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ABSTRACT: The ellagitannin corilagin and its analogue 1,3,6-tri-O-galloyl-f-p-glucopyranose (TGG) were found to protect bone
marrow-derived mesenchymal stem cells (bmMSCs) against erastin-induced ferroptosis by cellular assays. However, the
antiferroptosis bioactivity of corilagin was higher than that of TGG. Corilagin also exhibited higher antioxidant and Fe**-chelation
levels than TGG. Treated with 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals, corilagin and TGG yielded a corilagin- and a TGG—
DPPH adduct, respectively. The corilagin—DPPH adduct retained the covalent bridge throughout the ultrahigh-performance liquid
chromatography coupled with electrospray ionization quadrupole time-of-flight tandem mass spectrometry (UHPLC-ESI-Q-TOF-
MS) analysis. The strength of the covalent bridge is attributable to enhancement of its partial z7—z conjugation. Thus, the bridge has
sufficient strength to twist the chair conformation of the glucopyranosyl ring and to assemble two large aromatic rings, thereby
improving the antioxidant (including Fe**-chelation) reactivities. The bridge can also stabilize the product intermediate via partial
m—n conjugation. Hence, corilagin is a superior ferroptosis inhibitor and antioxidant compared to TGG.
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owadays, the search for novel ferroptosis inhibitors has corilagin (Figure 1A, Figures S1—S, Supporting Information)

become a hot issue. This is because the inhibition of and its analogue (TGG, Figure 1B, Figures S6—10, Supporting
ferroptosis can improve the availability of cellular trans- Information) as model compounds for the antiferroptosis
plantation engineering for treatment of ferroptosis-related investigation.
diseases, e.g., neurodegenerative diseases."”” Previously, natural Early in 1951, corilagin was isolated from divi—divi
radical scavengers (e.g, baicalein) have been indicated as (Caesalpinia coriaria);g later, it was found to coexist with
potential ferroptosis inhibitors.”* In addition, various Fe’* TGG in Terminalia chebula.”’ Structurally, corilagin contains a
chelators (e.g, deferoxamine) and metal-reducing reagents covalent bridge between rings Ry and R4 (Figure 1). During

(e.g, p-mercaptoethanol) may also function as ferroptosis
inhibitors.” Hence, ferroptosis can be inhibited through three
pathways: radical scavenging, Fe’'-chelation, and metal-
reducing.

Based on this result, hydrolyzable tannins are presumed to
be an important source of ferroptosis inhibitors because
hydrolyzable tannins typically bear multiple galloyl groups and
the galloyl group has strong radical scavenging, Fe**-chelation,
and metal-reducing potential.‘*’5 However, no evidence has
been available to support this hypothesis. Since corilagin, a
hydrolyzable tannin, has been suggested to have a potential for
treating Parkinson’s and Alzheimer’s diseases,®” we selected

hydrolysis, corilagin typically produces ellagic acid; thus, it is
an ellagitannin, a subtype of hydrolyzable tannin.' In contrast
to corilagin, TGG is merely a galloylglucose, which does not
possess a corresponding covalent bridge."'* Hence, the sole
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Figure 1. Structures and preferential conformation-based ball—stick
models of corilagin and 1,3,6-tri-O-galloyl--p-glucopyranose (TGG).
(A) Structure of corilagin; (B) structure of TGG; (C) a skew-boat
conformation model of corilagin; (D) a normal chair conformation
model of TGG. The energies of both corilagin and TGG were
minimized with molecular mechanics II (MM2) using the Chem3D
Pro14.0 program (PerkinElmer, Waltham, MA, USA) to create their
preferential conformations.

difference between corilagin and TGG is the presence of an
additional covalent bridge in corilagin, and the comparison
between them can clarify whether this covalent bridge can
regulate antiferroptosis in hydrolyzable tannins.

Undoubtedly, comparative studies will facilitate an under-
standing of the antiferroptosis and antioxidant chemistry of
hydrolyzable tannins. Such understanding may further assist
natural product chemists in the prediction of the relative
antiferroptosis and antioxidant bioactivities between ellagitan-
nins and their analogues (e.g., strictinin vs 1,4,6-tri-O-galloyl-f-

p-glucopyranose, Figure S11, Supporting Information). For
medicinal chemists, it may also provide important information
for the design of effective ferroptosis inhibitors.

Previously, the bone marrow-derived mesenchymal stem
cells (bmMSCs) have been reported to act as the seed cells in
tissue transplantation for treatment of neurological disor-
ders.”>~'* In this study, the bmMSCs were thus used as the
model cells and treated with erastin, a small molecule. Erastin
can inhibit the biosynthesis of glutathione (GSH), a cellular
antioxidant, to impair redox balance that will trigger severe
accumulation of LPO and other reactive oxygen species (e.g.,
*0,7), causing ferroptosis.m’17 Thus, erastin has been used as a
ferroptosis inducer in various cells including cancer cells."*™*

The bmMSCs in the erastin-treated group were analyzed
using three cellular assays, including the 4,4-difluoro-S-(4-
phenyl-1,3-butadienyl)-4-bora-3a,4a-diaz-s-indacen-3-undeca-
noic acid (C11-BODIPY) assay, cell counting kit-8 (CCK-8)
assay, and flow cytometry assay. In the C11-BODIPY assay, the
erastin-treated group displayed the darkest green color,
implying that severe LPO accumulation occurred in cells
(Figure 2A). Correspondingly, the erastin-treated group also
showed the lowest cellular viabilities in the CCK-8 assay
(Figure 2B) and in the flow cytometry assay (65.9%, Figure
2C). This supported the successful creation of an erastin-
induced ferroptosis model in bmMSCs.

However, both the TGG and corilagin groups showed
lighter green colors (Figure 2A) compared with the erastin
group. This clearly indicated an LPO-inhibition effect in the
TGG and corilagin groups. TGG presented darker green than
corilagin, implying that corilagin was of a higher LPO-
inhibition level than TGG.

A high LPO-inhibition level corresponds to a high
cytoprotective level;® thus, corilagin was observed to exhibit
higher cellular viability than TGG in the CCK-8 and flow
cytometric assays (Figure 2C). In the flow cytometric assay,
corilagin exhibited less early death (9.2%) and late death
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Figure 2. Preventive effects of corilagin and TGG on erastin-induced ferroptosis in bmMSCs: (A) the 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-
bora-3a,4a-diaza-s-indacene-3-undecanoic acid (C11-BODIPY) assay; (B) the cell counting kit-8 (CCK-8) assay; (C) the flow cytometric assay;
(D) the relative OD value characterizes the cell viability in flow cytometry (4.7 uM). In the C11-BODIPY assay, the green fluorescence indicates
lipid peroxidation. In the CCK-8 assay, the value is expressed as mean + SD (n = 3). In the flow cytometric assay, Q1, Q2, Q3, and Q4 correspond
to the cellular death, late death, early death, and cellular viability, respectively. The concentration of Fer-1 (ferrostine-1) was 1 yM.
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Figure 3. Experimental results of UV—vis spectra analysis of Fe**-chelation with corilagin and TGG: (A) the wavelength range of 200—400 nm;
(B) the wavelength range of 400—900 nm; and (C) the appearance of the solutions (1, 0.25 mM corilagin plus 25 mM Fe?*; 2, 0.25 mM TGG plus
25 mM Fe?; 3, 0.25 mM corilagin; 4, 0.25 mM TGG; 5, 25 mM Fe?*; 6, 0.50 mM corilagin plus 50 mM Fe®*; 7, 0.50 mM TGG plus 50 mM Fe®';

8, 0.50 mM corilagin 9, 0.50 mM TGG; 10, 50 mM Fe?*).

(7.8%) than TGG (10.3 and 9.0%, respectively); under the
same conditions, the early death and late death of erastin were
10.4 and 19.9%, respectively (Figure 2C). Recently, ferroptosis
has been reported to lead to neurological disorders;*' hence,
corilagin and TGG are expected to play roles in the prevention
of neurological disorders.

As discussed above, Fe** plays a central role in ferroptosis;
thus, Fe’*-chelation may be the regulatory pathway for
antiferroptosis or antioxidant bioactivities.””** To explore the
FeZ*-chelation potential, both corilagin and TGG were
respectively mixed with Fe’ and then analyzed using UV—
vis spectra and colorimetry.

In the UV—vis spectra, they produced corresponding red
shifts (273 nm — 299 nm for corilagin and 278 nm — 280 nm
for TGG) and strong shoulder peaks (611 nm and 576 nm,
respectively). Meanwhile, the appearance of both corilagin and
TGG solutions became darker (Figures 3A—B). In the
colorimetry analysis, both corilagin and TGG showed good
dose-dependent curves and lower ICg, values than sodium
citrate, a metal chelator (Table 1 and Figure S12, Supporting
Information). Therefore, the effectivity in Fe**-chelation assay

Table 1. ICg, Values (uM) of Corilagin and TGG in
Antioxidant Assays”

Assays Corilagin TGG Trolox
Fe?*-chelation 7+ 1° 11+ 4° 14 4+ 2%
PTIO®-scavenging (pH 7.4) 94 + 8° 115 + 11° 445 + 35°
PTIO"®-scavenging (pH 4.5) 204 + 13* 290 + 35° 289 + 27°
FRAP 2+ 35 +2° 81 + 2°
DPPH’-scavenging 1+0° 1+0° 7+0°

“The ICs value (in #M unit) was defined as the final concentration of
50% radical inhibition or relative reducing/chelating power, which
was calculated via linear regression analysis (Figures S12—16,
Supporting Information) and expressed as the mean = SD (n = 3).
The linear regression was analyzed by the Origin 2017 professional
software. The ICj, values with different superscripts (% ®, or ©) in the
same row, differ significantly (p < 0.05). Trolox is the positive control
(*denotes that the positive control is sodium citrate instead of
Trolox). PTIO®, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-
oxide radical; FRAP, Fe*"-reducing antioxidant power; DPPH®, 1,1-
diphenyl-2-picrylhydrazyl radical.
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implies that corilagin and TGG may utilize Fe**-chelation to
exert their antiferroptosis actions.

However, corilagin showed higher Fe**-chelation level than
TGG (Figure 3 and Table 1). This may be due to their
structural differences. Structurally, both corilagin and TGG are
based on the glucopyranosyl moiety (Figure 1). The
glucopyranosyl unit has various conformations, which include
arrangements of the axial and equatorial bonds.'>** Previous
theoretical chemistry studies and our molecular models that
are based on MM?2 calculation have identified the chair
conformation as the preferred conformation of TGG, in which
the Ry, Ry, and Ry rings are equatorially oriented and may
extend in different directions (Figure 1D). However, in
corilagin, the chair conformation is twisted because of the
influence of the covalent brid§e into a skew-boat preferred
conformation (Figure 1C).»* Through the conformation,
corilagin can collaboratively chelate Fe" in the same direction.
Thus, the covalent bridge strengthens the Fe**-chelation in
corilagin.

To further probe the possible mechanisms, corilagin and
TGG were evaluated using several antioxidant assays, including
the 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
radical (PTIO®)-scavenging assay, the 1,1-diphenyl-2-picrylhy-
drazyl radical (DPPH®)-scavenging assay, and the Fe**-
reducing antioxidant power (FRAP) assay. PTIO® is an
oxygen-centered radical, while DPPH® is a nitrogen-centered
radical.”” In this study, the PTIO®-scavenging was assayed in
aqueous solutions at pH 4.5 and 7.4, and the FRAP assay was
conducted at pH 3.6 in aqueous solution, while the DPPH"-
scavenging assay was conducted in an organic solvent.””*” In
the three assays, both corilagin and TGG dose-dependently
increased the antioxidant percentages and showed much lower
ICq, values than the positive control, Trolox (Tablel and
Figures S13—16 in the Supporting Information). Especially, in
the DPPH"®-scavenging assay, corilagin and TGG had 8- and
6.5-times lower ICs, values, respectively, than Trolox (Table
1). These data clearly demonstrate that both corilagin and
TGG have significant antioxidant potential in organic and in
aqueous solutions. This is consistent with previous find-
ings.zg’29 Nevertheless, the relative antioxidant levels of
corilagin and TGG differed. Corilagin always showed higher
antioxidant levels than TGG in these assays (Table 1).

https://dx.doi.org/10.1021/acsmedchemlett.0c00359
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Figure 4. Typical results of the UHPLC-ESI-Q-TOF-MS analysis: (A) a chromatogram of the RAF product of the corilagin—DPPH adduct, from
which the formula [C,sH33N3O,,—H]™ was extracted; (B) the primary MS spectrum of the corilagin—DPPH adduct; (C) the secondary MS
spectrum of the corilagin—DPPH adduct; (D) a chromatogram of the RAF product of the TGG—DPPH adduct, from which the formula
[C4sH3sN;O,,—H] ™ was extracted; (E) the primary MS spectrum of the TGG—DPPH adduct; (F) the secondary MS spectrum of TGG—DPPH

adduct.
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Figure 5. One of the possible structural and fragmentation pathways of corilagin—DPPH (A) and TGG—DPPH adducts (B). The accurate values
in brackets are the m/z values that were calculated based on the relative atomic masses. The accurate m/z values without brackets are the
experimental values that were obtained in the study. A comparison between the calculated and experimental values has demonstrated that no
problem is encountered in the fragment composition. However, the fragment may be from other pathways, and DPPH may be attached to other
positions. Nevertheless, this does not hinder the discussion. Other linking sites and other reasonable linkages and cleavages should not be excluded
from the MS elucidation. The shaded pathways (1—6) are early fragmenting. The circle donates the rotation of the o-bond.

Undoubtedly, the difference can also be attributed to the
covalent bridge.

To determine the character of the covalent bridge, the
reaction products of both corilagin and TGG with DPPH*
were subjected to a UHPLC-ESI-Q-TOF-MS analysis. As
shown in Figure 4A, the reaction of corilagin with DPPH®
resulted in a chromatographic peak that corresponded to a
molecular ion of m/z 1027.1512 (Figure 4B). The m/z value
of 1027.1512 differed by one H atom (M.W. 1.007825) from
the sum of the molecular weights of corilagin (M.W. 634.0806)
and DPPH® (M.W. 394.0788).

The m/z value of 1027.1512 suggests the generation of a
corilagin—DPPH adduct. This is because the m/z value had a
relative deviation of 2.9 X 1077 from the calculated molecular
weight value (1027.1515 = 634.0806 + 394.0788). In the
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secondary MS data, the corilagin—DPPH adduct yielded two
characteristic fragments (m/z 227.0037 and 197.0051, Figure
4C). The two characteristic fragments were reported to be
from the DPPH unit (Figure 5).*> The molecular ion and
characteristic DPPH fragments permitted MS identification of
the corilagin—DPPH adduct. A similar TGG—DPPH adduct
has also been identified in the product mixtures of TGG and
DPPH (Figures 4D—F).**"!

As shown in Figures 4 and 5, the molecular ion and six
fragments (1—6) of the corilagin—DPPH adduct were parallel
with those of the TGG—DPPH adduct. For example,
corilagin—DPPH exhibited a fragment with m/z 1026.1600;
correspondingly, TGG—DPPH gave a fragment with m/z
1028.1723. The m/z values of the former were two units less
than those of the latter. The decrease of two m/z units

https://dx.doi.org/10.1021/acsmedchemlett.0c00359
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corresponds to the presence of a covalent bridge in the
corilagin adduct. As illustrated in Figure 5, even in the later MS
fragmentations, the corilagin—DPPH adduct still retained the
bridge. The presence of a covalent bridge in the whole MS
fragmentations has clearly indicated its stability.

The stability of the bridge may be related to its linkage of
two aromatic rings, namely, the Ry and Rg rings. The two rings
are of steric hindrance. Once linked by a bridge, they may
stagger to form a dihedral angle and present as partially planar.
Through the partial planarity, they construct partial 7z—x
conjugation. Thus, the covalent bridge comprises a 6-bond and
a partial m-bond. This is similar to the 3’,8”-linkage in
isoginkgetin.*”

The partial 7-bond apparently reinforces the covalent bridge.
Therefore, the bridge in corilagin possesses sufficient strength
to twist the chair conformation of the glucopyranosyl ring into
the skew conformation.’*** This conformation twist induces
ring constraints, increasing the energy level of corilagin. Thus,
corilagin had a higher/\Hfy; (formation heat) than TGG.”
Similarly, our MM2 calculation suggested that the total energy
of corilagin was elevated by 37.28 kcal/mol compared with
that of TGG.” This elevated energy will activate the potential
antioxidant reaction of corilagin. During the antioxidant
reaction, corilagin probably donates a hydrogen atom at either
the R, ring or the R4 ring to produce an unstable product, a
phenoxyl radical with an unpaired electron. However, the
covalent bridge can delocalize the unpaired electron via partial
7—7 conjugation, stabilizing the product intermediate.”*” The
stabilization of the product intermediate can further facilitate
hydrogen donation to improve the antioxidant levels of
corilagin.

Now it is clear that the covalent bridge is seemingly
connected by a o-bond; however, it has a partial 7—n
conjugation character. The conjugation can stabilize the
product intermediate to promote the antioxidant action of
corilagin. More importantly, the conjugation reinforces the
covalent bridge. Thus, the bridge has sufficient strength to
twist the glucopyranosyl ring into a skew conformation.
Through the skew conformation, corilagin elevates the
molecular energy and coordinates Fe**-chelation. Thus,
corilagin demonstrates stronger antioxidant and antiferroptosis
bioactivities than TGG.

In conclusion, ellagitannin corilagin and galloylglucose TGG
can prevent bmMSCs from erastin-induced ferroptosis,
possibly through their antioxidant-like activities, which include
Fe’*-chelation and direct radical scavenging. The covalent
bridge carrying corilagin is superior to TGG in both
antiferroptosis and antioxidant bioactivities, and the difference
can only be attributed to the presence of the covalent bridge.
The covalent bridge can twist glucopyranosyl ring conforma-
tion to cause cyclic restraint and assemble the aromatic rings to
cause molecular crowding. In addition, it can also stabilize the
product intermediate and collaboratively chelate Fe**. The
high strength of the covalent bridge originates from the fact
that the bridge is a 0 bond with partial 7 character.
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B ABBREVIATIONS

bmMSCs, bone marrow-derived mesenchymal stem cells; C11-
B ODIPY, 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-
3a,4a-diaza-s-indacene-3-undecanoic acid; CCK-8, cell count-
ing kit-8; DPPH, 1,1-diphenyl-2-picrylhydrazyl radical; FRAP,
Fe’"-reducing antioxidant power; LPO, lipid peroxidation;
PTIO, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
radical; RAF, radical adduct formation; TGG, 1,3,6-tri-O-
galloyl-B-p-glucopyranose; UHPLC-ESI-Q-TOF-MS, ultra-
high-performance liquid chromatography coupled with electro-
spray ionization quadrupole time-of-flight tandem mass
spectrometry; Fer-1, ferrostine-1.
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