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Abstract

High fructose consumption is commonly associated with insulin resistance, disturbed glucose homeostasis and low-grade inflammation.
Increased glucocorticoid production within adipose tissue has been implicated in the pathogenesis of fructose-induced metabolic syn-
drome. Immunosuppressive actions of glucocorticoids can be counter-regulated by macrophage migration inhibitory factor (MIF),
which is recognised as a key molecule in metabolic inflammation. In the present study, we hypothesised that coordinated action of glu-
cocorticoids and MIF can mediate the effects of a high-fructose diet on adipose tissue and liver inflammation. We examined the effects of
long-term consumption of a 10 % fructose solution on corticosterone (CORT) and MIF levels in rat blood plasma, liver and adipose tissue,
as well as MIF and TNF-a mRNA expression and NF-kB activation in the same tissues. The high-fructose diet led to an increase in both
CORT and MIF in the adipose tissue, and a highly significant positive correlation between their levels was observed. The attenuated
NF-kB activation and unaltered TNF-a mRNA expression noticed in the adipose tissue could be interpreted as an outcome of the opposing
actions of CORT and MIF. In contrast to adipose tissue, inflammation in the liver was characterised by NF-kB activation, an increased TNF-o
mRNA level and unchanged levels of MIF protein, MIF mRNA and CORT. Overall, these findings suggest that a high-fructose diet differently
affects the levels of glucocorticoids and MIF in the adipose tissue and liver, implicating that fructose over-consumption has tissue-specific

effects on regulation of metabolic inflammation.
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Fructose intake from added sugars has increased dramatically
over the last decades and has been considered as a potential
contributor to insulin resistance, dyslipidaemia, hypertension
and inflammation, through dysregulation of many signalling
and metabolic pathways?. A hallmark of the metabolic syn-
drome is adipose tissue dysfunction, resulting in impaired
TAG storage in the adipose tissue and increased levels of cir-
culating NEFA®’. Such a condition has been associated with
chronic inflammation, characterised by accumulation of
adipose tissue macrophages and higher secretion of proin-
flammatory cytokines”. On the other hand, high flux of
NEFA from the blood to the liver increases lipid availability,
promotes hepatic insulin resistance and perturbs inflammatory
signalling®®.

Metabolic inflammation is an important mediating link
between obesity and several metabolic abnormalities, includ-
ing insulin accumulation®.
The NF-«kB signalling pathway has been recognised as a

resistance and liver fat

‘master-switch’ control system in generating metabolic inflam-
mation”, NF-kB represents a heterodimeric complex consist-
ing of a subunit of 50kDa (p50) and a subunit of 65kDa
(p65 or RelA)G” . In unstimulated cells, NF-kB is sequestered
in the cytoplasm in an inactive complex with one of the iso-
forms of the inhibitory protein kB (IkB). Activation of NF-kB
by inflammatory cytokines, such as IL-1f and TNF-a, leads to
IkB phosphorylation and its degradation by proteasomes. The
released NF-kB then translocates to the nucleus and binds to
specific kB DNA sequences, thereby initiating the transcription
of proinflammatory genes®. Among numerous cytokines,
TNF-a was identified as the most important proinflammatory
mediator in metabolic inflammation, as this cytokine is overex-
pressed in the adipose tissue of rodent models of obesity™ .
Circulating TNF-a concentration rises with increasing obesity

and correlates with insulin resistance™®, while obese mice lack-
ing functional TNF-a or TNF receptors have improved insulin

sensitivity''". Therefore, the overproduction of TNF-a is an

Abbreviations: 113-HSD1, 11B-hydroxysteroid dehydrogenase type 1; BSA, bovine serum albumin; cDNA, complementary DNA; CORT, corticosterone; IkB,

inhibitory protein kB; MIF, macrophage migration inhibitory factor.
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important feature of obesity and metabolic inflammation,
contributing significantly to insulin resistance.

The other cytokine recognised as a key molecule in the gen-
esis of metabolic inflammation is macrophage migration
inhibitory factor (MIF)'?. MIF is an innate cytokine involved
in many inflammatory and autoimmune disorders. It is
secreted by activated immune cells, anterior pituitary cells
and B-cells of the pancreatic islets’®. MIF amplifies the proin-
flammatory cascade and controls the ‘set point’ and magnitude
of inflammation™”. Tt was proposed that MIF and TNF-a
could function locally in a reciprocal stimulatory ‘loop’ to
activate a proinflammatory response(m. MIF also controls
metabolic processes maintaining glucose homeostasis and
functions as a positive, autocrine regulator of insulin release
from the pancreas“()). Intriguingly, MIF was found to coun-
ter-regulate the anti-inflammatory effects of glucocorticoids
on immune cell activation and cytokine production””.

Glucocorticoids are potent regulators of energy metabolism
and their role in the progression of the metabolic syndrome
has been extensively investigated in recent years. In addition
to production by the adrenal glands, glucocorticoids are also
produced within the tissues by the enzyme 11B-hydroxy-
steroid dehydrogenase type 1 (113-HSD1). Accumulating evi-
dence has demonstrated that in the metabolic syndrome, local
levels of glucocorticoids (corticosterone (CORT) in rats) in the
adipose tissue are increased without a concomitant change in
their systemic levels, most probably through enhanced activity
of 11B-HSD1%!”_ Apart from their metabolic role, the major
actions of glucocorticoids include the suppression of multiple
proinflammatory genes, such as those encoding cytokines,
chemokines, adhesion molecules and cytokine receptors. The
anti-inflammatory actions of glucocorticoids are mediated by

Table 1. Diet composition*
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interactions of the glucocorticoid receptor with proinflammatory
transcription factors NF-kB and activator protein-1*?’| resulting
in the negative regulation of numerous inflammatory genes.

An area of ambiguity in the aetiology of the metabolic syn-
drome is the functional relationship between glucocorticoids
and inflammatory mediators, as both are up-regulated in diet-
induced metabolic disturbances, in spite of anti-inflammatory
actions of glucocorticoids. In the present study, we tested the
hypothesis that a coordinated action of glucocorticoids and
MIF can modulate inflammation in rat adipose tissue and liver
after a long-term high-fructose diet. To test this hypothesis, we
examined both CORT and MIF levels in the blood plasma, adi-
pose tissue and liver of fructose-fed rats. The effects of the high-
fructose diet on inflammation were further analysed at the level
of NF-kB compartmental redistribution and expression of TNF-a
mRNA in the adipose tissue and liver.

Experimental methods
Animals and treatment

Experiments were conducted on male Wistar rats aged 21d,
bred in our laboratory. The animals were maintained under a
12h light—12h dark cycle (lights on at 07.00 hours) at 22°C
and constant humidity. At the beginning of the experiment,
rats were divided into two groups (nine rats per group) and
housed three per cage. The control group had a standard diet
(commercial food; Veterinary Institute Subotica) and drinking
water available ad libitum, while the treated group (fructose-
fed rats) had a high-fructose diet (commercial food and 10 %
fructose solution (API-PEK) in drinking water available ad libi-
tum) during the 9 weeks. The detailed composition of the
diets is presented in Table 1. Body mass of the rats in the two

Chemical composition

Normal diet

High-fructose diet

Metabolisable energy, not less than

11000 kJ/kg

11 000 kJ/kg diet + 1720 kJ/I solution

Protein, not less than (%) 20 20
Fructose as solution 0 100 g/l
Moisture, not more than (%) 13 13
Ash, not more than (%) 10 10
Cellulose, not more than (%) 8 8
Ca, not less than (%) 1 1
Lys, not less than (%) 0-90 0-90
Met + cystine, not less than (%) 0.75 0-75
P, not less than (%) 0-50 0-50
Na (%) 0-15-0-25 0-15-0-25
Vitamin A, not less than (mg/kg) 3440 3440
Vitamin D3, not less than (mg/kg) 0.04 0.04
Vitamin E, not less than (mg/kg) 25 25
Vitamin B, not less than (mg/kg) 0.02 0.02
Zn, not less than (mg/kg) 100 100
Fe, not less than (mg/kg) 100 100
Mn, not less than (mg/kg) 30 30
Cu, not less than (mg/kg) 20 20
I, not less than (mg/kg) 0-5 0-5
Se, not less than (mg/kg) 0-1 0-1
Antioxidant, not less than (mg/kg) 100 100

*Control animals had free access to tap water and standard laboratory chow. Animals on the fructose-enriched diet were
fed with the same food, but water was replaced with 10 % (w/v) fructose solution in tap water. Animals were exposed to

these diets for 9 weeks.
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experimental groups was not significantly different at the
beginning of the diet. Daily food and fluid intake was measured
during the treatment. Energy intake for fructose-fed rats was
calculated as the sum of energy ingested as food and fructose
solution. All the protocols complied with the European Com-
munities Council Directive (86/609/EEC) and were approved
by the Ethical Committee for the Use of Laboratory Animals,
according to the guidelines of the European Union registered
Serbian Laboratory Animal Science Association.

Blood plasma preparation and tissue collection

After overnight fasting, animals were killed by decapitation with
a guillotine (Harvard-Apparatus) always at the same time
(09.00—10.00 hours). Trunk blood was rapidly collected into
EDTA-containing tubes and agitated slowly. Plasma was isolated
by centrifugation at 1600g for 10min at room temperature
and then stored at —20°C for subsequent processing. After
blood collection, livers were perfused with cold 0-9% NaCl.
The livers and the omental visceral adipose tissues were care-
fully excised and kept in liquid N, until RNA and protein
isolation.

Corticosterone assay

Plasma was used for CORT measurement in the circulation,
while adipose tissue and liver cytoplasmic fractions were
used for assessment of tissue CORT. Plasma and tissue
CORT concentrations were determined by a Corticosterone
High Sensitivity EIA kit (IDS, American Laboratory Products
Company), according to the manufacturer’s instructions. The
standards and samples were measured in duplicate. The
plates were read at 450 and 650 nm on the Multiskan Spectrum
(Thermo Electron Corporation). The hormone concentrations
were determined using the 4PL curve-fitting method (Graph-
Pad Prism 5; GraphPad Software, Inc.) and are given as ng/
ml for plasma and as ng/mg protein for tissues.

Preparation of cytoplasmic and nuclear fractions

The livers were weighed and homogenised with a
Janke-Kunkel ultraturax in four volumes (w/v) of ice-cold
homogenisation buffer (20 mm-Tris—HCl, pH 7-2, 10% gly-
cerol, 50mM-NaCl, 1mMm-EDTA-Na,, 1mwu-ethylene glycol
tetraacetic acid—Na,, 2 mM-dithiothreitol, protease and phos-
phatase inhibitors). The visceral adipose tissue was pooled
(each pool consisting of adipose tissue from two to three
animals) and homogenised in one volume (w/v) of homogen-
isation buffer by the same protocol. The cell lysates from both
tissues were filtered through gauze and after centrifugation
(2000g, 15min, 4°C, Eppendorf centrifuge), the resulting
supernatants and pellets were further processed to generate
cytoplasmic and nuclear fractions, respectively. The super-
natants were centrifuged (10000 g, 30 min, 4°C, Sorvall SSA1
rotor) and recentrifuged in a Beckman ultracentrifuge
(200000g, 90min, 4°C); final supernatants were used as
the cytoplasmic fraction. For nuclear fraction preparation,
pellets from the first centrifugation were washed twice in

HEPES buffer (25 mM-HEPES, pH 7-6, 10% glycerol, 50 mm-NaCl,
1 mM-EDTA-Na,, 1mum-ethylene glycol tetraacetic acid—Na,,
2mM-dithiothreitol, protease and phosphatase inhibitors),
pelleted (4000g, 10min, 4°C, Eppendorf centrifuge) and
resuspended in one volume of NUN buffer (25 mm-HEPES,
pH 7-6, 1mM-urea, 300 mm-NaCl, 1% Nonidet P-40, protease
and phosphatase inhibitors). After incubation on ice for
60min with continuous agitation and frequent vortexing,
nuclear lysates were centrifuged (20 000 g, 30 min, 4°C, Eppen-
dorf centrifuge) and the supernatants were used as final
nuclear fractions. All steps were conducted at 0—4°C and all
samples were aliquoted and stored at —70°C. Protein content
of the fractions was determined by the method of Spector*"
using bovine serum albumin (BSA) as a standard.

RNA extraction and RT

Total RNA was isolated from the liver and visceral adipose tis-
sues using TRIreagent® (AmBion, Inc.). RNA was quantified
by reading the optical density at 260 and 280 nm. For the syn-
thesis of complementary DNA (cDNA), a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems Materials, Inc.)
was used according to the manufacturer’s instructions. RT was
performed from 2 g of total RNA using MultiScribe™ Reverse
transcriptase (50 U/l in the presence of 2 ul random primers,
0-8 ul 100 mM-deoxyribonucleotide triphosphates (dNTIP) mix,
1wl of RNase inhibitor and 10X RT buffer in a final volume of
20 pl. The ¢cDNA were stored at —70°C until analysis.

TagMan® Real-Time PCR

Quantification of MIF gene expression in the liver and
adipose tissue was performed by TagMan® Real-Time PCR.
MIF (Rn00821234_g1*) and all primers and probes were
obtained from Applied Biosystems Assay-on-Demand
Gene Expression Products. B-Actin (Rn00667869_m1*) and
TATA-box protein (Rn01455646_m1*) were used as internal
controls for quantitative normalisation of ¢cDNA in the liver
and adipose tissue, respectively®®. Real-time PCR was per-
formed using the ABI Prism 7000 Sequence Detection
System (Applied Biosystems) in a total volume of 25 ul con-
taining 1X TagMan Universal Master Mix with AmpErase
UNG, 1X Assay Mix (Applied Biosystems) and cDNA template
(10ng). Thermocycler conditions comprised an initial step at
50°C for 5min, followed by another at 95°C for 10 min and a
subsequent two-step PCR programme at 95°C for 15s and at
60°C for 60s and forty cycles. No template control was used
in each run. All reactions were run in triplicate. Additional
validation of PCR efficiencies of all genes was performed.
Serial dilutions of one randomly chosen cDNA were made
and amplified, and standard curves constructed. Amplification
efficiencies (E%) were calculated using the formula
E=(107"5°P¢ _ 1) x 100. Relative quantification of gene
expression was calculated using the comparative 27AAG
method described by Livak & Schmittgen®. The results
were analysed by Sequence Detection Software version 1.2.3
for 7000 System SDS Software RQ Study Application (Applied
Biosystems), with a confidence level of 95% (P=<0-05).
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SYBR® Green Real-Time PCR

Determination of TNF-a gene expression in the analysed tis-
sues was performed by SYBR® Green Real-Time PCR using
Power SYBR® Green PCR Master Mix (Applied Biosystems)
in a total volume of 20 ul in an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems). The c¢DNA were
amplified using the following conditions: 50°C for 2min for
2'-deoxyuridine 5'-triphosphate (dUTP) activation, 95°C for
10 min for initial denaturation, followed by forty cycles at
95°C for 15s and 60°C for 60s. Specific primers (Metabion)
were used to selectively amplify TNF-a: forward 5-TCG
AGT GAC AAG CCC GTA GC-3, reverse 5-CTC AGC CAC
TCC AGC TGC TC-3' and B-actin: forward 5'-CCC TGG CTC
CTA GCA CCA T-3, reverse 5-GAG CCA CCA ATC CAC ACA
GA-3'. B-Actin was used as an endogenous control to normal-
ise the amount of ¢cDNA in each sample”®**”, The melting
curve analyses were performed at the end of every experiment
to confirm formation of a single PCR product. The lack of
primer—dimer complexes and the presence of an appropriate
single peak in the resultant melting curve were indicators of
correct amplification products. Each sample was run in tripli-
cate and no template control was included in each run as a
negative control. The results were analysed with the 7000
System SDS Software RQ Study Application (Applied
Biosystems) and presented as 274% where ACG represents
the difference between the C; value of the target gene and
the endogenous control.

Cytokine immunoassay

Levels of MIF in the plasma of fructose-fed and control rats
were determined by a specific ELISA assay using pairs of
specific antibodies (goat polyclonal anti-MIF antibody,
M3895-07A, US Biological and goat polyclonal anti-MIF anti-
body, M3895-07B (biotin), US Biological). In brief, ninety-
six-well plates were incubated overnight at 4°C with 50 pl of
polyclonal anti-MIF antibody (M3895-07A) in carbonate
buffer (15 mmM-Na,CO3, 15 mm-NaHCO3;, 3 mm-NaN; pH 9-0),
washed several times with PBS containing 0-1% Tween 20,
blocked for 2h at room temperature with 200 pl of blocking
buffer (PBS, pH 7-3, containing 2% BSA) and washed. MIF
standards (50 pl; 0-20 ng/ml in PBS containing 2% BSA) or
samples (plasma obtained by whole blood centrifugation at
3000 g for 15min) in duplicates were added and incubation
proceeded for 2h at 37°C. Secondary antibody (50 wl; biotiny-
lated anti-MIF antibody, M3895-07B) was added and incubated
for 1h at 37°C. The wells were washed and the detection agent
(50 ul; horseradish peroxidase-conjugated streptavidin; 1:1000
dilution in PBS containing 2% BSA) was added and incubated
for 30 min at 37°C. Substrate solution (50 pl; tetramethylbenzi-
dine) was added and incubated at room temperature in the
dark for 20 min. The reaction was stopped using 25 pl of 1m-
H;PO,. Absorbance was read at 450 and 650 nm on the Multis-
kan Spectrum (Termo Electron Corporation).

Tissue level of MIF was measured using cytoplasmic
extracts from the adipose tissue and liver. MIF standards
(0-40ng/ml in PBS containing 2% BSA) and cytoplasmic

extracts (50 pl, 2 wg/m) were analysed for concentration of
MIF by ELISA using the same pairs of antibodies and afore-
mentioned protocol. Absorbance was read at 450 nm on the
Multiskan Spectrum (Termo Electron Corporation), subtracted
from values obtained at 650nm and the results were
expressed as ng MIF per mg protein.

Western blot analysis

After boiling in Laemmli’s buffer, 40 pg of liver and adipose
tissue proteins were resolved on 10% SDS-polyacrylamide
gels. The samples intended to be compared were always run
on the same gel. Separated proteins were transferred to poly-
vinylidene fluoride (PVDF) membranes (Immobilon-FL, Milli-
pore). The blots were blocked by PBS (1-5mM-KH,PO,,
6-5mMm-Na,HPOy, pH 7-2, 2-7mMm-KCl and 0-14 M-NaCD con-
taining 2% non-fat dry milk for 1h at room temperature.
After extensive washing (PBS containing 0-1% Tween 20),
membranes were incubated overnight at 4°C with primary
NF-kB (p65 subunit) antibody (C-20, Santa Cruz Biotechnol-
ogy, 1:1000) or IkB-a (C-21, Santa Cruz Biotechnology,
1:500). Anti-B-actin (AC-15, Sigma-Aldrich, 1:10000) was
used as an equal load control. Membranes were subsequently
washed and incubated for 90 min with alkaline phosphatase-
conjugated (Amersham Pharmacia
Biotech, 1:20000). The immunoreactive proteins were visual-
ised by the enhanced chemifluorescence (ECF) method
(Amersham Pharmacia Biotech) and quantitative analysis
was performed by ImageQuant software (GE Healthcare).

secondary antibodies

Statistical analysis

All the data were expressed as means with their standard
errors. A total of nine animals per group were used for
measurements of plasma and tissue CORT and MIF (7 9).
The quantitative RT-PCR data present the triplicate analysis of
the RNA samples and are given as means with their standard
errors (7 9). Data from Western blots are presented as means
with their standard errors (12 9). The comparisons of means
between the control and fructose-fed groups of animals were
done using Student’s unpaired ¢ test (two-tailed). The direction
and strength of the relationships between variables were esti-
mated using Spearman’s rank correlation coefficients ().
When correlations achieved statistical significance, variables
were entered into a linear regression model. Results were con-
sidered statistically significant at P<<0-05. Statistical analyses
were done using SPSS software (version 13.0, SPSS Inc.) and
GraphPad Prism 5 software (GraphPad Software, Inc.).

Results

Effect of high-fructose diet on body composition and
energy intake in male Wistar rats

Rats on the fructose diet displayed significantly decreased
food intake (P<0-05), increased liquid intake (P<0-05)
and increased total energy intake (P<<0-05), as compared
with control rats (Table 2). Despite increased energy intake,
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fructose-fed rats exhibited no significant differences in body
weight, visceral adipose tissues and liver masses or organ-
to-body weight ratio, compared with rats on the control diet
(Table 2).

Corticosterone levels in the plasma, adipose tissue and liver

Fructose-fed rats showed normal circulating CORT levels in
the plasma (control rats 177 (sem 39-1)ng/ml; fructose-fed
rats 185.5 (sEM 44:8) ng/ml) (Table 3). To evaluate the effect
of the high-fructose diet on intracellular glucocorticoids in
the adipose tissue and liver, CORT levels were determined
in the cytoplasmic extracts by hypersensitive ELISA. CORT
level was significantly increased in the adipose tissue of fruc-
tose-fed rats (P<0-05), while its level in the liver was not chan-
ged, as compared with animals on the control diet (Table 3).

Macrophage migration inhibitory factor level in the
plasma, adipose tissue and liver

Measurement of MIF level was done in the plasma of fructose-
fed rats and compared with the controls. ELISA revealed a
trend towards a higher plasma MIF level in the animals on
the fructose diet, but the difference was not statistically signifi-
cant (Table 3, P=0-08). Further analyses demonstrated signifi-
cant positive correlation between visceral adipose tissue mass
and plasma MIF in both control and fructose-fed rats (75 0-73,
P=0-0012). On the other hand, the high-fructose diet led to
increased MIF protein in the adipose tissue (Table 3,
P<0-05), though this increment was not accompanied by elev-
ated MIF mRNA (Fig. 1). In the liver, MIF protein and MIF
mRNA (Table 3 and Fig. 1) were not changed in fructose-fed
rats, as compared with control animals. In both experimental
groups, a correlation between CORT and MIF in the adipose
tissue was statistically significant (r5 0-68, P=0-007, Fig. 2).

TNF-a gene expression in the adipose tissue and liver

Fig. 3 shows TNF-a gene expression in the adipose tissue and
liver of fructose-fed rats and control animals. TNF-a mRNA
level in the adipose tissue was similar between the two

Table 2. Body composition and energy intake of male Wistar rats after
9 weeks on a high-fructose or control diet

(Mean values with their standard errors, n 9)

Control Fructose
Diet Mean SEM Mean SEM
Body mass (g) 348-33 1290 341.67 13-19

Mass of VAT (g) 3.57 0-51 410 0-61
Mass of liver (g) 12.52 0-60 12.12 0-59
VAT-to-body ratio (X 1000) 10-09 1.37 11.68 1.50
Liver-to-body ratio (x100) 3-58 0.07 3-54 0-11

Food intake (g/d per animal) 20-57 2.63 14.20* 2.01
Liquid intake (ml/d per animal) 4933 5.39 7410 11.36
Energy intake (kJ/d per animal) 226-23 28-90 283-65*  24.51

VAT, visceral adipose tissue.
*Mean value was significantly different from that of the control rats (P<0-05;
unpaired Student’s t test).

Table 3. Concentration of corticosterone (CORT) and macrophage
migration inhibitory factor (MIF) in the plasma, adipose tissue and liver
of male Wistar rats after 9 weeks on a high-fructose or control diet

(Mean values with their standard errors, n 9)

Control Fructose

Diet Mean SEM Mean SEM

Plasma CORT (ng/ml) 177-45 39-15 185-51 44.84
Adipose CORT (ng/mg) 2.47 0-27 517" 0.97
Liver CORT (ng/mg) 0-31 0-03 0-34 0-04
Plasma MIF (ng/ml) 10.97 0-91 13.59 1.73
Adipose MIF (ng/mg) 30-49 3.77 54.16* 8-54
Liver MIF (ng/mg) 139-29 3-03 140-30 3-95

*Mean value was significantly different from that of the control rats (P<0-05;
unpaired Student’s t test).

groups of animals. On the contrary, hepatic TNF-a mRNA
level was significantly increased in the fructose-fed group
compared with animals on the control diet (Fig. 3, P<0:05).

NF-kB protein level in the adipose tissue and liver

The effects of the high-fructose diet on nucleo-cytoplasmic
localisation of NF-kB, as a criterion of its activity, were exam-
ined by semi-quantitative Western blotting in the adipose
tissue and liver. In the adipose tissue, a decrease in the level
of NF-kB p65 subunit in the cytoplasmic fraction (Fig. 4,
P<0-05) was followed by its statistically insignificant increase
in the nuclear fraction (P=0-17). To test whether the observed
NF-«kB activation was IkB dependent, changes of the total
IkB-a content were assessed in the cytoplasmic fraction of the
adipose tissue. The results demonstrated an unaltered level of
total IkB-a in fructose-fed rats in comparison with the control
animals.

NF-kB protein level in the liver was significantly increased
in fructose-fed rats, as compared with control animals, both
in the cytoplasmic and nuclear compartments (Fig. 5,
P<0:05). The NF-kB increase of 20% above the control
level was observed in the cytoplasmic fraction and was even
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Fig. 1. Macrophage migration inhibitory factor (MIF) mRNA level in the
adipose tissue and liver of control (C) and fructose-fed (F) rats. Expression
and relative quantification of mMRNA level were done relative to the amount of
B-actin. Values are means, with their standard errors represented by vertical
bars, and are presented as fold of control (n 9). Comparisons were made
between C and F rats using the unpaired Student’s t test.
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Fig. 2. Positive correlation between corticosterone (CORT) and macrophase
migration inhibitory factor (MIF) in the adipose tissue of control rats () and
fructose-fed rats (m) (n 9, rs 0-683, P=0-007).

more prominent in the nuclear fraction, where it amounted to
40% above the control level. The activation of NF-kB was
additionally confirmed by a decreased level of total IkB-a in
the liver cytoplasmic extracts of fructose-fed rats, in compari-
son with the control animals (Fig. 5; P<<0:05).

Discussion

Recent human and animal studies have established both
correlative and causative links between fructose consumption
and chronic inflammation, in particular, in the adipose tissue
and liver®?®?”_ The aim of the present study was to assess
the functional relationship between glucocorticoids and
inflammatory mediators in the key metabolic tissues of
Wistar rats after high fructose consumption. Our findings
demonstrated that a fructose-rich diet led to a correlated
increase in CORT and MIF levels and to attenuated activation
of NF-kB signalling in the adipose tissue, implicating predomi-
nance of glucocorticoids over MIF effects on adipose
tissue inflammation. On the other hand, both CORT and MIF
were not changed in the liver of fructose-fed rats, whereas
proinflammatory action was realised through NF-kB activation
and TNF-a up-regulation.

Analysis of morphological parameters in the present study
demonstrated that total body mass and absolute and relative
visceral adipose tissue and liver masses were unaltered after
9 weeks of a fructose-rich diet. However, an increased
energy intake was observed in the fructose-fed rats, most
probably originating from over-consumption of fructose™® .
In theory, energy accumulation may be responsible for inflam-
mation induction, preferably through metabolites of fatty acids
and glucose®. The inflammation observed in the adipose
tissue probably serves as a local feedback signal for energy
expenditure, thus inhibiting adipocyte expansion and differ-
entiation. The local response is translated into a systemic
response through cytokines and NEFA released from the
adipose tissue in the circulation, hence promoting energy
expenditure systemically and decreasing energy accumulation
in the adipose tissue®. In the present study, both body mass
and relative visceral adipose tissue mass were unaffected by
the applied diet regimen, which is most probably the result

of increased adipose tissue lipolysis previously demonstrated
by our group in the same animal model®®.

Among the numerous cytokines, MIF represent a key mol-
ecule in the genesis of metabolic inflammation’®. MIF is
released from macrophages and T cells in response to physio-
logical concentrations of glucocorticoids™”, and its secretion
follows a dose—response curve with respect to glucocorticoid
concentration®”. Once released, MIF ‘over-rides’ or counter-
regulates the immunosuppressive effects of glucocorticoids
on immune cell activation and cytokine production. In the
present study, we found significantly increased MIF protein
level and unchanged MIF mRNA level in the adipose tissue
of fructose-fed rats, as compared with the controls. Besides,
the fructose-rich diet did not affect the plasma levels of MIF
and CORT, but CORT level in the visceral adipose tissue was
significantly elevated, most probably due to increased activity
of 11B-HSD1®*3? . Moreover, correlation analysis revealed
highly significant positive correlations between adipose
CORT and MIF levels. These data are in accordance with a
previously published observation that glucocorticoids can
induce changes in MIF protein expression, without influen-
cing its mRNA level®®. However, the increase of MIF in the
present study could also be a consequence of low-grade
inflammation, which is usually observed in metabolic disturb-
ances®?
conduct and enhance existing inflammatory signals

NF-kB activity in the adipose tissue is involved in the regu-
lation of energy metabolism, by promotion of energy expendi-
ture and inhibition of adipose tissue growth®. Although
increased NF-kB activity has been noticed in the mouse and
rat after a high-fat diet®*” | the effects of a high-fructose
diet on NF-kB protein expression in rat adipose tissue have
not been assessed so far. In the present study, the fructose
diet led to a significant decrease of NF-kB p65 subunit in
the adipose tissue cytoplasmic fraction, whereas its transloca-
tion to the nucleus was apparently, but not significantly,
increased. Additionally, an unaltered level of IkB in the

, as its main role within the inflammatory cascade is to
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