Ibrahim et al.
Bulletin of the National Research Centre
(2022) 46:153
https://doi.org/10.1186/s42269-022-00845-6

Bulletin of the National
Research Centre

Open Access

RESEARCH

Neonatal orally administered curcumin:
impact on the metabolic response and renal
histology of Sprague‑Dawley rats fed
a high‑fructose diet until adolescence
Kasimu Ghandi Ibrahim1,2,3* , Eliton Chivandi1, Pilani Nkomozepi4 and Kennedy Honey Erlwanger1

Abstract
Background: Fructose-rich diets are linked to the epidemic of metabolic syndrome and co-morbidities including nephropathy. Phytochemicals are increasingly being used for medicinal purposes due to their perceived safety
compared to conventional drugs. Although previously shown to beneficially programme metabolism, these phytochemicals might have a negative impact on metabolic health when introduced early in life. We investigated whether
neonatal administration of curcumin to rats would impact their response in adolescence to a high-fructose diet.
Sprague-Dawley pups (n = 128) were administered either 0.5% dimethyl sulphoxide, curcumin (500 mg kg−1), fructose (20%, w/v) or a combination of curcumin and fructose from post-natal day 6 to 21. Each group was then subdivided into two; one had tap water, while the other had fructose (20%, w/v) to drink for 6 weeks.
Results: There were no differences (p > 0.05) in the fasting blood glucose, triglycerides, cholesterol, plasma insulin
and adiponectin concentrations across the groups. The renal corpuscular, glomerular tuft and Bowman capsular areas
were similar (p > 0.05) across the treatment groups, in both sexes. Post-weaning fructose alone induced tubular secretions and mesangial proliferation in the kidneys which were prevented by curcumin.
Conclusions: Despite the observed benefits in adolescence, the impact of curcumin on renal health beyond adolescence needs to be explored.
Keywords: Childhood obesity, Metabolic syndrome, Fructose, Suckling, Curcumin, Reno-pathology, Developmental
programming, Epigenetic changes, Metabolic programming
Background
The epidemic of childhood obesity (Ludwig 2018) is a
public health crisis affecting communities in developed
and developing countries (LBD Double Burden of Malnutrition Collaborators 2020). Consequently, there is an
increase in the occurrence of metabolic syndrome (MetS)
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in children and adolescents (Grabia et al. 2021). Childhood MetS has the potential to be projected into adulthood (Magnussen et al. 2018), thereby further increasing
the adult prevalence of MetS (Kaur 2014).
Increased consumption of fructose-rich diets and sedentary lifestyles have been identified as major drivers of
this global obesity epidemic (Mamikutty et al. 2015; Hannou et al. 2018) that is also linked to interactions between
genetic and environmental factors (Kelishadi et al. 2014).
Ding et al. (2018) reports that the cardiometabolic risk
factors that cluster together in MetS are also independent risk factors for chronic kidney disease (CKD). The
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consumption of a high-fructose diet has been shown to
cause structural and functional changes in the kidneys
that increase the risk of developing CKD in both human
and animal experimental models (Yu et al. 2018) The
assessment of kidney function using surrogate markers
such as plasma concentrations of urea and creatinine has
limited ability to detect early disease as their concentrations only become elevated when more than 50–60% of
renal function is lost (Scarfe et al. 2015). The histopathological analysis of renal tissues reveals early changes that
may point to a developing kidney disease (Scarfe et al.
2015). Thus, although invasive, kidney biopsies and histological assessment have long been considered the gold
standard for investigating renal function.
Early life stressor events, especially those occurring
during gestation and the suckling phases, can cause epigenetic changes that could then result in the permanent
alteration of the physiology of the individual, a phenomenon called developmental programming (Collden et al.
2015). Such stressor events include nutritional, hormonal or pharmacological interventions (Patel and Srinivasan 2002). For example, when a high-fructose diet was
administered to suckling Sprague-Dawley rats, it produced permanent changes in body mass and induced
insulin resistance later in adulthood (Huynh et al. 2008).
The environment and the type of diet introduced early
in life can thus either initiate or reverse some epigenetic
risk markers of MetS (Park et al. 2017). Previous studies have shown the benefits of interventions with natural products and phytochemicals in the suckling period
in programming the metabolic health of adolescent and
adult rats (Ibrahim et al., 2017; Lembede et al. 2018;
Nyakudya et al. 2018). The use of natural products to
improve metabolic health is attracting international
interest due to their perceived safety, availability and
affordability (Bahmani et al. 2014). It is therefore necessary to identify other compounds that can be used to
either program or reprogram against the development
of adverse metabolic dysfunction. However, despite the
well-reported health benefits of natural phytochemicals,
there are also several reports of toxicity from their use
(Yang et al. 2018; Guldiken et al. 2018). The kidneys are
particularly susceptible to injury due to toxic phytochemicals (Brown 2017).
The biologically active polyphenol, curcumin, is a
component of turmeric, isolated from the rhizome of
Curcuma longa from the ginger family, Zingiberaceae
(Sahebkar 2013). Turmeric has been used for several
centuries especially in Asia, as a remedy for common
ailments including diarrhoea, cough and jaundice
(Sahebkar 2013). Curcumin has been shown to have
anti-obesity (Shao et al. 2012), anti-diabetic (Panahi et al.

Page 2 of 13

2017), antioxidant (Ali et al. 2018), anti-inflammatory
(Elham et al. 2018) and reno-protective (Huang et al.
2018) properties among others.
Due to the wide array of therapeutic properties
reported for curcumin against metabolic conditions,
including the renal complications of MetS, and the need
to identify and validate natural compounds for use in programming or reprogramming against MetS, we hypothesised that orally administering curcumin to suckling pups
will protect them later in adolescence against adverse
metabolic programming effects of a high-fructose diet
pre- and post-weaning without negatively impacting the
kidneys.

Methods
Ethical approval, compliance to ARRIVE guidelines
and study location

The protocols and procedures used in the study were
approved by the Animal Ethics Screening Committee of the University of the Witwatersrand, Johannesburg (AESC 2016/04/18/B) and complied with
international ethical guidelines and standards for the care
and use of laboratory animals. The ARRIVE guidelines
have been used in writing up this manuscript. The study
was conducted in the Central Animal Service (CAS)
research facility of the University of the Witwatersrand.
Chemicals and reagents

Dimethyl sulphoxide (DMSO; Sigma-Aldrich, Missouri,
USA), used as the vehicle solvent, was made up to a
final concentration of 0.5% in distilled water. Curcumin
(Sigma-Aldrich, Missouri, USA) 500 mg was dissolved in
10 ml of a 0.5% DMSO solution. However, the curcumin
did not dissolve completely and was therefore administered as a suspension. Fructose (Nature’s choice, Randvaal, South Africa) solution was made to 20% w/v using
0.5% DMSO in distilled water in the pre-weaning period
and tap water post-weaning. The commercial rat chow
was from Epol (Epol®, Centurion, South Africa).
Study animals, housing and general care

Six-day-old male and female Sprague-Dawley pups
from fourteen dams that were sourced from the Central Animal Services Unit of the University of the Witwatersrand were used in the study. Each dam had a
litter size of between 8 and 12 pups. The suckling pups
nursed freely with their dams while housed in perspex
cages which were lined with wood shavings and shredded
paper for environmental enhancement. The dams had
ad libitum access to pelletised rat chow (Epol®, Centurion, South Africa) and plain tap water. The ambient temperature in the room was maintained at 26 ± 2 °C with
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adequate ventilation and a 12-h light cycle (lights on at
07.00 h).
At post-natal day 21, the rats were weaned from their
dams and placed in individual cages. The weaned rats
were allowed ad libitum access to normal rat chow and
either tap water or fructose solution (20%, w/v) as their
drinking fluid. The dams were returned to stock.
Study design

The study was carried out in two interventional phases (see
Fig. 1). The date of delivery of the pups was taken as day
zero. The pups were allowed to acclimatise to the study environmental conditions till post-natal day (PN) six. The first
phase of the study was conducted in the pre-weaning period
from PN six to PN 21, and it was aimed at inducing programming with curcumin and fructose. The second phase of
the interventions extended from PN 21 and continued for
6 weeks until PN63 (late adolescence). The aim of the second phase of the experiment was to determine whether the
initial interventions would have any effect on the response
of the rats to a high-fructose diet post-weaning.
The litters (n = 128, males = 65, females = 63) from
fourteen Sprague-Dawley dams were used in the study.
During the first phase of the study, the pups were
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allocated in a split-litter pattern to four treatment groups
replicated by sex, namely:
Group 1 (negative control): administered 10 ml kg−1
of 0.5% DMSO
Group 2: administered curcumin, 500 mg kg−1 body
mass. Our choice of dosage was based on previous
studies that have used a similar dose which had antiobesity (Ejaz et al. 2009) and anti-diabetic (Miao
et al. 2015) effects.
Group 3: administered fructose solution (20% w/v)
Group 4: administered curcumin 500 mg kg−1 + fructose solution (20%, w/v)
All the treatments were administered once daily at a volume of 10 ml k g−1 daily via oral gavage.
In the second phase of the study, the rats from each
of the initial four groups were further subdivided into
two subgroups and weaned onto normal rat chow. One
of the subgroups had tap water, and the other had fructose solution (20%, w/v/) as their drinking fluids ad libitum. The treatments in phase two were administered
for 6 weeks until PN 63. Thus, at post-weaning, there

Fig. 1 Schematic diagram of the study design. DMSO, 10 ml kg−1 of 0.5% dimethyl sulphoxide; CC, 500 mg kg−1 curcumin; FW, fructose (20%, w/v);
NRC, normal rat chow; PTW, plain tap water; M, males; and F, females
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Table 1 Growth pattern comparison across experimental groups with high fructose and curcumin treatment of male and female
Sprague-Dawley rats (from post-natal day 6 to 63)
Treatments

Induction mass (g)

Weaning mass (g)

Terminal mass (g)

p value

DMSO + TW

13 ± 1.00a

45 ± 1.40b
b

276 ± 12.00c

< 0.001

a

CC + TW

13 ± 0.85a

42 ± 1.40b

287 ± 14.00c

< 0.001

FW + TW

15 ± 0.60a

303 ± 14.00c

< 0.001

CCFW + TW

13 ± 0.93a

295 ± 15.00c

< 0.001

Male rats
DMSO + FW

14 ± 0.48

14 ± 0.56a

CC + FW

15 ± 0.46a

FW + FW

14 ± 0.46a

CCFW + FW
Female rats

44 ± 1.10

42 ± 1.40b
45 ± 2.90b
45 ± 1.80b
46 ± 2.10b
44 ± 2.20b

276 ± 05.20c

< 0.001

260 ± 13.00c

< 0.001

259 ± 11.00c

< 0.001

268 ± 18.00c

< 0.001

DMSO + TW

12 ± 0.45a

43 ± 1.10b
b

206 ± 07.10c

< 0.001

a

CC + TW

13 ± 0.50a

41 ± 1.50b

210 ± 03.70c

< 0.001

FW + TW

13 ± 0.20a

211 ± 05.90c

< 0.001

CCFW + TW

13 ± 0.63a

212 ± 06.90c

< 0.001

DMSO + FW

14 ± 0.42

14 ± 0.50a

CC + FW

13 ± 0.33a

FW + FW

CCFW + FW

a, b, c

13 ± 0.46a

41 ± 1.50

42 ± 1.60b
45 ± 2.00b
42 ± 1.10b
43 ± 1.90b
39 ± 1.60b

203 ± 05.80c

< 0.001

207 ± 03.10c

< 0.001

215 ± 04.00c

< 0.001

210 ± 05.90c

< 0.001

Different superscripts
indicate significant difference (p < 0.0001) in mass across time points (i.e. across rows; induction, weaning and terminal), using ANOVA and
Bonferroni post hoc test. Induction mass: post-natal day (PN) 6, weaning mass: PN 21, terminal mass: PN 63. DMSO + TW = 10 ml kg−1 of a 0.5% dimethyl sulphoxide
solution as neonates and plain tap water post-weaning, DMSO + FW = 10 ml kg−1 of a 0.5% dimethyl sulphoxide solution as neonates and fructose (20%, w/v) as
drinking fluid post-weaning, CC + TW = curcumin (500 mg kg−1 in 0.5% DMSO) as neonates and plain tap water post-weaning, CC + FW = curcumin (500 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, CCFW + TW = curcumin (500 mg kg−1) and fructose (20%, w/v) in
0.5% DMSO as neonates and plain tap water post-weaning, CCFW + FW = curcumin (500 mg kg−1) and fructose (20%, w/v) in 0.5% DMSO as neonates and fructose
(20%, w/v) post-weaning. Data expressed as mean ± SEM, n = 7–9 per group

were eight groups of rats which were replicated by sex
(Fig. 1).
Body mass measurements

The pups were weighed daily during the first phase of the
study to adjust their treatments to ensure constant doses.
In the second phase, the rats were weighed twice weekly
to monitor their growth and general health.
Terminal procedures

On post-natal day 62, the rats were fasted overnight
(12 h) and then weighed. A drop of blood collected via
a pin prick to the tail vein was used to determine the
fasting blood glucose (FBG) concentration using a calibrated glucometer (Contour Plus™, Bayer Corporation,
Mishawaka, USA). The length of the rats, from the nasal

opening to the anus (Poudyal et al. 2010), and abdominal
circumferences of the rats were measured using a tape
measure (Novelli et al. 2007). The body mass index of the
rats was computed using the formula:
BMI = body mass (g)/[length (cm)]2

(Roy et al. 2019).

The rats were then euthanised with sodium pentobarbitone (150 mg kg−1 body mass, Euthapent; Kyron
laboratories, South Africa). Blood was drawn via cardiac puncture and transferred into heparinised blood
collecting tubes (Becton Dickinson Vacutainer Systems Europe, Meylan Cedex, France). The blood was
centrifuged (Hermle Z 230A, B Hermle AG, Germany)
at 4000×g at 4 °C for 15 min, and the plasma was collected for biochemical and hormonal assays. The kidneys, pancreas, visceral and epididymal (in male rats)
fat pad were removed and weighed. The kidneys were
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Table 2 Effect of fructose administration on some physical variables of growing male and female Sprague-Dawley rats
Treatment groups

Abdominal
circumference
(cm)

Body Mass
Index (g cm2)

Visceral fat
Visceral fat relative Epididymal fat
absolute mass (g) mass (%BM)
absolute mass (g)

Epididymal fat
relative mass
(%BM)

15.00 ± 0.67a

0.60 ± 0.01b

3.00 ± 0.22c

1.10 ± 0.11d

1.70 ± 0.08e

0.62 ± 0.03f

16.00 ± 0.59a

0.63 ± 0.02b

3.40 ± 0.42c

1.20 ± 0.15d

1.80 ± 0.13e

0.62 ± 0.03f

Male rats
DMSO + TW

DMSO + FW

16.00 ± 0.19a

CC + FW

16.00 ± 0.49a

CC + TW

FW + TW
FW + FW

16.00 ± 0.45a
15.00 ± 0.42a

CCFW + TW

16.00 ± 0.55

p values

0.441

CCFW + FW

0.61 ± 0.01b
0.62 ± 0.02b

0.64 ± 0.02b

2.90 ± 0.55c

2.50 ± 0.40c

3.20 ± 0.55c

1.00 ± 0.07d

0.94 ± 0.13d

1.10 ± 0.22d

1.90 ± 0.09e

1.60 ± 0.19e

2.10 ± 0.17e

a

0.59 ± 0.02b

b

2.60 ± 0.34c
c

1.00 ± 0.10d
d

1.60 ± 0.09e

a

b

c

d

e

16.00 ± 0.46

0.62 ± 0.02
0.60 ± 0.02

0.372

2.90 ± 0.39

2.80 ± 0.49

0.764

0.98 ± 0.13

0.98 ± 0.14

e

1.80 ± 0.15

1.60 ± 0.23

0.887

0.241

0.67 ± 0.03f

0.62 ± 0.05f

0.63 ± 0.02f

0.63 ± 0.02f
0.62 ± 0.03f

0.58 ± 0.06f
0.472

Female rats
DMSO + TW

14.00 ± 0.58a
a

0.54 ± 0.02b

b

5.00 ± 0.47c
c

2.40 ± 0.22d

CC + TW

14.00 ± 0.43a

0.56 ± 0.01b

3.70 ± 0.37c

DMSO + FW
CC + FW

14.00 ± 0.31

15.00 ± 0.26a

FW + TW

14.00 ± 0.36a

CCFW + TW

13.00 ± 0.57a

p values

0.095

FW + FW

CCFW + FW

15.00 ± 0.31a

15.00 ± 0.28a

0.56 ± 0.02

0.56 ± 0.01b

0.58 ± 0.02b
0.56 ± 0.02b

0.57 ± 0.01b
0.56 ± 0.01b

0.744

4.40 ± 0.58

4.20 ± 0.29c

4.20 ± 0.54c

5.10 ± 0.23c
4.30 ± 0.49c

5.00 ± 0.50c

0.212

–

–

2.10 ± 0.24d

–

–

1.80 ± 0.17d

–

–

2.00 ± 0.13d

–

–

2.00 ± 0.31d

–

–

2.40 ± 0.10d

–

–

2.00 ± 0.19d

–

–

2.40 ± 0.19d

–

–

0.175

–

–

a, b, c, d, e, f

Means across columns (in males and females) with similar superscripts are similar (p > 0.05) using one-way ANOVA across all eight groups for abdominal
circumference, BMI, absolute (g) and relative (BM) visceral fat mass, absolute (g) and relative (BM) epididymal fat pad mass of the male and female rats. BM = body
mass. DMSO + TW = 10 ml kg−1 of a 0.5% dimethyl sulphoxide solution as neonates and plain tap water post-weaning, DMSO + FW = 10 ml kg−1 of a 0.5% dimethyl
sulphoxide solution as neonates and fructose (20%, w/v) as drinking fluid post-weaning, CC + TW = curcumin (500 mg k g−1 in 0.5% DMSO) as neonates and plain
tap water post-weaning, CC + FW = curcumin (500 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,
CCFW + TW = curcumin (500 mg kg−1) and fructose (20%, w/v) in 0.5% DMSO as neonates and plain tap water post-weaning, CCFW + FW = curcumin (500 mg kg−1)
and fructose (20%, w/v) in 0.5% DMSO as neonates and fructose (20%, w/v) post-weaning. Data expressed as mean ± SEM, n = 7–9 per group

preserved in 10% phosphate-buffered formalin for
histology.
Determination of the plasma concentrations
of adiponectin, insulin and computation of HOMA‑IR

Plasma concentrations of adiponectin and insulin were
determined using a rat adiponectin ELISA kit (Elabscience ® Rat ADP/Acrp30 ELISA kit, Houston, TX, USA)
and rat insulin ELISA kit [Elabscience ® INS (Insulin)
ELISA kit, Houston, TX, USA], respectively. The homeostatic model of insulin resistance was computed using the
following formula:

HOMA-IR =[fasting insulin concentration (ng dl−1 )
× fasting glucose concentration (mg dl−1 )]/405.

Determination of the plasma concentration of triglycerides
and total cholesterol

Plasma concentration of triglycerides (TGs) and total
cholesterol was determined using a colorimetric analyser
(IDEXX Catalyst Dx™ connected to an IDEXX Vet Lab
station, IDEXX Laboratories Inc., Westbrook, Maine,
USA).
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corpuscular (RCA) and glomerular tuft (GTA) areas.
For each renal corpuscle, the Bowman’s capsule area
(BCA) was determined by subtracting the glomerular
tuft area from the renal corpuscular area (BCA = RCA
minus GTA). From each group, at least 20 renal corpuscles and glomeruli that were clearly visible were
acquired at 40× magnification.
Statistical analyses

Fig. 2 Changes in plasma adiponectin concentration at post-natal
day 63 of a male and b female rats administered curcumin during
suckling. Data expressed as mean ± SEM, n = 7–9 per group. Using
ANOVA and Bonferroni post hoc test, there were no differences
(p > 0.05) in the plasma adiponectin concentration of the rats across
the treatment groups. DMSO + TW = 10 ml kg−1 of a 0.5% dimethyl
sulphoxide solution as neonates and plain tap water post-weaning,
DMSO + FW = 10 ml kg−1 of a 0.5% dimethyl sulphoxide solution
as neonates and fructose (20%, w/v) as drinking fluid post-weaning,
CC + TW = curcumin (500 mg kg−1 in 0.5% DMSO) as neonates and
plain tap water post-weaning, CC + FW = curcumin (500 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,
CCFW + TW = curcumin (500 mg kg−1) and fructose (20%, w/v)
in 0.5% DMSO as neonates and plain tap water post-weaning,
CCFW + FW = curcumin (500 mg kg−1) and fructose (20%, w/v) in
0.5% DMSO as neonates and fructose (20%, w/v) post-weaning

Histomorphometry of the kidneys

The kidney samples were processed using an automatic tissue processor (Micron STP 120, Thermo Fischer Scientific, USA) and then embedded in paraffin
wax. The samples were sectioned onto glass slides at
3 µm thickness using a rotary microtome (Leica Biosystems, USA) and stained with Masson’s trichrome
(Bancroft and Gamble 2008) for histopathological
assessment. Representative photomicrographs of the
MT-stained sections were acquired using an Olympus BH2 RFCA microscope (Olympus corporation,
Japan). ImageJ area tool was used to measure the renal

Data were analysed using the GraphPad Prism version 7.0 statistical software (GraphPad Software Inc.,
San Diego, CA, USA). Following normality test, data
were confirmed to bear Gaussian distribution with
symmetry around the mean. Accordingly, data were
expressed as mean ± standard error of mean (SEM).
One-way analysis of variance (ANOVA) was used to
compare the means between all the eight study groups
separately in the male and female rats. Significance
between groups was identified using the Bonferroni
post hoc. A statistical significance was assumed when
p < 0.05.

Results
Effect of curcumin and fructose on body mass

The male and female rats gained significant body mass
(P < 0.0001), from induction through weaning and termination (Table 1). However, there was no significant
difference (p > 0.05) across the treatment groups at the
different time points in both sexes.
Effect of curcumin and fructose on markers of adiposity

In both sexes, there were no differences observed
(p > 0.05) across the treatment groups in all the measured parameters (Table 2).
Effect of curcumin and fructose on plasma concentration
of adiponectin, fasting blood glucose, insulin
concentration and homeostatic model of insulin resistance

There were no significant differences (p > 0.05) in the
plasma concentration of adiponectin across the treatment groups in both sexes (Fig. 2a, b).
In both sexes, fasting blood glucose, plasma insulin
and HOMA-IR were similar (p > 0.05) across the treatment groups (Table 3).
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Table 3 Impact of high dietary fructose on blood glucose, insulin concentration and HOMA-IR of adolescent (post-natal day 63) male
and female rats administered curcumin during suckling
Treatment groups

Blood glucose (mg dl−1)

Insulin (ng ml−1)

HOMA-IR

74.00 ± 3.40a
a

4.80 ± 1.20b

0.91 ± 0.25c

a

b

Male rats
DMSO + TW
DMSO + FW
CC + TW
CC + FW

FW + TW
FW + FW

81.00 ± 4.00

71.00 ± 0.85

a

73.00 ± 2.20

a

81.00 ± 4.50

a

73.00 ± 2.00

a

CCFW + TW

79.00 ± 5.50

p values

0.243

CCFW + FW

a

80.00 ± 4.10

b

4.30 ± 1.10
5.70 ± 1.10

b

4.70 ± 1.20

b

3.50 ± 0.83

b

6.40 ± 1.00

b

5.20 ± 0.94

b

4.30 ± 0.99
0.629

0.81 ± 0.20c
0.99 ± 0.20c
0.85 ± 0.21c
0.68 ± 0.16c
1.20 ± 0.18c
0.99 ± 0.16c
0.81 ± 0.15c
0.745

Female rats
DMSO + TW
DMSO + FW
CC + TW
CC + FW

FW + TW
FW + FW

78.00 ± 3.50a
a

4.40 ± 0.10b

0.88 ± 0.24c

a

b

0.94 ± 0.23c

78.00 ± 2.90

77.00 ± 1.80

a

71.00 ± 2.90

a

73.00 ± 5.20

a

72.00 ± 1.80

a

CCFW + TW

76.00 ± 2.20

p values

0.408

CCFW + FW

a

72.00 ± 2.30

b

5.60 ± 0.95
5.60 ± 0.11

b

4.60 ± 0.93

b

3.40 ± 0.56

b

4.40 ± 0.11

b

5.40 ± 0.10

b

6.30 ± 0.86
0.529

1.10 ± 0.20c
0.83 ± 0.17c
0.62 ± 0.12c
0.81 ± 0.23c
0.88 ± 0.22c
1.10 ± 0.16c
0.648

a, b, c

Means across columns (in males and females) with similar superscripts are similar (p > 0.05) using one-way ANOVA across all eight groups. Using ANOVA between
all eight groups for fasting blood glucose, plasma insulin concentration and HOMA-IR of the male and female rats. FBG, fasting blood glucose; HOMA-IR, homeostatic
model of insulin resistance. DMSO + TW = 10 ml kg−1 of a 0.5% dimethyl sulphoxide solution as neonates and plain tap water post-weaning, DMSO + FW = 10 ml kg−1
of a 0.5% dimethyl sulphoxide solution as neonates and fructose (20%, w/v) as drinking fluid post-weaning, CC + TW = curcumin (500 mg kg−1 in 0.5% DMSO) as
neonates and plain tap water post-weaning, CC + FW = curcumin (500 mg k g−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, CCFW + TW = curcumin (500 mg kg−1) and fructose (20%, w/v) in 0.5% DMSO as neonates and plain tap water post-weaning, CCFW + FW = curcumin
(500 mg kg−1) and fructose (20%, w/v) in 0.5% DMSO as neonates and fructose (20%, w/v) post-weaning. Data expressed as mean ± SEM, n = 7–9 per group

Effect of curcumin and fructose on fasting plasma
triglycerides and total cholesterol

Effect of curcumin and fructose on kidney
histomorphology

There was no significant difference (p > 0.05) in the fasting plasma triglycerides and total cholesterol across the
treatment groups in both sexes (Table 4).

Table 6 shows the renal corpuscular area (RCA), glomerular tuft area (GTA) and bowman capsular area
(BCA) of male and female rats. Although there were no
significant differences in the RCA, GTA and BCA of
both male and female rats across the treatment groups,
these parameters showed a trend of being lower in the
fructose fed rats.
Figure 3a, b shows representative photomicrographs
of MT-stained kidney tissues of male and female
Sprague-Dawley rats. In both male and female rats, the
negative control groups (DMSO + TW) showed normal glomerular, tubular and interstitial architecture.
The males that received fructose post-weaning only

Effect of curcumin and fructose on the masses
of the kidneys and pancreata

The absolute and relative (%BM) masses of the kidneys
and pancreas of adolescent male and female SpragueDawley rats are presented in Table 5. There were no differences (p > 0.05) observed across the treatment groups
in both sexes in the measured viscera.
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Table 4 High-fructose diet impact on lipid biomarkers at postnatal day 63 in male and female rats administered curcumin
during suckling
Treatment groups

Triglycerides (mg dl−1)

Total
cholesterol
(mg dl−1)

16 ± 1.50a

35 ± 2.10b

a

31 ± 1.70b

Male rats
DMSO + TW

DMSO + FW
CC + TW
CC + FW

FW + TW
FW + FW

a

15 ± 1.60

a

31 ± 2.80b

15 ± 2.10

a

24 ± 2.20b

10 ± 1.60

a

33 ± 2.20b

14 ± 1.60

a

CCFW + TW

15 ± 1.90

p values

0.169

CCFW + FW

34 ± 2.00b

12 ± 1.10

32 ± 2.70b

a

32 ± 2.30b

16 ± 1.40

0.059

Female rats
DMSO + TW

DMSO + FW
CC + TW
CC + FW

FW + TW
FW + FW

12.0 ± 3.50a

37.0 ± 1.40b

a
a

39.0 ± 2.30b

a

34.0 ± 0.62b

a

36.0 ± 2.00b

a

15.0 ± 1.90

11.0 ± 2.60
12.0 ± 1.60
a

9.6 ± 1.60

13.0 ± 1.70
a

CCFW + TW

8.9 ± 2.40

p values

0.573

CCFW + FW

15.0 ± 1.60

45.0 ± 3.60b
39.0 ± 1.90b
40.0 ± 2.40b
40.0 ± 1.60b
0.144

a, b

Means across columns (in males and females) with similar superscripts
are similar (p > 0.05) using one-way ANOVA across all eight groups for the
plasma concentration of triglycerides and cholesterol. TG, triglyceride.
DMSO + TW = 10 ml kg−1 of a 0.5% dimethyl sulphoxide solution as neonates
and plain tap water post-weaning, DMSO + FW = 10 ml kg−1 of a 0.5% dimethyl
sulphoxide solution as neonates and fructose (20%, w/v) as drinking fluid in the
growing period, CC + TW = curcumin (500 mg kg−1 in 0.5% DMSO) as neonates
and plain tap water in the growing period, CC + FW = curcumin (500 mg kg−1
in 0.5% DMSO) as neonates and fructose (20%, w/v) as drinking fluid in the
growing period, FW + TW = fructose (20%, w/v) as neonates and plain tap water
in the growing period, FW + FW = fructose (20%, w/v) as neonates and fructose
(20%, w/v) as drinking fluid in the growing period, CCFW + TW = curcumin
(500 mg kg−1) and fructose (20%, w/v) in 0.5% DMSO as neonates and plain tap
water in the growing period, CCFW + FW = curcumin (500 mg kg−1) and fructose
(20%, w/v) in 0.5% DMSO as neonates and fructose (20%, w/v) in the growing
period. Data expressed as mean ± SEM, n = 7–9 per group

(DMSO + FW) and as double hit neonatally and postweaning (FW + FW) showed some mesangial proliferation and mild tubular secretions; the same group
of females showed increased tubular secretions. In
both male and female rats, neonatal administration of
curcumin prevented the post-weaning fructose only
induced changes in kidney tissues. Additionally, the
kidney samples from male and female rats that were
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administered curcumin during suckling and no fructose at all showed mild-to-moderate tubular secretions.

Discussion
In several studies using adult rodents, a high-fructose
diet was shown to induce features of metabolic syndrome. For instance, when fructose (10%, w/v) was
fed to adult male Sprague-Dawley rats for 8 weeks, it
increased the concentrations of fasting blood glucose,
insulin, triglycerides, total and low-density lipoprotein cholesterol (Fadlalla and Khojah 2017). Mamikutty et al. (2014) also found features of obesity such
as hypertrophy of adipocytes, elevated levels of serum
triglycerides and hyperglycaemia when they administered a 20% fructose w/v solution for 8 weeks to adult
male Wistar rats. However, in the current study, both
the pre-weaning and post-weaning administration
of fructose did not induce overt features of MetS. In
this regard, the terminal body masses, BMI, visceral
fat (absolute and relative to body mass) and epididymal fat pad mass (in males) were all similar across
the treatment groups in both sexes. Additionally, the
concentrations of insulin and adiponectin and metabolic substrates (FBG, TG and total cholesterol) were
similar across the treatment groups in both male and
female rats.
There are possible explanations for the absence of
the effects of a high-fructose diet in the neonatal and
growing rats. Firstly, it is important to state that the
target for this study was the adolescent age group, and
thus the use of suckling pups. In children and adolescents, the epidemic of overweight and obesity (Orlando
et al. 2018) is strongly linked to increased consumption of high-sugar foods (Magriplis et al. 2021). Suckling pups and growing rats have a higher body surface
area-to-volume ratio compared to adult rats which
results in a higher metabolic rate and subsequent oxidation of the excess fructose without manifesting its
deleterious effects (Tillman et al. 2014). The resistance
of young rats to fructose-induced metabolic derangements such as dyslipidaemia and hyperglycaemia is
considered a protective mechanism acquired early in
life (Ghezzi et al. 2012), which may be due to the efficiency of the GLUT4 transporters which are the insulin-sensitive glucose transporters (Ghezzi et al. 2012).
The GLUT5 transporters in the small intestines responsible for shuttling fructose across membranes are few
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Table 5 The effect of a high-fructose diet on the kidneys and pancreas mass at post-natal day 63 in male and female rats administered
curcumin during suckling
Treatment groups

Kidneys (g)

Kidneys (%BM)

Pancreas (g)

Pancreas (%BM)

2.00 ± 0.08a

0.72 ± 0.01b
b

0.96 ± 0.08c

0.35 ± 0.04d

b

c

0.36 ± 0.02d

Male rats
DMSO + TW
DMSO + FW

1.90 ± 0.06

a

1.90 ± 0.08

a

2.20 ± 0.14

a

2.00 ± 0.10

a

2.00 ± 0.08

a

2.20 ± 0.07

a

CCFW + TW

2.20 ± 0.10

a

p values

0.323

CC + TW
CC + FW

FW + TW
FW + FW

CCFW + FW

0.71 ± 0.02
0.71 ± 0.02

b

0.73 ± 0.01

b

0.72 ± 0.02

b

0.86 ± 0.11

b

0.74 ± 0.01

b

0.76 ± 0.02

0.176

c

1.00 ± 0.06
1.00 ± 0.05

c

1.00 ± 0.05

c

1.20 ± 0.13

c

0.92 ± 0.08

c

1.20 ± 0.08

c

1.10 ± 0.12

0.123

0.36 ± 0.02d
0.40 ± 0.03d
0.40 ± 0.04d
0.35 ± 0.02d
0.42 ± 0.02d
0.41 ± 0.03d

0.447

Female rats
1.50 ± 0.05a
1.50 ± 0.03

a

0.71 ± 0.01b
b

0.77 ± 0.03c

0.38 ± 0.02d

1.50 ± 0.03

a

b

c

1.60 ± 0.03

a

0.40 ± 0.02d

1.50 ± 0.03

a

CCFW + TW

1.60 ± 0.03

a

1.50 ± 0.05

a

p values

1.60 ± 0.05

a

0.109

DMSO + TW
DMSO + FW
CC + TW
CC + FW

FW + TW
FW + FW

CCFW + FW

0.74 ± 0.02
0.71 ± 0.02

b

0.78 ± 0.01

b

0.72 ± 0.01

b

0.74 ± 0.02

b

0.72 ± 0.01

b

0.75 ± 0.01

0.057

c

0.89 ± 0.05
0.84 ± 0.04

c

0.88 ± 0.04

c

0.94 ± 0.09

c

0.88 ± 0.04

c

0.85 ± 0.03

c

0.94 ± 0.08

0.363

0.44 ± 0.03d
0.43 ± 0.02d
0.44 ± 0.03d
0.41 ± 0.02d
0.40 ± 0.01d
0.45 ± 0.03d

0.338

a, b, c, d

Means across columns (in males and females) with similar superscripts are similar (p > 0.05) using one-way ANOVA across all eight groups for the masses of the
viscera. DMSO + TW = 10 ml kg−1 of a 0.5% dimethyl sulphoxide solution as neonates and plain tap water post-weaning, DMSO + FW = 10 ml kg−1 of a 0.5% dimethyl
sulphoxide solution as neonates and fructose (20%, w/v) as drinking fluid in the growing period, CC + TW = curcumin (500 mg kg−1 in 0.5% DMSO) as neonates
and plain tap water in the growing period, CC + FW = curcumin (500 mg kg−1 in 0.5% DMSO) as neonates and fructose (20%, w/v) as drinking fluid in the growing
period, FW + TW = fructose (20%, w/v) as neonates and plain tap water in the growing period, FW + FW = fructose (20%, w/v) as neonates and fructose (20%, w/v) as
drinking fluid in the growing period, CCFW + TW = curcumin (500 mg kg−1) and fructose (20%, w/v) in 0.5% DMSO as neonates and plain tap water in the growing
period, CCFW + FW = curcumin (500 mg kg−1) and fructose (20%, w/v) in 0.5% DMSO as neonates and fructose (20%, w/v) in the growing period. Data expressed as
mean ± SEM, n = 7–9 per group

and immature from birth till weaning (Patel et al. 2015;
Xu and Ghishan 2018), although they may precociously
mature before weaning when fructose is administered
early (Castello et al. 1995; Ferraris 2001). Unfortunately, in the present study the GLUT5 transporters
were not assayed at weaning to determine their level of
expression.
In another study, alteration in neonatal nutrition of
suckling rats in the form of high carbohydrate milk formula resulted in differences in body mass only at about
post-natal day 100 (Patel and Srinivasan 2010). The age of
the rats in the current study at termination was 63 days
(adolescent/early adulthood) which might explain the
absence of the features of MetS.

Though the quantitative scoring of three areas (RCA,
GTA and BCA) of the kidney tissue of the adolescent
rats did not show any significant differences across treatment groups in both sexes, the tendency for a reduction
in the measured parameters in fructose fed rats needs
to be explored in studies extending beyond adolescence.
Visual histopathological analysis of the representative
slides from the groups showed some interesting findings.
We believe that the histopathological changes were only
becoming apparent in some of the rats but were masked
when the quantitative analysis was done using a larger
number of renal corpuscles and glomeruli. Whereas the
post-weaning administration of fructose appeared to
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Table 6 High-fructose diet induced changes in renal
histomorphometry (post-natal day 63) of male and female rats
administered curcumin during suckling
Treatment groups

RCA (µm2)

GTA (µm2)

BCA (µm2)

5170 ± 306b

3327 ± 261c

5419 ± 165b

3096 ± 217c

Male rats
DMSO + TW

8497 ± 456a

CC + TW

8515 ± 297a

FW + TW

8329 ± 388a

DMSO + FW
CC + FW

FW + FW

7745 ± 378a

4385 ± 201b

8782 ± 362a

5349 ± 248b

7718 ± 291a

CCFW + TW

8881 ± 123

p values

0.144

CCFW + FW

8381 ± 325

5459 ± 293b

a

4529 ± 190b

a

b

b

5452 ± 168
5119 ± 203

0.141

2910 ± 280c
3433 ± 364c
2870 ± 142c
3189 ± 290c
3429 ± 187c
3261 ± 350c

0.689

Female rats
8346 ± 338a
a

5251 ± 273b

3185 ± 304c

8609 ± 307

a

b

3395 ± 249c

8364 ± 268

a

CCFW + TW

8692 ± 158

a

p values

0.101

DMSO + TW
DMSO + FW
CC + TW
CC + FW

FW + TW
FW + FW

CCFW + FW
a, b, c

7835 ± 166

8673 ± 242

a

7698 ± 141

a

8578 ± 140

a

b

4784 ± 127
5215 ± 213

b

5239 ± 253

b

5115 ± 203

b

4502 ± 171

b

5001 ± 158

b

5147 ± 143

0.114

3051 ± 224c
3434 ± 244c
3249 ± 244c
3196 ± 182c
3691 ± 203c
3430 ± 146c

0.591

Means across columns (in males and females) with similar superscripts are
similar (p > 0.05) using one-way ANOVA across all eight groups for the RCA, GTA
and BCA. RCA, renal corpuscular area; GTA, glomerular tuft area; BCA, bowman
capsular area. DMSO + TW = 10 ml kg−1 of a 0.5% dimethyl sulphoxide solution
as neonates and plain tap water post-weaning, DMSO + FW = 10 ml kg−1 of
a 0.5% dimethyl sulphoxide solution as neonates and fructose (20%, w/v)
as drinking fluid in the growing period, CC + TW = curcumin (500 mg kg−1
in 0.5% DMSO) as neonates and plain tap water in the growing period,
CC + FW = curcumin (500 mg kg−1 in 0.5% DMSO) as neonates and fructose
(20%, w/v) as drinking fluid in the growing period, FW + TW = fructose (20%,
w/v) as neonates and plain tap water in the growing period, FW + FW = fructose
(20%, w/v) as neonates and fructose (20%, w/v) as drinking fluid in the
growing period, CCFW + TW = curcumin (500 mg kg−1) and fructose (20%,
w/v) in 0.5% DMSO as neonates and plain tap water in the growing period,
CCFW + FW = curcumin (500 mg kg−1) and fructose (20%, w/v) in 0.5% DMSO
as neonates and fructose (20%, w/v) in the growing period. Data expressed as
mean ± SEM, n = 20 renal corpuscles and glomeruli per group
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induce histopathological changes in the kidney tissues
of the rats, oral administration of curcumin during suckling showed promise in preventing the development of
those changes in both sexes. Curcumin has previously
been shown to reverse the vacuolar degeneration of glomerular cells associated with cyclosporin A (Huang et al.
2018) and cadmium tetrachloride-induced nephrotoxicity (Hismiogullari et al. 2015). We thus speculate that the
neonatal administration of curcumin to the rats may have
epigenetically programmed the rats’ kidneys to resist
the adverse effects of a high-fructose diet post-weaning.
However, this requires further investigation.
In rats, the kidneys though functionally immature at
birth undergo rapid development and attain optimal
functioning at or around weaning (Seely 2017). The neonatal kidney is characterised by reduced number and
functionality of the tubules and consequently reduced
kidney functions such as glomerular filtration rate, tubular secretion and absorption compared to adults (Seely
2017). Our neonatal interventions with curcumin and
fructose may have overwhelmed the scanty tubules and
affected their proper functioning on a long-term basis
and thus resulting in the increased tubular secretions
observed in the kidney sections.
The masses of the kidneys and pancreas were also similar across treatment groups in both sexes. Since organ
weights are used in toxicological studies as an indication
of early deleterious effects of compounds (Sellers et al.
2007; Shafaei et al. 2015), it could be inferred that both
curcumin and fructose did not exert toxic effects on the
weighed organs.

Conclusions
Oral administration of curcumin and fructose during
suckling, followed by a high-fructose diet post-weaning,
did not negatively affect the general metabolic health of
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Fig. 3 Kidney histology (MT staining) of representative adolescent a male and b female rats administered curcumin during suckling. The black
arrows point to mild-to-moderate tubular secretions, while the green arrows point to mesangial proliferation. DMSO + TW = 10 ml kg−1 of a 0.5%
dimethyl sulphoxide solution as neonates and plain tap water post-weaning, DMSO + FW = 10 ml kg−1 of a 0.5% dimethyl sulphoxide solution as
neonates and fructose (20%, w/v) as drinking fluid in the growing period, CC + TW = curcumin (500 mg kg−1 in 0.5% DMSO) as neonates and plain
tap water in the growing period, CC + FW = curcumin (500 mg kg−1 in 0.5% DMSO) as neonates and fructose (20%, w/v) as drinking fluid in the
growing period, FW + TW = fructose (20%, w/v) as neonates and plain tap water in the growing period, FW + FW = fructose (20%, w/v) as neonates
and fructose (20%, w/v) as drinking fluid in the growing period, CCFW + TW = curcumin (500 mg kg−1) and fructose (20%, w/v) in 0.5% DMSO as
neonates and plain tap water in the growing period, CCFW + FW = curcumin (500 mg kg−1) and fructose (20%, w/v) in 0.5% DMSO as neonates and
fructose (20%, w/v) in the growing period. Scale bar in DMSO + TW = 100 µm applies to all the figures

adolescent male and female rats. However, the administration of curcumin during suckling prevented the fructose-induced histological changes in the kidneys of the
rats. The neonatal administration of curcumin alone did
not alter BCA, GTA and RCA. Thus, curcumin could
be used with caution in neonates to programme against
fructose-induced renal injury later in life.
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