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Abstract

Dietary manipulations during the early postnatal period are associated with the development
of metabolic disorders including non-alcoholic fatty liver disease (NAFLD) or long-term
protection against metabolic dysfunction. We investigated the potential hepatoprotective
effects of neonatal administration of oleanolic acid (OA), a phytochemical, on the subsequent
development in adulthood, of dietary fructose-induced NAFLD. Male and female suckling
rats (n= 112) were gavaged with; distilled water (DW), OA (60mg/kg), high fructose solution
(HF; 20% w/v) and OA+HF (OAHF) for 7 days. The rats were weaned onto normal rat chow
on day 21 up to day 55. From day 56, half of the rats in each treatment group were continued
on plain water or HF as drinking fluid for 8 weeks. Hepatic lipid accumulation and hepatic
histomorphometry were then determined. Fructose consumption in adulthood following
neonatal fructose intake (HF+ F) caused a 47–49% increase in hepatic lipid content of both
male and female rats (P< 0.05). However, fructose administered in adulthood only, caused a
significant increase (P< 0.05) in liver lipid content in females only. NAFLD activity scores for
inflammation and steatosis were higher in the fructose-fed rats compared with other groups
(P< 0.05). Steatosis, low-grade inflammation and fibrosis were observed in rats that received
HF+ F. NAFLD area fraction for fibrosis was three times higher in rats that received fructose
neonatally and in adulthood compared with the rats in the negative control group (P< 0.05).
Treatment with OA during a critical window of developmental plasticity in rats prevented the
development of fructose-induced NAFLD.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is the accumulation of lipids in hepatocytes in the
absence of alcohol abuse, steatogenic medication or underlying pathological conditions that
cause steatosis.1 The steatosis leads to hepatic fat build up and an increase in total liver mass of
over 5%.1,2 Hepatic lipid accumulation of between 5 and 10% is considered as fatty liver
disease.3 NAFLD is considered to be the ‘hepatic manifestation’ of metabolic syndrome (MetS)
as its development is closely linked with health outcomes associated with MetS such as obesity,
dyslipidemia, type 2 diabetes mellitus and hypertension.4,5 NAFLD includes a wide range of
clinicopathologies ranging from hepatic steatosis to non-alcoholic steatohepatitis (NASH)
which can progress to hepatic fibrosis and eventually cirrhosis if left untreated.6 NASH is
regarded as the most severe form of NAFLD and is accompanied by lipid peroxidation and the
generation of free radicals which in turn trigger an inflammatory response and activation of
hepatic stellate cells resulting in fibrosis.7,8

NAFLD has a high global prevalence which is increasing.9 According to Bellentani et al.,10

the recent increase in the global prevalence of NAFLD ranges from 6.3–33% with an average of
20% of the population, depending on the diagnostic tool used. When other co-morbidities are
considered, even higher prevalence is reported. The prevalence of NAFLD in obese diabetic
individuals can be as high as 70–90%.7 The main risk factors for the development of NAFLD
include adoption of sedentary lifestyles, obesity, insulin resistance, genetics and altered dietary
patterns such as excessive consumption of Western calorific diets that are high in fat and
carbohydrate content, particularly fructose.11,12

Several mechanisms have been proposed in order to explain hepatic lipid accumulation and
these include but are not limited to; (i) an increase in extrahepatic mobilization of fatty acids
from visceral adipose tissue causing an influx of triglycerides (TGs) into the liver, (ii) de novo
lipogenesis (DNL) and (iii) a decrease in hepatic fatty acid oxidation.13
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As proposed by Day and James14 in their ‘two hit hypothesis’, the
development and pathogenesis of NAFLD and NASH requires a
‘double hit’. The ‘first hit’ results in hepatic lipid accumulation which
is primarily due to insulin resistance. Insulin resistance triggers the
secretion of adipokines from adipocytes, changes the rate of pro-
duction and transport of TGs by hepatocytes and increases lipolysis in
adipocytes which in turn releases free fatty acids thus exposing the
liver to excess free fatty acids.7 In the ‘first hit’ of NAFLD patho-
genesis, there is also mitochondrial dysfunction and DNL which
causes an increase in hepatic TG levels.7 The ‘second hit’ is caused by
reactive oxygen species and pro-inflammatory cytokines produced by
adipocytes and reactive oxygen species which in turn activates hepatic
stellate cells to increase hepatic fibrosis and lipid peroxidation.15,16

The development of metabolic disorders such as NAFLD in
adulthood has been known to be programmable in the different
phases of ontogeny such as gestation and in the neonatal phase of
development which are characterized by phenotypic plasticity.17,18

Studies have shown that increased consumption of fructose during
the critical periods of developmental plasticity predisposes offspring
to the development of metabolic disorders later on in adult life.19–21

Rats are an altricial species and several of the developmental
changes occurring during the early neonatal phase correspond to
those occurring in the third trimester of precocious species
including humans.22 Consequently, the neonatal rat represents an
experimental model for studying developmental changes that are
associated with the human third trimester of pregnancy.22 Thus
for our study we chose to use neonatal rats as an experimental
model for developmental metabolic plasticity.

Current therapeutic options for MetS and NAFLD include lifestyle
changes such as a reduction in dietary calorific intake, and an increase
in physical activity.23 Traditional pharmacological agents that are
currently being used to treat and manage metabolic disorders and
NAFLD include insulin-sensitizing drugs like metformin, anti-
oxidants such as vitamin E and lipid-lowering drugs like fenofi-
brate.23,24 This treatment approach often administered to adults,
amongst other mechanisms is directed at weight loss and increasing
energy expenditure so that less energy is stored in the adipose tissue.25

These conventional synthetic medicines are often associated with a
number of side effects including lactic acidosis, liver toxicity and
hypoglycemia.23 There is need to develop alternative treatments or
prophylactic interventions, preferably using affordable natural pro-
ducts that form part of our normal diets, having fewer side effects, and
safer than conventional medicines. Ideally the alternative pharmaco-
logical interventions should be administered during the critical phases
of development to provide long-term health benefits.

Oleanolic acid (OA) is a naturally occurring triterpenoid26 derived
from plants including olives (Olea europaea), Mistletoe (Viscum
album L.) and Chinese Weldelia (Wedelia chinensis).27 OA was
selected for this study due to its several pharmacological benefits.28,29

The reported pharmacological bioactivities of OA include protection
against chemically induced liver injury,30 anti-diabetic properties,31,32

anti-inflammatory33 and anti-oxidant properties.34,35 Previous studies
on murine models have shown that OA treatment in adulthood
significantly reduces diet-induced hepatic lipid accumulation and
confers hepatic protection through the modulation of hepatic
SREB-1c-mediated expression of genes responsible for DNL.36 Most
studies on the beneficial pharmacological effects of OA have been
performed in adult animals but none have been performed in the
neonatal phase.

The neonatal period selected for the experimental treatments
in the current study is a critical window of developmental phe-
notypic plasticity in which development and programming of

several phenotypes such as good health profiles and metabolic
disorders that are observed later in adulthood occur.37,38

The current study was designed to investigate the potential
hepatoprotective effect of OA administered in the neonatal phase to
attenuate the development of fructose-induced hepatic manifesta-
tions of metabolic dysfunction in a murine experimental model.

Materials and methods

Ethical clearance for the study

All animal experimental procedures were performed according to
the protocols approved by the Animal Ethics Screening Com-
mittee (AESC) of the University of the Witwatersrand (AESC
ethics clearance number: 2014/47/D).

Housing and animal husbandry

Sprague–Dawley (Rattus norvegicus) dams, each with between 8 and
12 neonatal rats, were used in this study. The rats were supplied by
the Central Animal Services, University of the Witwatersrand and
housed in a conventional animal housing facility. Each dam and its
respective litter were housed in Perspex cages in which wood shavings
was used as bedding. The bedding was changed once a week. The
room temperature was maintained at 25±2°C and a 12-h light and
dark cycle followed (with lights on at 7 am). Adequate positive
pressure ventilation of the room was maintained at all times. The
dams were supplied with standard commercially sourced rat chow
(SRC) (Epol®, Johannesburg, South Africa) and water ad libitum
throughout the suckling period. The dams were allowed to freely
nurse (including during the 7-day neonatal experimental period) until
weaning of the rat pups on postnatal day (PD) 21. The dams were
returned to stock after weaning of their pups. The weaned rats were
then housed individually in cages as described above.

Study design and experimental dietary treatments

This was an interventional comparative study in which 112 male and
female neonatal rats from 10 nursing dams were used. The study was
divided into two experimental interventional phases. The first phase
of the study was between PD7 and PD13. During the first phase, the
first nutritional intervention was introduced in order to induce neo-
natal programming of liver metabolism. The litter from each of the 10
nursing dams were randomly assigned to the four neonatal treatment
groups resulting in each treatment group consisting of 28 male and
female neonatal rats. This random allocation of littermates to each of
the different treatment groups was done to avoid dam-effect bias. For
easy identification, a colour-coded numbering system was used. The
neonatal rats were marked on their tails with different coloured non-
toxic ink based permanent marker pens.

The neonatal rats were weighed daily to monitor the health of
the animals and adjust treatment amounts to maintain a constant
dosage per body mass and they received the following treatments:

Group 1: distilled water (DW) – DW with dimethyl sulphoxide
(0.5% v/v) which was used as a vehicle control to dissolve the OA;
Group 2: OA – OA (60mg/kg body mass) reconstituted in 0.5%
dimethyl sulphoxide; Group 3: high fructose solution (HF) – 20%
fructose solution (w/v) made up in 0.5% dimethyl sulphoxide;
Group 4: oleanolic acid and high fructose solution (OAHF) – OA
(60mg/kg body mass) and 20% fructose solution (w/v) con-
stituted in dimethyl sulphoxide.

All treatments were administered once daily in the morning
(between 9 and 11 am) for 7 days (PD7 to PD13), at a volume of
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10ml/kg body mass via orogastric gavage using a 20G orogastric
tube attached to a 1ml syringe. After administration of treatments,
all the neonatal rats were observed for 20min for unusual beha-
vioural changes. Following the treatments between PD7 and PD13,
the rats were allowed continue to suckle until they were weaned on
PD21 after which they had ad libitum access to SRC and plain
drinking tap water until PD55 which is generally recognized as
post-pubertal and the commencement of adulthood in rats. In the
second experimental interventional phase, a second dietary inter-
vention was introduced PD56 up to PD112 (adult phase). During
this adulthood period, PD56 to PD112, all rats received ad libitum
access to SRC, however, half (n= 56) the number of male and
female rats in each group received plain drinking water whilst the
other half (n= 56) received 20% fructose (w/v) as drinking fluid.
Each treatment group thus had 6–8 male or female pups. The
fructose was given in order to induce health outcomes associated
with metabolic dysfunction.39 In the rats that did not receive the
early ‘hit’ with fructose in the neonatal phase, the fructose in
adulthood would represent a single first hit in adulthood. For the
rats which received an early hit as neonates, the fructose inter-
vention in adulthood represented a late second hit. Thus the latter
group of rats had a double hit of fructose in their lifespan. Con-
sequently in terms of fructose intake, the rats either had only an
early (neonatal) hit with fructose or a late (in adulthood) hit with
fructose or a double hit (neonatally and then later as adults).

Terminal procedures

The rats were then euthanized on PD112 by an overdose of intra-
peritoneally injected sodium pentobarbital (200mg/kg body mass;
Eutha-Naze®, Bayer Corporation, Johannesburg, South Africa).
Blood samples were collected into serum separator vacutainers via
cardiac puncture, and centrifuged to collect serum. The abdom-
inal cavity was opened via a midline incision and the liver was
carefully dissected out. The liver samples were weighed (Precisa
310M®, Precision Instruments, Switzerland) and masses recorded.
Thereafter a section of each liver sample was dissected from the
right medial lobe and preserved in 10% phosphate buffered for-
malin for histological analyses. The remainder of the liver sample
was stored at −20°C for determination of liver lipid content.

The left tibia was dissected from the hindlimb of each rat,
defleshed, dried in an oven at 50°C for 5 days and then the length
measured and used in the computation for the relative mass of liver.

Measurement of non-specific tissue alkaline phosphatase
(ALP) and alanine aminotransferase (ALT) as a surrogate
marker of liver function

Using the serum samples collected at termination, tissue non-specific
ALP and ALT were measured using a calibrated automatic bio-
chemical analyzer (IDEXX VetTestTM, Clinical Chemistry Analyser,
IDEXX Laboratories Inc., USA). The results from the measurement of
enzyme markers were reported as units per litre (U/l). The assays
were carried out according to the manufacturer’s instructions.

Preparation and processing of liver tissue for histological
examination

Following fixation, the liver tissue samples were processed using an
automatic tissue processor (Microm STP 120, ThermoScientific,
MA, USA), embedded in paraffin wax, and sectioned at 3μm
thickness using a rotary microtome. The tissue sections were then
either stained with haematoxylin and eosin (HE) to assess

hepatocellular changes or Masson’s trichrome (MT) stain to assess
fibrosis according to standard protocols as described by Bancroft and
Gamble.40 Photomicrographs of the stained sections were acquired
using a Leica ICC50 HD video camera linked to a Leica DM 500
microscope. Composite images were prepared with CorelDraw X3
Software (Version 13, Corel Corporation, Ottawa, Canada). No
pixelation adjustments of the captured photomicrographs were
undertaken except for adjustment of contrast and brightness.

Histomorphometry and histological examination of the
liver samples

The HE-stained sections of the liver were semi-quantitatively scored
for inflammation according to Kleiner et al.41 Steatosis was deter-
mined by analyzing hepatocellular vesicular steatosis, based on the
total area affected, grading was done as follows: Grade 0= <5%
steatosis; Grade 1=5–33% steatosis; Grade 2=33–66% steatosis;
Grade 3= >66% steatosis per camera field of the parenchyma.
Inflammation was scored by counting the number of inflammatory
cell aggregates in the liver parenchyma and graded as follows: Grade
0=none or no foci of inflammation per camera field; Grade 1= fewer
than 2 foci per camera field; Grade 2=2–4 foci per camera field;
Grade 3= >4 foci per camera field at ×20.

Fibrosis and steatosis was quantitatively assessed from pho-
tomicrographs of the portal areas of MT-stained sections at ×40
using ImageJ.42 In brief, the images were converted to 8-bit scale,
a threshold set manually and area fraction covered by connective
tissue was quantified.

To avoid sampling errors, liver samples were obtained from
the right medial lobe and all the histological features were semi-
quantitatively and quantitatively assessed by a histologist (PN)
who was blinded to the animal treatments.

Determination of hepatic lipid content

Liver samples from each of the four different treatment groups for
male and female rats were pooled together for the determination of
intrahepatic lipid content. In brief, the liver samples were dried
(lyophilized) in a freeze dryer (Model BK-FD12, SP Scientific, New
York, USA) and ground into a fine powder. The ground sample
(2.5 g) was placed in an extraction thimble and the oil extracted using
60ml of petroleum ether in a Soxhlet extractor (Tecator Soxtec Sys-
tem HT 1043, Gemini BV Laboratories, Apeldoorn, Nederland). The
total lipid was then determined gravimetrically. Liver lipids for each
experimental group were determined in triplicate.

Statistical analyses

Results were presented as mean± standard deviation (S.D.) and
analyzed using GraphPad Prism for Windows Version 7.0
(GraphPad Software Inc., San Diego, USA). For parametric data,
one-way ANOVA followed by Bonferroni’s post-hoc test were
used. The Kruskal–Wallis test was used to analyze NAFLD scores
for steatosis and inflammation followed by Dunn’s post-hoc test.
P⩽ 0.05 was considered significant.

Results

The effect of neonatal OA administration on body mass in
fructose-fed adult male and female rats

Body masses of male and female rats from all experimental
treatment groups increased significantly from induction (P7)
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to termination (P112) (P< 0.05; Fig. 1a and 1b). There were no
significant differences in terminal body masses for male rats from
all experimental treatment groups (P> 0.05; Fig. 1a).

In female rats, a double hit of fructose, first early in the
neonatal period and then later in adulthood (HF+ F) resulted
in a significant increase in terminal body mass (P112) compared
with other treatment groups (P< 0.05; Fig. 1b). Rats neonatally
administered OA and subjected to the double hit of fructose
(OAHF+HF) did not show the significant increase in terminal
body mass observed in rats receiving the double hit (HF + F)
of fructose (P< 0.05; Fig. 1b). Thus OA prevented the

increase in terminal body mass due to a double hit
with fructose.

The effect of neonatal OA administration on surrogate
markers of liver function, liver masses (absolute and relative
to tibia length) and hepatic lipid content in fructose-fed
adult male and female rats

In male rats, consumption of fructose either late in adulthood
(DW+F) or as a double hit early in the neonatal period and late
in adulthood (HF+ F) resulted in up to 19% increase in liver
masses compared with other treatment groups (P< 0.05; Table 1).
Oral administration of OA in the neonatal period prevented the
late single hit (OA+ F) and double hit (OAHF+ F) effects of
fructose on gain in liver mass (P< 0.05). There were no sig-
nificant differences in liver masses between neonatal adminis-
tration of OA and the control group which did not receive any
fructose throughout its lifespan (DW+W) (P> 0.05).

Although the absolute liver mass was significantly higher
(P< 0.05; Table 2) for female rats that received a double hit of
fructose (HF + F), when adjusted to relative tibial length, the
relative liver mass was not significantly different compared with
other treatment groups (P> 0.05; Table 2).

In male rats, only the double hit (HF + F) of fructose (early in
the neonatal period and late in adulthood) resulted in a significant
accumulation (47% increase) in hepatic lipid content compared
with other treatment groups (P< 0.05; Fig. 2). Oral administra-
tion of OA in the neonatal period prevented the increased hepatic
lipid content observed as a result of the double hit with fructose
(OAHF+HF v. HF + F; P< 0.001; Fig. 2).

In females, hepatic lipid accumulation was not restricted to the
double hit with fructose. The liver lipid content for female rats that
received a late fructose hit (DW+F) and those that received a
double hit neonatally and in adulthood (HF+F) was up to 49%
higher than rats from the other treatment groups (P< 0.05; Fig. 3).
Oral administration of OA in the neonatal period prevented the
increased hepatic lipid content observed as a result of the late single
hit and double hit with fructose (OA+F v. DW+F and OAHF+F
v. HF+F; P>0.001; Fig. 3).

The effect of neonatal oral administration of OA on hepatic
histomorphometry of fructose-fed adult male and
female rats

In male rats, steatosis scores were greater in the rats that
received a double hit of fructose neonatally and in adulthood
(HF+ F) compared with all the other experimental groups
(Kruskal–Wallis; Table 1). In addition, both macro and micro-
vesicular steatosis that was periportally distributed was
observed in the HF+ F group (Fig. 4f). However, there were no
significant differences in the scores for hepatic inflammation
across all treatment groups (P> 0.05). Fibrosis area fraction was
up to three times higher in the rats that only received a late
fructose hit (DW+F) and a double fructose hit (neonatally and in
adulthood; HF + F) compared with other treatment groups
(P< 0.05; Table 1). Fibrosis in these two groups (DW+F and
HF+ F) was mainly periportal (Fig. 5b and 5f). Neonatal
administration of OA prevented the development of steatosis and
fibrosis induced by a late (DW+F) and double hit of fructose
(HF + F).

In female rats, steatosis was higher in the rats that received a
single late hit (DW+F) and double hit of fructose neonatally and

Fig. 1. The effect of neonatal oral administration of oleanolic acid or fructose on
body masses of male rats (a) and female (b) fed a high fructose diet, as neonates
and, or in adulthood. All data presented as mean ± S.D. *Significant increase in body
mass from induction to weaning and from weaning to termination (P< 0.005).
bSignificant increase in terminal body mass for female rats receiving a double hit of
fructose (HF + F) compared with all of the other treatment groups (P< 0.005). DW+W,
distilled water neonatally + plain drinking water post-weaning and throughout
adulthood (M= 7; F= 7); DW + F, distilled water neonatally + high fructose solution
as drinking fluid in adulthood (M= 6; F= 6); OA +W, oleanolic acid neonatally + plain
drinking water post-weaning and throughout adulthood (M= 8; F= 8); OA + F,
oleanolic acid neonatally + high fructose solution as drinking fluid in adulthood
(M= 7; F= 8); HF +W, high fructose solution neonatally + plain drinking water post-
weaning and throughout adulthood (M= 6; F= 7); HF + F, high fructose solution
neonatally + high fructose solution as drinking fluid in adulthood (M= 7; F= 8);
OAHF +W, combination of oleanolic acid and high fructose solution neonatally + plain
drinking water post-weaning and throughout adulthood (M= 7; F= 6); OAHF + F,
combination of oleanolic acid and high fructose solution neonatally + high fructose
solution as drinking fluid in adulthood (M= 7; F= 7); M, male; F, female,
P, postnatal day.
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in adulthood (HF+ F) compared with all the other experimental
groups (Kruskal–Wallis; P< 0.05; Table 2). In addition, peripor-
tally distributed macrovesicular steatosis was observed in the rats
that received a single late hit (DW+F) and those that received
a double hit of fructose neonatally and in adulthood (HF+ F)
(Fig. 6b and 6f). Scores for hepatic inflammation were also higher
in the rats that received a single late hit (DW+F) and double hit
of fructose neonatally and in adulthood (HF+ F) compared with
all the other experimental groups (Table 2). Furthermore, fibrosis
was three times higher in the in rats that received DW+F and
HF+ F compared with other treatment groups (P< 0.05; Table 2).
Fibrosis in these two groups was mainly periportal (Fig. 7b and 7f).
Neonatal oral administration of OA prevented the development
of steatosis and fibrosis induced by a late (DW+F) and double hit
of fructose (HF+F).

The effect of neonatal OA administration on a surrogate
marker of liver function and tissue non-specific ALP in
fructose-fed adult male and female rats

The serum levels of liver enzymes were similar in all experimental
treatment groups for both male and female rats (P> 0.05;
Tables 1 and 2).

Discussion

In the current study, the potential protective effects of neonatal
oral intake of OA on the development of fructose-induced
NAFLD were investigated in male and female rats. As confirmed
by the terminal liver masses, total hepatic lipid content (more
than 5% of mass as fat) and histological findings, a double

Table 1. The effect of neonatal oral administration of oleanolic acid and fructose on the absolute (g) and relative (g/cm tibia) liver masses, steatosis, fibrosis and
inflammation scores, a surrogate marker of liver function (alkaline aminotransferase) and non-tissue specific alkaline phosphatase levels in adult male rats fed a
high fructose diet in adulthood

Parameter DW+W DW+ F OA +W OA + F HF +W HF + F OAHF +W OAHF + F

Liver (g) 11.7 ± 1.8 13.5 ± 1.2 11.0 ± 0.7 12.5 ± 1.4 13.5 ± 1.4 17.2 ± 1.8b 12.1 ± 1.3 12.8 ± 2.1

Liver (g/cm tibia) 2.8 ± 0.4 3.6 ± 0.3a 2.5 ± 0.2 2.9 ± 0.4 3.1 ± 0.3 3.7 ± 1.6b 2.4 ± 1.1 3.0 ± 0.6

Steatosis 0.3 ± 0.6 1.7 ± 0.6 0 ± 0 0.7 ± 0.6 0.7 ± 0.6 2.3 ± 0.6 0.3 ± 0.6 1 ± 0

Inflammation 1.3 ± 0.6 0.3 ± 0.6 0.3 ± 0.6 0.3 ± 0.6 1.7 ± 0.6 0.3 ± 0.6 0.7 ± 0.6 1.3 ± 0.6

Fibrosis (area fraction) 1.2 ± 1.2 10.4 ± 1.8a 0.9 ± 0.9 3.9 ± 0.4 2.6 ± 0.8 12.2 ± 3.1b 1.1 ± 0.9 3.6 ± 1.0

ALT (U/l) 81.9 ± 10.6 82.7 ± 27.8 93.1 ± 39.7 82.1 ± 34.5 76 ± 10.1 88.0 ± 40.3 66.4 ± 28.9 78.0 ± 15.3

ALP (U/l) 87.3 ± 5.7 108.5 ± 12.5 102.1 ± 17.7 111.4 ± 12.0 96.9 ± 29.8 140.7 ± 21.8 80.6 ± 9.5 86.14 ± 15.3

DW+W, distilled water neonatally + plain drinking water post-weaning and throughout adulthood (n= 7); DW+ F, distilled water neonatally + high fructose solution as drinking fluid in
adulthood (n= 6); OA +W, oleanolic acid neonatally + plain drinking water post-weaning and throughout adulthood (n= 8); OA + F, oleanolic acid neonatally + high fructose solution as
drinking fluid in adulthood (n= 7); HF +W, high fructose solution neonatally + plain drinking water post-weaning and throughout adulthood (n= 6); HF + F, high fructose solution neona-
tally + high fructose solution as drinking fluid in adulthood (n= 7); OAHF +W, combination of oleanolic acid and high fructose solution neonatally + plain drinking water post-weaning and
throughout adulthood (n= 7); OAHF + F, combination of oleanolic acid and high fructose solution neonatally + high fructose solution as drinking fluid in adulthood (n= 7); ALT, alanine
aminotransferase; ALP, alkaline phosphatase.
All data presented as mean ± S.D.
a,bSignificant increase in absolute and relative liver masses and hepatic fibrosis area fraction in rats that received DW+ F and HF + F compared with rats from the other experimental
treatment groups (P< 0.05), compared with the other groups, respectively.

Table 2. The effect of neonatal oral administration of oleanolic acid and fructose on the absolute (g) and relative (g/cm tibia) liver masses, steatosis, fibrosis and
inflammation scores, a surrogate marker of liver function (alkaline aminotransferase) and tissue non-specific alkaline phosphatase levels in of adult female rats fed
a high fructose diet in adulthood

Parameter DW+W DW+ F OA +W OA + F HF +W HF + F OAHF +W OAHF + F

Liver (g) 6.1 ± 0.5 7.8 ± 0.4 6.2 ± 0.6 6.6 ± 0.8 8.4 ± 0.5 9.2 ± 0.7a 6.2 ± 0.6 6.7 ± 0.6

Liver (g/cm) 1.6 ± 0.1 2.0 ± 0.1 1.6 ± 0.1 1.7 ± 0.2 2.2 ± 0.1 2.1 ± 0.7 1.6 ± 0.2 1.6 ± 0.5

Steatosis 0.0 ± 0.0 2.7 ± 0.6 0.3 ± 0.6 0.7 ± 0.6 0.7 ± 0.8 3.0 ± 0.0 0.3 ± 0.6 1.0 ± 0.0

Inflammation 0 ± 0 1.3 ± 0.6 0.3 ± 0.6 0.3 ± 0.6 0.3 ± 0.6 1.7 ± 0.6 0.7 ± 0.6 0.3 ± 0.6

Fibrosis (Area fraction) 1.6 ± 0.4 12.5 ± 0.7a 1.6 ± 0.7 4.2 ± 0.3 2.5 ± 0.5 12.5 ± 2.3b 1.8 ± 0.8 4.3 ± 0.9

ALT (U/l) 67.8 ± 2.3 81.6 ± 9.7 72.3 ± 8.7 78.1 ± 10.4 77.3 ± 11.0 79.6 ± 7.4 63.5 ± 9.8 67.9 ± 8.8

ALP (U/l) 64.3 ± 3.8 67.1 ± 14.7 68.9 ± 13.9 62.6 ± 12.8 63.5 ± 15.8 69.7 ± 14.3 65.0 ± 24.6 63.7 ± 13.1

DW+W, distilled water neonatally + plain drinking water post-weaning and throughout adulthood (n= 7); DW+ F, distilled water neonatally + high fructose solution as drinking fluid in
adulthood (n= 6); OA +W, oleanolic acid neonatally + plain drinking water post-weaning and throughout adulthood (n= 8); OA + F, oleanolic acid neonatally + high fructose solution as
drinking fluid in adulthood (n= 8); HF +W, high fructose solution neonatally + plain drinking water post-weaning and throughout adulthood (n= 7); HF + F, high fructose solution neona-
tally + high fructose solution as drinking fluid in adulthood (n= 8); OAHF +W, combination of oleanolic acid and high fructose solution neonatally + plain drinking water post-weaning and
throughout adulthood (n= 6); OAHF + F, combination of oleanolic acid and high fructose solution neonatally + high fructose solution as drinking fluid in adulthood (n= 7); ALT, alanine
aminotransferase; ALP, alkaline phosphatase.
All data presented as mean ± S.D.
a,bSignificant increase in absolute liver masses (HF + F) and higher hepatic fibrotic area fraction in rats that received a single late hit (DW + F) and double hit of fructose neonatally and in
adulthood (HF + F) than other experimental treatment groups (P< 0.05).
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hit of fructose (neonatally with the subsequent administration
in adulthood) induced the development of NAFLD in both
male and female rats. Moreover, the late fructose hit alone
also induced NAFLD in female, but not in male, rats. Neonatal
oral administration of OA was effective in attenuating the
development of the fructose-induced NAFLD in both male
and female rats.

The results of this current study showed an increase in body
masses of the rats across treatment groups from weaning to ter-
mination in male and female rats. There were no differences in
body masses of male rats throughout the study period. However,
in female rats, administration of a double hit of fructose neona-
tally and as a secondary dietary insult in adulthood caused an
increase in terminal body mass which was not observed in male
rats and was prevented by neonatal administration of OA. Due to
the obesogenic nature of fructose, the neonatal treatment with
fructose and its consumption in adulthood as a secondary dietary
insult could be the main culprit in the observed increase in
terminal body mass in female rats that received a double hit. The
sex differences in response to the dietary interventions are dis-
cussed later. Neonatal oral administration of OA prevented the
fructose-induced increase in terminal body mass observed in
female rats, suggesting that neonatal interventions with OA do
not negatively affect growth. The specific molecular mechanism(s)

through which OA prevents fructose-induced body mass increases
requires further investigation.

It is notable that the timing of fructose intake had an impact
on the liver. When administered early in the neonatal phase only,
both male and female rats did not develop fatty liver disease.
When administered in adulthood only, only the females devel-
oped the fatty livers. When the rats were administered with
fructose as neonates and then later as adults both male and
females rats had a significant increase in liver lipid accumulation.
In addition in females the intake of excessive fructose early and
late (double hit) resulted in a greater increase in fatty liver
compared with the rats that only had fructose late. Thus whilst
our results confirm the findings from other studies that have
shown that exposure to dietary insults during critical windows of
cellular plasticity results in increased risks of developing NAFLD
later in life,18,43 the sex differences in response to the high fruc-
tose diets emphasize the need for studies to be designed so as to
account for possible differences between sexes and to avoid
extrapolating findings from one sex to another without scientific
verification. The importance of sex-specific medicine is indeed
taking centre stage these days.44

The liver masses for male and female rats that received a
double hit of fructose, initially as neonates and later in adulthood
(HF+ F) were up to 19% higher than other experimental groups.

Fig. 2. The effect of neonatal oral administration of oleanolic acid on hepatic
lipid storage in male rats fed a high fructose diet as neonates and, or in adulthood.
All data presented as mean ± S.D. *Significant increase in hepatic lipid content
in rats that received a double hit of fructose neonatally and in adulthood
(HF + F) than the treatment groups (P< 0.05). DW+W, distilled water neonatally +
plain drinking water post-weaning and throughout adulthood (n= 7);
DW + F, distilled water neonatally + high fructose solution as drinking fluid in
adulthood (n= 6); OA +W, oleanolic acid neonatally + plain drinking water
post-weaning and throughout adulthood (n= 8); OA + F, oleanolic acid neonatally +
high fructose solution as drinking fluid in adulthood (n= 7); HF +W, high
fructose solution neonatally + plain drinking water post-weaning and throughout
adulthood (n= 6); HF + F, high fructose solution neonatally + high fructose
solution as drinking fluid in adulthood (n= 7); OAHF +W, combination of oleanolic
acid and high fructose solution neonatally + plain drinking water post-weaning and
throughout adulthood (n= 7); OAHF + F, combination of oleanolic acid and high
fructose solution neonatally + high fructose solution as drinking fluid in adulthood
(n= 7).

Fig. 3. The effect of neonatal oral administration of oleanolic acid on hepatic lipid
storage in adult female rats fed a high fructose diet as neonates and, or in adulthood.
All data presented as mean ± S.D. #, *Significant increase in hepatic lipid content in
rats that received only fructose late (DW + F) and those that received fructose as
neonates and as adults (HF + F) than the control rats that did not receive any fructose
throughout the study period (DW +W) (P< 0.05). DW +W, distilled water neonatally +
plain drinking water post-weaning and throughout adulthood (n= 7); DW+ F,
distilled water neonatally + high fructose solution as drinking fluid in adulthood
(n= 6); OA +W, oleanolic acid neonatally + plain drinking water post-weaning and
throughout adulthood (n= 8); OA + F, oleanolic acid neonatally + high fructose
solution as drinking fluid in adulthood (n= 8); HF +W, high fructose solution
neonatally + plain drinking water post-weaning and throughout adulthood (n= 7);
HF + F, high fructose solution neonatally + high fructose solution as drinking fluid in
adulthood (n= 8); OAHF +W, combination of oleanolic acid and high fructose
solution neonatally + plain drinking water post-weaning and throughout adulthood
(n= 6); OAHF + F, combination of oleanolic acid and high fructose solution
neonatally + high fructose solution as drinking fluid in adulthood (n= 7).
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These findings are consistent with those of Bruggeman et al.45 who
also reported that dietary fructose in female rats increases the rela-
tive liver masses. Studies have shown that the increase in liver
masses in fructose-fed rats can be attributed to the hepatic lipid
storage from DNL and glycogen accumulation from hepatic meta-
bolism of fructose.46 We speculate that the increase in terminal liver
masses observed in this study could most likely be due to lipid
accumulation rather than glycogen since we fasted the rats for
several hours before termination, as such glycogen would not have
been present in significant amounts. Fasting rats overnight (8–12h)
would have initiated a catabolic state and resulted in the depletion of

glycogen stores.47 The fructose-induced increase in liver masses was
prevented by neonatal oral administration of OA, suggesting that
OA potentially programs against the increase in liver mass possibly
through modulating hepatic lipogenic enzymes.36 Other studies
performed in adult mice have shown that short-term administration
of OA protected against the increase in body and liver masses.48 An
exciting finding in our study is the fact that the OA administered in
the neonatal period showed long-lasting effects, about 14 weeks,
after the last intake of OA.

Total liver lipid content followed a similar trend as recorded
for liver masses, with the double hit of fructose resulting in an

Fig. 5. Photomicrographs showing histopathological features after Masson’s trichrome staining of liver cross-sections from a representative male rat from each experimental
treatment group (×40). (a) distilled water neonatally + plain drinking water post-weaning and throughout adulthood (n= 7); (b) distilled water neonatally + high fructose
solution as drinking fluid in adulthood (n= 6); (c) oleanolic acid neonatally + plain drinking water post-weaning and throughout adulthood (n= 8); (d) oleanolic acid
neonatally + high fructose solution as drinking fluid in adulthood (n= 7); (e) high fructose solution neonatally + plain drinking water post-weaning and throughout adulthood
(n= 6); (f) high fructose solution neonatally + high fructose solution as drinking fluid in adulthood (n= 7); (g) combination of oleanolic acid and high fructose solution
neonatally + plain drinking water post-weaning and throughout adulthood (n= 7); (h) combination of oleanolic acid and high fructose solution neonatally + high fructose
solution as drinking fluid in adulthood (n= 7). The open arrows indicate steatosis. Scale bar= 30 µm in the haematoxylin and eosin stain sections. Red arrows indicate steatosis
and black arrows indicate fibrosis. Scale bar= 30 µm in the Masson’s trichrome stain sections.

Fig. 4. Photomicrographs showing histopathological features after haematoxylin and eosin (HE) staining of liver cross-sections from a representative male rat from each
experimental treatment group (×40). (a) Distilled water neonatally + plain drinking water post-weaning and throughout adulthood (n= 7); (b) distilled water neonatally + high
fructose solution as drinking fluid in adulthood (n= 6); (c) oleanolic acid neonatally + plain drinking water post-weaning and throughout adulthood (n= 8); (d) oleanolic acid
neonatally + high fructose solution as drinking fluid in adulthood (n= 7); (e) high fructose solution neonatally + plain drinking water post-weaning and throughout adulthood
(n= 6); (f) high fructose solution neonatally + high fructose solution as drinking fluid in adulthood (n= 7); (g) combination of oleanolic acid and high fructose solution
neonatally + plain drinking water post-weaning and throughout adulthood (n= 7); (h) combination of oleanolic acid and high fructose solution neonatally + high fructose
solution as drinking fluid in adulthood (n= 7). The open arrows indicate steatosis. Scale bar= 30 µm in the HE stain sections.
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increase in hepatic lipid accumulation in both male and female
rats. The accumulation and storage of hepatic lipids in male and
female rats reported in this study confirm previous findings that
demonstrated the role of fructose in the pathogenesis of hepatic
steatosis and NAFLD.49,50 The increase in the liver lipid content
observed in the current study could be attributed to the fructose-
induced accumulation of lipids through its stimulation of hepatic
DNL.51 The fructose-induced increase in hepatic liver lipid con-
tent was attenuated by the neonatal administration of OA. Studies
have shown that OA, in addition to protecting against liver and
body mass gain, also protects against fructose-induced hepatic TG

accumulation and hepatic morphological changes associated with
NAFLD.36

NAFLD is a common feature of MetS that is characterized by
hepatic steatosis, inflammation, hepatocellular ballooning and
fibrosis.52,53 Histomorphological examination of the liver con-
firmed the presence of sex-specific steatosis in rats from different
treatment groups. The present study reports the presence of
periportal microvesicular steatosis and periportal macrovesicular
steatosis in male and female rats that received fructose neonatally
and in adulthood. However steatosis was only observed in females
that received a late hit of fructose in adulthood (DW+F), but not

Fig. 6. Photomicrographs showing histopathological features after heamatoxylin and eosin (HE) staining of liver cross-sections from a representative female rat of each group
(×40). (a) Distilled water neonatally + plain drinking water post-weaning and throughout adulthood (n= 7); (b) distilled water neonatally + high fructose solution as drinking
fluid in adulthood (n= 6); (c) oleanolic acid neonatally + plain drinking water post-weaning and throughout adulthood (n= 8); (d) oleanolic acid neonatally + high fructose
solution as drinking fluid in adulthood (n= 8); (e) high fructose solution neonatally + plain drinking water post-weaning and throughout adulthood (n= 7); (f) high fructose
solution neonatally + high fructose solution as drinking fluid in adulthood (n= 8); (g) combination of oleanolic acid and high fructose solution neonatally + plain drinking water
post-weaning and throughout adulthood (n= 6); (h) combination of oleanolic acid and high fructose solution neonatally + high fructose solution as drinking fluid in adulthood
(n= 7). Solid black arrows indicate clusters of inflammatory cells. The open arrows indicate steatosis. Scale bar= 30 µm in the HE stain sections.

Fig. 7. Photomicrographs showing histopathological features (fibrosis and steatosis) after Masson’s trichrome (MT) staining of liver cross-sections from a representative female
rat from each experimental treatment group (×40). (a) Distilled water neonatally + plain drinking water post-weaning and throughout adulthood (n= 7); (b) distilled water
neonatally + high fructose solution as drinking fluid in adulthood (n= 6); (c) oleanolic acid neonatally + plain drinking water post-weaning and throughout adulthood (n= 8); (d)
oleanolic acid neonatally + high fructose solution as drinking fluid in adulthood (n= 8); (e) high fructose solution neonatally + plain drinking water post-weaning and
throughout adulthood (n= 7); (f) high fructose solution neonatally + high fructose solution as drinking fluid in adulthood (n= 8); (g) combination of oleanolic acid and high
fructose solution neonatally + plain drinking water post-weaning and throughout adulthood (n= 6); (h) combination of oleanolic acid and high fructose solution
neonatally + high fructose solution as drinking fluid in adulthood (n= 7). Red arrows indicate steatosis and black arrows indicate fibrosis. Scale bar= 30 µm in the MT-stained
sections.
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in male rats that received the same treatment. Female rats
that received fructose had a more severe form of steatosis
(macrosteatosis) and appeared to be more vulnerable to the
development of NAFLD compared with males given the same
fructose treatments. The sex differences in liver masses and
hepatic steatosis that we observed could possibly be explained by
alterations in hepatic gene expression in the neonatal rats due to
fructose administration which results in sex-dependent changes
in lipid metabolism of the adult rats as previously reported.54

It is also possible that the sex differences observed in liver masses
and hepatic steatosis could be due to differential sex-specific
neonatal programming of metabolic dysfunction as previously
reported.54,55

Our findings on the vulnerability of female rats to develop
NAFLD are in contradiction with several human epidemiological
studies which showed that male subjects had a higher prevalence
of NAFLD than females.56–58 These observed sex differences were
considered to be a reflection the role of sex steroid hormones and
genetic vulnerability in the pathogenesis of NAFLD.59 In addition,
in the human studies, differences in lifestyle of males and females
were also suggested as playing a role wherein it was observed
that the weekly consumption of non-diet soda by males was
significantly greater than by females.57 This would translate to an
increased consumption of fructose by the males, the implications
of which were discussed earlier. In our study the male and female
rats had ad libitum access to the fructose solutions and similar
housing conditions resulting in the females being more suscep-
tible to developing NAFLD. There is thus need to investigate in
human populations where males and females have the same
lifestyles whether the susceptibility to develop NAFLD is reversed
to show a similar trend to that of rats. Future studies are
recommended to establish the mechanisms responsible for our
observed findings.

We nevertheless propose that neonatal OA administration
may have prevented fructose-induced hepatic metabolic dys-
function through neonatal programming of hepatocellular pro-
tective mechanisms. The possible mechanism through which OA
could have prevented hepatic lipid storage may be the neonatal
programming of mechanisms regulating lipogenic pathways such
as antagonizing the action of fructokinase activity which in turn
alters hepatic conversion of fructose to fructose-1-phosphate.

Histomorphological analyses of the livers showed the presence
of inflammatory cells in female rats that received a double hit of
fructose neonatally and in adulthood, but not in males receiving
the same treatment. Excess fructose in the liver causes fructosy-
lation of proteins and superoxide formation which contributes to
hepatic inflammation.60 Accumulation of visceral white adipose
tissue in fructose-consuming obese individuals is an important
source of pro-inflammatory cytokines in the development of
NAFLD.61,62 Hepatic inflammation is promoted by infiltration of
macrophages63 and the chemokine monocyte chemoattractant
protein-1 and its receptor C-C chemokine receptor-2 which play
an important role in the recruitment of macrophages to the sites
of hepatic inflammation.62 Other studies have shown that mal-
ondialdehyde generated during hepatic metabolism of fructose
causes inflammation by activating NF-κB, a transcription factor
regulating the expression of pro-inflammatory cytokines such as
tumour necrosis factor alpha (TNF-α) and interleukin 8.64

Excessive fructose intake has also been reported to cause
hepatic inflammation by enhancing production of TNF-α
and activation of the c-Jun amino-terminal kinase which are
pro-inflammatory cytokines (Shimatmoto and Nobuyuki, 2006).

After 8 weeks of fructose feeding in adulthood following neonatal
administration of fructose, male and female rats presented with
fibrotic septa and there was evidence of accumulation of collagen
fibres, as shown by a tripling in fibrosis area fraction in rats receiving
a late hit and a double fructose hit. Excessive fructose consumption
causes hepatic steatosis and accumulation of hepatic lipids which
eventually causes lipid peroxidation. Aldehyde products of lipid
peroxidation such as 4-hydroxynonenal and MDA activate hepatic
stellate cells,14,65 the main collagen producing cells in the liver,
resulting in fibrosis.66 The dual effect of increased inflammation and
oxidative cellular damage often result in accumulation of connective
tissue and possibly contributes to the progression of NAFLD to
NASH.67

Our study did not reveal any significant differences in the
blood levels of the enzymes, ALT and non-tissue specific ALP.
Similarly, Zarghani et al.68 reported no significant changes in liver
enzymes following diet-induced NAFLD. Human studies have
shown that histologically confirmed NAFLD and NASH may
exist without elevation of liver function enzymes.69 In this study
we have confirmed the presence of NAFLD in fructose-fed rats
through histological analyses, liver masses and hepatic lipid sto-
rage, although the enzymes serving as surrogate markers of liver
function were normal. The lack of significant increase in liver
enzymes in rats that were administered with OA means that OA
did not cause any hepatotoxicity and is safe for use as a phyto-
chemical that potentially programs against the development of
NAFLD. Although liver enzymes are useful indicators of hepa-
tocellular damage, they may not be used as conclusive diagnostic
tools of liver damage as such there is need to make use of
other confirmatory diagnostic test panels such as non-invasive
molecular biomarkers such as hyaluronic acid, tissue inhibitor of
metalloproteinase 1 and amino-terminal propeptide of type III
collagen to confirm liver damage.70 Histology is considered a
gold standard method for the diagnosis of NAFLD but is invasive
and requires biopsies, as such the use of newer techniques is
advisable.

Conclusion

We demonstrated that a high fructose diet can induce fatty
liver disease, however the timing of the fructose intake in the life
stage of rats has an impact on the phenotype. Sex-specific dif-
ferences were also noted in response to the high fructose diets. It
is thus important to note that studies should not just focus on a
single sex but should be comparative between the sexes. We have
also demonstrated, for the first time, that neonatal administration
of OA attenuates the development of fructose-induced NAFLD by
reducing hepatic lipid storage, terminal liver masses and hepatic
histomorphological changes associated with NAFLD. We con-
clude that dietary supplementation with OA in the neonatal phase
of development potentially programs for hepatoprotection against
the development of NAFLD in adult life. This opens the potential
for further exploration of the use of prophylatic intereventions
during periods of developmental plasticity for long-term health
benefits.
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