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Abstract

Introduction The effect of the natural sources of fructose such as high fructose fruits and honey on the risk of fatty liver is
still challenging. This study aimed to compare the effect of fructose, high fructose fruits, and honey on the metabolic factors
and non-alcoholic fatty liver disease (NAFLD).

Methods Forty-four rats were divided into four groups including normal diet group, high fructose group (HF), high fructose
fruits group (HFF), and honey group (HO). After 120 days of intervention, the levels of insulin resistance, hepatic enzyme,
and lipid profile were measured. Also, the expression levels of the acetyl-coA carboxylase (ACC), sterol regulatory element-
binding protein 1c (SREBP-1c), Interleukin 6 (IL-6), and transforming growth factor-beta (TGF-f) genes were assessed. In
addition, a histopathologic assessment was performed on liver tissues.

Results Insulin resistance (IR) increased significantly in the HF, HFF, and HO groups (All P <0.05). The levels of liver
enzymes was significantly increased only in the group receiving the HF regimen (P <0.01). A significant decrease in total
cholesterol and HDL-C (high density lipoprotein cholesterol) levels was found in HO group compared to the control group
(P <0.05). The expression levels of ACC and SREBP-1c genes in HF, HFF, and HO groups were significantly higher than
the control group (All P<0.05). The HF group had a greater increase in the level of gene expression of IL-6 and TGF-f
(All P <0.05). Histopathological assessment did not find any changes in fatty liver formation and inflammatory damage.
Conclusion Consumption of fructose-rich honey and fruits improved the status of inflammatory markers and liver enzymes
compared with the industrial fructose-rich products.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the result of
lipid accumulation in the liver [1] in which, more than 5 to
10 percent of the liver’s weight is from visible intracellular
triglycerides [2]. The prevalence of fatty liver is estimated
to be between 20 to 30% worldwide [3]. Of these, about
20% of the patients progress to the disease in the form of
non-alcoholic steatohepatitis (NASH) and may even end
up in end-stage liver disease (ESLD) [4]. In Iran, it is
estimated that 7% of children and 35% of adults suffer
from NAFLD [5]. NAFLD is more common in men than
in women and its prevalence is higher in premenopausal
women [6].

Unhealthy diet, obesity, overweight, and type 2 diabetes
are considered as the underlying causes of NAFLD devel-
opment and progression [7-10]. Fructose and fructose-
rich sweeteners are reported to be important factors in the
development of non-alcoholic fatty liver since an increase
in the prevalence of NAFLD was associated with higher
fructose consumptions [11, 12]. Fructose is a highly lipo-
genic sugar as a precursor of fatty acid production in the
cytosol through the phosphofructokinase pathway [13].
Moreover, fructose interferes with insulin signaling, which
can lead to insulin resistance [14]. Fructose promotes fat
accumulation in the liver not only by increasing the fatty
acids synthesis but also by decreasing fatty acids oxidation
[15]. Fructose also plays an important role in oxidative and
inflammatory damage. Studies have shown that adminis-
tration of fructose in human [16] and animal models [17]
increases the active oxygen species, which is a main factor
in the development of steatosis towards NASH [18]. Fur-
thermore, despite the liver damage caused by the NAFLD,
cardiovascular diseases (CVDs) are now considered the
most important cause of death in patients who suffers from
NAFLD [19]. Recent studies identified a positive relation-
ship between high fructose intake and developing CVDs
[20, 21].

Restriction of food sources of dietary fructose includes
high fructose beverages, sweets, and desserts can be cru-
cial strategies against NAFLD development. However,
some previous studies claimed that higher consumption
of fruits is protective against NAFLD [22] and the effect
of fructose-rich fruits on fatty liver indices is not yet clear.
Similarly, this question arises for honey which is a sig-
nificant source of polyphenolic compounds and antioxi-
dant enzymes but also rich in fructose [23]. The possible
effects of fructose in fruits or honey compared to fruc-
tose in artificial foods have not been well assessed. So,
this study aimed to investigate the effect of high fructose
fruits, honey, and pure fructose on the metabolic factors
and NAFLD. The purpose of this study was to examine
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that whether other mediators in fruits and honey including
vitamins, minerals, fiber and phenolic compounds could
change the health consequences of intake of high fructose
foods.

Material and methods

A total of 44 male Sprague Dawley rats aged 10-12 weeks
and weighing approximately 200-300 g were transferred to
the experimental laboratory and kept in cages at 23- 20° C,
under 12 h of light/12 h of the dark cycle.

Animals were divided into 4 groups (11 rats in each
group) using random assignment as follow: the control group
had free access to a standard diet and water, the high fruc-
tose group (HF) had free access to water and a diet contain-
ing 15% artificial fructose and 15% artificial glucose, the
high fructose fruits group (HFF) had free access to water
and diet containing a 15% fructose and 15% glucose from a
mixture of high fructose fruits including apples, dates and
grapes which were mixed with equal proportions, and honey
group (HO) which had free access to water and diet contain-
ing natural honey with 15.5% fructose and 14% glucose. All
diets were prepared in the animal pellet form.

Preparation of pellets

To prepare the HF diet, artificial fructose and glucose were
added to the standard diet so that the final HF pellet con-
tains 15 g fructose and 15 g glucose per 100 g. HFF pellet
was made up of a combination of three high fructose fruits
(apples, grapes and dates) with standard pellet. The fruits
were thoroughly washed and dried. The non-edible parts of
the fruit were separated and then were mixed in a blender
with an equal proportion. The fructose and glucose content
of each fruit was derived from the standard values published
by the United States Department of Agriculture (USDA)
[24]. The gala apple contains 6.1 g of fructose and 3.0 g
of glucose per 100 g, white and red grapes contain 8.1 g of
fructose and 7.2 g of glucose per 100 g, and the Medjool
dates contain 32 g of fructose and 33.6 g of glucose per
100 g. Finally, the mixture of fruits was blended with the
standard pellet powder, and after drying, its moisture con-
tent dropped to 12%. At this stage, every 100 g of the final
product contained 15.4 g of fructose and 14 g of glucose.
To prepare the honey group diet, natural honey was added
to standard pellets powder so that the new pellets had 15 g
of fructose and 13.5 g of glucose per 100 g.

Biochemical, pathological, and genetics assays

Animal weights were measured at baseline and monthly
throughout the study. Moreover, a digital scale with 0.1 kg
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accuracy was used to measure the weight of rats and con-
sumed foods on a weekly basis. The duration of the interven-
tion was 120 days, which was determined based on previous
studies [25, 26]. At the end of the intervention, the rats were
kept fasted for 12 h followed by ketamine injection with
the dose of 45-60 mg/kg bw and diazepam 2.5 mg/kg bw
for anesthetic induction. Blood samples were collected from
the heart and centrifuged at 3000 rpm for 15 min at 4° C
and serums were kept at -80° C. Serum samples were used
to determine the level of glucose, insulin, total cholesterol,
triglyceride, HDL-C (High-density lipoprotein cholesterol),
LDL-C (Low-density lipoprotein cholesterol), ALT (Ala-
nine transaminase), AST (Aspartate transaminase) and albu-
min by the International Federation of Clinical Chemistry
(IFCC) methods using the BT1500 auto analyzer (Cobas-
Fara, Italy).

The serum level of insulin was measured by the ELISA
(Enzyme-Linked Immunosorbent Assay) method using the
IBL kit (IBL International, Germany) using Microplate
reader stat fax 2200 (Awareness Technology Inc, USA) to
read the plates. The stat fax 2200 shaker incubator was used
to incubate the plates and the stat fax 2600 washer (Aware-
ness Technology Inc, USA) was used to wash the plates.

After the end of the intervention period, the animals were
euthanized, and the liver tissue was removed, immediately
weighed and then fixed. The blocking steps of the slides
were then performed by staining Hematoxylin and Eosin
(H&E) to assess the extent of fat accumulation and Azan
staining method was used for the evaluation of inflamma-
tion and fibrosis.

After weighing the liver tissue, a portion of that was
kept in the liquid nitrogen tank to determine the changes
in genes expression. The expression level of ACACA,
SREBP-1c, IL-6, and TGF-p genes was assessed. RNA
(Ribonucleic acid) extraction was done by standard kits
(Cinnagen, Iran). The cDNA (complementary Deoxyri-
bonucleic acid) was constructed by reverse transcriptase
and using the extracted RNAs. The dilution of cDNAs was
performed at a concentration of approximately 300 ng/pl
using DNase free distilled water CinnnaGen kit (Cinna-
Gen Inc., Tehran, Iran). The gene expression was meas-
ured by Real-Time PCR and CinnnaGen kit was used for
gene duplication. The primers and probes were designed
by AlleleID software version 7.5 (Premier Biosoft, USA)

(Primer sequence is listed in Table 1). The relative quan-
tity in real-time PCR was assessed by measuring the
increase in fluorescence radiation due to the binding of
the Cybergreen (Cybergreen TaKaRa SYBR Premix Ex
Tagq II) using the ABI 7300 machine.

The real-time PCR (polymerase chain reaction) com-
ponents in the final volume of 20 pl are shown in Table 2.
The rPCR was performed using the TaKaRa SYBR Premix
Ex Taq II kit (TaKaRa, Japan) and Rotor-Gene Q (Qiagen,
Hilden, Germany). The rPCR was started with the activa-
tion of the single-polymerase enzyme at 95° C for 30 s.
Then, 45-times three-stages reactions (denaturation at 95°
C for 5 s, annealing at 57° C for 20 s, and extending for
30 s at 72° C) were performed for replication. By the end
of the quantitative real-time PCR reaction, Rotor-Gene Q
Series version 2.0.2 software was used for data analysis.

Statistical analysis

The normality of the data was examined with Shap-
iro—Wilk test. The data were normally distributed and pre-
sented as mean + standard deviation. One-way analysis of
variance (ANOVA) test was used to perform a comparison
between groups and if there was a significant difference
between groups, Tukey's post hoc test was applied. All the
statistical analyses were performed by SPSS version 25
and P <0.05 was considered significant.

Table 2 Content of the vials of the PCR reaction

Reagent Volume Final Concentration
SYBER Master Mix (2X) 10 pl 1x
Forward Primer (10 pl) 0.6 pl 0.3 M
Reverse Primer (10 pl) 0.6 pl 0.3 M
Rox Reference Dye (50X) 0.4 pl for ABI 1x
Step One/Plus
Template 2 pul <100 ng
DDW 7.2 pl
Total 20 pl

Table 1 Sequences of primers

Gene Forward primer Reverse primer

used to assess the level of genes

expression GAPDH TTCAACGGCACAGTCAAGG CTCAGCACCAGCATCACC
IL6 AAGTCAACTCCATCTGCC TATCCTCTGTGAAGTCTCCT
TGFB1 ATTCCTGGCGTTACCTTG CTGTATTCCGTCTCCTTGG
SREBP-1¢ ATCAACAACCAAGACAGT GAAGCAGGAGAAGAGAAG
ACACA TGGTGCTTATATTGTGGATGG CCGAGGATTGATGGTTGG

@ Springer



1650 Journal of Diabetes & Metabolic Disorders (2021) 20:1647-1654
13 4
12
114
=
E" 10
™
Z 9
®
z
- 8 -
7 {
6 . . . ,
HO HFF HF Control
400 19 4
18
" ~
350 =
/ :
C) ; £
~ 1300 —tp=HO = —p—HO
= 215
.20 ~&—-HFF & ~8-HFF
& 214
F 2% HF a HF
'§ wwie=C ontrol gﬂ 13 4 wwi=C ontrol
® g 12
- -
11
150 T T ) 10 +
Day0 Day30 Day60 Day90 Dayl20 Day 30 Day 60 Day 90 Day 120

Fig. 1 Change in bodyweight and dietary intake of pellets during study period and liver weight at the end of study

Results

The amounts of food intake and weight gain were signifi-
cantly increased during study period (all P <0.05), but there
was no significant difference between the groups (Fig. 1). At
the end of the study, fasting blood glucose levels were sig-
nificantly higher in the HF (208.33 +50.25) and HFF groups
(214.12 +47.86) than in the control group (145.00+17.57)
(P <0.05). There was no significant difference between the
fasting blood glucose levels of HO group (163.00 +37.40)
and the control group. Fasting insulin levels in HF and HO
groups significantly increased compared with the control
group. In addition, calculating HOMA-IR (Homeostatic
Model Assessment for Insulin Resistance) showed that all
intervention diets increased insulin resistance compared to
the standard diet. Changes in levels of liver enzymes indi-
cated a significant increase in the level of these enzymes
only in the group receiving the HF regimen (P <0.01). There
were no significant changes in lipid indices in the groups,
and only the HO group showed a significant decrease in total
cholesterol and HDL-C levels compared to the control group
(P <0.05) (Table 3).

The expression level of genes encoding inflammatory
factors increased in rats fed with high fructose diets com-
pared with the control group. The group receiving HF and
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HO regimens had significantly increased expression of
Interleukin 6 (IL-6) gene and HF, HFF and HO groups had
significantly increased expression of transforming growth
factor-beta (TGF-P) gene compared to the control group.
The increased gene expression of inflammatory markers
in the HF group was higher compared to the other groups.
The examination of acetyl-coA carboxylase (ACC) and
sterol regulatory element-binding protein 1c (SREBP-1c)
genes showed a significant increase in their gene expres-
sion in all high fructose diets (Fig. 2). The histopathological
evaluations showed no association between high fructose
diets and fatty liver induction as shown in Fig. 3. Based on
histopathologic assessments on liver tissue, high fructose
diets did not promote necrosis and hepatitis compared to the
control group (P> 0.05). However, mild inflammation was
observed in the HF group.

Discussion

The results of this study indicated that high fructose intake
through the synthetic HF regimen, high fructose fruits, or
honey has a similar adverse effect on insulin resistance and
ACC and SREBP-1c genes expression. However, HF group
had a greater increase in the expression levels of IL-6 and
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Table 3 Biochemical indices in
experimental groups

Control (Mean+SD) HF (Mean +SD)

HFF (Mean+SD) HO (Mean +SD)

Bodyweight change (g)  121.33+22.92 151.64+34.70 157.75+22.42 148.01 +43.21
FBS (mg/dl) 145.00+17.57 208.33+50.25 ** 214.12 **+47.86 163.00+37.40
Triglyceride (mg/dl) 91.88+30.53 110.88 +12.76 122.37+31.30 101.55+12.08
Total cholesterol (mg/dl)  62.66+7.33 62.00+5.26 46.87+15.42 56.88% +6.52
LDL-C (mg/dl) 12.00+1.22 11.66+2.34 12.37+2.06 12.11+2.42
HDL-C (mg/dl) 35.33+4.76 32.44+4.90 31.62+5.31 27.77%+7.29
AST (mg/dl) 120.33+25.91 170.76 £47.91*%* 118.12+17.29 159.34+76.49
ALT (mg/dl) 44.65+13.21 70.44 +£9.12%* 45.12+8.69 41.62+16.74
Insulin (uU/ml) 550+1.11 8.74+0.99%* 7.15+1.49 7.89%%+0.76
HOMA-IR 1.95+0.39 4.511.31%* 3.79%%+1.15 3.20%+0.92

Kruskal-Wallis test was used for alterations between the groups

LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, AST Aspartate
transaminase, ALT Alanine transaminase, HOMA-IR Homeostatic Model Assessment for Insulin Resistance

P Values <0.05 * and <0.01 ** compared to the control group
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Fig. 2 Difference in gene expression between the groups at the end of study. Kruskal-Wallis test was used for alterations between the groups. P

Values <0.05 * and <0.01 ** compared to the control group

TGF-p genes compared to the control group at the end
of the intervention. Increasing the fasting blood sugar or
fasting insulin in high fructose groups resulted in a signifi-
cant increase in insulin resistance. Higher levels of blood
sugar and especially insulin resistance in the HF group
was predictable, as many studies showed increased insulin

resistance in people who consumed high amounts of fruc-
tose [27, 28]. Based on animal and molecular studies,
decreasing insulin sensitivity following increased fructose
consumption may be due to changes in the insulin signal-
ing pathway or increased oxidative stress and inflammation
[29, 30]. In addition, declining of adiponectin production
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Fig. 3 Histopathology charechtristic of study groups. First row is with 100 magnification, second row is with 400 magnification. Micrograph
shows normal portal triad in the control, HFF, and HO groups. HF group displays mild inflamation and congestion

and secretion as a result of consuming a high fructose diet
can also exacerbate insulin resistance [31]. The changes
in insulin resistance in HO and HFF groups were similar
to HF group. However, several studies have investigated
the effect of honey consumption in controlling blood glu-
cose and the results were inconsistent. Studies that have
reported positive effects of honey on blood glucose con-
trol mainly focused on the antioxidant potential of honey,
which can vary among different types of honey [32-34].
In the present study, increased fasting insulin and insulin
resistance was consistent with the results of Mohammadi-
mansesh et al. study, which observed increased fasting
insulin after 75 days of intervention with honey in diabetic
rats [35]. Also, in a study conducted by Bahrami et al.
on patients with type 2 diabetes, honey consumption had
positive effects on weight control and lipid indices. Nev-
ertheless, the glycosylated hemoglobin increased in these
patients [36]. These differences in the results of studies
can be related to the dual effect of fructose in controlling
blood glucose. In the short term, honey can lower or stabi-
lize blood glucose, but in the long term, due to changes in
plasma levels of hormones and liver metabolism, insulin
resistance is exacerbated [37]. Increasing insulin resist-
ance in the HFF group also suggests that despite higher
amounts of fiber and polyphenolic and antioxidant com-
pounds in HFF diet, the amount of carbohydrates in the
diet has an important effect on its metabolic consequences
and this diet did not prevent insulin resistance. Meta-anal-
ysis of prospective studies emphasized on the preventive
effects of higher fruit consumption on insulin resistance,
which is not consistent with the results of the present study
[38, 39]. On the other hand, some studies found no rela-
tionship between the consumption of fruits and diabetes
[40, 41]. Although, the differences in fructose, fiber, and
polyphenolic compounds content of different fruits can
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be considered as the reasons for differences in the results
of the studies. Wang et al. reported that using more Berry
family fruits due to higher polyphenolic content have
stronger effects in reducing the risk of diabetes [42].

The acyl CoA carboxylase enzyme is one of the most
sensitive lipid synthesis pathway enzymes which is affected
by high carbohydrate diets [24]. High fructose diets may
increase the gene expression of this enzyme, which can
result in increased lipid synthesis [43]. In the present study,
there was a significant increase in the expression level of
acyl-CoA carboxylase gene in high fructose diets. In addi-
tion, expression of the SREBP-1c, which plays a role in
the gene expression of enzymes involved in lipogenesis,
increased in the intervention groups compared with the con-
trol group. Previous studies have shown that fructose can
independently activate the expression of SREBP-1c gene,
which subsequently increases the expression of genes that
plays a role in lipid synthesis [44, 45]. However, the results
of the present study indicated that these changes in gene
expression could not affect pathological parameters such as
fat accumulation in the liver or lipid profile.

Increased expression of TGF-f and IL-6 genes was
observed HF, HFF, and HO groups in comparison with the
control group. These results indicated the role of fructose in
stimulating inflammatory activity. This stimulation can be
mainly due to the role of fructose in increasing the produc-
tion of reactive oxygen species compared to glucose [46].
However, the lower levels of inflammatory indices in HFF
and HO groups compared to the HF group can be due to
antioxidant and the phenolic contents of fruits and honey,
which decreases the severity of the damage caused by reac-
tive oxygen species [46]. This protective effect can reduce
the damage to the cell, especially the destruction of hepato-
cytes. As the present study identified, elevations of liver
enzymes in the HF group, which reflects the liver damage,
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were not observed in HO and HFF groups. The effects of
fructose on liver tissue may occur in a longer duration com-
pared to the duration of the present study.

Conclusion

Consumption of fructose-rich honey and fruits, compared
to an industrial fructose-rich product, partially improved
the status of inflammatory markers and lipid profiles and
liver enzymes. However, all three groups had higher insulin
resistance and higher levels of expression of genes related
to lipid synthesis than the control group. There was no his-
topathological difference in liver tissue between the groups.
Future human studies are warranted to understand the effects
of different types of fructose on biochemical, pathological,
and inflammatory biomarkers.
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