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Pesiome. MITakoHAT — 3TO UMMYHOPETYASITOPHBIN METa0OJUT, MPOAYLIUPYEMbI MUETOUAHBIMU KJIETKAMU
U UTPAIOIIUIA KITIOUEBYIO POJIb B PETYJISIIUYA UMMYHHOTO OTBeTa. MITaKOHAT, C OMHOI CTOPOHBI, CITOCOOEH MO-
JIaBJISITb aKTUBHOCTh cyKUMHaTAeruaporeHassl (CAI'), TeM caMbIM BHOCS CYLLECTBEHHBIN BKJaJ B MeTabo-
JIMYEeCKOe penporpaMMupoBaHue KiaeTku. C Ipyroil CTOpOHbI, UTAKOHAT MOXKET PEryJInupoBaTh aKTUBHOCTh
psiia TPaHCKPUMLMOHHBIX (PAaKTOPOB U PETYJSITOPOB TPAHCKPUMILIMU, TEM CaMbIM BJIMSISI HAa DKCIIPECCUIO
reHOB. B OOJBIIMHCTBE SKCNEPUMEHTABHBIX PA0OT UTAKOHAT OXapaKTepU30BaH MPEUMYIIECTBEHHO KakK
NPOTUBOBOCHAIMTEIbHOE BEILIECTBO. B 4aCTHOCTU, UTAKOHAT, MPOAYLIUPYEMbIi aKTUBUPOBAHHBIMU MaKpO-
daramu, nomapisieT nmpoaykiuo uutTokuHoB TNE, IL-183, IL-6, IL-10. TeM He MeHee HEKOTOpBIE TaHHbIE
CBUETEBCTBYIOT U O MPOBOCHATIUTEIBHOU PO UTAKOHATA B PSIIE MBILIIMHBIX MOJEJel 3a0omeBaHuii. Tak,
nenenus reHa Acod 1, OTBETCTBEHHOTO 3a MPOAYKIIMIO UTAKOHATa, MPUBOAUT K moAaBieHuto npoaykuuu TNF
u IL-6 B MOIeIM MBIIIIMHOTO TTOJIMMUKPOOHOTO CETICHCa, a 3HAYUT, B KOHTEKCTE BOCITAJICHUSI i VIVO UTAKO-
HaT MOXET BBICTYIAaTh KaK UHAYKTOP MPOBOCHAIUTEIbHBIX HIMTOKMHOB. MeXaHU3M peryJisiiuu UTakoHaTOM
NPOAYKIMU HUTOKMHOB IMPU CUCTEMHOM BOCIaJIEHUU OCTaeTCsl HeU3yuYeHHbIM. B aT0i1 paboTe MbI IToKazaiu,
4YTO UHBEKIIUS UTAKOHATa U €ro MpOU3BOAHOIO NJUMETUIUTAKOHATA MBIIIAM C MOCIEAYIOIEe NHAYKIIUEeH
BocrajeHus 6akrepuabHbIM Junonojaucaxapuaom (JITIC) npuBoaUT K UBMEHEHUIO cOAep KaHUSI IMTOKU-
HOB B KpoBH. MIHTepecHO, 4To cucTemMHast ponykius I1L-6 u 1L-10 B OTBET Ha UTAKOHAT YBEJIUUMBACTCS,
BOIIPEKM pe3yJibTaTaM, paHee MOJIYyYeHHBIM Ha KJIETOUHBIX KyabTypax. [1pu aTom nipoaykuus [FNy, Hao60-
poT, nogassieTcs. [To-BuaMMoOMy, UTAKOHAT PETYJIUPYET MPOAYKIIMIO HUTOKUHOB ix Vivo 3a CUET MOAaBICHUS
aktuBHoctu CHAI. Unbekuus unruoutopa CHAI, amMeTuaManoHara, ¢ nocaeayolleil MHAyKIuein Bocrae-
HMSI Yy MBILLIEH, MPUBOAUT K aHAJIOTUYHBIM U3MEHEHUSIM COAep>KaHUs LIMTOKMHOB B KPOBU, HAOJII0JJaEMbIM B
OTBET Ha UTAKOHAT: MOBbIIIeHWIO npoaykimu [L-6, IL-10 u mogasneHuto npoaykuuu [FNy. HaoGopor, 10-
OGamJieHUe cyKlHaTa, cyoctpara CII 1, COOTBETCTBEHHO, €€ aKTUBATOpa, MPUBOAUT K MIPOTUBOMOJOXHOMY
3 dexTy Ha MPOAYKIIMIO IMTOKUHOB. TaKuM 06pa3oM, MOKHO MPEANOI0XKUTh, YTO HabI0gaeMble 3(pheKThI
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UTaKOHAaTa Ha MPOAYKIUIO IUTOKMHOB B Mojeau JITIC-uHaAynupoBaHHOIO BOCTIAJIEHUsI OMTOCPEIOBaHbl €ro
crocoOHocThI0 MHrMoupoBaTh CJII. DTU pesyabraThl MOMOTAIOT MOHSATH HEOJHO3HAUYHYIO POJb UTAKOHATA
MpU BOCIIAJI€HUM U MTPOJMBAIOT CBET HA HE OMUCAHHYIO paHee B3auMOCBsI3b padoThl CAI 1 mpoayKuuu 1Hu-
TOKMHOB B BOCTIAJICHUU i ViVo.

Karouesvle croea: ummyHomemaboausm, 8pojNCOeH Ll UMMYHUMem, UMAKoHam, Makpogaeu, ocnanetue,
CYKUuHamoeeuopoeeHasa

ITACONATE-MEDIATED INHIBITION OF SUCCINATE
DEHYDROGENASE REGULATES CYTOKINE PRODUCTION
IN LPS-INDUCED INFLAMMATION

Anisov D.E.»*, Drutskaya M.S.2, Nosenko M.A.Y, Nedospasov S.A.®P¢
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Abstract. Itaconate is an immunoregulatory metabolite produced by myeloid cells and plays a key role in
the regulation of the immune response. Itaconate, on the one hand, is able to suppress the activity of succinate
dehydrogenase (SDH), thereby making a significant contribution to the metabolic reprogramming of the cell.
On the other hand, itaconate can regulate the activity of a number of transcription factors and transcription
regulators, thereby affecting gene expression. In most experimental studies, itaconate has been characterized
predominantly as an anti-inflammatory agent. In particular, itaconate produced by activated macrophages
inhibits the production of cytokines TNF IL-1B, IL-6, IL-10. However, some evidence suggests a pro-
inflammatory role for itaconate in a number of mouse disease models. Thus, the deletion of the Acodl gene
responsible for the production of itaconate leads to the suppression of the production of TNF and IL-6 in the
mouse polymicrobial sepsis model, which means that in the context of inflammation in vivo, itaconate can act
as an inducer of pro-inflammatory cytokines. The mechanism of itaconate regulation of cytokine production
in systemic inflammation remains unexplored. In this work, we have shown that injection of itaconate and its
derivative dimethyl itaconate into mice, followed by induction of inflammation by bacterial lipopolysaccharide
(LPS), leads to changes in the content of cytokines in the blood. Interestingly, the systemic production of IL-6
and IL-10 in response to itaconate is increased, contrary to the results previously obtained in cell cultures. At
the same time, [FNy production, on the contrary, is suppressed. Apparently, itaconate regulates the production
of cytokines in vivo by suppressing the activity of SDH. Injection of the SDH inhibitor, dimethylmalonate,
followed by induction of inflammation in mice, results in similar changes in blood cytokines observed in
response to itaconate: increased production of IL-6, IL-10 and suppression of IFNy production. On the
contrary, the addition of succinate, a SDH substrate, leads to the opposite effect on cytokine production. Thus,
it can be assumed that the observed effects of itaconate on cytokine production in the model of LPS-induced
inflammation are mediated by its ability to inhibit SDH. These results help to understand the controversial
role of itaconate in inflammation and shed light on a previously undescribed relationship between SDH and
cytokine production in inflammation in vivo.

Keywords: immunometabolism, innate immunity, itaconate, macrophages, inflammation, succinate dehydrogenase
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Introduction

Immune cell activation is closely related to
alterations in the intensity of metabolic pathways.
These alterations lead to accumulation of individual
metabolites, which, in addition to their main function
in biosynthetic and bioenergetic processes, act as

immune effector molecules which strongly affects
the phenotype of immune cells. In the light of this
paradigm, we can call them immunometabolites [12].

One of such immunometabolites is itaconate.
Itaconate is obtained via decarboxylation of cis-
aconitate, the Krebs cycle intermediate, by aconitate
decarboxylase 1 (also known as Irgl). Itaconate can
directly inhibit the enzymatic activity of succinate
dehydrogenase (SDH), the key enzyme of the
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Krebs cycle, because of its structural similarity with
succinate [3]. It is equally important that itaconate
can also alkylate cysteine residues on multiple
proteins and thereby regulate the activity of a number
of enzymes and pathways. Itaconate affects KEAP1-
NRF2 axis [5], which regulates the expression
of antioxidant proteins and ATF3-1xB( axis, which
coordinates the second wave of the transcriptional
response to TLR stimulation [1]. Itaconate can also
suppress the work of glycolysis enzymes [7], NLRP3
inflammasome activation [2] and NADPH oxidase
functioning [9].

Since the discovery of the immunoregulatory
properties of itaconate in LPS-activated bone marrow
derived macrophages (BMDM), it has been shown
to mediate anti-inflammatory effects. Itaconate
administration led to downregulation of inflammatory
marker genes and production of inflammatory
mediators, including pro-inflammatory cytokines.
TNE 1L-1B, IL-6, IL-12p40, IL-18 production
was suppressed in macrophage cultures in response
to a range of PAMPs/DAMPs. Anti-inflammatory
properties of itaconate were also shown in a number of
experimental disease models in mice, such as sepsis [4],
psoriasis [1], peritonitis [2], pulmonary fibrosis [6].

However, itaconate effects on cytokine production
in experimental disease models in mice differ
from study to study. Systemic IL-6 production was
suppressed in the mouse model of hepatic ischemia-
reperfusion injury [11]. At the same time there was
also evidence suggesting a pro-inflammatory role
for itaconate in inflammation in vivo. It was shown
that myeloid-specific Irg/ deletion is sufficient to
suppress systemic IL-6 levels in the mouse model of
polymicrobial sepsis, which means that itaconate can
also enhance IL-6 production [10]. Here we report
that itaconate increases systemic production of 1L-6
and IL-10 and decreases IFNy systemic production in
the mouse model of LPS-induced inflammation via
inhibition of the SDH activity.

Materials and methods

Mice

C57Bl/6 mice (6-8 weeks) were housed in SPF
conditions at the Animal Facility of the Center for
Precision Genome Editing and Genetic Technologies
for Biomedicine, EIMB RAS (under -contract
No. 075-15-2021-1067 with the Ministry of Science
and Higher Education of the Russian Federation).
All manipulations with animals were carried out
in accordance with the protocol approved by the
Bioethics Committee of the EIMB RAS (Protocol
No. 3 from 27/10/22).

In vivo model of endotoxin-induced sepsis

Neutral itaconate and succinate solutions were pre-
pared by adding 10 M NaOH to itaconate or succinate

solutions (100 mg mL"") in PBS to neutral pH. Wild
type C57BIl/6 mice were treated intraperitoneally (i.p.)
with itaconate (1 g kg'!, Sigma), succinate (1 g kg,
Sigma) or dimethyl itaconate (1 g kg'!, Sigma) and
dimethyl malonate (0,3 or 0,5 gkg"!', Sigma) in corn oil
(Sigma) or vehicle control for 2 h before stimulation
with LPS (E. coli O55:B5; 2.5 mgkg!, Sigma) i.p., 4 h
later mice were euthanized, blood and organ samples
were collected.

Cytokine detection

Cytokines in blood serum were analyzed by enzyme-
linked immunosorbent assay (ELISA) using commer-
cial kits “Mouse IL-6 ELISA Ready-SET-Go”,
“Mouse IL-10 ELISA Ready-SET-Go”, “Mouse
IFN gamma ELISA Ready-SET-Go” (Thermo-
Fisher) according to the manufacturer’s protocol
or measured using Luminex xMAP multiplex tech-
nology and MILLIPLEX MAP Mouse Cytokine/
Chemokine Magnetic Bead Panel kit according to the
manufacturer’s standard protocol (Merck).

RNA isolation and real time quantitative PCR

Organ samples were homogenized using Power-
Lyzer 24 Homogenizer (Qiagen) in ExtractRNA
reagent (Evrogen). Reverse transcription and sample
preparation were carried out using RevertAid kit
according to the manufacturer’s recommendations
(Thermo Scientific). qPCR was performed using
qPCRmix-HS SYBR (Evrogen) according to the
manufacturer’s instructions. Quantitative PCR was
performed using Quant Studio 6 (Applied Biosystems).

Statistical analysis

Data were analyzed using GraphPad Prism 8
software. Data were analyzed using one-way ANOVA
test followed by Tukey’s post-test analysis for multiple
comparisons. Results are displayed as mean = SEM.
Multiplex data are displayed as z-score transformed
(heatmap). Differences were considered significant
when p values were below 0.05.

Results and discussion

ITA and DI regulate systemic production of IL-6,
IL-10 and IFNy in a mouse model of LPS-induced
inflammation

To investigate itaconate effect on cytokine pro-
duction in inflammation, mice were pre-treated with
ITA or DI, and then inflammation was induced with
a non-lethal dose of LPS. Blood cytokine screening
revealed a similar pattern of changes in the levels
of cytokines in the blood (Figure 1A). Despite our
expectations, IL-6 and I1L-10 levels were significantly
increased in the blood in response to itaconate
(Figure 2B, C). Itaconate also dramatically decreased
IFNy levels in the blood (Figure 2D). We also observed
the similar effects of itaconate on cytokine produc-
tion at the gene expression level. DI increased 7/6 and
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Figure 1. ITA and DI regulate systemic production of IL-6, IL-10 and IFNy in a mouse model of LPS-induced inflammation
Note. (A) Mice were treated with 50 ug of LPS for 4 h (added at 2 h of 1 g kg itaconate (ITA) or dimethyl itaconate (DI) pre-treatment). Blood
cytokine levels were measured using multiplex assay. (B-D) Blood IL-6 (B), IL-10 (C) and IFNy (D) levels were measured by ELISA. (E) /I6 and //10
relative expression in organs. WAT, white adipose tissue; BAT, brown adipose tissue. (F) /fng relative expression in spleen. * p < 0.05, ** p < 0.01,

=50 <0001,

1110 expression in organs actively expressing these
genes under LPS-induced inflammation (Figure 1E).

Being a lymphocyte-specific cytokine, [fng expres-
sion level was decreased in the spleen in response to
DI, which also agrees with blood level changes of IFNy
in our model. Altogether, these data demonstrate
that itaconate regulates systemic production of 1L-6,
IL-10 and IFNy during inflammation in vivo and,
at the same time, IL-6 and IL-10 blood levels were
changed in a different way than it was initially shown
in macrophage cell cultures [1, 8].

Itaconate regulates cytokine production via SDH
inhibition

To investigate the mechanism which mediates the
observed effects of itaconate on systemic cytokine
production in the mouse model of LPS-induced
inflammation, we next used dimethyl malonate
(DM), a classical SDH-inhibitor. DM pre-treatment
leads to the similar pattern of changes in IL-6, IL-10
and IFNy production: blood IL-6 and IL-10 levels
were increased and IFNy levels were decreased as
compared to LPS-control group both after DI and
after DM pre-treatment (Figure 2A). The similarity
between DI and DM effects on IL-6 levels were
also observed in peritoneal lavage (Figure 2B). We
observed the same effects of DM at the /6 and 1/10
gene expression. In addition, succinate, the SDH

substrate and activator, regulated IL-6 and IFNy
levels in the blood in the opposite way to DI and DM:
succinate administration suppressed systemic IL-6
levels and enhanced IFNy production. Altogether,
these data suggest that itaconate-mediated changes in
1L-6, IL-10 and IFNy production are due to its ability
to inhibit the SDH.

Itaconate has been initially characterized as
an important immunoregulatory metabolite. It is
synthesized under inflammatory conditions and
regulates the production of a number of cytokines,
including IL-6. Here we show that both itaconate
and dimethyl itaconate increase the systemic levels
of IL-6 and IL-10 during inflammation in vivo,
which does not correlate with their effects previously
described in experiments in vitro [1, 8]. The role of
itaconate in the regulation of cytokine production
in vivo varies depending on the experimental setting.
Itaconate was not studied in the model of LPS-
induced inflammation, however, our results agree with
Wau et al., which demonstrated that myeloid-specific
Irgl deletion leads to decreased IL-6 systemic levels
in the mouse model of polymicrobial sepsis [10].
At the same time, we for the first time report that
itaconate and dimethyl itaconate decrease systemic
IFNy production in vivo. This result is in agreement

480



Hmarxonam é éocnanenuu
Itaconate in inflammation

2023, T. 25, Ne 3
2023, Vol. 25, No 3

A 300000+ 150000 - 6000 = B 2200

200000+ 100000~ . 4000

pg/ml

IL-6, pg/ml
IL-10, pg/ml
IFNy, pg/ml

IL-6

1000004 2000+

LPS DI DMM
+LPS

LPS DI DMM
+LPS

LPS DIDMM 10
+LPS

LPS DI DMM 6
+LPS

E
] .
=]
=z
LT

WAT II6 WAT J/I10

150000 3000+

w
]

*

-]
]

2000

N
1

1000+

-
1

Relative expression level
.
Relative expression level

LPS DM10
+LPS

DM 6 DM 10
+LPS

LPS DI Succ
+LPS

LPS DI Succ
+LPS

Figure 2. Itaconate regulates cytokine production via SDH inhibition

Note. (A) Blood IL-6, IL-10 and IFNy levels were measured by ELISA. DI, dimethyl itaconate; DMM, dimethyl malonate. (B) IL-6 concentration in
peritoneal lavage. (C) /16 and /10 relative expression in white adipose tissue (WAT). (D) Blood IL-6 and IFNy levels. Succ, succinate. * p < 0.05, ***
p <0.001, ****p <0.0001.

with Zhao et al., which demonstrated that itaconate
suppressed [IFNy in CD8*T cells [13].

Itaconate is known as an inhibitor of SDH.
Itaconate rediscovery as an exogenous SDH sup-
pressor by Lampropoulou et al. shed light on its

Conclusion

We suppose that itaconate effects on cytokine
production in vivo are related to its ability
to suppress SDH activity. This seems to be

dispensable in the context of regulation of IL-6
in macrophages in vitro [1], however, during
inflammatory reaction in vivo, the itaconate-SDH
axis appears to be a significant contributor to the
course of inflammation.

role in the regulation of the immune response of
macrophages [3]. However, the effects of itaconate on
macrophage cytokine production in vitro are related
to the regulation of transcriptional regulators such as
IxBC [1] or TNFAIP3 [14].
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