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The leaf homogenate of Psychotria insularum is widely used in
Samoan traditional medicine to treat inflammation associated
with fever, body aches, swellings, wounds, elephantiasis, inconti-
nence, skin infections, vomiting, respiratory infections, and
abdominal distress. However, the bioactive components and
underlying mechanisms of action are unknown. We used chemical
genomic analyses in the model organism Saccharomyces cerevisiae
(baker’s yeast) to identify and characterize an iron homeostasis
mechanism of action in the traditional medicine as an unfractio-
nated entity to emulate its traditional use. Bioactivity-guided frac-
tionation of the homogenate identified two flavonol glycosides,
rutin and nicotiflorin, each binding iron in an ion-dependent
molecular networking metabolomics analysis. Translating results
to mammalian immune cells and traditional application, the
iron chelator activity of the P. insularum homogenate or rutin
decreased proinflammatory and enhanced anti-inflammatory cyto-
kine responses in immune cells. Together, the synergistic power of
combining traditional knowledge with chemical genomics, metab-
olomics, and bioassay-guided fractionation provided molecular
insight into a relatively understudied Samoan traditional medicine
and developed methodology to advance ethnobotany.

traditional medicine j chemical biology j genomics j metabolomics j
iron homeostasis

Compounds from natural resources are reliable lead tem-
plates of new pharmaceuticals, having persisted through

evolutionary selection to control fundamental molecular path-
ways. Of the 1,562 newly approved drugs from 1981 to 2019,
64% were either natural products, derived from natural prod-
ucts, or based upon natural product scaffolds, biological macro-
molecules, or botanical drugs (1). In 2008 alone, 50% of the
255 drugs in various stages of development originated from
plant natural products, demonstrating the large and yet-
untapped potential of plant natural products (2).

Medicinal plants in effect have been trialed for activity
through centuries of ethnobotanical use, making traditional
medicines an attractive yet challenging source for further inves-
tigation (3). For example, the anti-malarial drug artemisinin
was isolated from Artemisia annua L., a well-documented herb
in traditional Chinese medicine used for the treatment of fever
and malaria (4). Samoan medicinal plants also comprise such a
resource, as evident by the phorbol ester prostratin, a com-
pound sourced from the medicinal plant Homalanthus nutans
(G.Forst) Guill., which is in development as a latency reversing
agent of HIV (5–7).

Another medicinal plant commonly used in Samoa is Psycho-
tria insularum A.Gray (Rubiaceae), a small tree approximately
2 m in height with small white flowers and glossy red berries.
Known locally as “matalafi,” the homogenate of P. insularum
leaves (fresh leaf juice) is used to treat inflammation associated
with fever, body aches, swelling, wounds, incontinence, skin
infections, elephantiasis, vomiting, respiratory infections, and
abdominal distress (8–12). Despite these diverse uses and wide
distribution across the Pacific and in South America, the medic-
inal use of P. insularum has only been documented in the
Samoan islands. Although model organisms have been used to
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validate a subset of traditional uses (10–13), the molecular
mechanisms of P. insularum remain enigmatic. Thus far, a class
of bioactive compounds common in Psychotria species (cycloti-
des) have been investigated, but these compounds have not
been found in P. insularum (14, 15); hence the bioactive com-
pounds mediating the biological activities of P. insularum
remain to be identified. Here, we identified iron chelation as a
mechanism of action of the P. insularum homogenate using
chemical genomic analysis of a yeast deletion mutant library.
We carried out bioassay-guided fractionation that led to the
isolation and purification of rutin and nicotiflorin as bioactive
constituents of the P. insularum homogenate, then translated
our results from yeast to mammalian immune cells and vali-
dated the traditional use of the homogenate (and rutin) as an
anti-inflammatory agent.

Results
Chemical Genomic Analysis Shows Metal Ion Homeostasis Is
Affected by the P. insularum Homogenate. To understand how
the P. insularum homogenate mediates its bioactivity, we pre-
pared P. insularum leaf homogenate with a traditional healer
and conducted competitive haploinsufficiency profiling genomic
analysis screens for bioactivity using a pooled heterozygous
deletion library of Saccharomyces cerevisiae. This analysis is an
established method to determine mechanism of action of thou-
sands of compounds and extracts wherein loss of mechanisti-
cally important genes results in hypersensitivity (i.e., reduced
viability) (16–18). Cells were grown either in the presence or
absence of 0.005% volume/volume (v/v) P. insularum homoge-
nate, a concentration that reduced the growth of the pooled
library by 20% compared to untreated cells. Using a false dis-
covery rate (FDR) cutoff value of 0.025 against the chemical
genomic profile of the P. insularum homogenate (SI Appendix,
Fig. S1), we identified 23 gene deletions annotated to eight
broad functions (metal ion binding, DNA binding, chromosome
segregation, stress recovery, amino acid transport, vacuolar
transport, transfer RNA (tRNA) methylation, and mitochon-
drial function) (Fig. 1A and SI Appendix, Table S1). To statisti-
cally evaluate over-representation within these 23 genes for
specific molecular functions, gene ontology (GO) enrichment
analysis was conducted using YeastEnrichr (19). There was sig-
nificant enrichment for a multitude of processes including iron
transport, DNA binding, transcription, transport of the amino
acid L-aspartate, and carboxypeptidase activity (Fig. 1B and SI
Appendix, Table S2). Notably, the top-ranked enrichment scores
were iron ion transmembrane transporter activity (GO:
0005381) and transitional metal ion transmembrane transporter
activity (GO: 0046915).

Pertinent to investigating the mechanism of P. insularum as a
traditional medicine used by Samoan people, 9 of the 23 genes
were involved in iron/zinc metabolism and are also conserved
from yeast to humans (20, 21). We therefore tested whether
metal supplementation would rescue the yeast growth defect in
the presence of P. insularum by growing wild-type (WT) yeast
in increasing concentrations of the homogenate alone, or with
supplementation of iron (FeCl3, FeSO4) or zinc (ZnCl2). While
iron supplementation rescued the growth defect of WT in the
presence of P. insularum, zinc supplementation did not rescue
the growth defect (Fig. 1C). We also assessed if metal supple-
mentation would rescue the P. insularum–induced growth defect
of the fet3Δ strain, a well-characterized mutant defective in
high-affinity iron uptake (22, 23). As in WT, the iron supple-
mentation rescued the growth defect in fet3Δ (Fig. 1D), likely
through low-affinity iron uptake, while zinc supplementation
did not rescue the growth defect. The iron-specific rescue was
not a general cytoprotective effect because supplementation
with exogenous iron did not rescue generalized growth

inhibition induced by atorvastatin (cholesterol synthesis inhibi-
tor) or cycloheximide (protein synthesis inhibitor) (SI
Appendix, Fig. S2). These findings directed us to an iron
homeostasis mechanism of action of the P. insularum homoge-
nate. Since several iron transporter deletion strains (fet3Δ,
ftr1Δ, fet4Δ, arn1Δ, arn3Δ, arn4Δ, fet5Δ, and fth1Δ) involved in
different aspects of iron homeostasis exhibited the hypersensi-
tive phenotype to the P. insularum homogenate (SI Appendix,
Fig. S3), it was unlikely that a single protein (24), in this case
iron transporter was the physical target of the homogenate.

P. insularum Increases the Expression of Proteins Involved in Iron
Transport Systems. Given that iron supplementation reduced the
growth inhibitory effects of the P. insularum homogenate, we
hypothesized that P. insularum homogenate was reducing intracel-
lular iron availability, possibly via an extracellular iron-chelating
mechanism. A hallmark phenotype of low intracellular iron is
increased expression of iron transporter proteins (20, 21, 25). We
thus monitored the expression levels of 84 proteins involved in
iron transport and metabolism in the presence of the P. insularum
homogenate or an extracellular iron chelator bathophenanthroline

Fig. 1. Chemical genomic analysis of the P. insularum homogenate. (A)
Bow-tie representation of molecular functions of the 23 genes buffering
the cellular response to the P. insularum homogenate. The 23 genes were
identified from the barcode-sequencing haploinsufficiency analysis of
6,000 heterozygous deletion strains using a statistical cutoff to detect sig-
nificant differences in growth in the presence of the homogenate com-
pared to the control (SI Appendix, Fig. S1). (B) GO enrichment analysis
using YeastEnrichr distinguishes iron transport as being significantly over-
represented within the 23 genes. The enrichment score is a combined
score that integrates P and z-score of expected and observed classification
of a gene set to molecular functions. Percent growth of (C) WT or (D)
fet3Δ in increasing concentrations of P. insularum homogenate with the
absence or addition of 100 mM FeCl3, FeSO4, or ZnCl2 compared to growth
in media without P. insularum homogenate. Data shown are average
and SD of three independent experiments, each with three technical
replicates.
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disulfonic acid (BPS) relative to untreated cells. Each protein was
green fluorescent protein (GFP) tagged, imaged, and quantified
using confocal fluorescence microscopy relative to the constant
red fluorescent protein (RFP) markers for the nucleus and cyto-
plasm (RedStar and mCherry, respectively) (26). Overall, the
effects of the P. insularum homogenate were markedly similar to
BPS, with identical changes in 13 proteins, of which 5 were note-
worthy (Fig. 2 A and B). Relative to the untreated control, the
P. insularum homogenate or BPS significantly increased the
expression levels of the high-affinity iron transporters Fet3p-GFP
and Ftr1p-GFP. The low-affinity iron transporter Fet4p-GFP also
increased after treatment with the P. insularum homogenate or
BPS, albeit less dramatically than the high-affinity iron transport-
ers. Similarly, Arn1p-GFP (involved in the uptake of siderophore-
bound iron) exhibited significantly increased abundance in the
presence of the P. insularum homogenate when compared with
the control. These transporters, together with Fet3p, Ftr1p, and

Fet4p, are known to be up-regulated under conditions of iron
deprivation (20, 21, 25), further suggesting the P. insularum
homogenate induces an iron-deficient condition. This prediction
was further supported where these significant increases in protein
abundance with the P. insularum homogenate were mirrored
with growth in iron-free media, and moreover, these increased
levels were restored to control levels with iron supplementation
(Fig. 2 A and B).

P. insularum Reduces Intracellular Iron Content and Heme
Synthesis via Iron Chelation. Our results thus far predict that the
bioactive principle of the P. insularum homogenate reduces iron
availability potentially via iron chelation. To further test this
model, we measured intracellular iron levels using inductively
coupled plasma mass spectrometry (ICP-MS) (27). Iron levels
in lysates from untreated WT cells, or those treated with the
P. insularum homogenate, grown in iron-free media or in the
presence of BPS, were analyzed to quantify intracellular iron
content. Consistent with our prediction, the P. insularum
homogenate elicited a 60% decrease in total intracellular iron
in cells compared to untreated cells (P = 0.008) (Fig. 3A).
Significant reductions in intracellular iron were also detected in
cells grown in the BPS iron chelator control (P = 0.008) (60%)
or cells grown in iron-free media (80%) compared to untreated
cells (P = 0.002).

To further investigate the effect of the P. insularum homoge-
nate on fundamental iron-dependent processes such as heme
synthesis (28), we quantified intracellular heme using a colori-
metric assay (29). The P. insularum homogenate conferred a
significant 50% reduction (P = 0.002) in heme levels relative to
untreated cells (Fig. 3B). Cells grown in iron-free media and in
the BPS iron chelator control also exhibited significantly
reduced heme levels by 70% (P = 0.006) and 75% (P = 0.001),
respectively, relative to untreated cells. These results show that
the P. insularum homogenate reduced heme synthesis via an
iron-dependent mechanism.

The results thus far suggest iron chelation, so we next
directly measured iron chelation using the cell-free chrome
azurol S (CAS) assay. In this assay, iron chelation is indicated
with a blue-to-yellow color transformation (30). Because the
pink color of iron-chelated BPS obscures the blue-to-yellow
color change, we used EDTA as the positive control. Indistin-
guishable from the EDTA control, the P. insularum homogenate
chelated iron at 0.5% (v/v) and 1% (v/v) (Fig. 3C), which were
the same concentrations that significantly inhibited yeast
growth (Fig. 1 C and D), thereby demonstrating that the P. insu-
larum homogenate mediates bioactivity via an iron chelation
mechanism.

Bioassay-Guided Fractionation Identifies Two Flavonol Glycosides
from the P. insularum Homogenate. A major challenge in the
field of traditional medicine is to identify the bioactive compo-
nent from crude extracts (31–33). To identify the bioactive
component in the P. insularum homogenate used in Samoan
traditional medicine, we conducted bioassay-guided fraction-
ation of the homogenate by monitoring subfractions for the res-
cue of yeast cell growth with iron supplementation in tandem
with nuclear magnetic resonance (NMR) spectroscopic analysis
of the purified fractions. Initial fractionation of the homogenate
used reversed-phase chromatography on a polymeric (polysty-
rene-divinyl benzene copolymer; HP-20) resin, followed by
HP-20ss purification. Further purification was achieved using
size-exclusion chromatography (LH20) and then a final purifi-
cation using reversed-phase octadecyl-derivatized silica (C18)
high performance liquid chromatography (HPLC) to yield low
milligram quantities (0.4 to 3.3 mg) of the flavonol glycosides
rutin and nicotiflorin, the structures of which were determined
by NMR analysis (Fig. 4 A–D and SI Appendix, Fig. S4). In

Fig. 2. Protein expression levels of iron transporters are highly responsive
to the P. insularum homogenate. (A) Protein abundance of iron transport-
ers under control (ddH2O) and treatment conditions (0.05% v/v P. insula-
rum, 0.05% v/v P. insularum homogenate with 100 mM FeCl3 supplementa-
tion, iron-free media, 0.1 mM BPS iron chelator, or media supplemented
with 100 mM FeCl3) was monitored using confocal fluorescent microscopy
analysis of GFP-tagged iron transporters relative to nuclear and cytoplasm
markers tagged with high RedStar2 intensity and low-intensity mCherry
RFP, respectively. (B) Quantification of GFP fluorescence for each of the
five iron transporters across the control and the five treatments. GFP
quantification of 300 to 400 cells was achieved using ACAPELLA software
version 2.0 (PerkinElmer) that identified cells based on the mCherry and
RedStar signals and prescribed the quantification of GFP as previously
described (25). Three independent experiments with three technical repli-
cates each were conducted. *P < 0.05; **P < 0.01; ***P < 0.001; Student’s
t test comparison to control media.
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addition, a third bioactive fraction was isolated, although our
attempts to characterize this fraction were unsuccessful because
of significantly broad, unresolved, aromatic, and aliphatic NMR
signals that are characteristic of polymeric flavonoids such as
condensed polymeric tannins. To verify our results, NMR spec-
tra of commercial samples of rutin and nicotiflorin were identi-
cal with those isolated from P. insularum (SI Appendix, Fig. S5).
Also consistent with the compounds isolated from P. insularum,
each commercially obtained compound-chelated iron in the
CAS assay (SI Appendix, Fig. S6). Interestingly, commercially
obtained rutin reduced yeast growth at concentrations as low as
63 mM, and this growth defect as well that at higher concentra-
tions was suppressed with iron supplementation, while commer-
cially obtained nicotiflorin did not inhibit yeast growth at the
highest 1.7-mM concentration tested (SI Appendix, Fig. S7).
The lack of growth inhibition bioactivity for authentic nicoti-
florin could be explained by the absence of a catechol (ortho-
dihydroxybenzene), known to reduce metal-chelating ability.
Indeed, the iron-chelating activity of nicotiflorin was less than

that of rutin (SI Appendix, Fig. S6), suggesting a higher concen-
tration of nicotiflorin is required to elicit growth inhibition in
yeast. Nonetheless, nicotiflorin purified from the P. insularum
homogenate inhibited yeast growth more than the authentic
commercial compound, perhaps explained by the presence of
minor unresolved compounds seen in the spectra of the puri-
fied samples (SI Appendix, Fig. S5). In P. insularum–derived
rutin and nicotiflorin, broad and unresolved resonances around
6.5 ppm within the 1H NMR spectrum are consistent with the
presence of condensed tannins, which could explain the distinct
bioactivity of P. insularum–derived nicotiflorin. Based upon 1H
NMR integration values, we estimate the impurity to be
between 5 and 10% of each sample, but given the broadness of
the signal, it is difficult to determine with certainty.

The P. insularum Homogenate Reduces Production of
Inflammation-Associated Cytokines by Activated Immune Cells.
Iron chelation is involved in many bioactivities including antiox-
idant, antibacterial, and anti-inflammatory activities (32, 34). To
determine if the P. insularum homogenate reduces inflamma-
tion, for which it is prescribed in traditional Samoan medicine,
we compared the effects of varying concentrations of the P.
insularum homogenate with the bioactive component rutin, the
iron chelator BPS, and the anti-inflammatory drug ibuprofen
on established mediators of innate and adaptive immunity. Spe-
cifically, we selected cytokines that highlighted proinflammatory
and anti-inflammatory T helper (Th) subsets: Th1 (cell-mediated
immunity), Th2 (wound healing), Th17 (inflammation and anti-
fungal immunity), and regulatory Tcells.

To investigate adaptive immunity, cytokines were measured
in unstimulated and stimulated splenocytes in the presence of
P. insularum homogenate, rutin, BPS, or ibuprofen (Fig. 5).
The treatments did not reduce viability at any of the tested con-
centrations (SI Appendix, Fig. S8). In unstimulated splenocytes,
the baseline production of the Th1-inducing IL12p40 and the
fever-inducing cytokine TNFα were significantly reduced with
the P. insularum homogenate, which was consistent with the
activity of rutin, BPS, and ibuprofen. The cytokine IL4, which
is critical for Th2-driven wound healing and tissue repair, was
significantly increased with ibuprofen, BPS, and rutin treat-
ments, while the P. insularum homogenate significantly reduced
IL4 levels. In splenocytes stimulated with concanavalin A
(ConA) to activate T cells, the P. insularum homogenate signifi-
cantly reduced levels of the Th1 (IFNγ) and Th17 (IL6 and
IL17A) proinflammatory cytokines, which aligns with the
reduction in baseline IL12p40 and TNFα. A similar effect was
observed with rutin and ibuprofen, whereas only the Th1 cyto-
kines were affected by BPS. Likewise, splenocytes stimulated
with lipopolysaccharide (LPS) to activate B cells exhibited
reduced levels of proinflammatory, fever-inducing cytokines
(IL1α, IL1β, and IL6) in the Th17 subgroup with P. insularum
homogenate as well as rutin and to a lesser extent ibuprofen.

To investigate innate immunity, we measured the two main
cytokines produced by bone marrow–derived macrophages.
The P. insularum homogenate significantly increased production
of the anti-inflammatory cytokine IL10, significantly reduced
production of the proinflammatory Th1-inducing cytokine
IL12p40, and also significantly increased viability and prolifera-
tion based on the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay (SI Appendix, Fig. S9). Notably,
BPS and ibuprofen produced a similar IL10 response, albeit to
a lesser extent than that observed from the P. insularum homog-
enate. In addition, while BPS treatment significantly down-
regulated IL12p40 production, ibuprofen failed to show the
same effect. Together, these results indicate the P. insularum
homogenate and the bioactive component rutin reduce proin-
flammatory and fever-inducing pathways while increasing
anti-inflammatory pathways, which are both consistent with

Fig. 3. P. insularum treatment impacts iron homeostasis. (A) Intracellular
iron levels in WT cells grown in control media or treatment media contain-
ing 0.05% v/v P. insularum homogenate, iron-free media, or 0.1 mM BPS iron
chelator. Cells were grown to midlog, lysed, and intracellular iron was quan-
tified using ICP-MS. Results shown are average and SD from three indepen-
dent experiments with three technical replicates each. **P < 0.01; Student’s
t test comparison to control media. (B) Heme levels in WT cells grown in the
same conditions as panel A. Protein was extracted and heme levels were
measured using the triton methanol method via a standard curve with
known concentrations of hemin and normalization to control levels. Results
presented are the average and SD calculated from three independent
experiments with three technical replicates each. **P < 0.01; Student’s t test
comparison to control media. (C) Iron chelation activity of the P. insularum
homogenate compared to EDTA iron chelation was measured in a cell-free
CAS assay. A color change from blue to yellow is indicative of iron chelation.
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traditional use of the P. insularum homogenate to reduce
inflammation, reduce fever, and enhance wound-healing.

LC-MS/MS Metabolomics Confirm Iron Chelation Activity of Rutin
and Nicotiflorin. To confirm the ability of rutin and nicotiflorin to
chelate iron, we used liquid chromatography with tandem mass
spectrometry (LC-MS/MS) metabolomics analysis with postcol-
umn pH adjustment and addition of iron to the column eluent
along with ion identity molecular networking within the Global
Natural Product Social Molecular Networking (GNPS) platform
to detect iron-chelating compounds (35, 36). This analysis identi-
fies defined mass offsets of metal-bound molecular ions relative
to their metal-free counterparts. Both pure compounds (rutin,
m/z 611.162; nicotiflorin, m/z 595.166) were detected as
Fe-bound dimers [2M + Fe + 2H]+ (rutin dimer + Fe, m/z
1,274.226; nicotiflorin dimer + Fe, m/z 1,242.239) when run with
iron addition (Fig. 6A). These peaks were absent in control
experiments without cation supplementation. The detected peak
area of the rutin–iron adduct ion was roughly one order of

magnitude greater than that of the nicotiflorin–iron adduct (Fig.
6B), with both analyzed at the same concentration. Given their
structural similarity and therefore a likely similar ionization
response factor, this implies faster binding kinetics for rutin over
nicotiflorin. Overall, these findings confirm that rutin and nicoti-
florin contribute to the iron chelation mechanism of the P. insu-
larum homogenate.

Discussion
Natural products for human diseases have always been impor-
tant, and traditional remedies such as Samoan medicinal plants
have significantly added to this armamentarium (5–13). Here,
we have added to this knowledge base by ascertaining the
mechanism of action of a traditional Samoan medicinal plant
(P. insularum); we identified and correlated mechanism of action
with the traditional use of the medicine and ultimately deter-
mined bioactive principles. First, we used haploinsufficiency
genomic analysis in yeast to determine that iron availability was

Fig. 4. Bioactivity-guided HPLC purification and NMR analyses led to the isolation and identification of rutin and nicotiflorin. The purification of P. insu-
larum homogenate was tracked using a bioassay-guided approach in tandem with NMR analyses. (A) The HPLC chromatogram, monitored at 254 nm,
showing the two peaks (boxed) that exhibited bioactivity. (B) Percent growth of WT yeast in increasing concentrations of HPLC fraction 1 or 2 with the
absence or addition of 100 mM FeCl3 compared to growth in media without each fraction. (C) The 1H NMR (600 MHz, CD3OD) spectrum of each fraction
was subsequently identified as (D) rutin and nicotiflorin.

SO
CI
A
L
SC

IE
N
CE

S
PL

A
N
T
BI
O
LO

G
Y

Molimau-Samasoni et al.
Functional genomics and metabolomics advance the ethnobotany of the Samoan
traditional medicine “matalafi”

PNAS j 5 of 11
https://doi.org/10.1073/pnas.2100880118



Unstimulated T cells (ConA) B cells (LPS)
R

u
ti

n

0

100

200

500

1000

1500

2000 0 µM
5 µM
50 µM

***

*

**

0

500

1000

1500

10000

20000

30000

**

***

***

**

0

2

4

6

8

10

200

400

600

800

**
****

Ib
u

p
ro

fe
n

0

50

100

150

200

250

500

1000

1500

2000

2500 0 µM
10 µM
100 µM

*

*

***

0

500

1000

1500

10000

20000

30000 *
*

**

***

*

0

2

4

6

8

10

200

400

600

800 ***
***

*
**

*** ***
****

B
P

S

0

50

100

150

200

1500

2000

2500 0 µM
0.1 µM
1 µM

*

**
*

0

200

400

600

10000

20000

30000
**

0

2

4

6

8

10

100

200

300

400

P
. i

n
su

la
ru

m

0

50

100

150

200

500

1000

1500

2000

2500 0 % v/v
0.5 % v/v
1 % v/v

***

**

****
****

**

0

200

400

600

10000

20000

30000 **

**

**
***

***

IL
4

IL
12p

40

TNF�

TNF�

TNF�

TNF�
IF

N�

IF
N�

IF
N�

IF
N�

IL
1�

IL
1�

IL
1� IL

1�

IL
1� IL

1�

IL
1� IL

1�

IL
17A IL

6
IL

27
IL

10
IL

10
IL

6
0

2

4

6

8

10

100

200

300

400
co

nc
en

tra
tio

n 
(p

g/
m

l)

co
nc

en
tra

tio
n 

(p
g/

m
l)

co
nc

en
tra

tio
n 

(p
g/

m
l)

**
*

***
****

0 % v/v
0.5 % v/v
1 % v/v

0 % v/v
0.5 % v/v
1 % v/v

0 µM
0.1 µM
1 µM

0 µM
0.1 µM
1 µM

0 µM
5 µM
50 µM

0 µM
5 µM
50 µM

0 µM
10 µM
100 µM

0 µM
10 µM
100 µM

co
nc

en
tra

tio
n 

(p
g/

m
l)

co
nc

en
tra

tio
n 

(p
g/

m
l)

co
nc

en
tra

tio
n 

(p
g/

m
l)

co
nc

en
tra

tio
n 

(p
g/

m
l)

co
nc

en
tra

tio
n 

(p
g/

m
l)

co
nc

en
tra

tio
n 

(p
g/

m
l)

co
nc

en
tra

tio
n 

(p
g/

m
l)

co
nc

en
tra

tio
n 

(p
g/

m
l)

co
nc

en
tra

tio
n 

(p
g/

m
l)

IL
4

IL
12p

40

IL
17A IL

6
IL

27
IL

10
IL

10
IL

6

IL
4

IL
12p

40

IL
17A IL

6
IL

27
IL

10
IL

10
IL

6

IL
4

IL
12p

40

IL
17A IL

6
IL

27
IL

10
IL

10
IL

6

Fig. 5. Anti-inflammatory activity of P. insularum homogenate on activated murine immune cells. Cytokine production by unstimulated splenocytes
(baseline responses), ConA-stimulated splenocytes (T cell activation; 72 h) and LPS-stimulated splenocytes (B cell activation; 72 h) in the presence of P.
insularum homogenate, the bioactive component rutin, the iron chelator BPS, and the anti-inflammatory drug ibuprofen. Shown are the mean and SE
from three independent biological replicates; each independent replicate performed with splenocytes pooled from three animals. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001; repeated-measure two-way ANOVA followed by Sidak’s multiple comparison test compared to vehicle treatment.
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integral to the mechanism of action of the P. insularum homoge-
nate. We described a bioassay-guided fractionation scheme that
led to the discovery of bioactive iron chelators, rutin and nicoti-
florin, in the P. insularum homogenate. The anti-inflammatory
effects of the P. insularum homogenate and rutin on unstimu-
lated splenocytes, ConA-activated T cells, and LPS-activated B
cells were as potent as the anti-inflammatory drug ibuprofen.
The similarity in the anti-inflammatory activity of the P. insula-
rum homogenate with the extensively used ibuprofen would be
consistent with the diverse uses of the P. insularum homogenate
in Samoan traditional medicine. Overall, using a crude tradi-
tional homogenate with methodology integrating genomics,
metabolomics, analytical chemistry and immunology, we identi-
fied 1) a mechanism of action that underpinned the traditional

anti-inflammatory remedy and 2) potential applications of the
traditional medicine not previously informed by traditional
knowledge.

Our results fit and extend an established system using yeast
as a model system for elucidating mechanisms of iron metabo-
lism in humans (20–23). For example, the natural product and
first-line treatment for type 2 diabetes prescribed for 150 mil-
lion persons worldwide, metformin, was shown in yeast to
induce an iron-deficiency state (37, 38). Indeed, iron chelators,
such as deferasirox, deferiprone, and deferoxamine, initially
approved for iron overload disorders associated with transfu-
sions impacting 1.62 billion people (39), are also now described
as prospective agents against common diseases such as cancer
(40), neurodegenerative diseases (41), cardiovascular disease
(42), and diabetes (43). As inflammation and iron chelation are
fundamental to these diseases (44–46), this raises the possibility
for applications of P. insularum beyond traditional use.

We identified rutin and nicotiflorin as bioactive components
of P. insularum homogenate in treating inflammation and asso-
ciated symptoms in Samoan traditional medicine. More
broadly, our findings fit with anti-inflammatory and neuropro-
tective effects of rutin and nicotiflorin in treating neurodegen-
erative diseases such as Parkinson’s and Alzheimer’s (47–49).
These results reiterate that rutin and nicotiflorin are bioactive
compounds of current interest and moreover suggest that there
may be uses for the P. insularum homogenate not informed by
traditional use in Samoa but informed here with unbiased
chemical genomic analyses. While there is no record of P. insu-
larum in a traditional use against hyperlipidemia-associated dis-
eases, our chemical genomic analysis highlighted the sensitivity
of the RIM101 gene deletion to the P. insularum homogenate.
RIM101 in yeast is a major regulator of lipotoxicity, the process
of lipid-dependent cell death that is associated with obesity,
diabetes, and cardiovascular disease (50). This observation may
be of direct relevance to Samoa given the genetic predisposition
to obesity in Samoa (51). Also of current interest, molecular
docking studies of 33 molecules predicted rutin as the strongest
contender in binding the active site of the SARS-CoV-2 main
3C-L protease for inhibiting viral replication and potentially
treating the COVID-19 pandemic (52). Antilipotoxicity and
antiviral activities by rutin are not unprecedented (53–56),
albeit not used to date to inform new uses of traditional medi-
cine. Our results thus broaden the therapeutic potential and
applications of P. insularum in Samoan traditional medicine.

It is also plausible that the iron chelation activity of the
P. insularum homogenate (by rutin, nicotiflorin, and other
condensed tannins) inhibits ferroptosis, an iron-dependent pro-
grammed cell death triggered by intracellular phospholipid
peroxidation. Pathological cell death associated with several
diseases including inflammation, Alzheimer’s, Parkinson’s, and
Huntington’s diseases, periventricular leukomalacia, renal
insufficiency, carcinogenesis, and kidney degeneration have
shown hallmarks of ferroptosis (57). Regulating ferroptosis
through iron chelation becomes a potential management tool
for these diseases. Ferroptosis is a fairly new categorization and
not yet well-studied when it comes to traditional medicine, with
only a few studies in traditional Chinese medicine (58). Given
flavonoids are prominent components of many plant extracts
used in traditional medicine, it would be interesting to deter-
mine if antioxidant and iron chelation mechanisms mediating
antiferroptosis activity are also mechanisms amenable to tradi-
tional medicine.

To further develop the P. insularum homogenate, additional
analyses of natural variation in the chemical biology of P. insula-
rum must be investigated. Spatial and temporal variation can
lead to differences in chemical composition, but also cultivar
differences have been shown to alter the levels and types of fla-
vonoids present within plants (59). As the P. insularum in our

Fig. 6. Native spray metal metabolomics network identifies iron-binding
activity of rutin and nicotiflorin. (A) Post-LC infusion of Fe3+ or H+ with
subsequent MS/MS-based GNPS analysis highlights rutin and nicotiflorin
were the only compounds in the full network to complex with iron based
on ion identity molecular networking. Edges are based on MS/MS similar-
ity (gray in the absence of binding iron). Both pure compounds (rutin, m/z
611.162; nicotiflorin, m/z 595.166) were detected to bind iron as dimers
with strong connections to monomeric (yellow edges) and dimeric (orange
edges) molecular ions of each compound alone, with these peaks absent
in control experiments without iron supplementation. Nodes correspond-
ing to binding of an H+ ion (blue) are shown with a thick outline repre-
senting a library match to MoNA MS/MS library in GNPS. (B) Integrated
peak intensities of dimer peak (2M + H adduct) and iron-bound dimer
peak (2M + Fe – 2H adduct) in the control (no infusion) and Fe-infusion
samples. Shown are the results from three replicates with the average
indicated with a horizontal line. Statistical significance between
integrated peak areas was calculated using a Student’s t test (*P < 0.05;
**P < 0.01).

SO
CI
A
L
SC

IE
N
CE

S
PL

A
N
T
BI
O
LO

G
Y

Molimau-Samasoni et al.
Functional genomics and metabolomics advance the ethnobotany of the Samoan
traditional medicine “matalafi”

PNAS j 7 of 11
https://doi.org/10.1073/pnas.2100880118



study was collected from P. insularum cultivated by a traditional
healer, future studies should include P. insularum collected
from cultivated as well as wild sources in Samoa and addition-
ally wild P. insularum from other South Pacific islands, where
interestingly, P. insularum is not reportedly used in traditional
medicine. Likewise, a pharmacodynamic understanding of P.
insularum is necessary. Since iron chelators alter the micro-
biome and immune cells respond to microbiota (60), it is plau-
sible that the P. insularum homogenate consumed orally alters
the intestinal microbiome, which could also mediate additional
effects of the homogenate.

This study incorporated sophisticated yeast chemical geno-
mic analyses to identify the biological mechanism of action of a
traditional medicine as a whole entity as prepared by traditional
healers, and this mechanism was then monitored in bioactivity-
guided fractionation to identify the bioactive components. This
combinatorial approach provides molecular insight into tradi-
tional knowledge and provides insight into potential new uses
of traditional medicine. As recently deemed to be increasingly
important for advancing ethnobiology and natural product drug
discovery, albeit rarely accomplished (61–63), our study inte-
grated indigenous researcher–community engagement with
interdisciplinary methodologies to discover and develop the
great pharmaceutical potential in traditional knowledge regard-
ing natural products as used in traditional medicine.

Materials and Methods
Plant Collection. Leaves were collected in 2013 and 2018 from an individual
P. insularum plant (GPS coordinates: Latitude S 13°48’53”, Longitude W
171°53’6”) via engagement with Seti Fa’aifo, the landowner of the property
and distant relative to S.M.S. Both Seti Fa’aifo and botanist S.T.F. positively
identified P. insularum. Permit for plant collection was provided by the Minis-
try of Natural Resources and Environment (MNRE) in Samoa. Voucher speci-
men (SROS_2021_407) has been deposited at Scientific Research Organisation
of Samoa (SROS).

Leaf Homogenate Preparation. Within an hour after collection, leaves were
washed with sterile water, processed through a juicer (Breville BJE200), and
the resulting leaf juice was transported on ice to Wellington, New Zealand,
for analysis under the auspices of the MNRE permit, the memorandum of
understanding between SROS and Victoria University of Wellington, and the
import permit from the Ministry of Primary Industries New Zealand. The juice
was centrifuged, and the supernatant was treated as the homogenate after a
final filtration through a 0.2-mm filter with a 30-mm polyethersulfone mem-
brane (Biofil).

Strains, Media, and Chemicals. All yeast strains used in this study were in the
BY4741 background. Haploid yeast deletion strains (MATa; Open Biosystems)
carrying the geneticin-selectable marker were maintained on yeast peptone
dextrose (YPD) medium containing 200 mg/mL geneticin (Life Technologies).
GFP/RFP-tagged yeast strains were maintained on synthetic complete media
buffered to pH 7 with 25 mM HEPES (SCH) without histidine (selection for
GFP) and containing hygromycin and nourseothricin antibiotics (selection for
RFP) (26). HEPES was purchased from Formedium. BPS, rutin, cycloheximide,
atorvastatin and ibuprofen were purchased from Sigma-Aldrich. Nicotiflorin
was supplied by AvaChem Scientific. EDTA was purchased from Appli-
ChemGmbH.

Chemical Genomic Analysis. An aliquot of a pooled heterozygous deletion
library of yeast (Open Biosystems) was treated with 0.005% v/v of the
P. insularum homogenate for 20 generations at 30 °C. Genomic DNA from
treated cells was isolated using YeaStar Genomic DNA Kit (ZymoResearch).
Then the unique 20-bp barcodes flanking each gene deletion (UPTAG
upstream and DNTAG downstream of each gene deletion) were amplified,
sequenced, demultiplexed, and quantified to record logFC, FDR, and
logCPM for every gene deletion of the heterozygous library as previously
described (64).

Functional Enrichment Analysis. Over-representation of genes sensitive to the
P. insularum homogenate for specific GO terms in themolecular function cate-
gory was investigated using YeastEnrichr (19). Significant enrichment was
defined via an enrichment score that integrates the log of the P less than 0.05

from the Fisher exact test for random gene sets and the z-score of the devia-
tion of the observed rank for each GO term in the P. insularum homogenate-
sensitive gene set from the expected rank for each term.

Metal Rescue Assay. Yeast cultures at 5 × 105 cells/mL were grown in SCH and
supplementedwith or without FeCl3, FeSO4, or ZnCl2, together with increasing
concentrations of P. insularum homogenate. Cells were subsequently incu-
bated at 30°C until control cells reached midlog (optical density [OD] = 0.4 to
0.6) and then quantified via absorbance at 590 nm using a PerkinElmer Envi-
sion plate reader.

Intracellular Iron Quantification. Yeast cultures at 5 × 105 cells/mL were grown
in SCH at 30 °C until control cells reached midlog (OD = 0.4 to 0.6), and
intracellular iron was measured in yeast cells using ICP-MS as previously
described (27). Briefly, cells were digested in 3% nitric acid at 96 °C for 16 h,
supernatant was collected, and iron content was quantified using Element 2
High Resolution ICP-MS (Thermo Scientific).

Confocal Fluorescence Microscopy. Protein expression was quantified by fluo-
rescence of a GFP-tagged protein of interest relative to the RFP fluorescence
of internal markers of the cytoplasm and nucleus (mCherry and RedStar,
respectively). Strains were grown in liquid SCH with and without P. insularum
homogenate at 30°C for 15 h, diluted to ∼1 × 108 cells/mL, transferred to 384
clear bottom microtitre plates (PerkinElmer), and visualized using a high-
throughput spinning disk confocal microscope (General Electric IN Cell Ana-
lyzer 6500HS with 60× (numerical aperture 0.9) air objective for screening 84
GFP-tagged strains or PerkinElmer Opera with 60× (numerical aperture 1.2)
water objective for select GFP-tagged strains). GFP excitation was at 488 nm
and detected with a 520/35 filter. mCherry and RedStar excitation was at 561
nm and detected with a 600/40 filter. An exposure of 400 ms with five Z-stacks
0.5 mm apart was used for all images. GFP quantification of 300 to 400 cells
was achieved using ACAPELLA software version 2.0 (PerkinElmer) that identi-
fied cells based on themCherry and RedStar signals and prescribed the quanti-
fication of GFP as previously described (26).

Heme Quantification. Yeast cultures at 5 × 105 cells/mL were grown in SCH at
30 °C until control cells reached midlog (OD = 0.4 to 0.6), and protein was
extracted as previously described (65). Heme was then quantified by the
triton-methanol protocol as previously described (29). In brief, equal amounts
of clarified cell lysate was added to 5% triton in methanol, absorbance was
read at 405 nm using a PerkinElmer Envision plate reader, and heme was
quantified relative to a hemin (Sigma-Aldrich) standard curve (10 to 500 nM).

Colorimetric Iron Chelation Assay. Iron chelation was directly measured using
a modified CAS assay as previously described (30). Briefly, a solution compris-
ing CAS, FeCl3, and hexadecyltrimethylammonium bromide was prepared in
the presence and absence of various dilutions of P. insularum homogenate or
EDTA. A color change from blue to yellow was indicative of iron chela-
tion activity.

Mouse Husbandry. Male and female C57BL/6 mice (6- to 12-wk old) were
obtained from the Malaghan Institute of Medical Research and housed in the
School of Biological Sciences Animal Facility at Victoria University. All experi-
ments with animals were carried out in this animal facility and were approved
by the Victoria University of Wellington Animal Ethics Committee (protocols
2014-R23 and 25295).

Immune Response Assays. To assess T cell responses, splenocytes were iso-
lated from C57BL/6 mice as previously described (66) and cultured (1 × 106

cells/well) for 72 h in the presence or absence of ConA (a polyclonal T cell
mitogen; 1 μg/mL; Sigma). For each experiment, splenocytes were pooled
from three animals, and three independent experiments were performed for
each assay. To assess B cell responses, splenocytes were isolated and stimu-
lated for 72 h with LPS (a polyclonal B cell mitogen; 200 ng/mL). Cytokines
were measured in the culture supernatants by enzyme-linked immunosor-
bent assay (BD Biosciences) for IL12p40, IL4, and IL10 according to manufac-
turer instructions, and plates were read at 450 nm using a multiwell Enspire
Multilabel plate reader (PerkinElmer). Additionally, TNFα, IL6, IL27, IL17A,
IFNγ, IL1α, and IL1β were measured in culture supernatants from unstimu-
lated, ConA-stimulated, or LPS-stimulated splenocytes using a LEGENDplex
Mouse Inflammation Panel 13-plex (Biolegend) by flow cytometry according
to manufacturer instructions and acquired on a FACS Canto II flow cytometer
(BD Biosciences). Data analysis was conducted using LEGENDplex software
(Biolegend). Primary bone marrow–derived macrophage cultures were pre-
pared from C57BL/6 mice as described (67) using IL-3 and GM-CSF (both at
5 ng/mL; Peprotech) for 7 to 10 d. Macrophages (1 × 105 cells/well) were
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primed overnight with IFNγ (20 U/mL; Peprotech) before stimulation with LPS
(200 ng/mL; Sigma) for 24 h. Cell viability was assessed via MTT assay; briefly,
cells were incubated for 2 h with the MTT solution (5 mg/mL; Sigma) before
adding the solubilizer (10% sodium dodecyl sulfate, 45% dimethylforma-
mide) overnight, and MTT reduction was measured by absorbance at 550 nm
in a multiwell Enspire Multilabel plate reader (PerkinElmer). Statistical signifi-
cance between multiple groups assessed using repeated-measure two-way
ANOVA followed by Sidak’s multiple comparison test.

NMR, MS, HPLC, and TLC Analyses for Compound Isolation. NMR analyses
were carried out using a Varian Direct Drive 600-MHz NMR spectrometer
operating at 600MHz for 1H and 150MHz for 13C nuclei, respectively. Samples
were dissolved in deuterated solvent (Cambridge Isotope Labs), and the resid-
ual protonated solvent peak was used as an internal reference (CD3OD: δH
3.31, δC 49.0; CDCl3: δH 7.21, δC 77.0). High-resolution electrospray ionization
mass spectrometry (HRESIMS) data were acquired using an Agilent 6530
Accurate-Mass Q-TOF LC-MS equipped with a 1260 Infinity binary pump.
Data-dependent electrospray LC-MS/MS analysis was performed with a
Q-Exactive orbitrap mass spectrometer (Thermo Scientific) operating in both
positive and negative ion modes. HPLC purification was carried out using an
Agilent Technologies 1260 Infinity instrument equipped with a quaternary
pump and dual detection capability using the diode array and evaporative
light scattering detector modules. Thin-layer chromatography (TLC) analyses
were performed on Macherey-Nagel Polygram Sil G/UV254 plates and
developed by first visualizing under ultraviolet light (λ = 254 nm), then
dipping in 5% H2SO4/CH3OH, followed by 0.1% vanillin/ CH3CH2OH
before heating.

Bioactivity-Guided Fractionation. Filtered P. insularum juice (200 mL) was
passed through Diaion HP-20 poly(styrene-divinyl benzene) copolymer resin
(Supelco) (100 mL) that was pre-equilibrated with three column volumes each
of acetone, methanol, and dH2O. The column was then eluted with three col-
umn volumes each of dH2O, 30, 75, and 100% acetone in dH2O (v/v), to which
bioactivity was predominantly confined to the 75% acetone in dH2O fraction.
The 75% aqueous acetone fraction was then loaded onto Diaion HP-20ss
(Supelco) by evaporating the fraction onto HP-20ss (5 mL) and transferring as
a slurry in dH2O onto a larger bed of the stationary phase (15 mL). The column
was washed with dH2O and eluted with three bed volumes each of 30, 40, 50,
60, 75, and 100% acetone in dH2O. Fractions (10 mL) were collected in test
tubes and evaporated in vacuo. Bioactive fractions found within the 50%
aqueous acetone fractionwere further subjected to size-exclusion chromatog-
raphy using Sephadex LH20 (GE Healthcare Life Sciences) (2.5 × 90 cm) eluting
with 50% methanol in dH2O (v/v, 750 mL) at 17 mL/h collected in bulk, fol-
lowed by 70% acetone in dH2O (v/v, 400 mL) at a flow rate of 25 mL/h collect-
ing 5-mL fractions. Fractions were dried in vacuo, combined on the basis of
TLC analysis (butanol:acetic acid:dH2O, 4:1:2, v/v), and their iron chelation bio-
activity determined. Subsequent purification utilizing reversed-phase HPLC
with octadecyl-derivatized silica (C18) (Phenomenex Prodigy: 4.6 × 250 mm, 5
mm) and a binary gradient solvent system consisting of increasing volumes of
acetonitrile in dH2O (0 to 10 min, 20 to 30% acetonitrile in dH2O; 10 to 20
min, held at 30% acetonitrile in dH2O; 20 to 23 min, 30 to 90% acetonitrile in
dH2O; 23 to 30 min, held at 90% acetonitrile in dH2O) resulted in the isolation
of rutin (0.4 mg; Rt 8.9 min) and nicotiflorin (3.3 mg; Rt 10.2 min). HRESIMS
provided the deprotonatedmolecular ion for rutinm/z 609.1458 [M-H]� (calcd
C27H29O16 m/z 609.1459, Δ = �0.3 ppm) and nicotiflorin m/z 593.1509 [M-H]�

(calcd C27H29O15 m/z 593.1512, Δ = �0.44 ppm), respectively. Full NMR charac-
terization of purified compounds was performed and validated by compari-
son of NMR data with that of authentic commercial standards.

LC-MS/MS Iron-Binding Metabolomics (Data Acquisition). Binding of iron by
small molecules was detected using Ion IdentityMolecular Networkingmetab-
olomics as previously described (36). For microflow UHPLC-MS/MS analysis,
samples were dissolved in 80% methanol (to a final concentration of 100 mg/
mL) and 5 mL was injected into a Vanquish UHPLC system coupled to a
Q-Exactive quadrupole orbitrap mass spectrometer (Thermo Fisher Scientific)
with an Agilent 1260 quaternary HPLC pump (Agilent) as a makeup pump. For
reversed-phase chromatography, a C18 core-shell microflow column (Kinetex
C18, 50 × 1 mm, 1.8-mm particle size, 100-A pore size, Phenomenex) was used.
The mobile phase consisted of solvent A (H2O + 0.1% formic acid) and solvent
B (acetonitrile + 0.1% formic acid). The flow rate was set to 100 mL/min. A lin-
ear gradient from 5 to 50% B between 0 to 4 min and 50 to 99% B between 4
to 6 min, followed by a 2-min washout phase at 99% B and a 4-min
re-equilibration phase at 5% B. Data-dependent acquisition of MS/MS spectra
was performed in positive mode. Makeup flow of ammonium acetate buffer
(10 mM) + 0.2% ammonium hydroxide was set to 100 mL/min and infused

postcolumn through a peak T-splitter. Iron chloride (FeCl3) was infused post-
column and postmakeup through a second T-splitter at a flow rate of 5 mL/min
and a concentration of 1 mM. Electrospray ionization (ESI) parameters were
set to 40 arbitrary units (AU) sheath gas flow, auxiliary gas flow was set to 10
AU, and sweep gas flow was set to 0 AU. Auxiliary gas temperature was set to
400°C. The spray voltage was set to 3.5 kV and the inlet capillary was heated
to 320°C. S-lens level was set to 70 V applied. MS scan range was set to 200 to
2,000m/zwith a resolution atm/z 200 (Rm/z 200) of 70,000 with one microscan.
The maximum ion injection time was set to 100 ms with automatic gain con-
trol (AGC) target of 5.0E5. Up to two MS/MS spectra per duty cycle were
acquired at Rm/z 200 17,000 with one microscan. The maximum ion injection
time for MS/MS scans was set to 100 ms with an AGC target of 5.0E5 ions and
a minimum 5% AGC. The MS/MS precursor isolation window was set tom/z 1.
The normalized collision energy was stepped from 20 to 30 to 40% with z = 1
as default charge state. MS/MS scans were triggered at the apex of chromato-
graphic peaks within 2 to 15 s from their first occurrence. Dynamic precursor
exclusion was set to 5 s. Ions with unassigned charge states were excluded
fromMS/MS acquisition as well as isotope peaks.

LC-MS/MS Iron-Binding Metabolomics (Data Analysis). Feature finding and
ion identity networking were performed using an in-house modified version
of MZmine2.37 (68), corr.17.7 available at https://github.com/robinschmid/
mzmine2/releases. Feature tables, MS/MS spectra files (mgf), and ion identity
networking results were exported, uploaded to the MassIVE repository, and
submitted to GNPS (35) for feature-based molecular networking analysis.

MS/MS spectra were converted to .mzML files using MSconvert (ProteoWi-
zard) (69). All raw and processed data are publicly available at ftp://massive.
ucsd.edu/MSV000086287/. MS1 feature extraction and MS/MS pairing were
performed with MZmine 2.37 (68) corr17.7_kai_merge2. An intensity thresh-
old of 1E5 for MS1 spectra and of 1E3 for MS/MS spectra was used. MS1 ADAP
chromatogram building was performed within a 10 ppm mass window and a
minimum peak intensity of 3E5 was set. Extracted Ion Chromatograms (XICs)
were deconvoluted using baseline cutoff with m/z range for MS2 pairing of
0.01 and RT range for MS2 scan pairing of 0.2. After chromatographic decon-
volution, MS1 features linked to MS/MS spectra within 0.01 m/z mass and 0.
2 min retention time windows. Isotope peaks were grouped and features
from different samples were aligned with 10 ppmmass tolerance and 0.2 min
retention time tolerance. MS1 peak lists were joined using anm/z tolerance of
10 ppm and retention time tolerance of 0.1 min; alignment was performed by
placing a weight of 75 onm/z and 25 on retention time. Correlation of coelut-
ing features was performed with the metaCorrelate module; retention time
tolerance of 0.1, minimum height of 1E5 and noise level of 1E5 were used. A
correlation of 0.85 was set as the threshold for the min feature shape corr.,
and feature height correlation was not used. The following adducts were
searched: [M + H+]+, [M + Na+]+, [M + K+]+, [M + NH]2+, [M + Fe3+ - 2H+]+,
with anm/z tolerance of 10 ppm, a maximum charge of 2, and maximummol-
ecules/cluster of 2.

Peak areas and feature correlation pairs were exported as .csv files and the
corresponding consensus MS/MS spectra were exported as an .mgf file. For
spectral networking and spectrum library matching, all files were uploaded to
the feature-based molecular networking workflow on GNPS (35) (https://gnps.
ucsd.edu/ProteoSAFe/static/gnps-splash.jsp). For spectrum library matching
and spectral networking, the minimum cosine score to define spectral similar-
ity was set to 0.7. The Precursor and Fragment Ion Mass Tolerances were set to
0.01 Da and Minimum Matched Fragment Ions to 4, Minimum Cluster Size to
1 (MS Cluster off). When analog search was performed, the maximum mass
difference was set to 100 Da. The GNPS job can be accessed at https://gnps.
ucsd.edu/ProteoSAFe/status.jsp?task=76115ecaad9c46e9aaa30413d0d435eb.
Molecular networks were visualized with Cytoscape 3.7.1 (70).

The XCalibur Quant Browser (Thermo) was used to obtain integrated peak
areas of both apo- and iron-bound adducts. The XCalibur processing method
integrates exact mass +/� 10 ppm, utilizing ICIS Peak Detection with 7
smoothing points, a baseline window of 40, area noise factor of 5, and peak
noise factor of 6. Statistical significance between integrated peak areas was
calculated using an unpaired t test.

Data Availability. Feature finding and ion identity networking were per-
formed using an in-house modified version of MZmine2.37 (68), corr.17.7
available at GitHub, https://github.com/robinschmid/mzmine2/releases. Fea-
ture tables, MS/MS spectra files (mgf), and ion identity networking results
were exported, uploaded to the MassIVE repository (https://massive.ucsd.edu/
ProteoSAFe/dataset_files.jsp?task=16c65622121c488d9123dc42c556dbff#%7
B%22table_sort_history%22%3A%22main.collection_asc%22%2C%22main.
collection_input%22%3A%22metadata%7C%7CEXACT%22%7D), and sub-
mitted to GNPS (35) (https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=76115
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ecaad9c46e9aaa30413d0d435eb) for feature-based molecular networking
analysis. All raw and processed data are publicly available at https://massive.
ucsd.edu/ProteoSAFe/dataset.jsp?task=16c65622121c488d9123dc42c556dbff.
For spectral networking and spectrum library matching, all files were
uploaded to the feature-based molecular networking workflow on GNPS (35)
(https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp). The GNPS job can
be accessed at https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=76115ec
aad9c46e9aaa30413d0d435eb. All other study data are included in the article
and/or SI Appendix.
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