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Endogenous itaconate as well as the gasotransmitter CO have recently been described as powerful anti-
inflammatory and immunomodulating agents. However, each of the two agents comes along with a major
drawback: Whereas itaconates only exert beneficial effects at high concentrations above 100 uM, the
uncontrolled application of CO has strong toxic effects. To solve these problems, we designed
hybrid prodrugs, ie. itaconates that are conjugated with an esterase-triggered CO-releasing
acyloxycyclohexadiene-Fe(CO)s unit (ItaCORMs). Here, we describe the synthesis of different ltaCORMs
and demonstrate their anti-infammatory potency in cellular assays of primary murine immune cells in the
low umolar range (<10 pM). Thus, [taCORMs represent a promising new class of hybrid compounds with
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Introduction

Dimethyl fumarate (DMF; 1) represents one of the structurally
simplest active pharmaceutical ingredients. Since its
accidental discovery, it has become one of the most frequently
used immunomodulatory and anti-inflammatory agents in the
clinics, especially for the treatment of psoriasis and multiple
sclerosis." As an electrophilic molecule DMF was shown to
covalently modify cysteine residues, thereby inactivating
proteins such as the glycolytic enzyme glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and causing down-
regulation of aerobic glycolysis. Another relevant target of
DMF is the Kelch-like ECH-associated protein 1 (KEAP1) which
is involved in inflammatory processes by suppressing the
(erythroid-derived 2)-related factor 2 (Nrf2).>

The endogenous metabolite itaconic acid (IA; 2) has
recently been identified as an even stronger anti-
inflammatory and immunoregulatory agent® also modulating
macrophage function by activating Nrf2 via alkylation of
cysteine residues of KEAP1. Moreover, the cell-permeable
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high clinical potential as anti-infammatory agents.

derivative 4-octyl itaconate (4-OI; 3) proved to be a strong
protective agent against lipopolysaccharide (LPS) induced
lethality of human peripheral blood mononuclear cells
(PBMCs) in vivo by reducing cytokine production.” In another
study, the extensive metabolic rewiring of inflammatory
macrophages, including regulation of the IkB{-ATF3
inflammatory axis, was shown to be linked to the induction
of electrophilic stress caused by IA and even stronger by its
membrane-permeable derivative dimethyl itaconate (DMI; 4)
by selectively inhibiting a subset of cytokines, including IL-6
and IL-12.° These effects were confirmed in subsequent
studies, and the promising potential of itaconate-derived
compounds as therapeutic agents is reflected by intense
ongoing research activities in leading laboratories.®

Another most simple anti-inflammatory,
immunomodulating and cytoprotective molecule is carbon
monoxide (CO), a so-called gasotransmitter which, like NO,
displays highly beneficial effects at very low concentrations.”
To avoid the risks and toxicity associated with administration
of CO by inhalation, the development of methods for the
targeted delivery of CO, particularly through the use of CO-
releasing molecules (CORMs), has become a fascinating field
of drug discovery.® While a variety of CORMs have been
reported in the literature, most of them do not meet the
requirements for pharmaceutical application. A promising
concept to meet the challenge of controlled (intracellular) CO
release is the use of enzyme-triggered CORMs (ET-CORMs).’
In this context, we introduced acyloxydiene-Fe(CO),
complexes activated by enzyme-induced hydrolysis of the
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ester moiety.'” In contrast to the stable ester prodrugs, the
resulting dienol-Fe(CO); complexes, such as rac-5, undergo
rapid oxidation under physiological conditions, leading to
the release of up to three molecules of CO causing the
expected pronounced biological effects (Scheme 1).
Noteworthy, simultaneously formed cyclohexenone (6) and
ferric ions (Fe®*) were found not to affect cell viability at the
relevant concentrations."”  Another by-product of the
enzymatic ester cleavage of ET-CORMs is a carboxylic acid
corresponding to the acyloxy unit. While first studies on our
esterase-triggered system were conducted only with
biologically non-active acid residues, such as acetate or
homologous alkanoic acids, we were aware that the ET-
CORM concept ideally allows a bioactive acid to be
concomitantly released together with CO which could act
synergistically. Hence, methyl fumarate-derived ET-CORMs
(FUmMET-CORMs) were presented as one of the first
bifunctional CORMs which exhibited a substantially
improved anti-inflammatory effect as compared to the
clinically used drug DMF (1)."> In a somewhat related
fashion, (untriggered) hybrid CORMs, derived from
fumarates and Co, Mn or Ru carbonyl complex units have
been reported by Motterlini and coworkers."

Inspired by the promising properties of the FumET-
CORMs and taking into account the significantly higher
bioactivity of DMI (4)*” compared to DMF (1), we now
envisioned to synthesize and investigate itaconate-derived
ET-CORMs (ItaCORMs) which we expected to exhibit even
more powerful anti-inflammatory effects (Scheme 1).

Results
Synthesis of taCORMs

According to our previously established procedure, taCORMs
were prepared from the cyclohexenone-derived silyl dienol
ethers rac-9a or rac-9b, respectively (Scheme 2).°° For this
purpose, the silyl group of rac-9a/b was first cleaved off with
TBAF in THF and the resulting iron-complexed dienolate
alkoxides were reacted with the respective itaconate-derived
acid chlorides prepared in situ using Ghosez's reagent (10)."*
The required mono-alkyl itaconates were either commercially
obtained (12a/12b) or synthesized (11a/11b) from itaconic
acid following a modified literature protocol."> These
compounds were also employed as controls in the biological
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Scheme 1 Design of anti-inflammatory compounds (ItaCORMs) acting
by intracellular esterase-triggered release of both carbon monoxide
(CO) and an itaconate (7).
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Scheme 2 Synthesis of various itaconate-derived

acyloxycyclohexadiene-Fe(CO); complexes as potential CO-releasing
molecules (ItaCORMs). LDA = lithium diisopropylamide; TIPSOTf =
triisopropylsilyl triftuoromethanesulfonate; TPPA = tripyrolidinophosphoric
acid triamide; TBAF = tetrabutylammonium fluoride.

investigations (vide infra). As an additional reference
substance, the known acetic acid-derived ET-CORM rac-8 was
prepared as previously described.”

According to the general protocol (Scheme 2), a set of
eight (racemic) ItaCORMs were prepared in good to excellent
yield (Fig. 2). Noteworthy, initial attempts to perform the
esterification of the intermediate dienolate-Fe(CO),
complexes under Steglich-type conditions (previously used to
prepare fumarate-derived CORMs)'* completely failed in the
itaconate series.

The prepared (racemic) ItaCORMs were all characterized
by the common spectroscopic methods and proved to be
stable and easy to handle compounds, which can be stored
for longer periods of time in the fridge without
decomposition. The structures of the methyl ester derivatives
I1taCORM 3b and ItaCORM 4b were additionally confirmed by
single crystal X-ray analysis. (Fig. 3).

In vitro CO-release

To probe the proposed ability of the ItaCORMs to undergo
enzyme-triggered cleavage/oxidation under concomitant carbon
monoxide (CO) release (Scheme 1) samples of the complexes
were treated with pig liver esterase (PLE) in a DMSO/phosphate
buffer mixture, and the CO release was monitored over a period
of 100 h by means of headspace gas chromatography. While
virtually no CO (<0.05 equiv.) was released in the absence of
PLE (control) we found that significant amounts of CO were
liberated from the ItaCORMs in the presence of PLE (Fig. 4).

Interestingly, but not completely unexpected,'”* the

ot o s oo

dlmethyl fumarate (1 itaconic acid (2) 4-octyl itaconate (3)
(DMF) (1A) (4-01)

dimethyl itaconate (4)
(DMI)

Fig. 1 Dimethyl fumarate and itaconic acid derivatives displaying
pronounced anti-inflammatory effects.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Itaconate-derived CO-releasing molecules (ItaCORMs)

synthesized according to Scheme 2.

ItaCORMs of type a, with the acyloxy substituent at the “inner”
position of the cyclohexadiene-Fe(CO); moiety (Fig. 4A),
showed a considerably slower CO release in comparison to the
“outer” series (Fig. 4B). We also found that ItaCORMs 4a and
4b, derived from 4-methyl itaconate (12b) displayed a stronger
tendency to release CO than the isomers derived from 1-methyl
itaconate (11b). In this particular assay, the “best” CO-releasing
molecule of the investigated compounds proved to be taCORM
4b, which released three full equivalents of CO within 17 hours
(Fig. 4B). We would like to emphasize, however, that these
in vitro-measured CO-release kinetics reflect the sum of several
steps including of the ester cleavage and the oxidation of the
primary dienol-Fe(CO); complexes of type rac-5 (Scheme 1).

Biological studies

To investigate the expected anti-inflammatory activity of
ItaCORMs we employed an established in vitro model for the
analysis of inflammatory responses utilizing bone marrow-
derived  dendritic  cells (BMDCs) stimulated by
lipopolysaccharide (LPS).">'® At first, we determined the
cytotoxicity of ItaCORMs 1a/b and 2a/2b by means of the XTT
assay,'> and an assay based on the release of lactate
dehydrogenase (LDH)."” While these compounds showed no
substantial toxicity up to a concentration of 15 pM, a rapid
decrease of the cell viability was observed at concentrations
of >25 uM for all ItaCORMSs with the exception of ItaCORM
la (see Fig. SI-97). Therefore, all subsequent experiments
were performed using non-toxic concentrations <15 pM.

As previously shown, the envisaged induction of an anti-
inflammatory type II phenotype of dendritic cells importantly
depends both on the regulation of HO-1 and STAT1 signaling

Fig. 3 Structure of ItaCORM 3b (left) and 1taCORM 4b (right) in the
crystalline state.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Research Article

A
0,8
A 1taCORM 1a with PLE 1taCORM 2a with PLE
0,7 # ItaCORM 3a with PLE M ItaCORM 4a with PLE n
0.6 ¥ 1taCORM 1a w/o PLE ®1taCORM 2a w/o PLE ]
1taCORM 3a w/o PLE ItaCORM 4a w/o PLE "] u . ®
05 - L
5 [ *
S 04 a"" . A A
; [ ] * o A
-3 A
® 03 = = - At
*
m u [] t A A4
0,2 ¢
s 2
" é 10!
¥ A Kk ox T i
1B ¢ ¢ € ¢ 6 ¢ 0 6 ¢ o 0 00 * o ®
0 1000 2000 3000 4000 5000 6000 7000
time [min]
B
35
LB B L | [
3 _— HE B m o m N
25 =
7 ¢ ¢ ¢
5 2 ) PPN D ¢ ¢ : A
8 .’ s ¢ A A A A 4 A A A , A
S5 @ A A
o A 1taCORM 1b with PLE 1taCORM 2b with PLE
1k #1taCORM 3bwith PLE M ItaCORM 4b with PLE
f ¥ ItaCORM 1bw/0 PLE  ®1taCORM 2b w/0 PLE
05 [ 1taCORM 3b w/o PLE 1taCORM 4b w/o0 PLE
oo & 6 66 ¢ ¢ ¢ ¢ ¢ & ¢ 6 ¢ &%
0 1000 2000 3000 4000 5000 6000 7000

time [min]

Fig. 4 Quantification of the PLE-triggered CO release properties of
1taCORMs. A: 1taCORMs of type a. B: 1taCORMs of type b. Each
complex (36 pmol) was dissolved in 0.2 mL of DMSO and 1.0 mL of
phosphate buffer (pH 7.4) before 15 mg of PLE (=24 units per mg)
were added. The resulting mixture was stirred at 37 °C and the
released CO was measured via headspace gas chromatography.
Samples of each ItaCORM in the absence of PLE were analyzed in via
the same method as a control.

pathways and on the associated inhibition of inflammatory
cytokines 1L-23 and IL12-p70."> Hence, we next analyzed the
effects of ItaCORMs on these signaling mechanisms (Fig. 5).
And indeed, HO-1 was strongly upregulated upon treatment
of the cells with ItaCORMs 1b, 2a and 2b, in contrast to
STAT1, which remained more or less unchanged. Noteworthy,
the effects of these dual-active compounds proved to be
much stronger than those of the control substances 1-EI
(11a), 4-EI (12a) and rac-8, respectively, which only release
either itaconic acid or CO (Fig. 1).

As another activity, we also observed a strong
downregulation of inflammatory cytokines IL-23 and IL-
12p70 upon treatment of LPS-stimulated BMDCs with
ItaCORMs (Fig. 6). While ItaCORM 1a again showed only
minor effects (as in the HO-1 induction), taCORMs 1b, 2a,
and 2b caused a pronounced reduction of cytokine levels.
Again, the latter compounds proved to be much more potent
than any of the controls applied at the same concentration.
Noteworthy, dimethyl itaconate (DMI), used as a highly active
benchmark compound in the recent literature,” showed only
a minor effect at these concentrations.

Since the itaconate esters derived from different alcohols
may differ in their biological activity,” we also investigated
the methyl itaconate-derived ItaCORMs 3a, b and 4a, b in

RSC Med. Chem., 2021, 12, 2053-2059 | 2055
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Fig. 5 Modulation of HO-1 and STAT1 signaling pathways by
ItaCORMs. BMDCs were stimulated with 1 pg mlU™* LPS and co-
incubated with PBS, in the presence of 15 uM of ItaCORMs, or 1-El, 4-
El and rac-8 as control substances. After 2 h, cell lysates were
harvested and analyzed by Western blot using HO-1, STAT1, pSTAT1
and a-tubulin antibodies. (A) Representative Western blots. As loading
control a-tubulin was used. (B and C) The video-densiometric
quantification of the HO-1/a-tubulin (B) and pSTAT1/STAT1 (C) ratios
are shown in percent of the LPS-treated control group. Values are
means + SEM (n = 2-5); **, p < 0.01; **** p < 0.0001 (ANOVA with
Tukey post hoc test).

comparison to the ethyl esters (ItaCORMs 1a, 1b, 2a, 2b) with
regard to their ability to inhibit the expression of
inflammatory cytokines (Fig. 7).

We found, that at the low concentration of 7 pM the
methyl esters caused an even stronger decrease of IL-23 and
IL-12p70 than the initially studied ethyl esters. As Fig. 7
reveals, the relative activity within the two series proved to be
similar. Remarkably, an almost complete suppression of IL-
23 was observed upon treatment of BMDCs with ItaCORMs
3b, 4a or 4b at a concentration of 15 uM (ESI} Fig. S10). At
this concentration, IL-12p70 totally disappeared in the
presence of all taCORMs investigated except for 1a and 3a,
the latter being also highly active at this concentration. Fig. 7
also indicates again the superb anti-inflammatory efficacy of
the ItaCORMs as compared to 7 uM dimethyl itaconate
(DMI), which displayed comparable effects only at much
higher concentrations (100 uM).

Discussion

While gaseous CO is highly toxic upon inhalation it has
beneficial  cellular  effects at low concentrations.
Physiologically, CO is produced by HO-1, the enzyme that
catalyzes the rate-limiting step in heme degradation. CO has

2056 | RSC Med. Chem., 2021, 12, 2053-2059

View Article Online

RSC Medicinal Chemistry

2509

IL-23 [pg/ml]

PBS 1la b 2a 2b  1-El 4-El racs DMI

2509

IL-12p70 [pg/mi]

PBS 1la 1b 2a 2b 1B

4-El rac-8 DMI

Fig. 6 Strong inhibition of inflammatory cytokines by ItaCORMs.
Concentrations of IL-23 (A) and IL-12p70 (B) were determined in the
supernatant of BMDCs stimulated with 1 ug ml™ LPS and co-incubated
with PBS, 15 uM 1taCORMs, or 1-El, 4-El, rac-8, and DMI as control
substances for 24 h. Values are means * SEM (n = 3-6); *, p < 0.05;
**¥% p < 0.0001 (ANOVA with Tukey post hoc test).

been shown to mediate the beneficial effects of HO-1,
including protection against oxidative stress, modulation of
the inflammatory response and regulation of angiogenesis.'®
Our data that ItaCORMs induce HO-1 at low concentrations
therefore point to a positive feed-forward mechanism that
leads to sustained activation of the HO-1/CO axis.
Furthermore, ItaCORMs as presented in this study combine
esterase-triggered (intracellular) co-release of CO and an anti-
inflammatory itaconate. The results indicate that the two
agents then synergistically activate two pathways: one leading
to HO-1-dependent downregulation of IL-23 and the other
one resulting in repression of IL-12p70, presumably via
inhibition of IRF8 or IkB( (Fig. 8). Together, this promotes
an anti-inflammatory type II immune response.’® Regarding
this, ItaCORMs proved to be by far more effective than the
single treatment with an itaconate, CO alone or other related
CORMs. Particularly, the concentrations of itaconates
required to induce anti-inflammatory cellular effects in the
absence of a CO source are in the range of 100 uM.*® This is
about 10 times higher than the effective concentration of
I1taCORMs described in the study.

Experimental
General procedure for the synthesis of taCORMs

(Reactions were run on a 127-520 umol scale under argon.)
In a Schlenk tube, a 0.3 M solution of the respective itaconic
monoester (11 or 12) (1.4-1.5 eq.) in CH,Cl, was cooled to 0
°C. Ghosez's reagent (1.5-1.7 eq.) was added and the mixture
was stirred for 1 h (M1). In a separate Schlenk tube, a 0.3-0.5
M solution of complex rac-9a or rac-9b (1.0 eq.) in CH,Cl,
was cooled to 0 °C and TBAF (1 M in THF, 1.0 eq.) was added
dropwise under stirring (M2). After 10 min solution M2 was

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Comparison of ethyl itaconate (fully colored bars) and methyl
itaconate (dashed bars) derived 1taCORMs. BMDCs were stimulated
with 1 ug mU™ LPS and co-incubated with PBS, ethyl-ItaCORMs 1a, 1b,
2a, 2b, methyl-1taCORMs 3a, 3b, 4a, 4b or control compounds (7 uM).
After 24 h of incubation, cell culture supernatants were collected and
analyzed for IL-23 (A) and IL-12p70 (B) cytokine levels. Values are
means + SEM (n = 3); *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p
< 0.0001 (ANOVA with Tukey post hoc test).

transferred dropwise into M1 at 0 °C. The resulting solution
was stirred at 0 °C for 10 min and then for 16-21 h at room
temperature. The solvent was removed under reduced
pressure and the crude product was purified by column
chromatography on SiO, (Cyhex/EtOAc; 20/1 to 5/1) to give
the respective ItaCORM. For details, including substance
data, PLE-triggered CO-release experiments and biochemical
investigations, see the ESL}
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Fig. 8 Possible mechanisms of the anti-inflammatory activity of
1taCORMs. After cleavage of [taCORMs by esterases, itaconate and CO
are released into the cytoplasm of the cell. This results in the induction
of heme oxygenase (HO-1), which, after translocation into the nucleus,
is responsible for the inhibition of IL-23 expression. Furthermore,
itaconate and CO cause decreased levels of Il-12, possibly due to
inhibition of transcription factors, e.g. the interferon regulatory factor
8 (IRF8) or IkB( as the inhibitor of NF-xBC.
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Mice

Wildtype C57BL/6] mice were maintained and bred under
specific pathogen-free conditions at the premises of the
Eberhard Karls University Tiibingen. Mouse handling and
isolation of cells from bone marrow were approved by the
“Einrichtung fiir Tierschutz, Tierédrztlichen Dienst und
Labortierkunde” and the “Regierungsprisidium Tiibingen”
and were performed with female and male animals aged 8
weeks and older. All animal procedures were performed in
accordance with the Guidelines for Care and Use of
Laboratory Animals of the University of Tiibingen Germany.
All animal experiments were approved by the local authorities
(Regierungsprisidium Tiibingen, Germany).

Isolation of BMDCs

Bone marrow derived dendritic cells were isolated as
previously described.’® In brief, bone marrow cells were
obtained from the femurs and tibias of mice. Differentiation
of cells into BMDCs was performed by culture in DMEM
media supplemented with 10% fetal calf serum, 1% non-
essential amino acids, 1% sodium pyruvate, 1% HEPES, 1%
antibiotics, 25 pM B-mercaptoethanol and 20 ng ml™
recombinant granulocyte-macrophage colony-stimulating
factor (GM-CSF). Refreshment with new cell culture medium
was performed on days 3 and 6. After 7 days, harvest of
immature BMDCs was performed by careful collection of
non-adherent cells.

Western blot analysis

BMDCs were treated as indicated in the figure description
and protein expression was analyzed as previously
described."” Briefly, cell lysates were separated by SDS-PAGE
and Dblotted onto polyvinylidene difluoride transfer
membranes. Protein detection was performed by incubation
with HO-1, STAT1, pSTAT1 and o-tubulin antibodies and
using the Odyssey SA Infrared Imaging System.

Cytokine analysis

BMDCs were stimulated with LPS and co-incubated with the
respective ItaCORMs or control substances as indicated in
the figure legend. After 24 h, supernatants of each culture
condition were collected and assayed for IL-12p70 and IL-23
levels. ELISA was performed using DuoSet ELISA Mouse IL-
12p70, DuoSet ELISA Mouse IL-23 and DuoSet Ancillary
Reagent Kit 2 (R&D Systems).

Conclusions

We have synthesized and chemically characterized a new
class of acyloxydiene-Fe(CO); complexes which upon esterase-
triggered cleavage disintegrate to concomitantly release
carbon monoxide (CO) and an itaconate as two important
anti-inflammatory and immunomodulating agents. Some of
these compounds, especially the 4-methyl itaconate-derived
I1taCORMs 4a and 4b were then shown in cellular assays to

RSC Med. Chem., 2021, 12, 2053-2059 | 2057
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induce HO-1 and to strongly inhibit the expression of
inflammatory cytokines IL-23 and IL-12p70 at low
micromolar concentration. ItaCORMs 4a and 4b therefore
represent particularly promising anti-inflammatory agents
which may deserve further clinical evaluation.
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