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Abstract

The Ericaceae family encompasses several berries with recognized health-promoting prop-
erties; however, Macleania rupestris, a neotropical species endemic to the Andean region,
remains poorly characterized. Background/Objectives: This study aimed to identify
the chemical composition of M. rupestris ethanolic extracts and evaluate their biologi-
cal activities, including antitumoral, hemolytic, anti-inflammatory, and leishmanicidal
effects. Methods: The M. rupestris ethanolic extracts were obtained from lyophilized fruits
and analyzed by HPLC-MS/MS for phytochemical profiling. Bioactivities were assessed
in vitro using tumor and non-tumor cell lines (MTT assay), erythrocyte hemolysis assays,
RAW 264.7 macrophage inflammation models, and Leishmania mexicana promastigotes.
Results: The chemical analysis revealed anthocyanins (cyanidin-3-glucoside, malvidin-
3-glucoside, petunidin-3-glucoside, delphinidin-3-arabinoside), flavonols (quercetin and
myricetin derivatives), and coumaroyl iridoids. The extract showed modest antiprolifera-
tive activity (ICsp 10.4-22.5 mg/mL) across tumor cell lines with low therapeutic indices,
indicating limited selectivity. In contrast, hemolytic activity was negligible (<5% at all
tested concentrations), suggesting high biocompatibility. Anti-inflammatory assays indi-
cated a dose-dependent reduction in nitric oxide (NO) production, while no significant
leishmanicidal activity was detected. Conclusions: This study provides the first compre-
hensive evaluation of the previously listed M. rupestris bioactivities. While its antitumoral
effects appear limited, its strong hemocompatibility and presence of antioxidant metabolites
highlight its potential for biomedical and nutraceutical applications where biocompati-
bility is critical. Further studies are needed to optimize bioactivity and explore potential
synergistic effects.

Keywords: Macleania rupestris; anthocyanins; phytochemical profiling; hemolytic activity;
anti-tumoral activity; anti-inflammatory activity
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1. Introduction

Berries of the family Ericaceae are well recognized as reservoirs of bioactive compounds,
particularly anthocyanins, flavonoids, and iridoids, which contribute to their antioxidant,
anti-inflammatory, and potential anticancer properties [1]. Numerous studies have demon-
strated that consumption of blueberries, cranberries, and related species may reduce the
risk of chronic diseases, including cardiovascular disorders and certain cancers, largely due
to their polyphenolic content and capacity to modulate oxidative stress and cellular sig-
naling pathways [2,3]. Despite this growing body of evidence, several neotropical species
remain underexplored, limiting our understanding of their phytochemical diversity and
therapeutic potential.

Macleania rupestris (Kunth) A.C.Sm., an endemic berry of the Ecuadorian Andes,
belongs to this under-represented group. Traditionally consumed in local communi-
ties, its chemical composition and biological properties have not been systematically
characterized, although related genera within the Ericaceae have been linked to signif-
icant health-promoting effects [4—6]. Given the ecological uniqueness of the Andean
region and the selective pressures that shape secondary metabolite biosynthesis, M. ru-
pestris represents a promising candidate for bioprospecting novel phytochemicals with
pharmacological applications.

Across Ericaceae, berry extracts share a canonical phytochemical core enriched in antho-
cyanidin 3-O-glycosides (e.g., cyanidin/delphinidin/malvidin) and flavonol O-glycosides
(quercetin/myricetin), which underlie widely reported antioxidant and anti-inflammatory
effects [7]. M. rupestris, while consistent with this core, has been suggested to display
a broadened metabolite space that includes acylated iridoid-type constituents alongside
polyhydroxylated flavonoids—traits that point to lineage-specific biosynthetic features
within Ericaceae.

This study sought to characterize the chemical profiles of M. rupestris extracts and
evaluate their biological activities across multiple models. Here, we profile its chemical
composition and evaluate biocompatibility- and inflammation-related activities to position
M. rupestris within the Ericaceae landscape. Specifically, we investigated cytotoxicity in
tumor and non-tumor cell lines, hemolytic activity, anti-inflammatory properties, and
leishmanicidal potential. By integrating phytochemical identification through HPLC-
MS/MS with in vitro assays, our work provides the first comprehensive assessment of
M. rupestris as a source of bioactive compounds. The results expand the current knowledge
on Andean berries and contribute to the broader understanding of Ericaceae as valuable
reservoirs for biomedical and nutraceutical applications.

2. Results
2.1. Chemical Characterization

The chemical composition of M. rupestris was first analyzed by a High-Performance
Liquid Chromatography-Diode Array Detector (HPLC-DAD) Chromatogram (Figure 1)
and later by High-Performance Liquid Chromatography-Tandem Mass Spectrometry
(HPLC-MS/MS); the tentative identification of the parent ions is presented in Table 1 in
positive and negative ions modes. Some of the molecules are only presented in one mode
because no ion was detected in the other ionization mode.

The ID1 peak at m/z 381 was previously identified by [8] as sucrose, a disaccharide
with the adduct [M + K]*. The mass pattern includes a dominant ion at 219 m/z (with
adduct [M + K]J*) and a less intense peak at 201 m/z [M + K — H,O]*. Both ions correspond
to monosaccharides (hexoses) derived from the parent sucrose molecule. In ID2 the rupture
of 325 m/z is matched in MzCloud (82.4%) as a fragment (dimer) of raffinose. However,
raffinose has a molecular mass of 504, indicating that while the deprotonated hexose-
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pentose dimer (of raffinose) is probably a tentative annotation, the raffinose is not. The loss
of 78 uma from 403 — 325 (M + H — C;H¢O3]*) could suggest a 1-2 or 1-3 disaccharide
linkage [9]. Therefore, m/z 325 is probably some sort of disaccharide, while 403 is probably
an indication of a modification of any of the sugar units.
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Figure 1. Representative HPLC-DAD Chromatogram of M. rupestris extract. Peak numbers (1-13) in
the chromatogram correspond to the metabolite IDs (ID 1-13) tentatively identified in Table 1.

Four anthocyanins were identified, all with an adduct of type [M]*. The anthocyanins
with parent masses of 435 m/z (ID3) and 449 m/z (ID4), eluted at retention times (RT) of
4.75 and 5.98 min, respectively, and were previously identified as delphinidin-3-arabinoside
and cyanidin-3-glucoside, as reported by [10]. The fragment at 303 m/z, which is consistent
with delphinidin, was accompanied by a neutral loss of 132 Da, indicating the presence of
a pentoside moiety. The fragmentations at 287 m/z and 317 m/z confirmed the identity of
ID4 as cyanidin-3-glucoside. This identification was further validated using an internal
standard. The other two anthocyanins (ID5 and ID6), with molecular ions of 479 m/z
(RT = 5.47 min) and 493 m/z (RT = 6.40 min), were previously identified as petunidin-
3-glucoside and malvidin-3-glucoside by [11]. The 479 m/z ion showed a fragment at
317 m/z, corresponding to petunidin, with a neutral loss of 162 Da, indicating the presence
of a glucoside. For the 493 m/z ion, the main fragment at 331 m/z ([M-162]*) confirmed the
presence of malvidin-3-glucoside, reflecting a neutral loss of 162 Da [12].

The rupture of 319 m/z (ID7) is consistent with myricetin (94.9% score). The loss
of 162 uma is consistent with the hexose moiety. The MzCloud proposes the myricetin
3-o-galcotpyranoside, which is consistent with the identified pattern. However, in gen-
eral terms should be a myricetin-3-o-hexoside. The precursor ion at 71/z 519 (retention
time = 8.36 min) (ID 9) was identified in MzMine as vaccinoside, a type of coumaroyl
iridoid (score 79%). However, the molecular mass of vaccinoside is 536 Da, which differs
from the value previously reported. One potential explanation is that the detected ion is
an adduct, specifically [M + H — H,O]*, as previously reported in the study of several
Macleania species [12]. A comparable fragmentation pattern has also been documented in
the case of andromedoside. To confirm the identity of the ion, a fragmentation spectrum
was obtained in negative ionization mode, which detected a parent ion at 1/z 535, con-
sistent with the molecular mass of vaccinoside. The resulting fragmentation pattern is as
follows: 535—371 (100), 191 (95), 448 (80), 241 (60), 373 (40), 491 (20), 163 (15) (Table 1).
This is consistent with the fragmentation of several coumaroyl iridoid isomers [13,14].
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Nevertheless, the precise isomer remains unidentified in this instance. Consequently, we
have designated it as ‘a type of coumaroyl iridoid” in ID 9.

IDs 8 and 11 correspond to the masses 465 m/z and 435 m/z, respectively, both of
which exhibit a prominent peak at m/z 303. Based on its mass, the fragment at m/z 303 was
identified as the quercetin aglycone ion, the fragmentation of which was confirmed with
an internal standard. The mass 465 m/z has an MzCloud match score of 85% and has been
tentatively assigned to quercetin 3-galactoside, based on its fragmentation pattern. The
difference in mass from 435 to 303 m/z (132 Da) may correspond to the loss of a pentoside.
In this case, MzCloud proposes avicularin (score 92.9%). However, we prefer to use the
general terms quercetin hexoside and quercetin pentoside, respectively.

The mass fragmentation pattern of ID 10 at m/z 495 was identified as methoxy-
myricetin in the GNPS database, with a score of 83%. The mass difference between
495 and 333 m/z (162 Da) is attributed to the neutral loss of a hexoside. Nevertheless,
hydroxyflavans (e.g., nanupetin) and monomethoxyflavones (e.g., naricitrin) also exhibit
a molecular ion at m/z 333. However, the 179 m/z in negative ionization could suggest
a retro-diels-alder fragmentation [15] of myricetin, supporting the possible annotation of
this particular flavonoid. ID12 exhibits a molecular ion peak at 509 m/z with a fragment at
347 m/z (M — 162 + H]"), indicative of the loss of a hexoside. This pattern has previously
been identified as syringetin-3-O-hexoside in various Macleania species [12]. Furthermore,
the remaining fragment at 491 m/z corresponds to a neutral loss of 18 Da, which is consistent
with the loss of water, and the negative rupture is almost identical to the spectra shown
in the PubChem database for syringetin-3-o-glucoside. The peak characterized by the
molecular ion 288 m/z (ID13) was not identified and labeled as UI.

Table 1. Tentative metabolites identified in M. rupestris by HPLC-ESI-MS/MS in positive and negative

ionization mode.

Positive/

b Negative

mlz MS/MS Tentative Identification Reference

1 P

1.38

219 (100),
381 201 (35),
363 (15)

Disaccharide (putative) [8]

1.41

325 (100),
289 (15),

271 (5) 325289 (100),
271 (30),
307 (25),
163 (20)

MzCloud 82.4%

403 Disaccharide-like ion (putative)

4.75

435 303 (100) Delphinidin-3-arabinoside [10]

5.47

479 317 (100) Petunidin-3-glucoside [11,16]

598

287 (100),

449 317 (46)

Cyanidin 3-glucoside )

6.40

493 331 (100) Malvidin-3-glucoside [11,16]

7.31

319 (100)
319273 (100),
301 (45),
165 (35),
245 (30),
153 (30)

317 (100),
271 (10)

481

Myricetin 3-o-hexoside MzCloud 94.9%

479
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Table 1. Cont.

ID

Positive/
Negative

RT

mlz MS/MS

Tentative Identification Reference

8.29

303 (100),
319 (20),
333 (15)
303—257 (100),
285 (70),
229 (65),
165 (65),
247 (35)

465

301 (100),

463 151 (10)

Quercetin-hexoside **)

8.36

339 (100),
357 (90),
175 (50),
193 (25),
519 309 (20),
165 (10)
357147 (100),
193 (30),
165 (10)

371 (100),
191 (95),
448 (80),
535 241 (60),
373 (40),
491 (20),
163 (15)

Acylated iridoid glycoside
(vaccinoside)
(putative)

10

8.50

333 (100),

495 477 (5)

331 (100),
330 (45),
493 315 (15),
413 (8),
179 (5)

O-methyl-myricetin O-hexoside GNPS 83%

11

8.92

303 (100),
361 (6) 303—257 (100),
285 (70),
229 (65),
165 (65),
247 (35)

435

433 301 (100)

Quercetin O-pentoside MzCloud 92.9%

12

9.76

347 (100),

509 491 (5)

329 (100),
507 344 (70),
345 (60)

O-methylated flavonol O-hexoside

(syringetin-type) (putative) [12]

13

20.66

227 (100),
106 (50),
87 (20),
270 (10)

288

(molecular ion

ul not identified)

RT: retention time; m/z: mass-to-charge ratio; (**): confirmed by standards; (UI): unidentified compound.
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2.2. Hemolytic Activity

The hemolytic activity of M. rupestris extracts was assessed at various concentrations
(10, 5,2.5,1.25, and 0.625 mg/mL) and benchmarked against a positive hemolysis control
(10% Triton X-100) and a negative control (2.5% Dimethyl sulfoxide DMSO). The negative
control yielded 0% hemolysis rate (%HR), indicating the absence of activity, whereas the
positive control resulted in 100% HR, thus confirming assay sensitivity as shown in Table 2.

Table 2. Hemolytic activity of M. rupestris extract.

Extract Concentration (mg/mL) %HR (Mean + SD)
C- 0.0 £ 0.08

C+ 100 £ 0.76

10 227 +£0.21

5 223 +0.42

2.5 1.83 +0.80

1.25 1.73 £ 0.59

0.625 0.23+0.2

%HR: hemolysis rate percentage; SD: standard deviation; C: control.

2.3. Antitumoral Activity

The antitumoral activity of the berry extracts was evaluated using the MTT assay
(3-[4,5-dimethylthiazol-2-yl1]-2,5-diphenyl tetrazolium bromide) to assess cell proliferation.
Cell proliferation of various tumor cell lines was measured after 72 h of exposure to M. ru-
pestris, and dose-response curves were generated (Supplementary Figure S1). M. rupestris
extract demonstrated inhibitory activity across all tested tumor cell lines. The calculated
inhibitory concentration values (ICsp) using dose-response curves (Table 3) revealed mod-
est antiproliferative activity. M. rupestris exhibited ICsy values ranging from 10.4 to 22.5
mg/mL. Among these, cell lines derived from colorectal, hepatoma, and thyroid cancer
(HCT116, HepG2, and THJ29T, respectively) showed the greatest sensitivity to the extract,
having the lowest IC5; values. Moderate activity was observed against breast cancer
(MDA-MB-231), while cervical cancer (HeLa) was the least responsive. Statistical analy-
sis confirmed that the extract’s effect was primarily dose-dependent, with no significant
differences between cell lines after multiplicity correction (Supplementary Table S1).

Table 3. Half maximal inhibitory concentration values (ICsp) (mg/mL) against tumor and non-tumor
cell lines at 72 h and therapeutic index (TT) values. Values are expressed as mean =+ standard deviation,
n=4.

HeLa HCT116 MDAMB231 THJ29T HepG2 NIH3T3
ICsg 225+ 07 11.1+11 1324+0.5 11.7+19 104 +1.3 111 +11
TI 0.8 1.7 1.4 1.6 1.8 -

2 1Cs9 (NIH3T3)/ICsq (tumor cell).

The IC5( values for tumor cells were similar across cell lines, resulting in low therapeu-
tic index (T1I) values, particularly in HeLa cells. The TI, calculated as the ratio of ICsj values
between non-tumor and tumor cells, ranged from 0.8 to 1.8, with the highest selectivity
observed in HepG2 cells. As a result, this extract exhibits a limited therapeutic window,
which may not be sufficient to mitigate off-target toxicity.

2.4. Anti-Inflammatory Activity

To assess the effects of M. rupestris, RAW 264.7 cells were exposed for up to 24 h to
two extract concentrations (A: 1 mg/mL; B: 2 mg/mL) with or without LPS. Phase-contrast
microscopy (Figure 2A) showed early vacuolization at 4 h in extract-treated cells in both
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unstimulated and LPS-stimulated conditions; vacuolization intensified by 24 h. In DMEM
and dexamethasone (DEX) controls, cell morphology remained unchanged at 4 h and 24 h,
whereas the LPS group developed vacuolization by 24 h. Images at t = 0 h, which confirmed
that cell morphology was indistinguishable from DMEM control at time 4 h, are provided
in Supplementary Figure S2.

(A) 4h 24h 24h + LPS

DEX Control

M. rupestris A

M. rupestris B

(B)

30

NO Production [pM]
AINqeIA [RD %

Figure 2. Effects of M. rupestris extract (A, 1 mg/mL; B, 2 mg/mL) on RAW 264.7 macrophages.
(A) Morphological changes at 4 h and 24 h with or without LPS. (B) Nitric oxide production (left
y-axis, bars) and cell viability (right y-axis, line) under the same conditions. Data are expressed as
mean £ SD (n = 3). *** p < 0.001 compared with samples without LPS; ### p < 0.001 compared with
samples stimulated with LPS.
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Regarding NO production (Figure 2B), the LPS control showed the highest NO in-
duction (20.4 + 4.1 uM). Treatment with M. rupestris extract reduced NO levels in LPS-
stimulated cells in a concentration-dependent manner to 10.3 £+ 2.9 uM at 1 mg/mL and
6.2 & 2.1 pM at 2 mg/mL, corresponding to ~50% and ~70% reductions relative to LPS,
respectively. DEX + LPS yielded 13.9 & 2.5 uM (~32% reduction vs. LPS). Notably, this
decrease in NO occurred alongside stress-associated morphological changes, regardless of
LPS stimulation. In the absence of LPS, NO levels remained low (<2 uM), similar to DEX
and DMEM alone (<2.5 uM). Cell viability results (Figure 2B) showed values above 97% for
all conditions, with minor increases observed in M. rupestris-treated and LPS-stimulated
cells. Statistical analysis revealed significant differences in NO production (p < 0.001) when
comparing the LPS control (cells treated with LPS, maximal NO production) with un-
treated cells, as well as with M. rupestris extract under LPS stimulation (see Supplementary
Information for statistical details).

2.5. Leishmanicidal and Cytotoxic Activity

The compound was evaluated against Leishmania mexicana promastigotes across a
concentration range from 100 to 0.01 pg/mL (Table 4). Viability was expressed relative to
the untreated RPMI control (100%). At 100 ug/mL, the compound did not reduce viability,
which averaged 107.98% =+ 9.70, suggesting a possible increase in metabolic activity. At
10, 1, and 0.1 pg/mL, viabilities were 82.56% =+ 10.81, 81.02% = 4.98, and 84.85% =+ 8.50,
respectively. The lowest concentration, 0.01 pg/mL, yielded 80.89% =+ 5.34.

Table 4. Leishmanicidal and cytotoxic activity of M. rupestris extract.

Extract Concentration

(ug/mL) Viability (% + SD) Cell Type
Amphotericin B (inhibition control C+) 12.83 +£0.74
DMSO 2%, (vehicle control, C—) 103.38 +9.77
RPMI (untreated control, C—) 100
100 107.98 = 9.70 Leishmania mexicana promastigote
10 82.56 + 10.81
1 81.02 +4.98
0.1 84.85 + 8.50
0.01 80.89 4+ 5.34
Saponin (inhibition control, C+) 344 +£0.14
DMSO 2%, (vehicle control, C—) 93.41 4+ 5.49
DMEM (untreated control, C—) 100
11000 Zg% i ggg RAW 264.7 macrophages
1 84.82 + 5.49
0.1 87.28 £ 8.11
0.01 101.62 £+ 8.21

C+: positive control; C—: negative control; SD: standard deviation.

In contrast, amphotericin B markedly reduced viability to 12.83% =+ 0.74, confirming
the assay’s responsiveness. The vehicle control (2% DMSO) resulted in 103.38% = 9.77
viability, indicating negligible cytotoxicity from the solvent. Coefficients of variation (CV)
remained below 14% in all conditions, supporting the reproducibility of the results.

To assess potential host cell toxicity, RAW 264.7 macrophages were treated under the
same concentration conditions. At the highest concentration (100 ng/mL), viability was
75.64% =+ 5.08, while at 10, 1, and 0.1 nug/mL, values were 83.73% =+ 3.37, 84.82% =+ 5.49,
and 87.28% = 8.11, respectively. Interestingly, treatment at 0.01 pg/mL slightly increased
viability to 101.62% =+ 8.21.
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Saponin (2.4 mg/mL) drastically reduced cell viability to 3.44% =+ 0.14, confirming
its cytotoxic potential. The DMEM control preserved viability at 100%, while the DMSO
control showed 93.41% =+ 5.49, indicating minimal solvent-associated toxicity. All CV values
were under 10%, highlighting consistent experimental performance across replicates.

3. Discussion

The present study provides a comprehensive evaluation of the phytochemical compo-
sition and biological properties of M. rupestris extract. By integrating chemical profiling
with in vitro assays, we aimed to establish correlations between the extract’s phenolic
content and its functional effects.

The consistently low hemolytic activity of M. rupestris extracts across all concentrations
indicates a minimal risk of red blood cell disruption (Table 2). This finding is particularly
relevant for biomedical or cosmetic applications where contact with blood components
is anticipated, reinforcing the biocompatibility of the extract [17]. These results support
the hypothesis that M. rupestris extract, even at concentrations as high as 10 mg/mL, exert
negligible hemolytic effects, with hemolysis levels consistently below 5%, classifying the
extract as non-hemolytic. Such biocompatibility strengthens their candidacy for further
pharmacological and biotechnological development [18].

The identification of several antioxidant metabolites in the extract provides a plausible
biochemical basis for the low hemolytic activity observed. Quercetin is considered a potent
antioxidant [19], and its derivatives, known to scavenge reactive oxygen species and protect
lipid membranes from peroxidation, likely contribute to erythrocyte membrane stability.
This antioxidant-mediated mechanism aligns with previous literature highlighting the
protective role of such compounds in maintaining red blood cell integrity under oxidative
stress conditions [20]. Regarding cellular antioxidant activity (CAA) assays, Markovinovi'c
et al., 2024 examined the CAA of another member of the Ericaceae family, Arbutus unedo L.
The ROS production was assessed in 4 cell types (HepG2, CAL 27, AGS, Caco-2) treated with
the strawberry tree fruit extract (0.01-100 mg/mL) by using the 2’,7'-dichlorofluorescein-
diacetate (DCFH-DA) assay and they demonstrated the capacity of the extract to inhibit
ROS formation therefore they determined that A. unedo extract increases cellular survival
and the antioxidant effect [21].

Likewise, anthocyanins such as malvidin-3-glucoside and petunidin-3-glucoside are
known to integrate into lipid bilayers and enhance membrane robustness, potentially
preventing hemolysis. Similarly, myricetin 3-O-hexoside has demonstrated inhibitory
effects on lipid peroxidation, further substantiating its role in preventing cell lysis [22,23].

Taken together, the presence of these bioactive compounds suggests that the hemocom-
patibility of M. rupestris extract may not be merely a lack of cytotoxicity but an active process
of membrane protection. This renders the extract particularly promising for applications
involving oxidative stress, where preservation of erythrocyte function is paramount.

Research on the antitumor activity of the Macleania genus, particularly M. rupestris, is
currently limited, with no documented evidence of its use in cancer treatment [6,24]. How-
ever, other berries within the Ericaceae family have been shown to exhibit antitumor activity,
with numerous studies indicating that bioactive compounds found in edible berries from
this family may reduce cancer risk, specifically in oral, colon, and liver cancers [3,25-27].
Although the ICs( values for M. rupestris indicate some antitumoral potential, its overall ef-
ficacy appears somewhat lower than similar berries (Table 3) [28-30], with consistently low
TI across all tested tumor cell lines, likely influenced by its distinct phytochemical composi-
tion. Furthermore, the differential sensitivity observed among tumor cell lines may reflect
intrinsic cellular differences that influence responsiveness to the extract, with selectivity
arising from interactions between the bioactive compounds and tumor cell vulnerabilities
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determined by genotype, mitochondrial status, and apoptotic capacity [31-34]. Unlike
other berries with robust antitumor properties driven by high levels of specific flavonoids
and iridoids, and other phenolic compounds, these bioactive elements are present in M.
rupestris but do not appear to significantly contribute to its antitumor activity [5,35,36].
Despite exhibiting strong antioxidant activity [4], the relatively low concentrations of an-
thocyanins in M. rupestris, which include delphinidin-3-arabinoside, petunidin-3-glucoside,
cyanidin-3-glucoside, and malvidin-3-glucoside (Table 1), suggest that factors beyond
antioxidant capacity influence its antitumoral efficacy. Similarly, flavonol glycosides such
as myricetin-3-O-hexoside and methoxy-myricetin, along with quercetin glycosides like
quercetin-3-galactoside and quercetin pentosides, have shown anticancer activity [37-40].
These compounds promote apoptosis and inhibit cancer cell proliferation, with methy-
lation enhancing bioavailability and cytotoxicity, while glycosylation improves solubil-
ity and bioavailability, possibly contributing to their antitumor efficacy [41,42]. Yet, in
M. rupestris, their apparent concentrations do not appear sufficient to induce meaningful
cytotoxicity, although their presence may still support membrane protection, as seen in the
hemolysis assay.

In addition to flavonoids, phenolic compounds like p-coumaric acid are noteworthy for
their ability to induce apoptosis, inhibit cancer cell proliferation, suppress migration and in-
vasion, exhibit anti-inflammatory effects, and potentially modulate epigenetic mechanisms,
such as reactivating tumor suppressor genes or silencing oncogenes [43,44]. Coumaroyl
iridoids and organic acids such as malic and tartaric acids, which are also present, may con-
tribute modestly to the extract’s bioactivity, particularly through non-cytotoxic mechanisms
such as pH modulation, disrupting cancer cell metabolism, and potentially enhancing the
bioavailability of other active compounds in the extract [45-47]. However, their intrinsic
antitumor action is modest, which could account for the observed low overall antitumor
activity of the extract. Ultimately, the effectiveness of M. rupestris depends on factors such
as the specific concentration, modifications, and interactions of the compounds in the ex-
tract [48]. Furthermore, the relatively lower sensitivity observed in cervical carcinoma cells
may be influenced by differences in polyphenol uptake and by variations in the expression
of molecular targets involved in apoptosis and proliferation [49,50].

The weak antitumor effects of M. rupestris, combined with its low TI, highlight its
limited selectivity and potential cytotoxicity toward non-tumor cells. In contrast, its
excellent hemocompatibility and antioxidant profile suggest greater value in applications
prioritizing biocompatibility over direct anticancer action. This study represents the first
report on the antitumoral activity of the extract from M. rupestris.

Nitric oxide is a key biomarker in inflammatory pathways, participating in essential
processes such as tissue repair. Nevertheless, alterations in its normal production have been
linked to chronic inflammatory disorders and cancer development [51,52]. The rich biodi-
versity of South America offers valuable opportunities to study fruits like M. rupestris and to
evaluate their bioactivity in vitro. Identifying compounds with anti-inflammatory proper-
ties is particularly important for managing cases of physiological dysregulation [53]. RAW
264.7 cells exposed to two different concentrations of M. rupestris showed a dose-dependent
reduction in NO levels, presenting a significant decrease compared to the dexamethasone
control. Interestingly, the morphological changes followed the same dose-response trend,
with increased vacuolization occurring with or without LPS stimulation. This effect could
be attributed to quercetin derivatives, including quercetin-3-galactoside and quercetin-
pentoside, identified in the extract in this and previous studies. These bioactive compounds
have been reported to induce similar structural alterations in RAW 264.7 cells stimulated
with LPS [54], attributed to F-actin cytoskeleton alterations without compromising cell
viability. On the other hand, the vacuolization observed in LPS-stimulated RAW 264.7
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macrophages in the absence of extracts constitutes a normal cellular response to innate
immune activation, triggered by Toll-like receptor 4 (TLR4) [55]. This process involves the
formation of autophagosomes and the de novo biosynthesis of sphingolipids [56,57], and
is mechanistically linked to LPS-induced upregulation of inducible nitric oxide synthase
(iNOS) and increased nitric oxide (NO) production, which can regulate autophagic and
vesicular dynamics [58,59]. Together, these events potentiate intracellular degradation
while maintaining cell viability [60].

Additionally, myricetin derivatives (myricetin-3-O-hexoside and methoxy-myricetin)
present in M. rupestris may contribute to the observed anti-inflammatory activity, consistent
with reports that pure myricetin suppresses nuclear factor kappa B (NF-«B) and mitogen-
activated protein kinase (MAPK) signaling in RAW 264.7 macrophages and attenuates
LPS-induced inflammation in vivo [61]. Anthocyanins, particularly cyanidin-3-glucoside,
are also likely contributors, as they have been shown to decrease NO production, in-
hibit prostaglandin E2 (PGE2), reduce nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2) expression, attenuate NF-«kB activation, and increase inhibitor of kappa B alpha
(I-kBax) levels in LPS-activated RAW 264.7 cells [62]. No information is currently available
regarding the anti-inflammatory activity of M. rupestris. However, Vaccinium floribundum,
which belongs to the same Ericaceae family and grows in South America, contains similar
compounds, such as different forms of quercetin, myricetin, and cyanidin [63,64]. Neverthe-
less, studies have shown that V. floribundum does not significantly reduce NO production
after LPS stimulation [65], nor does it affect the expression of iNOS or tumor necrosis
factor & (TNF-o) after exposure to interferon gamma (IFN-y) [65]. In contrast, M. rupestris
significantly reduced NO production by approximately 50% at the lowest concentration
tested, highlighting its potential anti-inflammatory effect under the specific experimental
conditions employed in this study, although comparisons with other species should be
made with caution. Interestingly, anthocyanin- and proanthocyanidin-enriched fractions
from wild berries native to Alaska (Ericaceae family) have been reported to reduce intra-
cellular ROS in LPS-stimulated RAW 264.7 macrophages [66], which may be relevant for
further investigation in cell ROS response.

Macrophages RAW 264.7 were also used to evaluate cytotoxicity activity as a prelim-
inary step for anti-leishmania potential evaluation. The extract induced moderate RAW
264.7 cytotoxicity at 100 pg/mL (75.64% == 5.08 viability), while lower concentrations
preserved or slightly enhanced cell viability. This biphasic behavior supports a hormetic
model, in which low concentrations promote cell health while higher doses exert stress or
mild toxicity. The M. rupestris extract showed no leishmanicidal activity against Leishmania
mexicana promastigotes at concentrations ranging from 0.01 to 100 ug/mL. Interestingly, at
the highest dose, viability increased to 107.98% =+ 9.70, suggesting a potential metabolic
stimulation rather than cytotoxicity. This response may be linked to antioxidant compounds
present in the extract—such as quercetin, caffeic acid, and anthocyanins—which are known
to influence mitochondrial function and redox homeostasis [67,68]. The differential effect
between parasite and host cells may reflect differences in redox regulation or membrane
susceptibility [69].

Overall, the lack of activity in promastigotes suggests that the extract’s antiparasitic
potential may depend on host—parasite interactions not captured in axenic culture. The
selective cytotoxicity toward macrophages and the presence of bioactive phytochemicals
warrant further evaluation in intracellular amastigote models, where immunomodulatory
or redox-mediated mechanisms could play a more prominent role [70,71].
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Limitations and Future Perspectives

This study provides an initial physicochemical and biological profile of the M. rupestris
extract, underscoring its favorable safety characteristics and moderate anti-inflammatory
activity while noting limited antiproliferative selectivity. In the present study, several
molecular entities were identified as potentially associated with the observed biological
activity. However, the precise chemical nature of the active compound(s) remains un-
resolved. To address this critical gap, future experimental efforts should focus on the
fractionation of crude extracts followed by the systematic evaluation of individual purified
components [72]. This approach will enable the elucidation of specific effects—either inde-
pendent or synergistic—thereby allowing the unambiguous identification of the molecule(s)
responsible for the observed biological phenomenon [72]. Such stratification is likely to
improve potency (lower ICsp), therapeutic index (TI), and allow future escalation into
in vivo models [73].

Mechanistic work should couple targeted transcriptomics and proteomics with func-
tional assays to define pathway engagement [74,75]. Rigorous in vivo validation can be
essential to confirm efficacy, assess bioavailability, and establish longer-term safety. From
a translational standpoint, the development of nutraceutical or phytopharmaceutical for-
mulations (e.g., encapsulation to enhance stability and delivery) has impressive results,
enhancing the potential of promising compounds [76,77]. Additionally, rational combina-
tion studies with approved agents could leverage the extract’s biocompatibility for chronic
inflammatory or oxidative stress-related conditions [78,79]. Finally, coordinated work with
Andean biodiversity programs may reveal chemotypic variants with superior yields or
activity, accelerating both discovery and sustainable sourcing.

4. Materials and Methods
4.1. Plant Material and Physico-Chemical Analysis

M. rupestris (Kunth) A.C.Sm. berries (herbaria code: 4456, Herbario QUPS-
Ecuador) were previously collected from the cloud forest Montano Alto, Cuenca-Ecuador
(2°53'10.432" S, 79°5'1.291” O) (Project MAE-DNB-2019-0911-O), as reported in our previ-
ous study related to M. rupestris [4]. Briefly, the fruit was washed with plenty of water, and
the dried berries were homogenized and divided into two groups. In the first group, weight,
size, pH, soluble solids, titratable acidity, moisture, ash, and minerals of 20 berries were
quantified. Ethereal extract (AOAC 922.06), calorific value (FAO), crude fiber (ICC113), total
carbohydrate by difference (FAO), and protein (AOAC 2001.11) were also determined. The
second portion was frozen at —80 °C and lyophilized in a Christ Alpha 1-4 LDplus (GmbH,
Osterode am Harz, Germany). The dry powder was ground and stored until analysis.

4.2. Plant Extract

The extraction protocol used in this study was previously described by Barba-Ostria
et al. [2] with some modifications. Briefly, the fruit was washed, gridded, and lyophilized
to obtain powdered particles. For the ethanolic extraction, 10 g of the powdered material
was combined with 200 mL of 96% ethanol. This mixture was then placed in an oil bath
and agitated over a magnetic plate stirrer at 70 °C for 60 min.

Subsequently, the resulting solution was filtered using a solid-liquid filtration unit
connected to a vacuum pump, and the filtrate was collected in a rotary evaporation flask.
A total of 200 mL of 96% ethanol was added to the solid residue of the initial filtration
and mixed until resuspension. This solution was filtered again, and the liquid filtrate was
poured into the initial evaporation flask and mixed. The solution was evaporated in a
rotary evaporator until the ethanolic solvent was eliminated. Finally, the remaining extract
was lyophilized until complete desiccation, and the solid extract was weighted.
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4.3. HPLC-MS/MS Analysis

The dry extract described previously was suspended in methanol-water (80:20), filtered
using a 0.2 um filter (RephiLe Bioscience Ltd., Acton, MA, USA), and used for HPLC-
MS/MS analysis as previously described [80]. Briefly, the HPLC is a Vanquish (Thermo
Fisher Scientific, Waltham, MA, USA) coupled to an LTQ-XL (Thermo Fisher Scientific,
Waltham, MA, USA) and controlled by Xcalibur software (version 4.3). The stationary phase
is an Accucore Vanquish C18 column (1.5 pm, 100 x 2.1 mm; Merck KGaA, Darmstadt,
Germany) working at a constant temperature of 35 °C. The mobile phase consisted of
a solution of 0.1% formic acid (A) and acetonitrile (B). The elution gradient was set as
follows: 2% B, 04 min; 4% B, 4-22 min; 40% B, 22-32 min; 70% B, 32-40 min; 2% B,
40-45 min, and the column was re-balanced to the initial solvent conditions. The injection
volume was 10 uL, and the flow rate was set to 0.2 mL/min. The mass range in DAD is
recorded in the range from 50 to 2000 m/z. The electrospray ionization (ESI) conditions
were capillary temperature of 275 °C, source voltage of 4.5 kV, capillary voltage of 18 V,
and tube lens of 70. The sample was analyzed in positive and negative ionization modes.
The tentative identification of the parent ions in positive ion mode was based on the
fragmentation patterns. The patterns were compared with the MzCloud database (https:
/ /www.mzcloud.org/ accessed on 5 Sep 2025), and those with a match score of more
than 70% were selected. In addition, fragmentation patterns were identified by a literature
search and the GNPS database (https:/ /gnps.ucsd.edu/ accessed on 5 Sep 2025). Retention
time was also considered for the tentative identification. Additionally, some commercial
standards were also used, specifically quercetin (>95% HPLC, 551600, Sigma-Aldrich,
St. Louis, MO, USA) and cyanidin 3-glucoside (R078F0, USP Reference Standard).

4.4. Hemolytic Activity Evaluation Assay

The hemolytic activity of the M. rupestris extract was assessed following a previously
established protocol [81]. Briefly, ten milliliters of defibrinated sheep blood were subjected
to three consecutive washes with PBS 1x. Following these washes, a 1% erythrocyte sus-
pension in PBS 1x was prepared. This erythrocyte suspension was subsequently mixed in a
1:1 ratio with M. rupestris extract at the indicated concentrations, positive controls (10% Tri-
ton X-100), or negative controls (PBS 1x) in a 96-well polypropylene plate. The mixture
was incubated at 37 °C for 1 h. Post incubation, the samples were centrifuged for 5 min
at 1700x g. The supernatant was then carefully transferred to a transparent flat-bottom
96-well plate for absorbance measurement at 405 nm using a Cytation5 multi-mode plate
reader (BioTek, Winooski, VT, USA). Each experiment included three technical replicates,
and the entire procedure was repeated three times. For each sample, the hemolysis rate
(HR%) was calculated according to the formula:

ODxest — ODneg
HR(%) = ——————= x 100
( ) ODpos - ODneg
The ASTM F756-00 criteria was used to clasify the hemolysis rate (HR%) as non-
hemolytic (<5%), slightly hemolytic (5-10%), or hemolytic (>10%) [82].

4.5. Anti-Tumoral Activity Evaluation Assay

HeLa (human cervical carcinoma, ATCC No. CCL-2, RRID:CVCL_0030), HCT116
(human colorectal carcinoma, ATCC No. CCL-247, CVCL_0291), MDA-MB-231 (human
breast adenocarcinoma, ATCC No. HTB-26, CVCL_0062), HepG2 (human hepatoma, ATCC
No. HB-8065, RRID: CVCL_0027), and NIH3T3 (mouse NIH/Swiss embryo fibroblasts,
ATCC No. CRL-1658, RRID: CVCL_0594) cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). THJ29T (human thyroid carcinoma,
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Cat. No. T8254, RRID: CVCL_W922) was obtained from Applied Biological Materials Inc.
(ABM, Richmond, BC, Canada). All cell lines were cultured in Dulbecco’s Modified Eagle
Medium (DMEM/F12) (Corning, Corning in Manassas, VA, USA) supplemented with
10% fetal bovine serum (FBS) (Eurobio, Les Ulis, France) and 1% penicillin/streptomycin
(Thermo Fisher Scientific, Gibco, Miami, FL, USA). All cell lines were maintained at 37 °C
in a humidified atmosphere with 5% CO,.

To evaluate the impact of M. rupestris extract on cell proliferation, cells were seeded
in 96-well plates at a density of 1 x 10* cells/well and treated for 72 h with 100 puL of
the extract at concentrations ranging from 0.1 to 20 mg/mL (dissolved in 100% DMSO,
ensuring the final concentration did not affect cell viability), with each condition tested in
quadruplicate. After the incubation period, cell viability was assessed using the MTT assay
following standard protocols [83,84]. Briefly, 10 uL of MTT solution (5 mg/mL) was added
to each well. After allowing 1-2 h of incubation at 37 °C in a humidified environment, the
media was aspirated, and 50 pL of DMSO was added to each well to dissolve the formazan
crystals. The mixture was gently agitated for 5 min before measuring the absorbance at
570 nm using a Cytation5 multi-mode detection system (BioTek, Winooski, VT, USA). Each
data point was obtained from four replicates, expressed as mean =+ standard deviation,
and the experiment was replicated at least four times. To determine the concentration of
the compound required to inhibit 50% of cell proliferation (ICsy), dose-response curves
were generated in GraphPad Prism 10.2 software (GraphPad Software, Inc., La Jolla, CA,
USA). Additionally, the therapeutic index (TI) was calculated as the ratio between the ICsq
of non-tumor cells (NIH3T3) and the ICs of tumor cells.

4.6. Anti-Inflammatory Activity Evaluation Assay

RAW 264.7 cells (murine macrophages, ATCC No. TIB-71, RRID: CVCL 0493) were
cultured in Dulbecco’s Modified Eagle Medium with 4.5 g/L glucose and L-glutamine
(DMEM; Corning, Manassas, VA, USA) supplemented with 10% fetal bovine serum (FBS;
Eurobio, Les Ulis, France) and 1% penicillin-streptomycin (Thermo Fisher Scientific, Gibco,
Miami, FL,, USA). For maintenance, a mixture of 30% conditioned medium and 70% fresh
medium was used, as recommended by [85]. Cells were maintained at 37 °C in a hu-
midified incubator with 5% CO,. For the anti-inflammatory assay, cells were seeded at
3 x 10° cells/well in 24-well plates and allowed to adhere for 18-24 h, with two biological
replicates for each condition. After this period, the medium was replaced with FBS-free
DMEM containing the test compounds: DMEM alone as a control, dexamethasone (DEX;
Sigma-Aldrich, St. Louis, MO, USA) at 2 pug/mL as an anti-inflammatory reference, and
M. rupestris at two concentrations (A, 1 mg/mL; B, 2 mg/mL). These concentrations were
selected based on the ICsy value determined for RAW 264.7 cells (1.47 mg/mL) via the
MTT assay described in Section 4.5, with the corresponding dose-response curve provided
in Supplementary Figure S3. One concentration was chosen below and one above the ICsg
to evaluate effects within a physiologically relevant range. After 4 h, lipopolysaccharide
(LPS; InvivoGen, San Diego, CA, USA) at 1 ug/mL was added to stimulate nitric oxide
production. All stock solutions were prepared in DMEM. Cells were then incubated for
an additional 20 h. Subsequently, 50 uL of the supernatant from each treatment was trans-
ferred to a 96-well plate, along with DMEM alone and a NO standard (Promega, Madison,
WI, USA, G296A) from 0.78 uM to 100 uM. Then, 50 uL of Griess reagent (Sigma-Aldrich,
G4410) at 50 mg/mL was added to each well, resulting in a final volume of 100 pL per
well. After incubating for 10 min at room temperature in the dark, the absorbance was
measured at 540 nm using a Cytation 5 plate reader (BioTek, Winooski, VT, USA). The
DMEM alone absorbance was subtracted, and NO production was calculated based on the
standard curve. Each experiment was performed in triplicate. Cell viability was assessed
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by fixing the 24-well plates with 4% paraformaldehyde for 20 min at room temperature
before staining with 0.5% (w/v) crystal violet for 30 min at room temperature. Then, the
plates were gently washed with water to eliminate the extra dye and left to dry at room
temperature. Dried plates were scanned and quantified in a Cytation5 multimode detection
system (BioTek, Winooski, VT, USA) at 570 nm. Untreated cells were used as a 100% cell
viability control. Statistical analyses were performed using one-way ANOVA to evaluate
the effect of treatments on NO production, conducted in Python version 3.15 with the
Statsmodels library. Tukey’s HSD post hoc test was applied for multiple comparisons.

4.7. Leishmanicidal and Cytotoxic Activity Evaluation Assays

Leishmania mexicana promastigotes and RAW 264.7 murine macrophages were em-
ployed to evaluate the leishmanicidal and cytotoxic potential of the ethanolic crude extract
following a protocol previously described. Promastigotes were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
at 24 °C. RAW 264.7 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
with 10% FBS and 1% penicillin-streptomycin at 37 °C in a humidified incubator with
5% COs.

To assess compound activity, 1 x 10° promastigotes in 100 pL of RPMI were seeded
into V-bottom 96-well plates, and 6 x 103> RAW 264.7 cells in 100 pL of DMEM were
seeded into flat-bottom 96-well plates. After overnight incubation, cells were treated with
100 pL of the compound at final concentrations of 100, 10, 1, 0.1, and 0.01 ug/mL. Vehicle
control consisted of 2% DMSO. Positive controls included amphotericin B (4 mg/mL)
for parasites and saponin (2.4 mg/mL) for macrophages. Untreated wells with RPMI
(for Leishmania) and DMEM (for RAW 264.7) served as negative controls. After 72 h of
incubation under their respective conditions and protected from light, 20 uL of MTT
solution (5 mg/mL in PBS) was added to each well, resulting in a final concentration
of 0.45 mg/mL. Plates were gently agitated for 10 min, followed by incubation for 2 h
under the same conditions. Then, samples were centrifuged at 4000 rpm for 10 min to
precipitate formazan crystals. The supernatant was discarded, and 100 pL of DMSO was
added to solubilize the formazan. Absorbance was measured at 570 and 630 nm using a
microplate reader (BioTek, ELx808, Winooski, VT, USA). Each experiment was performed in
technical triplicate and independently repeated in three biological replicates. Results were
normalized against the corresponding untreated controls and expressed as a percentage
of viability.

5. Conclusions

This study provides the first comprehensive phytochemical and biological charac-
terization of M. rupestris ethanolic fruit extract. The chemical analysis revealed a diverse
profile rich in anthocyanins, flavonols, and coumaroyl iridoids, which are compounds
frequently associated with antioxidant and protective properties. In vitro assays demon-
strated that the extract exhibits modest antitumoral activity with low therapeutic selectivity,
negligible hemolytic activity, and a concentration-dependent reduction in nitric oxide
production, highlighting its anti-inflammatory potential. Conversely, the extract did not
display leishmanicidal activity under the tested conditions.

On the other hand, the results obtained regarding hemocompatibility and anti-
inflammatory effects suggest that M. rupestris possesses good potential in these areas,
which may support its potential applications in biomedical and nutraceutical contexts
where safety and biocompatibility are essential. However, its relatively weak antiprolifera-
tive activity highlights the need for further research to optimize its efficacy, possibly through
fractionation, enrichment of active metabolites, or evaluation of synergistic interactions.
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Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /molecules30214251/s1, Figure S1. Dose-response curves of M.
rupestris extract against tumor and non-tumor cell lines after 72 h incubation were generated using
the results of the MTT assay, Figure S2. Phase-contrast microscopy of RAW 264.7 at time 0 h with all
conditions used, Figure S3. Dose-response curves of M. rupestris extract against RAW 264.7 cell line
after 72 h incubation were generated using the results of the MTT assay, Table S1. Statistical Analysis
of Dose-Dependent Effects of M. rupestris Extract on Tumor and Non-Tumor Cell Viability. Table S2.
NO production and cell viability were used for statistical analysis of anti-inflammatory activity.

Author Contributions: Conceptualization, A.M.-R. and L.P.G,; data curation, AM.-R., R.G.-P,, ].A.P-
P,CB.-O, ET, D.C, PR.-S,, A.B.P-P. and L.P.G,; methodology, AM.-R.,, R.G.-P,, ].A.P-P,, C.B.-O.,
E.T, D.C, PR.-S,, A.B.P-P. and L.P.G; resources, L.P.G.; writing—original draft, AM.-R., R.G.-P,,
J.AP-P,CB.-O, ET,D.C, PR.-S,, AB.P-P. and L.P.G,; writing—review and editing, A.M.-R. and
L.P.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was carried out under the framework contract MAE-DNB-CM-2017-0080-UTE,
Project MAE-DNB-2019-0911-O. This research received no external funding.

Data Availability Statement: The original data presented in the study are openly available in FigShare
at DOI: 10.6084/m9.figshare.30107668.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

Martau, G.A.; Bernadette-Emoke, T.; Odocheanu, R.; Soporan, D.A.; Bochis, M.; Simon, E.; Vodnar, D.C. Vaccinium species
(Ericaceae): Phytochemistry and biological properties of medicinal plants. Molecules 2023, 28, 1533. [CrossRef]

Barba-Ostria, C.; Carrera-Pacheco, S.E.; Gonzalez-Pastor, R.; Zuniga-Miranda, J.; Mayorga-Ramos, A.; Tejera, E.; Guaman,
L.P. Exploring the Multifaceted Biological Activities of Anthocyanins Isolated from Two Andean Berries. Foods 2024, 13, 2625.
[CrossRef]

Esquivel-Chirino, C.; Bolafios-Carrillo, M.A.; Carmona-Ruiz, D.; Lopéz-Macay, A.; Herndndez-Séanchez, F.; Montés-Sanchez, D.;
Escuadra-Landeros, M.; Gaitdn-Cepeda, L.A.; Maldonado-Frias, S.; Yéafiez-Ocampo, B.R.; et al. The protective role of cranberries
and blueberries in oral cancer. Plants 2023, 12, 2330. [CrossRef]

Mayorga-Ramos, A.; Ztfiga-Miranda, J.; Coyago-Cruz, E.; Heredia-Moya, J.; Guamdn-Bautista, J.; Guamén, L.P. Phytochemical
Composition and Biological Properties of Macleania rupestris Fruit Extract: Insights into Its Antimicrobial and Antioxidant
Activity. Antioxidants 2025, 14, 394. [CrossRef]

Tundis, R.; Tenuta, M.C.; Loizzo, M.R.; Bonesi, M.; Finetti, F.; Trabalzini, L.; Deguin, B. Vaccinium Species (Ericaceae): From
Chemical Composition to Bio-Functional Activities. Appl. Sci. 2021, 11, 5655. [CrossRef]

Pacheco Flores de Valgaz, A.; Barcos-Arias, M.; Naranjo-Moran, J.; Pefia Tapia, D.; Moreira-Gémez, R. Ericaceous Plants: A
Review for the Bioprospecting of Ericoid Mycorrhizae from Ecuador. Diversity 2022, 14, 648. [CrossRef]

Stefanescu, B.E.; Szabo, K.; Mocan, A.; Crisan, G. Phenolic Compounds from Five Ericaceae Species Leaves and Their Related
Bioavailability and Health Benefits. Molecules 2019, 24, 2046. [CrossRef] [PubMed]

Overy, D.P; Enot, D.P; Tailliart, K.; Jenkins, H.; Parker, D.; Beckmann, M.; Draper, ]J. Explanatory signal interpretation and
metabolite identification strategies for nominal mass FIE-MS metabolite fingerprints. Nat. Protoc. 2008, 3, 471-485. [CrossRef]
[PubMed]

Wan, D.; Yang, H.; Yan, C.; Song, F; Liu, Z.; Liu, S. Differentiation of glucose-containing disaccharides isomers by fragmentation
of the deprotonated non-covalent dimers using negative electrospray ionization tandem mass spectrometry. Talanta 2013, 115,
870-875. [CrossRef]

Guevara-Teran, M.; Padilla-Arias, K.; Beltran-Novoa, A.; Gonzélez-Paramds, A.M.; Giampieri, F.,; Battino, M.; Vasquez-Castillo, W.;
Fernandez-Soto, P; Tejera, E.; Alvarez-Suarez, .M. Influence of Altitudes and Development Stages on the Chemical Composition,
Antioxidant, and Antimicrobial Capacity of the Wild Andean Blueberry (Vaccinium floribundum Kunth). Molecules 2022, 27, 7525.
[CrossRef]

Alcalde-Eon, C.; Saavedra, G.; de Pascual-Teresa, S.; Rivas-Gonzalo, ].C. Liquid chromatography-mass spectrometry identification
of anthocyanins of isla oca (Oxalis tuberosa, Mol.) tubers. . Chromatogr. A 2004, 1054, 211-215. [CrossRef] [PubMed]

Ma, C.; Dastmalchi, K.; Flores, G.; Wu, S.-B.; Pedraza-Pefalosa, P; Long, C.; Kennelly, E.J. Antioxidant and metabolite profiling
of North American and neotropical blueberries using LC-TOF-MS and multivariate analyses. J. Agric. Food Chem. 2013, 61,
3548-3559. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules30214251/s1
https://www.mdpi.com/article/10.3390/molecules30214251/s1
https://doi.org/10.3390/molecules28041533
https://doi.org/10.3390/foods13162625
https://doi.org/10.3390/plants12122330
https://doi.org/10.3390/antiox14040394
https://doi.org/10.3390/app11125655
https://doi.org/10.3390/d14080648
https://doi.org/10.3390/molecules24112046
https://www.ncbi.nlm.nih.gov/pubmed/31146359
https://doi.org/10.1038/nprot.2007.512
https://www.ncbi.nlm.nih.gov/pubmed/18323817
https://doi.org/10.1016/j.talanta.2013.06.055
https://doi.org/10.3390/molecules27217525
https://doi.org/10.1016/j.chroma.2004.08.074
https://www.ncbi.nlm.nih.gov/pubmed/15553146
https://doi.org/10.1021/jf400515g

Molecules 2025, 30, 4251 17 of 20

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Hokkanen, J.; Mattila, S.; Jaakola, L.; Pirttila, A.M.; Tolonen, A. Identification of Phenolic Compounds from Lingonberry
(Vaccinium vitis-idaea L.), Bilberry (Vaccinium myrtillus L.) and Hybrid Bilberry (Vaccinium x intermedium Ruthe L.) Leaves. ]. Agric.
Food Chem. 2009, 57, 9437-9447. [CrossRef]

Mieres-Castro, D.; Schmeda-Hirschmann, G.; Theoduloz, C.; Gémez-Alonso, S.; Pérez-Navarro, J.; Marquez, K.; Jiménez-Aspee, F.
Antioxidant activity and the isolation of polyphenols and new iridoids from Chilean Gaultheria phillyreifolia and G. poeppigii
berries. Food Chem. 2019, 291, 167-179. [CrossRef]

Geng, C.A.; Chen, H.; Chen, X.L.; Zhang, X.M.; Lei, L.G.; Chen, ].]. Rapid characterization of chemical constituents in Saniculi-
phyllum guangxiense by ultra fast liquid chromatography with diode array detection and electrospray ionization tandem mass
spectrometry. Int. J. Mass Spectrom. 2014, 361, 9-22. [CrossRef]

Ha, T.J.; Lee, M.H.; Park, C.H.; Pae, S.B.; Shim, K.B.; Ko, ].M.; Shin, S.O.; Baek, 1.Y.; Park, K.Y. Identification and Characterization
of Anthocyanins in Yard-Long Beans (Vigna unguiculata ssp. sesquipedalis L.) by High-Performance Liquid Chromatography with
Diode Array Detection and Electrospray Ionization/Mass Spectrometry (HPLC—DAD—ESI/MS) Analysis. J. Agric. Food Chem.
2010, 58, 2571-2576. [CrossRef] [PubMed]

Gawlikowski, M.; El Fray, M.; Janiczak, K.; Zawidlak-Wegrzynska, B.; Kustosz, R. In-Vitro Biocompatibility and Hemocompatibil-
ity Study of New PET Copolyesters Intended for Heart Assist Devices. Polymers 2020, 12, 2857. [CrossRef]

van Oeveren, W. Obstacles in haemocompatibility testing. Scientifica 2013, 2013, 392584. [CrossRef]

Silva, G.C.C.; Machado, M.d.A.; Sakumoto, K.; Inumaro, R.S.; Gongalves, J.E.; Mandim, F,; Vaz, J.; do Valle, ].S.; Faria, M.G.I,;
Ruiz, S.P; et al. Cellular Antioxidant, Anti-Inflammatory, and Antiproliferative Activities from the Flowers, Leaves and Fruits of
Gallesia integrifolia Spreng Harms. Molecules 2023, 28, 5406. [CrossRef]

Remigante, A.; Spinelli, S.; Basile, N.; Caruso, D.; Falliti, G.; Dossena, S.; Marino, A.; Morabito, R. Oxidation stress as a mechanism
of aging in human erythrocytes: Protective effect of quercetin. Int. J. Mol. Sci. 2022, 23, 7781. [CrossRef]

Bebek Markovinovi¢, A.; Brdar, D.; Putnik, P.,; Bosiljkov, T.; Durgo, K.; Hudek Turkovi¢, A.; Br¢i¢ Karaconji, I.; Jurica, K.; Pavli¢, B.;
Granato, D.; et al. Strawberry tree fruits (Arbutus unedo L.): Bioactive composition, cellular antioxidant activity, and 3D printing
of functional foods. Food Chem. 2024, 433, 137287. [CrossRef]

Agraharam, G.; Girigoswami, A.; Girigoswami, K. Myricetin: A multifunctional flavonol in biomedicine. Curr. Pharmacol. Rep.
2022, 8, 48-61. [CrossRef]

Quispe-Diaz, .M.; Ybariez-Julca, R.O.; Pino-Rios, R.; Quispe-Rodriguez, ].D.; Asuncién-Alvarez, D.; Mantilla-Rodriguez, E.;
Rengifo-Penadillos, R.A.; Véasquez-Corales, E.; de Albuquerque, R.D.D.G.; Gutiérrez-Alvarado, W.O.; et al. Chemical composition,
antioxidant activities, antidepressant effect, and lipid peroxidation of peruvian blueberry: Molecular docking studies on targets
involved in oxidative stress and depression. Plants 2024, 13, 1643. [CrossRef]

Luteyn, J. The plant family ericaceae (“blueberries”) in ecuador: Ecology, diversity, economic importance, and conservation.
REMCB 2021, 42, 1-32. [CrossRef]

Ashique, S.; Mukherjee, T.; Mohanty, S.; Garg, A.; Mishra, N.; Kaushik, M.; Bhowmick, M.; Chattaraj, B.; Mohanto, S.; Srivastava,
S.; et al. Blueberries in focus: Exploring the phytochemical potentials and therapeutic applications. J. Agric. Food Res. 2024,
18, 101300. [CrossRef]

Hara, S.; Morita, R.; Ogawa, T.; Segawa, R.; Takimoto, N.; Suzuki, K.; Hamadate, N.; Hayashi, S.-M.; Odachi, A.; Ogiwara, I; et al.
Tumor suppression effects of bilberry extracts and enzymatically modified isoquercitrin in early preneoplastic liver cell lesions
induced by piperonyl butoxide promotion in a two-stage rat hepatocarcinogenesis model. Exp. Toxicol. Pathol. 2014, 66, 225-234.
[CrossRef]

Afrin, S.; Giampieri, F.; Gasparrini, M.; Forbes-Hernandez, T.Y.; Varela-Lépez, A.; Quiles, ].L.; Mezzetti, B.; Battino, M. Chemo-
preventive and therapeutic effects of edible berries: A focus on colon cancer prevention and treatment. Molecules 2016, 21, 169.
[CrossRef] [PubMed]

Onali, T.; Kiviméki, A.; Mauramo, M.; Salo, T.; Korpela, R. Anticancer effects of lingonberry and bilberry on digestive tract
cancers. Antioxidants 2021, 10, 850. [CrossRef] [PubMed]

Hattiholi, A.; Tendulkar, S.; Kumbar, V.; Rao, M.; Kugaji, M.; Muddapur, U.; Bhat, K. Evaluation of Anti-cancer Activities of
Cranberries Juice Concentrate in Osteosarcoma Cell Lines (MG-63). IJPER Indian J. Pharm. Educ. Res. 2022, 56, 1141-1149.
[CrossRef]

Lamdan, H.; Garcia-Lazaro, R.S.; Lorenzo, N.; Caligiuri, L.G.; Alonso, D.E,; Farina, H.G. Anti-proliferative effects of a blueberry
extract on a panel of tumor cell lines of different origin. Exp. Oncol. 2020, 42, 101-108. [CrossRef] [PubMed]

Damodaran, B.; Nagaraja, P.; Jain, V.; Manuja Viraj Wimalasiri, M.P.; Sankolli, G.M.; Kumar, G.; Prabhu, V. Phytochemical
screening and evaluation of cytotoxic activity of Calotropis gigantea leaf extract on MCF7, HeLa, and A549 cancer cell lines.
J. Nat. Sci. Biol. Med. 2019, 10, 131. [CrossRef]

Park, S.-H.; Kim, M.; Lee, S.; Jung, W.; Kim, B. Therapeutic potential of natural products in treatment of cervical cancer: A review.
Nutrients 2021, 13, 154. [CrossRef]


https://doi.org/10.1021/jf9022542
https://doi.org/10.1016/j.foodchem.2019.04.019
https://doi.org/10.1016/j.ijms.2014.01.021
https://doi.org/10.1021/jf903883e
https://www.ncbi.nlm.nih.gov/pubmed/20121192
https://doi.org/10.3390/polym12122857
https://doi.org/10.1155/2013/392584
https://doi.org/10.3390/molecules28145406
https://doi.org/10.3390/ijms23147781
https://doi.org/10.1016/j.foodchem.2023.137287
https://doi.org/10.1007/s40495-021-00269-2
https://doi.org/10.3390/plants13121643
https://doi.org/10.26807/remcb.v42i2.911
https://doi.org/10.1016/j.jafr.2024.101300
https://doi.org/10.1016/j.etp.2014.02.002
https://doi.org/10.3390/molecules21020169
https://www.ncbi.nlm.nih.gov/pubmed/26840292
https://doi.org/10.3390/antiox10060850
https://www.ncbi.nlm.nih.gov/pubmed/34073356
https://doi.org/10.5530/ijper.56.4.195
https://doi.org/10.32471/exp-oncology.2312-8852.vol-42-no-2.14766
https://www.ncbi.nlm.nih.gov/pubmed/32602283
https://doi.org/10.4103/jnsbm.jnsbm_215_18
https://doi.org/10.3390/nu13010154

Molecules 2025, 30, 4251 18 of 20

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Peng, F; Liao, M.; Qin, R.; Zhu, S.; Peng, C.; Fu, L.; Chen, Y.; Han, B. Regulated cell death (RCD) in cancer: Key pathways and
targeted therapies. Signal Transduct. Target. Ther. 2022, 7, 286. [CrossRef]

Machuca, A.; Penalver, G.A.; Garcia, R.A.-F.,; Martinez-Lopez, A.; Castillo-Lluva, S.; Garcia-Calvo, E.; Luque-Garcia, ].L.
Advancing rhodium nanoparticle-based photodynamic cancer therapy: Quantitative proteomics and in vivo assessment reveal
mechanisms targeting tumor metabolism, progression and drug resistance. J. Mater. Chem. B Mater. Biol. Med. 2024, 12,
12073-12086. [CrossRef]

Ndongwe, T.; Witika, B.A.; Mncwangi, N.P,; Poka, M.S.; Skosana, P.P.; Demana, P.H.; Summers, B.; Siwe-Noundou, X. Iridoid
Derivatives as Anticancer Agents: An Updated Review from 1970-2022. Cancers 2023, 15, 770. [CrossRef] [PubMed]

Camero, C.M.; Germano, M.P; Rapisarda, A.; D’Angelo, V.; Amira, S.; Benchikh, E; Braca, A.; De Leo, M. Anti-angiogenic activity
of iridoids from Galium tunetanum. Rev. Bras. Farmacogn. 2018, 28, 374-377. [CrossRef]

Ha, TK; Jung, I.; Kim, M.E.; Bae, S.K,; Lee, ].S. Anti-cancer activity of myricetin against human papillary thyroid cancer cells
involves mitochondrial dysfunction-mediated apoptosis. Biomed. Pharmacother. 2017, 91, 378-384. [CrossRef]

Devi, K.P; Rajavel, T.; Habtemariam, S.; Nabavi, S.E.; Nabavi, S.M. Molecular mechanisms underlying anticancer effects of
myricetin. Life Sci. 2015, 142, 19-25. [CrossRef] [PubMed]

Pan, Y.; Zheng, YM.; Ho, W.S. Effect of quercetin glucosides from Allium extracts on HepG2, PC-3 and HT-29 cancer cell lines.
Oncol. Lett. 2018, 15, 4657-4661. [CrossRef] [PubMed]

Karadeniz, F; Oh, ].H.; Seo, Y.; Yang, J.; Lee, H.; Kong, C.-S. Quercetin 3-O-Galactoside Isolated from Limonium tetragonum
Inhibits Melanogenesis by Regulating PKA /MITF Signaling and ERK Activation. Int. . Mol. Sci. 2023, 24, 3064. [CrossRef]

El Gendy, S.N.; Elmotayam, A.K.; Samir, R.; Ezzat, M.I.; Abo-Elfadl, M.T.; El Sayed, A.M. Biotransformation of quercetin by
Bacillus subtilis and anticancer activity evaluation: In vitro and in Silico. AMB Express 2025, 15, 58. [CrossRef]

Tang, S.; Wang, B.; Liu, X,; Xi, W,; Yue, Y.; Tan, X,; Bai, ].; Huang, L. Structural insights and biological activities of flavonoids:
Implications for novel applications. Food Front. 2025, 6, 218-247. [CrossRef]

Radziejewska, I.; Supruniuk, K.; Tomczyk, M.; Izdebska, W.; Borzym-Kluczyk, M.; Bielawska, A.; Bielawski, K.; Galicka, A.
p-Coumaric acid, Kaempferol, Astragalin and Tiliroside Influence the Expression of Glycoforms in AGS Gastric Cancer Cells. Int.
J. Mol. Sci. 2022, 23, 8602. [CrossRef]

Carlos-Reyes, A Lopez-Gonziélez, ].S.; Meneses-Flores, M.; Gallardo-Rincén, D.; Ruiz-Garcia, E.; Marchat, L.A.; Astudillo-de la
Vega, H.; Herndndez de la Cruz, O.N.; Loépez-Camarillo, C. Dietary compounds as epigenetic modulating agents in cancer. Front.
Genet. 2019, 10, 79. [CrossRef] [PubMed]

Arslan, MLE. Anticarcinogenic properties of malic acid on glioblastoma cell line through necrotic cell death mechanism. MANAS
J. Eng. 2021, 9, 22-29. [CrossRef]

Burbidge, C.A.; Ford, C.M.; Melino, V.J.; Wong, D.C.J.; Jia, Y.; Jenkins, C.L.D.; Soole, K.L.; Castellarin, S.D.; Darriet, P.; Rienth, M.;
et al. Biosynthesis and cellular functions of tartaric acid in grapevines. Front. Plant Sci. 2021, 12, 643024. [CrossRef]

Li, M.; Su, J; Yang, H.; Feng, L.; Wang, M.; Xu, G.; Shao, J.; Ma, C. Grape tartaric acid: Chemistry, function, metabolism, and
regulation. Horticulturae 2023, 9, 1173. [CrossRef]

Shahbaz, M.; Naeem, H.; Momal, U.; Imran, M.; Alsagaby, S.A.; Al Abdulmonem, W.; Waqar, A.B.; El-Ghorab, A.H.; Ghoneim,
M.M.; Abdelgawad, M.A_; et al. Anticancer and apoptosis inducing potential of quercetin against a wide range of human
malignancies. Int. J. Food Prop. 2023, 26, 2590-2626. [CrossRef]

Sadeghi Ekbatan, S.; Iskandar, M.M.; Sleno, L.; Sabally, K.; Khairallah, J.; Prakash, S.; Kubow, S. Absorption and Metabolism
of Phenolics from Digests of Polyphenol-Rich Potato Extracts Using the Caco-2/HepG2 Co-Culture System. Foods 2018, 7, 8.
[CrossRef] [PubMed]

Bhosale, P.B.; Ha, S.E.; Vetrivel, P,; Kim, H.H.; Kim, S.M.; Kim, G.S. Functions of polyphenols and its anticancer properties in
biomedical research: A narrative review. Transl. Cancer Res. 2020, 9, 7619-7631. [CrossRef]

Ng, R.FL.; Zainal Abidin, N.; Shuib, A.S.; Israf Ali, D.A. Inhibition of nitric oxide production by Solanum melongena and Solanum
macrocarpon on RAW 264.7 cells. Front. Life Sci. 2015, 8, 241-248. [CrossRef]

Li, L.-C.; Pan, Z.-H.; Ning, D.-S.; Fu, Y.-X. Anti-Inflammatory Effect of Simonsinol on Lipopolysaccharide Stimulated RAW 264.7
Cells through Inactivation of NF-«B Signaling Pathway. Molecules 2020, 25, 3573. [CrossRef]

Yu, G.-J.; Choi, I.-W.; Kim, G.-Y.; Kim, B.-W.,; Park, C.; Hong, S.-H.; Moon, S.-K.; Cha, H.-J.; Chang, Y.-C.; Paek, K.Y,; et al.
Anti-inflammatory potential of saponins derived from cultured wild ginseng roots in lipopolysaccharide-stimulated RAW 264.7
macrophages. Int. J. Mol. Med. 2015, 35, 1690-1698. [CrossRef] [PubMed]

Cui, S.; Wu, Q.; Wang, J.; Li, M.; Qian, J.; Li, S. Quercetin inhibits LPS-induced macrophage migration by suppressing the
iNOS/FAK/paxillin pathway and modulating the cytoskeleton. Cell Adhes. Migr. 2019, 13, 1-12. [CrossRef]

Zhuang, ].C.; Wogan, G.N. Growth and viability of macrophages continuously stimulated to produce nitric oxide. Proc. Natl.
Acad. Sci. USA 1997, 94, 11875-11880. [CrossRef]


https://doi.org/10.1038/s41392-022-01110-y
https://doi.org/10.1039/D4TB01631A
https://doi.org/10.3390/cancers15030770
https://www.ncbi.nlm.nih.gov/pubmed/36765728
https://doi.org/10.1016/j.bjp.2018.03.010
https://doi.org/10.1016/j.biopha.2017.04.100
https://doi.org/10.1016/j.lfs.2015.10.004
https://www.ncbi.nlm.nih.gov/pubmed/26455550
https://doi.org/10.3892/ol.2018.7893
https://www.ncbi.nlm.nih.gov/pubmed/29552109
https://doi.org/10.3390/ijms24043064
https://doi.org/10.1186/s13568-025-01860-2
https://doi.org/10.1002/fft2.494
https://doi.org/10.3390/ijms23158602
https://doi.org/10.3389/fgene.2019.00079
https://www.ncbi.nlm.nih.gov/pubmed/30881375
https://doi.org/10.51354/mjen.848282
https://doi.org/10.3389/fpls.2021.643024
https://doi.org/10.3390/horticulturae9111173
https://doi.org/10.1080/10942912.2023.2252619
https://doi.org/10.3390/foods7010008
https://www.ncbi.nlm.nih.gov/pubmed/29329242
https://doi.org/10.21037/tcr-20-2359
https://doi.org/10.1080/21553769.2015.1051241
https://doi.org/10.3390/molecules25163573
https://doi.org/10.3892/ijmm.2015.2165
https://www.ncbi.nlm.nih.gov/pubmed/25847675
https://doi.org/10.1080/19336918.2018.1486142
https://doi.org/10.1073/pnas.94.22.11875

Molecules 2025, 30, 4251 19 of 20

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Jiang, S.; Wang, R.; Han, L.; Kuerban, K,; Ye, L.; Pan, S.; Li, S.; Yuan, Y. Activation of autophagy reverses gemcitabine-induced
immune inhibition of RAW 264.7 macrophages by promoting TNF-«, IL-6 and MHC-II expression. Immunol. Res. 2021, 69,
352-362. [CrossRef] [PubMed]

Sims, K.; Haynes, C.A.; Kelly, S.; Allegood, J.C.; Wang, E.; Momin, A.; Leipelt, M.; Reichart, D.; Glass, C.K.; Sullards, M.C.; et al.
Kdo2-lipid A, a TLR4-specific agonist, induces de novo sphingolipid biosynthesis in RAW 264.7 macrophages, which is essential
for induction of autophagy. J. Biol. Chem. 2010, 285, 38568-38579. [CrossRef]

Ryu, J.H.; Sung, J.; Xie, C.; Shin, M.-K_; Kim, C.-W.; Kim, N.-G.; Choi, Y.J.; Choi, B.D.; Kang, S.S.; Kang, D. Aplysia kurodai-derived
glycosaminoglycans increase the phagocytic ability of macrophages via the activation of AMP-activated protein kinase and
cytoskeletal reorganization in RAW 264.7 cells. |. Funct. Foods 2016, 27, 122-130. [CrossRef]

Cao, D.L.; Woo, M.-S.; Kim, E.-J.; Ahn, B.; Prayoga, A.H.; Kang, S.S.; Cho, K.M.; Kang, D. Anti-Inflammatory Effects of Fermented
and Aged Mountain-Cultivated Ginseng Sprouts via Suppression of MAPK-NF-«B Pathway in Lipopolysaccharide-Stimulated
RAW 264.7 Macrophages. Food Sci. Nutr. 2024, 12, 9566-9576. [CrossRef]

Xu, Y; Jagannath, C.; Liu, X.-D.; Sharafkhaneh, A.; Kolodziejska, K.E.; Eissa, N.T. Toll-like receptor 4 is a sensor for autophagy
associated with innate immunity. Immunity 2007, 27, 135-144. [CrossRef]

Hou, W,; Hu, S; Su, Z.; Wang, Q.; Meng, G.; Guo, T.; Zhang, J.; Gao, P. Myricetin attenuates LPS-induced inflammation in RAW
264.7 macrophages and mouse models. Future Med. Chem. 2018, 10, 2253-2264. [CrossRef] [PubMed]

Jung, H.; Kwak, H.-K.; Hwang, K.T. Antioxidant and antiinflammatory activities of cyanidin-3-glucoside and cyanidin-3-
rutinoside in hydrogen peroxide and lipopolysaccharide-treated RAW 264.7 cells. Food Sci. Biotechnol. 2014, 23, 2053-2062.
[CrossRef]

Vasco, C.; Riihinen, K.; Ruales, ].; Kamal-Eldin, A. Chemical composition and phenolic compound profile of mortifio (Vaccinium
floribundum Kunth). J. Agric. Food Chem. 2009, 57, 8274-8281. [CrossRef]

Cerrato, A.; Piovesana, S.; Aita, S.E.; Cavaliere, C.; Felletti, S.; Lagana, A.; Montone, C.M.; Vargas-de-la-Cruz, C.; Capriotti,
A.L. Detailed investigation of the composition and transformations of phenolic compounds in fresh and fermented Vaccinium
floribundum berry extracts by high-resolution mass spectrometry and bioinformatics. Phytochem. Anal. 2022, 33, 507-516.
[CrossRef]

Marracino, L.; Punzo, A.; Severi, P.; Nganwouo Tchoutang, R.; Vargas-De-la-Cruz, C.; Fortini, F.; Vieceli Dalla Sega, F.; Silla, A.;
Porru, E.; Simoni, P.; et al. Fermentation of Vaccinium floribundum Berries with Lactiplantibacillus plantarum Reduces Oxidative
Stress in Endothelial Cells and Modulates Macrophages Function. Nutrients 2022, 14, 1560. [CrossRef]

Esposito, D.; Overall, J.; Grace, M.H.; Komarnytsky, S.; Lila, M.A. Alaskan berry extracts promote dermal wound repair through
modulation of bioenergetics and integrin signaling. Front. Pharmacol. 2019, 10, 1058. [CrossRef]

Marin, C.; Clares, M.P,; Ramirez-Macias, I; Blasco, S.; Olmo, E; Soriano, C.; Verdejo, B.; Rosales, M.].; Gomez-Herrera, D.; Garcia-
Espaia, E.; et al. In vitro activity of scorpiand-like azamacrocycle derivatives in promastigotes and intracellular amastigotes of
Leishmania infantum and Leishmania braziliensis. Eur. |. Med. Chem. 2013, 62, 466—477. [CrossRef] [PubMed]

Cerqueira, ].V.A,; de Andrade, M.T.; Rafael, D.D.; Zhu, E; Martins, S.V.C.; Nunes-Nesi, A.; Benedito, V.; Fernie, A.R.; Zso6gon, A.
Anthocyanins and reactive oxygen species: A team of rivals regulating plant development? Plant Mol. Biol. 2023, 112, 213-223.
[CrossRef]

Patterson, S.; Wyllie, S.; Norval, S.; Stojanovski, L.; Simeons, ER.; Auer, ].L.; Osuna-Cabello, M.; Read, K.D.; Fairlamb, A.H. The
anti-tubercular drug delamanid as a potential oral treatment for visceral leishmaniasis. eLife 2016, 5, €09744. [CrossRef]
Islamuddin, M.; Chouhan, G.; Tyagi, M.; Abdin, M.Z.; Sahal, D.; Afrin, F. Leishmanicidal activities of Artemisia annua leaf
essential oil against Visceral Leishmaniasis. Front. Microbiol. 2014, 5, 626. [CrossRef]

Van Assche, T.; Deschacht, M.; da Luz, R.A.L; Maes, L.; Cos, P. Leishmania-macrophage interactions: Insights into the redox
biology. Free Radic. Biol. Med. 2011, 51, 337-351. [CrossRef] [PubMed]

Brendler, T.; Chua, L.S.; Abdullah, L.C.; Yam, M.F. Editorial: Developing medicinal plant extracts commercially: The importance
of extraction and fractionation. Front. Pharmacol. 2023, 14, 1140783. [CrossRef] [PubMed]

Coelho, G.D.P; Martins, V.S.; do Amaral, L.V.; Novaes, R.D.; Sarandy, M.M.; Gongalves, R.V. Applicability of isolates and fractions
of plant extracts in murine models in type II diabetes: A systematic review. Evid. Based Complement. Alternat. Med. 2016,
2016, 3537163. [CrossRef] [PubMed]

Chaudhary, S.; Chaudhary, P,; Patel, S. Genomics, transcriptomics, proteomics and metabolomics approaches. In Fenugreek: Biology
and Applications; Naeem, M., Aftab, T., Khan, M.M.A., Eds.; Springer: Singapore, 2021; pp. 355-373. ISBN 978-981-16-1196-4.
Hashiguchi, A.; Tian, J.; Komatsu, S. Proteomic contributions to medicinal plant research: From plant metabolism to pharmaco-
logical action. Proteomes 2017, 5, 35. [CrossRef] [PubMed]

Lalarukh; Hussain, S.M.; Ali, S.; Yilmaz, E.; Zahoor, A.F,; Javid, A.; Alshehri, M.A.; Shahzad, M.M.; Naeem, A.; Mahrukh.
Microencapsulation: An innovative technology in modern science. Polym. Adv. Technol. 2025, 36, €70066. [CrossRef]


https://doi.org/10.1007/s12026-021-09210-7
https://www.ncbi.nlm.nih.gov/pubmed/34259987
https://doi.org/10.1074/jbc.M110.170621
https://doi.org/10.1016/j.jff.2016.08.059
https://doi.org/10.1002/fsn3.4518
https://doi.org/10.1016/j.immuni.2007.05.022
https://doi.org/10.4155/fmc-2018-0172
https://www.ncbi.nlm.nih.gov/pubmed/30095283
https://doi.org/10.1007/s10068-014-0279-x
https://doi.org/10.1021/jf9013586
https://doi.org/10.1002/pca.3105
https://doi.org/10.3390/nu14081560
https://doi.org/10.3389/fphar.2019.01058
https://doi.org/10.1016/j.ejmech.2013.01.001
https://www.ncbi.nlm.nih.gov/pubmed/23395967
https://doi.org/10.1007/s11103-023-01362-4
https://doi.org/10.7554/eLife.09744
https://doi.org/10.3389/fmicb.2014.00626
https://doi.org/10.1016/j.freeradbiomed.2011.05.011
https://www.ncbi.nlm.nih.gov/pubmed/21620959
https://doi.org/10.3389/fphar.2023.1140783
https://www.ncbi.nlm.nih.gov/pubmed/36755954
https://doi.org/10.1155/2016/3537163
https://www.ncbi.nlm.nih.gov/pubmed/27843476
https://doi.org/10.3390/proteomes5040035
https://www.ncbi.nlm.nih.gov/pubmed/29215602
https://doi.org/10.1002/pat.70066

Molecules 2025, 30, 4251 20 of 20

77.

78.

79.

80.

81.

82.

83.

84.

85.

Junaid, PM.; Dar, A.H.; Dash, K.K,; Rohilla, S.; Islam, R.; Shams, R.; Pandey, VK,; Srivastava, S.; Panesar, P.S.; Zaidi, S.
Polysaccharide-based hydrogels for microencapsulation of bioactive compounds: A review. J. Agric. Food Res. 2024, 15, 101038.
[CrossRef]

Donkor, M.N.; Donkor, A.-M.; Mosobil, R. Combination therapy: Synergism among three plant extracts against selected pathogens.
BMC Res. Notes 2023, 16, 83. [CrossRef]

Cheesman, M.].; Ilanko, A.; Blonk, B.; Cock, I.E. Developing New Antimicrobial Therapies: Are Synergistic Combinations of Plant
Extracts/Compounds with Conventional Antibiotics the Solution? Pharmacogn. Rev. 2017, 11, 57-72. [CrossRef]

Celi, D.; Quiroz, E.; Beltran-Noboa, A.; Machado, A.; Tejera, E.; Fernandez-Soto, P. A chemical analysis of the Pelargonium species:
P. odoratissimum, P. graveolens, and P. zonale identifies secondary metabolites with activity against gram-positive bacteria with
multidrug-resistance. PLoS ONE 2024, 19, e0306637. [CrossRef]

Seebg, I.P.; Bjeras, M.; Franzyk, H.; Helgesen, E.; Booth, ].A. Optimization of the hemolysis assay for the assessment of cytotoxicity.
Int. ]. Mol. Sci. 2023, 24, 2914. [CrossRef]

F756-00; Standard Practice for Assessment of Hemolytic Properties of Materials. ASTM Int.: West Conshohocken, PA, USA, 2010.
[CrossRef]

Hussain, S.; Liufang, H.; Shah, SM.; Alj, F; Khan, S.A.; Shah, FA,; Li, ].B; Li, S. Cytotoxic effects of extracts and isolated
compounds from Ifloga spicata (forssk.) sch. bip against HepG-2 cancer cell line: Supported by ADMET analysis and molecular
docking. Front. Pharmacol. 2022, 13, 986456. [CrossRef] [PubMed]

Lin, W,; Li, Z. Blueberries inhibit cyclooxygenase-1 and cyclooxygenase-2 activity in human epithelial ovarian cancer. Oncol. Lett.
2017, 13, 4897-4904. [CrossRef] [PubMed]

Wallert, M.; Schmolz, L.; Koeberle, A.; Krauth, V.; Glei, M.; Galli, E; Werz, O.; Birringer, M.; Lorkowski, S. «-Tocopherol long-chain
metabolite «-13'-COOH affects the inflammatory response of lipopolysaccharide-activated murine RAW 264.7 macrophages. Mol.
Nutr. Food Res. 2015, 59, 1524-1534. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jafr.2024.101038
https://doi.org/10.1186/s13104-023-06354-7
https://doi.org/10.4103/phrev.phrev_21_17
https://doi.org/10.1371/journal.pone.0306637
https://doi.org/10.3390/ijms24032914
https://doi.org/10.1520/F0756-00
https://doi.org/10.3389/fphar.2022.986456
https://www.ncbi.nlm.nih.gov/pubmed/36160390
https://doi.org/10.3892/ol.2017.6094
https://www.ncbi.nlm.nih.gov/pubmed/28599493
https://doi.org/10.1002/mnfr.201400737
https://www.ncbi.nlm.nih.gov/pubmed/25943249

	Introduction 
	Results 
	Chemical Characterization 
	Hemolytic Activity 
	Antitumoral Activity 
	Anti-Inflammatory Activity 
	Leishmanicidal and Cytotoxic Activity 

	Discussion 
	Materials and Methods 
	Plant Material and Physico-Chemical Analysis 
	Plant Extract 
	HPLC-MS/MS Analysis 
	Hemolytic Activity Evaluation Assay 
	Anti-Tumoral Activity Evaluation Assay 
	Anti-Inflammatory Activity Evaluation Assay 
	Leishmanicidal and Cytotoxic Activity Evaluation Assays 

	Conclusions 
	References

