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Abstract
Telomere length, a marker of ageing, is susceptible to developmental programming that may cause its accelerated attrition.

Metabolic syndrome triggers telomere attrition. Fenofibrate, a peroxisome proliferator-activated receptor-alpha agonist, is pro-
tective against telomere attrition. We investigated the impact of fenofibrate administered during suckling on the lipid profile
and leucocyte telomere lengths of rats fed a high-fructose diet post-weaning. Suckling Sprague-Dawley pups (n = 119) were
allocated to four groups and gavaged with either 10 mL·kg−1 body mass 0.5% dimethyl sulfoxide, 100 mg·kg−1 body mass fenofi-
brate, fructose (20%, w/v), or a combination of fenofibrate and fructose for 15 days. Upon weaning, each of the initial groups was
split into two subgroups: one had plain water while the other had fructose solution (20%, w/v) to drink for 6 weeks. Blood was
collected for DNA extraction and relative leucocyte telomere length determination by real-time PCR. Plasma triglycerides and
cholesterol were also quantified. The treatments had no effect (p > 0.05) on body mass, cholesterol concentration, and relative
leucocyte telomere lengths in both sexes. Post-weaning fructose increased triglyceride concentrations (p < 0.05) in female rats.
Fenofibrate administered during suckling did not affect ageing nor did it prevent high fructose-induced hypertriglyceridaemia
in female rats.

Key words: telomere shortening, fenofibrate, metabolic syndrome, dyslipidaemia

Introduction
Dyslipidaemia, a cardinal feature of metabolic syndrome

(MetS) (Iqbal et al. 2018), refers to an abnormality of
lipoprotein metabolism resulting in either an overpro-
duction of triglycerides and low-density lipoprotein (LDL)
cholesterol or a deficiency of high-density lipoprotein
(HDL) cholesterol (Berberich and Hegele 2022). Dyslipi-
daemia is not uncommon during pregnancy as it occurs
consequent to the metabolic adjustments made by the
body to ensure adequate foetal nutrition (Liberis et al.
2021).

The consumption of a high-fructose diet is a major driver
of dyslipidaemia (Hieronimus and Stanhope 2020). The
metabolism of fructose in the liver is not regulated like
that of glucose. Hence, when fructose is phosphorylated to
fructose-1-phosphate by fructokinase, some of it is converted
to fatty acids, which eventually increase the circulating tria-
cylglycerol levels and thus result in dyslipidaemia (Pepin et
al. 2019).

Among several modalities of treatment, fenofibrate, a preg-
nancy class C drug, is used in the management of dyslipi-
daemia in pregnancy (Ahmed 2020). Pregnancy class C drugs,
though beneficial, can cross the placental barrier and cause
harmful effects on the growing foetus (Lewek and Banach
2022). Therefore, the beneficial effects of the use of drugs
such as fenofibrate have to be weighed against their poten-
tial benefits.

Fenofibrate, a peroxisome proliferator-activated recep-
tor alpha (PPAR-α) agonist, is used to treat dyslipidaemia
(Mahmoudi et al. 2022). PPAR-α agonists modulate the
metabolism of lipoproteins resulting in increased lipolysis
especially of triglycerides and increase the clearance of low-
density lipoproteins (Shah et al. 2010). At the molecular level,
PPAR-α agonists modulate the activities of several regulatory
genes in lipid and glucose metabolism, including those that
decrease hepatic steatosis and inflammation (Han et al.
2018). Plasma lipid profile has been shown to significantly
impact ageing, with dyslipidaemia being inversely related to
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ageing (Johnson and Stolzing 2019). Moreover, lipid-lowering
interventions have been shown to increase longevity (Huang
et al. 2014).

Telomere length is used as a marker of chronological age-
ing and longevity (Teixeira 2021). In an in vitro model of
telomere attrition under diabetes mellitus metabolic con-
ditions using human dermal fibroblasts, fenofibrate coun-
teracted the effects of dyslipidaemia and protected against
telomere attrition (Sutanto et al. 2019). Telomeres, the repet-
itive non-coding sequences at the tips of the chromosomes
(Chakravarti et al. 2021), serve many important functions
including ensuring the stability of chromosomes during
mitosis, preventing loss of genes, protecting DNA against
damage, and preventing an end-to-end fusion of chromo-
somes (Wang and Wu 2021). As cells divide, the telom-
ere length successively decreases due to incomplete repli-
cation of the lagging strand by the polymerase enzyme un-
til it reaches a critical length at which point the cell can
no longer divide (Grill and Nandakumar 2021). Telomere
lengths show sexual dimorphism. Whereas men have been
shown to have a faster telomere attrition rate (Dalgård et
al. 2015), women have longer leucocyte telomere lengths
due to the protective effects of oestrogen (Nawrot et al.
2004; Bekaert et al. 2007; Lulkiewicz et al. 2020).The leu-
cocyte telomere length is a commonly used marker of
chronological ageing in this respect (Bountziouka et al.
2022).

The telomere system comprising of telomeres and telom-
erase is mainly inherited (Vedder et al. 2021). However, stres-
sor cues such as nutritional or pharmacological interventions
during gestation and suckling, the early critical periods of de-
velopmental plasticity, can induce epigenetic changes in the
form of DNA methylation and histone modification, which
can then have an impact on the telomere system of the in-
dividual (van Lieshout et al. 2021). The suckling period in ro-
dents, altricial mammals, is a critical window that has been
targeted by researchers using drugs or natural compounds
to program or reprogram for future metabolic health, in-
cluding ageing (Reynolds et al. 2015). This practice of tar-
geting the early periods of developmental plasticity to in-
fluence future metabolic health is called neonatal program-
ming and buttresses the concept of developmental origins of
health and disease (DOHaD) (Hsu and Tain 2021; Ibrahim et al.
2022).

In this study, we aimed to determine whether fenofibrate
administered to rats during the suckling period would have
an impact on the development of high-fructose diet-induced
dyslipidaemia and telomere lengths of adolescent Sprague-
Dawley rats.

Materials and methods

Study location and ethical clearance
The study was conducted at the Central Animal Services

(CAS) Unit and the Laboratories at the School of Physiol-
ogy, University of the Witwatersrand, Johannesburg, Repub-
lic of South Africa. All the protocols used in the study
were approved by the Animal Ethics Screening Committee

of the University of the Witwatersrand (certificate number:
AESC/2016/04/18/B) and complied with international guide-
lines for the care and use of experimental animals as con-
tained in the NRC guide for the Care and Use of Laboratory
Animals: 8th Edition. The ARRIVE guidelines were used in the
preparation of the manuscript.

Chemicals and reagents
All the chemicals and reagents used in the study were of

analytical grade. Fenofibrate and dimethyl sulfoxide (DMSO)
were supplied by Sigma–Aldrich (St. Louis, Missouri, USA).
The fructose used was Nature’s choice brand (Randvaal,
South Africa). The real-time PCR reagents (SYBR™ Green Mas-
ter Mix) were from Applied Biosystems, Thermo Fisher Sci-
entific (Austin, TX, USA). The primers (telomeres and pyru-
vate kinase) and nuclease-free water used were from Inqaba
Biotech (Pretoria, South Africa).

Animals, housing, and general care
A total of 119, 6-day-old suckling pups, littermates from 14

Sprague-Dawley dams were used in the study. The study was
conducted in two phases: pre-weaning (postnatal days (PND)
6–21) and post-weaning (PND 22–63). In the pre-weaning
phase, the pups were kept with their respective dams in
the same cages and allowed to nurse freely. The cages were
lined with wood shavings and shredded paper for environ-
mental enrichment and changed twice weekly. At weaning,
the dams were returned to the stock pool of CAS, while
the weaned rats were transferred into individual cages. The
ambient temperature of the room was kept at 26 ± 2 ◦C
with adequate ventilation. A 12 h light cycle was main-
tained (lights on automatically at 07:00). The rats had ad
libitum access to normal rat chow and drinking water or
fructose as per their treatment protocol. The pups were
weighed daily to adjust their treatment and ensure con-
stant dosing in the first phase. Post-weaning, the rats were
weighed twice weekly to monitor their growth and general
health.

Study design
The study was carried out in two phases. In the pre-

weaning phase, the pups were randomly allocated into
four treatment groups in a split-litter manner and admin-
istered with either 0.5% DMSO (n = 29; males = 15, fe-
males = 14), 100 mg·kg−1 BW fenofibrate in 0.5% DMSO
(n = 29; males = 15, females = 14), fructose solution 20% w/v
in 0.5% DMSO (n = 29, males = 15, females = 14) or a combina-
tion of fenofibrate and fructose solution (n = 32; males = 16,
females = 16). These treatments were administered at a vol-
ume of 10 mL·kg−1 BW, once daily (around 08:30–10:00) via
oral gavage from PND 6 to PND 21. This phase of the study
aimed to induce neonatal metabolic programming. Eight to
twelve pups per dam were used to eliminate the effect of lit-
ter size.

The post-weaning phase of the study commenced on PND
22 with the weaning of the pups, their placement in indi-
vidual cages, and the return of the dams to stock. All the
pups had access to normal rat chow (Epol�, Centurion, South
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Fig. 1. A schematic diagram summarizing the experimental design. DMSO, 10 mL·kg−1 of 0.5% dimethyl sulfoxide; FF,
100 mg·kg−1 fenofibrate; FW, fructose (20%, w/v); NRC, normal rat chow; TW, tap water; M, males; F, females.

Africa), but each of the initial treatment groups was further
subdivided into two based on their drinking fluid. One sub-
group had access to plain tap water while the other had fruc-
tose, 20%, w/v ad libitum as their drinking fluid for 6 weeks
until PND 63.

A schematic diagram summarizing the experimental de-
sign is shown in Fig. 1.

Terminal procedures
On PND 62, the rats were fasted overnight (with ad libitum

acces to drinking water) and then on the morning of termina-
tion (PND 63), the body masses of the rats were determined
with an electronic weighing scale (Snowrex Electronic Scale,
Clover Scales, Johannesburg). The rats were then euthanized
by an anaesthetic overdose using intraperitoneal sodium pen-
tobarbitone (150 mg·kg−1 BW). Blood was taken via cardiac
puncture and transferred into heparinised blood-collecting
tubes (Becton Dickinson VACUTAINER Systems Europe, Mey-
lan CEDEX, France). Genomic deoxyribonucleic acid (DNA)
(DNA) was extracted from whole blood either immediately or
when not possible, the blood was stored in a fridge till extrac-
tion (DEFY, Durban, South Africa) at 4 ◦C. Some of the blood
was centrifuged (Hermle Z 230 A, B Hermle G, Germany) at
4000 × g at 4 ◦C for 15 min and the recovered plasma was
pipetted into microtubes (Eppendorf, Germany) and stored
at −20 ◦C until the determination of plasma lipids.

Determination of plasma concentration of
cholesterol and triglycerides

The plasma cholesterol and triglycerides concentration
were determined using a colorimetric analyser (IDEXX Cat-
alyst Dx™ connected to an IDEXX Vet Lab station, IDEXX Lab-
oratories Inc., Westbrook, Maine, USA).

Extraction of DNA
The whole blood collected at the termination of the rats

was used to extract genomic DNA using the NucleoSpin Blood
QuickPure kit (Macherey-Nagel, Düren, Germany) according
to the manufacturer’s instructions.

Determination of leucocyte telomere lengths
Leucocyte telomere lengths were determined by real-time

quantitative polymerase chain reaction (RT-qPCR) using the
StepOnePlus™ Real-Time PCR system (Applied Biosystems,
Singapore). The detailed method used in carrying out the PCR
has been previously described (Raymond et al. 2013; Ibrahim
et al. 2019). In the present study, we determined the factor
by which telomere repeat copy number (T) differed from the
copy number of pyruvate kinase (S) (Cawthon 2002). The rela-
tive telomere length was expressed as the ratio of the telom-
ere repeat copy number and the single gene copy number
(T/S).
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Statistical analysis
Data were analysed using the statistical software GraphPad

Prism version 9.0 (GraphPad Software Inc., San Diego, CA) and
expressed as mean ± standard error of the mean (SEM). A
one-way Analysis of variance (ANOVA) was used to analyse the
data, followed by a Bonferroni post hoc test to compare the
means. The level of significance was set at p < 0.05.

Results
Figures 2A and 2B show the terminal body masses of

male and female Sprague-Dawley rats that were administered
with fenofibrate during suckling and fed a high-fructose diet
post-weaning until adolescence. There were no differences
(p > 0.05, ANOVA) in body masses observed across the treat-
ment groups of both sexes.

The plasma concentrations of triglycerides in male and
female Sprague-Dawley rats that were administered with
fenofibrate as neonates and fed a high-fructose diet post-
weaning till adolescence are presented in Figs. 3A and 3B.

There were no statistical differences (p > 0.05) among
the treatment groups of the male rats. However, in the fe-
male rats, regardless of the treatment during suckling, a
high-fructose diet post-weaning induced significantly higher
(p < 0.05) plasma triglyceride concentration compared to fe-
male rats that drank plain tap water post-weaning.

Figures 4A and 4B show the plasma concentration of
cholesterol of adolescent male and female Sprague-Dawley
rats that were administered with fenofibrate during suckling
followed by a high-fructose diet post-weaning.

The plasma cholesterol concentrations of the male and fe-
male Sprague-Dawley rats were similar (p > 0.05) across the
treatment groups of both sexes.

The leucocyte telomere lengths of adolescent male and
female Sprague-Dawley rats that were administered fenofi-
brate during suckling and then fed a high-fructose diet post-
weaning till adolescence are presented in Figs. 5A and 5B.

The leucocyte telomere lengths of the rats were similar
(p > 0.05) across the treatment groups in both male and fe-
male rats.

Discussion
The present study investigated the developmental pro-

gramming effect of fenofibrate on some lipid profile parame-
ters and leukocyte telomere length in adolescent rats follow-
ing pre- and post-weaning exposure to a high-fructose diet.
Both the neonatal and post-weaning interventions did not
negatively affect the terminal body masses of the rats in this
study. A high-fructose diet is known to induce obesity in rats
(Pérez-Corredor et al. 2022). Given the rapid growth rate prior
to adulthood in rats, it is expected that the rats in our study
used most of the excess calories from the high-fructose diet
for their growth. More so, it has been shown that neonatal
obesogenic diets tend to only produce significant body mass
changes around PND 100 (Patel and Srinivasan 2010). Of note,
the rats in this study were terminated at PND 63, prior to

Fig. 2. (A) Terminal body masses of adolescent male
Sprague-Dawley rats fed a high-fructose diet post-weaning.
DMSO + TW = 10 mL·kg−1 of a 0.5% dimethyl sulfox-
ide solution as neonates and plain tap water post-weaning,
DMSO + FW = 10 mL·kg−1 of a 0.5% dimethyl sulfoxide
solution as neonates and fructose (20%, w/v) as drinking
fluid post-weaning, FF + TW = fenofibrate (100 mg·kg−1 in
0.5% DMSO) as neonates and plain tap water post-weaning,
FF + FW = fenofibrate (100 mg·kg−1 in 0.5% DMSO) as
neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FW + TW = fructose (20%, w/v) as neonates and
plain tap water post-weaning, FW + FW = fructose (20%, w/v)
as neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FFFW + TW = fenofibrate (100 mg·kg−1) and fruc-
tose (20%, w/v) in 0.5% DMSO as neonates and plain tap water
post-weaning, and FFFW + FW = fenofibrate (100 mg·kg−1)
and fructose (20%, w/v) in 0.5% DMSO as neonates and fruc-
tose (20%, w/v) as drinking fluid post-weaning. Data expressed
as mean ± SEM, n = 7–8 per group. (B) Terminal body
masses of adolescent female Sprague-Dawley rats fed a high-
fructose diet post-weaning. DMSO + TW = 10 mL·kg−1 of a
0.5% dimethyl sulfoxide solution as neonates and plain tap
water post-weaning, DMSO + FW = 10 mL·kg−1 of a 0.5%
dimethyl sulfoxide solution as neonates and fructose (20%,
w/v) as drinking fluid post-weaning, FF + TW = fenofibrate
(100 mg·kg−1 in 0.5% DMSO) as neonates and plain tap water
post-weaning, FF + FW = fenofibrate (100 mg·kg−1 in 0.5%
DMSO) as neonates and fructose (20%, w/v) as drinking fluid
post-weaning, FW + TW = fructose (20%, w/v) as neonates
and plain tap water post-weaning, FW + FW = fructose (20%,
w/v) as neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FFFW + TW = fenofibrate (100 mg·kg−1) and fruc-
tose (20%, w/v) in 0.5% DMSO as neonates and plain tap water
post-weaning, and FFFW + FW = fenofibrate (100 mg·kg−1)
and fructose (20%, w/v) in 0.5% DMSO as neonates and fructose
(20%, w/v) as drinking fluid post-weaning. Data are expressed
as mean ± SEM, n = 7–8 per group.
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Fig. 3. (A) Plasma triglycerides concentration of adoles-
cent male Sprague-Dawley rats fed a high-fructose diet post-
weaning. DMSO + TW = 10 mL·kg−1 of a 0.5% dimethyl
sulfoxide solution as neonates and plain tap water post-
weaning, DMSO + FW = 10 mL·kg−1 of a 0.5% dimethyl sulfox-
ide solution as neonates and fructose (20%, w/v) as drinking
fluid post-weaning, FF + TW = fenofibrate (100 mg·kg−1 in
0.5% DMSO) as neonates and plain tap water post-weaning,
FF + FW = fenofibrate (100 mg·kg−1 in 0.5% DMSO) as
neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FW + TW = fructose (20%, w/v) as neonates and
plain tap water post-weaning, FW + FW = fructose (20%, w/v)
as neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FFFW + TW = fenofibrate (100 mg·kg−1) and fruc-
tose (20%, w/v) in 0.5% DMSO as neonates and plain tap water
post-weaning, and FFFW + FW = fenofibrate (100 mg·kg−1)
and fructose (20%, w/v) in 0.5% DMSO as neonates and fruc-
tose (20%, w/v) as drinking fluid post-weaning. Data are ex-
pressed as mean ± SEM, n = 7–8 per group. (B) Plasma triglyc-
eride concentration of adolescent female Sprague-Dawley
rats fed a high-fructose diet post-weaning. a, b = significantly
different at p ≤ 0.05. DMSO + TW = 10 mL·kg−1 of a 0.5%
dimethyl sulfoxide solution as neonates and plain tap wa-
ter post-weaning, DMSO + FW = 10 mL·kg−1 of a 0.5%
dimethyl sulfoxide solution as neonates and fructose (20%,
w/v) as drinking fluid post-weaning, FF + TW = fenofibrate
(100 mg·kg−1 in 0.5% DMSO) as neonates and plain tap water
post-weaning, FF + FW = fenofibrate (100 mg·kg−1 in 0.5%
DMSO) as neonates and fructose (20%, w/v) as drinking fluid
post-weaning, FW + TW = fructose (20%, w/v) as neonates
and plain tap water post-weaning, FW + FW = fructose (20%,
w/v) as neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FFFW + TW = fenofibrate (100 mg·kg−1) and fruc-
tose (20%, w/v) in 0.5% DMSO as neonates and plain tap water
post-weaning, and FFFW + FW = fenofibrate (100 mg·kg−1)
and fructose (20%, w/v) in 0.5% DMSO as neonates and fructose
(20%, w/v) as drinking fluid post-weaning. Data are expressed
as mean ± SEM, n = 7–8 per group.

Fig. 4. (A) Plasma cholesterol concentration of adolescent
male Sprague-Dawley rats fed a high-fructose diet post-
weaning. DMSO + TW = 10 mL·kg−1 of a 0.5% dimethyl
sulfoxide solution as neonates and plain tap water post-
weaning, DMSO + FW = 10 mL·kg−1 of a 0.5% dimethyl sulfox-
ide solution as neonates and fructose (20%, w/v) as drinking
fluid post-weaning, FF + TW = fenofibrate (100 mg·kg−1 in
0.5% DMSO) as neonates and plain tap water post-weaning,
FF + FW = fenofibrate (100 mg·kg−1 in 0.5% DMSO) as
neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FW + TW = fructose (20%, w/v) as neonates and
plain tap water post-weaning, FW + FW = fructose (20%, w/v)
as neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FFFW + TW = fenofibrate (100 mg·kg−1) and fruc-
tose (20%, w/v) in 0.5% DMSO as neonates and plain tap water
post-weaning, FFFW + FW = fenofibrate (100 mg·kg−1) and
fructose (20%, w/v) in 0.5% DMSO as neonates and fructose
(20%, w/v) as drinking fluid post-weaning. Data are expressed
as mean ± SEM, n = 7–8 per group. (B) Plasma cholesterol
concentration of adolescent female Sprague-Dawley rats fed
a high-fructose diet post-weaning. DMSO + TW = 10 mL·kg−1

of a 0.5% dimethyl sulfoxide solution as neonates and plain
tap water post-weaning, DMSO + FW = 10 mL·kg−1 of a 0.5%
dimethyl sulfoxide solution as neonates and fructose (20%,
w/v) as drinking fluid post-weaning, FF + TW = fenofibrate
(100 mg·kg−1 in 0.5% DMSO) as neonates and plain tap water
post-weaning, FF + FW = fenofibrate (100 mg·kg−1 in 0.5%
DMSO) as neonates and fructose (20%, w/v) as drinking fluid
post-weaning, FW + TW = fructose (20%, w/v) as neonates
and plain tap water post-weaning, FW + FW = fructose (20%,
w/v) as neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FFFW + TW = fenofibrate (100 mg·kg−1) and fruc-
tose (20%, w/v) in 0.5% DMSO as neonates and plain tap water
post-weaning, and FFFW + FW = fenofibrate (100 mg·kg−1)
and fructose (20%, w/v) in 0.5% DMSO as neonates and fruc-
tose (20%, w/v) as drinking fluid post-weaning. Data expressed
as mean ± SEM, n = 7–8 per group.
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Fig. 5. (A) Leucocyte telomere length of adolescent male
Sprague-Dawley rats fed a high-fructose diet post-weaning.
DMSO + TW = 10 mL·kg−1 of a 0.5% dimethyl sulfox-
ide solution as neonates and plain tap water post-weaning,
DMSO + FW = 10 mL·kg−1 of a 0.5% dimethyl sulfoxide
solution as neonates and fructose (20%, w/v) as drinking
fluid post-weaning, FF + TW = fenofibrate (100 mg·kg−1 in
0.5% DMSO) as neonates and plain tap water post-weaning,
FF + FW = fenofibrate (100 mg·kg−1 in 0.5% DMSO) as
neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FW + TW = fructose (20%, w/v) as neonates and
plain tap water post-weaning, FW + FW = fructose (20%, w/v)
as neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FFFW + TW = fenofibrate (100 mg·kg−1) and fruc-
tose (20%, w/v) in 0.5% DMSO as neonates and plain tap water
post-weaning, FFFW + FW = fenofibrate (100 mg·kg−1) and
fructose (20%, w/v) in 0.5% DMSO as neonates and fructose
(20%, w/v) as drinking fluid post-weaning. Data are expressed
as mean ± SEM, n = 7–8 per group. (B) Leucocyte telomere
length of adolescent female Sprague-Dawley rats fed a high-
fructose diet post-weaning. DMSO + TW = 10 mL·kg−1 of a
0.5% dimethyl sulfoxide solution as neonates and plain tap
water post-weaning, DMSO + FW = 10 mL·kg−1 of a 0.5%
dimethyl sulfoxide solution as neonates and fructose (20%,
w/v) as drinking fluid post-weaning, FF + TW = fenofibrate
(100 mg·kg−1 in 0.5% DMSO) as neonates and plain tap water
post-weaning, FF + FW = fenofibrate (100 mg·kg−1 in 0.5%
DMSO) as neonates and fructose (20%, w/v) as drinking fluid
post-weaning, FW + TW = fructose (20%, w/v) as neonates
and plain tap water post-weaning, FW + FW = fructose (20%,
w/v) as neonates and fructose (20%, w/v) as drinking fluid post-
weaning, FFFW + TW = fenofibrate (100 mg·kg−1) and fruc-
tose (20%, w/v) in 0.5% DMSO as neonates and plain tap water
post-weaning, and FFFW + FW = fenofibrate (100 mg·kg−1)
and fructose (20%, w/v) in 0.5% DMSO as neonates and fructose
(20%, w/v) as drinking fluid post-weaning. Data are expressed
as mean ± SEM, n = 7–8 per group.

the adolescent surge in sex hormones responsible for weight
gain.

Furthermore, our results indicate that postnatal high-
fructose feeding induces hypertriglyceridaemia in female
rats. This high-fructose diet-induced hypertriglyceridaemia
was not prevented by an earlier fenofibrate administration
during suckling. Thus, fenofibrate did not exhibit prophy-
lactic potential in preventing hypertriglyceridaemia in the
female rats and may therefore not be an ideal candidate
for neonatal programming against later-life dyslipidaemia.
Consumption of high-fructose diets is known to induce de
novo lipogenesis (DNL) by stimulating excess production
of triglycerides in both the liver and the small intestines
(Le et al. 2009; Zhao et al. 2020) Fructose activates the
carbohydrate-responsive-element-binding protein (ChERBP)
and consequently upregulates the microsomal triglyceride
transfer protein (MTTP) (Erion et al. 2013). MTTP is an im-
portant enzyme in the packaging of triglycerides in both the
liver as very low-density lipoproteins and in the intestines as
chylomicrons (Wallace and Metallo 2020).

Fenofibrate as a PPAR α agonist acts primarily in the
liver and inhibits DNL through oxidation of hepatic lipids
and hence decreases the concentration of triacylglycerol
(Mahmoudi et al. 2022), and also, via enhancing glycaemic
status, decreases oxidative stress and increases antioxidant
status (Abdelmoneim et al. 2021). However, in our study
where fenofibrate was administered prophylactically in the
neonatal stage prior to fructose administration, it did not pre-
vent fructose-induced hypertriglyceridaemia in the female
rats. This suggests that fenofibrate may not be a good can-
didate for programming against dyslipidaemia in females.

In addition, the high-fructose diet did not significantly in-
duce hypertriglyceridaemia in the male rats. This is not sur-
prising as previous studies have already established sexual
dimorphism in susceptibility to high-fructose diet-induced
changes (Fuente-Martín et al. 2012; Stephenson et al. 2022). It
is well known that females are more responsive to the inges-
tion of high-fructose diets and hence DNL than males (Low et
al. 2018). Studies have revealed a sexually dimorphic pattern
in fat distribution, with males storing more lipids in the vis-
cera and females in the peripheral adipose tissues (Chen et al.
2022). Oestrogen is thought to inhibit peripheral lipolysis of
subcutaneous fat in females without affecting the visceral fat
mass (Pedersen et al. 2004). Sexual dimorphism also exists in
the differential storage of lipids in the liver and in the skele-
tal muscles. It has been previously shown that females tend
to store more lipids in the muscles as compared to males that
store more lipids in the liver (Høeg et al. 2009; Beaudry and
Devries 2019). It is, therefore, not surprising to find a sex dif-
ference in the fructose-induced hypertriglyceridaemia found
in the current study.

In addition, the total plasma cholesterol concentration was
not affected by both the neonatal and post-weaning interven-
tions in both male and female rats. This finding was unex-
pected, as consumption of a high-fructose diet has been asso-
ciated with hypercholesterolaemia (Lê et al. 2009; Koo et al.
2021). However, we found a few studies where the consump-
tion of a high-fructose diet did not induce hypercholestero-
laemia in rats (Muhammad et al. 2020; Iskender et al. 2022).
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We speculate that, as with the body mass gain, the growing
rats used up most of the excess calories for their growth and
hyperactivity.

Lastly, neonatal-administered fenofibrate did not have any
impact on the leucocyte telomere lengths of the adolescent
rats. Neonatal programming is usually a result of epigenetic
changes that occur during the early critical developmen-
tal periods that then modulate the expression of metabolic
genes and permanently alter the physiology of the individ-
ual (Xargay-Torrent et al. 2022). DNA methylation, which in-
volves the addition of a methyl group to the DNA, is an impor-
tant epigenetic phenomenon that influences the transcrip-
tion and expression or repression of genes (Wong 2021). This
DNA methylation, facilitated by the DNA methyl transferase
(DNMT), forms a stable epigenetic mark that can be transmit-
ted to subsequent generations without having to repeat the
initial insult (Zhu et al. 2019). To this end, previous studies
have shown fenofibrate to be a good candidate for neonatal
programming because of its ability to downregulate the epi-
genetic enzyme, DNMT-1 (Kong et al. 2021). This implies that
fenofibrate could be of potentially immense benefit in slow-
ing down ageing later in life when used during the critical
developmental periods of gestation and suckling. To further
support this idea, fenofibrate was shown to protect telom-
eres against attrition in an in vitro study using human der-
mal fibroblasts under diabetic conditions through yet-to-be-
understood mechanisms (Sutanto et al. 2019).

In the present study, both fenofibrate and fructose were ad-
ministered during suckling to induce programming. The po-
tential impact of these interventions on the telomere length
is quite high. This is because it is thought that telomere
lengths are determined in the hematopoietic stem cells in
the bone marrow. These stem cells usually develop and reach
maturity in the 6th week of gestation (Mikkola and Orkin
2006). Our intervention in the suckling phase was appropri-
ate as the critical window usually extends through suckling
to early childhood (Hochberg et al. 2011). Interestingly, stud-
ies have reported differences in telomere lengths early in life
and in adolescence following interventions during gestation
in humans. Prenatal smoking of cigarettes by mothers was
shown to result in shorter telomeres in 196 children under
the age of 15 years in a study in Hong Kong (Ip et al. 2016).
Additionally, Latino children who were exclusively breastfed
for 4–6 weeks after birth were shown to have longer telomere
lengths at 4–5 years compared to their colleagues who were
not exclusively breastfed (Wojcicki et al. 2016). We expected
to see changes in the telomere lengths of the rats in this study
as they were terminated at PND 63, which corresponds to late
adolescence in man (Andreollo et al. 2012). However, we did
not find any such correlation. It should be noted that simi-
lar to our findings, some studies have challenged this corre-
lation between early interventions and telomere lengths. In
our laboratory, for instance, we did not find any impact on
the telomere lengths of adolescent rats that were adminis-
tered with curcumin and fructose during suckling (Ibrahim
et al. 2019). In another study, maternal homocysteine levels,
though related to cigarette smoking did not show any signifi-
cant correlation with foetal telomere lengths (Tellechea et al.
2015). These seemingly contrasting scenarios buttress the im-

perative of further research in the area of telomere biology
as it relates to neonatal programming to enhance our under-
standing.

In this study, we did not quantify the feed and fluid in-
take of the rats, especially the amount of fructose taken
and the percentage of caloric intake it represents. This could
have provided some insights into the differential response be-
tween the male and the female rats in the fructose-induced
plasma triglyceride concentration. However, it has been pre-
viously shown that female rats had more preference for
sugar, thereby consuming proportionately more and increas-
ing their caloric intake than their male counterparts (Sclafani
et al. 1987).

Conclusion
Neonatal programming with fenofibrate did not have an

impact on the development of hypertriglyceridaemia in fe-
males when they consumed a high-fructose diet later in life.
Additionally, it did not alter ageing as measured by leucocyte
telomere length in male and female rats. Thus, fenofibrate
may not be an ideal candidate for neonatal programming
against dyslipidaemia and telomere attrition.
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