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Lead (Pb) poisoning remains a global public health challenge, yet approved chelating agents are limited by
poor selectivity, suboptimal efficacy, and safety concerns. We previously reported cyclic tetrapeptides as
metal-binding therapeutics for Pb detoxification. The lead scaffold, containing two cysteines and two B-
aspartic acid residues, showed high aqueous solubility but failed to rescue Pb-poisoned human cells. In
this work, we conducted mechanistic studies revealing that diminished intrinsic Pb(i) affinity and poor
selectivity against competing Ca(i) ions constrained its activity. Guided by these insights, we synthesized
two analogs: one lacking a carboxylate and another with an inverted chiral center. Both analogs
demonstrated markedly improved Pb detoxification in human cells, surpassing the efficacy of clinically

used chelators. Strikingly, oral administration of the diastereomeric analog to Pb-exposed mice lowered
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standard-of-care treatments. These findings illustrate how rational structure—activity relationship
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Introduction

Lead (Pb) poses a serious threat to human health and the
environment. The World Health Organization (WHO) classifies
Pb as one of the top ten chemicals of major public health
concern. It is responsible for approximately one million deaths
each year” and is highly toxic, even at very low concentrations.
As a result, no blood lead level (BLL) is considered safe.>* The
WHO recommends medical and environmental intervention at
a BLL of 5 ug dL™" or higher.? In 2021, the US Centers for
Disease Control and Prevention (CDC) lowered this threshold to
3.5 ug dL ™' emphasizing the harmful effects of Pb at any
detectable level.

According to these thresholds, it is estimated that one in
three children worldwide, or more than 800 million children,
are affected by Pb poisoning.® In the USA alone, between 1.5 and
2.1 million children are affected.® In addition, more than 50
percent of US adults are estimated to have elevated BLLs.” Pb
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affects nearly every organ system in the human body. It is
particularly harmful to the kidneys, liver, and the central
nervous system (CNS).**° Children are especially vulnerable
because their brains and CNS are still developing. As a result, Pb
exposure during early life can cause long-term cognitive and
behavioral impairments.>*°

Pb(n) ion is the most prevalent oxidation state of Pb. Its
toxicity under physiological conditions arises from several key
mechanisms.*® For instance, Pb(n) binds to thiolate and
carboxylate groups in peptides and proteins, thereby inhibiting
their biological functions. Pb(u1) ions mimic Zn(u) chemistry and
compete with this essential metal ion in metalloenzymes such
as d-aminolevulinic acid dehydratase (3-ALAD), carbonic anhy-
drases, acetylcholine esterases, and Zn-finger proteins,
compromising their structure and function.**® Due to its
similar ionic radius to Ca(u), Pb(u) can cross the blood-brain
barrier (BBB), where it disrupts calcium-binding proteins and
interferes with neurotransmitter release;*'>** Finally, Pb(1) ions
bind to cellular reducing agents such as glutathione (GSH),
thereby elevating oxidative stress.®'"'?

For nearly a century, small-molecule chelating agents (CAs)
have been developed to bind toxic metal ions, including Pb(u),
and facilitate their excretion through renal or hepatobiliary
pathways.”® This chelation mechanism remains the only
approved treatment strategy for addressing metal toxicity,
including Pb poisoning.'*® The standard of care (SOC) drugs
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used for Pb detoxification are dimercaptosuccinic acid (DMSA)
and ethylenediaminetetraacetic acid (EDTA). While these
agents can reduce BLL in cases of severe poisoning, they have
several major limitations. First, due to their low selectivity for
Pb(u), they also bind other essential metal ions, such as Zn(u)
and Ca(u), which can lead to side effects and reduced efficacy.
Second, their poor cellular permeability limits their activity to
the extracellular space, slowing chelation and reducing effi-
ciency. Third, EDTA treatment is suspected to induce redistri-
bution of Pb(u) ions to the brain.***¢ Lastly, these two CAs
function only at very high BLL values and are incapable of
reducing lower, yet still dangerous BLLs. As a result of these
shortcomings, DMSA and EDTA are prescribed only when the
BLL exceeds 45 and 70 pg dL™", respectively, which is nine and
14 times higher than the intervention threshold recommended
by the WHO.>"

In response to these limitations, alternative Pb detoxification
strategies have been explored, including small-molecule iono-
phores, biomimetic ligands, polymeric scavengers, and peptide-
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based binders.">'®* While some of these approaches improve
metal-binding affinity or oral bioavailability, many still suffer
from limited selectivity against essential metal ions, insufficient
intracellular activity, or poor in vivo efficacy.’* Moreover, few
candidates have demonstrated the ability to safely reduce Pb
burden at low but clinically relevant BLLs, underscoring the
continued need for selective, mechanistically informed chela-
tion strategies.>***

Short peptides have demonstrated significant potential as Pb
binders for detection and remediation; however, they have not
yet been studied for therapeutic applications.”*?° In previous
work, we developed several families of peptides for Pb
detoxification.**** Screening identified a promising cyclic
tetrapeptide scaffold comprising two a-amino acids and two
alternating p-amino acids, containing at least two Pb(u)-
chelating functional groups (Fig. 1A).** Peptide 1, composed of
two cysteine and two B-alanine residues, showed the strongest
activity, enhancing survival of Pb-poisoned E. coli by more than
eightfold (Fig. 1B).*** However, its low aqueous solubility
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Fig. 1 (A) Chemical structures of peptides 1-4. Peptides 1 and 2 have been reported previously®* while peptides 3 and 4 are new. (B) Dose-

dependent recovery of DH5a. cells treated with Pb(NOs), (12 mM), followed by the administration of cyclic peptides 1 or 2 (as di-Na salts) or the
SOC CA, DMSA (as di-Na salt). The CAs were added 5 h after the addition of Pb(i) ions; values are calculated relative to cells poisoned with Pb(i)
ions as the negative control. Graph adopted from ref. 31. (C) Dose-dependent viability of HT-29 cells treated with 2, 3, or 4 (as di-Na salts). Values
are mean + SD of at least 3 independent repeats. The results for peptide 2 have been reported in ref. 31. (D) Dose-dependent recovery of HT-29
cells treated with Pb(NO3), (2 mM) followed by the administration of cyclic peptides 2, 3, or 4 (as di-Na salts; 1 h after the addition of Pb(i) ions;
values are calculated relative to cells poisoned with Pb(i) ions as the negative control). The results for peptide 2 have been reported in ref. 31.
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limited its potential as a CA.** Replacement of the B-alanine
residues with B-aspartic acid yielded peptide 2 (Fig. 1A), which
exhibited improved solubility but was ineffective and cytotoxic
(Fig. 1B-D).34%

In this work, we designed two analogs of 2 that differ in
either the number of free carboxylic acid groups or their abso-
lute configurations to better elucidate the reasons for the poor
activity and high toxicity of peptide 2 and to further improve it
through rational design. Comprehensive experimental studies
on the three peptidic analogues, including cellular efficacy and
cytotoxicity testing, mechanistic evaluations, and most impor-
tantly, efficacy studies of the best-performing peptide in mice,
provided critical insights into the factors governing Pb(u)
binding and detoxification. These findings underscore the
importance of tuning both metal-ion affinity and selectivity to
enable peptides to effectively reverse Pb poisoning, both in vitro
and in vivo.

Materials and methods

Materials and reagents were of the highest grade available and
purchased from ABCR, Sigma-Aldrich, TCI, or Fluorochem, and
used without further purification. Amino acid building blocks
were purchased from Merck, Bachem, Novabiochem, Senn, or
ABCR and used as received. Water used for peptide preparation
and purification was nanopure (“Milli-Q”) prepared by a Barn-
stead GenPure system (ThermoFisher Scientific).

Solid-phase peptide synthesis

Solid-phase peptide synthesis (SPPS) was performed on 200-400
mesh CTC Polystyrene resin from ABCR.*®

NMR spectroscopy

'H and "*C NMR spectra were recorded on a Bruker AV-NEO-400
or AVII-400 (400 MHz). Chemical shifts are reported in ppm
using the solvent residual peak as reference (D,O 4.79 ppm for
'H, CDCl; 7.26 ppm for 'H, and 77.16 ppm for *C). Assighment
of the signals in the one-dimensional "H NMR spectra was
confirmed when needed by two-dimensional NMR spectroscopy
(COSY, TOCSY, NOESY, HSQC, HMBC).

Mass spectrometry

HR-MS-ESI measurements were performed on a timsTOF Pro
TIMS-QTOF-MS instrument (Bruker Daltonics GmbH).

ICP-MS measurements were performed with an Agilent QQQ
8800 Triple quad ICP-MS spectrometer, equipped with a stan-
dard X-lens setting, nickel cones, and a “micro-mist” quartz
nebulizer. The feed was 0.1 mL min*, and the RF power was
1550 W. Tune settings were based on the Agilent General
Purpose method and only slightly modified by an autotune
procedure using an Agilent 1 ppb tuning solution containing Li,
Y, Ce, and TI. Values are reported as the average of 30 sweeps,
each repeated three times. Elements were measured in
a “helium mode”. All solutions were prepared from 60% HNO;
(Merck 1.01518.1000 ultrapure), 30% HCI (Merck 1.01514.1000
ultrapure), or aqua regia (1:3 mixture of 60% HNO; and 30%

© 2026 The Author(s). Published by the Royal Society of Chemistry
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HCI 1: 3, ultrapure) and 18.2 MQ Millipore water. Elements
were measured against a serial dilution with the following
standards: Pb: Merck 1.70313.0100 in 2% HNO;, Ca: Merck
1.70344.0100 in H,0. Merck 1.70324.0100, 2% HNO,, was used
as an internal standard.

Cell culture

Cell culture was conducted with human colon adenocarcinoma
cells (HT-29) that were purchased from the ATCC. The cells were
grown in a humidified 5% CO, atmosphere at 37 °C using
RPMI-1640 with 25 mM HEPES, supplemented with 1% t-
glutamine, 1% penicillin/streptomycin, and 10% FCS superior
(standardized). Culture medium RPMI-1640-HEPES (with t-
glutamine), penicillin (10.000 U mL™"), and streptomycin
(10 mg mL ") were purchased from Sigma Aldrich, Invitrogen,
or BioConcept. Trypsin-EDTA (0.02%) in Ca(u) and Mg(u) defi-
cient PBS (1:250) was purchased from Amimed. FCS superior
was purchased from Oxoid AG and Biochrom AG. Crystal violet
(CV) stain was purchased from Sigma Aldrich. CV assays were
monitored on a Hidex Sense microplate reader.

UV-vis spectroscopy

UV-vis spectrophotometer titration, stability, and selectivity
measurements were performed using a Lambda 850 UV-vis
spectrophotometer (PerkinElmer) with an ultra-micro Suprasil
quartz cuvette (Hellma) having a chamber volume of 100 puL and
a path length of 10 mm. Wavelength scans were performed at

25 °C from 200 to 400 nm with a scan speed of 40 nm min .

Isothermal titration calorimetry (ITC)

ITC experiments were performed on a VP-ITC MicroCalorimeter
(Malvern) at 25 °C. The data were analyzed using the tailored
Origin software (provided by the instrument's manufacturer)
and fitted with one or two sets of binding-site models. Each
measurement was independently repeated at least twice. The
errors to the N and Ky values have been calculated by the
manufacturer's software and are reported as-is.

Animal experiments

Mice experiments were conducted in accordance with an
animal experimentation license approved by the Zurich Canton
Veterinary Office, Switzerland (Jason P. Holland). Experimental
procedures also complied with the ARRIVE 2.0 guidelines.?”
Female mice (C57BL/6, 20-25 g, 6-8 weeks old) were obtained
from Charles River Laboratories Inc. (Freiburg im Breisgau,
Germany) and allowed to acclimatize at the University of Zurich
Laboratory Animal Services Center (LASC) vivarium for at least 1
week prior to experimentation. Mice were provided with food
and water ad libitum. Mice were also randomized before the
study.

Phenotyping

Phenotyping was performed on mice from two experimental
cohorts. First, liver, brain, kidney, and femur were collected
from mice administered Pb(Ac), in drinking water and
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subsequently treated with PBS (control group, n =5), DMSA (n =
5), or peptide 4 (n = 5). Second, to evaluate potential phenotypic
alterations associated with peptide 4 treatment alone, 5 mice
treated exclusively with peptide 4 and four control mice treated
with PBS alone were euthanized and subjected to a complete
post-mortem macroscopic and histopathological examination.
The following organs or tissues were systematically collected
and examined: brain, heart, trachea and lungs, tongue, salivary
glands, esophagus, stomach, duodenum, jejunum, ileum,
caecum, colon, liver with gallbladder, pancreas, kidneys,
urinary bladder, spleen, mandibular and mesenteric lymph
nodes, thymus, bone marrow (femur, sternum), ovaries, uterus,
vagina, skeletal muscle (M. quadriceps femoris, diaphragm),
femoral bone, head with nasal cavity and teeth, spinal cord,
thyroid gland, adrenal glands, skin and mammary gland).
Tissue samples were fixed in 10% neutral buffered formalin
immediately following euthanasia, routinely processed, and
embedded in paraffin wax. Sections (3 um thickness) were cut
and stained with hematoxylin and eosin (HE) for histopatho-
logical evaluation.

Results and discussion
Cellular evaluation

To better understand why peptide 2 was inactive in reversing
cellular Pb toxicity (Fig. 1C),** we synthesized two additional
analogues: peptide 3, which contains only one free carboxylic
acid group (sequence: cyc-[Cys-BAsp-Cys-PAla]) was designed to
maintain some polarity whilst limiting undesired metal
binding, and peptide 4, a diastereomer of 2 in which one BAsp
residue is replaced by BDAsp (sequence: cyc-[Cys-BAsp-Cys-
BDAsp]) was designed to control the spatial orientation of the
carboxylate group, which will reduce steric strain and limit
undesired metal binding events.*® Both peptides were synthe-
sized and purified by using procedures similar to those previ-
ously reported.**®

Interestingly, when the peptides were incubated with human
cells to examine their effect on cell viability, only peptide 2
exhibited cytotoxicity, particularly at high concentrations
(Fig. 1C).** Peptides 3 and 4, on the other hand, had no
disruptive effect.*® This toxicity may stem from the ability of
peptide 2 to bind essential metal ions, such as Ca(u), thereby
disrupting normal cellular function.

We then evaluated each peptide for its ability to recover Pb-
poisoned human cells as an initial efficacy assessment.’®
Human colon cancer cells, being sensitive to Pb(u) exposure,
were first incubated with 2 mM Pb(NOj),. One hour later,
peptides were added at concentrations ranging from 0.2 to
10 mM (0.1 to 5 equivalents). After 23 hours of additional
incubation, cell viability was assessed and compared to that of
Pb-exposed cells treated with vehicle (negative control; Fig. 1D)
or to unexposed cells (positive control; Fig. S1).>** While peptide
2 showed no recovery activity, peptide 3 exhibited partial
restoration of viability, and peptide 4 was highly effective,
increasing viability up to 240% relative to the negative control
and reaching a complete rescue compared with the positive
control (Fig. 1D and S1, respectively). These results highlight
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the critical role of the second carboxylate group and its
configuration in achieving therapeutic efficacy. We hypothesize
that significant differences in Pb-binding affinity and selec-
tivity, combined with peptide stability (Fig. S6), were translated
into these fundamental differences in the biological activity. To
better understand the effect of such minor chemical alterations,
we have studied the interactions between the various peptides
and relevant metal ions.

Complex characterization

Affinity to Pb(u) ions. We first determined the binding
affinities of peptides 2 and 4 toward Pb(u) ions using isothermal
titration calorimetry (ITC).* This method has been selected as
one of the most accurate for determining thermodynamic
reaction parameters. Peptide 4 exhibited strong binding with
a dissociation constant (Ky) of 2.2 nM, sixfold tighter than that
of peptide 2, highlighting the superior Pb(u)-binding affinity of
4 (Fig. 2A). ITC analysis also revealed that peptide 4 can bind
two Pb(u) ions, possibly through independent coordination at
two distinct sites, each involving a thiolate and a carboxylate
group. This dual binding can be facilitated by a conformational
arrangement that prevents interference between the two
binding sites. In contrast, the ITC-derived binding stoichiom-
etry for peptide 2 of 1.44 £ 0.03 was inconclusive, suggesting
that a mixture of both 1:1 and 2:1 (Pb: peptide) complexes is
possible (Fig. 24A).

To further investigate the interaction between these peptides
and Pb(u) ions, we conducted UV titrations monitoring the
ligand-to-metal charge transfer (LMCT) transitions of the S(3p)
— Pb(6p) type upon incremental addition of Pb(NOj;),
(Fig. 2B).>****2 Both peptides 2 and 4 showed features consis-
tent with binuclear complex formation, as saturation was
reached upon the addition of two equivalents of Pb(u) ions. This
finding aligns with the ITC data of peptide 4. However, in the
case of peptide 2, there is a minor misalignment between the
two readouts. This apparent discrepancy likely reflects the
coexistence of multiple binding species in solution. ITC reports
an effective, population-averaged stoichiometry that integrates
all thermodynamically relevant binding events, including
partially occupied complexes, whereas UV-vis spectroscopy
preferentially detects the fully metal-saturated complex
responsible for the dominant spectral changes. Such differ-
ences between the two experiments are also attributed to
differences in concentration, which might affect species distri-
bution in each study.

Titration of peptide 2 (25 uM) with Pb(NO;), (0-125 puM)
yielded a broad LMCT band centered at 320 nm, while peptide 4
displayed a defined LMCT band at 310 nm (Fig. 2B). In contrast,
peptide 3 exhibited a weaker LMCT response, with a primary
band at 330 nm and a shoulder at 280 nm. Furthermore, the
saturation ratio indicates the formation of an equimolar
complex (Fig. 2B). These results suggest that in peptides 2 and 4,
all carboxylates and thiols participate in coordination, forming
two distinct Pb(u)-binding sites, each likely comprising a thiol-
carboxylate pair, as indicated by the single LMCT signal corre-
sponding to this coordination mode. Due to the opposing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) ITC raw and integrated data for the titration of peptides 2 and 4 with Pb(i) ions. Titrations were performed in 20 mM Tris buffer, pH 6.5,

at 25 °C, with Pb(NO3), solution (280 pL; 3.0 mM and 0.6 mM for peptides 2 and 4, respectively) titrated into the peptide solution (1.8 mL; 100 and
200 uM for peptides 2 and 4, respectively). (B) UV-titration of peptides 2—4 at a concentration of 25 uM with Pb(NOg3), in 20 mM Tris buffer at pH
6.5. (C) UV-monitored competitor-titrations of Pb-peptide complexes (25 uM for peptides and 50 uM Pb(NOs),) with CaCl, (0-2.5 mM; 0-100

equiv. to peptide's concentration).

orientation of carboxyl groups in peptide 4, the two Pb(u) ions
are coordinated on separate faces of the peptidic backbone,
promoting stable complex formation. Conversely, in peptide 2,
both Pb(u) ions must bind on the same face, likely leading to
steric strain and reduced stability. Since complex stability is
essential for effective detoxification, this may explain the
inability of 2 to rescue Pb-poisoned bacteria and human cells, as
has been seen in our in vitro evaluations herein.

Selectivity to Pb(u) ions. Although differences in the affinities
of peptides 2 and 4 for Pb(u) ions could independently explain
their distinct effects on Pb-poisoned cells (Fig. 1D), we further
evaluated the selectivity of these peptides toward Pb(u) in the
presence of two physiologically relevant metal ions: Zn(u) and
Ca(n).” These two ions were selected as biologically relevant
competitors to Pb(u), each for distinct reasons. Zn(u), although
significantly smaller than Pb(u), shares similar coordination
preferences, as both ions are classified as borderline Lewis acids
that bind to sulfhydryl groups. In contrast, Ca(u) is a hard ion
that primarily binds to oxygen-containing ligands and therefore
does not expect to bind to Pb-binding molecules (due to
significant differences in the hard-soft acid-base theory), but its
ionic radius of 112 pm closely resembles that of Pb(u) (119 pm),

© 2026 The Author(s). Published by the Royal Society of Chemistry

which can hinder the ability of ligands, including proteins, to
effectively distinguish between the two. The latter similarity also
results in the accumulation of Pb(u) ions in the brain, leading to
neurological impairments.

All three peptides preferentially bound Pb(u) over Zn(u)
(Fig. S3-S5).>* However, only peptides 3 and 4 retained selec-
tivity for Pb(u) in the presence of Ca(u) (Fig. 2C). These findings,
which align with our hypothesis of poor metal selectivity for
peptide 2, further support the importance of both metal-ion
affinity and selectivity for effective chelation, highlighting the
potential of peptide 4 as a candidate chelating agent for Pb
poisoning.

As part of the metal selectivity assessment of peptide 4, we
have also determined its affinity to Zn(u) and Ca(u) ions by ITC
(Fig. S2).* Peptide 4 binds Pb(i) ions 3500 and 5900 times
stronger than it binds to Zn(u) and Ca(u) ions, respectively. This
is based on the Ky values of 2.22 + 0.01 nM for Pb(u), 7.8 & 0.3
uM for Zn(u), and 13.1 &+ 1.4 uM for Ca(u) ions (Fig. 2A and S2).*

These findings, yet again, indicate the superiority of peptide
4 to tightly and selectively bind Pb(u) ions, thereby inactivating
their cellular toxicity via complexation.
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Computational studies of metal selectivity. To support the
experimental observations on metal affinity, selectivity, and
hypothesized complexation modes, we performed quantum
mechanical DFT-D3//COSMO-RS calculations to gain insights into
the interactions of peptides 2, 3, and 4 with Pb(u), as well as with
two physiologically relevant competing metal ions, Zn(u) and
Ca(u).*****” For each peptide-metal combination, we determined
the most stable structures of the hydrated complexes [M(X)-
{H,0},)], where M = Pb(u), Zn(u), or Ca(u), X = peptide 2, 3, or 4,
and n = 2-6, depending on the complex. We then calculated the
complexation Gibbs free energies (AGcomplexation) Of all such
complexes. Informed by experimental data, we also investigated
binuclear complexes with Pb(u) ions for peptides 2 and 4 (Fig. 3).

The peptides exhibited distinct coordination modes toward
Pb(u) ions. Peptide 2 coordinated Pb(u) via one thiolate group
and two carboxylates, while peptide 3 bound Pb(u) through only
the two thiolates. Peptide 4 preferred coordination via one of
the carboxylate groups of BDAsp and the two thiolate groups.
Among these, peptide 4 showed the strongest mononuclear
Pb(i) binding, with the lowest AGcomplexation Of —5.5 keal mol .
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Binuclear complexes of peptides 2 and 4 revealed even higher
binding affinities, consistent with ITC and UV-vis experimental
data; peptide 4 bound two Pb(u) ions more tightly than its dia-
stereomer, with a total complexation energy of AGcomplexation Of
—7.6 kcal mol .

These calculations also clarified the metal selectivity
observed in the ITC and UV titration experiments. All three
peptides exhibited unfavorable (positive) complexation energies
for Zn(u), consistent with their low affinity. Peptide 2 exhibited
favorable binding to Ca() (—2.1 kcal mol™'), in contrast to
peptides 3 and 4, which showed positive complexation energies,
indicating weak or no binding.

Overall, the data gathered to this point indicate that high Pb-
binding affinity, coupled with metal selectivity, enables the
deactivation of toxic Pb(u) ions through complexation, where
peptide 4 has been found to suppress its other investigated
analogs. We have therefore decided to test its efficacy and safety
in vivo.

In vivo efficacy and safety studies. Based on the promising
complexation data, we evaluated the efficacy of peptide 4 in

Peptide Pb(Il)
mononuclear

complex

Pb(Il) binuclear
complex

Ca(ll) mononuclear
complex

Zn(Il) mononuclear
complex

Lowest
energy
structure

AG
(kcal/mol)

Lowest
energy
structure

AG
(kcal/mol)

Lowest
energy
structure

AG
(kcal/mol)

-5.5

-7.6

Fig.3 Computed lowest-energy structures and their energies of 2—4 with the Pb(i), Cali), and Zn(i) ions (hydrogen atoms and water molecules

were omitted for clarity).
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promoting Pb(u) chelation and excretion in a murine model of
Pb exposure. A total of 45 female C57BL/6 mice (6-8 weeks old)
were randomly assigned to three exposure groups (n = 15 per
group) and given 5, 10, or 20 mM Pb(Ac), in drinking water for 7
days (days 1-7), representing low, medium, and high exposure
levels (Fig. S7).> These three exposure concentrations have been
selected based on the threshold of 45 pg dL~* BLL, for which
treatment with DMSA can be prescribed. Seven days of exposure
to 20 mM Pb(u) solution was thus expected to yield BLLs within
this range. On the other hand, the lower exposure levels of 10
and 5 mM Pb(u) solutions have been chosen to study the major
unmet medical need of BLLs below 45 pg dL ™', which account
for the majority of reported poisoning cases but lack thera-
peutic options. From day 8 onward, the mice received normal
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Initial samples (blood, urine, and feces) were collected on
day 9, two days after exposure. On day 10, each exposure group
was randomly divided into three treatment arms (n = 5 animals
per arm) and treated via daily oral gavage for 15 consecutive
days (days 10-24) with: (i) PBS (negative control), (ii) DMSA at
160 pmol kg~ per day, or (iii) peptide 4 at 120 pmol kg™ per
day.*®

Urine was collected 24 hours after the final treatment (day
25) and again on day 31, one week post-treatment. On day 31, all
mice were sacrificed, and blood and organs were harvested for
ex vivo analysis.

The BLLs on day 9 (before the treatment started) were
comparable within each exposure group. However, after 15
dosages, mice treated with peptide 4 showed a marked reduc-

water. tion in BLLs, with levels decreased by 55-62% (p < 0.01)
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Fig. 4 (A) BLLs of the nine different groups, sub-grouped based on the Pb-exposure levels (high - 20 mM, medium — 10 mM, and low — 5 mM)

and the treatment received for 15 consecutive days, one dose daily by oral gavage. Each data point is represented as a black dot. Numbers mark
the mean and standard deviation in brackets. (B) Metal ion levels in urine on day 25 (24 hours after the last dose) where four metals were
quantified: Ca, Cu, Zn, and Pb. Values are relative to the negative control groups. Pb-exposure levels are marked as H — high, M — medium, and L
— low. (C) Pb burden in four key organs: brain, kidneys, liver, and bone (femur) of the nine different groups, sub-grouped based on the Pb-
exposure levels on termination day (day 31). P-values were calculated based on one-way ANOVA (*p > 0.05, **p < 0.05, ***p < 0.01).
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compared to the negative control (Fig. 4A). Notably, peptide 4
also outperformed DMSA in reducing BLLs. This superiority was
also evident at lower initial BLLs, where current SOCs are least
effective, and the clinical need is greatest.*>***

We next quantified Pb levels in both urine (Fig. 4B) and feces
on day 25 (24 hours after the last dose), alongside three key
competing metal ions. While no significant differences were
observed in fecal metal content, urinary Pb excretion was
significantly increased in mice treated with peptide 4. To enable
direct comparison, urinary metal ion levels were normalized to
the corresponding negative control arm for each Pb-exposure
group, with values greater than 100% indicating enhanced
excretion of the metal ion. Across all exposure levels, peptide 4
induced significantly greater urinary Pb excretion than either
PBS (control) or DMSA, reaching up to ~300% in the high-
exposure group. In contrast, DMSA was largely ineffective at
promoting Pb excretion and instead triggered substantial loss
of essential metals, notably Cu and Zn. These results are in line
with the reported poor metal selectivity of DMSA.*® In compar-
ison, peptide 4 preserved physiological levels of these metals, as
expected based on the affinity and selectivity examinations
conducted on this peptide. Notably, while excretion of essential
metals does not necessarily have a negative clinical effect, poor
Pb selectivity and competition with high-concentration ions
directly reduce the efficacy of Pb removal.

These findings highlight the dual advantages of peptide 4,
which demonstrated both enhanced Pb elimination and high
metal-ion selectivity in vivo, supporting its potential as a safer
and more effective alternative to existing SOC chelation
therapies.

Lastly, we quantified Pb levels in key organs affected by Pb
exposure, including the brain, kidneys, liver, and femur, with the
latter serving as a representative bone compartment due to the
known long-term accumulation of Pb in bone tissues® (Fig. 4C).
Across all exposure levels and organs examined, treatment with
peptide 4 resulted in a significant reduction in Pb burden
compared to both vehicle controls and DMSA-treated animals.
Notably, peptide 4 was also effective in reducing Pb levels in the
brain, highlighting its potential to address neurological toxicity,
which is a major unmet need in current chelation therapies.
Nevertheless, whether peptide 4 crosses the BBB and, if not, what
enables it to reduce Pb brain contact, remains elusive.

The in vivo efficacy results align with the information gained
on peptide 4, both from the in vitro experiments, as well as from
the complex's experimental and computational characteriza-
tions. All reveal that peptide 4 is designed to stably capture Pb(u)
ions, while leaving physiological metal ions intact. Further-
more, peptide 4 enables the active urinary excretion of Pb upon
oral administration, outperforming the medication used to
treat Pb poisoning.

In addition to metal quantification, all tissue samples also
underwent comprehensive macroscopic and histological
examination to evaluate potential phenotypic alterations asso-
ciated with DMSA and peptide 4 treatments. This was con-
ducted on both animals, first those exposed to Pb(Ac), and then
those receiving a regular water supply. No treatment-related
morphological alterations or histopathological changes were

Chem. Sci.

View Article Online

Edge Article

observed in any of the experimental groups compared to the
controls (Fig. S8 and S9).

Conclusion

This study presents, to our knowledge, the first in vivo validated,
rationally designed CA exhibiting high selectivity for Pb(u) ions.
By fine-tuning a metal-binding peptidic scaffold through
systematic structure-activity relationship analyses, we identi-
fied peptide 4 as a superior candidate among the tested analogs.
Across comprehensive in vitro assays, biophysical characteriza-
tion, selectivity profiling against essential metal ions, and in
silico modelling, peptide 4 consistently demonstrated excep-
tional Pb affinity and selectivity, which translated into robust in
vivo efficacy.

In a short 15 days, once-daily dosing regimen at relatively low
doses, peptide 4 outperformed existing treatment options,
achieving unprecedented Pb chelation and excretion efficiency.
Most notably, peptide 4 significantly reduced Pb levels in the
brain, an organ traditionally considered largely inaccessible to
chelation therapy due to the BBB.>” While peptide 4 is not ex-
pected to cross the BBB directly due to its high hydrophilicity,
these findings suggest that highly efficient systemic Pb clear-
ance can shift metal distribution equilibria sufficiently to
promote Pb efflux from the brain. This observation highlights
an important and underexplored therapeutic principle: effective
detoxification of protected compartments may be achievable
without direct chelator penetration, provided that systemic
metal binding and elimination are sufficiently strong to drive
favorable redistribution.

This concept is particularly significant given the long-
standing challenge of treating Pb-associated neurotoxicity,
which is often regarded as persistent or irreversible due to Pb
sequestration in the CNS. Our results indicate that equilibrium-
driven strategies may offer a viable route to indirectly reduce
cerebral Pb burden, potentially expanding the scope of chela-
tion therapy beyond conventional assumptions about tissue
accessibility.

At the same time, important challenges and open questions
remain. The precise mechanisms governing Pb mobilization
from the brain, whether through altered plasma-brain gradi-
ents, changes in Pb-protein binding, or modulation of trans-
port processes, require further investigation. Long-term
efficacy, durability of Pb reduction after treatment cessation,
and potential redistribution to other tissues must also be eval-
uated. Additionally, while peptide 4 demonstrated favorable
selectivity against Zn and Ca under the conditions tested,
comprehensive chronic safety studies will be essential to assess
potential effects on essential metal homeostasis during pro-
longed administration.
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