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HIGHLIGHTS
¢ llex paraguariensis infusion reaches elevated iron chelating potential.

e Storage for 24h decreases phenolic acids without affecting iron chelating activity.

e This infusion may be exploited as a natural iron chelating agent.

Abstract: This study presents an llex paraguariensis leaf infusion with important potential as natural iron-
chelating. The impact of infusion time and the water volume to obtain an llex paraguariensis leaf infusion with
high phenolic content and iron chelating activity, such as the stability of these proprieties in the storage time
and temperature (immediately and after 24 h at 8 and 25 °C) were assessed. The acute consumption effect
of this infusion to reduce iron absorption in vivo was also evaluated. A preliminary crossover trial with
volunteers that ingested a meal containing non-haem iron (11.4 mg) with the treatments: llex paraguariensis
leaf infusion with the highest phenolic content and iron chelating activity (200 mL) or control (200 mL water).
Blood samples were withdrawn before and 1, 2, 3 and 4 h after the meal for serum iron measurement. The
highest phenolic content (18.1 mg/mL) and iron chelating activity (=100%) were observed for 10 min infusion
time using 30 g leaves/300 mL water. Storage at 8 or 25 °C for 24 h decreased total phenolics and di-
caffeoylquinic acids by 23.5% and 25.5%, respectively (p< 0.05), without affecting the iron-chelating activity
due to a saturating chelating effect at 3.34 mg/mL phenolic content. Inhibition of the iron absorption in vivo
by infusion was 78% considering the iron recovery at peak maximum. The in vitro and preliminary in vivo
results showed a functional property of the llex paraguariensis leaf infusion that may be useful for adjuvant
management of iron overload diseases.

Keywords: llex paraguariensis leaf infusion; iron chelating activity; phenolic compounds; in vitro and in vivo
studies.
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INTRODUCTION

South Americans have had the habit of drinking llex paraguariensis beverages for hundreds of years,
and this habit has been increasing all over the world for the positive health effects these beverages confer
[1-3]. The antioxidant, anti-inflammatory, hypoglycemic, and hypocholesterolemic properties of Illex
paraguariensis have been reported in human studies [1-9]. However, the iron chelating activity of llex
paraguariensis has been less studied [10] and free iron may play a role in the genesis and development of
several diseases [11,12]. In this context, phenolic-rich plants with iron chelating activity have been studied
as chemopreventive agents against neurodegenerative and heart diseases and for hereditary disorders of
iron overload [11-13].

The healthy properties of llex paraguariensis infusions have been mainly attributed to the phenolic
compounds of the chlorogenic acids family extracted, particularly, from the leaves [1,2], which possess a
higher solubility for phenolic compounds extraction in water [14].

The effect of infusion preparation on the extraction of phenolic compounds has been reported for
products made with traditional llex paraguariensis leaves and stems and that were dried using high
temperatures [15,16]. Taking into account that high temperatures may lead to increased levels of the toxically
polycyclic aromatic hydrocarbons (PHAS), in the present study we used llex paraguariensis leaves that were
dried at low temperature to avoid PHAs [17]. Although the stability of phenolic compounds in llex
paraguariensis leaves and leaf powder has been reported [18,19], the referred stability for llex paraguariensis
infusions was not found in the literature. In addition, there is a lack of information about the in vitro iron
chelating activity of llex paraguariensis infusion regarding the preparation method and the stabilities if
phenolics and iron chelating after storage at different temperatures, and mainly the potential iron chelating
effect in humans. It has been reported that formation of a polyphenol iron complex in the human intestinal
tract by some plants/foods, may limit iron absorption and this complexation could be a useful adjuvant in the
management of iron overload conditions [20-22].

If on the one hand studies and the control of micronutrients deficiency in the population are essential
[23], there is also a need to investigate alternatives to conditions in which the excessive iron in the organism
could be a crucial health problem [12,20,22].

Boado and coauthors [24] dissolved 40 mg of iron in a traditional South American beverage with leaves
and stems of llex paraguariensis (“mate”), and it was ingested by women. The study showed that the
complexation of the iron could had been in the beverage "mate", before the intake. In the present study, the
aim is to investigate the potential of an llex paraguariensis leaf infusion to inhibit iron absorption in humans,
based on the serum iron response after ingestion of a meal containing high amount of bioavailable iron.

Considering the interest in an infusion rich in phenolic compounds and with an elevated iron chelating
activity, this study presents a preparation method (proportion of llex paraguariensis leaves and water, and
time infusion) to obtain the highest values of these properties. The stabilities of phenolic compounds and the
iron-chelating activity were assessed. A preliminary study of the inhibition of dietary iron absorption by llex
paraguariensis in healthy subjects was also evaluated.

MATERIAL AND METHODS

Plant Material

The llex paraguariensis leaves were randomly chosen from thirty mate trees, with certificated organic
farming and that had more than 20 years old in Catanduvas, State of Santa Catarina, Southern Brazil (27°S,
51°40'W, altitude 925 m). The sample was identified and a voucher specimen (accession number:
FLOR65601) was deposited at the herbarium of the Botanical Department of the Federal University of Santa
Catarina, Brazil.

The llex paraguariensis leaves with no stems were dried at 50 °C, without using high temperatures to
avoid generating PAHs [17], ground and packed in airtight plastic bags by Matebras (Brazilian Mate Industry®
Ltd., Catanduvas, SC, Brazil). Samples stored at -18 + 2 °C until required.

Preparation of infusions with llex paraguariensis leaves

llex paraguariensis infusions were prepared at different infusion time (2.5, 5.0, and 10.0 min) and with
different water volumes (50, 100, and 300 mL), respecting the same proportion of leaves/water, i.e., 100
mg/mL: 5 g/50 mL; 10 g/100 mL; and 30 g/300 mL. All infusions were prepared in Becker glasses with equal
capacity, in triplicate, with ultrapure water at 80 = 1 °C and filtered using vacuum filtration. After 10 min
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infusion, final temperature was also measured. Soluble solids, total phenolic compounds (TPC), and the iron
chelating activity were immediately measured.

For time and temperature stability assays, the infusion with the highest extraction of TPC and iron
chelating activity was used. The measurement of TPC, chlorogenic acids (CGAs), and iron chelating activity
were performed immediately after preparation (time zero) and after 24 h storage at 8 or 25 °C. All the reagents
used in the assay procedures were of analytical or chromatographic grade. All tests were performed in
triplicate.

Determination of soluble solids

Soluble solids were determined by transferring 1.0 mL llex paraguariensis infusion into a tared test tube
and evaporating to dryness. The residue was finally dried in an oven at 103 °C up to constant weight [25].

Iron-chelating activity

The ferrous ion-chelating ability of llex paraguariensis infusions was determined by measuring the
formation of the Fe?*-ferrozine complex according to the method proposed by Dinis, Madeira, and Almeida
[26]. Briefly, 15 yL of 2 mM FeSO. was added to 20 pL of the llex paraguariensis infusion and the reaction
was initiated by the addition of 15 uL ferrozine solution (5 mM). The mixture was left to stand at room
temperature for 5 min. The absorbance of the solution was there after measured at 562 nm (Microplate reader
Epoch Biotek Instruments, Inc. Winooski, VT, USA). The percentage of inhibition of the ferrozine—Fe?*
complex formation was calculated as [(AO-As)/As] *100, where AO is the control absorbance and As is the
infusion absorbance. The control contained all reagents except the llex paraguariensis infusion. The standard
metal chelator agent used in this assay was 200 mg/mL Na;EDTA.

Total phenolic content quantification

The TPC of the llex paraguariensis infusions was determined according to the Folin—Ciocalteu procedure
[27] with a UV-Vis spectrophotometer (Shanghai spectrum instruments Co., model SP-2000UV Shanghai
Spectrum, Shanghai, China). An infusion aliquot (1 mL) was diluted to 50 mL of ultrapure water. An external
calibration curve with chlorogenic acid (Sigma-Aldrich, St. Louis, MO) at concentrations between 7.8 and 500
ug/mL was used (r2 = 0.99). TPC was expressed in mg of chlorogenic acid equivalents (CAE) per mL of
infusion.

Identification and quantification of phenolic compounds

The chromatographic analysis was performed in a Shimadzu LC-10 high-performance liquid
chromatography (HPLC) system, equipped with a reverse-phase column (Shim-pack Cis, 4.6 mm @ x 250
mm), guard column (Phenomenex Cig 4 mm & x 2 mm, 5 um) and an UV-Vis detector (Shimadzu SPD 10A,
Shimadzu, Kyoto, Japan) set at 325 nm.

llex paraguariensis infusion was centrifuged (1.000 x g, 10 min, 25 °C), filtered in 0.45 ym membranes
(Merck Millipore, USA) and 20 pL were injected into the column. The chromatographic conditions for the
gradient were described by Farah, De Paulis, Trugo, and Martins [28], and modified by Alves, 2016 [29] as
follows: Eluent A: 80% 10 mM citric acid solution, pH 2.5, adjusted with 6 N hydrochloric acid, and 20%
methanol. Eluent B: methanol. Gradient: Eluent A, 100% to 80% during 15 min; 80% during 10 min additional
and; 80% to 100% for 5 min. The flow rate was 1 mL/min and run time 30 min.

The identification of phenolic acids was carried out by comparing the retention time and absorption
spectra of llex paraguariensis infusion peaks with standard compounds. The quantification of the CGAs was
based on calibration curves (r>= 0.99) of each identified compound in the infusion. The standard compounds
3-caffeoylquinic acid (3-CQA) (= 98%), 4-caffeoylquinic acid (4-CQA) (= 98%), 5-caffeoylquinic acid (5-CQA)
(= 98%), 3,5-di-caffeoylquinic acid (3,5-di-CQA) (= 95%), and 4,5-di-caffeoylquinic acid (4,5-di-CQA) (= 85%)
were purchased from Sigma-Aldrich (St. Louis, MO). Mean and standard deviation (n = 3) were calculated.

An in silico analysis carried out using the software Prediction of Activity Spectra for Substances
(PassOnline) (http://mww.pharmaexpert.ru/passonline) [30] was used to assess whether the 3-, 4-, 5-, 3,5-,
or 4,5-caffeoylquinic acids could be candidates to complex with iron.
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Subjects and study design

The iron absorption was measured based on the serum iron response after ingestion of a meal containing
a high amount of bioavailable iron (11.4 mg, as described below). This preliminary controlled, randomized,
and crossover trial was carried out with three healthy subjects (two male, aged 26 and 38 y-old; and one
female, 26 y-old). The inclusion criteria were adults with no clinical diseases, including the presence of acute
or chronic infection, iron overload disease or anemia, no history of gastrointestinal illness, body mass index
(BMI) < 30 kg/m?, non-alcoholic, no use of medicines or dietary supplements, and with haematological and
serum biochemical routine laboratory results within the normal ranges, including haemoglobin, serum iron
and ferritin, C-reactive protein, and liver enzymes. Women in their menstrual phase of the cycle were
excluded from this study. Written informed consent was obtained for all persons prior their inclusion in the
study, according to the Declaration of Helsinki and the study was approved by the Federal University of Santa
Catarina Ethics Committee (CAAE: 64252017.2.0000.0121).

All subjects were instructed to maintain their habitual diet and physical activity and not to intake alcoholic
beverages, beverages with llex paraguariensis, teas and coffee 24 h before each study day. Compliance for
dietary instructions was carried out through a 24 h dietary recall. The subjects were requested not to practice
any physical activity in the morning of the study.

In a cross-over design, after a fasting overnight, the subjects randomly ingested a meal containing 11.4
mg non-haem iron and either 200 mL water (control) or llex paraguariensis leaf infusion (30 g leaves/300 mL
water, containing 18.1 mg/mL TPC). A washout period of one week was used between each control and llex
paraguariensis infusion. Sample blood was obtained immediately before and at 1, 2, 3 and 4h after the
ingestion of the meal and beverages.

Test meal

The test meal consisted of a mashed potato (300 g) containing 391 kcal energy; calcium 9.08 mg and
11.4 mg of non-haem iron (1.4 mg endogenous iron plus 10 mg as FeSOg4). The total iron content was
determined in triplicate according to method 944.02a [31]. The llex paraguariensis infusion was prepared and
immediately served to subjects. For the study, only glass and disposable plastic utensils were used.

Biochemical and hematological analysis

Blood samples were drawn by vein puncture with vacuum system (Vacutainer, BD, Sao Paulo, SP,
Brazil) into tubes with or without ethylene-diamine-tetra-acetic acid (EDTA), for the baseline analysis. For the
serum iron measurement, blood was collected in tubes containing clot activator without EDTA. Serum and
plasma were obtained by centrifugation (1000 x g, 10 min, at 4°C) and the samples were analyzed in
automated equipment (Dimension RXL Max Siemens Healthcare Diagnostics Inc. Deerfield, IL, USA, and
Sysmex XE-2100D Kobe, Japan). For the iron absorption analysis, the parameters derived from the serum
iron curves, area under the serum curve (AUC) calculated using the trapezoidal method, the maximum
increase in serum iron concentration (A iron max), and the percentage iron recovery at maximum peak, were
used. The AUCo.4n was calculated in GraphPad Prism v. 6.01 (GraphPad, La Jolla, CA, USA).

Statistical analysis

Data are expressed as mean * standard deviation or as mean + standard error of mean. The one-way
analysis of variance (ANOVA) or the repeated measure-ANOVA and Tukey post-hoc test were used for
differences detection. Association between TPC and iron chelating activity was evaluated using simple linear
regression analysis. All statistical analyses were performed at the significance level of p< 0.05 using SPSS
17.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

Infusion time and its effect on the extraction of total soluble solids, TPC, and iron chelating activity
of llex paraguariensis leaves

Our results revealed a significant improvement of total soluble solids (p< 0.02) and TPC (p< 0.001) at 10
min infusion time for llex paraguariensis leaves in comparison with 2.5 and 5.0 min (Table 1).
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Table 1. Infusion time and its effects on the extraction of total soluble solids, total phenolic compounds and iron
chelating activity of llex paraguariensis leaves.

Infusion time Total soluble solids Total phenolic Iron chelating
(min) (mg/mL) * (mg CAE/mL) ** (%0)***

2.5 19.53+0.94¢2 5.40+0.582 9437 +1.552
5.0 23.56 £ 0.98° 7.03+0.652 97.17 £ 2.24%
10.0 29.24+1.80°¢ 18.48 +2.52° 99.06 £1.70 b
Positive Control (200 mg/mL NazEDTA) 99.55+0.20°

Results are expressed as mean * standard deviation of three determinations in triplicate. Mean values in the same
column followed by different lower-case letters are significantly different *(p< 0.02); **(p< 0.0001); ***(p< 0.05); ANOVA
and post-hoc Tukey’s test. Ultrapure water at 80 + 1 °C (100 mL) was added to 10 g leaves of llex paraguariensis.
CAE, chlorogenic acid equivalent.

The llex paraguariensis leaf infusion prepared at 2.5 min infusion time had 94% iron-chelating capacity
and with a significantly higher iron-chelating activity at 10 min extraction (> 99%; p< 0.05) (Table
1). This result of iron-chelating close to 100% was comparable to the positive standard control Na;EDTA
(99.5%) (Table 1). Therefore, 10 min infusion time was chosen for further infusion preparations and assays.

Effect of water volume on the extraction of TPC of llex paraguariensis leaf infusions

Although all the infusions were prepared with the same proportion of leaves/water (100 mg/mL) and initial
water temperature (80 °C) during 10 min infusion, TPC was significantly higher for the water volume of 300
mL in comparison to 50 mL (p< 0.002) and 100 mL (p< 0.0001). In addition, a significantly higher final
temperature of 63.2 + 1.0 °C was observed for the 300 mL volume infusion after 10 min (p< 0.0001) (Figure
1).

30 70
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i 254 [ Temperature . B 1l
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c ) ] 1] 0
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Figure 1. The effect of water volume on the extraction of total phenolic compounds of llex paraguariensis leaf infusions.
The extractions were prepared at the same proportion w/v (100 mg/mL): 5 g/50 mL; 10 g/100 mL; and 30 g/300 mL.
The initial temperature for all infusions was 80 + 1 °C. Results are expressed as mean * standard deviation of three
determinations in triplicate. “p< 0.002 compared to 50 mL, * " p< 0.0001 compared to 50- and 100 mL volumes (ANOVA
followed by Tukey test). CAE, chlorogenic acid equivalent.

Stability of total phenolic content and the iron-chelating activity

After 24 h storage, a significant decrease in the TPC of llex paraguariensis infusion was observed,
regardless of temperature, 22.5% at 8 °C and 24.5% at 25 °C; p< 0.05 compared to control (Table 2).
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Table 2. Stability of total phenolic content and the iron-chelating activity of llex paraguariensis leaf infusion

Time (h) Total Phenolic (mg/mL) Iron chelating (%)
Zero (control) 18.11 £+ 0.27 2 99.38+1.782
After 24 h (8 °C) 14.04 £ 0.52° 99.12+1532
After 24 h (25 °C) 13.68 + 0.89° 100.00 £ 0.00 &

Results are expressed as mean + standard deviation of three determinations in triplicate. Mean values in the same
column followed by different superscript letters are significantly different (p< 0.05). (Repeated measure-ANOVA followed
by Tukey test).Ultrapure water at 80 + 1°C (300 mL) was added to 30 g of llex paraguariensis leaves.

The present data also indicated a decrease of up to 24.5% (from 18.1 to 13.7 mg/mL) of total phenols in
the llex paraguariensis leaf infusions, but that did not reflect any change in the iron chelating activity (Table
2). Figure 2a shows a saturating effect of the llex paraguariensis phenolic compounds on the iron chelating
activity starting from a certain concentration of TPC (3.34 mg/mL), and the linear regression analysis revealed
a significant association between TPC and the iron chelating activity (r’= 0.87; p< 0.01) for llex
paraguariensis infusions containing up to 3.34 mg CAE/mL TPC (Figure 2b; y=16.83x+21.68).

150
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e N
T
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¢
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0 ] 1 ] | ] 1 1 J |
0 2 4 6 8 10 12 14 16 18 20
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o y = 16.83x + 21.68
2 40- R2=0.874
- p < 0.01
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0 1 2 3 4

Total phenolics (mg CAE/mL)

Figure 2. Association (a) and linear regression (b) between total phenolic content (mg CAE/mL) and the iron chelating
activity (%) of llex paraguariensis leaf infusions. Results are expressed as mean of three determinations in triplicate.
Infusions were prepared at 2.5-100 mg/mL proportions of leaves/water. CAE, chlorogenic acid equivalent.
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Content and stability of chlorogenic acids of llex paraguariensis leaf infusions

Chlorogenic acids were identified and quantified in the llex paraguariensis infusion with the greatest TPC
(18.1 mg/mL) and iron chelating activity (99.4%) (i.e., 30 g of leaves per 300 mL of water at 10 min extraction).
The 3-caffeoylquinic acid was present in the highest content (9.99 + 0.66 mg/mL) followed by the 3,5-di-
caffeoylquinic acid (5.64 = 0.26 mg/mL) (p< 0.002). 5-Caffeoylquinic (2.17 + 0.27 mg/mL), 4-caffeoylquinic
(2.45 £ 0.3 mg/mL), and 4,5-di-caffeoylquinic acids (1.74 = 0.19 mg/mL) showed similar contents.

Results of the stability of chlorogenic acids present in the llex paraguariensis leaf infusion concerning
time and temperature are provided in Figure 3. The three mono-caffeoylquinic acids (3-CQA, 4-CQA, and 5-
CQA) were stable at 8 °C for an analysed period of 24 h. However, in comparison to time zero, at 25 °C all
mono-caffeoylquinic acids showed significant decrease by 16.0-25.2% after 24 h (p< 0.05). Furthermore,
significant reductions were also observed for 3,5-diCQA (21.9-30.6%) and 4,5-diCQA (21.6-27.9%) after 24
h at 8 or 25 °C (p < 0.01). After 24 h, there were no significant differences between 8 and 25 °C for all mono-
caffeoylquinic acids and di-caffeoylquinic acids declines.

12
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114 Bl After 24h (8 °C)
10- T [ After 24h (25 °C)
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E 7
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0
3-CQA 4-CQA 5-CQA 3,5-CQA 4,5-CQA

Figure 3. Stability of mono-caffeoylquinic acids (3-CQA, 4-CQA, and 5-CQA) and di-caffeoylquinic acids (3,5-diCQA
and 4,5-diCQA) of llex paraguariensis leaf infusion. Results are expressed as mean + standard deviation of three
determinations in triplicate. *p< 0.05 compared to time zero (RM-ANOVA and Tukey'’s test). There were no differences
between 8 °C and 25 °C. Ultrapure water at 80 + 1 °C (300 mL) was added to 30 g leaves of llex paraguariensis.

Effect of llex paraguariensis infusion on iron absorption in humans

The intake of a test meal enriched with iron promoted an expressive increase in the levels of serum iron
up to 4 h. Intake of the meal with llex paraguarienis infusion showed a substantial reduction in the dietary
iron absorption in comparison to water (control) (Figure 4). Based on the parameters derived from the serum
iron curves, the llex paraguariensis infusion inhibited the iron absorption by approx. 80%, in average (Table
3).
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Serum iron (umol/L)

_2- 1 2 3 4
Time (h)

Figure 4. Serum iron curves in healthy subjects (n = 03), after ingestion of a single meal containing 11.4 mg non-haem
iron (1.4 mg endogenous and 10 mg added as ferrous iron). Values are means + SEM. ® Water; ¢ llex paraguariensis
leaf infusion. llex paraguariensis infusion prepared at 30 g leaves/300 mL water containing 18.1 mg/mL of total phenols.

Table 3. Parameters derived from serum iron curves and used as indicators of iron absorption in healthy subjects.

Parameters Water (control) llex paraguariensis infusion® Inhibition (%)
AUCo.sn (umol. min-t.L1) 608.9 + 194.4 118.4+51.8 80.5
A iron max. (umol/L) 3.84+0.75 0.78 £ 0.24 79.7
Iron recovery (% at peak max.) 5.13+0.87 1.11 £ 0.37 78.4

Values are expressed as mean + SEM (n = 3). TPrepared with 30 g leaves/300 mL water, which contain 18.1 mg/mL of
total phenols. AUCo.4n: Area under the curve; A iron max.: Maximum increase in serum iron. Statistical tests were not
applied due to the small sample size.

DISCUSSION

Herbal infusions are typically consumed after contact time herb/hot water during 10 min or less [3,32].
Our results suggested that a better solubility of phenolic compounds of llex paraguariensis infusion depends
on a longer contact time of leaves with water, in agreement with previous data reported for toasted mate tea
[15] and for traditional beverage with llex paraguariensis (“chimarrdo” or “mate” prepared with minced
commercial leaves and stems [16].

Regarding the iron-chelating activity, the present study showed a high value (Table 1) for this plant. A
similar result was reported by Colpo and coauthors [10] in a study where the iron chelating activity of Ilex
paraguariensis aqueous extract, prepared in the same way as that of the traditional “mate” consumed in
South America, was approximately 80%. In relation to the effect of the water volume over the extraction of
the phenolic compounds during the preparation of the infusion of llex paraguariensis leaves (Figure 1), our
finding gives rise to the hypothesis that a higher volume of hot water improved TPC extraction as result of a
slower cooling during infusion time. A similar effect was described for Camellia sinensis tea [32].

Altogether, our results confirmed the higher solubility of the phenolic compounds from llex paraguariensis
in hot water [16]. However, in spite of the increased amount of phenolic content extracted at high temperature,
it should be noted that consumption of very hot (> 65 °C) beverages such as tea, coffee, and llex
paraguariensis may increase the risk of esophageal cancer [33]. Therefore, the present results showed a
method of preparing llex paraguariensis leaf infusions that can be used by consumers with the highest levels
of TPC and iron chelating activity with an immediately final safe temperature of 63.2 °C, i.e., 10 min infusion
time and water volume of 300 mL with an initial temperature of 80 °C.
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In order to verify the preservation of the properties investigated in this study, the stability of the phenolic
compounds and the iron-chelating activity were evaluated after 24 hours at room temperature and under
refrigeration. Studies in plants with abundant phenolic acids, such as coffee [34] and powdered sweet potato
dissolved in water [35] reported that oxygen was the most important factor for TPC losses, and temperature
can also play a role. According to our results, the storage time of 24 h affected TPC stability to a greater
extent than the temperature did.

The ability to chelating iron ions has been attributed to phenolic compounds such as chlorogenic acids
[36,37]. The stability of chelating activity against iron in the infusion (Table 2) can be explained by a saturating
effect of the llex paraguariensis phenolic compounds on the iron-chelating activity observed at a relatively
low amount of TPC (Figure 2a). On the other hand, the linear regression analysis showed a significant
association between TPC and the iron chelating activity for llex paraguariensis infusions containing up to
3.34 mg CAE/mL TPC (Figure 2b), indicating that most of the iron-chelating activity could be explained by
the phenolic compounds effect. Based on these results, we can explain the absence of an association
between TPC and the iron-chelating activity of llex paraguariensis extracts reported by Colpo and coauthors
[10] taking into account that the authors used extracts with higher amounts of total phenolic compounds.

As for the chlorogenic acids detected and their concentration, the results obtained are in agreement with
what is reported in the literature for llex paraguariensis. [1,14,16,38].

The present study showed the instability of the majority of phenolic acids in llex paraguariensis infusion,
e.g., the mono-caffeoylquinic and the di-caffeoylquinic acids after 24 h at 25 °C. These findings are coherent
with the results for TPC stability (Table 2), which was measured using a colorimetric assay. Takenaka and
coauthors [35] also showed that the CGAs (mono- and di-caffeoylquinic acids) content of powdered sweet
potato dissolved in water had decreased after 1 h at room temperature.

The losses found in CGAs after 24 h at 25 °C indicated that llex paraguariensis infusions were more
sensitive at room temperature and, for this reason, this infusion should be consumed as soon as possible
after preparation, or stored in a refrigerator (8 °C) to preserve part of the CGAs (Figure 3). However, for iron-
chelating purposes, e.g., iron overload diseases, and based on our in vitro results, it seems irrelevant the
temperature for consumption of llex paraguariensis infusions, whether refrigerated or at room temperature
within 24 h.

An in silico analysis carried out using the software PassOnline showed that the 3-, 4-, 5-, 3,5-, and 4,5-
caffeoylquinic acids are strong candidates to complex with iron (data not shown). In general, phenolic acids
of the chlorogenic acid family have an antioxidant effect due in part to their iron-chelating properties
[36,39,40]. Indeed, the complexation of iron with caffeoylquinic acids has been considered as an antioxidant
mechanism, since complexed iron does not have the ability to promote the generation of reactive oxygen
species (ROS), such as hydroxyl radical (‘(OH) formed in the Fenton reaction [12,36,40]. Evaluating the iron
chelation abilities, Andjelkovi¢ and coauthors [39] showed that hydroxycinnamic acids, such as the CGAs,
have higher complex formation capability than hydroxybenzoic acids (gallic and protocathechuic acids).

There are references in the literature about the iron-chelating property of mono-caffeoylquinic acids and
di-caffeoylquinic acids, involving studies conducted with UV-visible spectroscopy, electron spin resonance
(ESR) spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy. This property has been
attributed to (1) a more complex structure in comparison with other phenolic acids (such as the
hydroxybenzoic acid derivatives), which involves caffeic acid linked to quinic acid; (2) the ethylene group
present in the structures of caffeoylquinic acids, which affects favorably their capacity to be a metal chelator,
and (3) the presence of hydroxyl groups, with electron-donating abilities [36,39,40]. The quantity and position
of hydroxyl groups affect the iron-chelating activity of these phenolic acids. Dihydroxy groups linked with an
aromatic ring in the ortho position, referred to as catechol group, improve iron-chelating activity [39]. The
caffeoylquinic acids in the llex paraguariensis leaf infusion contain dihydroxy groups that have these
characteristics and are the binding site of iron in the molecules (Figure 5). Phenolic acids without any catechol
groups for hydroxycinnamic acids derivatives or without any galloyl groups for hydroxybenzoic acid
derivatives have not shown any complexation with iron [39]. Furthermore, the 4,5-caffeoylquinic acid is an
adjacent di-caffeoylquinic acid. Di-caffeoylquinic acids that contain caffeoyl moieties in adjacent position
show a more effective iron chelating activity. These acids have more ability to encircle the iron from the
chelation reaction in comparison with non-adjacent di-caffeoylquinic acids [40].
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Figure 5. Structures of two caffeoylquinic acids found in the llex paraguariensis leaf infusion and the binding site of iron
proposed, according to the literature [36,39,40].

Although transition metals besides Fe*?, e.g. Zn*?, Cu*?, and Mn*?, could be complexed by compounds
which have metal-chelating properties [41], the quantities of metal ions and phenolic compounds, and the
differences in solubility of several foods and beverage sources of minerals could affect differently the
complexation with transition metals [40,42,43]. Afsana and coauthors [42] showed an effect of ingesting
tannic acid on the decrease of iron absorption, but not on the absorption of zinc, copper, and manganese.
Borowska and coauthors [44] reported that the Aronia berries extract, as well as cyanidin 3-O-3-galactoside
and quercetin, can bind Zn*? and Cu*?, but only at pH 5.5. The lead (toxic metal) complexation by 5-CQA was
shown in vitro in aqueous solution by jointly using UV-visible absorption spectroscopy and quantum chemical
calculations [45]. Considering the biological importance of transition metals, when in suitable concentrations
in the body, it should be investigated whether llex paraguariensis, as well as their caffeoylquinic acids, has
an affinity for other transition metals.

In relation to the preliminary in vivo data, to our knowledge, no study in healthy subjects has been
published on the potential of llex paraguariensis infusion to inhibit iron absorption after ingestion of a meal.
Three healthy subjects ingested a meal enriched with non-haem iron (11.4 mg) with 200 mL water (control)
or llex paraguariensis infusion in a preliminary crossover trial. The measurement of the serum iron up to 4 h
after intake clearly showed that the llex paraguariensis infusion promoted an expressive inhibition of the
dietary iron absorption (Figure 4) by, in average, 81% AUC, 80% A iron maximum, and 78% iron recovery at
peak maximum (Table 3).

Considering the variable percentage iron recovery, our results with llex paraguariensis infusion (1.11%)
and water (5.13%; Table 3) were very similar to black tea in a study that evaluated the inhibition of non-haem
iron absorption in 10 healthy volunteers (6 M and 4 F) [46]. In that study, an iron-fortified bread consumed
with water showed 4.46% iron recovery and 0.92% for black tea.

Non-haem iron is the mainly source of iron in the diet [47]. Therefore, plant food or infusions with a
potential to reduce iron absorption at 50% or more in humans have been considered a potent iron absorption
inhibitor [46], which might be interesting for iron overload treatment.
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Caffeoylquinic acids are bioactive compounds widely present in plants, which have also shown to be
sources of minerals, including transition metals, such as iron [14,48]. Considering that an adult under normal
condition needs to absorb only 10% of the usual dietary iron (10-20 mg/day), in which 2/3 are obtained from
plants, caffeoylquinic acids in plant food or beverages could favorably contribute to iron absorption
modulation, without affecting iron homeostasis, given that human body does not have an efficient mechanism
to excrete iron [49,50]. In the present study, the extraction of compounds from llex paraguariensis was
optimized to enhance the iron-chelating activity of this plant.

It has been highlighted the iron-chelating proprieties of Camellia sinensis infusions (black tea and green
tea), and the importance to investigate natural iron-chelating for chronic iron overload diseases [20,51]. In
this context, we introduced the llex paraguariensis leaf infusion as a new and potential iron-chelating
adjuvant.

CONCLUSION

The studied llex paraguariensis infusion, rich in phenolic compounds, promoted a complexation with iron
in vitro, with probable involvement of caffeoylquinic acids, and it is suggested that a similar effect may occur
in vivo, decreasing the iron absorption in healthy individuals. Therefore, our results showed an innovative
research area for the llex paraguariensis infusion as a natural iron-chelating agent. Furthermore, we showed
that the commonly used infusion time and water volume affected the extraction of phenolic compounds and
the iron-chelating activity of llex paraguariensis infusion, which has a saturating effect at low total phenol
content. Consequently, the llex paraguariensis infusion was highly stable at room temperature for the iron-
chelating activity. Based on these results, it is suggested that short-term and/or long-term studies should be
carried out to investigate the in vivo iron chelating properties in humans with iron overload diseases.
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