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ABSTRACT

A fructose-enriched diet has been shown to be associated with an increase in fatty
infiltration of liver, kidney, and pancreas. Our objective was to determine the concentration
threshold at which a fructose-enriched diet induces damage in these organs. We
hypothesized that a 20% fructose-enriched diet will induce steatosis or histopathological
changes in the kidneys or pancreas. In this study, 40 Wistar male rats were randomly
divided into 4 groups of 10, and each group was assigned a diet of equal quantity (15 g/rat)
but of varying fructose amount. The first group (control group) was fed a standardized diet.
The second and third groups were fed 10% and 20% fructose-enriched diets, respectively,
whereas the fourth group was fed a high-fructose diet (30% fructose). At week 16, the 30%
fructose group had the highest percentage of fat-enriched cells (10%) and a significant
decrease in adiponectin as compared with week 1 (P < .05). Twenty percent of this group
developed interstitial fibrosis, but none presented changes in the pancreatic islet structure
or fibrosis. The 10% fructose group showed the absence of perisinusoidal and interstitial
fibrosis, whereas these were present in the 20% fructose group, but neither group showed
significant steatosis (5%) or pancreatic damage. The results suggest that a 20% fructose-
enriched diet could be considered as the threshold for inducing kidney and liver damage in
the rat. Nutritional interventions to reduce fructose to less than 20% of the total energy
intake should be considered to prevent metabolic risks and organ damage.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Nonalcoholic  fatty liver disease (NAFLD) is defined as
the accumulation of lipids (mainly triacylglycerols) in the
hepatocytes of individuals who do not consume a large
amount of alcohol (<20 g of ethanol a day) [1]. It is one
of the most important chronic liver disorders worldwide
[2]. Tt is characterized by a wide spectrum of hepatic
pathologies ranging from simple steatosis to nonalcoholic
steatohepatitis (NASH), cirrhosis, and ultimately hepatocellu-
lar carcinoma [3]. NAFLD affects 25% to 30% of the general
population [4] and is the hepatic component of the metabolic
syndrome, as its features are similar to those of metabolic
disorders such as obesity, inflammation, and insulin resis-
tance [5].

Insulin resistance represents the first hit leading to
steatosis. Cytokines (eg, tumor necrosis factor-alpha [TNF-o]
and interleukin-6 [IL-6]) can cause a second hit leading to
NASH [6,7]. TNF-a and IL-6 induce proinflammatory effects,
whereas adiponectin, an adipocyte hormone, has anti-
inflammatory, antisteatogenic, and antifibrogenic effects in
the liver [8,9].

The diet plays an important role on metabolism and in the
induction of NAFLD leading to perturbations of renal and
pancreatic functions [10-13]. A high intake of fats and
carbohydrates, especially fructose, combined with a low
level of physical activity can lead to fatty liver, renal fibrosis,
and pancreatic dysfunction [14-16].

Fructose-enriched diets have been shown to induce factors
contributing to metabolic syndrome, an increase in liver
fibrosis, and inflammatory markers [17]. Most of the meta-
bolic effects of fructose are related to its rapid utilization by
the liver, leading to an increase in lipogenesis and very low-
density lipoprotein secretion, which leads to liver dyslipid-
emia [18]. Lipogenesis in the liver leads to the intracellular
accumulation of malonyl-CoA, which inhibits hepatic lipid -
oxidation, and increases the formation of reactive oxygen
species (ROS) [19].

Some studies have used different amounts of fructose to
induce liver damage and steatosis in rats [20,21]. The amount
of fructose varied between 70% and 36% of the total energy
intake, and the food was given either in strict amount or ad
libitum. Among several diets restricted to 15 g-per rat per day
and given for 16 weeks, fructose at 36.2% of the total energy
induced the characteristics of NAFLD in Wistar rats [20]. In
comparison, little pathology developed with an energetically
equivalent diet composed of 36.9% sucrose. These findings
suggested that a lower amount of fructose, rather than
sucrose, in the diet was necessary to prevent liver damage
and metabolic risks in rats. However, to our best knowledge,
no studies have reported the concentration threshold at
which fructose induces NAFLD and other organ damage.
Thus, we hypothesized that the threshold inducing these
organ dysfunctions was well below the 36.2% fructose-
enriched diet. To test this hypothesis, the present study was
designed to determine the threshold of a fructose-enriched
diet, considering 3 different concentrations, capable of
inducing NAFLD and its characteristics as well as resulting
in damage to the kidney and pancreas.

2. Methods and materials
2.1. Experimental design and animals

Forty pathogen-free Wistar rats (males, 6 weeks old) weighing
between 150 and 200 g were used for the 16-week study. Rats
were housed individually in chip-bedded plastic cages
(50 x 50 cm) at room temperature (23°C + 2°C) and 60% =
10% humidity under a 12:12-hour diffuse light/dark cycle in
the Surgical Research Laboratory of Saint Joseph University.
The rat cages conformed to the Animal Research Review
Panel Guidelines 20 [22]. All rats were from pure Wistar
crosses with the absence of ob/ob gene mutations.

2.2. Diets and blood collection

At week 1, all rats received chow diet ad libitum. At the end of
week 1, the rats were starved for 16 hours before the collection of
2 mL of blood from the jugular vein, under general anesthesia
(0.2 mL per rat of a mixture comprising 10 mL of 50 mg/mL
ketamine and 2 mL of 25 mg/mL xylazine, injected intramuscu-
larly). At week 2, the 40 rats were divided randomly into 4 groups
of 10 rats each. Each group received the same quantity of food
(15 g per rat per day) for the same period but with different
fructose content. They also had daily free access to drinking water
in a feeding bottle. The first group was fed 15 g of a standardized
diet (15.61kJ/g; 16.9% of fats, 21.3% of proteins, 61.8% of
carbohydrates). The second group was fed 62.3% carbohydrates
of which 10% was fructose (15.68 kJ/g), whereas the third and
fourth groups were fed a 20% (15.78 kJ/g; 62.1% carbohydrates) and
30% (15.85 kJ/g; 16.6% fats, 21.1% proteins, 62.3% carbohydrates)
fructose-enriched diet, respectively (Table 1). The fat used in the 4
diets consisted of soya bean oil (16% saturated fatty acid, 23%
monounsaturated fatty acid, and 58% polyunsaturated fatty acid).
The rat diet was prepared each month (at Saint Joseph University)
by following the American Institute of Nutrition-93G diet [23] and
stored at a temperature of 3°C-4°C. The food intake per rat per day
and the rat weights were measured on a daily and weekly basis.
The absolute amount of food consumed per rat per day was
converted to energy intake (kJ-per rat per week) and was
calculated by subtracting the 15 g of food given per rat per day
from the amount left or spilled in the cage.

At week 16, all rats were starved for 16 hours and then
euthanized. The rats were euthanized using general anesthesia
(0.2 mL per rat of a mixture comprising 10 mL of 120 mg/kg
ketamine and 2 mL of 15 mg/kg xylazine, injected intramuscu-
larly). Once the blood sample was collected, the rats were
decapitated. The liver, kidneys, and pancreas were excised and
weighed. Two milliliters of blood sample per rat was obtained
simultaneously from the inferior vena cava. The liver, kidneys,
and pancreas were excised and weighed. Two milliliters of
blood sample per rat was obtained simultaneously from the
inferior vena cava.

2.3. Sample preparation; histological examination of the
liver, kidney, and pancreas; and liver lipid determination

The blood samples were separated by centrifugation (1000g;
5 minutes), and the blood serum with the liver fragments was
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Table 1 - Diet composition of the four different experimental groups

Ingredients Group 1 Group 2 Group 3 Group 4

(n =10) (n =10) (n =10) (n =10)

(Standardized (10% Fructose) (20% Fructose) (30% Fructose)

diet) 16.8% fats, 21.3% 16.7% fats, 21.2% 16.6% fats, 21.1%

16.9% fats, 21.3% proteins, 61.9% proteins, 62.1% proteins, 62.3%

proteins, 61.8% carbohydrates carbohydrates carbohydrates

carbohydrates

@ ) @ () @ 9) ® ()
Casein 200 2992.8 200 2992.8 200 2992.8 200 2992.8
pL-Methionine 3 50.16 3 50.16 3 50.16 3 50.16
Corn starch 530 7975.4 431.2 6488.7 322 4845.5 234 3521.2
Sucrose 100 1672 100 1672 100 1672 100 1672
Fructose 0 0 98.3 1561.4 207.5 3295.9 295 4685.8
Cellulose, BW*? 50 0 50 0 50 0 50 0
Mineral mix® 35 128.74 35 128.74 35 128.74 35 128.74
Soya bean oil 70 2633.4 70 2633.4 70 26334 70 2633.4
Vitamin mixture® 10 161.8 10 161.8 10 161.8 10 161.8
Choline bitartrate 2.5 0 2.5 0 2.5 0 2.5 0
Total 1000 15614.3 1000 15689 1000 15780.3 999.5 15845.9

Groupl1 (control group), Group 2 (10% fructose), Group 3 (20% fructose), Group 4 (30% fructose).

& Alpha-cellulose grade BW-200. Maple Biotech Pvt. Ltd., Pune, Maharashta, India.

Y Composition of the vitamin mixture (AIN-93-VX; Clea, Tokyo, Japan) and mineral mixture (AIN-93G-MX; Clea, Tokyo, Japan) [23].

¢ Energy values (kj) of the corresponding items(g). The energy values were calculated according to the typical caloric density values for
commonly used diet ingredients for laboratory animals, Dyets, Inc., Bethlehem, Pennsylvania, USA).

stored at —80°C until analysis. All rats had a fragment of their
liver, kidney, and pancreas removed and sent to the pathol-
ogy laboratory for histological examination. The liver frag-
ments were fixed in 10% formalin, routinely processed, and
embedded in paraffin. Sections of 3 um were cut from the
paraffin block and stained with hematoxylin and eosin (H&E).
Picrosirius red staining was carried out to evaluate the degree
of portal and perisinusoidal fibrosis in the tissue. Frozen
fragments of liver tissue from the 40 rats were also sectioned
to perform Oil Red O staining.

The slides were examined under an optic microscope
(Axioskop, Zeiss, Oberkochen, Germany). The percentage of
steatosis was determined by evaluating the number of fat-
enriched hepatocytes, multiplied by 100, over the total number
of cells in 10 randomly chosen medium-power fields (x200). The
pattern of lipid accumulation in the hepatocytes was also
evaluated. Microvesicular and macrovacuolar steatosis pat-
termns, necroinflammation, portal fibrosis, and perisinusoidal
fibrosis were scored as absent (0), mild (1), moderate (2), or
severe (3) depending on the percentage of fatty hepatocytes, the
number of inflammatory infiltrates, and the extent of extracel-
lular matrix deposition [24]. Mild necroinflammation referred to
few lobular aggregates of inflammatory cells with or without
apoptotic bodies. Necroinflammation was considered moderate
when at least 1 lobular area contained 2 or more of such
aggregates. Ballooning degeneration was scored “0” if absent,
“1” if a few hepatocytes were involved, and “2” if many
hepatocytes were involved. The NAFLD activity score (NAS)
was determined using the scoring system of Kleiner et al [24].
Cases with an NAS of between 0 and 2 were not considered as
having NASH, whereas those with a score of >5 were diagnosed
with steatohepatitis [24]. For the scoring, the kidney and
pancreas samples were fixed in 10% formalin, routinely

processed, and stained with H&E and Masson trichrome stains.
Inflammation in the kidney was scored as absent (0), mild (1), or
significant (2). Interstitial renal fibrosis, glomerulosclerosis, and
pancreatic tissue fibrosis were evaluated as absent (0) or
present (1). Pancreatic islets of Langerhans were assessed, and
abnormalities such as hyperplasia (increased islet size by
multiplication of cells) or hypertrophy (increased size related
to the increased volume) were noted.

2.4. Hepatic lipid extraction

Forty frozen fragments of liver tissue from the 40 rats were also
sectioned to determine the total liver lipid content for each rat.
The liver samples were weighed before and after freeze drying
(2.5-L Bench Top Freeze-Dry System; LABCONCO, Kingston, NY,
USA). After freeze drying for 24 hours, the liver sections were
crushed, and the samples were placed in moisture-free sealable
filter bags and weighed before and after lipid extraction. The
lipids in the samples were extracted for 40 minutes per run using
petroleum ether solvent (BP 400-600 C Sigma-Aldrich, Darmstadt,
Germany) in an Ankom XT10 extractor (Ankom Technology,
Macedon, NY, USA). The lipid weight was calculated by
subtracting the weight difference of the samples before and
after lipid extraction. The lipid percentage was also deduced
[25,26].

2.5. Serum chemistry

The serum levels of fasting glucose and triglycerides (TGs)
were measured using a commercially available kit (Trinder
Method, Biolabo SA, Maizy, France) and a spectrophotometer.
Alanine aminotransferase (ALAT) and aspartate aminotrans-
ferase (ASAT) were also measured with commercially



104

NUTRITION RESEARCH 62 (2019) 101-112

available kits (Antibodies Online, Aachen,Germany) and a
spectrophotometer. Serum TNF-a, IL-6, and adiponectin levels
were analyzed using enzyme-linked immunosorbent assay
kits (Rat High sensitive; R&D Systems, Minneapolis,Minnesota
(MN),USA). Serum insulin and malondialdehyde (MDA) con-
centrations were also analyzed using enzyme-linked immu-
nosorbent assay kits (Antibodies Online, Aachen,Germany).
2.6. Ethical considerations

All experimentations were undertaken at the Surgical Re-
search Laboratory of Saint Joseph University Medical School
in accordance with the Guide for Care and Use of Laboratory
Animals (Department of Health and Human Services, Public
Health Service, and National Institutes of Health. NIH
Publication No. 86-23, Revised 1985). The protocol was
accepted by the ethical committee of the Medical School of
Saint Joseph University, Beirut, Lebanon (USJ-2015-37).

2.7. Statistical analyses

The sample size of 40 rats corresponds to the minimal size
recommended for experimental animal studies to detect
significant differences among the 4 groups with a 95%
confidence interval and a power of 80% [20,27]. Continuous
variables were expressed as the means + SD. Geometric
means (log 10 of continuous variables) were used in the case
of non-normality of distribution. Statistical analyses were
performed using Student paired t test for each group. The 1-
way between-groups analysis of variance (ANOVA) over week
1 and week 16 for normally distributed data was also
performed, followed by the Bonferroni multiple-comparisons
test. The significance level was set at P < .05. The statistical
analysis was carried out using SPSS 20 for Windows (IBM

400.00
350.00
300.00
250.00

200.00

Rats weight (g) (Week1-Week16)

150.00

100.00

50.00

0.00

—@= Control Group =@= 30% Fructose Group

Corp, released 2011. IBM SPSS Statistics for Windows, Version
20.0. IBM Corp, Armonk, NY, USA).

3. Results

3.1. Body weights (g), energy intake (kJ/wk), food consumption
amount (g per rat per day), and organ weights (g)

At the end of week 16, there were no significant differences
among the 4 groups in terms of rat body weight (g) (Fig. 1),
energy intake (kJ/wk), and the amount of food consumed (g/d)
(P > .05) (Table 2). Similarly, no significant differences were
observed among the 4 groups for the liver, kidney, pancreas,
and epididymal fat weights and liver weight/100 g of body
weight (Table 2).

3.2. Total hepatic lipid content (% of dry weight)

The total hepatic lipid contents in each group are shown in
Table 2. The percentage of total hepatic lipids (dry weight) did
not differ significantly among the 4 groups (P > .05).

3.3 Liver histopathology

At week 16, groups 1, 2, and 3 showed the lower limit of the
presence of steatosis (around 5%), whereas group 4 presented
mild steatosis (10% + 4.7%). Ninety percent of the rats in group 4
presented mild predominant macrovacuolar steatosis, and 10%
presented moderate macrovacuolar steatosis (Table 3, Figs. 2B and
3B). In groups 2 and 3, 50% and 90% of the rats presented mild
predominant microvesicular steatosis, respectively (Table 3,
Figs. 2C-D and 3C-D). Necroinflammation and portal fibrosis
were absent in all groups, and perisinusoidal fibrosis was present

N N N SN N SR
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20% Fructose Group 10% Fructose Group

Fig. 1 - Mean body weights (g) of rats from week 1 to week 16 of the study. *Insignificant variation among groups (week 16).

**Significant variation within groups (week 1-week 16).
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Table 2 - Body weights, food energy intakes, food consumed, and organ weights and lipid contents of rats fed the different

diets at week 1 and week 16

Group 1 Group 2 Group 3 Group 4
(Control) (10% Fructose) (20% Fructose) (30% Fructose)
(n = 10) (n = 10) (n =10) (n = 10)
Rat body weight (g)
Week 1 241 + 18.8 N8 230 + 17.55 226 + 26.7 243 + 219
Week 16 346 + 61 NS 2 355 + 20.3% 353 + 28.9% 379 + 33.2%
Energy intake (kJ/wk)
Week 2 2758 + 96 NS 2912 £ 5 3064 + 10 2759 + 96
Week 16 2763.3 + 97 NS 3072 + 6% 3072 + 11* 3087 + 97%
Approximate food amount consumed (g/d)
Week 2 13.46 + 4.7 NS 14.98 + 0.03 14.96 + 0.04 13.47 + 4.7
Week 16 13.49 + 4.7 N8 14.98 + 0.01 14.99 = 0.03 13.47 + 4.7
Liver weight (g)
Week 16 8.77 + 1.09 NS 8.47 + 0.55 9.27 + 0.59 8.83 +£ 0.77
Liver (g)/100 g of body weight
Week 16 2.34 +0.95 N8 2.38 +0.2 264 +0.3 2.09 + 0.75
Kidney weight (g)
Week 16 1.27 +0.19 N8 1.34 +0.15 134 +0.13 1.37 + 0.15
Pancreas weight (g) 119 + 0.27 NS 1.42 + 0.31 1.55 + 0.39 1.71 + 0.66
Epididymal fat weight (g)
Week 16 4.23 = 1.6% 3.99 + 1.3 420 1.1 4011
Liver lipid (% of dry weight) 32.23 + 0.8%° 32.53 + 0.90 31.30 + 2.20 30.48 + 3.8

Data are the means + SD, n = 10 rats per group. Geometric means (log 10 of continuous variables) were used in the case of non-normality of the
distribution. NS, not significant between groups. Group 1 (control group), group 2 (10% fructose), group 3 (20% fructose), and group 4 (30%
fructose). One-way ANOVA between groups for normally distributed data was performed, followed by the Bonferroni multiple-comparisons
test. Small a refers to the differences within groups (week 1-week 16), P < .05, Student paired t test.

only in 20% of groups 3 and 4. The NAS ranged between 0 and 2 for
all 4 groups (Table 3). Representative liver specimens from the 4
experimental groups are shown in Fig. 2 (H&E) and Fig. 3 (Oil Red O
staining).

3.4. Histopathology of the kidneys and pancreas

Mild renal inflammation was present in 60% of all rat groups.
None of the rat groups showed glomerulosclerosis, and
almost none of the rats showed interstitial renal fibrosis,
except for some rats in groups 3 (10% of rats) and 4 (20% of
rats) (Table 4, Fig. 4B). With regard to the pancreas histopa-
thology, no evidence of hyperplasia or hypertrophy was
present in the islets of Langerhans. The distribution of islets
and their size or shape did not change in any of the studied
groups. Moreover, none of the rats from the different groups
presented tissue fibrosis.

3.5. Serum chemistry

Within the groups, there was a significant increase in fasting
serum glucose levels (week 1-week 16) (P < .05). The ASAT
and adiponectin levels were significantly decreased in groups
3 and 4, respectively, whereas there was a significant increase
in the insulin level in group 2 and the ALAT level in groups 1
and 2 (week 1-week 16) (P < .05). No significant differences in
TG, TNF-o, and IL-6 concentrations were observed among
(week 16) and within the groups (P > .05) (Table 5). However, a
significant variation in the MDA contents (ng/mL) was
observed among and within the groups (week 1-week 16)
(P < .05) (Table 5).

4, Discussion

In this study, we first developed an experimental model of
NAFLD on the basis of 3 diets enriched with different
percentages of fructose and compared them with a control
diet. We also studied the differences in body, organ, and food
intake weights; inflammatory parameters; transaminases;
and insulin among the groups and within the same group at
2 time periods. Finally, we determined the minimal threshold
of fructose enrichment capable of inducing the characteristics
of NAFLD as well as damage to the kidneys and pancreas.
Unlike other studies that gave ad libitum diets to animals, the
diets in this present study were given in a strict amount (15 g/d,
with almost the same energy content per day) to the rats
for 16 weeks, with the aim of eliminating the bias of excess
energy [20]. To our best knowledge, the present work is the first
to use diet in a strict amount and enriched in fructose at 10%,
20%, and 30% of the total energy intake to determine the
fructose threshold capable of inducing liver, pancreas, and
kidney damage.

At week 16, the increases in body weight and energy intake
were similar among the groups. Likewise, there were no
differences in the liver, kidney, pancreas, and epididymal fat
weights and liver weight/100 g of body weight among the
groups. These results disagreed with those of other studies
that had shown significant variations in the rat organ weights
according to the amount of fat or fructose fed [20, 21,28].
Nevertheless, in these other experimental studies, food was
given ad libitum, and the amount of fat or fructose used was
higher than 30% of the total energy intake [20,21,28]. Such
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Table 3 - Pathology features of the rat livers in the 4 groups at week 16

Group 1 Group 2 Group 3 Group 4
(Control) (10% Fructose) (20% Fructose) (30% Fructose)
(n = 10) (n = 10) (n = 10) (n =10)
Steatosis (%) " 5.5 + 15.74 5.6 + 64 5.5 + 54 10 + 4.73%¢
Microvesicular
None 9 5 1 4
+ 1 5 9 5
++ 0 0 0 0
+++ 0 0 0 1
Macrovacuolar
None 10 8 7 0
+ 0 2 3 9
++ 0 0 0 1
+++ 0 0 0 0
Necroinflammation ¥
0 10 10 10 10
1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
Portal fibrosis ¥
0 10 10 10 10
1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
Perisinusoidal fibrosis *
0 10 10 8 8
1 0 0 2 2
2 0 0 0 0
3 0 0 0 0
NAS* 10 10 10 10
0-2 0 0 0 0
3-4 0 0 0 0
5-8 0 0 0 0

* Results for steatosis are the means + SD, n = 10 rats per group. Group1 (control group), group 2 (10% fructose), group 3 (20% fructose), and
group 4 (30% fructose). Geometric means (log 10 of continuous variables) were used in the case of non-normality of the distribution. One-way
ANOVA between groups was performed for normally distributed data, followed by the Bonferroni multiple-comparisons test; P < .05,
statistically different. Small a refers to group 1, small b to group 2, small ¢ to group 3, and small d to group 4.

T Results for macrovacuolar and microvesicular steatosis are given as the number of rats presenting mild (+; <33% of hepatocytes), moderate (++;

33%-66% of hepatocytes), or severe (+++; >66% of hepatocytes) disease.

* Necroinflammation and fibrosis are given as the number of rats presenting a score of 0 (absent), 1 (mild), 2 (moderate), or 3 (severe),

respectively.

¥ Results for the NAS are given as the number of rats presenting scores of 0-2, 3-4, or 5-8, respectively.

high amounts would induce an increase in liver weight
through hepatic lipid deposition and pyruvate formation,
bypassing the phosphofructokinase regulatory step [29]. No
increase in the kidney and pancreas weights was observed
following the consumption of the 30% fructose-enriched diet
in our study. The possible infiltration or accumulation of fat
in these organs did not affect the initial weight [30]. With
regard to hepatic lipid deposition, an insignificant difference
was observed among the groups, verifying the results already
obtained on the liver weights.

The 16-week feeding of the 30% fructose-enriched diet
resulted in the development of some hepatocyte damage, as
described in the literature, thus reproducing most of the
clinical human diseases. Steatosis was clearly exhibited by
the accumulation of fat (macrovacuolar accumulation) inside
the hepatocytes of rats that received this diet, which was
confirmed by histopathology of the liver tissue. This group
reported the highest percentage of steatosis (10% =+ 4.7%),
whereas other groups reported 5.5% of steatosis, which is

considered the minimum threshold for the declaration of the
disease [31]. Both microvesicular and macrovacuolar patterns
of steatosis were observed in the 3 fructose-fed groups as
compared with group 1. Almost all rats of the 30% fructose-
enriched diet-fed group presented mild macrovacuolar to
severe microvesicular steatosis as compared with the other
groups. The reason is that an increased fructose intake
increases the production of free fatty acids and acetyl-CoA
through the activation of carbohydrate response element-
binding protein and stimulation of the activity of all 3 de novo
lipogenesis enzymes (adenosine triphosphate citrate lyase,
acetyl-CoA carboxylase, and fatty acid synthase) [29]. Thus,
there will be an increase in TG esterification and synthesis,
and a decrease in fat export and oxidation [32,33]. This gives
rise to microvesicular or macrovacuolar steatosis of the
bloated hepatocytes, as observed in the histopathological
sections. These results are supported by studies done by
Kawasaki et al [28] and Fakhoury-Sayegh et al [20], where liver
changes and pathologies occurred in male Wistar rats that
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Fig. 2 - Liver histology of rats fed the different diets. A, Liver sections showing the absence of steatosis in control rats (H&E 400).
B, Presence of moderate predominantly macrovacuolar steatosis in rats fed a diet enriched with 30% fructose (H&E x400). C and
D, Mild predominantly microvesicular steatosis in rats fed a diet enriched with 20% (C) or 10% fructose (D) (H&E x400).

were fed a high-fructose diet (70% and 36.2% fructose, respec-
tively). In the latter study, necroinflammatory lesions and portal
fibrosis were not present in the groups fed on 36.9% sucrose but
were observed in the group fed on 36.2% fructose [20]. In our
present study, necroinflammation and portal fibrosis were
absent in all groups, but mild perisinusoidal fibrosis was
observed in groups 3 and 4 only. This highlights the role of
fructose in inducing fibrosis at concentrations exceeding or
equaling the threshold of 20% of the total energy intake.

With regard to the effect of fructose on renal lesions,
histological examination of the kidney showed mild inflam-
mation in all groups. Rats fed a 20% or more fructose-enriched
diet presented interstitial fibrosis in this organ. Our results
are similar to those obtained by Nakayama et al [15]. Fructose
is known to induce kidney damage by promoting insulin
resistance, hyperglycemia, and hyperuricemia. It also con-
tributes to fibrosis by inducing oxidative stress, increasing the
production of superoxide via the polyol pathway, and
producing uric acid [15]. In addition, fructose generates
advanced glycation end products with proinflammatory and
pro-oxidative properties and increases macrophage infiltra-
tion in the kidney [34]. This indicates that fructose starting
from 20% of the total energy intake induces some damage,
mainly fibrosis, at the renal level. This was reported by
several studies that showed tubular renal dilation, inflamma-
tion, fibrosis, and glomerulosclerosis with a diet enriched
with 60% of fructose [15,34,35]. At the pancreatic level, no
signs of hypertrophy or hyperplasia in the islets of
Langerhans and fibrosis were noticed even with the 30%
fructose-enriched diet. These findings are in discordance with
the literature, where numerous large and irregular islets were

observed in the pancreas of rats fed with 10% and 60%
fructose. However, this was suspected to be associated with
the liquid form of fructose-rich diet supplemented [36].
Another study done by Zhao et al [13] showed islet enlarge-
ment in Chinese Bama mini pigs fed a high-fat, high-sucrose
diet for 23 months. In our rat model, none of these results
were obtained, suggesting that the threshold of fructose used
in our study was well below the required one.

Biological parameters such as fasting hypertriglyc-
eridemia, hyperglycemia, and hyperinsulinemia were studied
because they represent the main parameters of the metabolic
syndrome, of which NAFLD is well established as the hepatic
component [37]. In the current model, hyperglycemia was
observed in all groups at week 16. This may be attributable to
the anesthetics (ketamine and xylazine) used during the 2
time periods, especially as blood was collected from the
inferior vena cava before sacrifice. Kawasaki et al [28] reported
an increase in fasting serum glucose concentrations with
ether anesthesia. With regard to insulin, NAFLD is strongly
associated with insulin resistance in both hepatic and adipose
tissues [38-40], as well as reduced whole-body insulin sensitivity.
This is manifested by a defect in insulin signaling, an increase in
the presence of free fatty acids, an inhibition of fatty acid
oxidation, and a decreased uptake and use of glucose as a source
of fuel [37,41,42]. In addition, insulin resistance or impaired
insulin secretion is independently associated with incident
chronic kidney disease and pancreatic islet dysfunction [16,43].
In our model, the insulin level at week 16 was comparable among
the groups. This enabled us to surmise that 30% of fructose does
not induce insulin resistance through the activation of sterol
regulatory element-binding protein 1c and stimulation of de



108 NUTRITION RESEARCH 62 (2019) 101-112

Fig. 3 - Oil Red O Stain of rat liver tissue sections. Oil Red O stains in red.A, Liver sections showing the absence of steatosis in
control rats. B, Presence of moderate predominantly macrovacuolar steatosis in rats fed a diet enriched with 30% fructose. C
and D, Mild predominantly microvesicular steatosis in rats fed a diet enriched with 20% (C) or 10% fructose (D) (x400).

novo lipogenesis while converting excess energy from fat or

carbohydrate into triglycerides [29].

Our results showed that the serum adiponectin levels were
decreased significantly in group 4 as compared with baseline.

This supports the concept that, at 30% of fructose, the
hormone level decreases as well as the organs’ sensitivity to
adiponectin. This is in line with other studies that reported a
decrease in plasma adiponectin with patients with NAFLD

Table 4 - Pathology features of the kidneys and pancreas in the groups of rats at week 16

Group 12 Group 2 Group 3 Group 4
(Control) (10% Fructose) (20% Fructose) (30% Fructose)
(n =10) (n =10) (n =10) (n =10)
Renal inflammation ®
0 4 5 4 4
1 6 5 6 6
2 0 0 0 0
Glomerulosclerosis®
0 10 10 10 10
1 0 0 0 0
Interstitial renal fibrosis®
0 10 10 9 8
1 0 0 1 2
Pancreatic tissue fibrosis®
0 10 10 10 10
1 0 0 0 0
Pancreatic islets of Langerhans ©
0 10 10 10 10
1 0 0 0 0

# Groupl (control group), group 2 (10% fructose), group 3 (20% fructose), and group 4 (30% fructose); n = 10 rats per group.
b Results for renal inflammation are given as the number of rats presenting a score of 0 (absence), 1 (mild), or 2 (significant). Results for renal
fibrosis, interstitial renal fibrosis, glomerulosclerosis, and pancreatic tissue fibrosis are given as the number of rats presenting a score of 0

(absence) or 1 (presence).

¢ Results for the pancreatic islets of Langerhans (hyperplasia or hypertrophy) are given as the number of rats presenting a score of 0 (absence)

or 1 (presence).
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Fig. 4 - Histological sections of rat kidney tissues. A and B, Kidney sections (30% fructose group) showing mild inflammation (A,
H&E x100) and mild interstitial fibrosis (B, Masson stain x200). C and D, Kidney sections (10% fructose group) showing the
absence of inflammatory infiltrates (C, H&E x100) and fibrosis (D, Masson stain x200).

[44]. In the study of Fakhoury-Sayegh et al [20], a diet
containing 36.2% fructose in the same conditions in Wistar
rats contributed to an increase of serum adiponectin, which
reflects a state of adiponectin resistance and thus a higher
hormonal level [45].

Abnormalities reported for the NAFLD status are com-
monly accompanied by an increase in TGs, TNF-o, and IL-6
[46]. Fructose is known to increase lipogenesis, inflammatory
markers, and oxidative stress [28,29,47]. In the present study,
none of these parameters were observed at week 16. This was
supported by the histopathological findings, which showed
an absence of liver inflammation and portal fibrosis and a
mild presence of perisinusoidal and interstitial fibrosis. These
findings suggested that the threshold of inflammation and
fibrosis associated with NAFLD and kidney and pancreatic
damage was well above the one obtained in our model.

ROS formation has been repeatedly claimed as a major
contributor to a proposed mechanism responsible for induc-
ing NAFLD, known as the 2-hit hypothesis [48]. Several studies
have investigated various markers of ROS formation, includ-
ing 4-hydroxynonenal adducts [49], inducible nitric oxide
synthase protein [50,51], and MDA [51]. MDA is known to be a
product of lipid peroxidation and a marker of oxidative stress
[52]. An increased production of MDA is followed by an
inflammatory response and activation of hepatic cells,
leading to liver fibrosis and damage [53]. In this research, a
decrease in MDA levels was observed in all groups at week 16,
except for group 3. These results were contradictory to those
of other studies, where ROS markers (including MDA levels)
were markedly elevated after fructose administration both
in rodents fed a diet enriched with 60% fructose [54] and
in humans who consumed an amount of 50 g/d of added
sugar [55]. In our study, the decrease in MDA levels could be
due to the fact that more time was needed for our model to
induce an increase in this marker or that the threshold of

fructose was not sufficient to induce such changes in Wistar
male rats.

Increased serum ALAT and ASAT concentrations are
known to be independent predictors of NAFLD [56]. These
markers are used mainly to assess liver biochemical function
and damage. An increase in ALAT and ASAT indicates an
inflammatory and profibrogenic response to injury [14]. In our
study, slight differences in these hepatic parameters between
the 2 time periods were observed among the groups. The
significant increase in ALAT levels in groups 1 and 2 at week
16 could be explained by the increase in rat weight and the
induction of mild microvesicular steatosis in some rats (group
2). In addition, the ALAT values at week 16 were within the
normal range and were not significantly different from those
of the other groups. Thirty percent of fructose as compared
with 36.2% did not induce an increase in ALAT at week 16 [20].
This could be because a longer duration of study, a higher
percentage of fructose, or another strain of rats is required to
induce a change in these liver biochemical parameters.

As hypothesized, this study showed that a 20% fructose-
enriched diet is capable of inducing changes in the histopa-
thology of the liver and kidneys. A 20% fructose-enriched diet
corresponds to 100 g of fructose for a 2000-kcal=8368 k] diet,
whereas 10% corresponds to half the amount (50 g) for the
same dietary energy. These results were in line with 2 meta-
analyses [57,58] that reported that fructose consumption
exceeding 10% of metabolized energy or 50 g/d increases
blood TG concentrations in both healthy subjects and patients
with type 2 diabetes.

Our study had some limitations. Serum creatinine, albu-
minuria, and serum urea nitrogen, which are markers of
kidney damage, were not considered in this research owing to
the small amount of blood collected at weeks 1 and 16.
Moreover, the biochemical analysis of the different parame-
ters was not reported at different time points because of
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Table 5 - Comparison of the rat serum chemistries among and within the four groups (week 1-week 16)

Group 1 Group 2 Group 3 Group 4
(Control) (10% Fructose) (20% Fructose) (30% Fructose)
(n = 10) (n = 10) (n =10) (n = 10)
Glucose (mmol/L)
Week 1 6.27 + 0.06" 5.43 + 0.03 5.35 + 0.04 6.32 + 0.05 %
Week 16 8.58 + 0.09"S 7.14 + 0.114° 7.11 + 0.10% 8.28 + 0.04%
Triglycerides (mmol/L)
Week 1 0.46 + 0.08N° 0.46 + 0.08 0.45 + 0.16 0.45 + 0.07
Week 16 0.55 + 0.17NS 0.57 +0.10 0.59 + 0.22 0.48 + 0.07
Insulin (pmol/L)
Week 1 13.92 + 0.84NS 4.08 + 0.53 7.72 + 0.68 14.53 + 0.82
Week 16 11.03 + 0.48NS 15.20 + 0.272 15.20 + 0.20 9.72 + 0.45
TNF-a (pg/mL)
Week 1 0.50 + 0.38 1.67 +0.47 1.68 + 0.66 0.36 +0.32*%
Week 16 1.42 + 0.34N5 2.11+0.17 1.83 + 0.56 1.34+0.74
ALAT (UI/L)
Week 1 18.16 + 0.19N° 15.02 + 0.11 18.00 + 0.28 14.36 + 0.17
Week 16 20.76 + 0.15N5 2 17.16 + 0.12° 15.15 + 0.11 14.93 + 0.14
ASAT (UI/L)
Week 1 16.31 + 0.11N% 18.30 + 0.06 19.71 + 0.14 18.22 + 0.10
Week 16 19.19 + 0.13 23.03 + 0.18 12.97 + 0.26" 16.91 + 0.10
Adiponectin (pg/mL)
Week 1 6.54 + 0.09"S 7.35 + 0.08 5.94 + 0.10 6.83 + 0.08
Week 16 5.71 + 0.16° 5.99 + 0.12 5.41 + 0.11 451 +0.14%
Malondialdehyde (ng/mL)
Week 1 53.08 = 0.04" 41.25 + 0.07 44.82 + 0.07 50.53 + 0.05°
Week 16 38.53 + 0.037 34.45 + 0.05° 44.07 +0.06" 37.30 + 0.09°
IL-6 (pg/mL)
Week 1 1.74 + 1.16M 452 +1.10 478 +0.82 444 +0.98
Week 16 1.93 + 1.1588 3.90 + 1.15 4.30 + 1.00 2.67 +1.10

Data are the means + SD, n = 10 rats/group. Geometric means (Log 10 of continuous variables) were used in the case of non-normality of the
distribution. Group1 (control group), Group 2 (10% fructose), Group 3 (20% fructose), Group 4 (30% fructose).

Statistical analyses used: Paired t-test (within groups) and one-way between-groups ANOVA over week 1 and week 16 for normally distributed
data, followed by the Bonferroni multiple-comparisons test; P < 0.05, statistically significant.

Small “a” refers to the differences within the groups. NS, not significant between groups.

TNF-a, tumor necrosis factor-alpha; ALAT, alanine aminotransferase; ASAT; aspartate aminotransferase; IL-6, interleukin-6.

* Group 1 (control group) versus Group 2 (10% fructose).

L Group 1 (control group) versus Group 3 (20% fructose).

* Group 4 (30% fructose) versus Group 3 (20% fructose).

¥ Group 4 (30% fructose) versus Group 2 (10% fructose).

" Group 3 (20% fructose) versus Group 2 (10% fructose).

related complications, such as glycemic changes, respiratory
distress, or mortality risks. Other limitations were mainly
measurement biases. Errors could stem from the weekly
measurements of the rat weight and food weight or from
laboratory data analysis. However, the results were in line
with those of other studies and could be generalized to real-
life situations.

We conclude that a 10% fructose-enriched diet would be
considered as a safe intake without inducing organ damage
based on the rat. This study could be effective for considering
international guidelines for recommended daily fructose
intake, which are still unreported. Nevertheless, further
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