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ARTICLE INFO ABSTRACT

Keywords: Background: Lead (Pb) intoxication necessitates detoxification strategies that are efficacious and devoid of the
Algal extract adverse effects characteristic of synthetic chelators. The green microalga Chlorella is of particular interest
Heavy metal

because it exerts diverse metal-binding properties and is rich in micronutrients that collectively support

FDXr? tosis detoxification with a potentially more favorable safety profile.
Poisofling Hypothesis: We hypothesized that employing an experimental model with enhanced Pb?" transport capacity by
Toxicity cells transfected with a cDNA encoding the divalent metal transporter 1 (DMT1) and a Chlorella dietary sup-

plement could help elucidate the specific mechanisms underlying its detoxification action.

Methods: To identify the optimal species, the extracts from Chlorella vulgaris (C. vulgaris) and Chlorella pyrenoidosa
(C. pyrenoidosa) supplements were compared in metabolomic profiling by HPLC-HRMS/MS. The DMT1-
overexpressing cell model was constructed by assessing the detoxification efficacy of C. vulgaris extract using
cell viability and the Trolox equivalent antioxidant capacity assays. Pb?t concentration was measured by
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). To map the complex mechanisms of
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action, transcriptomic analyses were performed and analyzed using Ingenuity Pathway Analysis (IPA) and
validated by western blotting and fluorescence microscopy.

Results: Metabolite profiling and antioxidant capacity assay identified the C. vulgaris aqueous extract as superior.
It attenuated Pb?*-induced cytotoxicity and was prone to promote cellular Pb>" export in DMT1-transfected
cells. Transcriptomics revealed that Pb?* exhibited a signature of hepatorenal toxicity, and the aqueous extract
rescued the zinc finger protein’s function. Western blot and fluorescence microscopy validated that C. vulgaris
water extract may orchestrate a multifaceted defense: rectifying Pb?*-induced autophagic flux blockage, alle-
viating ferroptotic stress, triggering an adaptive metabolic shift via protein lipoylation and a p-STAT3-mediated
survival pathway, jointly preserving microtubule integrity.

Conclusion: These findings advance prior research by first providing a comprehensive detoxification mechanism
framework of C. vulgaris, positioning C. vulgaris as a promising, multi-mechanism supplement for mitigating Pb2*

poisoning.

Introduction

Lead poisoning remains a critical public issue, classified by the WHO
among the ten chemicals of major public health concern. The wide-
spread anthropogenic contamination of lead, originating from gasoline
additive (tetraethyllead, since 1923), has made it persistent in envi-
ronmental matrices. At the cellular level, lead exerts its toxicity through
interconnected mechanistic pathways centered on oxidative stress,
cation mimicry, and mitochondrial dysfunction (Thakur et al., 2025).
Despite its redox stability (Soria-Aguilar et al., 2021), it cannot directly
generate reactive oxygen species (ROS) like transition metals (e.g., Fe?™,
Cu™) via Fenton/Haber-Weiss reactions (Kanti Das et al., 2014), Pb%*
potently amplifies ROS production by inhibiting key antioxidant en-
zymes, thereby promoting the accumulation of destructive hydroxyl
radicals (Fu and Xi, 2020; Thakur et al., 2025). A hallmark of Pb>"
toxicity is molecular mimicry of essential divalent cations, particularly
calcium (Ca®™) (Ettinger et al., 2007). Due to a similar ionic radius and
charge, Pb?* displaces Ca2t from critical binding sites, disrupting
neuronal signaling (Radulescu and Lundgren, 2019), and substitutes for
magnesium (MgZ") in enzymes such as pyrimidine 5’-nucleotidase,
contributing to impaired erythropoiesis (Buc and Kaplan, 1978).
Furthermore, Pb?* directly targets mitochondrial integrity, disrupting
the electron transport chain, ATP synthesis, and cytochrome c oxidase
(Bandaru et al., 2022), which in turn exacerbates mitochondrial ROS
formation and compromises cellular energy. The consequent oxidative
stress inflicts direct DNA damage, while concurrently inhibiting DNA
repair enzymes (e.g., polymerases) (Hemmaphan and Bordeerat, 2022).
Emerging evidence also points to Pb-induced epigenetic alterations (Mei
et al., 2023) and immune dysregulation (Fenga et al., 2017), illustrating
its broad, systems-level toxicity.

Chelation therapy is the primary treatment for heavy metal intoxication.
An ideal chelator would selectively bind and eliminate the toxic metal from
the body without adverse effects or depleting essential elements (Hoet et al.,
2020). However, no current agent could achieve this (Kim et al., 2019). For
instance, both sodium-calcium-ethylenediaminetetraacetic acid (CaN-
a2EDTA) and succimer (DMSA) were used for lead chelation, but their use
was limited by adverse effects. CaNa-EDTA can cause nephrotoxicity and
non-selectively deplete essential ions such as zinc and copper. Although
DMSA had a safer profile, it still increased the urinary excretion of these
crucial elements (Sears, 2013). Beyond synthetic chelators, natural
polymers—often referred to as phytochelators—are emerging as potential
bioremediation agents for heavy metals. Complementary research explores
the role of micronutrients, including vitamins, sulfur-containing amino
acids, and essential minerals, in modifying the toxicokinetics and mitigating
the adverse effects of metal ions (Sears, 2013). Sulfur-rich foods such as
garlic (Abdalla et al., 2010) and broccoli (Bajguz, 2011) may enhance
glutathione synthesis, supporting detoxification. In animal models, Cor-
iandrum sativum reduced lead deposition in bone and inhibited §-amino-
levulinic acid dehydratase (ALAD) enzyme impairment (Aga et al., 2001).

The microalga Chlorella has gained attention both for its diverse
metal-binding functional groups (e.g., carboxyl, amino, phosphoryl) and
its rich micronutrient profile, including vitamin B12, iron, and

magnesium. Proposed detoxification mechanisms of Chlorella include
direct chelation, antioxidant activity, and immunomodulation by poly-
saccharide components. C. vulgaris has a special bioactive component,
Chlorella growth factor (CGF), which promoted the proliferation of
Chinese hamster ovary (CHO) and mesenchymal stem cells (MSCs) in
both 2D and 3D culture systems under low-serum conditions up to 21
days (Ng et al., 2020). However, the potential contribution of these
proliferative effects to heavy metal detoxification processes remains
unknown and warrants investigation. While human clinical evidence
revealed the protective effects of algae on glucose and lipid homeostasis
(Wuetal., 2023). A direct mechanistic link to heavy metal detoxification
remains unestablished. Hence, elucidating the underlying modes of ac-
tion of Chlorella is required to assess its therapeutic potential.

Cellular lead absorption and transport are accomplished through
four primary mechanisms: albumin binding, divalent metal transporter
1 (DMT1), calcium channels, and P-type ATPases. Metallothioneins
(MTs) play a crucial role in the intracellular binding of lead, rather than
active transport proteins that move Pb?" across cell membranes
(Tripathi and Poluri, 2021). In this study, we focus on the role of
transmembrane protein DMT1 in the Chlorella detoxification mechanism
of lead. DMT1, also known as NRAMP2 or SLC11A2, mediates
H*-coupled transport of divalent metals (Fe*t, Mn2", Cd%*, Pb3")
(Montalbetti et al., 2014). Diets rich in iron-containing foods could be
protective against lead poisoning (Bannon et al., 2002), suggesting that
lead tends to substitute for iron and disturb iron metabolism via a mo-
lecular mimicry mechanism. Beyond this, DMT1 is also expressed on
astrocytes and brain endothelial cells, and Pb?* particularly targets the
developing brain in children (Sanders et al., 2009). Since the
blood-brain barrier lacks significant endocytosis, lead transport into the
brain likely occurs as either free Pb>* or bound to small ligands, and
DMT1 is a strong candidate for this transport. This mechanism is sup-
ported by evidence showing that elevated DMT1 expression increases
lead transport into glial cells and explains why astrocytes accumulate
Pb%*" in vivo (Bressler et al., 2004). In all, DMT1 is crucial in under-
standing cellular lead levels and susceptibility to lead toxicity.

In this study, we demonstrated that the aqueous extract of a com-
mercial C. vulgaris supplement uniquely contains bioactive flavonoids
(luteolin, apigenin), which were absent in the extracts of C. pyrenoidosa.
This distinct metabolite profile established this aqueous extract of
C. vulgaris as the superior candidate for subsequent investigation. The
extract exhibited significant antioxidant capacity and may protect
DMT1-overexpressing HEK-293 cells from Pb%*-induced ferroptosis.
Mechanistically, the extract facilitated the export of Pb2*, potentially
via the DMT1 transporter. This novel chelation activity may mitigate
lead toxicity by attenuating the cellular iron-stress response. Specif-
ically, it may reinstate autophagic flux, evidenced by the normalization
of LC3-II and p62 protein levels, and may have triggered an adaptive
metabolic shift via protein lipoylation by downregulating FDX1 and
LIAS. The subsequent inhibition of dysregulated iron metabolism was
further suggested by the recovery of NCOA4 and FTHI1 expression,
indicating a potential role in preventing Pb?>*-induced ferroptotic cell
death. Furthermore, the extract’s protective effect was critically
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associated with modulation of p-STAT3 signaling and coincided with
partial recovery of microtubule network polymerization. These findings
demonstrate that Chlorella possesses substantial potential as a lead-
chelating agent, with its detoxification efficacy closely linked to the
regulation of iron homeostasis.

Materials and methods
Extraction of C. vulgaris and C. pyrenoidosa dietary supplements

Five grams of the C. vulgaris powder (Roquette Klotze GmbH & Co.
KG, Germany) and C. pyrenoidosa powder (Sun Chlorella Corp., Kyoto,
Japan) were extracted with a series of solvents: distilled water, MeOH:
H»0 (7:3, v/v), and CHyCly. MeOH (1:1, v/v) by ultrasonication (2 h, 3 x
300 mL). Then, the extracts were filtered through Whatman filter paper
and evaporated under vacuum until the dryness of solvents using a ro-
tary evaporator at 40-50°C. The obtained crude extracts were expressed
as a percentage of the dried biomass weight used (mg extract/g dry
biomass weight). The dried extracts were stored at —20°C for UPLC-
HRMS/MS as well as biological activity analyses. The stock solutions
for the cytotoxicity studies were prepared at a concentration of 20 mg/
mL by dissolving the extracts in distilled water or dimethyl sulfoxide
(DMSO). Then, the required concentrations were prepared from the
stock solution.

HPLC-HRMS/MS analysis

Dried extracts obtained from distilled water, MeOH: Hz20 (7:3, v/v),
or dichloromethane: methanol (1:1, v/v) preparations were recon-
stituted in their respective solvents to a final concentration of 1 mg/mL
and subsequently diluted 1:1000. The resulting solutions were analyzed
using a 1260 Infinity II high-performance liquid chromatography
(HPLC) system (Agilent Technologies, Waldbronn, Germany) coupled to
a 6545 QTOF mass spectrometer (Agilent Technologies) equipped with
an Agilent Jet Stream electrospray ionization (ESI) source. Chromato-
graphic separation was carried out on an Eclipse Plus C18 RRHD column
(50 mm x 2.1 mm, 1.8 pym; Agilent Technologies) using a binary
gradient of 2% acetonitrile in water (A) and methanol (B) as follows:
15% B for 1 min, linear increase to 95% B over 24 min, hold at 95% B for
5 min, return to 15% B within 1 min, and re-equilibrate at 15% B for 9
min using a flow rate of 0.2 mL/min; 5 pL. The mass spectrometric
detection was performed in positive ion, automated data-dependent
acquisition (DDA) mode, acquiring full MS scans (m/z 50-1500; 1
spectrum/s) followed by MS/MS scans of the two most intense ions, with
active precursor exclusion after five spectra for 0.5 min. The ESI pa-
rameters were as follows: capillary voltage, 3.5 kV; nozzle voltage, 1.0
kV; fragmentor voltage, 175 (arbitrary units); drying gas temperature,
320°C; sheath gas temperature, 350°C; drying gas flow, 10 L/min;
nebulizer pressure, 35 psig. High-purity nitrogen was employed as a
nebulizing, auxiliary, and collision gas. Data were acquired in centroid
mode, and the instrument was externally calibrated immediately before
each sample set. The collision energy was fixed at 35 V. The dried ex-
tracts were prepared for UPLC-HRMS/MS analyses following a previ-
ously described protocol (Hegazi et al., 2020). The extracts (1 mg each)
were dissolved in the mobile phase to a final concentration of 1 mg/mL
and subsequently diluted 1:1000. The solutions were placed in an ul-
trasonic bath before injection and filtered through a 0.45 pm membrane
filter.

Feature-based molecular networking and compound annotation

Two feature-based molecular networks (FBMNs) were constructed
from the acquired UPLC-HRMS/MS data in both ionization modes. For
data preprocessing, Mzmine 3.6.0 was used for feature detection,
grouping, and alignment (Schmid et al., 2023). Initially, the MSConvert
program was used to convert raw data files into 32-bit MzXML files,
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which were then loaded into Mzmine 3.6.0. The generated mgf files from
the Mzmine were uploaded to the Global Natural Products Social Mo-
lecular Networking platform (https://gnps.ucsd.edu) to create two
feature-based molecular networks (FBMNs) following the online proto-
col (Nothias et al., 2020). The parameters applied for the construction of
the FBMNs via the GNPS platform are detailed in Supplementary Table
S1. Cytoscape version 3.7.1.60 was used for the network visualization.
Sirius + CSI: FingerID 5.6.3 was used for the manual putative structural
identification, assisted by the molecular formula prediction and candi-
date search with m/z tolerance set to 20 ppm (Diihrkop et al., 2019). The
negative FBMN is available at: https://gnps.ucsd.edu/ProteoSAFe
/status.jsp?task=cd9ef2b787394cca8d5bd7f0845652al. The positive
FBMN is available at: https://gnps.ucsd.edu/ProteoSAFe/status.jsp?tas
k=al22ea45516c4670b8296f0a0b559d17.

Trolox equivalent antioxidant capacity (TEAC) assay

Antioxidant capacity of the extracts was evaluated by the improved
ABTS ' method, as described by Re et al. (Re et al., 1999) with slight
modifications. Briefly, 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS ") radical cation was generated by oxidation of ABTS with
potassium persulfate and is reduced in the presence of antioxidants,
resulting in decolorization, which can be detected in specific absor-
bance. First, 7 mM ABTS and 2.45 mM potassium persulfate were mixed
overnight (12-16 h) in the dark at room temperature and were used
within two days. The ABTS " solution was diluted with PBS to achieve an
absorbance of around 0.700 at 415 nm. Different concentrations of ex-
tracts (0.0006-20 mg/mL) or Trolox (0-400 pmol) were mixed with
diluted ABTS™ solution in a ratio of 1:19. Trolox, the water-soluble
a-tocopherol (vitamin E) analogue, served as a standard. The mixture
was allowed to stand for 5 min at room temperature, and the absorbance
was measured at 415 nm. Inhibition percentages of the extracts and
Trolox in different concentrations were derived from absorbance mea-
surements and analyzed using a linear regression model to determine
the ECso value of each. The results of the assay were expressed as pmol
Trolox equivalent per gram of extract and calculated as the mean value
+ standard deviation (SD) (n = 3).

Cytotoxicity determination

Human Embryonic Kidney 293 cells, HEK-293, and stably over-
expressing pIRES2 DsRed-Express2-DMT1, HEK-293 DMT1 cell lines
were cultured in DMEM supplemented with 10% FBS, 10 mM HEPES, 1
mM Na-pyruvate, and 100 pM minimal essential medium (MEM)
nonessential amino acids at 37°C. DMT1 encodes the divalent metal
transporter 1. Additionally, the media used to culture the HEK-293
DMT1 cell line was also supplemented with 500 pg/mL geneticin
(Sigma-Aldrich, Taufkirchen, Germany). Both HEK-293 and HEK-293
DMT1 cells were kindly provided by Prof. Matthias A. Hediger (Uni-
versity of Bern) (Montalbetti et al., 2014). DMT1 overexpression was
verified in our laboratory by RT-qPCR (Supplement Fig. S1).

Cytotoxicity toward Pb(NOs): and C. vulgaris water extract was
evaluated using the resazurin (Promega, Mannheim, Germany) reduc-
tion assay. The principle can be summarized as the living cells meta-
bolically reduce the non-fluorescent dye resazurin into the highly
fluorescent dye resorufin. Pb(NOs). was evaluated over a concentration
gradient ranging from 0.003 uM to 100 pM, whereas C. vulgaris water
extract was assessed over a concentration range of 0.003 ug/mL to 100
pg/mL. Additionally, a fixed concentration of 30 pg/mL C. vulgaris
extract was applied to Pb2+—exposed cells (0.003 uM to 100 uM) to
evaluate its potential to restore cell viability. The fluorescence was
measured after 72 h incubation with Infinite M2000 Pro™ plate reader
(Tecan, Crailsheim, Germany) at an excitation wavelength of 544 nm
and an emission wavelength of 590 nm. ICso values were determined
from concentration-response curves using linear regression analysis in
Microsoft Excel and are presented as mean + standard deviation (SD).
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Each experiment was conducted independently three times, with six
technical replicates per condition.

Intracellular and extracellular chelating effects: ICP-OES assay

The chelating potential of C. vulgaris water extract towards Pb%" ions
intracellular and extracellular of HEK-293 DMT1 cells was assessed over
atime gradient (0.5 h, 2h, 8 h, 24 h, 48 h, and 72 h). Aliquots of 5 x 10*
cells/well were seeded in a 12-well plate and allowed to adhere over-
night in 5% FBS-containing medium. Cells were subsequently treated
with 1 pM of Pb(NOs)s,, either alone or in combination with 30 pg/mL
C. vulgaris water extract. EDTA-CaNaz (10 uM, Sigma-Aldrich), a clinical
high-affinity lead chelator (Sidbury, 1955), served as a positive control.
After each collection time point, the cell supernatant of each group was
harvested and clarified by 0.22 ym PTFE membranes; To eliminate
non-internalized surface-associated Pb2+, cells were washed twice with
ice-cold PBS supplemented with 0.5 mM EDTA. Afterwards, the cells
were harvested by scraping and centrifugation and then counted for
normalization. Sample digestion for ICP-OES analysis was carried out
according to the sample pretreatment method developed by the Stan-
dard Methods Committee (Gabrelian et al., 2004) with slight modifica-
tions. Cell supernatant filtrates were digested with 700 pL of 65% nitric
acid (Merck Millipore, Schwalbach, Germany), while cell pellets were
digested using 400 uL of 65% nitric acid at 100 °C for 30 minutes, after
which all samples were adjusted to 10 mL with ultrapure water (18.2
MQ-cm). Pb?" concentrations were then determined using ICP-OES.
Calibration curves were generated using certified Pb standards (10 -
1000 ppb) prepared in 5% nitric acid. Intracellular metal concentrations
were normalized to ng/cell, whereas extracellular concentrations were
calculated directly in pg/L to quantify chelation efficiency. Each
experiment was conducted independently in triplicate.

Detection of ferroptosis inhibition and cellular iron level

Ferroptosis inhibition in the samples was assessed using the resa-
zurin reduction assay, following our established protocol (Mbaveng
et al., 2019; Yan et al., 2020), and the 2025 'Expert Recommendation'
on ferroptosis authored by Prof. Marcus Conrad (Mishima et al., 2025),
with minor modifications. A total of 5000 cells per well were seeded in a
96-well plate and incubated for 24 h in medium containing 5% FBS to
allow for cell attachment. Then, the cells were pre-treated with 0.5 uM
iron chelator deferoxamine (Sigma-Aldrich, Taufkirchen, Germany) for
2 h at 37°C. Subsequently, the cells were exposed to stepwise increasing
concentrations of Pb(NOj3),, ranging from 0.003 uM to 100 uM, for 72 h
without deferoxamine removal. Cell viability was assessed as previously
described using the resazurin reduction assay. Data were derived from
three independent experiments, each conducted with six technical rep-
licates, and are presented as 50% inhibition concentration (ICso) values.

The intracellular ferrous iron (Fe?') levels were determined using
the Cell Ferrous Iron Colorimetric Assay Kit (E-BC-K881-M, Elabscience,
Wuhan, China). Cells were treated with 0.3 uM of lead nitrate (Pb
(NO3)y, Sigma-Aldrich), either alone or combined with 30 pg/mL
C. vulgaris water extract. Untreated cells served as a negative control. 0.5
uM iron chelator deferoxamine (DFO) served as a positive control. The
593 nm absorbance values were used to quantify the intracellular Fe>*
levels by reference to a standard calibration curve.

Gene expression profiles

Total mRNA was isolated using the InviTrap® Spin Universal RNA
Mini Kit (Invitek Molecular, Berlin, Germany), and the total RNA con-
centrations were determined using the NanoDropl000 Spectropho-
tometer (PEQLAB, Erlangen, Germany). HEK-293 and HEK-293 DMT1
cells (1 x 10° cells/well) were used as controls, and cells were treated
with Pb(NOg3), only (0.3 uM) or C. vulgaris water extract (30 pg/mL)
together for 24 h in duplicate. The concentrations of Pb(NO3), and
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C. vulgaris water extract were selected according to the maximum re-
covery of cell viability observed in Pb®"-exposed HEK-293 DMT1 cells
following treatment with C. vulgaris. Afterwards, quality control of total
RNA, probe labeling, hybridization, scanning, and data analysis of the
samples were performed at the Genomics and Proteomics Core Facility
of the German Cancer Research Center (DKFZ, Heidelberg, Germany).
Affymetrix GeneChips® with human Clariom™ S assays (Affymetrix,
Santa Clara, CA, USA) were applied for microarray hybridizations as
previously described in detail (Hegazy et al., 2021). Venn diagrams were
generated by software at the website http://bioinformatics.psb.ugent.
be/webtools/Venn/

Ingenuity pathway analysis (IPA)

Microarray hybridization data were analyzed using the Chipster data
analysis platform (CSC, Espoo, Finland) to identify high-confidence
transcriptional changes. The workflow included filtering genes by co-
efficient of variation (0.1) and identifying significantly differentially
expressed genes (DEGs) using the empirical Bayes moderated t-test. The
resulting p-values were then subjected to multiple testing correction via
the Benjamini-Hochberg method to control the false discovery rate
(FDR-adjusted p < 0.1). This curated list of DEGs was fed into Ingenuity
Pathway Analysis (IPA) software (Ingenuity Systems, Redwood City, CA,
USA) to infer the impact of treatment on cellular pathways and bio-
logical functions (Thomas and Bonchev, 2010). The significance and
predicted states of pathways and biological functions in IPA were
determined by integrating two statistical measures: p-value and activa-
tion Z-score. Enrichment significance p-value was calculated using
Fisher’s exact test without taking into account the regulation direction,
which assesses the probability that the overlap between the submitted
gene list and a pre-defined pathway occurs by chance in the Ingenuity
Knowledge Base. Z-score was defined to predict the directional pertur-
bation (Z>0 activation or Z<0 inhibition) and significance (|Z|>2) of
pathways. This Z-score algorithm quantitatively evaluates the consis-
tency between the observed up- and down-regulation patterns of genes
within a pathway and the causally annotated relationships stored in
Ingenuity Knowledge Base, thereby enabling the identification of func-
tionally relevant signaling pathways perturbed by the treatment con-
ditions (Kramer et al., 2014).

Validation of gene expression by quantitative real-time reverse
transcription PCR (qRT-PCR)

To validate the chip results, the expression of eight genes of interest
that were associated with the enriched canonical pathways was
analyzed with qRT-PCR. The same total RNA samples (control Pb?*
exposure and co-treatment of C. vulgaris water extract with Pb%") used
for the microarray analyses were also used for qRT-PCR experiments. An
aliquot of 1 ug of total RNA was reverse transcribed to cDNA using the
LunaScript® RT SuperMix Kit (New England Bio Labs, Darmstadt, Ger-
many) according to the manufacturer’s instructions. Gene-specific
primers were designed using the NCBI Primer-BLAST website
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/), and all primers
were synthesized by Eurofins Genomics (Ebersberg, Germany). GAPDH
served as an internal gene for normalization. The cycle quantification
(Cq) values were determined using CFX Manager Software (version 3.1).
The relative gene expression was calculated using the comparative 2°
AACT method (Livak and Schmittgen, 2001).

Assessment of ferroptosis, autophagy, apoptosis, protein lipoylation, and
cellular growth factors by western blotting

HEK-293 and HEK-293 DMT1 cells were treated with Pb(NOs3), alone
(0.3 uM) or in combination with C. vulgaris water extract (30 ug/mL) for
72 h. Untreated HEK-293 DMT1 cells served as a control. Cytoplasmic
and nuclear proteins were extracted from harvested cells using M-PER®



C. Jin et al.

Mammalian Protein Extraction Reagent supplemented with EDTA-Free
Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific,
Darmstadt, Germany) according to the manufacturer’s instructions. Af-
terwards, protein lysates (20 ug per sample) were denatured at 95°C for
10 min and separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Separated proteins were transferred to a
polyvinylidene fluoride (PVDF) membrane (Carl Roth, Karlsruhe, Ger-
many). Membranes were washed several times with Tris-buffered saline
containing 0.5% Tween-20 (TBST), then blocked with 5% (w/v) bovine
serum albumin in TBST for 1 h at room temperature. Subsequently,
membranes were incubated at cold room overnight with primary anti-
bodies, including NCOA4 (1:1000, Cell Signaling Technology, Frankfurt
a. M., Germany), FTH1 (1:1000, Cell Signaling Technology), Beclin-1
(1:1000, Cell Signaling Technology), LC3B (Microtubule-associated
proteins 1A/1B light chain 3 §, 1:1000, Cell Signaling Technology), p62
(1:1000, Proteintech, Planegg-Martinsried, Germany), PARP, Caspase-3
and Bcl-xL (1:1000, Cell Signaling Technology), DLAT (1:1000, Cell
Signaling Technology), FDX1 (1:1000, Proteintech), LIAS (1:3000,
Proteintech), PI3K and Phospho-PI3K (1:1000, Cell Signaling Technol-
ogy), STAT3 and Phospho-STAT3 (1:1000, Cell Signaling Technology),
GAPDH (1:1000, Cell Signaling Technology) and p-actin (1:1000, Cell
Signaling Technology). Following the three washes with TBST, mem-
branes were incubated with horseradish peroxidase-linked IgG second-
ary antibodies (1:2000 or 1:4000, Cell Signaling Technology) at room
temperature. After subsequent TBST washes, immunoreactive bands
were detected using Luminata™ Classico Western HRP substrate (Merck
Millipore) and visualized with an Alpha Innotech FluorChem Q system
(Biozym, Oldendorf, Germany).

Fluorescence microscopy of the microtubule cytoskeleton

HEK-293 DMT1 cells were seeded in p-Slide 8 Well chambers (5 x
10* cells/well, ibidi, Grafelfing, Germany) and allowed to adhere
overnight at 37°C in the incubator with 5% CO». Cells were then exposed
to 0.3 uM Pb(NOs3); alone or co-treated with 30 ug/mL C. vulgaris water
extract. Untreated HEK-293 DMT1 cells served as a negative control,
while 20 nM vincristine was applied as a positive control. After 24 h
treatment, cells were washed with PBS, then fixed with ice-cold 4%
paraformaldehyde (PFA) at -20°C for 10 min. The samples were subse-
quently permeabilized and blocked in PBS containing Triton™ X-100
(Sigma-Aldrich) for 1 h at room temperature. Microtubules were labeled
by a p-tubulin primary antibody (1:100, Cell Signaling Technology)
overnight at 4°C. The following day, cells were washed with PBS and
incubated with anti-rabbit IgG (H+L), F(ab'), secondary antibody
(1:2000, Cell Signaling Technology) for 1 h at room temperature. Nuclei
were counterstained with Hoechst 33342 Nuclear Stain (BioVision,
Wiesbaden, Germany) for 5 min at room temperature in the dark.
Excessive Hoechst stain was removed by washing with PBS, and cells
were mounted with ibidi mounting medium (Ibidi). The fluorescence
imaging was performed using an AF7000 widefield microscope (Leica
Microsystems, Wetzlar, Germany). GFP was detected at 488 nm excita-
tion and 527 nm emission. Hoechst stain was detected at 432 nm exci-
tation and 470 nm emission. Images were captured using Fiji ImageJ
software.

Statistics

Statistical analyses were performed using GraphPad Prism software
(version 10). Data are presented as the mean + standard deviation (SD)
from three independent biological replicates. One-way or two-way
analysis of variance (ANOVA) was performed, followed by Tukey’s
post hoc test. Statistical significance is denoted as follows: not signifi-
cant (ns), *p < 0.05, **p < 0.01, and ***p < 0.001.
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Results
UPLC-HRMS/MS metabolite profiling of the extracts

The first objective of our study was to characterize and compare the
secondary metabolic profiles of two different Chlorella species. For this
purpose, we analyzed two widely utilized, commercially available
Chlorella supplements: C. vulgaris (CV) and C. pyrenoidosa (CP-J) and
extracted them with three different solvents (i.e., dichloromethane:
MeOH (1:1, v/v), 70% MeOH, and H30). Untargeted metabolomics
using UPLC-HRMS/MS in both ionization modes was recruited for this
purpose. The base peak chromatograms in both ionization modes
showed quite different metabolomic profiles of the studied Chlorella
species when extracted with different solvents (Fig. 1).

For a comprehensive view of the underlying similarities and differ-
ences among the studied Chlorella species, FBMNs were constructed
(Fig. 2). The positive FBMN comprised 665 nodes with 296 connected
features across 45 clusters, and the remaining nodes were singletons
(Fig. 2A). The negative FBMN included 802 features, with 451 grouped
nodes across 34 clusters, and the remaining features were singletons
(Fig. 2B). The FBMNs revealed the prevalence of several lipid classes,
mainly glycerolipids and phospholipids (Fig. 2, Supplementary Table
S1). Additionally, the negative FBMN allowed for the detection of a
cluster of a few benzoic acid derivatives and some flavonoids observed
as singletons, especially in C. vulgaris extracts (Fig. 2B, Supplementary
Table S1). The detected pigments were mainly porphyrins, found
exclusively in the positive FBMN (Fig. 2A). As evident from the BPCs and
the constructed FBMNs, C. vulgaris exhibited a richer secondary
metabolomic profile and higher diversity of metabolites.

The detailed fragmentation and ion mode of each annotated feature
are listed in Supplementary Table S1. The following section provides a
detailed discussion of the annotated metabolite classes, presented in
elution order.

Bengzoic acids

A couple of benzoic acid derivatives were grouped in a small cluster
in the negative FBMN. These occurred in both species (Fig. 2B) and were
identified as isomers of hydroxybenzaldehyde (2-4) and hydrox-
ybenzoic acid methyl ester (5) (Supplementary Table S1).

Flavonoids

In addition to being valued for their prolific lipid production,
microalgal species have been recently shown to biosynthesize flavonoids
simultaneously (Yadavalli et al., 2020). During our analysis, we identi-
fied several common and valuable flavonoids that occurred uniquely in
C. vulgaris extracts and annotated them as luteolin-O-hexoside (6), tet-
rahydroxymethoxyflavone (7), luteolin (8), apigenin (10), which bear a
flavone core, and methyl quercetin (9) in the flavonol structure
(Supplementary Table S1).

Lipids

Further, the constructed FBMNs shed light on the lipid classes
abundantly present in the studied Chlorella species, indicating their
potential value as nutrient and biodiesel candidates. Replicated lipids
were commonly substituted with fatty acids with C14-C18 chains and 2-
3 degrees of unsaturation, as per previous studies (Pantami et al., 2020).
The visual inspection of the FBMNs revealed lipid classes, including
glycolipids, phospholipids, and free fatty acids (Fig. 2). Different classes
of glycerolipids were noticed in the examined Chlorella samples
extracted with 70% MeOH and dichloromethane: methanol (1:1),
including diglycosidic monacyl glycerols (DGMG) and monoglycosidic
monoacyl glycerols (MGMG) along with tri-, di-, and mono-acyl glyc-
erols (TG, DG, and MG), substituted with polyunsaturated fatty acids
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Fig. 1. The base peak chromatograms (BPC) of C. vulgaris (CV) and C. pyrenoidosa (CP-J) extracted with three different solvents as analyzed by UPLC-HRMS-MS using

both ionization modes.

(Supplementary Table S1). They were chiefly spotted in the positive
FBMN, both as [M+Na]+ and sometimes as [M+H]+ adducts, with the
glycosidic derivatives showing a fragmentation sequence of loss of a
hexose moiety (-162 Da), two hexoses (-324 Da), and the fatty acyl
group as ((RCOOH) (Melo et al., 2015). Annotated diglycosidic mono-
acyl glycerolipids (DGMG) included DGMG (16:3) (11), DGMG (18:3)
(12), DGMG (16:1) (13), and DGMG (16:0) (15). Similarly diacyl gly-
colipids (MGDG) were observed such as MGDG(18:3/18:3) (16, 18 and
24), MGDG(18:2/18:2) (19), MGDG(18:2/18:3) (21), MGDG
(18:2/16:3) (22), MGDG(16:2/16:2) (23), MGDG(18:3/18:3) (24), GDG
(16:4/18:3) (25), MGDG(16:3/16:2) (26), MGDG(16:3/18:3) (27)
(Supplementary Table S1). Lastly, acylglycerols were found, including
the monoacyl glycerol; MG (18:3) (14), the diacyl glycerol; DG (14:1/
18:2) (17), and the triacyl glycerols; TG (8:0/8:0/8:0) (20) and TG
(10:0/8:0/8:0) (28) (Supplementary Table S1).

Chlorella species are known to produce various classes of phospho-
lipids, such as phosphatidylcholines (PCs), phosphatidylethanolamines
(PEs), and phosphatidylglycerols (PGs) (Hegazi et al., 2024). These
phospholipids are not only essential components of cell membranes but
also aid in the transport of materials across them. Besides, nutraceuti-
cally valued phospholipids are rich in polyunsaturated fatty acids and
are used in the pharmaceutical and cosmetic industries (Maciel et al.,
2016). The constructed FBMNs identified four classes of phospholipids
in Chlorella samples extracted with both 70% MeOH and dichloro-
methane: methanol (1:1), namely PCs, phosphatidylinositols (PIs), PEs,
and PGs. Phosphatidylcholines were better observed in the positive
ionization mode and were distinguished by fragment ions at m/z 184
and 104, respectively, for the phosphocholine and choline moieties

(Hegazi et al., 2021). Other phospholipids were observed in negative
ionization mode and showed loss of their respective acyl moieties.
Detected phospholipids were substituted with acyl chains of C16-C18
chains with 2-3 degrees of unsaturation (Supplementary Table S1).

Porphyrins

The characteristic green color of the Chlorella species is attributed to
the porphyrins (i.e., chlorophyll pigments) and carotenoids. However,
only porphyrins were detected in the positive FBMN, exclusively in
C. vulgaris extracts (Fig. 2, Supplementary Table S1). Their fragmenta-
tion pattern showed losses of H,O, CO, and CHy, consistent with their
substitutional pattern as previously reported (Mishra et al., 2014;
Rosell-Melé et al., 1999). The detected porphyrins include bacterio-
chlorin a (70), purpurin dimethyl ester (71), isomers of harder-
oporphyrin (72-74), phaeophorbide B, methyl ester (76), isomers of
pheophorbide a (77 and 78), methyl pheophorbide a (79), phylloery-
thrin (80), and others (Supplementary Table S1). In addition to the
previously discussed abundant metabolites, free fatty acids and fatty
amides were also observed, as tabulated in Supplementary Table S1.

Trolox equivalent antioxidant capacity (TEAC) and cytotoxicity of
C. vulgaris extracts

Following the chemical characterization, the antioxidant capacities
of four different C. vulgaris extracts were measured by the TEAC assay.
For further experimentation, we focused on C. vulgaris as this species
uniquely contains flavonoids (luteolin, apigenin) and chlorophyll-
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Fig. 2. Feature-based molecular network (FBMN) of acquired UPLC-HRMS/MS data in (A) positive ionization mode and (B) negative ionization mode of Chlorella

samples using different extraction solvents.

derived porphyrins were detected exclusively in its extracts compared
with C. pyrenoidosa. Notably, the antioxidant capacity of the C. vulgaris
extracts were ranked as distilled water > dichloromethane: methanol
(1:1) > hexane > MeOH: H50 (7:3), with the highest value of 54.72 umol
Trolox eq/g in the distilled water extract (Fig. 3A). As C. vulgaris distilled
water extract has the highest antioxidant capacity, the cytotoxicity of
distilled water extract was tested in the HEK-293 and HEK-293 DMT1
cell lines. At all concentrations tested, the C. vulgaris distilled-water
extract did not adversely affect the viability of either cell line (Fig. 3B).

Lead uptake is facilitated by the divalent metal transporter 1 (DMT1)

The cytotoxicity of Pb(NO3), towards HEK-293 cells and HEK-293
DMTT1 cell lines was examined because DMT1 confers lead transport
(Bressler et al., 2004). Consistent with the previous literature, Pb(NO3),
showed high sensitivity towards HEK-293 DMT1 cell line with a
4.01-fold change of ICso value compared to wild-type cells (Table 1,
Fig. 3C). The intracellular and extracellular concentrations of Pb2* were
also quantified by ICP-OES at 0.5 h, 2 h, 8 h, 24 h, 48 h, and 72 h. In
HEK-293 cells, intracellular Pb®"concentrations gradually increased
from 0.5 h to 24 h, whereas extracellular Pb%* concentrations showed a
corresponding decrease (Fig. 3F and G). A similar trend was observed in
HEK-293 DMT1 cells, with a more pronounced increase in intracellular

Pb?* from 0.5 h to 48 h at correspondingly decreased extracellular Pb?*
concentrations (Fig. 3F and G). Notably, intracellular Pb2* concentra-
tions from 8 h to 48 h were significantly higher in HEK-293 DMT1 cells
compared with HEK-293 cells (Fig. 3F), accompanied by significantly
lower extracellular Pb>* concentrations at the same time point (Fig. 3G).

C. vulgaris chelation of lead enhances cell viability

A fixed concentration of 30 pg/mL C. vulgaris water extract was
applied to Pb%"-exposed cells (0.003 uM to 100 uM) to evaluate its po-
tential to restore cell viability. At a concentration of 0.3 uM Pb*,
C. vulgaris water extract showed maximum restored cell viability in the
HEK-293 DMT1 cell line, with a value of 24.11% from 73.94% to
98.05%, corresponding to 13.57% from 88.42% to 101.98% in the wild-
type cell line. Meanwhile, in the presence of C. vulgaris water extract, the
cytotoxicity of Pb?>" decreased to 1.8- and 1.6-fold change, respectively
(Fig. 3D and E, Table 1).

Based on the higher Pb%* accumulation observed in HEK-293 DMT1
cells compared with HEK-293 cells (Fig. 3F and G), subsequent experi-
ments assessing the chelating effect of C. vulgaris water extract were
conducted exclusively in HEK-293 DMT1 cells by ICP-OES. The well-
known metal chelator EDTA-CaNay was used as a positive control and
exhibited a strong chelation effect, reflected by consistently high
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Fig. 3. The protective chelation of Pb?" by C. vulgaris water extract improves cell viability (A-I). (A) Trolox equivalent antioxidant capacity of C. vulgaris distilled
water, MeOH: H,O (7:3), hexane, and dichloromethane: methanol (1:1) mixture extract. (B-C) The dose-response curves of C. vulgaris aqueous extract and Pb(NOs),
towards HEK-293 and HEK-293 DMT1 cell lines. Cell viability of Pb(NO3),-exposed and C. vulgaris water extract-treated plus Pb(NO3),-exposed (D) HEK-293 and (E)
HEK-293 DMTT cell lines. (F) Intracellular and (G) extracellular concentrations of Pb>* in HEK-293 and HEK-293 DMTT1 cell lines from 0.5 h to 72 h. (H) Intracellular
and (I) extracellular concentrations of Pb%* by C. vulgaris aqueous extract or EDTA-CaNa, treatment in the Pb2+-exposed HEK-293 DMTT1 cell line from 0.5 h to 72 h.
Data (A-E) are mean + SD from n = 3 independent experiments, data (F-I) are mean + SEM from n = 4 independent experiments.

Table 1
Cytotoxicity of C. vulgaris water extract, Pb*, and co-treatment with both agents
towards HEK-293 and HEK-293 DMT1 cell lines.

Treatment 1Csp of 1Csp of
HEK-293 (uM) HEK-293 DMT1 (uM)
C. vulgaris - -
Pb(NO3)» 14.49 + 2.23 3.61 £ 0.15
Pb?* plus C. vulgaris 26.58 + 2.50 5.89 + 0.57
Pb?" plus deferoxamine 70.56 + 2.41 9.18 + 0.87

extracellular Pb?" concentration across all time points (Fig. 3I).
Compared with Pb?", treated with C. vulgaris water extract showed a
reduced rate of intracellular Pb?>* concentration from 0.5 to 8 h, fol-
lowed by a progressive decrease from 8 to 72 h, indicating the promoted
Pb2* efflux contributed more significantly than reduced influx (Fig. 3H).
Notably, the decrease of intracellular Pb?* from 24 to 72 h closely
paralleled the trend observed with EDTA-CaNa: (Fig. 3H). Correspond-
ingly, extracellular Pb%" concentration displayed the opposite pattern in
the C. vulgaris water extract group, although the magnitude of the in-
crease was less pronounced than that observed with EDTA-CaNa:
(Fig. 3D).

Effects of Pb®>*and C. vulgaris treatment on microarray gene expression
profiles

To investigate the potential mode of action of Pb(NOs) and the re-
covery mode of action of C. vulgaris extract on HEK-293 cells and HEK-
293 DMT1 cells, gene expression analysis was done by microarray hy-
bridization and IPA. Significantly deregulated genes were identified and
compared to untreated controls using empirical Bayes with the FDR-
corrected p-value < 0.1 by Benjamini-Hochberg (BH) and |log; fold
change|> 0.6. Poisoning of Pb(NO3), in HEK-293 cells and HEK-293
DMT1 cells deregulated the expression of 226 and 246 genes, respec-
tively. After the recovery with C. vulgaris water extract, the number of
deregulated genes decreased to 154 and 130 genes in HEK-293 cells and
HEK-293 DMT1 cells, respectively. Pb(NO3); and Pb>" plus C. vulgaris
shared 34 and 29 deregulated genes in HEK-293 cells and HEK-293
DMTT1 cells, respectively (Fig. 4A and B).

For technical verification eight selected genes (PHC3, ZNF217,
XRCC5, TOR2A, ARID3B, TASOR2, ANAPC4, and ZNF205) were quan-
tified using qQRT-PCR to validate the microarray hybridization results in
both cell lines (Fig. 4E). Total mRNA was isolated from HEK-293 cells
and HEK-293 DMT1 cells following 24 h treatment with 0.3 uM Pb
(NO3)2 or 0.3 uM Pb(NOs3)2 supplemented with 30 ug/mL C. vulgaris
water extract, before performing microarray hybridization. The top
eight upregulated and downregulated genes in the microarray data of
HEK-293 and HEK-293 DMT1 cells showed consistent results in qRT-
PCR. The correlation coefficient (rz) between mRNA expression values
measured by microarray and qRT-PCR was 0.90 and 0.91 in HEK-293
and HEK-293 DMT1 cells, respectively, indicating a high correlation
between the two methods (Fig. 4E).

Effects of Pb>" on "toxicity" or "diseases and functions" as predicted by IPA

Toxicity was one of the main issues we were concerned about: As a
consequence, the toxicity was predicted in Pb>*-exposed HEK-293 cells
and HEK-293 DMT1 cells by IPA. In HEK-293 cells, IPA predicted that
Pb2* poisoning was mainly related to cardiac, liver and renal toxicity by

the significant predictions (-log p-value > 1.3) of cardiac arrhythmia,
cardiac arteriopathy, cardiac congestive cardiac failure, cardiac
enlargement and heart failure, hepatocellular carcinoma, liver damage
and liver hyperplasia, nephrosis, pulmonary hypertension and renal
damage (Fig. 4C). In DMT1-overexpressing cells, Pb?>* poisoning shifted
to liver and renal toxicity with the significant prediction of hepatocel-
lular carcinoma, liver damage, liver hyperbilirubinemia, liver hyper-
plasia, nephrosis, renal damage, renal dysplasia, renal hypoplasia, renal
inflammation, and renal nephritis (Fig. 4D).

Meanwhile, in “Diseases and cellular functions” predicted by IPA,
Pb%* significantly affected more or less the same diseases and functions
as shown in the bar length by the -log p-value between HEK-293 cells
and HEK-293 DMT1 cells (Fig. 4F to I). Notably, post-translational
modification and molecular transport were significantly linked to
Pb?*affected cellular function (Fig. 4F and G). “Organismal injury and
abnormalities” and “Endocrine system disorders” were the most signif-
icant predicted Pb%>"-induced diseases in HEK-293 cells (Fig. 4H and ).

Comparison of canonical pathways as predicted by IPA

We found some clues of C. vulgaris ameliorative effect in Pb?*-
exposed HEK-293 and HEK-293 DMT1 cells by comparing canonical
pathways in IPA prediction. Remarkably, the “Generic transcription
pathway” was significantly activated in Pb?*-exposed HEK-293 cells but
was inhibited upon C. vulgaris treatment. Furthermore, this activation in
Pb%"-exposed cells and the subsequent inhibition upon C. vulgaris
treatment were more pronounced in HEK-293 DMT1 cells (Fig. 5A).
Then, we studied the genes involved in this pathway and discovered a
striking pattern: 15 out of 16 genes, virtually the entire set, were zinc
finger genes (Fig. 5B).

In HEK-293 cells, notably, all canonical pathway disorders predicted
by IPA in Pb%*-exposed HEK-293 cells (|Z|>0) were completely rescued
by C. vulgaris treatment (Fig. 5D), with all affected pathways returning
to a neutral state (Z-score = 0 or N/A). Meanwhile, these pathways
exhibited opposite significance of -log p-value in Pb?*-exposed HEK-293
cells compared to the C. vulgaris treatment group (Fig. 5C). In HEK-293
DMT1 cells, Pb?*-exposed cells exhibited significantly enriched auto-
phagy and ferroptosis-related pathways (-log p-value > 1.3), including
the CLEAR signaling pathway, mTOR pathway, microautophagy
signaling pathway, iron uptake and transport, iron homeostasis, and
ferroptosis signaling pathway (Fig. SE, Table 2). Importantly, all of these
pathways decreased to a non-significant level (-log p-value < 1.3)
following C. vulgaris treatment (Fig. 5E, Table 2), indicating a strong
ameliorative effect. Meanwhile, Pb?* exposure was predicted to activate
the mTOR signaling pathway and inhibit the microautophagy signaling
pathway in HEK-293 DMT1 cells (Fig. 5F). Notably, these predicted
activation and inhibition patterns were no longer observed following
C. vulgaris treatment (Fig. 5F). Moreover, protein lipoylation, a critical
metabolic nexus linking autophagy and ferroptosis, also emerged as
relevant. IPA predicted that the “Lipoate biosynthesis and incorporation
II” remained significantly enriched —log p-value in both Pb?*-exposed
and C. vulgaris -treated HEK-293 DMT1 cells (Fig. 5E, Table 2).

Given these findings, subsequent analyses will focus on autophagy,
ferroptosis, and protein lipoylation mechanisms in HEK-293 DMT1 cells,
since IPA predicted these pathways as key points of divergence between
the Pb?"-exposed and C. vulgaris treatment group.
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Fig. 4. Venn diagrams of deregulated gene expression upon treatment with 0.3 uM of Pb>" and co-treatment with 30 ug/mL C. vulgaris aqueous extract in (A) HEK-
293 cells and (B) HEK-293 DMTT1 cells. IPA predicted toxicity in (C) Pb%*-exposed HEK-293 cells and (D) HEK-293 DMT1 cells. (E) Technical and biological veri-
fications by qRT-PCR analyses in HEK-293 and HEK-293 DMTT1 cells upon treatment with Pb>* or Pb>* plus C. vulgaris aqueous extract. IPA predicted cellular
functions in Pb2+-exposed (F) HEK-293 cells and (G) HEK-293 DMT1 cells. IPA predicted diseases in Pb“-exposed (H) HEK-293 cells and (I) HEK-293 DMT1 cells.

Metabolic pathways in HEK-293 DMT]1 cells as predicted by IPA

To further investigate these observations in HEK-293 DMT1 cells, we
examined the canonical pathway classifications in IPA, which group
pathways into signaling pathways, reactome pathways, and metabolic
pathways. The analysis of the ratio of the number of overlapping genes
to the total number of genes in the pathway revealed that both Pb**
exposure and C. vulgaris treatment produced the highest overlap ratios
(0.5) in the metabolic pathways compared with signaling and reactome
pathways in HEK-293 DMT1 cells (Fig. 6A and B). Notably, the meta-
bolic pathways in both groups were primarily associated with degra-
dation/utilization/assimilation, detoxification, and biosynthesis.

In Pb?*-exposed HEK-293 DMT1 cells, predicted metabolic alter-
ations indicate that degradation/utilization/assimilation pathways are
primarily associated with “Aspartate degradation II”, “Glutamate

10

degradation III”, and “Heme degradation”. Predicted detoxification re-
sponses are strongly linked to the “Glutamate-dependent acid resistance
pathway”, highlighting a potential cellular stress-adaptation mecha-
nism. In addition, predicted biosynthesis is enriched in pathways related
to “NAD salvage pathway III”, “NAD biosynthesis III”, ‘“Palmitate
biosynthesis I”, “Lipoate biosynthesis and incorporation II”, and
“Choline biosynthesis III” (Supplementary Table S2), suggesting
increased metabolic demand and cofactor remodeling upon Pb?™ stress.
Furthermore, Pb2"-exposed cells also showed significantly reduced
expression of several degradation/utilization/assimilation markers,
including CTSB, TSG101, and VPS26A (Fig. 6G). Meanwhile, the IPA-
based network analysis revealed that the predicted inhibition of TCA
cycle IT was accompanied by a significant downregulation of the malate
dehydrogenase gene (MDH) (Fig. 6E), suggesting that Pb?* exposure
alters basic energy and metabolic processes in HEK-293 DMT1 cells.
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Fig. 5. Comparison of canonical pathways among the four experimental groups: Pb?*-exposed HEK-293 cells, Pb?*-exposed HEK-293 DMTT cells, C. vulgaris -treated
plus Pb*>-exposed HEK-293 cells, and C. vulgaris-treated plus Pb?*-exposed HEK-293 DMT1 cells in the QIAGEN Knowledge Base. (A) Prediction of activation or
inhibition in the “Generic transcription pathway” by Z-score among the four experimental groups. (B) Heatmap of genes in the “Generic transcription pathway” by
experimental log ratio among the four experimental groups. Heatmap of —log p-value and Z-score in canonical pathways between Pb?*-exposed and C. vulgaris

-treated plus Pb“—exposed (C-D) HEK-293 cells and (E-F) HEK-293 DMT1 cells.

Table 2

Canonical pathway comparison between the Pb?"-exposed and C. vulgaris-treated Pb®*-exposed HEK-293 DMTT1 cells.
Canonical pathways ~log(p-value) ~log(p-value)

upon Pb?* exposure upon Pb?* plus C. vulgaris treatment

Autophagy
CLEAR signaling pathway 2.428* -
mTOR signaling 1.630* 0.553
Microautophagy signaling pathway 1.593* -
Ferroptosis
Iron uptake and transport 3.102% 0.628
Iron homeostasis 1.827* 0.340
Ferroptosis signaling pathway 1.940* 0.365
Protein lipoylation
Lipoate biosynthesis and incorporation II 1.854* 2.044*

Enrichment significance p-value is calculated using Fisher’s exact test independent of regulation direction in IPA. A —log p-value > 1.3 is defined as statistically

significant (*). -, pathway absence. IPA, ingenuity pathway analysis.

In contrast, in C. vulgaris water extract-treated Pb%>"-exposed HEK-
293 DMT1 cells, predicted degradation/utilization/assimilation activ-
ity is predominantly linked to “Glutamate degradation III”
(Supplementary Table S2). The predicted detoxification response re-
mains centered on glutamate-dependent acid resistance, similar to Pb?*
exposure alone (Supplementary Table S2). However, the predicted
biosynthesis profile shifts notably toward “Purine nucleotide de novo
biosynthesis” and “Lipoate biosynthesis and incorporation II”
(Supplementary Table S2), instead of the broader NAD- and lipid-
focused biosynthesis in cells with Pb?* alone. Supporting this shift,
IPA analysis predicted an upregulation of HIF-1a in C. vulgaris water
extract-treated Pb%*-exposed HEK-293 DMT1 cells, a factor commonly
activated during cellular stress and involved in metabolic adjustment
(Fig. 6H). These results suggest that C. vulgaris water extract may help
redirect the metabolic changes caused by Pb?" exposure.

Metal transport pathways in HEK-293 DMT1 cells as predicted by IPA

In addition, evidence for disrupted molecular transport, a process
closely associated with cellular rescue and stress response mechanisms
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(Martinez-Vicente et al., 2010; Ravikumar et al., 2010), was identified in
HEK-293 DMT1 cells (-log p-value > 1.3, Fig. 4G). Among that, we
emphasized the metal transport pathways. Pb2* exposure led to targeted
changes in eight genes associated with metal transport, upregulated
genes, including CNCNB4, KCNF1, SLC7A11, ATP6V0A2, HMOX1, and
TMEM175, whereas TFR2 and ATP7B were downregulated (Fig. 6C).
These genes encompass pathways involved in the transport of metal, the
transport of heavy metal, homeostasis of transition metal ion, homeo-
stasis of iron ion and export of heavy metal (Fig. 6C). Following
C. vulgaris treatment, the number of differentially expressed metal
transport genes decreased, with the increasing expression of PTCHI,
SLC16A1, and HMOX1 and decreasing expression of ATP1B3 and ATP7B
(Fig. 6D), which reflected a partial restoration of metal transport path-
ways. Furthermore, Pb2* exposure also deregulated the expression of pH
regulation-related genes, including SLCI6A1 downregulation and
ATP6VOA2 upregulation in the network of HEK-293 DMT1 cells
(Fig. 6F), suggesting Pb?>"-induced disturbances in pH balance that may
exacerbate metal-transport dysfunction, because metal transport is
strongly pH-dependent (Kelly et al., 2003; Tariq et al., 2017).
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Fig. 6. IPA-based dot plot histograms depicting sub-pathways in metabolic, signaling, and reactome pathways in HEK-293 DMT1 cells between the (A) Pb**-exposed
group and (B) C. vulgaris-treated plus Pb>*-exposed group. Predicted metal transport gene network in (C) Pb>"-exposed and (D) C. vulgaris-treated plus Pb>*-exposed
HEK-293 DMTT1 cells. (E) Predicted inhibition of TCA cycle II in Pb®*-exposed HEK-293 DMTT cells. (F) Predicted functional network of Pb?*-exposed HEK-293
DMT1 cells. The purple circles highlight the genes related to pH regulation. (G) Predicted functional network of Pb*"-exposed HEK-293 DMT1 cells. The purple
circles highlight the genes related to “Degradation/utilization/assimilation”. (H) Predicted functional network of C. vulgaris-treated plus Pb>*-exposed HEK-293
DMTT1 cells. The purple circle highlights the gene related to “Cellular stress”.

Chlorella reverses lead-triggered ferroptotic stress and impairments in

autophagy pathways

To assess ferroptosis induced by lead, we evaluated cell viability in
HEK-293 DMT1 cells treated with 0.3 uM Pb?* alone and in combination

with 0.5 uM of the iron chelator deferoxamine (DFO). As shown in
Fig. 7A, deferoxamine markedly increased the ICso of Pb2* from 3.16 uM
to 9.18 uM, representing a 2.9-fold change (Table 1), highlighting the
critical role of iron in Pb?*-induced cytotoxicity. Similarly, co-treatment
with C. vulgaris water extract elevated the ICso to 5.89 uM (Table 1),
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Fig. 7. C. vulgaris aqueous extract mitigates Pb>*-induced ferroptotic stress and autophagy blockage. (A) Assessment of ferroptosis inhibition by deferoxamine during
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way (C-D) ANOVA followed by Tukey’s post hoc. Not significant (ns), *p < 0.05, **p < 0.01, and ***p < 0.001.

indicating a protective effect against Pb2* toxicity. Given that ferrous
iron (Fe?*) is a key mediator of ferroptosis through catalysis of the
Fenton reaction (Fang et al., 2021; Tang et al., 2021), we measured
intracellular Fe?* levels. Pb?' exposure significantly increased Fe*
compared to control (p < 0.001). Deferoxamine treatment effectively
reduced Fe?* levels relative to Pb®>" alone (p < 0.001), confirming iron
chelation as a protective mechanism. Notably, C. vulgaris extract also
significantly decreased Fe?* levels compared with Pb?" treatment (p <
0.05), further supporting its role in mitigating Pb?*-induced ferroptotic
stress (Fig. 7B).

We further investigated autophagy markers, as IPA pathway analysis
identified them as highly relevant mechanism in Pb2+—exposed HEK-293
DMTT1 cells. The expression of Beclin-1, an upstream regulator of auto-
phagosome formation, remained unchanged across all groups (Fig. 7C).
In contrast, the autophagic flux markers LC3-II and p62 were signifi-
cantly upregulated by Pb?* exposure, indicating a blockade in the
completion of autophagy (Fig. 7C). Co-treatment with C. vulgaris water
extract significantly reduced LC3-II levels relative to Pb2* alone,
although p62 remained elevated, suggesting a partial restoration of
autophagic flux (Fig. 7C).

Given the established role of ferroptosis and the critical interface
between iron metabolism and autophagy, we hypothesized that Pb%'-
induced autophagy might specifically disrupt ferritinophagy. Therefore,
we examined ferritinophagy by detecting the expression of its key
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mediator, NCOA4, and its cargo FTH1 (Fang et al., 2021). Pb?>* exposure
significantly upregulated the expression of both NCOA4 and FTH1 in
HEK-293 DMT1 cells (p < 0.05 and p < 0.01). This paired upregulation
indicates a blocked ferritinophagic flux, by which the NCOA4-FTH1
complex accumulates (Fig. 7D). Crucially, co-treatment with C. vulga-
ris extract restored NCOA4 to near-basal levels and significantly reduced
FTH1 accumulation (p < 0.001, Fig. 7D). These results indicate that
C. vulgaris extract may mitigate Pb2*-induced ferroptotic stress, likely
through modulation of the NCOA4-FTH1-mediated ferritinophagy and
restoring LC3-11/p62 associated autophagic flux.

Lead sensitizes HEK-293 DMT1 cells to Chlorella-induced suppression of
protein lipoylation

We further found a clue of protein lipoylation in HEK-293 DMT1 cells
using IPA. Pb%" exposure induced the downregulation of copper-related
genes. We observed a downregulation of ATP7B (ATPase Copper
Transporting Beta) and ATOX1 (Antioxidant 1 Copper Chaperone)
(Fig. 8A). Meanwhile, the transcriptomic data indicated that pb2*
exposure upregulated the expression of lipoic acid synthase (LIAS),
whereas LIAS was significantly downregulated following C. vulgaris
aqueous extract treatment (Fig. 8A and B). Alongside, co-treatment with
C. vulgaris aqueous extract inhibited protein lipoylation, as predicted by
IPA (Fig. 8C). Western blot analysis revealed a discrepancy between the
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transcriptome and protein levels of LIAS in the Pb?>-exposed group.
Specifically, Pb?* alone failed to significantly increase LIAS protein
expression compared with the control (Fig. 8D), suggesting a decline in
functional LIAS protein. By contrast, FDX1 and LIAS protein expressions
in the C. vulgaris water extract co-treated group mirrored the tran-
scriptomic profile, showing significant downregulation (p < 0.05,
Fig. 8D) compared with the control. This observation suggests that the
inhibitory effect of the C. vulgaris extract on protein lipoylation may be
specifically manifest in the presence of Pb?* within DMT1-
overexpressing HEK-293 cells.

An apoptosis-independent mechanism underlies C. vulgaris-mediated lead
detoxification

Initial transcriptomic profiling via IPA indicated a potential mode of
action of apoptosis in Pb2*-exposed HEK-293 cells (Supplementary Fig.
52). Therefore, we examined key apoptotic proteins in HEK-293 cells
and HEK-293 DMT1 cells. Contrary to the transcriptomic predictions,
which suggested increased expression of caspase-3 and Bcl-xL,
decreased PARP, no statistically significant changes in the protein
levels of these markers were induced by Pb*" in either cell line
(Supplementary Fig. S2). As Pb2+ exposure did not establish an
apoptotic state in our model, the subsequent evolution of C. vulgaris
water extract had no significant effect on this pathway under these
experimental conditions (Supplementary Fig. S2).

C. vulgaris counteracts lead-mediated inhibition of STAT3 phosphorylation
and its microtubule regulatory function

Lastly, we sought to identify the key regulators underlying changes
in cell proliferation. IPA analysis of C. vulgaris water extract-treated
HEK-293 DMTT1 cells revealed the upregulation of several cell growth—
and immunity-related factors (RELA, NFKB, CD4, TIPARP, and ICAM1),
along with predicted activation of additional signaling molecules (ERK,
AKT, JNK, p38 MAPK, and CD3) (Fig. 9C). Importantly, ICAM1 emerged
as one of the most strongly upregulated genes, whereas Pb%" exposure
significantly suppressed its expression in HEK-293 DMT1 cells (Fig. 9A).
Because STAT3 is a key transcriptional regulator of ICAM1 (Kesanakurti
et al., 2013), we subsequently examined STAT3 expression and activa-
tion by western blotting. IPA also predicted that ICAM1 in Pb2*-exposed
cells was linked to disrupted microtubule polarization and impaired
cell-cell contact (Fig. 9B), prompting us to assess microtubule organi-
zation by fluorescence microscopy.

Fig. 9D reveals that C. vulgaris water extract specifically counteracted
the Pb?>*-induced suppression of STAT3 activity, as indicated by the
restored phosphorylation at Tyr705, while total STAT3 expression re-
mains unchanged. Intriguingly, this rescue of STAT3 signaling was
accompanied by a significant decrease in the activation state of PI3K,
marked by reduced p85 phosphorylation at Tyr458 (Fig. 9D). Thus,
C. vulgaris extract rescued STAT3 signaling impaired by Pb2" through a
mechanism independent of, and perhaps counter to, the canonical PI3K
pathway.

Fig. OF illustrates the impact of Pb?" exposure on the microtubule
cytoskeleton. Control HEK-293 DMT1 cells displayed a characteristic,
continuous network of polymerized microtubules, indicative of normal
cytoskeletal integrity. This was abolished in vincristine-treated cells,
which showed diffuse tubulin aggregation, confirming effective depo-
lymerization. Pb%* exposure induced a distinct pathological phenotype,
characterized by microtubule destabilization and the formation of
aberrant, stiff tubulin structures. Importantly, co-treatment with
C. vulgaris water extract significantly mitigated these Pb%*-induced de-
fects, promoting a partial recovery toward a more extended and poly-
merized microtubule arrangement.
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Discussion

Despite decades of research into lead detoxification since the 1940s,
a critical bottleneck of chelating agents is still balancing the high effi-
cacy with minimal adverse effects. Chlorella is a promising detoxification
candidate that has been commercially used as a supplement due to its
notable chelating capacity for heavy metals, as well as ancillary benefits,
including antioxidant activity and cellular repair properties. However,
an integrated picture of all biological mechanisms, how Chlorella or-
chestrates the lead detoxification, is still not fully defined. To address
this gap, we targeted a critical endogenous protein, the DMT1 trans-
porter, and combined genomic and functional cellular assays, delin-
eating a mechanistic framework behind Chlorella-mediated lead
detoxification.

We began by conducting a comparative metabolomic profiling of two
dietary supplements, C. vulgaris and C. pyrenoidosa, to select the superior
Chlorella species for our investigation. This revealed a prominent
biochemical divergence between the species: flavonoids (luteolin, api-
genin) and chlorophyll-derived porphyrins were detected exclusively in
C. vulgaris extracts. This finding indicated that C. vulgaris possessed an
enhanced biosynthesis capacity for valuable plant-derived antioxidant
compounds and maintained a more active photosynthetic pigment cycle,
underscoring its biochemical advantage over C. pyrenoidosa for our
purpose. Moreover, FBMN networks further established that the
metabolomic landscape of both species was lipid-dominated, with gly-
colipids, phospholipids, and free fatty acids constituting the major
classes. Comprehensive UPLC-HRMS/MS-based metabolomic profile
analyses confirmed that both species exhibited rich glycerophospholipid
and glycerolipid profiles with high levels of unsaturated fatty acids,
which is consistent with their established nutraceutical value. Given the
unique secondary metabolite signature, particularly the key antioxidant
flavonoids and porphyrins, we therefore selected C. vulgaris extracts for
the subsequent experimental work.

Our next objective was to construct a tractable mechanistic model for
assessing the protective molecular and cellular effects of C. vulgaris ex-
tracts. The results for antioxidant capacity revealed that the water
extract of C. vulgaris was the most potent, which aligns with clinical
evidence (Schilling et al., 2025). Importantly, this water extract also
exhibited no cytotoxicity, affirming its biocompatibility. Subsequently,
Pb%* exhibited strong sensitivity towards DMT1-overexpressing cells
compared to their wild-type cells, with a four-fold change in the ICsq
value, confirming the Pb?* uptake property of the DMT1 transporter. A
preliminary screening of different concentrations showed that 30 pg/mL
C. vulgaris water extract presented the best restoration of viability of
DMT1-transfected cells upon treatment with a toxic concentration of 0.3
pM Pb2t (data not shown). This combination treatment was subse-
quently used as an experimental model for studying molecular detoxi-
fication mechanisms.

Following model validation, we initially investigated the direct ac-
tion of C. vulgaris water extract on Pb>" by detecting intracellular and
extracellular Pb?* concentrations over a time course. The results pointed
to enhanced Pb?* export as the predominant mode of action of
C. vulgaris water extract, with a secondary contribution from the
attenuation of cellular uptake. C. vulgaris water extract showed signifi-
cant efflux of Pb2" after 8 h, nearly that of the well-known lead chelator
EDTA-CaNaz. Although its ultimate chelation efficacy is weaker than
that of EDTA-CaNaz, it lacks the considerable drawbacks of EDTA-
CaNa, ie., renal toxicity, and promotes essential mineral depletion
(Fishbane and Maesaka, 1997; Gutiérrez, 2021). This highlights a crit-
ical therapeutic distinction, which may be paramount for long-term or
preventative nutraceutical applications.

Next, we proceeded with the transcriptomic analysis to map the
cellular pathways dysregulated by Pb%. Pb?'-exposed DMT1-
transfected cells revealed a striking shift in transcriptomic toxicity
profiles, while wild-type HEK-293 cells displayed a profile specifically
on cardiotoxicity, hepatic toxicity, and renal toxicity. DMT1-
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overexpressing cells exhibited a signature of hepatic and renal toxicity,
which suggested that DMT1-mediated Pb>" transport preferentially
induced hepatorenal toxicity. The toxicity in wild-type cells likely re-
flected lead-induced accumulation of lipid hydroperoxides (Chen et al.,
2021), a mechanism shared with the iron-catalyzed Fenton reaction in
cardiac toxicity (Haskova et al., 2011). In contrast, the refined hep-
atorenal toxicity in sensitized cells suggested a disruption of iron ho-
meostasis. Mechanistically, this is corroborated by the Pb?*-induced
lipopolysaccharide biosynthesis pathway in hepatic metabolic disorders
(Miao et al., 2023) and the fundamental role of iron in the regulation of
hepatic lipogenesis (Gao et al., 2022), indicating that Pb**-induced liver
toxicity is tightly associated with iron homeostasis (Gao et al., 2022; Liu
et al., 2023). Furthermore, iron homeostasis is crucial for treating pa-
tients with anemia caused by end-stage renal disease (Fishbane and
Maesaka, 1997; Gutiérrez, 2021). Given iron’s essential role in eryth-
ropoiesis. Collectively, our transcriptome analysis implied that Pb**
toxicity, if amplified by DMT1, converged on the disruption of iron
homeostasis as a pivotal mechanism underlying its hepatorenal toxicity.

Remarkably, the canonical pathway analysis revealed that in wild-
type and DMT1-transfected cells, C. vulgaris water extract counter-
acted Pb**-induced activation of the generic transcription pathway,
with a more pronounced effect in DMT1-overexpressing cells. Intrigu-
ingly, this pathway is predominantly regulated by zinc finger proteins
(ZFPs). Pb?* ions are well-known for disturbing the DNA-binding
properties of ZFPs by substituting the natural Zn?* jons (Huang et al.,
2004; Payne et al., 1999). While no prior study has linked Chlorella to
the remediation of ZFP dysfunction, our data provided the first evidence
that C. vulgaris water extract may act through a novel potential detoxi-
fication axis: the rescue of ZFP-mediated transcriptional homeostasis to
attenuate Pb2* toxicity.

Canonical pathway analysis in DMT1-overexpressing cells also
indicated that C. vulgaris water extract ameliorates Pb>" toxicity linked
to two specific cell death pathways: autophagy and ferroptosis based on
significance value comparisons. We focused first on the autophagic
pathway. Pb?* exposure is known to disrupt cellular recycling through
autophagy, frequently by blocking autophagic flux at the lysosome
stage, leading to accumulation of autophagosomes and subsequent cell
damage (apoptosis) (Song et al., 2017), though sometimes autophagy is
initially activated as a protective response. Consistent with this, our
western blot analysis of Pb%-exposed DMT1-overexpressing cells
showed a clear autophagic flux blockage, indicated by the concurrent
upregulation of LC3-II and p62, while upstream marker Beclin-1 was
unchanged. Notably, in our model, this concentration of Pb2* has not
triggered apoptosis yet (verified by western blot analysis of caspase-3,
PARP, and Bcl-xL). Importantly, co-treatment with C. vulgaris water
extract effectively reversed this blockage by normalizing LC3-II and p62.
Together, these results demonstrated that C. vulgaris water extract may
specifically alleviate Pb%*-induced autophagic dysfunction, identifying
the restoration of cellular recycling as a detoxification mechanism.

Research into Pb?*-induced ferroptosis is in its infancy, but a pro-
posed mechanism involves Pb?>*-mediated inhibition of system Xc— and
glutathione depletion (Niu et al., 2025; Shi et al., 2023). In our study, the
resazurin reduction assay with co-treated deferoxamine suggested Pb2*
induced ferroptosis, which was further supported by ferrous iron level
detection, both consistent with ferroptosis. Notably, C. vulgaris water
extract concurrently suppressed this ferroptotic response, significantly
reducing ferrous iron levels and restoring cell viability. Delving into the
iron metabolism underpinning this effect, we found that pb%* poten-
tially disturbed ferrotinophagy via western blotting. Specifically, Pb?*
upregulated NCOA4, marking the initiation of ferritin turnover, and
FTHI1, a core component of the iron-storage ferritin complex. We
interpret this paradoxical upregulation as a failed homeostatic circuit:
NCOA4 elevation-initiated ferritin degradation, while the elevated
FTH1 may be an attempt to buffer cytotoxic labile iron. This imbalance,
potentially exacerbated by the broader autophagic flux blockage we
observed, signified a profound disturbance in iron homeostasis. The
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pivotal finding is that C. vulgaris water extract may normalize this dys-
regulation, reverting NCOA4 and FTHI toward control levels. These
findings suggested that ameliorating aberrant ferritinophagy and iron
handling is a key mechanism through which C. vulgaris water extract
counteracted Pb?*-induced ferroptotic stress.

Unexpectedly, LIAS expression exhibited a discordance between
transcript abundance and protein level following DMT1-mediated Pb%*
stress, pointing to a reduction in functional LIAS protein. This discor-
dance likely arises from two opposing mechanisms: lead stress triggers
compensatory LIAS transcription, yet disrupted iron homeostasis may
lead to loss of LIAS iron-sulfur clusters (Hendricks et al., 2021), desta-
bilizing the protein for degradation. Ultimately, the transcriptional
upregulation is offset by protein degradation, yielding no significant
change in protein levels. Next, we observed a specific suppression of
protein lipoylation by C. vulgaris water extract in Pb%"-sensitized
HEK-293 DMT1 cells, as confirmed by the significant downregulation of
both FDX1 and LIAS. To our knowledge, no prior study has investigated
whether Chlorella modulates protein lipoylation as a potential detoxifi-
cation pathway to Pb%*. This essential post-translational modification
could funnel carbon into the TCA cycle to fuel energy production (Lin
et al., 2024). Its inhibition suggested a strategic metabolic rewiring by
the C. vulgaris water extract. This may initiate a well-characterized
cascade: impairment of the TCA cycle reduces a-ketoglutarate (a-KG)
and promotes L-2-hydroxyglutarate (L-2-HG) accumulation, resulting in
prolyl-hydroxylase (PHD) inhibition and hypoxia-inducible factor 1a
(HIF-1a) stabilization (Martinez-Reyes and Chandel, 2020), further
driving metabolic adaptation pathways to establish a new, protective
homeostasis upon lead-induced stress. Metabolic pathway prediction
further supported a shift toward an adaptive biosynthetic profile by
C. vulgaris water extract, notably enriched in purine nucleotide de novo
biosynthesis, instead of the broader NAD- and lipid-focused biosynthesis
in Pb?*-exposed cells, which supports the metabolic adaptation strategy
at the transcriptomic level.

Regarding pathways governing cell survival, its restoration by
C. vulgaris water extract was critically associated with the modulation of
phosphorylated STAT3 signaling and a concomitant recovery of micro-
tubules toward a more extended and polymerized arrangement. These
observations align with previous studies, which show that STAT3 sup-
presses ferroptosis in gastric cancer (Ouyang et al., 2022) and promotes
the stabilization of microtubules (Ng et al., 2006). Therefore, the
C. vulgaris water extract likely mitigates Pb2* toxicity via a coordinated
action on the p-STAT3 pathway, concurrently inhibiting ferroptosis and
stabilizing the microtubule network. Additionally, a synergistic inter-
action may exist between the two bioactive flavonoids present in the
C. vulgaris aqueous extract. Luteolin is a more effective lead chelator
(Wang et al., 2019) than apigenin, yet it is metabolized faster in animal
models (Chen et al., 2012). Notably, in rat hepatocytes, the drug-drug
interactions between luteolin and apigenin reduced the elimination of
both compared to their pure forms (Lu et al., 2011), suggesting synergy.
For further in vivo test, intestinal enterocytes are a recommended focus,
given that DMT1-iron uptake, STAT3-epithelial repair, and certain
ZFPs-transcription factors governing renewal, are all integral to their
function (Arredondo et al., 2003; Wittkopf et al., 2015; Xie et al., 2022).

Conclusions

This work established that C. vulgaris water extract potentially
mediated a coordinated network against Pb%" toxicity. We uncovered a
putative multi-layered detoxification defense: it was prone to promote
cellular metal export rather than inhibit import, rectified specific Pb%*-
induced damages, re-established autophagic flux, and modulated fer-
roptotic stress through iron homeostasis regulation. Concurrently, it
may drive an adaptive metabolic program via protein lipoylation, acti-
vate pro-survival STAT3 signaling, and restore microtubule stability,
thereby fortifying cellular integrity. Ultimately, we underscore the
utility of C. vulgaris as a natural countermeasure to Pb2* toxicity and its
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potential as a nutraceutical adjuvant in lead detoxification.
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