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In this study, we investigated the effects of an alkaloid fraction of Mirabilis jalapa L. flowers in terms of
cytotoxicity, Erythropoietin (EPO), hepcidin, and Matriptase-2 (MT-2) expression levels in iron deficiency
Hepatocarcinoma (HepG2) cell model. The iron deficiency HepG2 cell model was generated by induction
with Deferoxamine (DFO) and was then treated with standard therapy Ferric Ammonium Citrate (FAC)
and different alkaloid fraction doses. Subsequently, the type II transmembrane serine proteases (TTSPs)
activity and MT-2 expression were measured using a fluorometer and immunocytochemistry methods,
while the EPO and hepcidin levels and total iron were examined using an ELISA kit and a colorimetric
assay, respectively. The data were then analyzed using ANOVA with a significance level of 95 %.
According to the UV–vis Spectrophotometry and HPLC results, the alkaloid fraction of M. jalapa flowers
had 6.17- and 4-times higher Betaxanthin levels, respectively, compared to the ethanol extract of M.
jalapa flower. Furthermore, LC-MS/MS analysis showed that the most dominant compound is
Indicaxanthin. The ethanol extract and alkaloid fraction of M. jalapa flowers were not cytotoxic
(IC50 > 30 ppm). Furthermore, the alkaloid fraction containing Indicaxanthin, Miraxanthin-V, and
Boeravinone F is capable of increasing EPO levels, membrane and soluble TTSPs activity and MT-2 expres-
sion, decreasing hepcidin levels, and increasing intracellular iron levels in iron deficiency HepG2 cell
model. In conclusion, the obtained alkaloid fraction of M. jalapa flowers has low cytotoxicity and the later
increases iron absorption via EPO-MT2-hepcidin pathway in iron deficiency HepG2 cell model.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Anemia remains a prominent nutritional challenge in both
developed and developing countries (WHO, 2015). This hematolog-
ical disorder is mainly caused by iron deficiency, and has a 25 %
prevalence in the world’s population. The highest number of cases
has been reported in children (42.6 %), followed by pregnant
women (38.2 %), and women of childbearing age (29 %) (Stevens
et al., 2013). In Indonesia, the highest prevalence of anemia is in
pregnant women (48.9 %), followed by children (38.5 %) (Agency
of Health Research and Development, 2019).

The Indonesian government has implemented a 90-day iron
supplementation program for pregnant women, which achieved a
95 % coverage rate in 2018. However, the prevalence of iron defi-
ciency anemia (IDA) among pregnant women increased by 11.8 %
in 2018, compared to 2013 (Agency of Health Research and
Development, 2013, 2019). Several factors are responsible for the
high prevalence of IDA, including non-adherence, negligence, or
boredom in taking iron tablets, side effects, and unresponsiveness
to iron tablets (Bregman et al., 2013; Suselo et al., 2017; Agency of
Health Research and Development, 2019). In Indonesia, 61.8 % of
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adolescent girls in Boyolali regency, Central Java have been
reported to be unresponsive to oral iron therapy. It was shown that
this population had higher hepcidin and lower matriptase-2 (MT-
2) levels (Suselo et al., 2017), resulting in reductions of iron absorp-
tion within the small intestine, iron release frommacrophages, and
iron storage in the liver, and erythropoiesis (Fleming, 2008).

Several studies have been conducted in order to develop IDA
therapies; for example, through activation of EPO-EPOR-MT2 com-
plexes and hepcidin inhibition (Fung & Nemeth, 2013). Hepcidin
antagonists may act by activation of Erythropoietin (EPO)–EPO
Receptor (EPOR) complexes, expression inhibition, neutralization
and inhibition of hepcidin–ferroportin (FPN) binding complexes
(Hawula et al., 2019; Katsarou& Pantopoulos, 2018). Erythropoietin
Stimulating Agent (ESA), for instance, is an EPO–EPOR complex ago-
nist, which is known to have certain side-effects, including cardio-
vascular disorders and receptor resistance (Garrido et al., 2015;
Rainville et al., 2016). In contrast to their unwanted effects, EPO
agonists also have the capacity to increase MT-2 expression
(Frýdlová et al., 2016), leading to inhibit interaction between Bone
Morphogenetic Protein (BMP)-6 and BMP Receptor-1 (BMPR1) (Nai
et al., 2016). Therefore, it will inhibit hepcidin expression, resulting
in improvement of iron absorption (Camaschella et al., 2020). In
addition,MT-2 agonists have not yet been established or developed.
The MT-2 is a member of subfamily Type II transmembrane serine
proteases (TTSPs), which are localized onto the cellular membranes
of human cells. The active serine protease domain in the TTSPs has a
catalytic-site triad at His57, Asp102, and Ser195 residues
(chymotrypsin-like proteases). The human TTSPs family contains
17 protease members with several common structural features,
including small N-terminal cytoplasmic, transmembrane, and stem
domains, but only the MT-2 is involved in iron metabolism.

In silico and in vitro studies are commonly carried out for drug
development. According to the results of biocomputational studies,
Indicaxanthin is a potential EPO agonist, having dual effects as both
an EPO–EPOR complex agonist and a BMPR-1 antagonist. As for
other phytochemicals, Miraxanthin V is able to neutralize hepcidin
and Boeravinone F is a hepcidin–ferroportin binding inhibitor,
which is expected to increase intracellular iron absorption
(Adiparadana et al., 2015; Suselo et al., 2017; Yotriana et al.,
2018; Suselo et al., 2020). Furthermore, Indicaxanthin, Miraxanthin
V, and Boeravinone F are members of the Betaxanthin group (alka-
loid compounds) (Sadowska-Bartosz & Bartosz, 2021), which are
commonly found in four o’clock flower plants (Mirabilis jalapa L.).

Primary and secondary cell lines are required for in vitro studies,
focused on drug development. To investigate the effect of Betaxan-
thin group members on iron metabolism, we must use a human
cell line with iron deficiency. Several hypoxia-mimetic agents, such
as Cobalt Chloride (CoCl2), Dimethyloxalylglycine (DMOG), and Defer-
oxamine (DFO) have been developed, but the mechanisms of the
former two compounds in iron metabolism have not yet been
established (Bedessem, 2015). The DFO has been widely used as
a hypoxia-mimetic agent as well and affecting many proteins in
iron metabolism at the cellular and systemic levels, and resulting
in iron deficiency. From previous studies, 100 lM DFO has been
found as the optimal concentration to induce iron deficiency and
to increase MT-2 levels in several human cells lines, such as
Caco-2, HepG2, HeLa, and MCF-7 (Bajbouj et al., 2018; Gulec and
Gulec, 2018). In comparison with another iron chelator (salicylalde-
hyde isonicotinoyl hydrazone), DFO does not penetrate cell mem-
branes and stabilizes MT-2 expression (Zhao et al., 2015).
However, administration of any natural product as EPO-MT2 ago-
nists and hepcidin antagonist has not been studied in an iron defi-
ciency cell model. Therefore, in this study, we aimed to investigate
the effects of an alkaloid fraction of M. jalapa flowers on cytotoxi-
city, EPO levels, TTSPs activity, MT-2 expression, hepcidin and iron
levels in the iron deficiency HepG2 cell model.
2

2. Materials and methods

All materials used in this study were purchased from Ther-
mofisher/Gibco, U.S. and Merck, Germany, unless otherwise stated.

2.1. Sample Collection

M. jalapa flowers were collected from the medicinal plant nurs-
ery center ‘‘Merapi Farma” in Sleman, Yogyakarta Province,
Indonesia. Fresh flowers with a combination of yellow and pink
color were then washed, sun-dried for 3 weeks, and oven-dried
at 60 �C for 24 hours (h). Subsequently, the dried flowers were
ground and sieved to obtain the powder.

2.2. Extraction and fractionation of M. jalapa flower

Powder of M. jalapa flowers was extracted using the maceration
method with n-hexane (Merck, Germany) (1:10 weight/volume
ratio). The residue was filtered and soaked in 96 % ethanol at a
1:10 v/v ratio for 6 days. Furthermore, the collected filtrates were
evaporated at 45 �C for 1 h in a vacuum evaporator (IKA, Germany)
and dried in an oven for 24 h (Maulina et al., 2018; Ministry of
Health, 2017). Fractionation of the ethanol extract of M. jalapa
flowers was adopted from an existing method, based on an acid–
base method (dos Santos et al., 2013). The ethanol extract of M.
jalapa flowers was dissolved in ethyl acetate (1:10 w/v ratio) and
adjusted with 2 M HCl to reach a pH of 3. Then, NH4OH was added
to the separated acid layer, to a pH of 9. Finally, the collected ethyl
acetate layers were evaporated using the vacuum evaporator at
45 �C for 4 h, then put in an oven at 45 �C for 24 h.

2.3. Identification of phytochemicals in M. jalapa extract and fraction

Each sample of extract and fraction ofM. jalapa flowers was dis-
solved in ethanol and ethyl acetate solvents respectively and put
into a 4.5 cm cuvette. The dissolved samples were spectrophoto-
metrically measured using a U-2900 Shimadzu� at 480 nm and
535 nm for Betaxanthin and Betacyanin compounds, respectively.
Betaxanthin and Betacyanin levels were quantified using the follow-
ing formula (Mocanu et al., 2020):

Abs� DF �MW � 1000
€� l

where Abs represents the absorbance, DF signifies the dilution
factor, MW denotes the molecular weight, € indicates the molar
extinction coefficient, and l denotes the cuvette length.

We confirmed the Betaxanthin and Betacyanin levels in the M.
jalapa extract and fraction using the HPLC technique (Shimadzu,
Japan) with Betanin (Sigma Aldrich, Singapore) as a standard. To
detect these phytochemicals, we used a UV detector at 480 nm
and 540 nm, respectively (Fernández-López et al., 2012). Further-
more, we evaluated the phytochemical contents in the M. jalapa
fraction using an LC-MS/MS method. The mobile phase consisted
of 7:3 v/v acetonitrile distillation in water and 10 mmol ammo-
nium acetate. A total of 10 lL of sample was injected into the col-
umn, and the flow rate was adjusted at 1 mL/min (Maulina et al.,
2018). The chromatogram and LC-MS/MS spectra were interpreted
using the National Institute for Standard and Technology (NIST)
(chemdata.nist.gov) and RIKEN MSn spectral database for phyto-
chemicals (ReSpect) (spectra.psc.riken.jp).

2.4. Cytotoxicity assay of the ethanol extract and alkaloid fraction of
M. jalapa flowers

For this assay, a HepG2 cell line obtained from The European
Collection of Cell Cultures (ECACC, UK, Cat#85011430) was seeded
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into passage 5 and cultured in Dulbecco’s Modified Eagle Medium
(DMEM) medium plus 2 mM L-glutamine, 200 U/mL penicillin,
200 mg/mL streptomycin, 1 mM sodium pyruvate, and 10 %
heat-inactivated fetal bovine serum (FBS). A total of 104 cells/well
were cultured in a 96-well plate and incubated under 37 �C, 95 %
humidity, and 5 % CO2 for 24 h (Béliveau et al., 2019). Once the
HepG2 cells had confluenced, a cytotoxicity assay was performed
using 2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma, US)
for 24 h (Xu et al., 2010). The number of viable cells was measured
using a spectrophotometer with OD595, followed by a 50 % Inhibi-
tory Concentration (IC50) calculation. The results of all treatments
on HepG2 cell proliferation are expressed as a percentage (%) of
viable cells, using the equation:

%v iablecells ¼ ODtreatedcell� ODmedium
ODcontrolcell� ODmedium

� 100%

The IC50 was determined by plotting the percentage of viable
cells against AFF concentrations (ppm) to obtain a regression linear
equation (probit analysis).

2.5. Generating iron deficiency cell model

To generate the iron deficiency cell model, HepG2 cells were
induced by 100 lM DFO (Sigma, US), based on a previous study
using Caco-2 and HepG2 cells (Gulec & Gulec, 2018). Initially,
HepG2 cells were maintained in DMEM with 10 % FBS, 1 % non-
essential amino acids, 1 % sodium pyruvate, and 1 % penicillin
and streptomycin in a 5 % CO2 incubator at 37 �C. Passage numbers
of the cells were kept between 6 and 10, and confluenced HepG2
cells were plated in 6 wells, containing 105 cells/well, and were
grown for 5 days post-confluence. The following day, the HepG2
cells were treated with 100 lM DFO and maintained in DMEM
with 10 % FBS only for 24 h.

2.6. Study design of iron deficiency HepG2 cell model treated with
alkaloid fraction of M. jalapa flowers

Iron deficiency HepG2 cell model was used to evaluate the
effects of the alkaloid fraction of M. jalapa flowers (AFF) on MT-2
activity, hepcidin, and iron levels. In brief, we divided the HepG2
cells into 6 different groups: normal cells, iron deficiency cell
model, which was induced with DFO (negative control = DFO),
and treatment groups, which were treated with 100 lM FAC (pos-
itive control = DFO + FAC) and alkaloid fraction of M. jalapa flowers
(DFO + AFF) at 0.5, 1, or 2 IC50 doses for 24 h. All experiments were
performed in triplicate. A total of 106 of harvested HepG2 cells
were separated into supernatants and pellets by centrifugation at
11.000 rpm for 10 min. The supernatants of cell medium were col-
lected as soluble proteins and then were kept at � 80 �C. Mean-
while, the cell pellets were dissolved in 1 mL lysis buffer
(Thermofisher, US) and extracted using a sonicator (OMNI, US)
for 3 min. After centrifugation, the cleared solution was collected
as the cell lysates, which represented as cell membrane and cytosol
proteins and were kept in a � 80 �C for further analysis.

2.7. Measurement of EPO levels in iron deficiency HepG2 cell model

EPO levels in the supernatants from the 2.6 method section
were quantified using a human EPO ELISA kit (ELK, China,
Cat#ELK1011), based on the manufacturer’s instructions. In brief,
10 lL of supernatants was dissolved in the sample buffer with a
1:5 v/v ratio and incubated with primary and secondary antibodies
for 80 and 60 min respectively. The absorbance values were read
using a spectrophotometer at 450 nm wavelength. The EPO levels
in the supernatants of iron deficiency HepG2 cell model are pre-
sented as pg/mL.
3

2.8. Measurement of TTSPs activity in iron deficiency HepG2 cell model

The TTSPs activity was determined using the synthetic fluores-
cence substrate Boc-Gln-Ala-Arg-AMC (Sigma Aldrich, US), accord-
ing to the existing method (Mangold et al., 2018). The substrate
was dissolved in assay buffer (150 mM NaCl and 50 mM Tris pH
8.0) to reach a final concentration of 40 lM. The supernatants
and cell lysates of all control and treatment groups were added
to the substrate and incubated at 37 �C. The absorbance values
were measured using a fluorometer (Glomax-Promega, US) at
365 nm emission wavelength and 460 nm excitation wavelength
(Mangold et al., 2018). Finally, the TTSPs activity was determined
using the Beer–Lambert Formula (expressed as IU/min)
(Bisswanger, 2014).
2.9. Determination of Matriptase-2 expression in iron deficiency
HepG2 cell model

An immunocytochemistry method was used to confirm the
TTSPs activity results obtained by the above-mentioned method.
For the immunostaining, we used 105 normal and iron deficiency
HepG2 cells model, similar to the MT-2 activity study design,
which were seeded into a 24-well plate with coverslips for 24 h.
The following day, all HepG2 cells were incubated with 1:200
diluted monoclonal antibody anti-human MT-2 (Santa Cruz
Biotechnology, US) for overnight. To detect MT-2 expression in
the HepG2 cells, a secondary antibody conjugated streptavidin–h
orseradish peroxidase (Biocare, US) was used to generate anti-
gen–antibody complexes. 3,30-Diaminobenzidine (DAB) (Biocare,
US) and Hematoxylin-Eosin (Merck, US) staining were used to visu-
alize the presence of MT-2 protein in the HepG2 cells under a light
microscope. Manual calculation of MT-2 expression was con-
ducted, in a minimum of five fields, by two independent patholo-
gists using the Image Raster software (https://www.miconos.co.
id/p/download.html). The MT-2 expression is presented as the per-
centage of immunopositive cells divided by all iron deficiency
HepG2 cells.
2.10. Measurement of Hepcidin levels in iron deficiency HepG2 cell
model

Hepcidin levels in the supernatants and cell lysates were quan-
tified using a human hepcidin ELISA kit (MyBioSource, US,
Cat#MBS771863), based on the manufacturer’s instructions. In
brief, 10 lL of each supernatant or cell lysate was diluted with a
dilution sample buffer in a1:5 ratio and incubated with primary
and secondary antibodies. The absorbance values were read using
a spectrophotometer at 450 nm wavelength. The hepcidin levels in
the supernatants and cell lysates of iron deficiency HepG2 cell
model are presented as ng/mL.
2.11. Measurement of iron levels in iron deficiency HepG2 cell model

Iron levels of supernatants and cell lysates were quantified
using an iron assay kit (Sigma Aldrich, US), based on the manufac-
turer’s instructions. To measure the total iron levels, 10 lL of each
sample was added with 40 lL of iron assay buffer. The mixed sam-
ples were incubated for 60 min at 25 �C, then measured using a
spectrophotometer at 595 nm wavelength. The total iron levels
in supernatants and cell lysates of iron deficiency HepG2 cell
model are presented as ng/lL.
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2.12. Data analysis

All data were analyzed using the one-way ANOVA test with a
significance level of 95 %, except for MT-2 expression, which was
analyzed using the Kruskal–Wallis test.
3. Results

3.1. Phytochemical composition of the ethanol extract and alkaloid
fraction of M. jalapa flowers

In this study, we are able to produce higher yields of ethanol
extract and alkaloid fraction ofM. jalapa flowers (Suppl.1). We then
analyzed the Betaxanthin and Betacyanin levels in both the ethanol
extract and alkaloid fraction of M. jalapa flowers. Fig. 1 shows that
the Betacyanin levels (1,707.04 ± 20.16 ppm) were higher than the
Betaxanthin levels (1,395.29 ± 14.40 ppm) in the alkaloid fraction,
while they were lower than Betaxanthin levels (205.74 ± 19.16 vs
232.43 ± 12.10 ppm) in the ethanol extract. In addition, the Betax-
anthin levels in the alkaloid fraction were 6.17 times greater than
those in the ethanol extract (p < 0.001).

The standard curve, with serial doses of 200, 400, 600, and
1.000 ppm of Betanin, was used to calculate the Betalain levels
(Betaxanthin and Betacyanin) in the ethanol extract and alkaloid
fraction. Before measurement of Betaxanthin and Betacyanin levels,
we evaluated the peak and retention time (rt) of Betaxanthin and
Betacyanin using the standard compound Betanin at the wave-
lengths of 480 and 540 nm, respectively (Fig. 2).

We used the HPLC method to confirm quantification results of
Betaxanthin and Betacyanin levels in the ethanol extract and alka-
loid fraction of M. jalapa flowers (Suppl.2). It can be seen that the
Betaxanthin in the ethanol extract and alkaloid fraction had slightly
shorter rts than the standard compound. Meanwhile, the rts of
Betacyanin in the ethanol extract and alkaloid fraction were similar
to that of the standard compound. The alkaloid fraction had higher
Betaxanthin and Betacyanin levels than the ethanol extract. In addi-
tion, the alkaloid fraction had 4 times higher Betaxanthin level,
compared to the Betacyanin counterpart; meanwhile, the Betaxan-
thin levels in the ethanol extract were slightly higher than the Beta-
cyanin counterpart. However, the Betaxanthin and Betacyanin levels
determined using HPLC were lower than those obtained by UV–vis
spectrophotometry (Fig. 1).

Table 1 lists the active compounds detected in the alkaloid frac-
tion of M. jalapa flowers. We identified 15 phytochemicals that are
alkaloid compounds, with various rts. The phytochemicals in the
Fig. 1. Betaxanthin and Betacyanin levels found in the ethanol extract and alkaloid
fraction of M. jalapa flowers. This measurement was determined using a UV–vis
Spectrophotometer. All experiments were performed in duplicate, and * designates
comparisons between Betaxanthin/Betacyanin levels in ethanol extract and alkaloid
fraction with p < 0.001.

4

Betaxanthin group included Indicaxanthin, Portulaxanthin, Lampran-
thin, Isolampranthin, Tryptophan-betaxanthin, Miraxanthin, Boeravi-
none F, and Vulgaxanthin, which were more numerous than those
in the Betacyanin group (i.e., Betanin, Isobetanin, Betanidin, and
Gomphrenin). Furthermore, the peaks and rts of phytochemicals
in the alkaloid fraction of M. jalapa flowers are depicted in the
LC-MS/MS chromatogram in Fig. 3. The highest peak was that of
Indicaxanthin, followed by Gomphrenin I and Boeravinone F.

3.2. Cytotoxicity effects of the ethanol extract and alkaloid fraction of
M. jalapa flowers in HepG2 cells

The MTT assay was used to analyze the cytotoxicity of the alka-
loid fraction of M. jalapa flowers. Table 2 indicates that the alkaloid
fraction had a lower IC50 value than the ethanol extract (100.21 ± 5.
67 vs 187.79 ± 4.13 ppm, respectively). The graph of MTT assay was
indicated in Fig. 4.

3.3. EPO levels in iron deficiency HepG2 cell model

To evaluate the role of EPO protein in the iron regulation
through the EPO-MT-2-hepcidin complexes pathway, we mea-
sured the EPO levels in DFO, DFO + FAC and DFO + AFF groups.
Fig. 5 shows that the EPO levels increased in the supernatants of
DFO + FAC and DFO + AFF, higher than that of DFO group. The aver-
age of EPO levels in DFO + FAC (1,471.63 ± 75.82 pg/mL), DFO + 1IC50

and DFO + 2 IC50 (1,368.75 ± 14.70 and 1,562.70 ± 59.12 pg/mL,
respectively) groups were significant higher than the average of
EPO levels in the DFO group (1,235.27 ± 49.50 pg/mL; p < 0.05).
The higher increased EPO levels associated with the higher AFF
doses.

3.4. TTSPs activity in iron deficiency HepG2 cell model

To confirm interaction between EPO and EPOR, we measured
TTSPs activity and MT-2 expression. In Fig. 6, we evaluated the
activity of TTSPs protein in the supernatants and cell lysates of iron
deficiency HepG2 cell model. In the HepG2 normal cells, TTSPs
activity was only observed in the supernatants (3.44 ± 0.45 IU/mi
n). The TTSPs activity in the cell lysates (2.64 ± 0.22 IU/min) and
supernatants (4.62 ± 0.10 IU/min) of DFO group were significantly
higher than in the cell lysates and supernatant of HepG2 normal
cells (p < 0.001). After treatment with 100 and 150 lM FAC, the
TTSPs activity significantly decreased in the cell lysates
(0.63 ± 0.01 and 0.13 ± 0.02 IU/min, respectively) and supernatants
(0.16 ± 0.03 and 0.08 ± 0.00 IU/min, respectively) of DFO group
(p < 0.001). Interestingly, administration of 0.5, 1, and 2 IC50 doses
of AFF to DFO group increased TTSPs activity in a dose-dependent
manner, with significant differences compared to the TTSPs activ-
ity in DFO group. Furthermore, significantly higher TTSPs activity
in the cell lysates were observed in DFO + 0.5, 1, and 2 IC50 doses
of AFF, compared to that in DFO group. DFO + 2 IC50 AFF dose
had similar supernatants TTSPs activity as DFO group, while
DFO + 0.5 IC50 AFF and DFO + 1 IC50 AFF had lower supernatants
TTSPs activity than DFO group.

3.5. Matriptase-2 expression in iron deficiency HepG2 cell model

We verified the TTSPs activity results in the cell lysates and
supernatants of iron deficiency HepG2 cell model by performing
immunocytochemistry with the antibody anti-MT-2 protein
(Fig. 7). HepG2 normal cells did not express MT-2 protein, while
the DFO group expressed 5.5 % MT-2 proteins (Table 3). With a
similar pattern as TTSPs activity, administration of 100 lM FAC
also reduced the MT-2 expression in DFO+FAC group. Administra-
tion of 0.5, 1, or 2 doses of AFF significantly increased MT-2 expres-



Fig. 2. (a) The standard curve of Betanin using HPLC. Betanin is the precursor of the phytochemical compounds Betaxanthin and Betacyanin; (b) Chromatographs of the
standard compound, as well as the ethanol extract and alkaloid fraction of M. jalapa flowers, using HPLC analysis the wavelengths 480 and 540 nm.
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sion in DFO+AFF groups, when compared to that in DFO group. Fur-
thermore, significant differences in MT-2 expression were found
between 1 and 2 IC50 doses of DFO + AFF groups (p < 0.001).

3.6. Hepcidin levels in iron deficiency HepG2 cell model

To examine changes in EPO levels, TTSPs activity, and MT-2
expression in iron deficiency HepG2 cell model, we also measured
the level of hepcidin, which is a downstream protein in the EPO-
MT-2-hepcidin pathway. Fig. 8 shows the hepcidin levels in the cell
lysates and supernatants of iron deficiency HepG2 cell model trea-
ted with FAC and AFF. The highest hepcidin levels were detected in
the cell lysate (57.67 ± 0.83 ng/mL) and supernatant (57.25 ± 1.7
8 ng/mL) of HepG2 normal cells. DFO group had significantly lower
5

hepcidin levels, either in cell lysate or supernatant, than their
counterpart in HepG2 normal cells (p = 0.001). Administration of
100 lM FAC and 0.5, 1, or 2 IC50 AFF significantly reduced hepcidin
levels in cell lysates and supernatants of iron deficiency HepG2 cell
model (p < 0.001). The lowest levels of hepcidin were detected in
DFO + 2 IC50 AFF group. In addition, the hepcidin levels in the
supernatant of DFO group were significantly higher than those
observed in DFO + FAC, DFO + 1 IC50 AFF, and DFO + 2 IC50 AFF
groups.

3.7. Total iron levels in iron deficiency HepG2 cell model

Measurement of total iron levels was carried out to further ana-
lyze changes in EPO-MT-2 and hepcidin expression with respect to



Table 1
Phytochemicals identified in alkaloid fraction of M. jalapa flowers using LC-MS/MS analysis.

No Phytochemicals retention time (rt) (min) MS (M+H+)
(m/z)

Molecular
Weight

Molecular Formula

1. Indicaxanthin 0.317 316.40 308 C14H16N2O6

2. Portulaxanthin III 1.036 256.43 269 C11H12N2O6

3. Lampranthin II 3.889 701.70 726 C34H34N2O16

4. Isolampranthin II 4.326 702.80 726 C34H34N2O16

5. Tryptophan-betaxanthin 4.660 397.11 398 C20H19N3O6

6. Boeravinone F 6.768 318.61 326 C17H10O7

7. Miraxanthin V 8.952 343.56 346 C17H18N2O6

8. Betanin 10.957 550.59 550 C24H26N2O13

9. Isobetanin 11.959 537.66 550 C24H26N2O13

10. Vulgaxanthin I 15.326 279.56 339 C14H17N3O17

11. Miraxanthin I 16.302 353.44 358 C14H18N2O7S
12. Miraxanthin II 17.760 239.47 326 C13H14N2O8

13. Betanidin 18.307 381.58 388 C18H16N2O8

14. Gomphrenin II 19.361 621.63 696 C33H32N2O15

15. Gomphrenin I 21.237 576.20 550 C24H26N2O13

Fig. 3. Chromatogram of the alkaloid fraction of M. jalapa flowers using LC-MS/MS analysis. A 10 lL alkaloid fraction was injected into the column using 7:3 acetonitrile
distillation in water and 10 mmol ammonium acetate. Fractionated samples were collected into 3 mL tubes with flow rate at 1 mL/min. The phytochemical analysis was
performed in triplicate and the above chromatogram represents three independent experiments.

Table 2
IC50 doses for ethanol extract and alkaloid fraction of M. jalapa flowers.

MTT assay Ethanol extract
(ppm)

Alkaloid fraction (ppm) p-value

Mean ± SD 187.79 ± 4.13 100.21 ± 5.67 <0.001

Note: All experiments were performed in triplicate.

Fig. 4. The cytotoxic effect of ethanolic extract and alkaloid fraction of M. jalapa
flowers. A total of 105 HepG2 cells were seeded in a 96-well microplate for 24 h and
then incubated with 7 serial dilutions of the alkaloid fraction with MTT reagent
from 3.9 to 250 ppm for 24 h. The following day, the 10 % SDS in 0.1 N HCl stop
solution was added into each well of iron deficiency HepG2 cell model for overnight
and the formazan formation in HepG2 cells was spectrophotometrically measured
at 595 nm wavelength. The IC50 was determined by plotting the percentage of
viable cells against AFF concentrations (ppm) using probit analysis. All experiments
were performed in triplicate.
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iron uptake in iron deficiency HepG2 cell model (Fig. 9). In the
HepG2 normal cells, an iron level of 1.97 ± 0.23 ng/lL was found
in the cell lysate, much higher than the supernatant. Administra-
tion of 100 lM DFO in HepG2 cells (DFO group) reduced the iron
level by half in the cell lysate, but almost did not affect that in
the supernatant. Treatment with 100 lM FAC in DFO+FAC group
significantly increased iron levels (1.42 ± 0.35 ng/lL), 1.5 times
higher than that in the cell lysate of DFO group (0.93 ± 0.34 ng/l
L); meanwhile, the iron level in the supernatant was around 7
times higher, compared to the supernatant in DFO group. In con-
trast to these results, the iron levels in the cell lysate of DFO group
treated with 0.5, 1, and 2 IC50 AFF was significantly increased in a
6



Fig. 5. EPO levels in supernatants of iron deficiency HepG2 cell model treated with
FAC and AFF. A total of 105 HepG2 cells were seeded in a six-well microplate for
24 h and were then induced with 100 lM DFO for 24 h (DFO group). The following
day, the DFO group was treated with 100 lM FAC and 0.5, 1, or 2 IC50 AFF. All
experiments were performed in triplicate. *denotes comparison between the DFO
group and FAC/AFF treated DFO groups with p < 0.05. The HepG2 normal cells
provided the baseline data and were compared to the DFO group.
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dose-dependent manner, when compared to the DFO group. The
highest cell lysate iron level (6.70 ± 0.03 ng/lL) was observed in
the DFO + 2 IC50 AFF group. The iron levels in the supernatants of
those cells remained stable, compared to those in the DFO group.
4. Discussion

4.1. Alkaloid fraction of M. jalapa flowers has higher Betacyanin and
Betaxanthin levels than ethanol extract of M. jalapa flowers

We used a maceration technique for extraction of M. jalapa
flowers because all members of the Betalain family (including
Betaxanthin and Betacyanin) are thermolabile compounds but we
needed longer times to generate the 17.50 % extract of M. jalapa
flowers. Only one study stated that fresh flowers of M. jalapa con-
tain more phytochemicals, compared to other parts of the same
plant (Piattelli et al., 1965). In comparison with leaves and roots
extraction, we are unable to compare to the yields of our study
since the existing studies used the M. jalapa plants from different
environmental growth area, isolation methods, harvest time, and
chemicals solvent for extraction (Gogoi et al., 2016; Maulina
et al., 2018). We further fractionated the ethanol extract of M.
jalapa flowers and obtained the 20.89 % alkaloid fraction. Betaxan-
thin and Betacyanin levels increased by 6.17 and 8.33 times respec-
tively in the alkaloid fraction, compared with the ethanol extract.

Generally, Betalains are found in pigmented plants, such as
Bougainvillea, Caryophyllales, Amaranthin, and Beets; however, the
Fig. 6. TTSPs activity in lysates and supernatants of iron deficiency HepG2 cell model trea
for 24 h, then induced with 100 lM DFO for 24 h (DFO group). The following day, the
supernatants of HepG2 normal cells, DFO group, and FAC/AFF treated-DFO groups were a
in triplicate. *denotes comparison between the DFO group and treated DFO groups with p
the DFO group.
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Betaxanthin and Betacyanin levels vary among these plants
(Fernández-López et al., 2012; Khan & Giridhar, 2015; Lavanya
et al., 2019; Naqvi and Husnain, 2020). Betacyanin levels are com-
monly higher than Betaxanthin levels in Pear cactus and Bougainvil-
lea (Coy-Barrera, 2020). Conversely, the Betaxanthin levels in our
study were 4 times higher than Betacyanin levels in the obtained
alkaloid fraction (with 1.76 and 1.71 min rt at 480 nm, respec-
tively). This result indicates that the alkaloid fraction of M. jalapa
flowers is a better source of Betaxanthin.

The phytochemicals which belong to the Betaxanthin group in
our results differed from those reported in a previous study using
fresh M. jalapa flowers. They reported that Indicaxanthin,
Vulgaxanthin-I, and Miraxanthin-I, -II, -III, -IV, -V and -VI were iden-
tified in fresh M. jalapa flowers (Ali Esmail Al-Snafi et al., 2021),
while we only found Indicaxanthin, Vulgaxanthin-I, and Miraxanthin
I, II, and V in our alkaloid fraction. Interestingly, we detected more
other phytochemicals than previous studies (Table 1). Based on the
color of the flower, red petals ofM. jalapa flowers have been shown
to contain Betanin, Isobetanin, Neobetanin, Betanidin, Lampranthin II,
Miraxanthin-V, Miraxanthin-III, and 3-methoxytyramine-
betaxanthin, while yellow petals contain Indicaxanthin,
Miraxanthin-III, and 3-methoxytyramine-betaxanthin (Polturak
et al., 2018). As we used a combination of yellow and pinkM. jalapa
flowers in our study (Suppl.3), almost all phytochemicals men-
tioned above were identified. In contrast to our study, a previous
study using an extract from leaves of Indonesian M. jalapa has
identified 30 phytochemicals, including Indicaxanthin, Miraxanthin,
Boeravinone, and some non-Betaxanthin phytochemicals (Maulina
et al., 2018).

4.2. Ethanol extract and alkaloid fraction of M. jalapa flowers have low
cytotoxicity in iron deficiency HepG2 cell model.

According to the National Cancer Institute, crude extracts have
high toxicity to human cell lines if the IC50 is<30 ppm (Livingstone,
2001). Our findings showed that ethanol extract and alkaloid frac-
tion of M. jalapa flowers have 187.79 and 100.21 ppm respectively,
which exhibit low toxicity to HepG2 cells. In contrast, another
study reported that Ribosome-Inactivating Protein (RIP) isolated
from M. jalapa leaves are toxic to T47D, SiHa, and mononuclear
cells, with IC50 values of 0.36, 5.6, and 21.04 ppm, respectively
(Ikawati et al., 2006). Meanwhile, another pure compound Mirabi-
jalone derivative from M. jalapa roots, had various IC50 values rang-
ing from < 5 to > 100 ppm in SKBR-3, HeLa, and WI-38 cell lines
(Sharathna et al., 2021). In addition to the cytotoxicity of phyto-
ted with FAC or AFF. A total of 105 HepG2 cells were seeded in a six-well microplate
DFO group was treated with 100 lM FAC and 0.5, 1, or 2 IC50 AFF. Cell lysates and
dded to 40 lM of Boc-Gln-Ala-Arg-AMC substrate. All experiments were performed
< 0.001. The HepG2 normal cells provided the baseline data and were compared to



Fig. 7. Results of MT-2 expression in DFO group and DFO treated with 100 lM FAC and 0.5, 1, or 2 IC50 AFF groups. A total of 105 HepG2 cells were grown in the coverslip of a
24-well microplate for 24 h, then induced with 100 lM DFO for 24 h (DFO group). The following day, the DFO group was treated with 100 lM FAC and 0.5, 1, or 2 IC50 AFF.
HepG2 normal cells, DFO group, and FAC/AFF treated-DFO groups were stained with monoclonal antibody anti-human MT-2 and secondary antibody conjugated
streptavidin–horseradish peroxidase. All experiments were performed in duplicate. Red arrow: immunopositive; Blue arrow: immunonegative. The HepG2 normal cells
provided the baseline data and were compared to the DFO group.

Table 3
Percentage of iron deficiency HepG2 cell model positively expressing MT-2 proteins.

MT-2 Expression (%) Normal DFO DFO+
FAC

DFO+
0.5 IC50

DFO + 1 IC50 DFO+
2 IC50

p-value

Mean 0 5.52 2.91 3.13 9.16 13.47 <0.001
SD 0 2.12 1.74 0.43 0.12 0.90
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chemicals from M. jalapa roots, several studies using Boeravinone
isolated from M. jalapa roots have reported IC50 values of 0.92 in
K562 cells, >100 in HL-60 cells, 9.62 in A549 cells, and 2.16 in
BEL-7402 cells (Xu et al., 2010). Therefore, the low cytotoxicity of
the ethanol extract and alkaloid fraction of M. jalapa flowers in this
paper may be due to the combination of many phytochemicals,
human cell line preference and different parts of M. jalapa plant,
leading to antagonistic effects.
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4.3. Alkaloid fraction of M. jalapa flowers increases EPO levels in
supernatants of the iron deficiency HepG2 cell model

A previous in silico study has identified that Indicaxanthin,
Miraxanthin V, and Vulgaxanthin I are able to interact with EPOR
with lower binding affinity than EPO–EPOR complexes and having
molecular structures similar to the truncated EPO ptoteins (Suselo
et al., 2017). From our in vitro results, the EPO levels in cell lysates



Fig. 8. Hepcidin levels in cell lysates and supernatants of iron deficiency HepG2 cell model treated with FAC and AFF. A total of 105 HepG2 cells were seeded in a six-well
microplate for 24 h, then induced with 100 lM DFO for 24 h (DFO group). The following day, the DFO group was were treated with 100 lM FAC and 0.5, 1, or 2 IC50 AFF. All
experiments were performed in triplicate. *denotes comparison between the DFO group and FAC/AFF treated DFO groups with p < 0.001. The HepG2 normal cells provided the
baseline data and were compared to the DFO group.

Fig. 9. Total iron levels in cell lysates and supernatants of iron deficiency HepG2 cell model treated with FAC and AFF. A total of 105 HepG2 cells were seeded in a six-well
microplate for 24 h, then induced with 100 lM DFO for 24 h (DFO group). The following day, the DFOgroup was treated with 100 lM FAC and 0.5, 1, or 2 IC50 AFF. All
experiments were performed in triplicate. *denotes comparison between the DFO group and FAC/AFF treated DFO groups with p < 0.001. The HepG2 normal cells provided the
baseline data and were compared to the DFO group.
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and supernatants of the iron deficiency HepG2 cell model
increased in a dose-dependent manner after administration of
the alkaloid fraction of M. jalapa flowers (Fig. 5). In addition to this
in vitro study, administration of EPO in mice and rats with iron
deficiency increases MT-2 gene expression (Frýdlová et al., 2016).
Altogether, it suggests that administration of the alkaloid fraction
of M. jalapa flowers probably increases the TTSPs activity and
MT-2 expression through interaction with EPOR as well. However,
further studies are required to determine the expression changes
of EPOR in the iron deficiency HepG2 cell model.
4.4. Alkaloid fraction of M. jalapa flowers increases TTSPs activity in
cell lysates and supernatants of the iron deficiency HepG2 cell model

There are two types of TTSPs (i.e., membrane and soluble
enzymes), which possess single pass transmembrane, short intra-
cellular and extracellular domains. The TTSPs catalytic site acti-
vates or degrades protease-activated receptors, cytokines, growth
factors and extracellular matrix components (Webb et al., 2011).
The MT-2 protein is a family member of TTSPs also has membrane
and soluble enzymes which have a specific catalytic site at His57,
Asp102, and Ser195 residues, and shares 45 % sequence homology
to other members of TTSP family. Meanwhile, the Arg-Ile-Val-
9

Gln-Gly sequence of MT-2 protein has an important role for zymo-
gen activation (Mangold et al., 2018). Basically, 2 types of the MT-2
protein have similar TTSPs activity but the soluble form lacks of the
extracellular domain (Stirnberg et al., 2010). We used the Boc-Gln-
Ala-Arg-AMC substrate, which is only the fluorogenic tripeptide
available in the market, for which the MT-2 protein is able to
cleave Arg at P1, P2 or P3, and P4 positions. The cleavage of the sub-
strate (AMC) results in fluorescence (Mangold et al., 2018). These
findings emphasize that the Boc-Gln-Ala-Arg-AMC substrate can
be cleaved by other members of TTSP family which have the same
catalytic triad (His57, Asp102, and Ser195) (Damalanka & Janetka,
2019; Rawlings, 2020); however, MT-2 protein shows the highest
expression of the TTSPs family in the cell membrane of HepG2
(https://www.proteinatlas.org/search/type+2+transmembrane
+protease+serine), such that the TTSPs activity may derive from the
presence of MT-2 protein.
4.5. Alkaloid fraction of M. jalapa flowers increases matriptase-2
expression in cell lysates and supernatants of the iron deficiency
HepG2 cell

To verify the TTSPs activity in iron deficiency HepG2 cell model
treated with the alkaloid fraction ofM. jalapa flowers, we evaluated

https://www.proteinatlas.org/search/type%2b2%2btransmembrane%2bprotease%2bserine
https://www.proteinatlas.org/search/type%2b2%2btransmembrane%2bprotease%2bserine
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MT-2 protein expression. Increased expression of MT-2 was found
to be parallel with increased TTSPs activity in iron deficiency
HepG2 cell model treated with the alkaloid fraction of M. jalapa
flowers in a dose-dependent manner. These findings clearly indi-
cate that the alkaloid fraction of M. jalapa flowers was able to
induce MT-2 protein expression and increase TTSPs activity. The
results of this in vitro study confirm that Indicaxanthin and
Miraxanthin-V from in silico study have lower binding affinity (-
4.50 and �5.03 kcal/mol resppectively) than the standard EPO (-
3.80 kcal/mol). In addition, both phytochemicals similarly interact
with EPOR at Leu33, Glu34, Glu60, Asp61, Thr87, Ala88, Thr90, and
Ser92 residues but both phytochemicals have additional interaction
at Phe93, His114, Glu117, and Phe205 residues. Interaction with
Met150 and Phe205 residues are necessary for EPOR binding like
Epo-mimetic peptide (EMP1) (Middleton et al., 1999). Further-
more, interaction with Phe93 residue plays an important role in
nonpolar interactions with EPOR (Singh et al., 2013). The other
10 residues are required for bond stability of phytochemicals to
EPOR (Suselo et al., 2017). In previous study, EPO administration
in rats increases splenic erythroferrone (ERFE) protein and liver
TMPRSS6 protein expression. Furthermore, HAMP expression in
animals treated with the combination of iron plus EPO is signifi-
cantly lower than HAMP expression in animals treated with iron
alone (Gurieva et al., 2017). Therefore, administration of alkaloid
fraction of M. jalapa flowers may increase TTSPs activity and MT-
2 expression but further studies are required to understand the
association and dissociation affinities between phytochemicals in
the alkaloid fraction with EPOR.

4.6. Alkaloid fraction of M. jalapa flowers inhibits hepcidin levels in cell
lysate and supernatant of the iron deficiency HepG2 cell model

Iron deficiency in HepG2 cells induces MT-2 expression, which
stabilizes at the cytoplasmic domain to cleave hemojuvelin protein
and inhibit BMP 2 and BMP6 protein complexes from interacting
with BMPR (Zhao et al., 2015). Inhibition of BMP–BMPR complexes
result in the inhibition of HAMP (hepcidin) gene expression
(Camaschella et al., 2020). The results of our study showed that
hepcidin levels in the cell lysate and supernatant of HepG2 cells
were reduced significantly after administration of the alkaloid frac-
tion of M. jalapa flowers in a dose-dependent manner. From an
existing in vitro study, some synthetic compounds have been
shown to inhibit MT-2 and HJV gene and protein expression, as
well as activating HAMP gene and hepcidin levels (Béliveau et al.,
2019). Therefore, it suggests that hepcidin expression is, at least
partly, regulated by the MT2–BMP pathway.

4.7. Alkaloid fraction of M. jalapa flowers increases iron levels in cell
lysate of the iron deficiency HepG2 cell model

Iron is a vital trace mineral that plays important roles in enzy-
matic reactions, especially in mitochondrial human cells, such as
hepatocytes (Pantopoulos et al., 2012). The iron level is tightly reg-
ulated in the intracellular compartment, due to its toxicity. From
our findings, administration of the alkaloid fraction of M. jalapa
flowers also increased iron levels in iron deficiency HepG2 cyto-
plasm. A recent study has indicated that HepG2 and Caco-2 cells
treated with ankaferd blood stopper (ABS) have increased intracel-
lular iron levels through the inhibition of HAMP gene expression
(Gulec & Gulec, 2018). From this study, we do not know whether
or not ABS interacts with the MT-2 protein, as high iron levels in
this compound also inhibit the gene expression of TFR, DMT-1,
and Ankrd37, which are not related to the MT2–BMP pathway.
Therefore, our findings might explain the role of alkaloid fraction
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of M. jalapa flowers in iron metabolism through EPO-MT-2-
hepcidin pathway.

Overall, we have documented, for the first time, that the alka-
loid fraction of M. jalapa flowers up-regulates the EPO levels, TTSPs
activity and MT-2 expression in iron deficiency HepG2 cell model,
leading to low hepcidin levels and increased intracellular iron
levels. However, there were some limitations to our study. At first,
we used the Betanin pure compound to determine Betaxanthin and
Betacyanin levels, as these compounds are unavailable on the mar-
ket, while Betanin is the precursor of both compounds. In the TTSPs
activity assay, we used the Boc-Gln-Ala-Arg-AMC substrate, which
can be cleaved not only by MT-2 but also by other TTSPs family
members. However, the MT-2 protein expression results are con-
sistent with the TTSPs activity. Furthermore, we did not measure
the protein expression and dissociation affinity of BMP and BMPR,
which play important roles in hepcidin modulation for iron
metabolism.
5. Conclusions

The alkaloid fraction of M. jalapa flowers exhibited low cytotox-
icity (IC50 = 100.21 ± 5.67 ppm) in HepG2 cells. The alkaloid frac-
tion, containing Indicaxanthin and Miraxanthin-V, increased EPO
levels, membrane and soluble TTSPs activities and MT-2 expres-
sion, decreased hepcidin levels, and increased intracellular iron
levels in iron deficiency HepG2 cell model. In the future, we intend
to isolate Betaxanthin and its derivatives from M. jalapa flowers. To
verify the EPOR, MT-2, and TTSPs family member expression, we
will use quantitative PCR for gene expression and Western Blotting
for protein expression. We will also assess small molecule–protein
interactions by using surface plasmon resonance to determine the
association and dissociation affinities of Betaxanthin and its deriva-
tives with EPOR.
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