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macrophage activation and
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reducing leukocyte migration
and improving Crohn’s disease-
like colitis in male mice
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Background & aims: Crohn’s disease (CD) is a chronic inflammatory disorder
primarily affecting the gastrointestinal tract. Leukocyte recruitment, M1
macrophage polarization and associated metabolic reprogramming are hallmarks
of its pathomechanism. Here, we tested TE-11, a potent MIF tautomerase inhibitor
(ICs0 = 5.63 pmol/dm?®) in experimental Crohn's disease in male mice, in leukocyte
recruitment and in inflammatory M1 macrophage activation.

Methods: 2,4,6-trinitrobenzenesulfonic acid-(TNBS)-induced colitis was utilized
as a CD-model in male mice. We performed macroscopic scoring and cytokine
measurements. We also analyzed MIF-induced leukocyte migration and
evaluated apoptosis. LPS+IFN-y-induced RAW264.7 cells were applied as a M1
macrophage model. We performed gPCR, ROS and nitrite determinations, ELISA
measurements, mitochondrial oxygen consumption rate and extracellular
acidification rate determinations.

Results: TE-11 improved mucosal damage, reduced inflammation score and
concentration of IL-1f and IL-6 in the colon. It inhibited MIF-induced human
blood eosinophil and neutrophil migration and counteracted the anti-apoptotic
effect of MIF. In macrophages, MIF inhibition prevented M1 polarization by
downregulating HIF-1o. gene expression in LPS+IFN-y-activated cells.
Additionally, the molecule reduced mRNA transcription and protein expression
of chemokine CCL-2 and cytokine IL-6 while further increasing SOD2 gene
transcription and decreased ROS and nitrite production in macrophages. During
inflammmatory metabolic reprogramming, TE-11 prevented LPS+IFN-y-induced
metabolic shift from OXPHOS to glycolysis. Similarly to anti-inflammatory M2
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cells, TE-11 improved mitochondrial energy production by increasing basal
respiration, ATP production, coupling efficiency, maximal respiration and spare

respiratory capacity.

Conclusion: Comprehensively, TE-11, a MIF tautomerase inhibitor ameliorates
CD-like colitis, reduces MIF-induced eosinophil and neutrophil migration and
prevents M1 polarization and associated metabolic reprogramming; therefore, it
may prove beneficial as a potential drug candidate regarding CD therapy.

Crohn'’s disease, MIF, macrophage activation, M1 polarization, metabolic reprogramming

1 Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory
disorder of the gastrointestinal tract primarily affecting the
intestines. Its prevalence is on the increase since more than 3.5
million patients are estimated to experience IBD in their lives just in
the USA and Europe (1). IBD is manifested in two distinct forms:
ulcerative colitis (UC) and Crohn’s disease (CD) (2). UC and CD
both share many unpleasant symptoms, such as pain, diarrhea,
weight loss and/or gastrointestinal bleeding accompanied by tissue
destruction and enhanced intestinal permeability (3). Due to the
compromised integrity of the intestinal epithelium, the commensal
microbiota may penetrate the gut mucosa and directly activate host
immune cells, such as macrophages (4).

Once activated, macrophages become polarized mainly into
inflammatory M1 and anti-inflammatory M2 cells. M2 macrophages
play a crucial role in the homeostasis of gut microorganisms and in
regeneration of intestinal epithelium, while the M1 polarized cells
instigate intestinal inflammation (5-7). M1 polarization is caused by
two well characterized classical macrophage activators. On one hand,
macrophages are capable of recognizing and binding specific molecules
of invading microorganisms, such as lipopolysaccharides (LPS) via
Toll-like receptor 4 (TLR-4) (8). The interaction between LPS and
TLR-4 initiates the classical M1 macrophage activation (9). Moreover,
cytokine interferon-y (IFN-y), which is heavily produced by
lymphocytes (10) and has a pro-inflammatory role in IBD (11), also
induces M1 polarization (12) through IFN-y receptor (13). The said
M1 activation is closely related to IBD (14-16), in which the cells
produce large amounts of pro-inflammatory cytokines such as TNF-o,
IL-6 etc. (17), reactive oxygen and nitrogen species (RONS) such as
superoxide anions (18) and NO (19). Although we use the M1/M2
macrophage classification in the present work, we must emphasize the
fact that this is an oversimplified model and macrophage polarization
encompasses a much broader, context-dependent spectrum (12, 20).

M1 polarization, which can also be mediated by non-coding RNAs
(21), represents a complete reprogramming of cellular metabolism,
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during which cells adapt to new conditions (22). LPS- or IFN-y-
stimulated macrophages show an altered metabolic phenotype referred
to as Warburg metabolism (23, 24). The Warburg effect is characterized
by switching the cellular energy metabolism from oxidative
phosphorylation (OXPHOS) to aerobic glycolysis with lactate
production despite sufficient oxygenation of the tissue (25). The
enzyme lactate dehydrogenase synthesizes lactate from the glycolytic
end product pyruvate by simultaneously oxidizing NADH to NAD" to
maintain glycolysis (26), a less efficient way of ATP synthesis. On the
contrary, OXPHOS is a more efficient process for ATP generation. It
occurs in the mitochondrial inner membrane, where NADH and
succinate reduce complex I (CI) and CII of the electron transport
chain (ETC), respectively. CI, CIII and CIV pump protons across the
membrane and the resulted proton motive force drives the ATP
synthesis via FoF;-ATP-synthase (27). Additionally, electrons passing
across the ETC reduce O, via protons to H,O in CIV. This latter
process accounts for the vast majority of mitochondrial oxygen
consumption (27). Thus, in Warburg metabolism, cells are forced to
utilize higher amounts of glucose to produce ATP and lactate since the
energetically more effective mitochondrial OXPHOS is downregulated
(25, 28). Interestingly, despite a decreased flux through TCA cycle,
mitochondrial succinate oxidation by succinate dehydrogenase (TCA
enzyme) increases in macrophages, in which the combination with
higher mitochondrial membrane potential enhances ROS production
and stimulates M1 activation. In conclusion, M1 macrophages re-
utilize their mitochondria from OXPHOS to ROS production, thereby
promoting M1 polarization and induce inflammation (29).
Interestingly, macrophages undergoing Warburg-type metabolism
were found trapped in the inflammatory M1 condition. They were
unable to undergo M1 to M2 polarization following IL-4 treatment,
which is a strong activator of M2 polarization in macrophages (30, 31).
Furthermore, sufficient mitochondrial function appears to be essential
for the stimulation of M1 to M2 polarization (32). Thus, both
inhibiting glycolytic reprogramming and improving mitochondrial
function may prevent M1 macrophage activation thereby
reducing inflammation.
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The cytokine macrophage migration inhibitory factor (MIF)
promotes M1 macrophage polarization (33-35) and has long been
implicated in the pathomechanism of IBD (36, 37). For example,
plasma MIF levels are enhanced in both CD and UC patients when
compared to healthy individuals. Neutralizing anti-MIF
antibodies improve the clinical manifestations of CD-like, 2,4,6-
trinitrobenzenesulfonic acid-(TNBS)-induced colitis and UC-like
dextran sulphate sodium-(DSS)-induced experimental colitis in
). Additionally, MIF deficient mice are resistant against

+/+

mice (38
colitis, while reconstitution of MIF”~ knock out mice with MIF
immune cells increased colitis severity (36). MIF has several

(A)

10.3389/fimmu.2025.1558079

enzymatic activities such as the enigmatic tautomerase and MIF
tautomerase inhibitors improved DSS-induced murine colitis (39)
and TNBS-colitis in rats (40). Surprisingly, despite the above results,
little is known in reference to the role of MIF tautomerase
activity regarding macrophage metabolic reprogramming and
mitochondrial dysfunction during M1 activation in colitis.

In the present study, we investigated whether TE-11 (Figure 1A), a
new pharmacological MIF tautomerase inhibitor, which has no radical
scavenging effect (Figure 1B), and it is not cytotoxic in the applied
concentration (Supplementary Figure S1), but effectively prevents
both ketonase (ICsy = 5.63 umol/dm’) and enolase (ICs, = 28.58
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FIGURE 1

Structural formula and antioxidant effect of TE-11 in a cell free system, and experimental model of TNBS-induced colitis: (A) Chemical structure of
(2E)-2-(pyridin-2-ylmethylidene)-3,4-dihydronaphthalen-1-one (B) Oxidation of DHR1,2,3 was induced by 100 uM H,O; in the presence of TE-11,
resveratrol or tempol. Data are presented as means + SD (n = 10) One-way ANOVA ***P < 0.001 (C) Timescale and treatments in TNBS colitis model.
Resv, resveratrol; Temp, tempol; TNBS, 2,4,6-trinitrobenzene sulfonic acid; ip, intraperitoneal; ir, intrarectal.
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umol/dm?) sub-activities of MIF tautomerase (41) has a beneficial
effect in a CD-like colitis among mice. Since macrophages are deeply
involved in the pathomechanism of IBD, we investigated many aspects
of M1 macrophage activation including RONS and inflammatory
cytokine production, glycolytic activity and mitochondrial energy
metabolism in LPS+IFN-y-induced RAW264.7 cells. We also
assessed the effect of TE-11 upon leukocyte migration using isolated
human blood eosinophils and neutrophils.

2 Results

2.1 TE-11 improves TNBS-induced colitis in
mice

To evaluate the effect of TE-11 in a mouse model of CD (42),
TNBS-colitis was applied (Figure 1C). One bolus of TNBS-induced
severe tissue destruction in the colon characterized by hemorrhagic
ulcerations (Figure 2A) and high macroscopic scores (Figures 2B,
C). TE-11 at a dose of 10 mg/kg reduced tissue damage primarily by
reducing the ulcer size (Figure 2A) and resulted in a decreased
inflammation score in comparison to the TNBS group (Figure 2C).
TNBS also induced proinflammatory cytokine production in the
colon (Figures 2D, E). We measured enhanced levels of IL-6
(Figure 2D) and IL-1B (Figure 2E) in tissue extracts, which were
markedly reduced due to the TE-11 treatment.

2.2 TE-11 attenuates human neutrophil and
eosinophil migration induced by MIF, IL-8
or CCL11

To investigate the effect of TE-11 on leukocyte migration, purified
human peripheral blood eosinophils or isolated polymorphonuclear
leukocytes, mainly comprising neutrophils, were pretreated with TE-
11 (20 uM) or vehicle for 30 min prior to the assay (Figure 3). Since
IL-8 is a specific neutrophil (43) and CCL11 is a specific eosinophil
(44) chemotactic factor, neutrophil migration was induced by MIF
(Figure 3A) or IL-8 (Figure 3B), while eosinophil migration was
stimulated by MIF (Figure 3C) or CCL11 (Figure 3D). Data were
analyzed by flow cytometry (Supplementary Figure S2) and expressed
as percent of MIF, IL-8 or CCLI11 responses, respectively. We
observed that TE-11 reduced MIF-stimulated neutrophil migration
by 40% and IL-8-stimulated responses by 34% (Figures 3A, B).
Similarly, TE-11 attenuated eosinophil migration towards MIF by
55% and CCL11-induced migration by 24% (Figures 3C, D).

2.3 TE-11 prevents the anti-apoptotic
effect of MIF in isolated human neutrophils
and eosinophils

MIF has been demonstrated to inhibit neutrophil apoptosis

through diverse mechanisms (45, 46). Thus, we investigated the
effect of TE-11 on neutrophil and eosinophil cell death.
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MIF decreased late apoptosis (Figure 4A) and necrosis
(Figure 4B) in neutrophils and eosinophils (Figures 4C, D). TE-11
pretreatment significantly increased the amount of apoptotic and
necrotic neutrophils (Figures 4A, B) and eosinophils (Figures 4C,
D) when compared to MIF-treated cells.

2.4 MIF inhibition decreases HIF-1o. mRNA
transcription and protein expression in
macrophages

LPS+IFN-y treatment induced HIF-loo mRNA transcription
(Figure 5A) and protein expression as was measured in
RAW?264.7 cell supernatants (Figure 5B). TE-11 treatment
inhibited both the mRNA transcription (Figure 5A) and protein
translation of HIF-1o (Figure 5B).

2.5 TE-11 modulates inflammatory mRNA
transcription in macrophages

LPS+IFN-y treatment induced the mRNA transcription of
numerous inflammatory genes in macrophages (Figure 6). We
found elevated levels of CCL2 (Figure 6A), IL-6 (Figure 6B),
TNF-o (Figure 6C), iNOS (Figure 6D) and SOD2 (Figure 6E)
gene transcripts compared to the VEH group. In contrast, TE-11
inhibited CCL2 (Figure 6A) and IL-6 (Figure 6B) mRNA
transcription, while it failed to modulate TNF-ou (Figure 6C) and
iNOS gene transcription (Figure 6D). Additionally, TE-11 further
increased the transcription of the SOD2 (Figure 6E) gene in
comparison to LPS+IFN-y-activated cells. There were no
alterations detected in Nrfl mRNA transcription in our model.

2.6 TE-11 inhibited proinflammatory
cytokine and RONS production in M1
activated macrophages without a direct
antioxidative effect

We tested the radical scavenging effect of TE-11 in a cell-free
system (47). EDTA-Fe*" catalyzed the decomposition reaction of
H,0,, resulting in increased levels of hydroxyl radicals when
compared to CTRL. TE-11 treatment failed to reduce the
concentration of the hydroxyl radicals, while two known radical
scavengers, resveratrol (48) and tempol (49) significantly decreased
it (Figure 1B). We equally tested TE-11 on RONS and cytokine
production of LPS+IFN-y-induced RAW264.7 cells. LPS+IFN-y
induced CCL2 (Figure 7A), IL-6 (Figure 7B), TNF-o (Figure 7C),
ROS (Figure 6D) and nitrite (Figure 6E) production in
macrophages. Our results revealed TE-11 diminishes CCL2, IL-6,
ROS and nitrite levels, however, failed to modulate TNF-o. amounts
when compared to VEH cells (Figure 7). For IL-6 and nitrite, we
used two additional concentrations of TE-11 and found that the
inhibitory effect on IL-6 and nitrite production was the most
prominent at a 20 UM concentration (Supplementary Figure S3).
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FIGURE 2

TE-11 treatment improves TNBS-induced colitis in mice. (A) Representative images of the colon (B) Macroscopic scores (5 mg/kg TE-11), data were
combined from 2 separate experiments (n=15-16). (C) Macroscopic scores (10 mg/kg TE-11), data were combined from 3 separate experiments
(n=17-21) (D) IL-6 and (E) IL-1B concentrations were measured with ELISA-kits (optical density, 450 nm). Data are presented as means+SD
(combined data of 3 separate experiments (n=10-20). Kruskal-Wallis H-test (B, C) and Welch ANOVA (D, E) *P <0.05, **P <0.01, ***P < 0.001. VEH,
vehicle;, TNBS, 2,4,6-trinitrobenzene sulphonic acid.
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TE-11 alleviates the migratory responsiveness of human neutrophils and eosinophils towards MIF and major chemoattractants. (A, B) Polymorphonuclear
leukocytes (PMNL) and (C, D) purified eosinophils were pretreated with TE-11 (20 pM) at 37°C for 30 min and were allowed to migrate towards (A, C)
MIF (3 nM, n = 7-8), (B) IL-8 (10 nM, n = 6) or (D) CCL11 (10 nM, n = 7) in a micro-Boyden chamber at 37°C for 60 min. Migrated cells were enumerated
by flow cytometry on a BD Canto Il flow cytometer (acquisition set for 30 sec at medium flow rate) and expressed as % of the respective mean control
response (MIF, IL-8 or CCL11 alone). Data are shown as mean + SD of indicated independent experiments. Paired t-test or Wilcoxon test, *P < 0.05. All
experiments were performed in technical triplicates. MIF, macrophage migration inhibitory factor.

2.7 The MIF tautomerase inhibitor TE-11
reduced basal extracellular acidification
rate in RAW264.7 cells

M1 polarized macrophages switch their energy metabolism
from OXPHOS to aerobic glycolysis. Therefore, we analyzed
glycolytic activity by measuring ECAR in activated macrophages.
LPS+IFN-y induced a marked increase, while TE-11 caused a
significant reduction in basal ECAR in comparison with the LPS
+IFN-y-treated cells (Figure 8A [1-3 points of the measurement]
and Figure 8B). Oligomycin enhanced ECAR in VEH and LPS
+IFN-y+TE-11 groups, however, failed to increase its level in the
LPS+IFN-vy-treated cells (Figure 8A [4-6 points of the
measurement] and Figure 8C). FCCP (Figure 8A [7-9 points of
the measurement]) and rotenone plus antimycin A (Figure 8A [10-
12 points of the measurement]) did not significantly affect ECAR in
either treatment groups. We used two additional concentrations of
TE-11 (5 uM, 10 uM) for ECAR measurement and found that the
inhibitory effect on ECAR at the lower concentrations was
comparable to that at 20 uM (Supplementary Figure S4).
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2.8 TE-11 improved mitochondrial
respiration, ATP production and coupling
efficiency

M1 polarized macrophages downregulate mitochondrial
OXPHOS. Therefore, we analyzed the effect of TE-11 on
mitochondrial oxygen consumption in LPS+IFN-y-treated
RAW264.7 cells (Figure 9A). By using oligomycin, FCCP and
rotenone plus antimycin A, many further aspects of the
mitochondrial energy status were measured and calculated
(Figure 9B-G). LPS+IFN-y treatment strongly attenuated
mitochondrial OXPHOS by reducing basal respiration (Figure 9A
[1-3 points of the measurement] and Figure 9B). Oligomycin
reduced (Figure 9A [4-6 points of the measurement]) and FCCP
(Figure 9A [7-9 points of the measurement]) enhanced basal
respiration in VEH and LPS+IFN-y+TE-11 treatment groups,
however, they failed to modulate it in the LPS+IFN-y-treated
cells. LPS+IFN-v increased ATP production (Figure 9C), coupling
efficiency (Figure 9D), maximal respiration (Figure 9E), spare
respiratory capacity (Figure 9F) and proton leakage (Figure 9G).
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TE-11 counteracts the anti-apoptotic effect of MIF in human neutrophils and eosinophils. (A, B) Polymorphonuclear leukocytes (PMNL, n=4) and (C,
D) purified eosinophils (n=4) were pretreated with TE-11 (20 uM) at 37°C for 60 min in RPMI 1640 medium supplemented with 1% FBS and 1%
Penicillin/Streptomycin. Afterwards, MIF (500 nM) or vehicle control (PBS+BSA) was added to the cells. After 24 hours, cells were stained with APC-
annexin-V (1/100) and Propidium iodide (1/50). Samples were immediately analyzed on a BD Canto Il flow cytometer (acquisition set for 60 sec at
medium flow rate). Data of (A, C) late apoptotic cells (annexin-V positive/PI positive) and (B, D) necrotic cells (annexin-V negative/Pl positive) cells
are presented. Data are shown as mean + SD of indicated independent experiments and expressed as % of the vehicle control (RPMI 1640 only).
One-way ANOVA, *P < 0.05, **P < 0.01. All experiments were performed in technical triplicates. VEH, vehicle; MIF, macrophage migration

inhibitory factor

TE-11 effectively improved all enlisted parameters with the
exception of proton leakage. We used two additional
concentrations of TE-11 (5 uM, 10 uM) for OCR measurement
and found that the improvement in OCR and bioenergetic
parameters was the most prominent at a concentration of 20 uM.
(Supplementary Figure S5).

3 Discussion

A very recent pioneering study strongly supports the fact that
macrophage activation and metabolic reprogramming play a
fundamental role in the development of IBD in a shocking
number of IBD patients (50). In our present report, we
demonstrated how TE-11, a novel and potent MIF tautomerase
inhibitor, attenuated inflammatory macrophage activation and
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associated metabolic shift from OXPHOS to aerobic glycolysis.
Additionally, TE-11 reduced leukocyte migration and ameliorated
Crohn’s diseases such as experimental colitis in mice.

First, we investigated whether the MIF tautomerase inhibitor
TE-11 (Figure 1A) may improve CD-like experimental colitis in
mice. Therefore, we applied TNBS-colitis (Figure 2B) since many
of the symptoms, histological and biochemical characteristics of
this model are similar to human CD (42). Additionally, the
similarity between CD and TNBS-colitis is an increase in MIF
expression, of which, was equally observed among CD patients
(51) and in the colon of TNBS-treated rodents (52, 53). TE-11
alleviated the severity of colitis in mice (Figures 2A, B), which
was primarily characterized by a strong reduction in ulcer size.
The decrease in inflammation scores was accompanied by a
significant decline in the tissue expression of IL-6 and IL-1f
(Figures 2C, D).
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In IBD, the proinflammatory cytokines IL-6 and IL-1f are
mainly primarily produced by leukocytes which are recruited into
the colon. Leukocyte recruitment, however, is largely regulated by
MIF (54). Therefore, we investigated whether TE-11 may inhibit
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leukocyte migration (Figure 3). In addition to MIF, IL-8, a specific
neutrophil (43) and CCL11, a specific eosinophil (44) chemotactic
factor were utilized to induce migratory responses. As a cytokine,
MIF binds to its receptors CD74 (55, 56) and CXCR2 (54) and
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TE-11 inhibited CCL-2, IL-6, ROS and nitrite production in activated macrophages. (A) CCL2 (B) IL-6 and (C) TNF- a production. Combined data of
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**P < 0.01, ***P<0.001. VEH, vehicle, LPS, lipopolysaccharide, IFN-v, interferon-gamma.

stimulates chemotaxis. TE-11 reduced MIF-induced neutrophil
(Figure 3A) and eosinophil (Figure 3B) migration, possibly due to
its ability to bind to the tautomerase catalytic domain of MIF (41),
which is responsible for protein/receptor interactions (57). This
implies blocking the tautomerase catalytic domain by TE-11
prevents MIF receptor binding, thereby attenuating chemotaxis.
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Surprisingly, MIF tautomerase inhibition equally blocked IL-8-
induced neutrophil migration (Figure 3B). A possible explanation
for this phenomenon suggests IL-8-induced neutrophils have been
shown to express MIF (58), which can further enhance leukocyte
migration. Accordingly, TE-11 may inhibit this secondary, MIF-
induced migration rather than the direct IL-8-induced neutrophil
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TE-11 diminished aerobic glycolysis in activated macrophages. RAW264.7cells were pretreated with 20 uM TE-11 and then induced with LPS (0.1 ng/
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chemotaxis. TE-11 also slightly reduced CCL11-induced eosinophil
migration (Figure 3D). This likely is the result due to the recognized
cross-talk between MIF and CCL11 in eosinophils (59), i.e.,
blocking MIF receptor binding prevents MIF signaling and
moderates the effect of CCL11. Furthermore, MIF inhibited late
apoptotic and necrotic cell death in neutrophils (Figure 4A, B) and
eosinophils (Figures 4C, D), which was significantly counteracted
by TE-11 treatment (Figure 4) and can be satisfactorily explained by
the prevention of receptor activation by TE-11. Comprehensively,
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TE-11 effectively inhibited MIF-induced leukocyte migration and
survival, which are both parts of inflammatory leukocyte activation
in IBD.

To obtain detailed information regarding leukocyte activation,
we utilized the RAW264.7 macrophage cell line. Cells were treated
with LPS+IFN-y to induce inflammatory M1 activation (60, 61),
which is characterized by increased MIF production (62, 63).
Studies have shown LPS also activates HIF-loo mRNA
transcription in monocytes and macrophages (64, 65) and HIF-

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1558079
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Vamos et al. 10.3389/fimmu.2025.1558079

(A) ——VEH

e LPS + IFN-y
e LPS + IFN-y + TE-11

oligomycin
400 Ollgorny rotenone+

antimycin A

€
£
o 3004
£ 250
£ 500
0 150
(&
le) 100
0 s & &
0 10 20 30 40 50 60 70 80
Time (min)
(B) Basal respiration (C) ATP production
220 N _220) e _aue
T 2004 T 2001 *°
w 180 w 180
> 160 > 160
‘s 140 ‘e 140
o 120 © 120 o
< 100 ° 100
£ 80 £ 80 g
~ 60 6o |°
S 40 A O 40
o 20 o 20 feo)
0! 0
VEH LPSHFN-y LPS+FN-y VEH LPS+[FN-y LPS+FN-y
+TE-11 +TE-11
(D) Coupling efficiency ~ (E) Maximal respiration
. 220 ; . 220 - NS
I 200 E 200 ®
w 180 180
> 160 ok ok > 160
N— Ny
S 140 | o
© 120 1 ©
T 1001 2 T
= 80 =
o 60 % o
O 40 3]
O 20 (o]
0! 0!
VEH LPS+IFN-y LPS+IFN-y VEH LPS+IFN-y LPS+IFN-y
+TE-11 +TE-11
(F) Sparerespiratory capacity (G) Proton leakage
*
_ 220, o — 220 .
I 200 z 200 5
W 180 ¢
> 160- 2 160
‘S 140 © 140
e 120 © 120
S 100 . 100
£ 80 [ £ e
Sjo c 60 ala
S 20 g =il |[®
o % o= o 291
VEH LPS+FN-y LPS+FN-y VEH LPS+IFN-y LPS+FN-y
+TE-11 +TE-11

FIGURE 9

TE-11 protected mitochondrial respiration and improved mitochondrial bioenergetic parameters in activated macrophages. RAW264.7 cells were
pretreated with 20 pM TE-11 for 30 minutes. Then macrophages were treated with LPS (0.1 pg/ml) + IFN-v (0.01 pg/ml) for 8 hours. VEH and LPS
+IFN-y groups received the same amount of DMSO as the TE-11-treated cells. Oligomycin, FCCP and the mixture of rotenone and antimycin A were
added sequentially during the measurement in a final concentration of 1 uM. (A) Measurement of oxygen consumption rate. (B) Basal respiration,

(C) ATP production, (D) Coupling efficiency (E) Maximal respiration, (F) Spare respiratory capacity, and (G) Proton leakage were determined. Results
(data combined from 4 separate experiments with 2 parallel measurements, n=8) are expressed as mean+SD. Welch ANOVA (A-C, E-G) and
One-way ANOVA (D) *P < 0.05, **P < 0.01, ***P < 0.001. OCR, oxygen consumption rate, VEH, vehicle; LPS, lipopolysaccharide; IFN-7, interferon-y.
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1o regulates M1 polarization (66). Correspondingly to published
literature, we observed a marked increase in HIF-loo mRNA
(Figure 5A) and protein (Figure 5B) concentration in our model,
which were reduced by MIF inhibition (Figures 5A, B). The
profound role of MIF in the transcriptional activation of HIF-1o
was likewise supported in literature (67, 68). However, in contrary
to our findings, these studies did not identify MIF tautomerase as
the key inducer of the HIF-1a: transcription. In immune cells, HIF-
1o can stimulate the gene transcription of numerous inflammatory
cytokines, such as IL-6, TNF-o. or CCL-2 (69-71). Since MIF
regulates HIF-1o (Figure 5) and HIF-1o stimulates CCL2 and IL-
6 mRNA transcription (Figures 6A, B) and protein expression
(Figures 7A, B), MIF inhibition effectively counteracted these
processes (Figures 6A, B). The surprising ineffectiveness of TE-11
on TNF-oo mRNA transcription (Figure 6C) and protein expression
(Figure 7C) suggests involvement of other MIF-independent
transcription mechanisms. Consistent with other reports, our
results demonstrated increased ROS production (72) (Figure 7D)
and a self-protective transcriptional upregulation of the
mitochondrial SOD2 antioxidant enzyme (73) in Ml
macrophages (Figure 6E). In our model, TE-11 further increased
SOD2 mRNA transcription (Figure 6E). HIF-10. can regulate SOD2
expression by directly binding and inhibiting the HRE element in
the promoter of the SOD2 gene (74), inferring MIF tautomerase
inhibition can reduce HIF-10 expression and in the absence of HIF-
1o, SOD2 mRNA transcription is no longer impeded. Considering
TE-11 has no direct ROS-scavenging activity (Figure 1B), putative
upregulation of SOD2 may be one of the possible explanations for
the slightly decreased ROS concentration when utilizing the MIF
inhibitor (Figure 7D). Considering that we did not analyze SOD2
protein production in our study, this idea is merely hypothetical. In
addition to oxidative stress, nitrosative stress can also be detected in
active immune cells. In M1 macrophages, HIF-1a induces iNOS
gene expression (75), which can be directly assessed by determining
iNOS mRNA or indirectly, by measuring nitrite, the chemically
more stable degradation product of NO. During the analysis of
iNOS transcription, we found a marked increase in the iNOS
mRNA level in LPS+IFN-y-treated cells, however, we observed
only a tendency in the reduction of iNOS transcription in
response to TE-11 (Figure 6D). Since nitrite production was
clearly declined following TE-11 treatment (Figure 7E) and TE-11
has no radical scavenging potential (Figure 1B), no further
experiments were performed to reach statistical significance
(Figure 6B). AMPK/PGC-1o/nuclear respiratory factor 1 (Nrfl)
signaling pathway was found to protect mice in LPS-induced acute
lung injury by improving mitochondrial function (76). Since we
observed an improvement in mitochondrial bioenergetics in
macrophages, as detailed later, we also analyzed Nrfl mRNA
transcription. Based on our results, we can assume that Nrfl may
not be involved in mitochondrial bioenergetic improvement in our
model (Figure 7E).

Another important aspect of M1 polarization is metabolic
reprogramming. LPS and IFN-y treatment was shown to induce
aerobic glycolysis in murine M1 cells (24, 77). To cite an instance,
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this metabolic switch can be induced by HIF-10.. HIF-1o increases the
transcription of key transporters such as glucose transporter 1 and
enzymes such as hexokinase II or pyruvate kinase M2 thereby
activating glycolysis (78). This HIF-lo-induced glycolytic switch is
essential to the inflammatory macrophage activation (79). We could
also observe this metabolic switch in the M1 activated RAW264.7 cells
(Figure 8). LPS+IFN-y caused a significant increase in basal ECAR
(Figures 8A, B), indicating a higher lactate production and enhanced
glycolysis (80). The metabolic switch in the M1 cells was extremely
pronounced. Oligomycin, an FoF;-ATPase inhibitor which reduces
OXPHOS and mitochondrial ETC activation while increasing
glycolysis failed to further increase ECAR in LPS+IFN-y-treated cells
(Figure 8C). However, it did further increase ECAR in the VEH and
LPS+IFN-y+TE-11-treated groups (Figure 8C). This finding suggests
glycolysis proceeds at the highest possible flux among activated cells. In
contrast, TE-11 intensely reduced glycolytic flux (Figure 8B). Overall,
MIF tautomerase can likely control glycolysis via the MIF/HIF-10t axis.
Metabolic reprogramming also involves the inhibition of the
mitochondrial ETC and OXPHOS. Elevated NO concentration
reduces the activity of pyruvate dehydrogenase and aconitase 2,
which causes CAC corruption and suppresses mitochondrial ETC
complexes (81). We found oxygen consumption was strongly reduced
in cells with LPS+IFN-y treatment when compared to the vehicle
group. Neither oligomycin nor the mitochondrial uncoupler FCCP
influenced OCR (Figure 9A), suggesting an intense inhibition of the
mitochondrial ETC during M1 polarization. In contrast, in LPS+IFN-
Y+TE-11-treated cells oligomycin reduced and FCCP improved OCR
similarly as in VEH cells (Figure 9A), implying TE-11 may prevent the
complete inhibition of ETC (Figure 9A). Changes in the determined
parameters, such as basal respiration (Figure 9B), ATP production
(Figure 9C), coupling efficiency (Figure 9D), maximal respiration
(Figure 9E) and spare respiratory capacity (Figure 9F) reflect
enhanced OXPHOS and improved mitochondrial energy production.
Thus, MIF tautomerase inhibition reduced M1 activation associated
metabolic reprogramming.

In our recent study, we used the mouse macrophage cell line
RAW264.7. So, we must take it into account that human and mice
macrophages may differ in many aspects. MIF and MIF receptors,
however, are widely expressed in many human cells and organs (82),
including monocytes (83) and macrophages (84), and inhibition of the
MIF receptor CD74 prevents human M1 macrophage polarization
(35). Since M1 activation with associated metabolic reprogramming is
deeply involved in the pathomechanism of IBD, and MIF tautomerase
is a pharmaceutical target for its inhibition, TE-11 may be a potential
drug for future IBD treatment.

4 Materials and methods

4.1 Synthesis and purification of the test
compound TE-11

The test compound (2E)-2-(pyridin-2-ylmethylidene)-3,4-
dihydronaphthalen-1-one (TE-11), was synthesized at room
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temperature in ethanol as previously described (85). Purification
was accomplished by recrystallization from methanol and by
column chromatography. The structural characterization was
performed based on Fourier-transform infrared spectroscopy
methods and previously published NMR data. The compound
was corroborated as E-isomer based on NMR measurements (86).

4.2 Isolation of peripheral blood
polymorphonuclear leukocytes and
eosinophil purification

All experiments involving primary cells of human peripheral
blood were approved by the Institutional Review Board of the
Medical University of Graz (EK 17-291 ex 05/06). Briefly, human
peripheral blood polymorphonuclear leukocytes (PMNL) were
isolated from citrated whole blood among healthy volunteers.
Erythrocytes were removed by dextran sedimentation and PMNL
were separated from peripheral blood mononuclear cells (PBMC)
by density gradient centrifugation using PBMC spin medium
(pluriSelect Life Science, Leipzig, DE). Eosinophils were further
separated from neutrophils of the PMNL fraction by negative
magnetic selection using MACS cell separation system
(Eosinophil Isolation Kit, Miltenyi Biotech, Bergisch Gladbach,
DE) with a resulting purity typically at > 98%.

4.3 Chemotaxis assay

Chemotaxis assays were performed in a micro-Boyden chamber
as previously described (47). Unless otherwise stated, all materials
were procured from Merck (Darmstadt, DE). Eosinophil chemotaxis
was performed with purified human eosinophils, whereas human
PMNL preparations were used to assess the migratory responsiveness
of neutrophils. Cells were resuspended in assay buffer (PBS with 0.9
mmol/L Ca®" and 0.5 mmol/L. Mg, supplemented with 0.1% BSA,
10 mmol/L HEPES, and 10 mmol/L glucose, pH 7.4), pretreated with
TE-11 (20 uM) for 30 min at 37°C and allowed to migrate towards
MIF (3 nM; Peprotech, London, UK; eosinophils: n = 7, neutrophils:
n = 8), IL-8 (10 nM; Immunotools, Friesoythe, DE; neutrophils: n =
6) or CCL11 (10 nM; Immunotools, Friesoythe, DE; eosinophils: n =
7) for another 60 min at 37°C in a 48-well micro-Boyden chamber
using PVP-free polycarbonate filters with a pore size of 5 um
(eosinophils) or 3 pum (neutrophils) (Sterlitech, Auburn, US).
Migrating cells were enumerated by flow cytometry on a BD Canto
II flow cytometer (acquisition set for 30 sec at medium flow rate).
Eosinophils and neutrophils were gated by their forward and side
scatter properties and by autofluorescence (Supplementary Figure
S1). For all experiments, technical triplicates have been performed.

4.4 Apoptosis assay

Apoptosis assays were performed as previously described using
an Annexin-V/Propidium iodide-based staining protocol (47).
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Unless otherwise stated, all materials were procured from Merck
(Darmstadt, DE). Isolated PMNL (n=4) and purified eosinophils
(n=4) from healthy volunteers were pretreated with TE-11 (20 uM)
for 60 min in RPMI 1640 supplemented with 3% FBS and 1%
Penicillin/Streptomycin. Afterwards, cells were incubated with MIF
in PBS (500 nM, Peprotech, London, UK) or PBS+BSA (vehicle
control) for 24 hours. Cells were stained with APC-Annexin-V (1/
100) at 4°C in the dark for 20 min prior to adding Propidium iodide
(PL; 1/50). Samples were immediately analyzed on a BD Canto II
flow cytometer (acquisition set for 60 sec at medium flow rate).
Total cell numbers of live cells (annexin-V negative/PI negative),
early apoptotic cells (annexin-V positive/PI negative), late apoptotic
cells (annexin-V positive/PI positive) and necrotic cells (annexin-V
negative/PI positive) were recorded. For all experiments, technical
triplicates were performed.

4.5 Animals

Male CD1 mice were bred and maintained at the animal facility
of the Department of Biochemistry and Medical Chemistry,
Medical School, University of Pécs. All experimental procedures
were performed in full accordance with the European Communities
Council Directive of 2010/63/EU under protocols approved by the
Institutional Animal Use and Care Committee of the University of
Pécs (Permit number: BA02/2000-65/2022). Animals were housed
in temperature-controlled rooms on a 12/12 h light/dark cycle.
Water and standard laboratory rodent chow were available ad
libitum. At the time of TNBS-induction, the mice were 8-10
weeks old and organized randomly into vehicle (VEH), TNBS,
and TNBS+TE-11 treatment groups. Body weight was matched, and
5 or 10 mg/kg body weight TE-11 was applied intraperitoneally as
pretreatment (single injection) the day prior to TNBS treatment
followed by daily administration for 3 days (Figure 1C). The VEH
group received sterile PBS containing 5% DMSO. Following twelve
hours fasting, mice were anesthetized with 5% isoflurane (Baxter
Hungary Ltd, Budapest, Hungary) in 100% oxygen in an anesthetic
chamber. TNBS (4 mg in 100 pl of 30% ethanol; Sigma-Aldrich,
Missouri, USA) was administrated by single intracolonic injection
(Figure 1C) through a catheter, which was carefully inserted into the
colon approximately 3 cm deep. VEH group received equal amount
of 30% ethanol. Animals were weighed daily throughout the
experiment and sacrificed 72 hrs following TNBS administration
(Figure 1C). Blood was collected; colons were extracted, weighted
(g), length was measured (cm) and opened longitudinally to permit
macroscopic evaluation of colon damage. Tissue samples were
processed for further analysis.

4.6 Macroscopic scoring

To evaluate the tissue damage of the colon, we utilized a
semiquantitative macroscopic scoring system formerly described
by others (87). Briefly, individual scores were given in the
presence of the following symptoms: 1. ulcers (0.5 points for

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1558079
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Vamos et al.

each 0.5 cm); 2. adhesions (0 points: no adhesion, 1 point:
1 adhesion, 2 points: 2 or more adhesions or adhesions to
other organs than the colon); 3. colon shortening (based on a
mean length of a healthy colon, 1 point: >15%, 2 points: >25%);
4. wall thickness (mm); and 5. stool consistency and the presence
of blood in the stool (haemorrhage, faecal blood, or diarrhea
increase the total points by 1).

4.7 Colonic cytokine determination

In consideration of cytokine measurements, colon samples were
weighed and homogenized in an extraction buffer containing
protease inhibitor (Protease Inhibitor Cocktail (Sigma-Aldrich
Missouri, USA), Tris (50 mmol/l), EDTA (10 mmol/l), and
Triton X (1%) with a manual homogenizer (20 mg colon tissue/
100 pl buffer). Samples were next centrifuged at 10,000 rpm for 10
minutes in which the protein concentration of the supernatants was
determined via Bradford Reagent (Bio-Rad Laboratories).
Following normalization of the protein content, IL-1 and IL-6
cytokines levels were determined by Mouse Uncoated (IL-1p and
IL-6) ELISA kit (Invitrogen Waltham, Massachusetts, USA) in full
accordance with the manufacturer’s guidance.

4.8 Measurement of radical scavenging
effect

The direct free-radical scavenging activity of TE-11 was
analyzed as formerly published (47). Briefly, we applied a cell free
system using the Fenton reaction with 2 uM dihydrorhodamine 123
(DHR123) (Life Technologies, Carlsbad, CA, USA) fluorescent dye.
Oxidation of DHR123 was induced by the reaction of 100 uM H,0,
(Sigma-Aldrich Missouri, USA) and 100 uM EDTA-Fe*" salt in
PBS. TE-11, resveratrol (Sigma-Aldrich, Missouri, USA) and
tempol (Sigma-Aldrich, Missouri, USA) was diluted in PBS and
applied in 20 uM final concentration. Fluorescent intensity (494 nm
excitation and 517 nm emission) was measured immediately
following the addition of DHR123 using FL6500 fluorescence
spectrometer (Perkin-Elmer, Waltham, MA, USA).

4.9 Cell culture and treatments

In our cell culture experiments, we used RAW264.7 mouse
monocyte/macrophage cell line (ECACC, Salisbury, UK). Cells were
cultured in 5% CO, at 37°C in endotoxin-tested Dulbecco’s
Modified Eagle’s Medium (high glucose, 4.5 g/L, 2mM L-
Glutamine; Biosera Cholet, France) and 10% FBS (Corning New
York, USA) without addition of antibiotics. The day prior to the
experiment cells were plated onto 24- or 96-well plates and cultured
overnight. Next, the medium was replaced by a fresh one and cells
were induced by 0.01 pg/ml IFN-y (Merck Rahway, New Jersey,
USA) and 0.1 pg/ml LPS (Sigma-Aldrich Missouri, USA). TE-11
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was dissolved in DMSO (10 mM) and applied in 20 uM
concentration as a pretreatment for 30 min prior to LPS and
IFN-y treatment. To exclude the effects of the vehicle, every cell
received the precise amount of DMSO in 1:500 dilution.

4.10 ROS and nitrite production in
macrophages

In the detection of reactive oxygen species and nitrite, we seeded
RAW?264.7 cells onto 96-well plates in a density of 10° cells/well. Cells
were treated with TE-11 (20 uM) as pretreatment and with LPS (0.1
ug/ml) and IFN-y (0.01 pg/ml) for 24 hrs. Nitrite concentrations were
measured by using two additional concentrations of TE-11 (5 uM, 10
uM) to show concentration-dependent effect. Following 24 hours of
incubation, we utilized the same protocol for ROS and nitrite
measurements as formerly described (47).

4.11 Cytokine production in macrophages

In consideration of cytokine concentration measurements,
RAW264.7 cells were cultured in 24-well plates at a density of
5410 cells/well and treated with TE-11 as a pretreatment (20 uM)
and with LPS (0.1 pug/ml) and IFN-y (0.01 pg/ml) for 8 and 24 hours.
TNF-0, IL-6, and CCL-2 levels were determined from the culturing
media via Mouse (TNF-c, IL-6, CCL-2) uncoated ELISA Kits
(Invitrogen, Waltham, Massachusetts, USA). The concentration of
IL-6 was measured by using two additional concentrations of TE-11
(5 uM, 10 uM) to demonstrate the concentration-dependent effect.
HIF-10. was measured using a mouse HIF-1o. ELISA Kit (FineTest,
Wuhan, China). The supernatants from treated cells were collected,
centrifuged to remove debris, and stored at -80°C until analysis. The
ELISA protocol was achieved in full compliance to the manufacturer’s
recommended protocol. Lastly, optical density was measured at 450
nm with Glomax Multi Detection System (Promega®, Madison, WI).

4.12 Measurement of mitochondrial
bioenergetics

To analyze respiratory and glycolytic energy production, oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR)
were determined by SeahorseXFp Analyzer (Agilent Technologies,
Santa Clara, CA, USA). The day prior to the assay, the Seahorse XFp
Sensor Cartridge was hydrated as suggested by the manufacturer’s
protocol. The cells were plated at a starting density of 210" cells/well
onto Seahorse XFp Cell Culture Miniplates. RAW264.7 cells were
induced with LPS (0.1 pg/ml) and IFN-y (0.01 pg/ml) and treated
with 20 uM TE-11 for 8 hours. OCR and ECAR measurements were
performed by using two additional concentrations of TE-11 (5 puM, 10
uM) to demonstrate concentration-dependent effect. Following
various treatments, the medium was replaced by Seahorse XF Base
assay medium (pH 7.4) supplemented with 10 mM glucose, 2 mM L-
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glutamine, and 1 mM pyruvate. XFp Mito Stress Test Kit (Agilent
Technologies, Santa Clara, CA, USA) was used for measuring
mitochondrial function. The following modulators were injected
sequentially: oligomycin, carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) and rotenone/antimycin A (Agilent
Technologies, Santa Clara, CA, USA). The final concentration of
the modulators was 1 p{M. Bioenergetic parameters: basal respiration,
ATP production, maximal respiration, spare respiratory capacity,
non-mitochondrial respiration, proton leakage and coupling
efficiency all were determined as formerly described (88).

4.13 RNA isolation and qPCR

RAW264.7 cells were plated on 24 well plates at a density of
5¢10° cells/well, pretreated with TE-11 (20 uM), and cultured with
LPS (0.1 ug/mL) + IFN-y (0.01 pg/mL) for 24 h. Total RNA was
extracted from RAW 264.7 cells forming a confluent monolayer
using MRX-03 MagCore® triXact RNA Kit 631 (RBC Bioscience,
Taiwan) in full accordance with the manufacturer’s protocol.
Extracted RNA was quantified using Nanodrop 2000c
spectrophotometer and Qubit 2.0 fluorometer (Thermo Fischer
Scientific, Waltham, MA, USA). Two ug of total RNA was
reverse-transcribed with M-MuLV RT (Maxima First Strand
cDNA Synthesis Kit, Thermo Fischer Scientific, Waltham, MA,
USA). Fifty ng cDNA was used in 10 pL final volume for real-time
PCR using the Xceed qPCR SG 2x Mix (Institute of Applied
Biotechnologies, Praha-Strasnice, Czech Republic) and a CFX384
Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA). Data were analyzed using the ACt method. Primers were
received from Integrated DNA Technologies (Belgium), except for
Tnf (Invitrogen, Thermo Fisher Scientific, USA). The mRNA
expression of the reference gene Ribosomal protein L27 was used
for normalizing gene expression. Primers of gene expression
include the following (Table 1):

TABLE 1 List of genes and primers for relative gene expression analysis.

Sequence
Accession (5°-3") Amplicon
NM (F-forward, size
R-reverse)
F-
AGGTCAAGTTTGA
Ribosomal protein GGAGCGATAC
127 NM_011289 141
(Rpl27) R-
CCCACACAAATGC
AATAGGCAG
F-
CTCAGCCAGATG
C-C motif CAGTTAACG
chemokine ligand =~ NM_011333 E—— 157
2 (Ccl-2) R-
CAGACCTCTCTCT
TGAGCTTGG

(Continued)
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Continued

Sequence

Accession (5°-3") Amplicon

size

NM (F-forward,
R-reverse)

F-GCCACCAAGG

Hypoxia inducible AGGTACACAT

factor 1, alpha NM_001422143 102

subunit (Hif-1ot) R-AAGGAAGCCAT
CACCAGCTTA

F-CGCTCATCCAG

Nuclear GTTGGTACA

respiratory factor NM_001164226 74

1 (Nrfl) R-AGTGACTGTG
GTTGGCAGTT

F-ATGAGCACAGA

Tumor necrosis AAGCATGATC
factor NM_001278601 —— 660
(Tnf) R-TCACAGAGCA
ATGACTCCAA
F-AGCCAGAGTCC
Interleukin 6 TTCAGAGAGAT
L6 NM_031168 108
(IL-6) R-AGGAGAGCATT
GGAAATTGGGG
F-GGGCAGCCTG
Nitric oxide TGAGACCTT
synthase 2, NM_010927 — 72
inducible (Nos2) R-CATTGGAAGT
GAAGCGTTTCG
. F-GGAGCAAGGT
Superoxide
di CGCTTACAGA
ismutase 2,
i X NM_013671 74
mitochondrial R-GCGGAATAAGG
(Sod2) CCTGTTGTT

4.14 Statistical analyses

All statistical analyses were performed using SPSS version 28.0
statistics software (IBM, New York, USA). First, the normality of
data distribution was investigated by Q-Q plot and/or box-plot,
including the Shapiro-Wilk test. One-way ANOVA or Welch’s
ANOVA with the appropriate post hoc tests were used to compare
the means of groups. For establishing statistical significance
between groups, partial eta squared value was calculated to
demonstrate the effect size. Effect sizes ANOVA test was defined
as small, when the N2 was between 0.01 and 0.06; moderate when
T2 was between 0.06 and 0.14 and large when the rank N2 was
greater than 0.14. Kruskal-Wallis non-parametric one-way
ANOVA for independent samples with multiple pairwise
comparisons was utilized to determine differences without the
assumption of normality. The effect size for Kruskal-Wallis H test
was regarded as small when the rank 12 was between 0.01-0.06;
moderate when rank 12 was between 0.06-0.14 and large when the
rank 12 was greater than 0.14. The paired samples t-test was used to
determine differences between two groups. Effect sizes for paired
sample t-test were classed as very small when the Cohen’s d value
was less than 0.2; small when the d value was between 0.2-0.5;
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moderate when d was between 0.5-0.8 and large when the d was
greater than 0.8. The p-values less than 0.05 were considered to
be significant.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Institutional
Review Board of the Medical University of Graz. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study. The animal study was approved
by Institutional Animal Use and Care Committee of the University
of Pécs. The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

EV: Data curation, Formal Analysis, Investigation, Software,
Validation, Visualization, Writing - original draft. VV:
Investigation, Methodology, Validation, Writing - review &
editing. PD: Investigation, Methodology, Validation, Writing -
review & editing. NK: Investigation, Methodology, Software,
Validation, Writing - review & editing. ES: Conceptualization,
Funding acquisition, Investigation, Methodology, Supervision,
Validation, Visualization, Writing - original draft. NB:
Investigation, Methodology, Validation, Writing - review &
editing. LM: Formal Analysis, Software, Validation, Writing -
review & editing. TL: Methodology, Resources, Visualization,
Writing - original draft, Writing - review & editing. FG: Funding
acquisition, Resources, Writing - review & editing. BR:
Conceptualization, Formal Analysis, Investigation, Methodology,
Project administration, Supervision, Validation, Visualization,
Writing - original draft.

References

1. Kaplan GG. The global burden of IBD: from 2015 to 2025. Nat Rev Gastroenterol
Hepatol. (2015) 12:720-7. doi: 10.1038/nrgastro.2015.150

2. Kaser A, Zeissig S, Blumberg RS. Inflammatory bowel disease. Annu Rev
Immunol. (2010) 28:573-621. doi: 10.1146/annurev-immunol-030409-101225

3. Michielan A, D’Inca R. Intestinal permeability in inflammatory bowel disease:
pathogenesis, clinical evaluation, and therapy of leaky gut. Mediators Inflamm. (2015)
2015:628157. doi: 10.1155/2015/628157

4. Wallace KL, Zheng L-B, Kanazawa Y, Shih DQ. Immunopathology of inflammatory
bowel disease. World ] Gastroenterol. (2014) 20:6-21. doi: 10.3748/wjg.v20.i1.6

5. Na YR, Stakenborg M, Seok SH, Matteoli G. Macrophages in intestinal
inflammation and resolution: A potential therapeutic target in IBD. Nat Rev
Gastroenterol Hepatol. (2019) 16:531-43. doi: 10.1038/s41575-019-0172-4

Frontiers in Immunology

17

10.3389/fimmu.2025.1558079

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the Thematic Excellence Programme of the National Research,
Development and Innovation Fund (TKP2021-EGA-17) and the
Austrian Science Fund (FWF), Grant: RespImmun/Doc-129.

Acknowledgments

We express our sincere gratitude to Ildiko Bock-Marquette and
to Jon E. Marquette for proofreading and editing our manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1558079/
full#supplementary-material

6. Qing J, Zhang Z, Novak P, Zhao G, Yin K. Mitochondrial metabolism in
regulating macrophage polarization: an emerging regulator of metabolic
inflammatory diseases. Acta Biochim Biophys Sin. (2020) 52:917-26. doi: 10.1093/
abbs/gmaa081

7. Gordon S, Pliddemann A, Martinez Estrada F. Macrophage heterogeneity in
tissues: phenotypic diversity and functions. Immunol Rev. (2014) 262:36-55.
doi: 10.1111/imr.12223

8. Ley K, Pramod AB, Croft M, Ravichandran KS, Ting JP. How mouse macrophages
sense what is going on. Front Immunol. (2016) 7:204. doi: 10.3389/fimmu.2016.00204

9. Sawoo R, Dey R, Ghosh R, Bishayi B. TLR4 and TNFRI blockade dampen M1
macrophage activation and shifts them towards an M2 phenotype. Immunol Res. (2021)
69:334-51. doi: 10.1007/s12026-021-09209-0

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1558079/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1558079/full#supplementary-material
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1146/annurev-immunol-030409-101225
https://doi.org/10.1155/2015/628157
https://doi.org/10.3748/wjg.v20.i1.6
https://doi.org/10.1038/s41575-019-0172-4
https://doi.org/10.1093/abbs/gmaa081
https://doi.org/10.1093/abbs/gmaa081
https://doi.org/10.1111/imr.12223
https://doi.org/10.3389/fimmu.2016.00204
https://doi.org/10.1007/s12026-021-09209-0
https://doi.org/10.3389/fimmu.2025.1558079
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Vamos et al.

10. Neurath MF, Weigmann B, Finotto S, Glickman J, Nieuwenhuis E, Tijima H,
et al. The transcription factor T-bet regulates mucosal T cell activation in experimental
colitis and crohn’s disease. J Exp Med. (2002) 195:1129-43. doi: 10.1084/jem.20011956

11. Langer V, Vivi E, Regensburger D, Winkler TH, Waldner MJ, Rath T, et al. IFN-y
Drives inflammatory bowel disease pathogenesis through VE-cadherin-directed
vascular barrier disruption. J Clin Invest. (2019) 129:4691-707. doi: 10.1172/JCI124884

12. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation:
time for reassessment. F1000Prime Rep. (2014) 6:13. doi: 10.12703/P6-13

13. Castro F, Cardoso AP, Gongalves RM, Serre K, Oliveira MJ. Interferon-gamma
at the crossroads of tumor immune surveillance or evasion. Front Immunol. (2018) 9.
doi: 10.3389/fimmu.2018.00847

14. Luo M, Zhao F, Cheng H, Su M, Wang Y. Macrophage polarization: an
important role in inflammatory diseases. Front Immunol. (2024) 15:1352946.
doi: 10.3389/fimmu.2024.1352946

15. Zhang K, Guo J, Yan W, Xu L. Macrophage polarization in inflammatory bowel
disease. Cell Commun Signal CCS. (2023) 21:367. doi: 10.1186/s12964-023-01386-9

16. Lethen I, Lechner-Grimm K, Gabel M, Knauss A, Atreya R, Neurath MF, et al.
Tofacitinib affects M1-like and M2-like polarization and tissue factor expression in
macrophages of healthy donors and IBD patients. Inflamm Bowel Dis. (2024) 30:1151-
63. doi: 10.1093/ibd/izad290

17. Luckett-Chastain L, Calhoun K, Schartz T, Gallucci RM. IL-6 influences the
balance between M1 and M2 macrophages in a mouse model of irritant contact
dermatitis. J Immunol. (2016) 196:196.17. doi: 10.4049/jimmunol.196.Supp.196.17

18. Tan H-Y, Wang N, Li S, Hong M, Wang X, Feng Y. The reactive oxygen species
in macrophage polarization: reflecting its dual role in progression and treatment of
human diseases. Oxid Med Cell Longev. (2016) 2016:€2795090. doi: 10.1155/2016/
2795090

19. Chavez-Galan L, Olleros ML, Vesin D, Garcia I. Much more than M1 and M2
macrophages, there are also CD169+ and TCR+ Macrophages. Front Immunol. (2015)
6. doi: 10.3389/fimmu.2015.00263

20. Nahrendorf M, Swirski FK. Abandoning M1/M2 for a network model of
macrophage function. Circ Res. (2016) 119:414-7. doi: 10.1161/CIRCRESAHA.
116.309194

21. Virga F, Cappellesso F, Stijlemans B, Henze A-T, Trotta R, Van Audenaerde J,
et al. Macrophage miR-210 induction and metabolic reprogramming in response to
pathogen interaction boost life-threatening inflammation. Sci Adv. (2021) 7:eabf0466.
doi: 10.1126/sciadv.abf0466

22. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2 macrophages and
the th1/th2 paradigm. J Immunol Baltim. Md 1950. (2000) 164:6166-73. doi: 10.4049/
jimmunol.164.12.6166

23. Palsson-Mcdermott EM, Curtis AM, Goel G, Lauterbach MAR, Sheedy FJ,
Gleeson LE, et al. Pyruvate kinase M2 regulates hif-10t Activity and il-1B Induction and
is a critical determinant of the warburg effect in LPS-activated macrophages. Cell
Metab. (2015) 21:65-80. doi: 10.1016/j.cmet.2014.12.005

24. Wang F, Zhang S, Jeon R, Vuckovic I, Jiang X, Lerman A, et al. Interferon
gamma induces reversible metabolic reprogramming of M1 macrophages to sustain cell
viability and pro-inflammatory activity. EBioMedicine. (2018) 30:303-16. doi: 10.1016/
j.ebiom.2018.02.009

25. Understanding the warburg effect: the metabolic requirements of cell
proliferation (Accessed 5 July 2022).

26. Liu Y, Xu R, Gu H, Zhang E, Qu J, Cao W, et al. Metabolic reprogramming in
macrophage responses. biomark Res. (2021) 9:1. doi: 10.1186/s40364-020-00251-y

27. Nolfi-Donegan D, Braganza A, Shiva S. Mitochondrial electron transport chain:
oxidative phosphorylation, oxidant production, and methods of measurement. Redox
Biol. (2020) 37:101674. doi: 10.1016/j.redox.2020.101674

28. Hsu PP, Sabatini DM. Cancer cell metabolism: warburg and beyond. Cell. (2008)
134:703-7. doi: 10.1016/j.cell.2008.08.021

29. Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, et al. Succinate
dehydrogenase supports metabolic repurposing of mitochondria to drive inflammatory
macrophages. Cell. (2016) 167:457-470.e13. doi: 10.1016/j.cell.2016.08.064

30. Loke P, Nair MG, Parkinson J, Guiliano D, Blaxter M, Allen JE. IL-4 dependent
alternatively-activated macrophages have a distinctive in vivo gene expression
phenotype. BMC Immunol. (2002) 3:7. doi: 10.1186/1471-2172-3-7

31. Biswas SK, Allavena P, Mantovani A. Tumor-associated macrophages:
functional diversity, clinical significance, and open questions. Semin Immunopathol.
(2013) 35:585-600. doi: 10.1007/s00281-013-0367-7

32. Van den Bossche ], Baardman J, Otto NA, van der Velden S, Neele AE, van den
Berg SM, et al. Mitochondrial dysfunction prevents repolarization of inflammatory
macrophages. Cell Rep. (2016) 17:684-96. doi: 10.1016/j.celrep.2016.09.008

33. Castro BA, Flanigan P, Jahangiri A, Hoffman D, Chen W, Kuang R, et al.
Macrophage migration inhibitory factor downregulation: A novel mechanism of
resistance to anti-angiogenic therapy. Oncogene. (2017) 36:3749-59. doi: 10.1038/
onc.2017.1

34. Cotzomi-Ortega I, Nieto-Yanez O, Juarez-Avelar I, Rojas-Sanchez G, Montes-
Alvarado JB, Reyes-Leyva J, et al. Autophagy inhibition in breast cancer cells induces
ROS-mediated MIF expression and M1 macrophage polarization. Cell Signal. (2021)
86:110075. doi: 10.1016/j.cellsig.2021.110075

Frontiers in Immunology

10.3389/fimmu.2025.1558079

35. Chan P-C, Wu T-N, Chen Y-C, Lu C-H, Wabitsch M, Tian Y-F, et al. Targetted
inhibition of CD74 attenuates adipose COX-2-MIF-mediated M1 macrophage
polarization and retards obesity-related adipose tissue inflammation and insulin
resistance. Clin Sci Lond Engl 1979. (2018) 132:1581-96. doi: 10.1042/CS20180041

36. de Jong YP, Abadia-Molina AC, Satoskar AR, Clarke K, Rietdijk ST, Faubion
WA, et al. Development of chronic colitis is dependent on the cytokine MIF. Nat
Immunol. (2001) 2:1061-6. doi: 10.1038/ni720

37. Oliver J, Marquez A, Gomez-Garcia M, Martinez A, Mendoza JL, Vilchez JR,
et al. Association of the macrophage migration inhibitory factor gene polymorphisms
with inflammatory bowel disease. Gut. (2007) 56:150-1. doi: 10.1136/gut.2006.107649

38. Ohkawara T, Nishihira J, Takeda H, Hige S, Kato M, Sugiyama T, et al.
Amelioration of dextran sulfate sodium-induced colitis by anti-macrophage
migration inhibitory factor antibody in mice. Gastroenterology. (2002) 123:256-70.
doi: 10.1053/gast.2002.34236

39. Dagia NM, Kamath DV, Bhatt P, Gupte RD, Dadarkar SS, Fonseca L, et al. A
fluorinated analog of ISO-1 blocks the recognition and biological function of MIF and
is orally efficacious in a murine model of colitis. Eur ] Pharmacol. (2009) 607:201-12.
doi: 10.1016/j.ejphar.2009.02.031

40. Kadayat TM, Banskota S, Gurung P, Bist G, Thapa Magar TB, Shrestha A, et al.
Discovery and structure-activity relationship studies of 2-benzylidene-2,3-dihydro-1H-
inden-1-one and benzofuran-3(2H)-one derivatives as a novel class of potential
therapeutics for inflammatory bowel disease. Eur ] Med Chem. (2017) 137:575-97.
doi: 10.1016/j.ejmech.2017.06.018

41. Garai J, Kreko M, Orfi L, Jakus PB, Rumbus Z, Kéringer P, et al. Tetralone
derivatives are MIF tautomerase inhibitors and attenuate macrophage activation and
amplify the hypothermic response in endotoxemic mice. ] Enzyme Inhib. Med Chem.
(2021) 36:1357-69. doi: 10.1080/14756366.2021.1916010

42. Antoniou E, Margonis GA, Angelou A, Pikouli A, Argiri P, Karavokyros I, et al.
The TNBS-induced colitis animal model: an overview. Ann Med Surg. (2016) 11:9.
doi: 10.1016/j.amsu.2016.07.019

43. Dhayni K, Zibara K, Issa H, Kamel S, Bennis Y. Targeting CXCR1 and CXCR2
receptors in cardiovascular diseases. Pharmacol Ther. (2022) 237:108257. doi: 10.1016/
j.pharmthera.2022.108257

44. Nazarinia D, Behzadifard M, Gholampour ], Karimi R, Gholampour M. Eotaxin-
1 (CCL11) in neuroinflammatory disorders and possible role in COVID-19 neurologic
complications. Acta Neurol Belg. (2022) 122:865-9. doi: 10.1007/s13760-022-01984-3

45. Baumann R, Casaulta C, Simon D, Conus S, Yousefi S, Simon H-U. Macrophage
migration inhibitory factor delays apoptosis in neutrophils by inhibiting the
mitochondria-dependent death pathway. FASEB J. (2003) 17:2221-30. doi: 10.1096/
£).03-0110com

46. Schindler L, Zwissler L, Krammer C, Hendgen-Cotta U, Rassaf T, Hampton MB,
et al. Macrophage migration inhibitory factor inhibits neutrophil apoptosis by inducing
cytokine release from mononuclear cells. J Leukoc. Biol. (2021) 110:893-905.
doi: 10.1002/JLB.3A0420-242RRR

47. Vamos E, Kalman N, Sturm EM, Nayak BB, Teppan ], Vantus VB, et al. Highly
selective MIF ketonase inhibitor KRP-6 diminishes M1 macrophage polarization and
metabolic reprogramming. Antioxid Basel Switz. (2023) 12:1790. doi: 10.3390/
antiox12101790

48. Leonard SS, Xia C, Jiang B-H, Stinefelt B, Klandorf H, Harris GK, et al
Resveratrol scavenges reactive oxygen species and effects radical-induced cellular
responses. Biochem Biophys Res Commun. (2003) 309:1017-26. doi: 10.1016/
j.bbrc.2003.08.105

49. Wilcox CS, Pearlman A. Chemistry and antihypertensive effects of tempol and
other nitroxides. Pharmacol Rev. (2008) 60:418-69. doi: 10.1124/pr.108.000240

50. Stankey CT, Bourges C, Haag LM, Turner-Stokes T, Piedade AP, Palmer-Jones
C, et al. A disease-associated gene desert directs macrophage inflammation through
ETS2. Nature. (2024) 630:447-56. doi: 10.1038/s41586-024-07501-1

51. Song Z, Li X, Xie J, Han F, Wang N, Hou Y, et al. Associations of inflammatory
cytokines with inflammatory bowel disease: A mendelian randomization study. Front
Immunol. (2023) 14:1327879. doi: 10.3389/fimmu.2023.1327879

52. Dai S-X, Zou Y, Feng Y-L, Liu H-B, Zheng X-B. Baicalin down-regulates the
expression of macrophage migration inhibitory factor (MIF) effectively for rats with
ulcerative colitis. Phytother. Res PTR. (2012) 26:498-504. doi: 10.1002/ptr.3581

53. Houdeau E, Moriez R, Leveque M, Salvador-Cartier C, Waget A, Leng L, et al.
Sex steroid regulation of macrophage migration inhibitory factor in normal and
inflamed colon in the female rat. Gastroenterology. (2007) 132:982-93. doi: 10.1053/
j.gastro.2006.12.028

54. Tilstam PV, Schulte W, Holowka T, Kim B-S, Nouws J, Sauler M, et al. MIF but
not MIF-2 recruits inflammatory macrophages in an experimental polymicrobial sepsis
model. J Clin Invest. (2021) 131:e127171. doi: 10.1172/JCI127171

55. Leng L, Metz CN, Fang Y, Xu J, Donnelly S, Baugh J, et al. MIF signal
transduction initiated by binding to CD74. J Exp Med. (2003) 197:1467-76.
doi: 10.1084/jem.20030286

56. Shi X, Leng L, Wang T, Wang W, Du X, Li J, et al. CD44 is the signaling
component of the macrophage migration inhibitory factor-CD74 receptor complex.
Immunity. (2006) 25:595-606. doi: 10.1016/j.immuni.2006.08.020

57. Senter PD, Al-Abed Y, Metz CN, Benigni F, Mitchell RA, Chesney J, et al.
Inhibition of macrophage migration inhibitory factor (MIF) tautomerase and biological

frontiersin.org


https://doi.org/10.1084/jem.20011956
https://doi.org/10.1172/JCI124884
https://doi.org/10.12703/P6-13
https://doi.org/10.3389/fimmu.2018.00847
https://doi.org/10.3389/fimmu.2024.1352946
https://doi.org/10.1186/s12964-023-01386-9
https://doi.org/10.1093/ibd/izad290
https://doi.org/10.4049/jimmunol.196.Supp.196.17
https://doi.org/10.1155/2016/2795090
https://doi.org/10.1155/2016/2795090
https://doi.org/10.3389/fimmu.2015.00263
https://doi.org/10.1161/CIRCRESAHA.116.309194
https://doi.org/10.1161/CIRCRESAHA.116.309194
https://doi.org/10.1126/sciadv.abf0466
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.1016/j.ebiom.2018.02.009
https://doi.org/10.1016/j.ebiom.2018.02.009
https://doi.org/10.1186/s40364-020-00251-y
https://doi.org/10.1016/j.redox.2020.101674
https://doi.org/10.1016/j.cell.2008.08.021
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1186/1471-2172-3-7
https://doi.org/10.1007/s00281-013-0367-7
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1038/onc.2017.1
https://doi.org/10.1038/onc.2017.1
https://doi.org/10.1016/j.cellsig.2021.110075
https://doi.org/10.1042/CS20180041
https://doi.org/10.1038/ni720
https://doi.org/10.1136/gut.2006.107649
https://doi.org/10.1053/gast.2002.34236
https://doi.org/10.1016/j.ejphar.2009.02.031
https://doi.org/10.1016/j.ejmech.2017.06.018
https://doi.org/10.1080/14756366.2021.1916010
https://doi.org/10.1016/j.amsu.2016.07.019
https://doi.org/10.1016/j.pharmthera.2022.108257
https://doi.org/10.1016/j.pharmthera.2022.108257
https://doi.org/10.1007/s13760-022-01984-3
https://doi.org/10.1096/fj.03-0110com
https://doi.org/10.1096/fj.03-0110com
https://doi.org/10.1002/JLB.3A0420-242RRR
https://doi.org/10.3390/antiox12101790
https://doi.org/10.3390/antiox12101790
https://doi.org/10.1016/j.bbrc.2003.08.105
https://doi.org/10.1016/j.bbrc.2003.08.105
https://doi.org/10.1124/pr.108.000240
https://doi.org/10.1038/s41586-024-07501-1
https://doi.org/10.3389/fimmu.2023.1327879
https://doi.org/10.1002/ptr.3581
https://doi.org/10.1053/j.gastro.2006.12.028
https://doi.org/10.1053/j.gastro.2006.12.028
https://doi.org/10.1172/JCI127171
https://doi.org/10.1084/jem.20030286
https://doi.org/10.1016/j.immuni.2006.08.020
https://doi.org/10.3389/fimmu.2025.1558079
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Vamos et al.

activities by acetaminophen metabolites. Proc Natl Acad Sci U. S. A. (2002) 99:144-9.
doi: 10.1073/pnas.011569399

58. Kim K-W, Kim B-M, Lee K-A, Kim H-S, Lee S-H, Kim H-R. Reciprocal
interaction between macrophage migration inhibitory factor and interleukin-8 in
gout. Clin Exp Rheumatol. (2019) 37:270-8.

59. Vieira-de-Abreu A, Calheiros AS, Mesquita-Santos FP, Magalhaes ES, Mourao-
Sa D, Castro-Faria-Neto HC, et al. Cross-talk between macrophage migration
inhibitory factor and eotaxin in allergic eosinophil activation forms leukotriene Cy-
synthesizing lipid bodies. Am J Respir Cell Mol Biol. (2011) 44:509-16. doi: 10.1165/
rcmb.2010-00040C

60. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili S-
A, Mardani F, et al. Macrophage plasticity, polarization, and function in health and
disease. ] Cell Physiol. (2018) 233:6425-40. doi: 10.1002/jcp.26429

61. Sharma N, Akkoyunlu M, Rabin RL. Macrophages-common culprit in obesity
and asthma. Allergy. (2018) 73:1196-205. doi: 10.1111/all.13369

62. Zhu R-L, Zhi Y-K, Yi L, Luo J-F, Li ], Bai S-S, et al. Sinomenine regulates CD14/
TLR4, JAK2/STAT3 pathway and calcium signal via 07nAChR to inhibit inflammation
in LPS-stimulated macrophages. Immunopharmacol. Immunotoxicol. (2019) 41:172-7.
doi: 10.1080/08923973.2019.1568451

63. Liu M-W, Su M-X, Zhang W, Wang L, Qian C-Y. Atorvastatin increases
lipopolysaccharide-induced expression of tumour necrosis factor-a-induced protein
8-like 2 in RAW264.7 cells. Exp Ther Med. (2014) 8:219-28. doi: 10.3892/
etm.2014.1722

64. Frede S, Stockmann C, Freitag P, Fandrey J. Bacterial lipopolysaccharide induces
HIF-1 activation in human monocytes via P44/42 MAPK and NF-kappaB. Biochem J.
(2006) 396:517-27. doi: 10.1042/BJ20051839

65. Blouin CC, Page EL, Soucy GM, Richard DE. Hypoxic gene activation by
lipopolysaccharide in macrophages: implication of hypoxia-inducible factor lalpha.
Blood. (2004) 103:1124-30. doi: 10.1182/blood-2003-07-2427

66. McGettrick AF, O’Neill LAJ. The role of HIF in immunity and inflammation.
Cell Metab. (2020) 32:524-36. doi: 10.1016/j.cmet.2020.08.002

67. Gaber T, Schellmann S, Erekul KB, Fangradt M, Tykwinska K, Hahne M, et al.
Macrophage migration inhibitory factor counterregulates dexamethasone-mediated
suppression of hypoxia-inducible factor-1ot Function and differentially influences
human CD4+ T cell proliferation under hypoxia. J Immunol. (2011) 186:764-74.
doi: 10.4049/jimmunol.0903421

68. Li J, Zhang J, Xie F, Peng J, Wu X. Macrophage migration inhibitory factor
promotes warburg effect via activation of the NF-xB/HIF-10 Pathway in lung cancer.
Int ] Mol Med. (2018) 41:1062-8. doi: 10.3892/ijmm.2017.3277

69. Fan C, Li J, Li Y, Jin Y, Feng J, Guo R, et al. Hypoxia-inducible factor-1o
Regulates the interleukin-6 production by B cells in rheumatoid arthritis. Clin Transl
Immunol. (2023) 12:e1447. doi: 10.1002/cti2.1447

70. He S, Fan C, Ji Y, Su Q, Zhao F, Xie C, et al. SENP3 facilitates M1 macrophage
polarization via the HIF-10/PKM2 axis in lipopolysaccharide-induced acute lung
injury. Innate Immun. (2023) 29:25-34. doi: 10.1177/17534259231166212

71. Li J, Wang X, Nepovimova E, Wu Q, Kuca K. Deoxynivalenol induces cell
senescence in RAW264.7 macrophages via HIF-1o-mediated activation of the P53/P21
pathway. Toxicology. (2024) 506:153868. doi: 10.1016/j.tox.2024.153868

72. Cutrullis RA, Petray PB, Corral RS. MIF-driven activation of macrophages
induces killing of intracellular trypanosoma cruzi dependent on endogenous
production of tumor necrosis factor, nitric oxide and reactive oxygen species.
Immunobiology. (2017) 222:423-31. doi: 10.1016/j.imbio.2016.08.007

73. Regdon Z, Robaszkiewicz A, Kovacs K, Rygielska Z, Hegedtis C, Bodoor K, et al.
LPS protects macrophages from AIF-independent parthanatos by downregulation of

Frontiers in Immunology

19

10.3389/fimmu.2025.1558079

PARP1 expression, induction of SOD2 expression, and a metabolic shift to aerobic
glycolysis. Free Radic Biol Med. (2019) 131:184-96. doi: 10.1016/
j.freeradbiomed.2018.11.034

74. Gao Y-H, Li C-X, Shen S-M, Li H, Chen G-Q, Wei Q, et al. Hypoxia-Inducible
Factor 1o, Mediates the down-Regulation of Superoxide Dismutase 2 in von Hippel-
Lindau Deficient Renal Clear Cell Carcinoma. Biochem Biophys Res Commun. (2013)
435:46-51. doi: 10.1016/j.bbrc.2013.04.034

75. Takeda N, O’Dea EL, Doedens A, Kim ], Weidemann A, Stockmann C, et al.
Differential activation and antagonistic function of HIF-o. Isoforms in macrophages are
essential for NO homeostasis. Genes Dev. (2010) 24:491-501. doi: 10.1101/gad.1881410

76. Deng X, He J, Deng W, Deng W, Zhu X, Luo H, et al. Celastrol ameliorates
lipopolysaccharide (LPS)-induced acute lung injury by improving mitochondrial
function through AMPK/PGC-10/nrfl-dependent mechanism. Free Radic Biol Med.
(2025) 227:210-20. doi: 10.1016/j.freeradbiomed.2024.12.017

77. Pradhan P, Vijayan V, Liu B, Martinez-Delgado B, Matamala N, Nikolin C, et al.
Distinct metabolic responses to heme in inflammatory human and mouse macrophages
- role of nitric oxide. Redox Biol. (2024) 73:103191. doi: 10.1016/j.redox.2024.103191

78. Pan X, Zhu Q, Pan L-L, Sun J. Macrophage immunometabolism in inflammatory
bowel diseases: from pathogenesis to therapy. Pharmacol Ther. (2022) 238:108176.
doi: 10.1016/j.pharmthera.2022.108176

79. Wang T, Liu H, Lian G, Zhang S-Y, Wang X, Jiang C. HIF1 o. -induced glycolysis
metabolism is essential to the activation of inflammatory macrophages. Mediators
Inflamm. (2017) 2017. doi: 10.1155/2017/9029327

80. Desousa BR, Kim KK, Jones AE, Ball AB, Hsieh WY, Swain P, et al. Calculation
of ATP production rates using the seahorse XF analyzer. EMBO Rep. (2023) 24:56380.
doi: 10.15252/embr.202256380

81. Palmieri EM, Gonzalez-Cotto M, Baseler WA, Davies LC, Ghesquiere B, Maio N,
et al. Nitric oxide orchestrates metabolic rewiring in M1 macrophages by targeting
aconitase 2 and pyruvate dehydrogenase. Nat Commun. (2020) 11:698. doi: 10.1038/
541467-020-14433-7

82. Calandra T, Roger T. Macrophage migration inhibitory factor: A regulator of
innate immunity. Nat Rev Immunol. (2003) 3:791-800. doi: 10.1038/nri1200

83. Roger T, Schneider A, Weier M, Sweep FCGJ, Le Roy D, Bernhagen J, et al. High
expression levels of macrophage migration inhibitory factor sustain the innate immune
responses of neonates. Proc Natl Acad Sci. (2016) 113:E997-E1005. doi: 10.1073/
pnas.1514018113

84. Ebert S, Zang L, Ismail N, Otabil M, Frohlich A, Egea V, et al. Tissue inhibitor of
metalloproteinases-1 interacts with CD74 to promote AKT signaling, monocyte
recruitment responses, and vascular smooth muscle cell proliferation. Cells. (2023)
12:1899. doi: 10.3390/cells12141899

85. Al-Nakib TM, Lorand T, Féldesi A, Varghese R. The in vitro antimycotic activity
and acute toxicity of third-generation bezylidenetetralones and
heteroarylidenetetralones. Med Princ. Pract. (2001) 10:191-6. doi: 10.1159/000050368

86. Hallgas B, Dobos Z, Osz E, Hollosy F, Schwab RE, Szabo EZ, et al.
Characterization of lipophilicity and antiproliferative activity of E-2-arylmethylene-
1-tetralones and their heteroanalogues. ] Chromatogr B Analyt. Technol Biomed Life Sci.
(2005) 819:283-91. doi: 10.1016/j.jchromb.2005.02.014

87. Schicho R, Bashashati M, Bawa M, McHugh D, Saur D, Hu H-M, et al. The
atypical cannabinoid O-1602 protects against experimental colitis and inhibits
neutrophil recruitment. Inflamm Bowel Dis. (2011) 17:1651-64. doi: 10.1002/ibd.21538

88. Divakaruni AS, Paradyse A, Ferrick DA, Murphy AN, Jastroch M. Chapter Sixteen
- Analysis and Interpretation of Microplate-Based Oxygen Consumption and pH Data. In:
Murphy AN, Chan DC, editors. Methods in Enzymology, vol. 547. Academic Press (2014).
p. 309-54. Mitochondrial Function. doi: 10.1016/B978-0-12-801415-8.00016-3

frontiersin.org


https://doi.org/10.1073/pnas.011569399
https://doi.org/10.1165/rcmb.2010-0004OC
https://doi.org/10.1165/rcmb.2010-0004OC
https://doi.org/10.1002/jcp.26429
https://doi.org/10.1111/all.13369
https://doi.org/10.1080/08923973.2019.1568451
https://doi.org/10.3892/etm.2014.1722
https://doi.org/10.3892/etm.2014.1722
https://doi.org/10.1042/BJ20051839
https://doi.org/10.1182/blood-2003-07-2427
https://doi.org/10.1016/j.cmet.2020.08.002
https://doi.org/10.4049/jimmunol.0903421
https://doi.org/10.3892/ijmm.2017.3277
https://doi.org/10.1002/cti2.1447
https://doi.org/10.1177/17534259231166212
https://doi.org/10.1016/j.tox.2024.153868
https://doi.org/10.1016/j.imbio.2016.08.007
https://doi.org/10.1016/j.freeradbiomed.2018.11.034
https://doi.org/10.1016/j.freeradbiomed.2018.11.034
https://doi.org/10.1016/j.bbrc.2013.04.034
https://doi.org/10.1101/gad.1881410
https://doi.org/10.1016/j.freeradbiomed.2024.12.017
https://doi.org/10.1016/j.redox.2024.103191
https://doi.org/10.1016/j.pharmthera.2022.108176
https://doi.org/10.1155/2017/9029327
https://doi.org/10.15252/embr.202256380
https://doi.org/10.1038/s41467-020-14433-7
https://doi.org/10.1038/s41467-020-14433-7
https://doi.org/10.1038/nri1200
https://doi.org/10.1073/pnas.1514018113
https://doi.org/10.1073/pnas.1514018113
https://doi.org/10.3390/cells12141899
https://doi.org/10.1159/000050368
https://doi.org/10.1016/j.jchromb.2005.02.014
https://doi.org/10.1002/ibd.21538
https://doi.org/10.1016/B978-0-12-801415-8.00016-3
https://doi.org/10.3389/fimmu.2025.1558079
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	MIF tautomerase inhibitor TE-11 prevents inflammatory macrophage activation and glycolytic reprogramming while reducing leukocyte migration and improving Crohn’s disease-like colitis in male mice
	1 Introduction
	2 Results
	2.1 TE-11 improves TNBS-induced colitis in mice
	2.2 TE-11 attenuates human neutrophil and eosinophil migration induced by MIF, IL-8 or CCL11
	2.3 TE-11 prevents the anti-apoptotic effect of MIF in isolated human neutrophils and eosinophils
	2.4 MIF inhibition decreases HIF-1α mRNA transcription and protein expression in macrophages
	2.5 TE-11 modulates inflammatory mRNA transcription in macrophages
	2.6 TE-11 inhibited proinflammatory cytokine and RONS production in M1 activated macrophages without a direct antioxidative effect
	2.7 The MIF tautomerase inhibitor TE-11 reduced basal extracellular acidification rate in RAW264.7 cells
	2.8 TE-11 improved mitochondrial respiration, ATP production and coupling efficiency

	3 Discussion
	4 Materials and methods
	4.1 Synthesis and purification of the test compound TE-11
	4.2 Isolation of peripheral blood polymorphonuclear leukocytes and eosinophil purification
	4.3 Chemotaxis assay
	4.4 Apoptosis assay
	4.5 Animals
	4.6 Macroscopic scoring
	4.7 Colonic cytokine determination
	4.8 Measurement of radical scavenging effect
	4.9 Cell culture and treatments
	4.10 ROS and nitrite production in macrophages
	4.11 Cytokine production in macrophages
	4.12 Measurement of mitochondrial bioenergetics
	4.13 RNA isolation and qPCR
	4.14 Statistical analyses

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


