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Резюме. Итаконат – это иммунорегуляторный метаболит, продуцируемый миелоидными клетками 
и играющий ключевую роль в регуляции иммунного ответа. Итаконат, c одной стороны, способен по-
давлять активность сукцинатдегидрогеназы (СДГ), тем самым внося существенный вклад в метабо-
лическое репрограммирование клетки. С другой стороны, итаконат может регулировать активность 
ряда транскрипционных факторов и регуляторов транскрипции, тем самым влияя на экспрессию 
генов. В большинстве экспериментальных работ итаконат охарактеризован преимущественно как 
противовоспалительное вещество. В частности, итаконат, продуцируемый активированными макро-
фагами, подавляет продукцию цитокинов TNF, IL-1β, IL-6, IL-10. Тем не менее некоторые данные 
свидетельствуют и о провоспалительной роли итаконата в ряде мышиных моделей заболеваний. Так, 
делеция гена Acod1, ответственного за продукцию итаконата, приводит к подавлению продукции TNF 
и IL-6 в модели мышиного полимикробного сепсиса, а значит, в контексте воспаления in vivo итако-
нат может выступать как индуктор провоспалительных цитокинов. Механизм регуляции итаконатом 
продукции цитокинов при системном воспалении остается неизученным. В этой работе мы показали, 
что инъекция итаконата и его производного диметилитаконата мышам с последующей индукцией 
воспаления бактериальным липополисахаридом (ЛПС) приводит к изменению содержания цитоки-
нов в крови. Интересно, что системная продукция IL-6 и IL-10 в ответ на итаконат увеличивается, 
вопреки результатам, ранее полученным на клеточных культурах. При этом продукция IFNγ, наобо-
рот, подавляется. По-видимому, итаконат регулирует продукцию цитокинов in vivo за счет подавления 
активности СДГ. Инъекция ингибитора СДГ, диметилмалоната, с последующей индукцией воспале-
ния у мышей, приводит к аналогичным изменениям содержания цитокинов в крови, наблюдаемым в 
ответ на итаконат: повышению продукции IL-6, IL-10 и подавлению продукции IFNγ. Наоборот, до-
бавление сукцината, субстрата СДГ и, соответственно, ее активатора, приводит к противоположному 
эффекту на продукцию цитокинов. Таким образом, можно предположить, что наблюдаемые эффекты 
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итаконата на продукцию цитокинов в модели ЛПС-индуцированного воспаления опосредованы его 
способностью ингибировать СДГ. Эти результаты помогают понять неоднозначную роль итаконата 
при воспалении и проливают свет на не описанную ранее взаимосвязь работы СДГ и продукции ци-
токинов в воспалении in vivo.

Ключевые слова: иммунометаболизм, врожденный иммунитет, итаконат, макрофаги, воспаление, 
сукцинатдегидрогеназа
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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-1β, 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 Acod1 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, IFNγ 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 IFNγ 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 Irg1). 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-IκBζ 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. 
TNF, IL-1β, 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 Irg1 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 IL-6 
and IL-10 and decreases IFNγ 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-1) in PBS to neutral pH. Wild 
type C57Bl/6 mice were treated intraperitoneally (i.p.) 
with itaconate (1 g kg-1, Sigma), succinate (1 g kg-1, 
Sigma) or dimethyl itaconate (1 g kg-1, Sigma) and 
dimethyl malonate (0,3 or 0,5 g kg-1, Sigma) in corn oil 
(Sigma) or vehicle control for 2 h before stimulation 
with LPS (E. coli O55:B5; 2.5 mg kg-1, Sigma) i.p., 4 h 
later mice were euthanized, blood and organ samples 
were collected.

Cytokine detection
Cytokines in blood serum were analyzed by enzy me-

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 IFNγγ 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 IL-10 levels were significantly 
increased in the blood in response to itaconate 
(Figure 2B, C). Itaconate also dramatically decreased 
IFNγ levels in the blood (Figure 2D). We also obser ved 
the similar effects of itaconate on cytokine produc-
tion at the gene expression level. DI increased Il6 and 
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Il10 expression in organs actively expressing these 
genes under LPS-induced inflammation (Figure 1E). 

Being a lymphocyte-specific cytokine, Ifng expres-
sion level was decreased in the spleen in response to 
DI, which also agrees with blood level changes of IFNγ 
in our model. Altogether, these data demonstrate 
that itaconate regulates systemic production of IL- 6, 
IL-10 and IFNγ 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 IFNγ production: blood IL-6 and IL-10 levels 
were increased and IFNγ 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 Il6 and Il10 
gene expression. In addition, succinate, the SDH 

substrate and activator, regulated IL-6 and IFNγ 
levels in the blood in the opposite way to DI and DM: 
succinate administration suppressed systemiс IL-6 
levels and enhanced IFNγ production. Altogether, 
these data suggest that itaconate-mediated changes in 
IL-6, IL- 10 and IFNγ 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 
Wu et al., which demonstrated that myeloid-specific 
Irg1 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 
IFNγ production in vivo. This result is in agreement 

Figure 1. ITA and DI regulate systemic production of IL-6, IL-10 and IFNγ 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-1 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 IFNγ (D) levels were measured by ELISA. (E) Il6 and Il10 
relative expression in organs. WAT, white adipose tissue; BAT, brown adipose tissue. (F) Ifng relative expression in spleen. * p < 0.05, ** p < 0.01, 
*** p < 0.001.
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Figure 2. Itaconate regulates cytokine production via SDH inhibition
Note. (A) Blood IL-6, IL-10 and IFNγ levels were measured by ELISA. DI, dimethyl itaconate; DMM, dimethyl malonate. (B) IL-6 concentration in 
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with Zhao et al., which demonstrated that itaconate 
suppressed IFNγ 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 
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 
IκBζ [1] or TNFAIP3 [14].

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.
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