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ABSTRACT

Background and aim: Metabolic disturbances are known for their increasing epidemiological importance.
llex paraguariensis presents a potential option for mitigating lipid metabolism imbalance. However, most
of the literature to date has not considered sex bias. This study aimed to evaluate the effect of Ilex
paraguariensis on the metabolism of different adipose tissue depots in males and females.
Experimental procedure: After ovariectomy, female Wistar rats received daily treatment with the extract
(1 g/kg) for forty-five days. Biochemical serum parameters and tissue metabolism were evaluated.
Oxidation, lipogenesis and lipolysis were evaluated in brown, white visceral, retroperitoneal and gonadal
adipose tissues.
Results and conclusion: The results showed that treatment with the extract led to a reduced weight gain
in ovariectomised females in comparison to control. The triglyceride concentration was decreased in
males. Glucose oxidation and lipid synthesis in visceral and retroperitoneal adipose tissues were restored
in ovariectomised females after treatment. The response to epinephrine decreased in visceral adipose
tissue of control males; however, lipolysis in females did not respond to ovariectomy or treatment. These
findings highlight the enormous potential effects of I. paraguariensis on lipid metabolism, modulating
lipogenic pathways in females and lipolytic pathways in males. Furthermore, the sex approach applied in
this study contributes to more effective screening of the effects of I. paraguariensis bioactive substances.
© 2020 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

consumes a tea-like beverage called mate, which is prepared with
the leaves and stems of Ilex paraguariensis. In addition to containing

Yerba mate (llex paraguariensis, A. St. Hil., 1822) is a perennial
tree belonging to the “holly” family (Aquifoliaceae). It is native to
South America and is commonly found in Brazil, Argentina,
Paraguay and Uruguay. These population of these countries widely

Abbreviations: BAT, brown adipose tissue; Epi, epinephrine; KRB, Krebs ringer
bicarbonate buffer; WAT, White adipose tissue; WATYv, visceral white adipose tissue;
WATT, retroperitoneal white adipose tissue; WATg, gonadal white adipose tissue.
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compounds with nutritional relevance, mate contains methylxan-
thines, saponins and polyphenols and these bioactive fractions are
relevant for human health research.!

Regarding the extract’s effects on energy metabolism, several
studies have indicated its use as a preventive/therapeutic agent
against metabolic syndrome and obesity. As observed in previous
studies,” insulin levels do not appear to be affected by the extract in
male control rats. This was confirmed in the present study, but for
the first time in control e ovariecomisated female rats. Ilex para-
guariensis has been shown to attenuate weight gain, body mass
index, waist-hip ratio and the percentage of body fat in humans
(men and women were analysed together) after a 12-week treat-
ment.® Also in humans, the mate extract was able to modify the
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respiratory quotient, indicating an increase in fat oxidation and
anti-obesity potential.* The extract reduces weight gain in rats after
the consumption of a hyperlipidaemic diet, decreases visceral
white adipose tissue (WATv) mass, blood insulin, glucose, leptin
levels and has been shown to improve the inflammatory profile in
liver and muscle.”® The same has been found in C57BL/6] mice with
diet-induced obesity, where Ilex paraguariensis improves the en-
ergetic profile of obese mice, increasing energy expenditure,
improving performance in the oral glucose tolerance test, and
decreasing blood triglycerides, free fatty acids, leptin, insulin and
cholesterol, as well as causing upregulation of thermogenic genes
in WAT.’

Metabolic syndrome is a critical pathological condition and in-
volves failures in the cardiovascular system, pancreas and liver,
which leads to the main causes of death within individuals with
this condition: cardiovascular disease, type 2 diabetes mellitus and
cirrhosis, among others.® World authorities have emphasised their
concern about metabolic syndrome because of its significant
contribution to the development of metabolic comorbidities. Sci-
entific efforts that favour the prevention and treatment of this
disease are quite valid since they can significantly improve the
population’s quality of life, as well as reducing public health
expenditure.

However, most of these studies addressing metabolic syndrome
have not yet explored sex bias. Obesity affects both men and
women,”'Y but the distribution of fat depots, energy stock and
mobilisation and adipokine secretion show very different patterns
between males and females in humans and rodents.'’~'? Circu-
lating sex steroid concentrations alter such factors considerably,
leading to androgen and gynoid patterns of adipose tissue."
Consequently, the search for new therapeutic agents should
involve females/women in study samples, so that basic and clinical
research can have better application in the future.

Therefore, faced with the alarming prevalence of metabolic
syndrome, the potential use of I. paraguariensis extract as a pre-
ventive/treatment agent for this condition and the sex dimorphism
of adipose tissue, the aim of this study was to evaluate the meta-
bolism of different adipose tissue depots, evaluating male and fe-
male Wistar rats separately, after treatment with yerba mate
aqueous extract.

2. Methods
2.1. Animals and experimental design

Fifty-five (N = 55) male and female Wistar rats (8 weeks old)
were housed in groups of three per cage, under light/dark cycles of
12 h, at 22 + 2 °C. All rats were fed with a commercial diet (Nuvilab
CR1®) and had access to food and water ad libitum. Rats were
divided into six groups: male control (C), male treated with mate
(CT), female sham (S), female sham treated with mate (ST), female
ovariectomy (OV) and female ovariectomy treated with mate (OVT),
totalling 8—10 individuals per group. All animal procedures were
performed by trained staff to ensure the well-being of the animals.

2.2. Ovariectomy protocol

Female rats received Ketamine (90 mg/kg) and Xylazine (10 mg/
kg) intraperitoneally. Two midline dorsal skin incisions were made.
The ovarian vessels were clamped, and the ovaries removed. Then,
the uterine tubes were ligated, and the muscles and skin sutured.
Dipyrone (200 mg/kg) was given for analgesia. The sham groups
also received anaesthesia and analgesia, and the ovaries were
exposed but returned to the abdominal cavity. After recovery,
treatment was performed.

2.3. Plant materials and aqueous extract preparation

The mate aqueous extract was prepared as follows: 300 mL of
filtered water was heated up to 80 °C, then 75 g of commercial
yerba mate (Ervateira Barao de Cotegipe, RS, Brazil/Lot 08/17) was
added, and left to infuse for 15 min, then filtered and left to cool.
Immediately after preparation, the extract was administered by
gavage (1 g/kg/day). The preparation was made daily for forty-five
days in the late afternoon, due to the nocturnal habits of the ani-
mals, for the extract to be administered at the time of awakening.

2.4. Euthanasia and tissue procedures

After treatment, animals were weighed and decapitated. The
results presented here regarding the females correspond to the
dioestrus phase of their cycles. The brown adipose tissue (BAT),
visceral adipose tissue (WATv), retroperitoneal adipose tissue
(WATT), gonadal adipose tissue (WATg) and serum were collected
and processed according to oxidation, lipogenesis and lipolysis
protocols. The morphometric parameters were expressed as tissue
index (tissue weight/body weight). All euthanasia proceedings
followed the NIH publication: Guide for the Care and Use of Lab-
oratory Animals and were approved by the Research Ethics Com-
mittee (Universidade Federal do Rio Grande do Sul Research
System, protocol number: 31500).'

2.5. Measuring aqueous extract compounds

The same aqueous extract provided to the animals during
treatment was used in the following procedures.

2.5.1. Methylxanthines

An HPLC Shimadzu Prominence 20AT module (Kyoto, Japan)
coupled to a photodiode array detector (PDA) SPD-M20A,
controlled by LC-Solution Multi-PDA software, was used. A
Gemini RP C18 column (Phenomenex, 250 x 4.6 mm i.d.; 5 pm
particle size) coupled with a C18 guard column was used as the
stationary phase.

Methylxanthines were assayed by HPLC based on a previously
validated method employing caffeine and theobromine as external
standards."® The theobromine (Sigma-Aldrich, St. Louis, MO, USA)
and caffeine (Sigma-Aldrich) standards were properly dissolved in
methanol: water 30/70 (v/v), at concentrations ranging from 0.48
to 40.0 pg/mL (caffeine) and from 0.495 to 7.005 pg/mL (theobro-
mine). An isocratic system was employed, using methanol/water
30/70 (v/v) as the mobile phase. The flow rate (1.1 mL/min) and
temperature (35 + 1 °C) were kept constant throughout the anal-
ysis, which took 10 min. The detection was performed at 280 nm.
All samples were properly diluted with methanol/water 30/70 (v/v)
seeking the linearity range of standard curves. The total methyl-
xanthine content was determined by the sum of caffeine and
theobromine individual concentrations. A representative chro-
matogram of methylxanthine (caffeine and theobromine) dosage in
lot 07/18 of the Ilex paraguariensis aqueous extract is shown in
Additional file 1.

2.5.2. Total phenols

The total phenols from yerba mate were assayed by the Folin-
Ciocalteau method,'® and the total phenol content was deter-
mined by the colorimetric reaction of Folin-Ciocalteau reagent
(yellow) to a blue complex when reductive agents were present
(phenolic compounds). 0.5 mL of Folin-Ciocalteau reagent was
added to 0.5 mL of the sample. Then 0.5 mL of sodium carbonate
(NayC0O3) 10% was added, and after 30 min at room temperature,
the measurement was made. Gallic acid (Sigma-Aldrich) was used
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as the external standard at concentrations ranging from 2.0 to 6 pg/
mL, after dissolution in distilled water. The absorbance was
measured in a spectrophotometer (UV-1800 Shimadzu spectro-
photometer) at 760 nm wavelength. Values are expressed as gallic
acid equivalents.

2.6. Serum parameters

Blood was collected in serum prepared tubes, then centrifuged
(2150 g/8 min). Total cholesterol, glucose and triglycerides were
determined using commercial enzymatic kits (Labtest ®, Minas
Gerais, Brazil).

2.7. ¢ glucose incorporation into 'C0;

The '¥C glucose incorporation into '#CO, was performed
following a validated method.!” In brief, tissue samples were sliced
and incubated at 37 °C for 60 min in flasks sealed with rubber caps
containing KRB (Bicarbonate Krebs—Ringer buffer, pH 7.4), 0.1 uCi
[U-4C] glucose (55 mCi/mmol, Amersham, Little Chalfont, UK),
and glucose 5 mM. The gaseous phase was exchanged with a 5% CO,
and 95% O, mixture. Small glass wells containing strips of 3 MM-
Whatman paper were placed above the level of the incubation
medium (**CO; wells). The assay was stopped by injecting 0.25 mL
of trichloroacetic acid solution 50% (v/v) through the rubber caps,
and 0.25 mL of NaOH (2.0 M) solution into the #CO, wells. The
flasks were maintained for 12 h at room temperature in order to
capture %CO; in the 3 MM-Whatman paper. The paper contents
were transferred to vials containing a liquid scintillation mixture
(toluene — Triton X®-100 (2:1, v/v); 2,5-diphenyloxazole (0.4%, v/v)
and 2-p-phenylenebis 5-phenyloxazole (0.01% v/v), and radioac-
tivity was measured using a liquid scintillation counter (Tri-Carb
4910 TR liquid scintillation counter, PerkinElmer, MA, USA). Results
were expressed as nmol of C glucose incorporated into CO, per
gram of tissue per hour.

2.8. MC-glucose incorporation into lipid assay

Samples from the '“C glucose incorporation into *CO, assay
were homogenised with chloroform: methanol 2:1 (v/v), followed
by lipid extraction performed according to Folch et al. (1957).'
Next, saline solution (NaCl 0.9%) was added, and tubes were
centrifuged for 10 min at 2000g. The chloroform phase was
reserved for evaporation, and a scintillation liquid mixture was
added. The results were expressed as nmol “C glucose converted to
lipid per gram of tissue per hour.

2.9. Lipolysis assay

Sample tissues were incubated in KRB (pH 7.4) at 37 °C for
60 min under two different conditions: basal and stimulated. The
basal condition corresponded to incubation in KRB, whereas the
stimulated (Epi) corresponded to incubation in KRB plus epineph-
rine (12.5 mM). The samples were assessed through glycerol
released into the incubation medium using a UV-method com-
mercial kit (Enzytec™ Fluid Glycerol). Results were expressed as
microgram of glycerol released per gram of tissue (ug/g)."

2.10. Statistical analyses

Results were expressed as the mean and respective standard
deviation (SD). Differences among groups were tested by a T-test
for male groups (C and CT) and two-way ANOVA for female groups
(S, ST, OV and OVT) followed by Tukey post hoc test (Prism® soft-
ware, 6 edition). Values of P < 0.05 were considered significant.

Nonparametric data were tested using the Mann-Whitney test for
males and Kruskal Wallis (KW) for females, followed by Dunn’s post
hoc test. Data are expressed by the median and interquartile range
(IQR).

Lipolysis data were evaluated by two-way ANOVA of repeated
measures followed by Sidak’s post hoc test, and nonparametric data
were analysed by the Friedman test and Dunn’s post hoc.

3. Results
3.1. Aqueous extract compounds

Total polyphenols and methylxanthines (caffeine and theobro-
mine) are the major components present in Ilex paraguariensis’
extract (Lot 08/17). The extract presented with 5.244 + 0.124 g% of
total phenols (expressed as gallic acid equivalents). Caffeine and
theobromine were present at 1.077 + 0.038 and 0.197 + 0.007 g%,
respectively.

3.2. Serum and morphometric parameters

Table 1 shows serum and morphometric data. The extract was
able to reduce the triglyceride content in males, and OVT females
were determined to have lower levels, as compared to the sham
group, by the post hoc test.

Regarding the evaluated morphometric parameters, it was
observed that the uterus of ovariectomised females presented with
a considerable weight decrease. Given that uterine weight main-
tenance is higher contingent to oestrogen levels, the ovariectomy
procedure was successful (Table 1).

The weight gain in males remained unchanged after treatment.
However, the mate extract attenuated the weight gain in ovariec-
tomised females. On the other hand, the BAT, WATr and WATg tis-
sue indexes were not different in males or females after treatment.
Female groups treated with mate showed a decrease in WATv index
according to ANOVA, but no differences were found in the post hoc
test. WATg presented with the same pattern as WATv, and only S
and OVT groups showed differences in the post hoc test.

3.3. Brown adipose tissue metabolism

Fig. 1 shows BAT metabolism. The incorporation of glucose into
CO, or lipids in females did not change with treatment in BAT
(Fig. 1D and 1E). Males did not respond significantly to treatment in
regard to these parameters (Fig. 1A and 1B). No differences were
found regarding CO, production or lipogenesis.

Intrinsic lipolysis did not change in females (Fig. 1F). Further-
more, the extract was unable to change the response to epineph-
rine in BAT. Therefore, both males and females demonstrated a
response to epinephrine and the lipolysis response remained pro-
nounced (Fig. 1C and 1F).

3.4. Visceral adipose tissue metabolism

Fig. 2 shows the WATv metabolism. The incorporation of glucose
into CO, was not different in CT (Fig. 2A). However, OVT females
had a significant decrease in this parameter in WATV after 45 days.
After treatment with mate extract, these levels returned to the
values found in S and ST (Fig. 2D).

The incorporation of glucose into total lipids presented the same
response pattern to treatment. Males did not seem to respond. OVT
females showed a significant reduction in this parameter, with the
extract promoting the restoration of values found in control rats
(Fig. 2B and 2E).

No difference in basal lipolysis was observed in either control or
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Fig. 1. Brown adipose tissue metabolism in males, females, and ovariectomised females submitted to treatment with Ilex paraguariensis extract. The metabolism was observed as
CO, (A) and total lipid (B) production from labelled 'C glucose, and adrenergic responsiveness lipolysis (C) assays. Charts D, E and F present the results of the same assays in
females. Data are expressed as the mean and respective standard deviation (SD) or the median and 25/75 percentile. Different letters indicate significant differences; (*) indicates a
difference from the respective basal group in lipolysis and (#) indicates difference of basal lipolysis related to other groups. Epi: epinephrine. Values of p < 0.05 were considered
significant. n = 8—10 in each experimental group. C: male control; CT: male treatment; S: female sham; ST: female sham treatment; OV: ovariectomy; OVT: ovariectomy treatment.

risk of development of cardiovascular and metabolic diseases.
Many authors have reported that this is caused by the reduction in
circulating oestrogens, which are known to be protective factors in
several key metabolic organs, such as the liver and adipose tissue.'®
To the best of our knowledge, no other study has evaluated the
effect of yerba mate on oestrogen-deficient females. However, it is
necessary investigate if yerba mate extract may mitigate this risk
factor in postmenopausal women. In fact, a case-control study with
95 postmenopausal women revealed that consumption of mate

extract is associated with a lower occurrence of coronary heart
disease, dyslipidaemia and hypertension, confirming the potential
use of this extract for this population.??

In the case of morphometric parameters, the effect of mate on
weight gain has already been described by several authors in ani-
mal models of obesity in rats and humans.>>?> Our data demon-
strate that treatment did not modify weight gain and adiposity in
control males. However, in ovariectomised females, we found
original data suggesting a new potential use for the extract: the
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difference from the respective basal group in lipolysis and (#) indicates difference of basal lipolysis related to other groups. Epi: epinephrine. Values of p < 0.05 were considered
significant. n = 8—10 in each experimental group. C: male control; CT: male treatment; S: female sham; ST: female sham treatment; OV: ovariectomy; OVT: ovariectomy treatment.

attenuation of weight gain in oestrogen-deficient female rats. These
data should be considered further for investigation of the effect of
I. paraguariensis on postmenopausal women, who frequently pre-
sent with changes in adiposity pattern (similar to an androgen
pattern) and increased weight gain.

The effect of Ilex paraguariensis on morphometric parameters
has already been evaluated in humans and the results seem to
agree with those observed in the ovariectomised female rats in the
present study. Volunteers, men and women, received a standard

dose of extract (1 g/day) for 12 weeks. After treatment, there was a
significant change in body mass index (BMI), body fat mass and the
percentage of body fat. Also, in the same study, the waist-hip ratio
decreased in the extract group in relation to the placebo group,
without showing adverse effects.® Another study, also in humans of
both sexes but with higher doses of extract (50 and 100g/day) and
in dyspilidaemic volunteers, showed the opposite effect, with
decreased levels of triglycerides, but the maintenance of morpho-
metric parameters.”* This indicates that the investigation of the
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Fig. 3. Retroperitoneal adipose tissue metabolism in males, females, and ovariectomised females submitted to treatment with Ilex paraguariensis extract. The metabolism was
observed as CO, (A) and total lipid (B) production from labelled '“C glucose, and adrenergic responsiveness lipolysis (C) assays. Charts D, E and F present the results of the same
assays in females. Data are expressed as the mean and respective standard deviation (SD) or the median and 25/75 percentile. Different letters indicate significant differences; (*)
indicates a difference from the respective basal group in lipolysis and (#) indicates difference of basal lipolysis related to other groups. Epi: epinephrine. Values of p < 0.05 were
considered significant. n = 8—10 in each experimental group. C: male control; CT: male treatment; S: female sham; ST: female sham treatment; OV: ovariectomy; OVT: ovariectomy

treatment.

effects of I. paraguariensis in humans still needs further attention, to
determine whether the effect is present only in conditions prior to
dyslipidaemia or is maintained in patients with established lipid
dysfunction.

Metabolism in brown adipose tissue did not change. Moreover,
males and females demonstrated a response to epinephrine and
the lipolysis response remained pronounced. BAT has a peculiar
metabolism compared to WAT. Besides BAT’s increased energy

expenditure, essential for its characteristic non-shivering thermo-
genesis function,® it presents high lipogenesis from glucose
concomitantly with a high lipolytic rate, which provides a substrate
for fatty acids oxidation.?® Hence, it is highly responsive to adren-
ergic stimulation via the B3-receptor and, thus, direct innervation
of the autonomic nervous system.'” BAT tissue has a buffering
function, using the lipolysis products themselves and free fatty
acids from the bloodstream for p-oxidation, decreasing the
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Fig. 4. Gonadal adipose tissue metabolism in males, females, and ovariectomised females submitted to treatment with Ilex paraguariensis extract. The metabolism was observed as
CO, (A) and total lipid (B) production from labelled 'C glucose, and adrenergic responsiveness lipolysis (C) assays. Charts D, E and F present the results of the same assays in
females. Data are expressed as the mean and respective standard deviation (SD) or the median and 25/75 percentile. Different letters indicate significant differences; (*) indicates a
difference from the respective basal group in lipolysis and (#) indicates difference of basal lipolysis related to other groups. Epi: epinephrine. Values of p < 0.05 were considered
significant. n = 8—10 in each experimental group. C: male control; CT: male treatment; S: female sham; ST: female sham treatment; OV: ovariectomy; OVT: ovariectomy treatment.

circulating levels of lipids.?” Another critical point to emphasise is
the sexual dimorphism of this particular fat depot. Females appear
to be more responsive to browning/beigeing via adrenergic and
sympathetic stimulation, in addition to having more mitochondria
and mitochondrial cristae.'’ Also, women have a higher BAT mass
and more energetic activity in this tissue.?

Our results indicate the responsiveness to epinephrine in all
groups remained present in CT, ST and OVT, showing the tissue
responsiveness to epinephrine did not change after treatment. The

preservation of epinephrine responsiveness after treatment ap-
pears to be beneficial, since the maintenance of the lipolysis/B-
oxidation ratio in this tissue is crucial for its capability in regard to
buffering lipids from the bloodstream. To the best of our knowl-
edge, the effect of this extract on BAT has never been evaluated by
other authors. Unfortunately, according to our results, there was no
increase in activity in this tissue; however, the maintenance of
responsiveness and the morphometric outcomes indicate that the
action of extract components appears to be on the metabolism of
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white adipose tissue.

In visceral adipose tissue, OVT females demonstrated a signifi-
cant change in CO; production and lipid synthesis in WATYv after 45
days. After treatment with mate extract, these parameters returned
to the values found in S and ST. The oxidation of glucose to CO, and
its incorporation into lipids depicted the energy activity and lipid
storage capacity. In obese C57BL/6] mice, VO, and glucose toler-
ance, as metabolites that indicate mitochondrial metabolism and
proteins involved in the respiratory chain, were decreased.?
Additionally, the increase in adipocyte volume itself increases
lipolysis.>® Thus, 45 days after ovariectomy (which led to female
weight gain), glucose uptake and use from key tissues, such as
muscle and adipose tissue, may have been significantly modified.>'

Animal studies have shown that mate extract is capable of
changing insulin signalling, for example, via the activation of the
AKT pathway.” Therefore, the extract could restore the glucose
metabolic profile, a fact never observed in females. These outcomes
are initial; however, they reinforce the potential use of this extract
in attenuating metabolic imbalance in postmenopausal women. In
humans, the modulation of yerba mate extract still needs to be
investigated. A study with male and female non-obese volunteers
indicated an increase in total body lipid oxidation with yerba mate
extract consumption.* Another investigation with postmenopausal
women, reported modulation of glycaemic levels after consump-
tion of yerba mate extract.>? It can hardly be said that the mecha-
nism by which Ilex paraguariensis acts on serum glucose levels is
only by WAT in an oestrogen-deficient state. However, the
impressive modulation of oxidation and lipid synthesis from
glucose in WAT contributes to a small elucidation of the broad ef-
fects of this extract, which is capable of modulating other key tis-
sues of energy metabolism.>>>>

Still, regarding WATv, in control animals, the effect of
epinephrine as a lipolysis stimulant appeared in the WATv of males,
but not females. The extract’s effect in CT led to a lack of respon-
siveness to epinephrine, while in females the response remained
the same. That is, the extract promoted a lack of response to
epinephrine in males, and OV and OVT rats showed no changes.

As expected, male WATv presented a higher responsiveness to
lipolytic stimulation when compared to females. However, the
WATv of CT males was less responsive to epinephrine, which em-
phasises that the extract can decrease the contribution of WATvV to
lipolysis. In obese individuals, the contribution of WATv is more
significant than subcutaneous WAT because it is more sensitive to
circulating catecholamines, contributing to the increase of fatty
acids in the bloodstream. This leads to a higher risk of ectopic lipid
accumulation and, consequently, the development of insulin
resistance.’® Thus, the results indicate that the extract creates a
better stock/mobilisation profile, reducing the risk of central
obesity.

In females, WATv has a lower lipolysis rate, which characterises
a protective stock pattern. Thus, the contribution of this depot to
circulating lipids remains lower.?® In this way, I. paraguariensis acts
differently in males and females, improving the metabolic profile in
males and maintaining the protective pattern in females.

In retroperitoneal adipose tissue metabolism, the incorporation
of glucose into CO, and lipids in males did not change after treat-
ment. However, these parameters significantly decreased in the
WATr of females 45 days following ovariectomy. Again, after
treatment with mate extract, these levels returned CO, production
to values found in control rats and increased lipid synthesis.

Glucose uptake is significantly altered in WATr and WATV in
female rats 45 days after ovariectomy in key tissues, such as the
muscle and adipose tissue,>! potentially leading to the develop-
ment of progressive insulin resistance. Likewise, in our study, the
treatment was able to alter the oxidation and lipogenesis

beneficially, indicating an improvement in glucose metabolism.

In WATT, no difference in basal lipolysis was observed in control
or treated males and females. In the presence of epinephrine, this
response remained the same in all treated groups. As already
pointed out, male WAT presents higher responsiveness to lipolytic
stimulation in comparison to females. However, WATr of males and
females showed no responsiveness to epinephrine. The lower
contribution of this depot to circulating lipids characterises a stock
pattern,”® and this beneficial phenotype was maintained after
treatment. Additional studies should be conducted to verify the
extrapolating sexual dimorphism from rodents to humans, since
they present differences.'>>

Again, the results indicate that the extract interferes with the
metabolism of white adipose tissue only through the synthesis
pathways in OVT females, increasing lipid stock in adipose tissue.
Cell studies show a decrease in adipocyte differentiation, lipid
accumulation and inflammation. Studies with rodents have
revealed that mate extract modulates adipogenic, antioxidant, in-
flammatory and insulin signalling.>* Taken together, the outcomes
reported here agree with the overall result of an improvement in
WAT energy metabolism, and specifically reveal that the use of
glucose by this tissue is significantly altered in relation to oxidation
and lipogenesis from glucose.

The gonadal adipose tissue metabolism presents a high
response plasticity to different treatments; however, it should be
noted that this depot is quite important in rodents, but this is not
necessarily true in humans.'?

Increased lipid synthesis in the WATg of ovariectomised females
initially indicated a beneficial response to treatment related to
increased buffering of glucose to stock, but extrapolation to
humans is not straightforward, considering its higher metabolic
importance to rodents in comparison to humans.

We believe, the potential use of Ilex paraguariensis has never
been explored in an animal model of ovariectomy. Even with
indicating the energy imbalance benefits in postmenopausal
women,>” this issue needs further investigation. Nonetheless, the
outcomes shown here, specifically the use of glucose substrate and
lipolysis, are original, contributing to the elucidation of metabolic
pathways in which this extract can beneficially modulate the adi-
pose tissue of oestrogen-deficient females.

Regarding the mechanisms potentially involved in the outcomes
presented here, it is necessary to emphasise that Ilex paraguariensis
acts directly on adipose tissue and indirectly on key tissues in en-
ergy metabolism, such as the liver and skeletal muscle. Considering
its direct action on white adipose tissue, animal model studies with
high fat diet-induced obesity showed an increase in the expression
of peroxisome proliferator-activated gamma receptor (PPARy) and
HMG-CoA reductase genes and an increase in phosphorylated
AMPK in gonadal WAT>> Another study, in the same model,
showed that mate extract modulated several obesity-related genes
in WAT and decreased TNF-o, IL-6 and leptin, in addition to
restoring PPARy and adiponectin expression. This same study
evaluated BAT, which showed an increase in PGC-1a. and UCP-1
after treatment.>®

Other key tissues in energy metabolism may also contribute to
improving WAT metabolism. Ilex paraguariensis extract was shown
to attenuate hepatic metabolic imbalance in obese rats, decreasing
the IKK/phosphorylated AKT ratio and NF-«B levels.>? Also in obese
mice, it led to an improved response to insulin administration and
restoration of hepatic and muscular insulin substrate receptors. The
authors also reported a decrease in TNFa, IL-6 and iNOS, but
emphasised that they could not confirm whether these levels were
the cause or effect of the observed weight loss.>’

It is not possible to confidently state which of the bioactive
fractions of the extract is responsible for the effects observed here.
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However, some studies have already evaluated the isolated action
of these compounds. Polyphenols have already been shown to
promote modulation of carbohydrate metabolism through their
action on microbiota and absorption of secondary phenolic me-
tabolites, but also largely via the inhibition of carbohydrate ab-
sorption by the gastrointestinal tract. Thus, this fraction may
explain the attenuation of imbalances in glucose homeostasis, as
well as in the prevention of these same events in healthy
individuals.*

Studies have been also paid attention to the stimulatory prop-
erties of methylxanthines, one of bioactive fractions of the Ilex
paraguariensis extract.>”4 The specific effect of yerba mate’s
methylxanthine-rich fraction was also evaluated, and it was
demonstrated to improve the lipid profile, reduce lipogenesis and
increase lipolysis in adipose tissue, in addition to reducing
abdominal adiposity in Wistar rats submitted to a high-fat diet.*!

Another group of compounds present in Ilex paraguariensis
extract is the saponins, also known as matesaponins.*>*> These
molecules have been demonstrated to have anti-inflammatory and
hypocholesterolaemic effects, in addition to improving the poten-
tial for glycaemic control.***> However, further studies, with a
focus on health applications, are needed to elucidate the action of
matesaponins. One of the few studies focusing on matesaponins
described that the saponin-rich fraction derived from yerba mate
has important properties in regard to lipid metabolism, and is
capable of increasing the faecal excretion of fat, even though there
was an increase in lipogenesis in adipose tissue in rats.*!

In fact, more studies are needed to elucidate the anti-obesity
pathways through which Ilex paraguariensis may be acting. Still,
the evaluation of these effects must be interpreted with caution,
since although a particular bioactive compound can lead to such
outcomes, the effects can also result from the combined effect of
phenols, xanthines and saponins together.

The consumption of Ilex paraguariensis is widespread in South
American countries, and the extract is already popularly known for
its stimulating and anti-obesity effects.*® In this regard, studies on
humans have been previously performed and have shown possible
beneficial effects.>*”*® However, the mechanisms and dose
required for such effects to emerge have yet to be explored. Its use
is feasible in obesity prevention during the menopausal period, or
as a therapeutic adjunct in previously obese women. However, the
specific contribution it makes towards reducing energy imbalance
requires further investigation, either as a potential agent alone or
combined with low doses of antidiabetic drugs.

5. Conclusions

In this study, we evaluated the potential of Ilex paraguariensis
extract as a preventive/therapeutic agent for energy imbalance.
This effect was confirmed and rats treated with the extract pre-
sented with a beneficial response; mate was observed to promote a
stock phenotype in both males and females, and modulated lipo-
genic pathways in females and lipolytic pathways in males.
Considering the current alarming rise of lipid metabolism un-
balances worldwide, and their health implications, we have
contributed with original results, showing the beneficial effects of
the mate extract in females after ovariectomy. In this regard, this
extract shows excellent potential to be used, not only for men, but
also for women, and in particular postmenopausal women, as a
beneficial modulator of WAT metabolism.
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