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ARTICLE INFO ABSTRACT

Keywords: Agomelatine (AGO) is an antidepressant drug with agonistic activity at melatonin receptor 1 (MT1) and MT2 and
Agomelatine with neutral antagonistic activity at serotonin receptor 5-HT2¢. Although experimental studies show that
Fructose

melatonin reduces hypertriglyceridemia and hepatic steatosis induced by excessive fructose intake, no studies
have tested if AGO exerts similar actions. To address this issue we have treated male Wistar rats with fructose
(15% in the drinking water) and/or AGO (40 mg/kg/day) for two weeks. AGO reduced body weight gain, feeding
efficiency and hepatic lipid levels without affecting caloric intake in fructose-treated rats. AGO has also
decreased very low-density lipoprotein (VLDL) production and circulating TAG levels after an oral load with
olive oil. Accordingly, treatment with AGO reduced the hepatic expression of fatty acid synthase (Fasn), a
limiting step for hepatic de novo lipogenesis (DNLG). The expression of apolipoprotein B (Apob) and microsomal
triglyceride transfer protein (Mttp) in the ileum, two crucial proteins for intestinal lipoprotein production, were
also downregulated by treatment with AGO. Altogether, the present data show that AGO mimics the metabolic
benefits of melatonin when used in fructose-treated rats. This study also suggests that it is relevant to evaluate
the potential of AGO to treat metabolic disorders in future clinical trials.

Lipid metabolism
Hepatic steatosis
Melatonin

1. Introduction

Circadian production of melatonin by the pineal gland is a key
endocrine signal that translates environmental information (such as the
length of the dark period) to living organisms and synchronizes the
circadian clock in the hypothalamic suprachiasmatic nucleus (SCN) [1].
At the cellular level, melatonin acts by binding at the G protein-coupled
receptors melatonin receptor 1 (MT1) and melatonin receptor 2 (MT2)
[2,3]. MT1 and MT?2 receptors are also expressed in peripheral tissues
where they play pivotal roles in energy metabolism [4].

Mice knockout for MT1 display glucose intolerance and impaired
insulin signaling in the liver [5]. Mice knockout for MT1 also exhibit
whole-body insulin resistance and exacerbated body weight gain when
fed with a high fat diet (HFD) [4,6]. In rats, surgical ablation of the
pineal gland leads to increased hepatic glucose production, glucose
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intolerance and insulin resistance in adipocytes [7-9].

On the other hand, the metabolic benefits of melatonin have been
consistently described in rats exposed to fructose-enriched diets or
beverages. Melatonin is able to improve glucose tolerance and insulin
sensitivity and reduce hepatic gluconeogenesis in rats exposed to high
fructose intake [10-12]. Melatonin is also able to reduce circulating
triacylglycerides (TAG), free fatty acids (FFA) and total cholesterol
levels and hepatic lipids in rats exposed to excessive fructose [11,12].
Noteworthy, chronic consumption of fructose-enriched diets or bever-
ages was previously described to reduce melatonin production by rats
[10,13].

Agomelatine (AGO) is a commercially available antidepressant with
agonistic activity at MT1 and MT2 and neutral antagonistic activity at
serotonin receptor 5-HT2 ¢ [14]. Recent studies demonstrate that AGO
alleviates anxiety and depression and reduces the expression of TNF-a,
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IL-6 and IL-1 in the hippocampus of rats fed with a HFD [15]. AGO was
also described to reduce gonadal TNF-a expression, but not glucose
levels, in rats rendered diabetic by streptozotocin injections [16]. On the
other hand, data from clinical trials with small sample sizes suggest
potential benefits of AGO for the glucose control of diabetic patients
with depressive disorders [17,18]. In spite of these observations, no
detailed experimental investigation has evaluated if AGO exerts meta-
bolic actions similar to that of melatonin [19].

In order to address this issue, we presently evaluated the metabolic
effects of AGO in rats exposed to water containing 15% fructose. We
have performed in vivo tests to evaluate the production of very-low
density lipoprotein (VLDL) as well as the kinetics of circulating TAG
after gavage with olive oil. We have also assessed intestinal and hepatic
TAG contents, hepatic neutral lipid staining by Oil Red O and the genes
expression and enzymatic activity of key steps of lipid metabolism.

2. Materials and methods
2.1. Experimental design and treatments

The experimental design was approved by Committee for Ethics in
Animal Experimentation of the State University of Campinas (Protocols
4545-1/2017 and 5006-1/2018). Four week-old male Wistar rats were
purchased from the Animal Breeding Center of the State University of
Campinas (CEMIB, Campinas, Sao Paulo, Brazil) and, unless otherwise
stated, housed in collective cages with standard chow (Nuvilab CR1;
Nuviltal, Colombo, PR, Brazil) and water ad libitum. The cages were kept
in ventilated chambers under a 12 h light/12 h dark cycle with room
temperature was set to 22 £+ 2 °C.

By reaching 7 weeks of age, all rats were subjected to an adaptation
period of seven days with one daily gavage of 0.5 ml of 0.9% NaCl so-
lution. After the adaptation period, the rats were assigned to two groups.
One group was kept with tap water available ad libitum, while the other
group had the water replaced by 15% fructose solution. This treatment
was carried out for two weeks because this interval of exposure to
fructose was described to be sufficient to increase TAG in rats [20]. The
concentration of fructose (15%) was based on a previous investigation
reporting that this amount of sugar increases circulating TAG and VLDL
and cause hepatic steatosis in rats [21].

Simultaneously to the treatment with fructose, half of the rats
belonging to both groups received daily gavages containing AGO.
Commercially available tablets containing 25 mg of AGO (Valdoxan;
Servier Laboratories, Suresnes, France) were ground to a homogeneous
powder using a mortar and a pestle. The powder was mixed with 0.9%
NaCl solution (1 ml/tablet) to make a 25 mg/ml AGO suspension. The
volume administered to the rats was calculated to yield a final AGO dose
of 40 mg/kg of body weight. This dose was based on previous studies
reporting that AGO reduces corticosterone levels and neuronal/behav-
ioral parameters in rats exposed to acute stress or HFD [15,22,23]. When
treated with AGO, rats drinking either tap water or 15% fructose were
respectively designed as AGO or FRU+AGO rats.

The remaining rats drinking either tap water or 15% fructose were
treated with daily gavages containing 0.5 ml of a vehicle solution with
lactose (62 mg/ml). Lactose (62 mg/tablet) was described by the
manufacturer as the main excipient of the tablet (https://www.
medicines.org.uk/emc/medicine/21830#gref). When treated with the
vehicle, rats drinking either tap water or 15% fructose were respectively
designed as CTL or FRU rats.

A separate cohort of rats (10 week-old) was assigned to a pilot pro-
tocol to test if hypertriglyceridemia induced by fructose could be
attenuated by a drug with known lipid lowering effect. The rats used in
this protocol were assigned to 3 different groups, as follows: 6 rats were
kept with standard chow ad libitum and water (CTL), 6 rats were kept
with standard chow ad libitum and water with 15% fructose (FRU) and 6
rats received gemfibrozil-enriched chow ad libitum plus water with 15%
fructose (FRU+GEM). This treatment was carried out during 2 weeks.

Biomedicine & Pharmacotherapy 141 (2021) 111807

Gemfibrozil-enriched chow was prepared by adding gemfibrozil solu-
tion (31.5 mg/ml in ethanol) to pellets of standard chow (0.1 ml/g of
chow). The pellets were then incubated for 48 h at 45 °C to allow
complete ethanol evaporation. Taking into account the approximate
daily food intake of 20 g/day and the mean initial body weight of 350 g,
rats assigned to the FRU+GEM group consumed an average of 180 mg/
kg/day of gemfibrozil.

2.2. Feeding efficiency

The rats dedicated to the measurement of feeding efficiency were
housed in isolated cages at the beginning of the adaptation protocol. All
treatments were carried out as described above. Body mass was assessed
before and after treatments. Chow and liquid intake were daily moni-
tored. Feeding efficiency during the two-week protocol was expressed as
the body mass gained (g) relative to the amount of calories consumed
(kcal). The 15% fructose solution and the standard chow were assumed
to contain 0.54 kcal/ml and 3.4 kcal/g, respectively.

2.3. Tissue sampling

Rats were overnight fasted before euthanasia performed with an i.p.
injection with sodium thiopental (80 mg/kg). Body mass was acquired
immediately before decapitation. Trunk blood was collected to extract
the serum. The retroperitoneal and epididymal fat pads and fragments of
liver were dissected, weighted and frozen at — 80 °C for further
processing.

Serum samples were used for total cholesterol and TAG measure-
ments with enzymatic/colorimetric kits (LABORLAB, Sao Paulo, SP,
Brazil). Blood glucose was measured in blood samples obtained from tail
punctures using a glucometer and appropriate reactive strips (On Call
Plus; Acon Laboratories, San Diego, CA, USA).

Segments with 6 cm of the duodenum, jejunum and the ileum were
dissected following anatomical references previously described [24].
The segments were gently washed in iced-cold 0.9% NaCl solution and
transversally cut into three samples. One sample was frozen in liquid Ng
for subsequent lipid extraction. The other samples were longitudinally
opened and the mucosa was scraped and frozen at — 80 °C for RNA
extraction or enzymatic activity assays.

2.4. Lipid extraction and TAG determination

Samples of liver, duodenum, jejunum and ileum were subjected to
lipid extraction as previously described [25]. Briefly, the samples were
homogenized in CHClz:methanol solution and gently shook overnight at
4 °C. After the incubation, the samples were added with 0.6% NaCl
solution and centrifuged for removal of the organic layer. Organic
fraction was dried at room temperature, reconstituted in isopropanol
and used for TAG quantification with enzymatic/colorimetric Kkits
(LABORLAB, Sao Paulo, SP, Brazil).

2.5. Neutral lipids staining with Oil Red O (ORO)

Liver sections were obtained, processed and analyzed as previously
described studies [25,26]. Briefly, liver fragments were embedded in
Tissue-Tek O.C.T. compound (Sakura Finetek Europe, Netherlands) and
immediately frozen in n-hexane with liquid nitrogen (N3). Serial cryo-
stat sections (15 um-thick sections 200 pm apart) obtained from each
block were mounted onto aminopropyltriethoxysilane-coated glass
slides. Three sections from different parts of the samples were disposed
per slide, and two slides per animal were used. Glass slides with the
sections were incubated with ORO (3.75 pg/ml) for 10 min at room
temperature and then rinsed with water. After rinsing, glass slides were
coated with water-soluble mounting medium and coverslips. Three
different fields of each section were captured using a light microscope
(Olympus BX51TF) coupled to a digital camera (Olympus DP72) with
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20 x objective magnification.

Analysis was performed using the free software ImageJ (http:
//imagej.nih.gov/ij). Colored images were converted to 8-bit and the
ORO staining of each field were recorded. Analysis was performed
assuming an individual background signal for each image. The data are
presented as optical density of positive area for staining with ORO.

2.6. VLDL production rate

Overnight fasted rats received an i.p. injection with tyloxapol (Triton
WR-1339; Sigma Aldrich, St Louis, USA). Tyloxapol solution was pre-
pared as previously described [27] and injected at the dose of 500
mg/kg. All rats were kept with water during the test. Blood samples were
collected from tail punctures before and 1.5, 3 and 6 h after tyloxapol
injection. Serum was extracted from blood samples and subjected to
TAG quantification. Linear regressions of the curves (TAG concentration

vs. time) were presented as VLDL production rate (h_l).

2.7. Olive oil gavage test

Rats received a gavage with extra virgin olive oil (5 ml/kg). All rats
were kept without chow and with water during the test. Blood samples
were collected from tail punctures before and 1.5 and 6 h after the ga-
vages. Serum samples were used for TAG determination using the same

kit described above.

2.8. RNA extraction and qPCR

Total RNA of liver and mucosal scrapings were extracted and pro-
cessed for reverse transcription as previously described [28,29]. The
sequences of the primers used in the study are shown in Table 1.

Values of mRNA expression were normalized with the reference

genes Rpl37a and Gapdh. Fold changes were calculated using the

method.

Table 1

2—AACt

Sequences of primers and GenBank numbers.

Gene / GenBank number

Forward and Reverse Sequences

fatty acid synthase (Fasn) / NM_017332

Aldolase, fructose-bisphosphate B (Aldob) /
NM_012496

stearoyl-Coenzyme A desaturase 2 (Scd2) /
NM_031841

acetyl-CoA carboxylase alpha (Acc) /
NM_022193)
apolipoprotein b (Apob) / NM_019287

acyl CoA:diacylglycerol acyltransferase 1
(Dgat1) / NM_053437

acyl CoA:diacylglycerol acyltransferase 2
(Dgat2) / NM_001012345

microsomal triglyceride transfer protein
(Mttp) / NM_001107727

vesicle trafficking protein homolog B
(Sec22b) / NM_001025686

glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) / M17701

ribosomal protein L37a (Rpl37a) / X14069

5'-TGGTGAAGCCCAGAGGGATC-3'
5'-CACTTCCACACCCATGAGCG-3'
5'-CACACCTGAGCAAGTGGCTATG-3'
5'-CTAGGTAGAGGGCAACGGTTG-3'
5-TGCGTCAGCACTTTCTTACGG-3’
5'-GCGTGATGGTAGTTGTGGAAGC-
Y
5-TGCTTATATTGTGGATGGCTTG-3'
5-TTCTACTGTCCCTTCTGGTTCC-3'
5-CTGCGGTGGCAGAAATAACG-3'
5-CCTTGAGCAAACCTTAGGTAGGG-
3/

5'-AGGATGTTCCGCCTTTGGG-3
5'-CGTGGACATACATGAGCACAGC-
3

5'-AAGCCCATCACCACCGTTG-3'
5'-TTCCTTCCAGGAGCTGGCAC-3’
5-TATGACCGTTTCTCCAAGAGTGG-
3/
5'-TCAAGGTTCTCCTCTCCCTCATC-
3
5-CGTGCTCGGAGAAATCTCGG-3'
5'-AACACGGCTACTGCTGCAAGC-3
5'-TACAGCAACAGGGTGGTGGACC-
3

5'-
TGGGATGGAATTGTGAGGGAGAG-3'
5-CAAGAAGGTCGGGATCGTCG-3'
5'-ACCAGGCAAGTCTCAGGAGGTG-
3.
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2.9. Enzymatic activity

The activities of L-3-hydroxyacyl-CoA dehydrogenase (f-HADH) and
carnitine palmitoyltransferase-1 (CPT1) were measured in mucosal
scrapings of ileum and liver fragments as described previously [27].

Fructokinase (FK) activity was determined using an enzyme-coupled
assay. Tissue homogenate (10 pl) was added with a buffer (pH 8.2)
containing 50 mM Tris-HCl, 2 mM MgSO4, 5 mM KCl, 0.2 mM NADH, 1
mM ATP, 3 mM Fructose, 2 mM Phosphoenolpyruvate (PEP), 2 units of
lactate dehydrogenase, 4 units of pyruvate kinase and 0.05% Triton X-
100. The total assay volume was 165 pl.

ADP formed by the FK reaction, i.e., phosphorylation of fructose to
fructose-1-phosphate (F1P), was used by pyruvate kinase to convert
phosphoenolpyruvate into pyruvate. Then, lactate dehydrogenase con-
verted pyruvate into lactate using NADH as a cofactor. FK activity was
measured by monitoring the decrease in absorbance at 340 nm, which
corresponds to the oxidation of NADH into NAD™.

2.10. Statistical analysis

All results were presented as the mean + standard deviation (S.D.).
Parametric distribution was checked using the Shapiro-Wilk test. Data
analysis were performed with two-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc multiple comparisons. We considered the
following two factors: type of drinking solution (water or 15% fructose)
and type of treatment via gavage (vehicle or AGO). For the concentration
of TAG during the tests, the following two factors were considered: time
after stimulus (either tyloxapol or olive oil) and experimental group
(CTL, FRU, AGO or FRU+AGO). All analyses were performed with
GraphPad Prism (Graph Pad Software, Inc., Version 8.4, San Diego,
USA). P values < 0.05 indicated significant differences.

3. Results

3.1. AGO reduces body mass gain and feeding efficiency in fructose-
treated rats

Before testing the metabolic effects of AGO, we performed a pilot
experiment to validate if the protocol with fructose was able to increase
circulating TAG. We also tested if the effect of fructose was attenuated
by gemfibrozil, a drug with known lipid lowering effect. Our pilot data
showed that rats treated with fructose had higher levels of circulating
TAG (193.0 + 12.4 mg/dl, n = 6) when compared to CTL rats (113.0 +
9.4 mg/dl, n = 6) (P < 0.0001). The values of TAG in rats treated with
fructose and gemfibrozil (135.3 + 5.7 mg/dl, n = 6) were lower than in
rats treated only with fructose (P < 0.01) but similar to CTL.

Having established that our protocol was efficient to induce hyper-
triglyceridemia, we next evaluated the potential metabolic effects of
AGO. Our results showed that both AGO and fructose were able to in-
fluence body mass gain during the period of treatment (P < 0.01).
However, the post-hoc analysis revealed that only FRU rats, but not
FRU-+AGO rats, exhibited increased body mass gain (40% higher than
AGO and 25% higher than FRU+AGO; P < 0.001 and P < 0.05)
(Fig. 1A). On the other hand, the daily intake of liquid calories was
similar between FRU and FRU+AGO rats (Fig. 1B). The daily intake of
solid calories was reduced by treatment with fructose (P < 0.0001), but
the values of FRU and FRU+AGO rats were similar to each other
(Fig. 1C). The daily caloric intakes were similar among the four groups
of the study (Fig. 1D).

The body mass gain relative to the caloric intake, here presented as
feeding efficiency, was influenced by AGO (P < 0.001). The post-hoc
analysis showed that only FRU+AGO presented significant reductions
in feeding efficiency (27% lower than CTL and 34% lower than FRU;
P < 0.05 and P < 0.01) (Fig. 1E).
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Fig. 1. Body mass gain, caloric intake and feeding efficiency in rats treated with fructose and/or agomelatine. Rats were treated with agomelatine (AGO), fructose
(FRU) or a combination of both (FRU+AGO). CTL rats received the vehicle (CTL). Cumulative body mass gain was assessed over the 2 weeks of treatment (A). Intake
of liquid calories (B), solid calories (C) and the sum of liquid and solid calories (D) were expressed on the daily basis. Feeding efficiency was calculated over the 2
weeks of treatment (E). Data are shown as mean + S.D. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

3.2. AGO decreases fasting circulating triacylglycerides in fructose-treated
rats

In order to clarify if the reduction in body mass induced by AGO in
fructose-treated rats would be due to reduced adiposity, we next eval-
uated the relative mass of epididymal and retroperitoneal fat pads.
However, no changes in the relative mass of these two fat pads were
found when comparing the four experimental groups (Fig. 2A and B).

Although we could not detect differences in adiposity, treatment
with fructose affected fasting TAG in serum samples obtained from trunk
blood (P < 0.001). Interestingly, the post-hoc analyses revealed that
increased fasting TAG detected in FRU rats (150% higher than CTL and
140% higher than AGO; P < 0.05 and P < 0.01) was not seen in FRU-
+AGO rats (Fig. 2C). Serum total cholesterol was not modulated by
AGO, fructose or the combination of both (Fig. 2D). Blood glucose levels
were affected by fructose treatment (P < 0.0001) and the post-hoc an-
alyses indicated increased glycemia in both FRU and FRU+AGO rats
(respectively 61% and 68% higher than CTL; P < 0.001 and P < 0.0001)
(Fig. 2E).

3.3. AGO decreases VLDL production and hepatic lipids in fructose-
treated rats

With the attempt to elucidate if changes in circulating TAG seen in
rats treated with fructose and AGO were associated with the modulation
of hepatic VLDL production, we performed a metabolic test based on
whole-body LPL inhibition with tyloxapol. In this test, serum TAG was
monitored in peripheral blood samples obtained by caudal punctures.
The changes in circulating TAG found in peripheral blood samples
before tyloxapol injection (basal) were similar to those seen in samples
from serum of trunk blood. Fructose consumption affected peripheral
TAG levels (P < 0.01), and the post-hoc analysis showed a specific in-
crease in FRU (248% higher than CTL; P < 0.01), but not in FRU+AGO
rats (Fig. 3A).

As expected, tyloxapol injection induced a progressive increase in
TAG levels in CTL reaching significant differences at 6 h after injection
(7.8-fold basal levels of CTL; P < 0.0001). FRU rats exhibited a kinetics
hallmarked by an increase in TAG that was detected as early as 3 h after
tyloxapol injection (2.4-fold basal levels of FRU; P < 0.01). This increase
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Fig. 2. Adiposity and fasting triacylglycerides, cholesterol and glucose levels in rats treated with fructose and/or agomelatine. Rats were treated with agomelatine
(AGO), fructose (FRU) or a combination of both (FRU+AGO). CTL rats received the vehicle (CTL). After treatment, epididymal (A) and retroperitoneal (B) fat pads
were removed from fasted animals to assess adiposity. Trunk blood was removed and serum was extracted for dosage of triacylglycerides (C) and total cholesterol (D).
Fasting glycemia was assessed in whole blood obtained from tail (E). Data are shown as mean =+ S.D. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

was sustained up to the 6th h post-injection (3.7-fold basal levels of FRU;
P < 0.0001). The kinetics of circulating TAG detected in AGO and
FRU-+AGO rats were similar to CTL, and significant increases were only
detected at 6 h after tyloxapol injection (5.2-fold basal levels in AGO
group and 3.9-fold basal levels in FRU+AGO group; P < 0.01 and
P < 0.001) (Fig. 3B).

The VLDL production rate was affected by both fructose and AGO
treatments (P < 0.01), but the post-hoc analysis indicated that this
parameter was increased exclusively in FRU rats (280% higher than CTL
and 254% higher than FRU+AGO; P < 0.01 and P < 0.05) (Fig. 3C).

Hepatic TAG content was influenced by AGO treatment (P < 0.01)
and the post-hoc analysis showed a significant reduction in FRU+AGO
rats (59% lower than CTL rats; P < 0.05) (Fig. 3D).

We also evaluated the hepatic content of neutral lipids. Represen-
tative images of the ORO-stained sections show a more pronounced
staining in the FRU rats than in the other groups (Fig. 4A). The quan-
titative analysis of the images revealed that the hepatic content of
neutral lipids was affected by both fructose and AGO treatments
(P < 0.05). The post-hoc analysis revealed increased hepatic content of

neutral lipids only in FRU rats (146% higher than CTL and 131% higher
than FRU+AGO; P < 0.01) (Fig. 4B).

3.4. AGO reduces the expression of the DNLG enzyme Fasn in the liver of
fructose-treated rats

We next assessed whether AGO could modulate the expression or the
activity of key enzymes related to the hepatic metabolism of fructose.
The activity of FK was modulated by fructose consumption (P < 0.0001)
and the post-hoc analysis revealed a significant increase in the liver of
both FRU and FRU+AGO rats (respectively 29% and 44% higher than
CTL; P < 0.01 and P < 0.0001) (Fig. 5A). Similarly, the expression of
Aldob was also affected by the consumption of fructose (P < 0.01) and
increased levels of its mRNA were found in the liver of both FRU and
FRU+AGO rats (respectively 143% and 104% higher than CTL; P < 0.01
and P < 0.05) (Fig. 5B).

In addition to the enzymes involved in the first steps of fructose
metabolism, we also evaluated the expression of key targets that
mediate DNLG. The expression of Fasn was modulated by treatment with



V.B. Veronesi et al.

A

W

= 600-
k=]
2 = 1800-
=) 5 #H
& >
o 4004 £
T o 1200
s T
:g 200 5 6004
3 3
.: g
= 0- - 04
0 1.5 3 6 Time (h)
6&\' -O- CTL (n=5) -@ AGO (n=5)

-@ FRU (n=5) -@ FRU+AGO (n=5)

(@)
O

_ “w e 3 .
= 300- 2 30-
E ) °
S 200- 2
b= 2 20-
o ° n=F
T 1004 2
-o b
<) ]
g 01 >
- K=y
S 100 oy
S =
[
N N5 5 5
NG 00 Q)) 00
@ ¥ % ¥
&

CTL AGO
4.0x105-
3.0x10°-

2.0x 105+

ORO (A.U.)

1.0x105-
FRU+AGO

Biomedicine & Pharmacotherapy 141 (2021) 111807

Fig. 3. VLDL production and hepatic tri-
acylglycerides levels in rats treated with fruc-
tose and/or agomelatine. Rats were treated
with agomelatine (AGO), fructose (FRU) or a
combination of both (FRU+AGO). CTL rats
received the vehicle (CTL). Fasting tri-
acylglycerides levels were assessed in serum
obtained from tail blood (A). An i.p. tyloxapol
injection was performed and triacylglycerides
levels were further assessed 1.5, 3 and 6 h after
injection (B) in order to calculate VLDL pro-
duction (C). Hepatic triacylglycerides levels
were assessed in independent animals (D). Data
are shown as mean +S.D. *P < 0.05 and
**P < 0.01; *#P<0.01, #*##P<0.001 and
####p < 0.0001 vs. in-group basal levels.

Fig. 4. Neutral lipid staining in liver of rats treated with fructose and/or agomelatine. Rats were treated with agomelatine (AGO), fructose (FRU) or a combination of
both (FRU+AGO). CTL rats received the vehicle (CTL). Sections of liver were stained with oil red O (A) and the images were analyzed using the ImageJ software (B).

Black bar represents a scale of 50 um, objective 20 x. Data are shown as mean + S.D. **P < 0.01.
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melatine (AGO), fructose (FRU) or a combination of both (FRU+AGO). CTL rats received the vehicle (CTL). Fragments of liver were processed for measurement of
fructokinase activity (A). Additional fragments were processed for RNA extraction and qPCR for Aldob (B), Fasn (C), Acc (D) and Scd2 (E). Data are shown as mean

+ 8.D. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

fructose (P < 0.001) with a significant increase detected only in FRU
rats (13.7-fold CTL levels and 2.45-fold FRU+AGO levels; P < 0.001 and
P < 0.05) (Fig. 5C). The expression of Acc was also influenced by
treatment with fructose (P < 0.0001) but significant increases were
found in both FRU and FRU+AGO rats (approximately 5-fold CTL
values; P < 0.01) (Fig. 5D). The hepatic expression of Scd2 was not
modulated in any of the four groups of the study (Fig. 5E).

The expression of the enzymes involved in fatty acid re-esterification
Dgatl and Dgat2 and the proteins that mediate hepatic VLDL assembly
and secretion Mttp and Sec22b were not modulated in any of the groups
of the study (Fig. 6A, B, C and D). The hepatic activity of CPT1 and
B-HADH, two key enzymes involved in FFA oxidation, were also
assessed. Although there was clear trend towards an increase in hepatic
CPT1 activity induced by AGO treatment (P = 0.0502), a significant
increase was only detected in AGO group (20% higher than the CTL
group; P < 0.05) (Fig. 6E). No changes in hepatic f-HADH activity were
detected in any of the four groups present in the study (Fig. 6F).

3.5. AGO reduces triglyceridemia induced by an oral load with olive oil in
fructose-treated rats

Having established that AGO modulates VLDL production as well as
hepatic Fasn expression, we next investigated if this drug could also
affect lipid metabolism in fructose-treated rats challenged with of
exogenous FFAs.

In contrast to the fasting TAG levels, TAG levels in fed rats before
challenge with olive oil was affected by fructose treatment (P < 0.001)
but equally increased in both FRU and FRU+AGO rats (respectively 80%
and 62% higher than AGO rats; P < 0.001 and P < 0.05) (Fig. 7A). On
the other hand, circulating TAG levels 1.5 h after the gavage with olive
oil was higher in FRU rats when compared to AGO and FRU+AGO rats
(respectively 84% and 48% higher than AGO and FRU+AGO 1.5 h after
gavage; P < 0.01 and P < 0.05) (Fig. 7B). Accordingly, the AUC values
were influenced by fructose treatment (P = 0.0129) and increased
exclusively in FRU rats (44% higher than AGO rats; P < 0.05) (Fig. 7C).

In order to elucidate which segment of the small intestine could
account for the lower TAG levels seen in FRU+AGO rats orally
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Fig. 6. Dgatl, Dgat2, Mttp and Sec22b expression and CPT1 and f-HADH activities in the liver of rats treated with fructose and/or agomelatine. Rats were treated with
agomelatine (AGO), fructose (FRU) or a combination of both (FRU+AGO). CTL rats received the vehicle (CTL). Fragments of liver were processed for RNA extraction
and qPCR for Dgatl (A), Dgat2 (B), Mttp (C) and Sec22b (D). Fragments of liver were also used to assess CPT1 (E) and p-HADH (F). Data are shown as mean + S.

D. *P < 0.05.

challenged with olive oil, we assessed the TAG content in samples of
duodenum, jejunum and ileum. TAG contents in duodenum and jejunum
samples were not different among the four groups of the study (Fig. 7D
and E). TAG content in ileum samples instead, was modulated by AGO
treatment (P < 0.05) and reduced in FRU+AGO rats (49% lower than
CTL rats; P < 0.05) (Fig. 7F).

3.6. AGO reduces the expression of Mttp in the ileum of fructose-treated
rats

We also evaluated the expression of genes involved in fatty acids re-
esterification and chylomicron assembly and secretion in ileal mucosal
scrapings. Dgat1 and Dgat2 expression were not modulated in the groups
belonging to the study (Fig. 8A and B). Although no specific changes
have been found in the group-by-group comparisons of the post-hoc
analysis, the ileal expression of Apob was reduced by AGO treatment
(P = 0.0135) (Fig. 8C). On the other hand, the ileal Mttp expression was
influenced by AGO treatment (P < 0.01) and significant reductions were
found in AGO and FRU+AGO rats (approximately 66% lower than CTL

rats; P < 0.05) (Fig. 8D). The ileal activity of CPT1 and -HADH were
not modulated in the groups present in the study (Fig. 8E and F).

4. Discussion

The present study supports the previously unappreciated notion that
the melatonin receptor agonist AGO reduces circulating TAG levels,
hepatic lipid content and VLDL production in rats treated with fructose.
These effects are in agreement with previous studies showing that
melatonin is able to reduce TAG accumulation in liver of mice, hamsters
and rats exposed to HFD [30-33]. Melatonin has also been reported to
reduce hepatic steatosis in rats consuming fructose-enriched diet [11].

Our data also reveal that the reduction in hepatic lipid content
induced by AGO was accompanied by a reduction in body mass with no
changes in caloric intake. Consequently, AGO reduced feeding efficiency
in fructose-treated rats. These effects a very similar to those already
reported in aged-rats treated with melatonin [34]. On the other hand,
the previously reported ability of melatonin in reduce adiposity of
aged-rats [34,35] was not recapitulated by AGO in fructose-treated rats.
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Absorbed fructose is rapidly metabolized into fructose-1-phosphate
by hepatic fructokinase (FK). Fructose-1-phosphate is then converted
into three carbon units by aldolase B (Aldob). Triose-P is then converted
into pyruvate and lactate that serve as substrates for gluconeogenesis
[36]. Based on our data on FK activity, Aldob expression and fasting
glycemia, we concluded that AGO does not modulate the early steps of
hepatic fructose metabolism and, by extension, is not able to alter the
flux of fructose metabolites to de novo glucose synthesis.

Lactate derived of fructose metabolism also serves as a lipogenic
substrate that contributes to increase hepatic lipids and circulating TAG
[36]. In addition to provide intermediates for de novo lipogenesis
(DNLG), fructose can also increase the expression and the activity of key
DNLG enzymes in the liver, such as Acc and Fasn [37-40]. Treating rats
with drinking water containing 10% fructose for 21 days was already
reported to increase hepatic VLDL production rate [38].

It is relevant to point out that in the present experiments fructose by
itself did not increase hepatic TAG but did increase hepatic neutral lipids
staining with ORO. The reasonable explanation for such differences
might rely on the fact that ORO stains a broad range of neutral lipids
other than triacylglycerides such as diacylglycerides and esterified
cholesterol [41,42]. Fructose feeding for only 11-12 days, in turns, was
already reported to increase hepatic diacylglycerides and cholesterol
levels [43,44].

Notably, we found that AGO reduced hepatic Fasn expression, VLDL

production and hepatic lipids in fructose-treated rats. Accordingly, Fasn
mRNA in the liver correlates with the rate of fatty acid synthesis [45].
Increased mRNA of Fans was also associated with increased hepatic
steatosis in obese ob/ob mice [46]. Such finding suggests that DNLG
might be the main hepatic biochemical route affected by AGO that
would impact the hepatic lipid metabolism. Favoring this proposition,
we found that AGO did not modulate the hepatic expression of Sec22b
and Mttp, two genes that play a pivotal role in VLDL production [47,48].
AGO was not equally able to increase the hepatic activity of CPT1 and
B-HADH in the liver of fructose-treated rats, two critical steps for fatty
acid B-oxidation [49,50]. In consonance with the present data, a similar
lipid-lowering effect was described for Piromelatine, a distinct
MT1/MT2 agonist [51].

Previous studies have also shown that the ability of melatonin in
reduce hepatic TAG in HFD rodents is associated to the downregulation
of Fasn expression in the liver [31]. Melatonin has also been described to
act in vitro in HepG2 cells to specifically inhibit Fasn, but not Acc,
expression [52]. Although our experiments do not test the mechanism
for such specificity, it is important to acknowledge that Fasn is under the
control of transcription factors that do not modulate Acc transcription,
such as signal transducer and activator of transcription 3 (STAT3) and
Pre-B cell leukaemia transcription factor-regulating protein 1 (Prepl)
[53,54]. Evidence regarding Prepl activation is still lacking but studies
show that melatonin is able to activate STAT3 in the liver [55,56].



V.B. Veronesi et al.

A

W

4.0 4.0

[
3.0 3.0
2.0
1.0

0.0+

Dgat2 mRNA expression

Dgat1 mRNA expression

-1.0-

m

* €
g 490 % 3 0
g 3.0 5
[=)]
- 2.0 = “1
s 7 £
< £ °
E 1.0 g 20
E_ 0.0- =
o =
S o £ o
3]
N
&S
NG o
o A ©

o\

Biomedicine & Pharmacotherapy 141 (2021) 111807

C

8.0+
6.0+ o
4.0+
2.0

0.0+

Apob mRNA expression

-2.0-

€
=
2 500-
:
. o 4004
E
= 300-
£
> S 200
s :
~ 1001
I
[m]
< 0-
T
S & O =
¢ % 2
& oo\o R
< oxv O ¥ o«
&
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and qPCR for Dgat1 (A), Dgat2 (B), Apob (C) and Mttp (D). Fragments of ileum were also used to assess CPT1 (E) and p-HADH (F). Data are shown as mean =+ S.D.
* P < 0.05; “P < 0.05 for effect of the AGO factor with no difference in the post-hoc analysis.

The participation of melatonin receptors in the control of intracel-
lular TAG content was already addressed by other studies in non-hepatic
cells using ligands other than AGO. Melatonin was also described to
reduce TAG accumulation in osteoblasts and this effect was reported to
be blocked by the MT1/MT2 antagonists luzindole and S20928 [57].
Piromelatine was also described to reduce TAG levels in 3T3-L1 adipo-
cytes through a mechanism that is sensitive to luzindole [58].

Although fructose was described to be a poor substrate for intestinal
DNLG, high fructose intake increases postprandial TAG levels due an
upregulation of intestinal Mttp and Apob expression that leads to
increased intestinal lipoprotein secretion rate [59]. The simultaneous
ingestion of fructose and fat was also reported to increase circulating
chylomicrons in humans [60,61].

In agreement with these publications, we found that AGO reduced
circulating TAG levels after a gavage with olive oil as well as the
expression of Apob and Mttp in the mucosal scraping of ileal fragments.
MTTP and ApoB are two key proteins that play an indispensable role in
intestinal lipoprotein production [62,63]. It was already described that
increased MTTP activity and protein content correlates with increased

10

Mttp mRNA after postpandrial hypertriglyceridemia induced by
short-term feeding with a HFD [64]. Similarly, changes in Apob mRNA
correlate with changes in ApoB protein content [65,66]. Therefore, the
current data suggest that AGO may also reduce TAG levels probably by
decreasing intestinal chylomicrons secretion.

There are few studies addressing the effect of melatonin itself on
chylomicrons production but the available data is in accordance with
the properties presently attributed to AGO. MT1 and MT2 are expressed
in rat small intestine and melatonin has been recently shown to reduce
intestinal TAG absorption in mice fed a HFD [67,68].

In summary, the present study shows that AGO can mimic some
metabolic benefits of melatonin when used in fructose-treated rats. AGO
can reduce circulating TAG, hepatic lipids, VLDL production and tri-
glyceridemia after a gavage with olive oil. The metabolic actions of AGO
are likely to result of hepatic modulation of Fasn and intestinal modu-
lation of Apob and Mttp. Altogether, the present results indicate that this
antidepressant drug exerts beneficial metabolic effects in experimental
conditions and its repurposing should be addressed in future clinical
trials.
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