

and adverse implications for PER susceptibility to inflammation in adulthood, particularly in 602 

individuals with a history of late gestation malnutrition (LOW or HIGH), in addition to 603 

potentially adverse implications for redistribution of fat deposition towards the mesenteric 604 

and ectopic regions as well as adult renal function.  605 



42 
 

Hub genes that were affected by early life (mal)nutrition programming  606 

The PPI network is comprised of highly connected protein nodes (known as hubs) and 607 

many poorly connected nodes. The deletion of a hub protein (gene) is thought to be more 608 

lethal than deletion of non-hub proteins (He & Zhang, 2006). This demonstrates the 609 

significance of hubs in organizing the network, which in turn suggests the biological 610 

importance of the network architecture, a key notion of systems biology (He & Zhang, 2006). 611 

Through RNA technologies (e.g. microarray and RNA-sequencing) and their respective 612 

bioinformatics downstream analyses, a vast number of hub genes (markers) related to adipose 613 

tissue and obesity co-morbidities have been identified (Awaya et al., 2008; Xu et al., 2013; 614 

Kogelman et al., 2014). 615 

In PER, we identified six hub genes known as AURKA, EXO1, MELK, PDK, NDC80, 616 

and TTK, whose expressions were downregulated in sheep with a history of a LOW as 617 

compared to HIGH level of nutrition in prenatal life. In addition, CCDC39 and TKTL1 were 618 

identified as upregulated hub genes between LOW vs prenatal NORM sheep. Among these 619 

hub genes, AURKA, MELK, and TTK have previously been shown to be expressed in adipose 620 

tissues, including in specific adipose-derived mesenchymal stem cells, and they are known to 621 

participate in biological functions and pathways related to the cell cycle, ciliary disassembly, 622 

adipogenesis, immunity, cell communication, cell motility, signal transduction and others (Xu 623 

et al., 2002; Kim et al., 2014; Cook, 2016; Ritter et al., 2018a; Ritter et al., 2018b). 624 

Mesenchymal stem cells derived from adipose tissue of obese subjects exhibited shortened 625 

and deficient cilia, triggered by upregulation of ciliary disassembly regulators, like AURKA, 626 

resulting in a defect in adipogenesis, which in turn promoted adipocyte hypertrophy during 627 

the course of obesity (Ritter et al., 2018a). In contrast, in vitro studies showed that adipose-628 

derived mesenchymal stem cells cultured at low density (~50% confluent) had higher 629 

expression of proliferating-related genes, such as AURKA and TTK, whereas higher 630 
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expression levels of immunity, cell communication, signal transduction and cell motility-631 

related genes (e.g. cytokines, chemokines, and growth factors) were found in high-density 632 

cultures with 90% confluence (Kim et al., 2014). It is possible that AURKA might play 633 

different roles depending on the state of obesity, and density of mesenchymal stem cells in 634 

adipose tissues.  635 

In pig models, single nucleotide polymorphisms identified in the CCDC39 gene have 636 

been shown to be associated with body fatness (Fowler et al., 2013), whereas reduced 637 

expression of the PDK gene (involved in glucose transport regulation by insulin) were 638 

observed in insulin-resistance obese subjects. The NCD80 gene was found to be expressed in 639 

stem cells derived from human exfoliated deciduous teeth (Peng et al., 2019). Irregular 640 

expression of NDC80 in cells is often accompanied with abnormal spindle checkpoint, 641 

abnormal chromosome separation and cell cycle disorders, and it has been found to lead to, 642 

and be highly expressed in, colon cancer cells (Xing et al., 2016; Peng et al., 2019).  643 

Based on these findings, we propose that adipocyte stem or precursor cells (involved 644 

in development and tissue repair) may be particular targets of long-term prenatal nutritional 645 

programming. The observations that spermatozoa, cilia and cytoskeletal motor functions were 646 

particular targets of prenatal malnutrition, suggests that fetal programming interfere with 647 

basal processes in the early assembly of (pre)adipocytes in PER. This can contribute to 648 

explain why prenatal malnutrition selectively targets certain tissues, depending on the timing 649 

of the insult relative to the specific time window of the fetal tissue formation and maturation. 650 

It can also contribute to explain why the prenatal programming is not readily apparent at 651 

birth, but only gradually becomes manifested as the individual ages and approaches 652 

adulthood.  653 

The ITGB2 and CTSS are hub genes with reduced expression in the PER of LOW-654 

HCHF and HIGH-HCHF sheep as compared to NORM-CONV. MMP9 was reduced in 655 
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HCHF sheep compared to CONV sheep. The associations between these hub genes and 656 

obesity and obesity co-morbidities are well established. An increased expression of these hub 657 

genes were observed in SUB of obese Pima Indian subjects, and a single polymorphisms in 658 

the ITGB2 were found in Japanese Americans, whose diet has become ‘Westernized’ 659 

compared to native Japanese (Nair et al., 2005; Awaya et al., 2008). Other study showed that 660 

surgery-induced weight loss in morbidly obese women was associated with reduced CTSS 661 

content in SUB and circulating serum (Taleb et al., 2006). In agreement with study by Taleb 662 

and colleagues (Taleb et al., 2006), we found that after a 2-years long period of dietary 663 

correction on a low-fat hay based diet, the expression of CTSS (but also ITGB2) were 664 

downregulated in the LOW-HCHF and HIGH-HCHF, whose were obese at the end of 665 

adolescence (Khanal et al., 2020b) compared to NORM-CONV  666 

 667 

Conclusions  668 

Our data revealed that the transcriptome of PER (but not SUB) was permanently 669 

altered by early life (mal)nutrition, with adverse implications observed particularly in adult 670 

sheep with a history of a LOW (but not HIGH) level of nutrition in late gestation upon 671 

exposure to a mismatching obesogenic diet in early postnatal life. It appears that in PER, 672 

fundamental genes (proteins) relating to biophysical sensing of the extracellular 673 

(micro)environment and early development/assembly of (pre)adipocytes are subject to fetal 674 

programming in response late gestation LOW nutrition, which in turn might have 675 

implications for adipocytes proliferation, maturation and tissue organization. Among the hub 676 

genes identified were AURKA, MELK, and TKT for prenatal LOW vs HIGH nutrition, and 677 

CTSS and ITGB2 for late gestation malnutrition followed by early obesity development 678 

(LOW-HCHF and HIGH-HCHF vs NORM-CONV). MMP9 was the only hub genes detected 679 

to be independently affected by the early postnatal diet in PER from adult sheep. Intriguingly, 680 
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the hub genes, whose expressions were altered by prenatal nutrition, have previously been 681 

shown to be expressed in adipose-derived mesenchymal stem cells and participate in 682 

biological functions crucial for adipose tissue remodeling, which could explain why 683 

programming effects become manifested only, if the programming occurs in specific 684 

windows of PER development. Affected pathways in PER furthermore included cholesterol 685 

metabolism in LOW-HCHF sheep and impaired kidney cell differentiation across all HCHF 686 

sheep, which could contribute to explain the previously reported observations of persistent 687 

hypercholesterolemia, hyperuremia, and hypercreatinemia in the nutritionally mismatched 688 

LOW-HCHF sheep. 689 
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Supplementary Figure 1 A-F: The protein-protein interaction (PPI) networks of differentially 1099 

expressed genes (DEGs) for A) LOW vs HIGH, B) LOW vs NORM, C) interaction effect of 1100 

prenatal nutrition and sex (PreNxsex), D) LOW-HCHF vs NORM-CONV, E) HIGH-HCHF 1101 

vs NORM-CONV, and F) HCHF vs CONV. The red and green nodes represent upregulated 1102 

and downregulated genes, respectively. The nodes with octagon shape are the hub genes.1103 
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Supplementary Figure 2A-E: Functional enrichment network for A and B) module 1 and 1110 

module 2 for LOW vs HIGH, C) module 2 for the interaction of prenatal nutrition and sex, D) 1111 

module 1 for LOW-HCHF and HIGH-HCHF vs NORM-CONV and E) module 1 for HCHF 1112 

vs CONV. 1113 
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