
Allah Haafiz1, Hilton M. Bernstein2, Mark Beveridge1, Donald A. Novak1

Both Genders Can Propagate  
Obesity-Prone-Phenotype Impacting Placental  
Amino Acid Transport System A Activity  
in a Rat Model of Gestational Protein Restriction*
Przekazywanie w zależności od płci fenotypu skłonności do otyłości  
wpływającego na czynność układu transportu aminokwasów A w łożysku  
– na szczurzym modelu
1 Division of Pediatric Gastroenterology, Department of Pediatrics, University of Florida, USA 
2 Florida Hospital Center for Neonatal Care, Orlando, USA

Abstract
Background. Gestational protein restriction (GPR) can program a fetal phenotype prone to develop metabolic 
syndrome (MetS) in successive generations. 
Objectives. To understand the placental-fetal adaptations underpinning metabolic syndrome (MetS) prone phe-
notype in successive generations. 
Material and Methods. Rats (F0) were pair-fed either a 19% normal protein diet (NPD) or an 8% low protein 
diet (LPD) through pregnancy and lactation. Male and female offspring (F1) were bred to control animals, and 
the growth of F2 animals monitored for 15 months. [14C]-2-(methylamino) isobutyric acid) (MeAIB) was used to 
monitor the activity of placental amino acid transport system A (SysA). 
Results. Maternal weight gain (g) in F0 pregnancies of the LPD group was less than the NPD group (105 ± 15 vs. 
120 ± 25, p ≤ 0.005). Fetal, 3.8 ± 0.9 g (LPD) vs. 3.7 ± 0.7 g (NPD); p ≤ 0.2, and placental weights, 0.56 ± 0.01 g  
(LPD) vs. 0.6 ± 0.02 g (NPD); p ≤ 0.6 were comparable. MeAIB transfer expressed as (DPM) of gram fetus/mL 
maternal serum (0.08 ± 0.010 vs. 0.14 ± 0.02; p ≤ 0.003) and (DPM) gram fetus/DPM gram placenta were lower 
(0.10 ± 0.01 vs. 0.14 ± 0.01; p ≤ 0.02) in LPD than NPD group. Transport in apical membrane vesicles from LPD 
group was decreased (15 ± 2 vs. 23 ± 4, pmol·mg–1 protein 10sec–1; p = 0.05). Maternal-fetal MeAIB transfers, fetal 
and placental weights, and maternal weight gains in F1 pregnancies were comparable between animals descended 
from NPD and LPD groups. However, F2 generation postnatal weight gains were impacted by F1 gestational 
nutrition (LPD vs. NPD; p ≤ 0.0001). 
Conclusions. Moderate GPR impacted placental nutrient transfer in F0 pregnancies; F2 descended from LPD 
exposed F1 generation tended to be larger than their NPD derived counterparts through 15 months of age samples 
(Adv Clin Exp Med 2010, 19, 3, 301–312).
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Streszczenie
Wprowadzenie. Ograniczenie podaży białka w ciąży może wywołać fenotyp skłonności do zespołu metabolicznego 
u płodu w kolejnych pokoleniach.
Cel pracy. Wyjaśnienie zależności między płodem a łożyskiem wywołujących skłonność do zespołu metabolicz-
nego w kolejnych pokoleniach.
Materiał i metody. U szczurów (F0)  podczas ciąży i laktacji zastosowano dietę z 19% prawidłową zawartością biał-
ka (NPD) i z 8% małą zawartością białka (LPD). Potomstwo płci męskiej i żeńskiej (F1) krzyżowano ze zwierzętami 
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Metabolic syndrome (MetS) is a major health 
problem in affluent countries. For decades, nutri-
tional obesity has been considered a main deter-
minant of cardiovascular morbidity and mortality. 
Since the early1990s, compromised intrauterine 
growth has also emerged as a strong risk factor 
for the development of adulthood cardiovascular 
diseases through its link with metabolic syndrome 
[1]. To explain the association of fetal under-nutri-
tion and later cardiovascular risk, the thrifty phe-
notype hypothesis has gained widespread accep-
tance. According to this hypothesis compromised 
intrauterine nutrition programs a fetal phenotype 
that facilitates survival of mother and fetus under 
suboptimal nutritional conditions, but becomes 
a detriment when nutrition becomes abundant [2], 
facilitating obesity and insulin resistance. Despite 
active research, the complex genomic alterations 
underpinning fetal “programming” of MetS remain 
elusive. However, it is generally acknowledged that 
gestational nutritional challenge acts as a bottle-
neck, resulting in selection or over-expression of 
fetal genes intended to give a survival advantage 
during times of scarce nutritional resources. Lat-
er in life, if nutrition becomes plentiful, altered 
metabolic pathways produce MetS, a clustering 
of cardiovascular risk factors such as obesity, dia-
betes, hypertension, and dyslipidemia. Given the 
alarming expansion of global obesity, MetS con-
tinues to emerge as a major risk for cardiovascu-
lar morbidity and mortality, affecting 30–35% of 
Americans [3, 4] and as much as 36% of European 
populations [5, 6]. Understanding the origins and 
mechanisms of obesity and insulin resistance are 
therefore essential and fundamental steps to suc-
cessfully design and execute rational preventive 
and therapeutic strategies to overcome the loom-
ing epidemic of obesity and MetS.

SysA mediates the sodium-dependent transfer 
of neutral amino acids across cell membranes and 
is ubiquitous in nucleated mammalian cells. Given 

that fetal growth is dependent upon the efficient 
transfer of substrates (including amino acids) 
from mother to fetus, it is not surprising that SysA 
is present within the placenta. In fact, placental, 
SysA activity is present on apical membrane (AM) 
as well as basal membrane (BM). During normal 
pregnancy, concentrations of amino acids within 
the placenta are higher than those in the fetus, 
which, in turn, are higher than those found in the 
maternal circulation. This relationship suggests 
that transport across the AM is an active process, 
a concept further bolstered by the diversity of 
concentrative amino acid transporters found on 
the placental AM. Net placental transfer of amino 
acids involves transport across the AM into the 
trophoblast, with subsequent transfer down a con-
centration gradient across the BM. Our previous 
work indicates that placental amino acid transport 
activities, including SysA, are developmentally 
regulated over gestation and in response to growth 
retardation produced by protein malnutrition [7]. 
More recently Jansson et al. reported similar re-
sults using 4% LPD [8], further supporting the 
concept that placental SysA transport function 
could be utilized as a biological tool to study how 
placental adaptive function is related to fetal and 
its subsequent post-natal growth trajectory.

Most human research pertaining to fetal pro-
gramming of MetS consists of epidemiologic stud-
ies. Despite their importance in generating hy-
potheses, these studies cannot illuminate specific 
molecular mechanisms. Similarly, experimental 
studies involving animal models of intrauterine 
growth restriction have not yielded enough in-
formation to answer the most important clinical 
question: how to assess and assign a relative risk 
of cardiovascular morbidity for a given infant 
with compromised intrauterine growth? Perti-
nent mechanistic questions pending resolution 
include: a) how do the fetus and placenta adapt to 
gestational nutritional challenge, b) are placental 

z grupy kontrolnej. Rozwój zwierząt F2 monitorowano przez 15 miesięcy. Za pomocą kwasu metyloaminoizoma-
słowego (MeAIB) monitorowano czynność układu transportu aminokwasów w łożysku.
Wyniki. Przyrost masy ciała matek w ciążach F0 w grupie LPD był mniejszy niż w grupie NPD (105 ± 15 vs 120 ±  
± 25, p ≤ 0,005). Masa ciała płodów (3,8 ± 0,9 g (LPD) vs 3,7 ± 0,7 g (NPD); p ≤ 0,2) i łożysk (0,56 ± 0,01 g (LPD) vs 
0,6 ± 0,02 g (NPD); p ≤ 0,6) były porównywalne. Transport MeAIB wyrażony jako (DPM) gram płodu/mL surowicy 
matki ((0,08 ± 0,010 vs 0,14 ± 0,02; p ≤ 0,003) i jako (DPM) gram płodu/DPM gram łożyska (0,10 ± 0,01 vs 0,14 ±  
± 0,01; p ≤ 0,02) był mniejszy w grupie LPD niż w grupie NPD. Transport w błonie szczytowej pęcherzyków z grupy 
LPD był mniejszy (15 ± 2 vs 23 ± 4, pmol·mg–1 białka 10 s–1; p = 0,05). Matczyno-płodowy transfer MeAIB, masa płodu 
i łożyska oraz przyrost masy ciała matek w ciążach F1 były porównywalne między zwierzętami pochodzącymi z grupy 
NPD i LPD. Na przyrost masy ciała po urodzeniu w pokoleniu F2 miało wpływ żywienie w ciąży w pokoleniu F1  
(LPD vs NPD; p ≤ 0,0001).
Wnioski. Umiarkowane ograniczenie podaży białka w ciąży wpłynęło na łożyskowy transport składników 
odżywczych w ciążach F0. Zwierzęta F2 pochodzące z pokolenia LPD F1 były większe niż osobniki po NPD  
w wieku 15 miesięcy (Adv Clin Exp Med 2010, 19, 3, 301–312).

Słowa kluczowe: interakcje genów składników odżywczych, programowanie płodu, płodowe pochodzenie chorób 
wieku dorosłego, zespół metaboliczny.
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and fetal adaptive changes transmitted to the next 
generations; and if so, c) does the gender of the 
parent have any relevance in the transmission of 
these traits to the next generation. The authors 
have started to address these questions by using 
a rat model of intrauterine growth restriction. Us-
ing this model, the authors were able to establish 
that placental SysA transport function is regulated 
in response to gestational protein deprivation [9, 
10]. In the present study, using the same model, 
the authors have used placental SysA activity as 
a biological tool to address the above questions.

Material and Methods

Chemicals 
[14C]-2-(methylamino) isobutyric acid (MeAIB) 

and [³Η]-inulin were obtained from American Ra-
dio labeled Chemicals (St. Louis, MO). ScintiSafe 

scintillation fluid was obtained from Fisher Scien-
tific (Pittsburgh, PA). All other chemicals were of 
the highest grade commercially available. 

Study Design
The study design is outlined in Fig. 1. All stud-

ies were approved by the Institutional Animal Care 
Committee at the University of Florida. Timed-
pregnant Sprague-Dawley (Harlan) rats were ob-
tained on day 5 of gestation and weight matched 

into low protein (8% protein diet, n = 22) and con-
trol (19% protein diet, n = 22) groups. Diets were 
made isocaloric through the addition of sucrose. 
Animals were pair-fed throughout pregnancy as 
the authors have described [11]. Maternal animals 
and pups (F1) were continued on their respec-
tive diets until day 21, at which time standard rat 
chow was given ad libitum. On approximately day 
70 of life, both control (N = 16) and experimen-
tal F1 females (N = 22) were mated with “outside” 
Sprague-Dawley males, whereas control (N = 30) 
and experimental males (N = 30) were mated with 
“outside” primiparous females of approximately 
the same age. These animals were offered normal 
diet and allowed to deliver at term; offspring were 
labeled as F2. All animals were housed with ad libi-
tum access to water and 12 hour light-dark cycles. 

Diets
Diets were obtained from Purina Inc (India-

napolis, IN). An 8% protein diet was chosen be-
cause (a) at this concentration animals consume 
the same amount of food as those on 19%, where-
as those on 4% eat less and (b) maternal rats do 
not eat their young, as they often do when given 
a 4% protein diet. Experimental animals (LPD) re-
ceived an 8% protein diet that consisted of 71.4% 
carbohydrate, 8% protein, 10% fat, 4.3% fiber. The 
control animals (NPD) received an isocaloric 19% 
protein diet that contained 60.6% carbohydrates, 
19.3% protein, 10% fat and 4.3% fiber.

Fig. 1. Experimental design. Day 5 pregnant Sprague-Dawley rats were weight matched and assigned to receive either 
normal (19% NPD) or low (8% LPD) protein diet groups throughout the gestation and lactation. Their male (F1 EM) 
or females (F1 EF) off-spring were mated with outside female or male animals respectively. F2 generation pups were 
delivered at term gestation and fed NPD; subsequently, their weights were recorded weekly for the first forty weeks of 
life and then monthly thereafter until 15 months of age

Ryc. 1. Projekt eksperymentu. Szczury szczepu Sprague-Dawley w 5. dniu ciąży dobrano wagowo i przydzielono do 
grup, w których stosowano dietę z normalną (19% NPD) i małą (8% LPD) zawartością białka podczas ciąży i laktacji. 
Ich potomstwo płci męskiej (F1 EM) i żeńskiej (F1 EF) krzyżowano odpowiednio z osobnikami męskimi i żeńskimi 
spoza tej grupy. Młode osobniki z pokolenia F2 rodziły się o czasie i były karmione NPD, następnie ich masę ciała 
rejestrowano co tydzień przez pierwsze 40 tygodni życia, a potem co miesiąc aż do 15. miesiąca życia
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Sample Preparation

Placental Preparation  
for MeAIB Transfer Assay

On day 20, each animal was given a single 
dose of 10 µCi/100 g body wt of [14C]-MeAIB in-
travenously via a tail vein. [³H]-inulin at the same 
dose of 10 µCi/100g was infused as a non-regulat-
ed control given that the transfer of inulin is not 
carrier dependent. After 20 minutes, the animals 
were anesthetized with pentobarbital, and tissues 

were collected. This time point was chosen follow-
ing preliminary studies demonstrating relatively 
linear uptake of radioactive tracer into fetuses 
through this time point (Fig. 2). Placentas and fe-
tuses were taken from consistent locations within 
the uterus, to avoid bias from positional effects. 
Maternal serum, placentas and the corresponding 
fetuses were stored at –80oC. Frozen tissues were 

then individually powdered under liquid nitrogen 
in a mortar, followed by deproteinization in four 
volumes of 6% perchloric acid. Each sample was 
subsequently homogenized by using a Virtashear 
(Gardinier, NY) and manual douncing. The sam-
ples were then centrifuged at 150,000 g for 15 min 
at 4°C, and the supernatants were neutralized with 
30% KOH to a pH of 7.0. After neutralization, the 
supernatants were again centrifuged at 2,000 g for 
10 min at 4°C, the pellet was discarded, and the su-
pernatant used for determination of radioactivity. 

Preparation of Placental Apical 
and Basal Predominant Membrane 
Vesicle/Protein and Enzyme 
Determinations

Apical and basal enriched membrane prepara-
tions were prepared as previously described [12]. 
In brief, approximately 30 g of placental tissue ho-
mogenate was utilized for each preparation. After 
crude dissection of decidual tissue, the remaining 
tissue was minced and filtered through a 210-µm 
nylon mesh. The filtrate was then refiltered, centri-
fuged at 800 g for 10 min at 4°C (pellet discarded), 
and the supernatant again centrifuged at 10,000 g 
for 10 min (pellet discarded). The subsequent su-
pernatant was centrifuged at 150,000 g for 25 min, 
and the pellet was homogenized in a motor-driv-
en Teflon glass homogenizer and brought up in 
10 mM MgCl2 (supernatant discarded). After sub-
sequent homogenization, the solution was centri-
fuged at 2,000 g for 12 min, the pellet discarded, 
and the supernatant again centrifuged at 150,000 g 
for 25 min. The AM pellet was then collected, and 

the supernatant was discarded. BM were isolated 
utilizing tissue previously withheld on the 210-µm 
nylon mesh, beginning by washing the tissue three 
times with 50 mM Tris HCl (pH 6.9). Three ad-
ditional washes were performed with 5 mM Tris 
HCl (pH 6.9). The tissue was added to Tris-su-
crose-EDTA buffer (300 mM sucrose, 2 mM Tris 
base, and 10 mM Na-EDTA, pH 6.9), incubated at 
room temperature for 10 min, and again filtered 
through 210-µm nylon mesh. After the further ad-
dition of 10 mM EDTA solution, the tissue was 
sonicated for 20 s at 4°C and filtered, and the fil-
trate was centrifuged at 4,000 g for 10 min at 4°C. 
The resultant supernatant was then centrifuged 
at 10,000 g for 2 min at 4°C. After the pellet was 
discarded, BM were sedimented by centrifuga-
tion at 150,000 g for 25 min at 4°C. Both AM and 
BM were resuspended in sucrose buffer (300 mM 
sucrose and 10 mM HEPES-Tris base, pH 7.4). 
Membranes were stored in liquid nitrogen until 

use except enzyme assays, which were performed 
on fresh (unfrozen) samples within 24 h of isola-

Fig. 2. Time course of MeAIB (SysA) in vivo transfer 
activity: Rat dams were fed either normal (19%) or 
low (8%) protein isocaloric diets from day 5 of gesta-
tion. On day 20, a single intravenous infusion of 10 
µCi/100 g body wt of [14C]-MeAIB was given. At speci-
fied time points (x axis), fetuses were operatively taken, 
and [14C]-MeAIB contents (DPM: y-axis) determined. 
Values depicted are means ± SEM. Linear regression 
analyses were performed and r2 values obtained utiliz-
ing SigmaPlot 10.0 software

Ryc. 2. Przebieg transportu MeAIB in vivo w czasie.  
Ciężarne szczury karmiono izokaloryczną dietą z 
normalną (19% NPD) i małą (8% LPD) zawartością 
białka od 5. dnia ciąży. 20. dnia ciąży podawano 
pojedynczą dawkę 10 μCi/100 g masy ciała 
[14C]-MeAIB dożylnie. W określonym czasie (oś X)  
płody były wyjmowane operacyjnie, a zawartość 
[114C]-MeAIB (DPM – oś Y) zmierzona. Wartości są 
oznaczone jako średnie  ± SEM. Wykonano analizę 
regresji liniowej i obliczono wartości r2 za pomocą pro-
gramu SigmaPlot 10.0
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tion. Activities of alkaline phosphatase, a marker 

for the AM, and [3H] dihydroalprenolol binding, 
a marker for the BM, were determined by methods 
used previously [13]. Membrane protein content 
was determined by Lowry’s method utilizing bo-
vine serum albumin as standard. The membranes 
were determined to be non-radioactive after the 
completion of the preparations.

Measurement of Radioactivity 
in Placenta and Serum

Experimental and control samples from 2 fe-
tuses and their respective placentas were assayed 
for radioactivity by adding 100 µl of supernatant (as 
described above in placental preparation) to 5 mL 
of scintillation fluid with subsequent shaking (1 h) 

on an orbital shaker. The samples were then placed 
in a scintillation spectrophotometer to determine 
disintegrations per minute (DPM). Radioactivity 
of serum samples from control and experimental 
animals were determined by the same method.

Apical and Basal Membrane 
Transport Assays

Timed uptakes of [³Η]-MeAIB were deter-
mined in similar fashion except that assays were 
performed at 37°C. Uptake studies were initiated 
by the addition of 80 µL of incubation solution 
(10 mM HEPES-KOH, 125 mM sodium or potas-
sium thiocyanate, 10 mM MgCl2, 0.2 mM CaCl2, 

pH 7.5, and 10 µM radioactively-labeled MeAIB, 
with additional sucrose to maintain osmolarity at 
310 mOsm) to the preincubated membrane sus-
pension. SysA activity was determined by assaying 
the Na+-dependent uptake of [³Η]-MeAIB at 10 s. 
Timed uptake was terminated by the rapid addition 
of 3 mL of ice-cold stop solution (100 mM sodium 
or potassium thiocyanate, 100 mM sucrose, and 
10 mM HEPES-KOH, pH 7.5) and filtered through 

a 0.45-µm nitrocellulose filter prewetted with 3 mL of 
1 mM unlabeled MeAIB to reduce nonspecific bind-
ing. Uptakes were corrected with a blank membrane 
in which 3 mL of ice-cold stop solution were added to 
the membrane sample before the addition of labeled 
MeAIB. This blank value was then subtracted from 
each experimental uptake. Initial rates of uptake 

were estimated from uptakes at 10 s. All incubations 
of blanks and experimental uptakes were performed 
at least in triplicate. SysA activity, defined as the 
Na+-dependent component of MeAIB uptake, was 
determined by subtracting uptake in the presence of 
an inwardly directed K+ gradient from that in the 
presence of an inwardly directed Na+ gradient. 

Statistical Analyses

Results are given as the means ± standard er-
ror of the mean (SEM). A two-tailed paired Stu-
dent’s t-test was used to evaluate data for statisti-
cal significance. A P value ≤ 0.05 was considered 
significant. The groups were compared as follows. 
The first generation animals were compared be-
tween LPD and the NPD group. For the second-
generation (F2) pups, the data were compared ac-
cording to their parental (F1) lineage such that the 
offspring of the female F1 animals were compared 
to the offspring of random control females. Simi-
larly, offspring of male F1 animals were compared 
to offspring of random control males. Analyses of 
interactions between variables were performed via 
mixed models analysis utilizing PROC MIXED in 
SAS 9.2, conducted as a completely randomized 
design with a 23 factorial arrangement of treat-
ments and repeated measures over time. If the as-
sumption of normality was violated for a response 
variable, the data were log transformed, the as-
sumption for normality was evaluated for the trans-
formed data, and the results (estimation, standard 
error) were back transformed to the original scale. 
All main effects and the corresponding two, three 
and four-way interactions were included in the 
model. Because the statistical inference of the mixed 
model results begin by considering higher order in-
teraction, followed by lower order interaction and, 
finally, main effects, if one effect was involved in 
a higher order interaction, inferences based upon 
lower order interactions were not considered valid.

Finally, differences between growth curves 
were determined utilizing a permutation analysis 
method utilizing the test statistic 

D = Σt {| xt–yt | / (st  [1/nxt + 1/nyt])}, 

where xt and yt are the means of groups LPD and 
NPD for time point)}, where xt and yt are the 
means of groups LPD and NPD for time point t. 
The method is described in full by Thomson (http://
bioinf.wehi.edu.au/software/russell/perm/).

Results
First Generation
Maternal, Fetal and Placental Weights
As depicted in Figure 3A, weight gain (g) dur-

ing F0 pregnancies (through day 19) of the LPD 
group was significantly less than the NPD group 
(105 ± 15 vs. 120 ± 25 (n = 22), p ≤ 0.005). There 
was no significant difference in litter size between 
the two groups (13.2 ± 0.5 (LPD); 14 ± 0.35 (NPD), 
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p ≤ 0.2). Despite the differences in the maternal 
weight gains, the weight of the resultant fetuses (F1 
fetal weights (Figure 3B)) did not differ between 
NPD and LPD animals (3.8 ± 0.9 g (LPD); 3.7 ± 
0.7 g (NPD), p ≤ 0.2, n = 22 litters). Similarly, the 
F0 placental weights (Figure 3C) did not differ be-
tween NPD and LPD animals (0.56 ± 0.01 g (LPD, 
n = 27); 0.6 ± 0.02 g (NPD, n = 23), p ≤ 0.6. 

MeAIB Transport in Placenta

As shown in Fig. 4A, MeAIB transfer from 
mother to fetus, expressed as the ratio of radio-
activity (DPM) of gram fetus/mL maternal serum 
was significantly lower (0.08 ± 0.010 vs. 0.14 ± 0.02;  
p ≤ 0.003, n = 17) in the LPD as compared to the 
NPD group. Similarly, MeAIB transfer expressed 
as the ratio of DPM gram fetus/DPM gram pla-

centa, was lower (0.10 ± 0.01 vs. 0.14 ± 0.01;  
p ≤ 0.02, n = 17) in the LPD group as compared to 
the animals fed a normal diet (Fig. 4A). These data 
suggest an impaired net transfer of MeAIB from 
maternal blood into the fetus. The inulin flux data 
including gram fetus/gram placental inulin trans-
fer (0.25 ± 0.03 vs. 0.23 ± 0.03; p = 0.75, n = 10) 
as well as gram fetus/mL maternal serum inulin  
(0.05 ± 0.004 vs. 0.04 ± 0.003; p = 0.2, n = 9) from 
NPD vs. LPD was similar between groups.

Characterization of Apical and Basal 
Membrane Vesicles

Because an impaired net transfer of MeAIB 
from maternal blood into the fetus was noted in 
LPD pregnancies, placental apical and basal vesi-
cles were isolated to determine their MeAIB trans-

Fig. 3. Maternal and fetal weight gains: Weight gains 
are shown on (y-axis), Panel (A) depicts the maternal 
weight gain during F0 pregnancies of LPD group (solid 
black bars, N = 22) which was significantly less than 
the NPD group (N22). In F1 pregnancies, the weight 
gains were comparable between the groups. Panel (B) 
shows fetal weights of F1 and F2 generations: As seen, 
F1 fetal weights of LPD pregnancies (N = 22 litters) 
were similar to NPD pregnancies (N = 22 litters); 
p ≤ 0.2. F2 fetal weights from F1 EF descent (N = 22 
LPD litters) were comparable to NPD pregnancies 
(N = 16 litters). No difference in fetal weight is noted 
in F2 fetuses of F1 EM (N = 30 litters each LPD and 

NPD groups). Panel (C) shows the placental weights of F0 and F1 generations: F0 placental weights of NPD (n = 23) 
and LPD pregnancies (n = 27) were similar, placental weights of F1 pregnancies (F1 EF LPD, n = 11; F1 EF NPD, 
n = 9; F1 EM LPD, n = 15; F1 EM NPD, n = 15) are also comparable. EM = experimental male; EF = experimental 
female

Ryc. 3. Przyrost masy ciała matek i płodów. Przyrost masy ciała jest pokazany na osi Y. A) Przyrost masy ciała 
matek podczas ciąż F0 w grupie LPD (czarne słupki, N = 22), który był istotnie mniejszy niż w grupie NPD (N = 22). 
Przyrost masy ciała w ciążach F1 był porównywalny między grupami. B) Masa ciała płodu w pokoleniach F1 i F2. 
Masa ciała płodu w ciążach F1 w grupie LPD (N = 22 mioty) była podobna do ciąż w grupie NPD (N = 22 mioty),  
p ≤ 0,2. Masa ciała płodów z pokolenia F2 pochodzących od F1 EF (N = 22 mioty LPD) była porównywalna do masy 
ciała płodów z ciąż NPD (N = 16 miotów). Nie było różnic masy ciała płodów z pokolenia F2 pochodzących od F1 EM 
(N = 30 miotów na grupę LPD i NPD). C) Masa łożyska pokoleń F0 i F1: masy łożyska F0 w grupie ciąż NPD  
(N = 23) i LPD (N = 27) były podobne. Masa łożyska ciąż F1 (F1 EF LPD, n = 11; F1 EF NPD, n = 9; F1 EM LPD,  
n = 15; F1 EM NPD, n = 15) także jest porównywalna. EM – samiec doświadczalny, EF – samica doświadczalna
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Table 1. Weights (g) of F2 generation in the fifteenth month of life. Weights of F2 generation pups were recorded weekly 
and compared at 15 months as detailed in Statistical analysis section. Values represent weight (g) ± SEM. As seen, animals of 
both genders from LPD descent were heavier than those from NPD descent. Although statistically not significant, the trend 
of increased weight gain is more pronounced in F2 males than females of LPD descent.

Tabela 1. Masa ciała w gramach pokolenia F2 w 15. miesiącu życia. Masę ciała młodych z pokolenia F2 rejestrowano co 
tydzień i porównywano po 15 miesiącach zgodnie z opisem w rozdziale Analiza statystyczna. Wartości oznaczają masę ciała 
w gramach +- SEM. Zwierzęta obu płci pochodzące z grupy LPD były cięższe niż pochodzące z grupy NPD. Tendencja do 
większej masy ciała jest lepiej widoczna u samców F2 niż samic pochodzących z grupy LPD, chociaż nie jest to istotne staty-
stycznie

Gender of the parent 
(Płeć rodzica)

Parent exposed 
to LPD
(Rodzic poddany LPD)

Parent exposed 
to NPD
(Rodzic poddany NPD)

Weights of F2 Males 
(Masa ciała samców F2)

male 577 ± 11 (n = 6) 542 ± 22 (n = 8)

female 554 ± 6 (n = 8) 521 ± 14 (n = 7)

Weights of F2 Females
(Masa ciała samic F2)

male 319 ± 6 (n = 7) 302 ± 12 (n = 5)

female 299 ± 2 (n = 7) 289 ± 4 (n = 9)

Fig. 4. Placental and fetal SysA ([14C]-MeAIB) transfer 
activity: On day 19 of respective pregnancies, a single 
intravenous infusion of 10 µCi/100 g body wt of 
[14C]-MeAIB was and radioactivity (DPM) of mater-
nal serum, fetuses and placentas were determined.
Transfer of radio label from maternal serum to the 
placenta or fetus (as labeled on x-axis) was then calcu-
lated by determining the ratios of the means (depicted 
on y-axis). The values are means ± SEM. Panel (A) 
depicts SysA ([14C]-MeAIB) transfer activity of F0 
placentas and F1 fetuses, n = 17. Panel (B) shows SysA 
([14C]-MeAIB) transfer activity of F1 placentas and F2 
fetuses derived from mating of F1 EM animals with 
“outside” females, n = 13–15. Panel (C) shows SysA 

([14C]-MeAIB) transfer activity of F1 placentas and F2 fetuses derived from matings of F1 EF animals with “outside” 
males, n = 13–15

Ryc. 4. Łożyskowy i płodowy transport [14C]-MeAIB. Dziewiętnastego dnia ciąży podawano pojedynczą dawkę 
10 μCi/100 g masy ciała [14C]-MeAIB dożylnie i oznaczano radioaktywność surowicy matki, płodów i łożysk (DPM). 
Transport znacznika radioaktywnego z surowicy matki do łożyska lub płodu (zgodnie z oznaczeniami na osi X) obli-
czono, wyznaczając proporcje środka (oznaczone na osi Y). Wartości są wyrażone jako średnie ± SEM. A) Transport 
([14C]-MeAIB) w łożyskach F0 i płodach F1, n = 17. B) Transport ([14C]-MeAIB) w łożyskach F1 i płodach F2, otrzy-
manych z połączenia zwierząt F1 EM z samicami spoza grupy, n = 13–15. C) Transport ([14C]-MeAIB) w łożyskach F1  
i płodach F2, otrzymanych z połączenia zwierząt F1 EF z samcami spoza grupy, n = 13–15
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port activities. Alkaline phosphatase, localized pri-
marily to the maternal facing plasma membrane 
of layer II of the hemotrichorial rat placenta [14], 
was used as a marker for AM. The enrichments 
with respect to the homogenate were comparable  
(44 ± 6 vs. 39 ± 9; p ≤ 0.49, n = 7) between the NPD 
and the LPD group. These values are similar to 
those obtained in own laboratory for AM prepara-
tions done on day 20 of gestation following a NPD 
[15]. Tritiated dihydroalprenolol (3H-DHA) bind-
ing to β-adrenergic receptors was used as a marker 
for the BM; it is localized to rat trophoblast layer 
III which serves as the last barrier between the 
maternal and fetal circulations. The enrichments 
of (3H-DHA) binding with respect to the homoge-
nate were similar (26 ± 5 vs. 27 ± 7; p ≤ 0.91, n = 7) 
between the NPD and the LPD group. These val-
ues are higher than our previous determinations 
[16] indicating the robust yield and reliability of 
membrane preparations.

MeAIB Transport in Apical and Basal 
Membrane Transport Assays

Sodium-dependent MeAIB transport was 
down-regulated in AM vesicles derived from 
the LPD group as compared to the NPD group  
(15 ± 2, n = 5 vs. 23 ± 4, pmol·mg–1 protein 10 
sec–1; p = 0.05, n = 3). Differences in BM transport 
were not statistically significant (15 ± 4, n = 5 vs. 
8 ± 4, pmol·mg–1 protein 10 sec–1; p = 0.10, n = 3). 

Second Generation
Maternal, Fetal and Placental Weights

F1 pregnancies consisted of the F1 experi-
mental female (EF) pregnancies (F1 female NPD 
and LPD progeny mated with outside males) and 
F1 experimental male (EM) pregnancies (F1 male 

Fig. 5. Growth curves of F2 generation. Weights of F2 generation pups were recorded weekly and graphed as shown. 
Weights (g) ± SD for LPD (black dots) and NPD controls (gray dots) are plotted over the first 40 weeks of life. 
Significant differences (p < 0.05) between individual points are demonstrated by *. A = the growth curve of female 
descendents of first generation females subjected to GPR; B = the growth curve of female descendents of first genera-
tion males subjected to GPR; C = the growth curve of male descendents of first generation females subjected to GPR; 
D = the growth curve of male descendents of first generation males subjected to GPR

Ryc. 5. Krzywe wzrostu pokolenia F2. Masę ciała młodych z pokolenia F2 rejestrowano co tydzień i naniesiono na 
powyższe wykresy. Masę ciała w gramach ± SD (czarne kropki) z grupy LPD i z grupy kontrolnej NPD (szare kropki) 
nanoszono na wykres przez pierwsze 40 tygodni życia. Różnice istotne statystycznie (p < 0,05) między pojedynczymi 
punktami zaznaczono gwiazdką (*). A) Krzywa wzrostu samic potomkiń pierwszego pokolenia samic, u których zasto-
sowano ograniczenie podaży białka w ciąży. B) Krzywa wzrostu samic potomkiń pierwszego pokolenia samców,  
u których zastosowano ograniczenie podaży białka w ciąży. C) Krzywa wzrostu samców potomków pierwszego poko-
lenia samic, u których zastosowano ograniczenie podaży białka w ciąży. D) Krzywa wzrostu samców potomków pier-
wszego pokolenia samców, u których zastosowano ograniczenie podaży białka w ciąży
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progeny mated with outside females). Outside re-
fers to animals purchased from Harlan, Inc., as de-
scribed in the Material and Methods section. No 
significant differences in weight gain (g) during 
pregnancy (through day 18, Fig. 3A) were noted 
between groups (F1 EF (101 ± 16 (LPD); 109 ± 19 
NPD), p ≤ 0.18; n = 15); F1 EM (114 ± 17 (LPD); 
111 ± 19 (NPD), p ≤ 0.7; n = 19)). Similarly, no 
significant differences in litter size were detected  
(F1 EF (12.5 ± 0.64 (LPD); 11.3 ± 0.8 (NPD), p ≤ 0.25);  
F1 EM (11.3 ± 0.8 (LPD); 9.5 ± 0.8 (NPD), P ≤ 0.2)).  
F2 fetal weights (day 18, Fig. 3B) did not differ 
among groups (F2 EM LPD 2.7 ± 1.0 g (n = 30); 
F2 EM NPD 2.9 ± 0.8 g (n = 30); F2 EF LPD 2.8 
± 1.0 g (n = 22); F2 EF NPD 2.8 ± 1.0 g (n = 16)). 
Of note, F2 weights were qualitatively lower than 
F1 weights because fetal animals were taken at day 
18 rather than day 19 of pregnancy to ensure that 
spontaneous delivery did not occur prior to op-
erative delivery. Placental weights of F1 pregnan-
cies (depicted in Fig. 3C) were comparable among 
groups: F1 EF LPD 0.64 ± 0.03 g (n = 11) vs. 0.64 ± 
0.02 g of F1 EF NPD (n = 9), p ≤ 0.6; F1 EM LPD 
0.67 ± 0.03 g (n = 15) vs. F1 EM NPD 0.64 ± 0.03 g  
(n = 15), p ≤ 0.4). P o s t - n a t a l  w eight gains of 
the F2 generation were recorded weekly through 
40 weeks of age (Fig. 5), and then monthly through 
fifteen months of age (Table 1). The trajectory of 
F2 postnatal weight gains was significantly and 
separately impacted by F0 diet (LPD vs. NPD; p ≤ 
0.0001) and sex (male vs. female; p ≤ 0.0001), and 
not by whether or not the animals were the product 
of F1 EM or F1 EF pregnancies (p ≤ 0.37). A trend 
was noted toward a two-way interaction between 
diet and EF as compared to EM origin (p ≤ 0.07). 
Comparison of growth curves also revealed sig-
nificant differences between groups. As depicted 
in Fig. 5, in each case, weights of descendents of 
experimental (LPD) F1 animals were greater than 
those of control (NPD) offspring except F2 male off-
spring of F1 EM (Fig. 5 D) for which the differenc-
es did not reach significance (p ≤ 0.14). Point wise 
comparison (NPD vs. LPD) in this group revealed 
significant differences at only 5 time points. Com-
parison of growth curves in the F2 female offspring 
of F1 EF nearly reached significance (p ≤ 0.055).  
Point wise comparison revealed significant differ-
ences at 12 measured time points, primarily within 
the first 6 months of life. Similarly growth curves 
for F2 female descendents of F1 EM (p ≤ 0.03) 
and F2 male offspring of F1 EF (p ≤ 0.002) were 
each significantly different such that LPD derived 
group was heavier than their NPD derived coun-
terparts. In each case, point wise comparison re-
vealed significant differences at least 20 measured 
time points, primarily within the first 9 months of 
life.

Weights in month 15 of life are depicted in Ta-
ble 1. As seen F2 males derived from F1 EF (LPD) 
remained significantly heavier than their NPD 
counterparts, and although not significant, there 
was a trend toward increased weights in the F2 fe-
males derived from F1 EF as well. Of interest, F2 
EM LPD females were significantly heavier than 
were their F2 EF LPD female counterparts. A simi-
lar but non-significant trend was noted between 
F2 EF LPD males and their EM counterparts. Dif-
ferences between F2 EF NPD males and females 
and F2 EM NPD animals were not significant. 

MeAIB Transport Assay

In contrast to the results seen for the first 
generation animals, in vivo maternal-fetal MeAIB 
transfer in the second generation did not differ 
between animals descended from the NPD and 
LPD groups. For example, as shown in Fig. 4B, 
the maternal-fetal MeAIB transfer (DPM·g fe-
tus–1/DPM·mL–1 maternal serum) in the mates of 
males exposed in utero to a LPD was 0.257 ± 0.037  
(n = 13) as compared to 0.258 ± 0.039 (n = 15); p = 
0.9 in the NPD exposed group. Although MeAIB 
transfer when expressed as the ratio DPM·g–1 fe-
tus/DPM·g–1 placenta tended to be lower (0.13 ± 
0.02 vs. 0.18 ± 0.03; p = 0.064) in these animals, 
the difference did not reach statistical significance. 
A similar pattern was seen for the progeny of fe-
males (Fig. 4C) exposed in utero to LPD (DPM 
g fetus/DPM mL maternal serum 0.245 ± 0.032, 
n = 11 vs. 0.235 ± 0.034, n = 9; p = 0.84; DPM g fe-
tus/DPM g placenta (0.245 ± 0.032, n = 11 vs. 0.235 
± 0.034, n = 9; p = 0.2). The analysis of transport 
data in second-generation apical and BM vesicles 
indicated a trend towards decreased MeAIB trans-
port in apical (9 ± 3 vs. 19 ± 5 pmol·mg–1 protein 
10 sec–1, n = 7; p = 0.1) as well as basal membranes 
(10 ± 3 vs. 14 ± 5 pmol·mg–1 protein 10 sec–1, n = 7; 
p = 0.6) of the progeny of LPD group as compared 
to those pups whose parents had normal in utero 
protein exposure. These differences did not reach 
significance; thus transport abnormalities noted 
in the first generation were not transmitted to the 
next generation by either parent. 

Discussion
In this work, in a cohort fashion, the growth 

of second generation descendents of animals sub-
jected to GPR was monitored for 15 months after 
birth. The protocol was unique in that, the authors 
included in the cohort the descendants of both 
males and females subjected to GPR. Although 
experimental studies involving animal models do 
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not replicate all aspects of human disease, it is well 
known that administration of a LPD during preg-
nancy and lactation typically results in abnormal 
intra-uterine growth [17], which may persist be-
yond the first generation in protein-deprived ani-
mals [18, 19]. The authors incorporated an assess-
ment of both maternal and paternal contribution 
in the development of GPR-driven MetS-prone 
phenotype in the second generation with the fol-
lowing interesting observations: 1) GPR resulted 
in down-regulation of SysA activity in F0 preg-
nancies, which is not replicated in F1 pregnancies. 
2)  Both male and female F2 descendants of LPD 
exposed F1 animals were larger than their NPD 
derived counterparts through 15 months of age. 3) 
This obesity-prone phenotype was propagated by 
both genders individually subjected to GPR. 

GPR-associated down-regulation of SysA ac-
tivity in F0 pregnancies is in line with own previ-
ous work [20] as well as that by Jansson et al. [21] 
suggesting that SysA activity is a robust biological 
tool that can be used as a reference to investigate 
other placental adaptive transport mechanisms. 
Interestingly, the depression of placental SysA ac-
tivity due to GPR in F0 pregnancies was not repli-
cated during the following (F1) pregnancies (when 
only NPD was provided) suggesting the plasticity 
of placental SysA activity. Notwithstanding, both 
male and female F2 progeny of both parents indi-
vidually exposed to GPR tended to be larger than 
their NPD derived counterparts. These observa-
tions favor the hypothesis that that programming 
for MetS-prone-phenotype in successive genera-
tions is driven by the biparental fetus, rather than 
strictly through alterations in nutrient supply at 
the level of the placenta. Metabolic alterations 
recently documented in similar GPR rat models 
[22, 23] also support this hypothesis. However, 
for complex disorders such as obesity and MetS, 
analysis of only one adaptive mechanism such 
as SysA activity is not enough to draw definitive 
conclusions. Own protocol addressed GPR-driven 
adaptive repression of placental SysA activity and 
its propagation though subsequent generations of 
animals in the setting of NPD. 

Further work using different levels of GPR 
and other models of intrauterine growth retarda-
tion will be needed to determine the clinical sig-
nificance of the results presented in this study. An 
important question is the significance of the ad-
ditional sucrose added to LPD (to make it iso-ca-
loric) in placental and fetal adaptations, and there-
fore postnatal growth curves. Whereas it may have 
some impact on maternal metabolism, there is no 
evidence to suggest that sucrose in LPD, which is 
metabolized to glucose, by itself, would cause pla-
cental SysA transport deficits in F0 pregnancies 

(Figure 4A). Given that maternal weight gain was 
compromised in F0 pregnancies (Figure 3A) it is 
probable that because of limited protein in the test 
diet, these dams were in the state of catabolism. 
Substitution of sucrose for protein calories has been 
a standard practice both in own laboratory and oth-
ers. Similarly, the existing literature on the impact 
of high sucrose diets generally utilize much higher 
sucrose concentrations than utilized in this project, 
and result in heavier fetuses [24, 25], contrary to 
own results (Figure 3B). Taken together, it is unlike-
ly that the addition of sucrose to diets could have 
accounted for the changes seen in placental SysA. 

Another important observation of this study 
is that both male and female F2 descendants of 
LPD animals tended to be larger than their NPD 
derived counterparts. These observations com-
plement the results of previous animal studies 
demonstrating insulin resistance, a key feature of 
MetS in late adulthood in the offspring of animals 
fed a LPD during pregnancy. For instance Hales 
et al. [26] documented adult male rats exposed 
to a LPD in utero and throughout lactation had 
a higher incidence of glucose intolerance when 
compared to control animals. Similarly, Sugden 
and coworkers demonstrated a higher incidence 
of insulin resistance in a similar group of male 
animals [27]. Similar data was reported by De-
sai et al. indicating that aging male offspring of 
protein-restricted dams are less glucose tolerant 
than are non-protein restricted controls [28]. In 
the F2 generation, Benyshek provided evidence of 
insulin resistance at day 70 of life in the offspring 
of in utero protein restricted animals, while Zam-
brano, utilizing a feeding regimen similar to that 
in the current study, demonstrated similar find-
ings in male offspring at 100 days postnatally [29, 
30]) Own data supports these earlier studies and 
expands the horizon for further work in that our 
protocol uniquely included studying the offspring 
of both male and females subjected to GPR. The 
ongoing work is focused at investigation of the molec-
ular basis of susceptibility of male vs. female offspring 
of GPR-subjected animals as reported by above studies 
and the patterns of postnatal growth curves reported 
in this work. Important questions emerging from this 
work include: 1) What is the relative contribution of 
visceral fat in F2 postnatal weight gains (as reported in 
Figure 5); what is the relationship between pancreatic 
β cell mass and function, and the pattern of F2 gen-
eration postnatal weight gains; 3) what is evolutionary 
relationship between expression of placental and fetal 
(as well as postnatal) pancreatic β cell glucose trans-
porter proteins (such as GLUT 2) in F2 generation of 
GPR-subjected animals? Authors’ laboratory is 
systematically addressing these questions in their 
ongoing investigations.
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