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Abstract

BACKGROUND

Perinatal exposure to a poor nutritional environment predisposes the progeny to
the development of metabolic disease at the adult age, both in experimental
models and humans. Numerous adaptive responses to maternal protein
restriction have been reported in metabolic tissues. However, the expression of

glucose/fatty acid metabolism-related genes in adipose tissue and liver needs to
be described.

AIM
To evaluate the metabolic impact of perinatal malnutrition, we determined
malnutrition-associated gene expression alterations in liver and adipose tissue.

METHODS

In the present study, we evaluated the alterations in gene expression of
glycolytic/Krebs cycle genes (Pyruvate dehydrogenase kinase 4 and citrate
synthase), adipogenic and lipolytic genes and leptin in the adipose tissue of
offspring rats at 30 d and 90 d of age exposed to maternal isocaloric low protein
(LP) diet throughout gestation and lactation. We also evaluated, in the livers of
the same animals, the same set of genes as well as the gene expression of the
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transcription factors peroxisome proliferator-activated receptor gamma
coactivator 1, forkhead box protein O1 and hepatocyte nuclear factor 4 and of
gluconeogenic genes.

RESULTS

In the adipose tissue, we observed a transitory (i.e., at 30 d) downregulation of
pyruvate dehydrogenase kinase 4, citrate synthase and carnitine palmitoyl
transferase 1b gene expression. Such transcriptional changes did not persist in
adult LP rats (90 d), but we observed a tendency towards a decreased gene
expression of leptin (P = 0.052). The liver featured some gene expression
alterations comparable to the adipose tissue, such as pyruvate dehydrogenase
kinase 4 downregulation at 30 d and displayed other tissue-specific changes,
including citrate synthase and fatty acid synthase upregulation, but pyruvate
kinase downregulation at 30 d in the LP group and carnitine palmitoyl
transferase 1b downregulation at 90 d. These gene alterations, together with
previously described changes in gene expression in skeletal muscle, may account
for the metabolic adaptations in response to maternal LP diet and highlight the
occurrence of persistent transcriptional defects in key metabolic genes that may
contribute to the development of metabolic alterations during the adult life as a
consequence of perinatal malnutrition.

CONCLUSION
We conclude that perinatal malnutrition relays long-lasting transcriptional
alterations in metabolically active organs, i.e., liver and adipose tissue.

Key words: Metabolic adaptation; Phenotype plasticity; Liver; Adipose tissue;
Metabolism; Maternal protein undernutrition; Rats

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Perinatal exposure to a poor nutritional environment predisposes to metabolic
disease. Here, the expression of metabolism-related genes in adipose tissue and liver was
investigated. We evaluated the alterations in gene expression of glycolytic/Krebs cycle
genes, adipogenic and lipolytic genes in adipose tissue of offspring rats at 30 d/90 d of
age, exposed to maternal low protein diet throughout gestation/lactation. We also
evaluated expression of liver transcription factors and gluconeogenic genes. Persistent
gene alterations were observed that may account for the metabolic adaptations in
response to maternal low protein diet, highlighting the occurrence of persistent
transcriptional defects as a consequence of perinatal malnutrition.

Citation: de Oliveira Lira A, de Brito Alves JL, Pinheiro Fernandes M, Vasconcelos D,
Santana DF, da Costa-Silva JH, Morio B, Gois Leandro C, Pirola L. Maternal low protein diet
induces persistent expression changes in metabolic genes in male rats. World J Diabetes
2020; 11(5): 182-192

URL: https://www.wjgnet.com/1948-9358/full/v11/i5/182.htm

DOI: https://dx.doi.org/10.4239/wjd.v11.i5.182

INTRODUCTION

Perinatal malnutrition occurring during pregnancy and lactation not only has a
negative impact on fetal development and neonatal growth but also relays long-
lasting adverse effects resulting in increased susceptibility to cardiovascular and
metabolic diseases in adulthood, as posited by the developmental origin of health and
disease hypothesis!'”. Evidence from epidemiological cohorts, with the Dutch Famine
Birth Cohort Study being the most relevant”, and experimental animal models!**!
support the idea that a poor nutritional environment during fetal and early postnatal
life predisposes to cardiovascular and metabolic disease in adulthood. The occurrence
of persistent epigenetic alterations has been proposed as one of the mechanisms
linking in utero nutritional deprivation to increased risk of disease in adulthood.
Individuals who were prenatally exposed to the Dutch famine during the 1944-1945
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were shown six decades later to have lower DNA methylation of the imprinted IGF2
gene in comparison to their siblings not exposed to the famine period".. Observational
studies have suggested a link between poor fetal growth and the development of
impaired glucose tolerance at the adult age in both sexes!”], and final evidence that
maternal nutrition during gestation affects glucose metabolism in adult life was
provided by the observation that an oral glucose load in adults exposed prenatally to
the Dutch famine led to higher glycemic concentrations as compared to individuals
being born around the same years but not exposed in utero to the 1944-1945 faminel”..

Work in animal models suggested that the link between early-life malnutrition and
the increased risk of developing metabolic disease in adulthood may be mediated by
persistent biochemical alterations in the main insulin-responsive tissues, including
glycolytic and oxidative skeletal muscle fibers!'’l. Exposure of mice to a maternal
protein-restricted diet during gestation and lactation was shown to impact the
morphological features and body distribution of white adipose tissue and to reduce
the protein expression levels of most of the key insulin signaling proteins, including
IRS1, the PI3K subunits p110 and p85, Aktl (v-akt murine thymoma viral oncogene
homolog 1) and its phosphorylated form on serine 473 in male offspring!'!], resulting
in an altered distribution and morphology of white adipose tissuel’”. In a similar way,
perinatal low protein (LP) diet consumption contributed to fatty liver phenotype at
the adult age, which the magnitude was related to the period of exposure to the LP
diet!™.

The occurrence of alterations of glycemic control in humans, associated to the
observation that perinatal malnutrition induces defects in the insulin signaling
pathways in rodent models, prompted us to evaluate whether the main metabolic
pathways are affected by a LP diet administered to dams during pregnancy and
lactation. In a previous study, we reported that gene and protein expression of
enzymes participating in glucose and fatty acid metabolism in skeletal muscle were
altered at short-term (30 d) and long-term (90 d) timepoints in male rat offspring
exposed to a maternal LP diet during gestation and lactation!'". Interestingly, we
observed, both in soleus and extensor digitorum longus skeletal muscle, a LP-
induced, long-lasting downregulation of pyruvate dehydrogenase kinase 4 (PDK4), an
enzyme leading to allosteric deactivation of the pyruvate dehydrogenase complex via
phosphorylation and hence a redirection of the metabolic flux from catabolic Krebs
cycle to anabolic pathways!'.

To obtain a wider description of the effects of perinatal LP diet on insulin-
responsive tissues, the main goal of the present study was to evaluate the short-term
and long-term effects of a LP diet during gestation and lactation on the expression of
key genes involved in the metabolism of glucose and fatty acid in the liver and
adipose tissue of male rat offspring. We demonstrate the occurrence of long lasting
alterations of gene expression in both tissues, up to 90 d of age, that reflect the
persistence of altered metabolism in the offspring consequent to in utero and early-life
exposure to deleterious nutritional conditions.

MATERIALS AND METHODS

The experimental protocol was approved by the Ethical Committee of the Biological
Sciences Centre (protocol 23076 062778 /2014-38), Federal University of Pernambuco,
Brazil. All efforts were made to minimize animal discomfort and the number of
animals used; in addition, we followed the Guidelines for the Care and Use of
Laboratory Animals.

Animals
Male albino Wistar rats (Rattus novergicus) were obtained from the Academic Center
of Vitoria de Santo Antdo animal facility, Federal University of Pernambuco, Brazil.
Animals were housed at 22 + 1 °C with a controlled light-dark cycle (dark 18:00-06:00
h). Standard laboratory chow (52% carbohydrate, 21% protein and 4% lipids-Labina,
Purina Agriband, Sao Paulo, Brazil) and water were administered ad libitum. Groups
were divided according to their mother’s diet: Control pups from dams fed a 17%
protein diet (1 = 5, normal protein group, NP), and LP pups from dams fed an 8%
casein diet (n = 5, low protein, LP) during gestation and lactation. Diets were
prepared at the Laboratory of Experimental Nutrition-Center of Vitoria de Santo
Antao, Federal University of Pernambuco, according to the American Institute of
Nutrition-AIN-93 dietary guidelines!".

During suckling, offspring was maintained as litters of eight pups of both sexes to
ensure standardized nutrition until weaning. At weaning (21 d postpartum), three to
four male offspring of each litter were housed in collective cages and received
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standard diet and water ad libitum. The experimental groups consisted of one or two
male rats from each mother. Female offspring were not included in the present study.
All experimental analyses were performed in adipose tissue and liver collected from
male rats sacrificed either at 30 d old or 90 d old by decapitation. All rats were
euthanized between 14:00-17:00 after a 4-5 h fasting period. The liver and visceral
adipose tissue were carefully dissected, snap-frozen in liquid nitrogen and stored at
-80 °C until RNA extraction.

RNA extraction, reverse transcription and quantitative PCR

Total RNA was extracted from liver and visceral adipose tissue with Tripure reagent
[Sigma-Aldrich (Roche), St. Quentin Fallavier, France] according to the
manufacturer’s instructions. Briefly, 10 pL of Tripure per milligram of tissue was
added, and the resulting suspension was homogenized using a Precellys Lysing kit
(Bertin, Montigny-le-Bretonneux, France) according to the manufacturer’s
instructions. After grinding, 1/4 volume of chloroform was added. They were
vortexed 3 x 15 s, incubated at room temperature for 5 min and centrifuged for 15 min
at 15000 g at 4 °C.

RNA was precipitated by addition of 1/2 volume of isopropanol (Carlo Erba, Val-
de-Reuil, France) and centrifugation (15 min at 15000 g at 4 °C). Supernatants were
used for protein extraction and RNA-containing pellets were washed sequentially
with 70% and 95% ethanol (Carlo Erba), dried and dissolved in 100 uL RNase-free
water. RNA concentration and purity (260/280 nm absorbance ratio) was determined
on a Nanodrop 2000 (Thermo-Fisher).

Reverse transcription was performed using an RT-Takara kit (Primescript TM,
Takara) using 1 pg of RNA as template and following the manufacturer’s instructions.
Briefly, samples were heated for 10 min at 65 °C. Samples were mixed with 4 pL
PrimeScript Buffer 5 %, 1 pL oligodT (50 uM), 4 pL random hexamers and 1 pL of
PrimeScript RT Enzyme Mix followed by a 15 min incubation at 37 °C and 15 s at 85
°C. RNA was removed by incubation with 1 pL of RNase H for 20 min at 37 °C.
Reverse transcription reactions were brought to 200 pL final volume by adding RNase
free water and stored at -20 °C. Real-time quantitative PCR (qPCR) amplification was
performed using a Rotor-Gene Real-Time PCR System (Labgene Scientific
Instruments, Archamps, France). Sequences of primers used in this study are available
upon request.

Reactions were incubated at 95 °C for 10 min, followed by 40 cycles of denaturation
(95 °C, 10 s), annealing (58-62 °C depending on the primer sets, 30 s) and elongation
(72 °C, 30 s). mRNA expression levels of PDK4, citrate synthase (CS), carnitine
palmitoylacyltransferase 1b, acetyl-CoA carboxylase, fatty acid synthase, leptin,
insulin receptor, phosphofructokinase, beta hydroxyacyl-coenzyme-A
dehydrogenase, peroxisome proliferator-activated receptor-alpha coactivator 1 alpha,
peroxisome proliferator-activated receptor-alpha, forkhead box protein O1,
hepatocyte nuclear factor 4, glucose 6-phosphatase, phosphoenolpyruvate
carboxykinase and pyruvate kinase L/R were measured on total RNA extracted from
adipose tissue and liver. qPCR results from each gene (including the housekeeping
gene) were expressed as arbitrary units derived from a standard calibration curve
derived from a reference sample. Reference samples were generated by mixing 10 pL
aliquots from ten cDNA samples, five from the NP group and five from the LP group.
qPCR for each sample was carried out in duplicate. Gene expression data were
normalized using ribosomal protein L19 as a housekeeping gene. As a further control,
qPCR amplicons were analyzed by agarose gel to validate the amplicon size.

Statistical analysis

Statistical analysis was conducted with GraphPad Prism 5 program for Windows
(GraphPad Software®. Inc., La Jolla, CA, United States). Exploratory data analysis was
used to identify possible inaccurate information and the presence of outliers and to
test the assumption of normality in all data distributions. Kolmogorov-Smirnov and
Shapiro-Wilk normality tests were applied in total sample. Statistical significance was
evaluated using analysis of variance ANOVA two-way test with maternal diet
(low/normal protein) and age (30 d and 90 d) as factors. Bonferroni’s post hoc test
was used. The values are presented as mean and standard error means, and P values
< 0.05 were considered statistically significant. P values < 0.05 are denoted as “a” in
figures; P values < 0.01 are denoted as “b” in figures.

RESULTS

Perinatal LP diet in rats programs a lower body weight in the offspring
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We applied a model of perinatal protein restriction to rat dams throughout pregnancy
and lactation followed by a switch to a NP diet after weaning as schematically
represented in Figure 1.

In spite of the administration of a NP diet after weaning, the LP group displayed a
lower bodyweight both at 30 d [NP: 106.3 £ 17.1 g, LP: 87.3 £ 6.0 g; P < 0.05, unpaired
t-test, n =12 (NP) and 6 (LP)] and 90 d of age (NP: 326.7 £ 22.6 g, LP: 306.2 g; P < 0.05,
unpaired t-test, n = 8 for both groups).

Perinatal LP diet reprograms gene expression patterns in the adipose tissue
The gene expression of two key enzymes linking the glycolytic pathway to the Krebs
cycle, PDK4 and CS, was evaluated in adipose tissue at different ages (Figure 2).

In NP rats, CS and PDK4 genes displayed a time-dependent downregulation, with
mRNA expression at 90 d being lower than at 30 d (P = 0.057 for PDK4 and < 0.01 for
CS; Figure 2). In comparison, the maternal LP diet, by inducing a significant
downregulation of both genes at 30 d, abolished the time-dependent downregulation
of both genes. These results indicate that the glycolytic flux may be altered in LP
offspring.

On the contrary, genes related to fatty acid metabolism, while showing a time-
dependent downregulation with lower expression at 90 d, were not affected by the
administration of a LP diet during pregnancy and lactation (Figure 3).

These results indicate that the glycolytic flux may be altered in the adipose tissue of
LP offspring while fatty acid metabolism is not affected. As body weight of LP
offspring remained lower at 30 d and 90 d as compared to NP offspring, we also
evaluated the gene expression levels of leptin and observed a quasi-significant
decrease of the hormone’s gene expression (P = 0.052; Figure 4).

Perinatal LP diet reprograms gene expression patterns of multiple pathways in the
liver

The expression of genes of the glycolytic pathway and Krebs cycle was evaluated in
the liver at 30 d and 90 d (Figure 5). As observed in adipose tissue, PDK4 expression
was reduced in the LP group at 30 d. Conversely, CS was significantly upregulated at
30 d in the LP group but then returned to levels comparable to the NP group at 90 d.
The phosphofructokinase gene and insulin receptor gene did not show any difference
between the two groups.

In the liver, genes related to fatty acid metabolism were also significantly
modulated by the perinatal exposure to a LP diet (Figure 6). Fatty acid synthase, that
displayed a strong age-dependent downregulation in both groups, is strongly
upregulated in the LP group at 30 d, but then returned to levels comparable to the NP
group at 90 d. On the contrary, carnitine palmitoylacyltransferase 1b (fatty acid
transporter) showed a significant age-dependent increase in the NP group and was
strongly downregulated at 90 d in the LP group.

Transcriptional patterns in the liver are orchestrated by a group of key transcription
factors that include peroxisome proliferator-activated receptor-alpha coactivator 1
alpha, forkhead box protein O1 and hepatocyte nuclear factor 4. None of these genes
were significantly affected in the LP group, and the time-dependent decrease of the
gene expression of peroxisome proliferator-activated receptor-alpha coactivator 1
alpha was maintained in both LP and NP groups (Figure 7).

The liver is the quantitatively major organ responsible for gluconeogenesis,
providing glucose supply during starvation. We evaluated the impact of the LP diet
on gluconeogenic genes by measuring mRNA levels of glucose 6-phosphatase and
PEPKC without detecting any LP-induced defect. However, pyruvate kinase L/R was
significantly downregulated in the LP group at 30 d, suggesting an accumulation of
phosphoenolpyruvate and potentially a higher gluconeogenic rate at 30 d due to
higher abundance of the precursor (Figure 8).

DISCUSSION

The developmental origin of health and disease model supports the idea that
exposure in the critical periods of development, represented by the prenatal and early
postnatal life, to a poor nutritional status, toxic substances, drugs or other kind of
stress can predispose to the development of disease states, including metabolic
syndrome and diabetes during adult lifel”. In particular, early-life undernutrition,
especially when associated to a nutritional transition leading to obesity, is associated
to a higher incidence of diabetes in adult lifel'’l. One of the mechanisms proposed to
explain such long lasting effects is the development of epigenetic alterations that
sustain alterations of gene expression patterns from the young age into adulthood!”**!
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Pregnancy Lactation

21-23d 21-d
1-wk acclimatisation/ 1d Birth Weaning 30d 90 d
mating pregnancy of life of life

NP (17%) or LP (8%) diet
NP (17%) diet

Figure 1 Schematic diagram of the experimental protocol in Wistar rats. Rats were exposed to maternal low
protein diet during gestation and lactation and then switched to a normal protein diet. NP: Normal protein; LP: Low
protein.

by causing persistent alterations of DNA methylation patterns, histone post-
translational modifications and microRNA patterns!'**.

In a previous study, using a rat model of perinatal protein undernutrition
throughout gestation and lactation, there were changes in the gene and protein
expression levels of key enzymes of glycolysis and fatty acid oxidation pathways in
the skeletal muscle of the progeny, observing both postnatal acute effects (at 30 d of
age) and chronic effects (at 90 d of age), the latter being representative of adaptive
processes!'l. Specifically, oxidative soleus muscle responded to a LP maternal diet by
downregulating hexokinase 2 and PDK4 up to 90 d of age. For glycolytic extensor
digitorum longus, the effects of a LP maternal diet were more pronounced at 30 d of
age with a similar downregulation of genes coding for enzymes of the glycolytic
pathway!™.

To obtain a more exhaustive description of the transcriptional disturbances induced
by a perinatal LP diet in insulin-responsive tissues, we have now investigated the
transcriptional changes resulting from a prenatal and postnatal exposure to LP in
visceral adipose tissue and liver.

A key finding of our study is the short-term downregulation of PDK4, observed
both in liver and adipose tissue and previously detected in soleus and extensor
digitorum longus. PDK4 by phosphorylating the pyruvate dehydrogenase complex
inhibits its activity and the resulting production of acetyl CoA. In the LP condition,
PDK4 downregulation would therefore favor the activity of the pyruvate
dehydrogenase complex and increase the glycolytic flux into the Krebs cycle!**.

Our observations pointing to a PDK4 modulation in the LP diet condition
underscores the central role of this enzyme in regulating metabolic flexibility, which
was also observed in the heart™*!. Interestingly, the first enzyme of the Krebs cycle,
CS appears to be upregulated in the liver, while in the adipose tissue is
downregulated, thus favoring the use of newly synthesized acetyl CoA as a lipogenic
substratel”’l. To keep with this hypothesis, we observed a parallel decrease, at 30 d of
age, of carnitine palmitoylacyltransferase 1b, the rate-controlling enzyme of long-
chain fatty acid beta-oxidation pathway. At the more advanced age of 90 d, such
transcriptional changes in the adipose tissue were lost, but a decrease in the
expression of the gene coding for leptin was observed, which neared statistical
significance (P = 0.052, Figure 4). We hypothesize that decreased leptin gene
expression observed at 90 d of age in the LP group may be a compensatory
mechanism to induce higher food uptake in the LP animals as this group has a
significantly lower body weight both at 30 d and 90 d of age.

The liver also shows gene expression alterations that would favor anabolic
pathways. At 30 d, fatty acid synthase is upregulated in the LP group suggesting
increased hepatic lipogenesis. At the same time, gluconeogenesis may also be
increased in the LP group. While phosphoenolpyruvate carboxykinase and glucose 6-
phosphatase were not upregulated, we observed downregulation of the pyruvate
kinase L/R at 30 d, which may favor the accumulation of phosphoenolpyruvate and
thus funneling of this glycolytic intermediate into gluconeogenesis.

Taken together, the gene expression changes that we have observed in the liver and
adipose tissue in male rats submitted to perinatal LP undernutrition suggest the
occurrence of improved lipogenesis (in adipose tissue) and gluconeogenesis (in liver)
that may provide a compensatory effect to counteract the early-life exposure to the
perinatal LP diet.
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Figure 2 Expression of pyruvate dehydrogenase kinase 4 and citrate synthase mRNA in adipose tissue of rats. Rats were exposed to maternal low protein
diet during gestation and lactation, and their RNA extracted from adipose tissue was analyzed by quantitative reverse transcription PCR. Data are shown as mean +
standard error means analyzed by two-way ANOVA with the mother’s diet (normal protein; low protein) and age (30 d, 90 d) as variable factors. Bonferroni’s post-hoc
test was used. Differences between diet groups are indicated by an asterisks; differences between ages are indicated by bars. 2P < 0.05, *P < 0.01. NP: Normal
protein; LP: Low protein; PDK4: Pyruvate dehydrogenase kinase 4; CS: Citrate synthase.
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Figure 3 Expression of adipogenic and lipolytic genes in the adipose tissue of rats. Rats were exposed to maternal low protein diet during gestation and
lactation, and gene expression of carnitine palmitoylacyltransferase 1, acetyl-CoA carboxylase and fatty acid synthase in adipose tissue was analyzed by quantitative
reverse transcription PCR. Data are shown as mean + standard error means and analyzed by two-way ANOVA with the mother’s diet (normal protein; low protein) and
age (30 d, 90 d) as variable factors. Bonferroni's post hoc test was used. Differences between diet groups are indicated by an asterisks; differences between ages are
indicated by bars. *P < 0.05, ®P < 0.01. NP: Normal protein; LP: Low protein; FAS: Fatty acid synthase; CPT1-b: Carnitine palmitoylacyltransferase 1b; ACC: Acetyl-
CoA carboxylase.
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Figure 4 Gene expression of leptin in adipose tissue of rats. Rats were exposed to maternal low protein diet during gestation and lactation, and gene expression
of leptin from adipose tissue was analyzed by quantitative reverse transcription PCR. Data are shown as mean + standard error means and analyzed by two-way
ANOVA with the mother’s diet (normal protein; low protein) and age (30 d, 90 d) as variable factors. Bonferroni’s post hoc test was used. Differences between diet
groups are indicated by asterisks. NP: Normal protein; LP: Low protein.
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Figure 5 Expression of insulin receptor, glycolytic genes and Krebs cycle genes in the liver of rats. Rats were exposed to maternal low protein diet during
gestation and lactation, and gene expression of insulin receptor, phosphofructokinase, pyruvate dehydrogenase kinase 4 and citrate synthase was analyzed by
quantitative reverse transcription PCR. Data are shown as mean = standard error means and analyzed by two-way ANOVA with the mother’s diet (normal protein; low
protein) and age (30 d, 90 d) as variable factors. Bonferroni's post hoc test was used. Differences between diet groups are indicated by asterisks; differences between
ages are indicated by bars. *P < 0.05, ®P < 0.01. NP: Normal protein; LP: Low protein; CS: Citrate synthase; PDK4: Pyruvate dehydrogenase kinase 4; PFK:
Phosphofructokinase; IR: Insulin receptor.
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Figure 6 Expression of genes related to lipid metabolism in the liver of rats. Rats were exposed to maternal low protein diet during gestation and lactation, and
gene expression was analyzed by quantitative reverse transcription PCR. Data are shown as mean + standard error means and analyzed by two-way ANOVA with the
mother’s diet (normal protein; low protein) and age (30 d, 90 d) as variable factors. Bonferroni’s post hoc test was used. Differences between diet groups are indicated
by asterisks; differences between ages are indicated by bars. *P < 0.05, °P < 0.01. NP: Normal protein; LP: Low protein; FAS: Fatty acid synthase; CPT1-b: Camnitine
palmitoylacyltransferase 1b; b-HAD: Beta hydroxyacyl-coenzyme-A dehydrogenase; PPAR-a: Peroxisome proliferator-activated receptor-alpha.
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Figure 7 Expression of key transcription factors in the liver of rats. Rats were exposed to maternal low protein diet during gestation and lactation, and gene
expression of peroxisome proliferator-activated receptor-alpha coactivator 1 alpha, forkhead box protein O1 and hepatocyte nuclear factor 4 was analyzed by
quantitative reverse transcription PCR. Data are shown as mean + standard error means and analyzed by two-way ANOVA with the mother’s diet (normal protein; low
protein) and age (30 d, 90 d) as variable factors. Bonferroni's post hoc test was used. Differences between diet groups are indicated by asterisks; differences between
ages are indicated by bars. 2P < 0.05, ®P < 0.01. NP: Normal protein; LP: Low protein; PGC-1a: Peroxisome proliferator-activated receptor-alpha coactivator 1 alpha;
FOXO1a: Forkhead box protein O1; HNF4: Hepatocyte nuclear factor 4.
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Figure 8 Expression of gluconeogenic genes in the liver of rats. Rats were exposed to maternal low protein diet during gestation and lactation, and gene
expression of glucose 6-phosphatase, phosphoenolpyruvate carboxykinase and pyruvate kinase L/R was analyzed by quantitative reverse transcription PCR. Data are
shown as mean + standard error means and analyzed by two-way ANOVA with the mother’s diet (normal protein; low protein) and age (30 d, 90 d) as variable factors.
Bonferroni's post hoc test was used. Differences between diet groups are indicated by asterisks; differences between ages are indicated by bars. 2P < 0.05, ®P < 0.01.
NP: Normal protein; LP: Low protein; G6Pase: Glucose 6-phosphatase; PEPCK: Phosphoenolpyruvate carboxykinase; PKLR: Pyruvate kinase L/R.

ARTICLE HIGHLIGHTS

Research background

Perinatal exposure to a poor nutritional environment predisposes the progeny to the
development of metabolic disease at the adult age, both in experimental models and humans.
Numerous adaptive responses to maternal protein restriction have been reported in metabolic
tissues. However, the expression of glucose/fatty acid metabolism-related genes in adipose
tissue and liver needs to be described.

Research motivation
To evaluate the metabolic impact of perinatal malnutrition, we determined malnutrition-
associated gene expression alterations in liver and adipose tissue.

Research objectives

In the present study, we evaluated the alterations in gene expression of glycolytic/Krebs cycle
genes (pyruvate dehydrogenase kinase 4 and citrate synthase), adipogenic and lipolytic genes
and leptin in the adipose tissue of offspring rats at 30 d and 90 d of age exposed to maternal
isocaloric low protein (LP) diet throughout gestation and lactation. We also evaluated these
genes in the livers of the same animals as well as the gene expression of the transcription factors
peroxisome proliferator-activated receptor gamma coactivator 1, forkhead box protein O1 and
hepatocyte nuclear factor 4 and of gluconeogenic genes.

Research methods
Research methods included animal husbandry, RNA extraction, reverse transcription and
quantitative PCR and appropriate statistical analysis.

Research results

In the adipose tissue, we observed a transitory (i.e., at 30 d) downregulation of pyruvate
dehydrogenase kinase 4, citrate synthase and carnitine palmitoylacyltransferase 1b gene
expression. Such transcriptional changes did not persist in adult LP rats (90 d), but we observed
a tendency towards a decreased gene expression of leptin (P = 0.052). The liver featured some
gene expression alterations comparable to the adipose tissue, such as pyruvate dehydrogenase
kinase 4 downregulation at 30 d, and displayed other tissue-specific changes, including citrate
synthase and fatty acid synthase upregulation, but pyruvate kinase downregulation at 30 d in
the LP group and carnitine palmitoylacyltransferase 1b downregulation at 90 d. These gene
alterations, together with previously described changes in gene expression in skeletal muscle,
may account for the metabolic adaptations in response to maternal LP diet and highlight the
occurrence of persistent transcriptional defects in key metabolic genes that may contribute to the
development of metabolic alterations during the adult life as a consequence of perinatal
malnutrition.

Research conclusions
We conclude that perinatal malnutrition relays long-lasting transcriptional alterations in
metabolically active organs, i.e., the liver and adipose tissue.
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Research perspectives
Our observations lay the basis for possible future research directed to human studies.
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