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Pharmacological inhibition of casein kinase II attenuates
metaflammation in a murine model of diet-induced
metabolic dysfunction
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Abstract. Kinases are activators of well-known inflammatory
cascades implicated in metabolic disorders, and abnormal
activation of casein kinase II (CK2) is associated with
several inflammatory disorders. However, thus far, its role
in the low-grade chronic inflammatory response known as
‘metaflammation’, which is a hallmark of obesity and type 2
diabetes, has not yet been elucidated. The present study aimed
to evaluate the role of CK2 in diet-induced metaflammation
and the effects of the CK2 inhibitor 4,5,6,7-tetrabromobenzo-
triazole (TBB) on a murine model fed a high-fat-high-sugar
(HFHS) diet. C57BL/6JOlaHsd mice were fed a standard
diet (n=12) or HFHS diet (n=24) for 12 weeks. A subgroup
of the HFHS group received TBB (2.5 mg/kg/day, orally,
n=12) for the last 8 weeks. Subsequently, plasma and liver
samples were harvested for ex vivo biomolecular analyses
(immunohistochemistry, western blotting, multiplex assay
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to determine the plasma levels of pro-inflammatory cyto-
kines, reverse transcription-quantitative PCR and enzymatic
assays) Statistical significance was determined using one-way
ANOVA with post-hoc analysis (P<0.05). The results revealed
that HFHS feeding induced glucose and lipid intolerance,
elevated circulating pro-inflammatory cytokines and increased
hepatic neutrophil infiltration. By contrast, TBB treatment
improved glucose and lipid homeostasis, and reduced systemic
inflammation without altering body weight. Notably, TBB
attenuated hepatic inflammation, reduced neutrophil recruit-
ment and suppressed HFHS-induced CK2a hyperactivation.
This was accompanied by modulation of key inflammatory
pathways, including NF«B/nucleotide-binding domain,
leucine-rich-containing family, pyrin domain-containing-3
and AMPK signaling. In conclusion, the present study demon-
strated the beneficial effects of pharmacological inhibition of
CK2 in a murine model of diet-induced metabolic dysfunction,
identifying CK2 as a potential target for dampening metaflam-
mation. The efficacy of TBB in relieving hepatic inflammation
was mainly due to the interference with selective inflammatory
pathways.

Introduction

Obesity, dyslipidemia and hyperinsulinemia are consid-
ered crucial metabolic risk factors affecting the onset of
non-communicable diseases (1). A major driver of the high
prevalence of these metabolic disorders is unhealthy dietary
behavior, particularly the consumption of processed foods rich
in saturated fats and simple sugars, but poor in fiber, minerals
and vitamins; this dietary pattern is commonly referred to as
the “Western diet’ (2,3). Evidence has indicated that low-grade
chronic inflammation, also known as ‘metaflammation’, is a
hallmark of diet-induced metabolic abnormalities, including
obesity and insulin resistance (IR) (4,5). It is well estab-
lished that the expansion of visceral adipose tissue due to
overnutrition leads to tissue hypoxia, alterations in immune
cell populations, such as macrophages and neutrophils, and
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dysregulated cytokine production. These changes promote the
release of pro-inflammatory cytokines, such as TNF-a, IL-6
and IL-1B, thereby contributing to the development of IR (6,7).

The association between IR and inflammation has been
extensively explored during the last few decades, paving the
way for the identification of several key contributors to this
pathological condition. Specifically,kinases are among the most
widely studied proteins acting as cross-talk mediators between
metabolic inflammation and impaired insulin sensitivity.
The activation of kinases is mediated by cytokine receptors
and Toll-like receptors, and kinases themselves mediate the
upregulation of signaling pathways, such as NFkB and MAPK
cascades, leading to the release of cytokines, thus eliciting a
feed-forward loop that exacerbates inflammation (8,9). Our
previous study suggested that pharmacological targeting of
these enzymes may offer therapeutic benefits for metabolic
disorders; for example, selective inhibitors of JAKs, approved
for treating rheumatoid arthritis and other chronic inflamma-
tory conditions, have been shown to reduce body weight gain,
improve glucose tolerance and alleviate IR in mice, alongside
reducing both local and systemic inflammation (10). Similarly,
JAK inhibition has been reported to improve glucose handling
in fructose-induced diabetic rats (11).

The Ser/Thr kinase casein kinase II (CK2) is a ubiqui-
tously expressed and constitutively active enzyme, structurally
organized in a tetrameric form, composed of two catalytic
(o and/or ') and two regulatory (f) subunits (12,13). CK2
directly phosphorylates several amino acid residues on some
of the key factors involved in regulation of the NFkB cascade,
including the inhibitor of kB o (IkBa) kinase (14-17) and the
p65 subunit of NFxB (18,19), resulting in increased NF«xB
transcriptional activity and enhanced expression of down-
stream pro-inflammatory target genes (14,18).

Dysfunctional CK2 activity has been shown to be impli-
cated in the onset of various pathological disturbances, thus
indicating the need to determine its pleiotropic role as a
master regulator of cell homeostasis. For example, elevated
levels of CK2 have been reported in the serum of patients
with type 2 diabetes (20), and increased activation of CK2 has
been detected in murine white adipocytes, where it regulates
energy expenditure (21), glucose homeostasis (22) and lipid
metabolism (23).

Despite the growing body of evidence supporting the
involvement of CK2 in metabolic disorders (21,23,24), the
potential benefits of its pharmacological modulation in the
context of diet-induced metabolic dysfunction remain poorly
understood. To date, the effects of CK2 inhibition have
been most convincingly demonstrated in adipocytes (24),
where it markedly impacts the adipogenic program and the
local regulation of fat metabolism. By contrast, limited data
are available on the consequences of pharmacological CK2
inhibition in the liver, despite hepatic inflammation being
a well-established contributor to both local and systemic
impairments in glucose and lipid homeostasis (25). Notably,
targeted genetic interventions in hepatic inflammatory path-
ways, such as the NFkB p65 subunit or pro-inflammatory
kinases, including IkB kinase  and Rho-kinase 1, have been
shown to markedly affect whole-body insulin sensitivity in
mice subjected to a hypercaloric diet (26-28). The present
study aimed to explore the effects of a CK2 ATP-competitive

inhibitor, 4,5,6,7-tetrabromobenzotriazole (TBB), on
molecular mechanisms driving hepatic inflammation and its
potential association with changes in blood cytokines, as well
as systemic markers of lipid and glucose profiles.

Materials and methods

Ethics statement. The in vivo experimental procedures
performed in the present study were approved by the local
Animal Use and Care Committee (University of Turin, Turin,
Italy) and the Ministry of Health (approval no. 855/2021-PR),
in keeping with the European Directive 2010/63/EU on the
protection of animals used for scientific purposes, the Guide
for the Care and Use of Laboratory Animals and ARRIVE
guidelines (29-31).

Animal study and procedures. A total of 36 3-week-old male
C57BL/6JOlaHsd mice (ENVIGO RMS SRL) were main-
tained in conventional housing conditions (n=5 mice/cage) in
a controlled environment with a temperature of 25+2°C and
humidity of 45-65%, under an automatically controlled 12-h
light/dark cycle, with ad libitum access to food and water. The
basal body weight of the mice was 15-20 g, with no statisti-
cally significant differences among the groups. After 1 week
of acclimatation, the mice were randomly divided into one of
two dietary regimens: i) Fed a standard diet (SD; 3.85 kcal/g;
cat. no. E157452-04; n=12), which provided 10% kcal from
fat (soybean oil and lard), 70% kcal from carbohydrates (corn
starch and maltodextrins) and 20% kcal from protein (Casein
30 Mesh and L-Cysteine); or ii) fed a high-fat-high-sugar
(HFHS) diet (5.56 kcal/g; cat. no. E15772-34 ; n=24), which
provided 58% kcal from fat (soybean oil and hydrogenated
coconut oil) 25.5% kcal from carbohydrates (sucrose and
maltodextrins), 16.4% kcal from protein (Casein 30 Mesh)
and 0.1% kcal from micro-nutrients (including vitamins and
minerals) for 12 weeks. Both diets were purchased from ssniff
Spezialdidten GmbH. The timing of the dietary intervention
and the components of the diets were established according to
previous experimental protocols that evoked IR, glucose intol-
erance and body weight gain in mice (32-34). After 4 weeks of
dietary manipulation, a subgroup from the HFHS diet-fed mice
received daily oral administration of TBB (CliniSciences) at
the dosage of 2.5 mg/kg (HFHS + TBB; n=12). Sample size
was calculated by G*Power 3.1™ software analysis (https://
www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychol-
ogie-und-arbeitspsychologie/gpower; one-way ANOVA fixed
effects, assuming an a of 0.05 and 80% power), based on
previously published data recorded on serum TNF-a levels
in a similar mouse model of diet-induced metabolic dysfunc-
tion (10). The dose was determined according to previous
in vivo studies (35-37). Body weight and food intake were
recorded weekly with a precision balance (VWR International
S.r.l.). All reagents were purchased from MilliporeSigma
unless otherwise stated.

Oral glucose tolerance test (0GTT) and insulin tolerance test
(ITT). For the oGTT, after an overnight fast, blood glucose
levels were measured with Accu-check Aviva glucometer
(Roche Diabetes Care Italy S.P.A.). Next, a 30% D-glucose
solution (2 g/kg) was administered orally, and glycaemia
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was measured, specifically after 15, 30, 60 and 120 min. The
ITT test was performed after 6 h of fasting; briefly, insulin
(0.75 Ul/kg) was injected intraperitoneally and glycaemia was
measured 0, 15, 45, 60 and 90 min after the injection. Blood
glucose levels were measured using a standard handheld
glucometer requiring only 0.5 ul blood per sample. Tail vein
sampling was conducted following a low-burden microsam-
pling protocol, recognized in international guidelines (38-41),
using a single puncture site and collecting <5 ul per sample,
well below the established microsampling volume threshold.

Plasma and liver collection. At the end of the experimental
protocol, after an overnight fast, mice were anesthetized with
isoflurane (3%), delivered in oxygen (0.4 I/min flow rate) and
blood was collected by cardiac exsanguination into vials
containing EDTA (17 yM/ml). The blood samples were then
centrifuged at 13,000 x g for 10 min at room temperature to
obtain the plasma fraction. After cardiac exsanguination, the
mice underwent cervical dislocation and liver samples were
harvested, snap frozen in liquid nitrogen and stored at -80°C.
A portion of the hepatic tissue was cryoprotected in optimal
cutting temperature compound, frozen in liquid nitrogen and
stored at -80°C for immunohistochemistry analysis.

Plasma analysis. Plasma levels of aspartate aminotransferase
(AST; cat. no. CL36-275), alanine aminotransferase (ALT;
cat. no. CL38-275), triglycerides (cat. no. CL53-200S) and
total cholesterol (cat. no. CL21-200S) were measured using
colorimetric clinical assay kits (FAR S.r.1.) according to the
manufacturer's instructions. TNF-a, IL-1f, IL-6, IFN-y and
IL-17A plasma levels were measured using the Bio-Plex Pro™
Mouse Cytokine Th17 Panel A 6-Plex (cat. no. M6000007NY;
Bio-Rad Laboratories, Inc.), according to the manufacturer's
instructions.

Histological evaluation of hepatic inflammation with
hematoxylin and eosin (H&E) staining. H&E staining was
performed to evaluate the hepatic inflammatory infiltrates.
Frozen liver tissues were cut into cryostatic sections (10 gm)
and fixed in cold acetone for 2 min. Subsequently, the sections
were rinsed in distilled water and incubated in Mayer's hema-
toxylin for 5 min at room temperature. The sections were then
rinsed in tap water for 5 min and were counterstained with
eosin solution for 1 min, followed by a brief wash in distilled
water at room temperature. Finally, the sections were dehy-
drated in ascending ethanol solutions (70, 90 and 100%; 1 min/
step), fixed in xylene solution for 1 min at room temperature
and were mounted with DPX medium (MilliporeSigma) and
coverslips. The stained tissues were viewed under a Zeiss
Airyscan confocal microscope (magnification, x10 and
x20; Zeiss GmbH). Images were analyzed utilizing ImageJ
1.54p (National Institutes of Health) to semi-quantify the
inflammatory area as previously described (42).

Mpyeloperoxidase (MPO) activity assay. MPO activity assay
was performed as previously described (43). Briefly, ~100 mg
liver sections were homogenized in 20 mM PBS (pH=7.4) and
centrifuged at 13,000 x g for 10 min at 4°C. Pellets were then
resuspended in 0.5 ml 0.5% hexadecyltrimethylammonium
bromide in PBS (50 mM; pH 6) and centrifuged at 13,000 x g
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for 10 min at 4°C. MPO activity was assessed by indirectly
measuring the H,0,-dependent oxidation of 3,3',5,5'-tetrameth-
ylbenzidine dihydrochloride hydrate with a spectrophotometer
(EnSight™; PerkinElmer, Inc.). Data are presented as optical
density at 650 nm/mg of protein.

Immunohistochemistry. Immunohistochemical analysis was
performed on the 10-um liver cryostatic sections, which were
fixed for 2 min in cold acetone. A solution of 1% Tween in
PBS was used for 5 min at room temperature for permea-
bilization. After blocking with 3% bovine serum albumin
(BSA; MilliporeSigma) in PBS at room temperature, the
sections were incubated for 2 h at room temperature with
an MPO primary antibody (1:30; cat. no. ab9535; Abcam)
and were subsequently incubated for 45 min with horse-
radish peroxidase (HRP)-conjugated secondary antibodies
at room temperature (1:400; cat. no. 7074; Cell Signaling
Technology, Inc.). Chromogenic detection was assessed by
exposing slides to DAB for 2 min and by counterstaining them
with Mayer's hematoxylin for 5 min at room temperature.
Stained tissues were viewed under a Zeiss Airyscan confocal
microscope (magnification, x10 and x20). ImageJ 1.54p was
used to semi-quantify the mean positive MPO area on x20
magnification images (n=3-4/group).

Western blot analysis. Total and cytosolic/nuclear liver protein
extracts were prepared as previously described (44), and
were quantified using the BCA protein assay (cat. nos. 23225
and 23250; Pierce; Thermo Fisher Scientific, Inc.). Briefly,
50 ug proteins were separated by SDS-PAGE on 8, 10 and
12% acrylamide gels, and were transferred to polyvinylidene
difluoride membranes (cat. no. GE10600038; Merck KGaA) or
nitrocellulose membranes (cat. no. GVS1215471; GVS S.p.a.).
After 1 h of blocking with 10% BSA solution, the membranes
were incubated at 4°C overnight with the following primary
antibodies: Rabbit anti-phosphorylated (p)-CK2a pTyr?*®
(1:1,000; cat. no. SAB4504299; Merck KGaA) rabbit anti-total
CK2a (1:1,000; cat. no. ab76040; Abcam), mouse anti-Ser*?3¢
IkBa (1:1,000, cat. no. 9246), rabbit anti-total IkBa (1:1,000;
cat. no. 9242), rabbit anti-total p65 NF«kB (1:500; cat.
no. 8242) (all from Cell Signaling Technology, Inc.), mouse
anti-nucleotide-binding domain, leucine-rich-containing
family, pyrin domain-containing-3 (NLRP3; 1:1,000; cat.
no. AG-20B-0014-C100; AdipoGen Life Sciences), rabbit
anti-cleaved caspase-1 (1:500; cat. no. 89332; Cell Signaling
Technology, Inc.), mouse anti-total caspase 1 (1:1,000; cat.
no. MA5-16215; Thermo Fisher Scientific, Inc.), rabbit
anti-p-AMPK (1:1,000; cat. no. 2531), rabbit anti-total AMPK
(1:1,000; cat. no. 2532), rabbit mouse anti-f-actin (1:1,000;
cat. no. 4970) (all from Cell Signaling Technology, Inc.), goat
anti-intercellular adhesion molecule 1 (ICAM-1; 1:1,000; cat.
no. sc-1511), mouse anti-vinculin (1:1,000; cat. no. sc-73614) and
mouse anti-proliferating cell nuclear antigen (PCNA; 1:1,000;
cat. no. sc-25280) (all from Santa Cruz Biotechnology, Inc.).
Subsequently, the blots were incubated with HRP-conjugated
secondary antibodies at room temperature for 1 h (1:10,000;
anti-mouse cat. no. 7076, anti-rabbit cat. no. 7074; both from
Cell Signaling Technology, Inc.; anti-goat cat. no. 1721034;
Bio-Rad Laboratories, Inc.). Proteins were detected with
Clarity and Clarity Max Detection Kits (cat. nos. 1705061
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and 1705062; Bio-Rad Laboratories, Inc.) and were semi-quan-
tified using ImageLab Version 6.1.0 (Bio-Rad Laboratories,
Inc.) and Image] software [ImageJ 1.54 h; Javal.8.0_345(64
bit)]. The results were normalized to the densitometric value
of B-actin or vinculin for cytosolic and total proteins, and
mouse PCNA for nuclear proteins. Housekeeping proteins
were selected based on previously published papers supporting
their stability and appropriateness in similar experimental
settings (10,44-48). Semi-quantitative results of the p-proteins
were shown as the ratio of the p-protein isoform to total
protein expression. All values were expressed as fold change
compared with SD-fed mice values.

Reverse transcription-quantitative PCR (qPCR). Total RNA
was extracted from liver samples (15 mg) using Animal
Tissue RNA Purification Kit (cat. no. 25700; Norgen Biotek
Corp.), according to the manufacturer's instructions. RNA
concentration was assessed using a NanoDropOne instru-
ment (Thermo Fisher Scientific, Inc.) and 200 ng was reverse
transcribed using SensiFAST™ cDNA Synthesis Kit 50 reac-
tions (cat. no. BIO-65053; Meridian Bioscience) according
to the manufacturer's instructions. qPCR was performed on
1 ul cDNA using the SensiFAST™ SYBR® No-ROX Kit (cat.
no. BIO-98005; Meridian Bioscience) according to manufac-
turer's instructions. gPCR was conducted on the CFX Connect
Real-Time PCR Detection System (Bio-Rad Laboratories,
Inc.). The thermocycling conditions were as follows: 2 min
at 95°C for polymerase activation, followed by 40 cycles of
5 sec at 95°C for denaturation, 10 sec at 55°C for annealing
and 13 sec at 72°C for extension. Relative gene expres-
sion was obtained after normalization to the housekeeping
gene GAPDH (cat. no. QT01658692; Mm_Gapdh_3_SG;
Qiagen, Inc.), or 18S, using the formula 2244 as previously
described (49). Fold change was determined by comparison
to the SD group. Forward and reverse sequences for TNF-a,
IL-1pB, IL-6, fatty acid nuclear synthase (FASN), sterol regula-
tory element-binding protein (SREBP)1c and 18S are listed in
Table I and were purchased from biomers.net GmbH and from
metabion international AG.

Statistical analysis. Data are presented as the mean + SEM
and ‘n’ indicates the number of mice studied. Graph-Pad Prism
software version 7.05 (Dotmatics) was used for data analysis.
Shapiro-Wilk test was adopted to assess the normality of
the variable distributions and Bartlett's test was applied for
establishing the homogeneity of the variances. Logarithmic
transformation was applied to the data to ensure normality and
homogeneity of variance, when necessary. One-way ANOVA
followed by Bonferroni's test was used to assess normally
distributed data. Non-parametric Kruskal-Wallis test followed
by Dunn's post hoc analysis was employed for data that were
not normally distributed or exhibited a heterogeneity of
variance despite the logarithmic transformation. P<0.05 was
considered to indicate a statistically significant difference.

Results
TBB administration counteracts diet-induced impairments

in glucose and lipid profiles. As reported in Table 11, HFHS
diet-fed mice exhibited higher body weight gain compared

Table 1. Primer sequences used for reverse transcription-
quantitative PCR.

Gene Primer sequence, 5'-3'
Forward TNF-a. GCAGTTTCTGTCCCTTTCAC
Reverse TNF-a CATTTGGGAACTTCTCATCCCT
Forward IL-1f CTTTGAAGAGCCCATCCT
Reverse IL-1f3 CCGTCTTTCATTACACAGGACAG
Forward IL-6 CTGATGCTGGTGACAACCAC
Reverse IL-6 TCCACGATTTCCCAGAGAAC
Forward 18S TGCGAGTACTCAACACCAACA
Reverse 18S CTGCTTTCCTCAACACCACA
Forward SREBP1c TGGAATCTAGCCCAGCCAGC
Reverse SREBP1c AGACTGGTACGGGCCACAAG
Forward FASN ACAGGAGTTCTGGGCCAACC
Reverse FASN AGGAGGCGTCGAACTTGGAG

FASN, fatty acid nuclear synthase; SREBPIc, sterol regulatory
element-binding protein 1c.

with those fed an SD, due to the increase in total caloric intake,
which was not reverted by TBB administration. Notably, no
significant differences in food intake (g/day) were recorded
among any of the experimental groups. HFHS diet-fed mice
displayed altered glycemic and lipid profiles when compared
with SD-fed mice, with higher fasting blood glucose levels and
impaired glucose and insulin tolerance. Notably, TBB admin-
istration reduced both lipid levels and fasting blood glucose
compared with those in the HFHS group, without significant
effects on glucose handling capability, when recorded after the
glucose challenge.

TBB administration protects against diet-induced liver
injury. A significant increase was documented in the plasma
levels of ALT and AST in the HFHS group compared with
those in SD-fed mice (Fig. 1A and B), which was reversed
by TBB administration, suggesting that chronic phar-
macological treatment did not alter hepatic functionality
and, most notably, was helpful in alleviating diet-induced
hepatic injury. The deleterious impact of dietary manipu-
lation on the liver was confirmed by the H&E staining
(Fig. 1C), showing a significant increase in the area of
inflammatory cells in the liver from HFHS diet-fed mice
compared with that in the SD group, which was markedly
reduced following TBB treatment (Fig. 1D). The HFHS
diet-induced increase in hepatic infiltration of inflammatory
cells was further supported by the detection of an upregu-
lation of the adhesion molecule ICAM-1 (Fig. 2A), and a
significant increase in the expression and activity of MPO,
a well-known biomarker of leukocyte infiltration and lipid
peroxidation (50) (Fig. 2B-D), in the liver of HFHS diet-fed
mice when compared with SD-fed mice. Both the upregula-
tion of ICAM-1, and the increased expression and activity
of MPO, caused by chronic exposure to a hypercaloric diet,
were markedly reduced when HFHS diet-fed mice were
exposed to TBB.
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Table II. Metabolic parameters assessed at the end of the protocol.

Parameter SD HFHS HFHS + TBB
Body weight, g 27.89+0.46 44 .32+0.82* 42.44+097*
Food intake, g/mouse/day 2.89+0.05 3.12+0.09 3.04+0.12
Fasting blood glucose, mg/dl 104.40+6.06 155.00+5.96* 130.4+5.12*°
oGTT AUC, mg/dl x min x1,000 18.14+1.12 26.27+0.86* 25.30+1.04*
ITT AUC, mg/dl x min x1,000 4.7540.15 7.85+0.20° 7.95+£0.27
Total cholesterol, mg/dl 66.33+£5.41 212.30+13.29° 155.90+18.98*°
Triglycerides, mg/dl 22.11+1.36 57.88+2.55* 27.23+1.79*°

AUC, area under the curve; ITT, insulin tolerance test; HFHS, high-fat high-sugar; oGTT, oral glucose tolerance test; SD, standard diet; TBB,
4.5,6,7-tetrabromobenzotriazole. Data are presented as the mean + SEM (n=12 mice/group). Statistical analysis was performed using one-way
ANOVA followed by Bonferroni's post hoc test, *P<0.05 vs. SD; °P<0.05 vs. HFHS.
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Figure 1. Effects of hypercaloric diet consumption and casein kinase II inhibition on hepatic inflammatory status. (A) ALT and (B) AST were measured in
plasma samples using commercially available kits. Data are presented as the mean + SEM (n=12 mice/group). Statistical analysis was performed by one-way
ANOVA followed by Bonferroni's post hoc test for ALT, whereas AST was analyzed by Kruskal-Wallis followed by Dunn's post hoc test. (C) H&E staining was
performed on hepatic cryopreserved tissues (n=5 mice/group). Representative photomicrographs of were recorded with a Zeiss Airyscan confocal microscope
at (magnification, x10 and x20). (D) Relative area of inflammatory cells. Data are presented as the mean + SEM (n=5 mice/group). Statistical analysis was
performed by one-way ANOVA followed by Bonferroni's post hoc test. “P<0.05 vs. SD; "P<0.05 vs. HFHS. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; H&E. hematoxylin and eosin; HFHS, high-fat high-sugar; SD, standard diet; TBB, 4,5,6,7-tetrabromobenzotriazole.
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Figure 2. Assessment of ICAM-1 expression and neutrophilic recruitment at the hepatic level among the experimental groups. (A) Western blot analysis
of ICAM-1 normalized to f-actin. Densitometric analysis of the bands is expressed as relative O.D. Data are presented as the mean + SEM (n=4-5 mice/
group). (B) Representative photomicrographs of MPO immunostaining were recorded (n=5 mice/group). Stained tissues were viewed under a Zeiss Airyscan
confocal microscope (magnification, x10 and 20x). (C) Mean positive MPO area on x20 magnification images (n=3-4 mice/group). Data are presented as the
mean + SEM (n=3/4 mice per group). (D) MPO activity was measured using an in vitro assay. Data are presented as the mean + SEM (n=10 mice/group).
Statistical analysis was performed by one-way ANOVA followed by Bonferroni's post hoc test. “P<0.05 vs. SD; *P<0.05 vs. HFHS. HFHS, high-fat high-sugar;
ICAM-1, intercellular adhesion molecule 1; MPO, myeloperoxidase; O.D., optical density; SD, standard diet; TBB, 4,5,6,7-tetrabromobenzotriazole.

TBB administration ameliorates AMPK phosphorylation
and reduces the activation of pro-inflammatory signaling
pathways in mice fed a HFHS diet. As shown by western blot
analysis, HFHS diet-fed mice showed a statistically significant
increase in the phosphorylation, and thus activation, of IxBa

on Ser*?*®, compared with that in the SD group (Fig. 3A). This
effect was paralleled by an increased nuclear translocation
of the NFxB p65 subunit when compared with the SD group
(Fig. 3B). Pharmacological intervention with TBB evoked a
significant reduction in IkBa phosphorylation status as well
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Figure 3. Effects of hypercaloric diet and pharmacological inhibition of casein kinase II on NFkB and NLRP3 inflammasome cascades, as well as AMPK
phosphorylation in the liver. Western blot analysis of (A) IkBa phosphorylated on Ser*?*® normalized to IxBa; (B) NFkB p65 subunit expression at nuclear and
cytosolic levels; (C) NLRP3 inflammasome expression; (D) cleaved caspase-1 and total caspase-1 expression; and (E) AMPK phosphorylated on Thr'”* and
total AMPK. Densitometric analysis of the bands is presented as relative O.D. Data are presented as the mean + SEM (n=4-5 mice/group). Statistical analysis
was performed by one-way ANOVA followed by Bonferroni's post hoc test. “P<0.05 vs. SD; *P<0.05 vs. HFHS. HFHS, high-fat high-sugar; inhibitor of kB «;
NLRP3, nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3; O.D., optical density; PCNA, proliferating cell nuclear
antigen; SD, standard diet; TBB, 4,5,6,7-tetrabromobenzotriazole.
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Figure 5. Assessment of hepatic pro-inflammatory and lipogenic transcript levels following dietary challenges and casein kinase II inhibition. Quantitative
PCR was performed for the following genes: (A) TNF-a, (B) IL-1f, (C) IL-6, (D) FASN and (E) SREBPIc. Relative gene expression was obtained after
normalization to GAPDH or 18S genes, using the formula 2244 and fold change was determined by comparison to the SD group. Data are presented as the
mean + SEM (n=5-6 mice/group). Statistical analysis was performed by Kruskal-Wallis followed by Dunn's post hoc test for TNF-o and IL-6, whereas IL-1f,
FASN and SREBPIc were analyzed by one-way ANOVA followed by Bonferroni's post hoc test, ‘P<0.05 vs. SD; "P<0.05 vs. HFHS. FASN, fatty acid nuclear
synthase; HFHS, high-fat high-sugar; SD, standard diet; SREBPIc, sterol regulatory element-binding protein 1c; TBB, 4,5,6,7-tetrabromobenzotriazole.

as in p65 nuclear translocation, indicating that CK2 may be an
important mediator of NFkB activation. Similarly, the HFHS
diet evoked a statistically significant increased expression of
the NLRP3 inflammasome and cleavage of caspase-1 in the
liver homogenates of mice when compared with those in the
SD-fed mice (Fig. 3C and D). Notably, TBB administration
resulted in a statistically significant reduction in the expression
of both NLRP3 and cleaved caspase-1. Chronic exposure to the
HFHS diet markedly disrupted the phosphorylation of AMPK,
a critical energy sensor, when compared with SD-fed mice,
thus suggesting potential dysregulation of metabolic pathways
(Fig. 3E). Notably, pharmacological intervention with TBB
effectively restored basal levels of Thr'”? AMPK phosphorylation,
reversing the deleterious effects of the HFHS diet.

TBB inhibits CK2a catalytic subunit overactivation in the liver of
HFHS diet-fed mice. As shown in Fig. 4, neither the hypercaloric

diet nor the drug treatment evoked marked changes in the total
expression of the pharmacological target of TBB, the enzyme
CK2. However, the HFHS group displayed a two-fold increase
in the phosphorylation of CK2a on Tyr*?, thus indicating an
overactivation of the kinase. As expected, TBB administration
significantly reduced the degree of Tyr*> phosphorylation of the
CK2a subunit, thus confirming the ability of TBB to effectively
inhibit the activity of its pharmacological target.

TBB administration mitigates local and systemic cytokine
release during chronic consumption of a HFHS diet, and
affects markers of hepatic lipogenesis. As shown in Fig. 5A-C,
a significant increase in the mRNA expression levels of the
cytokines TNF-a, IL-1f3 and IL-6 was recorded in the liver
of HFHS diet-fed mice when compared with those in SD-fed
mice. By contrast, TBB administration was associated with
a marked reduction in the transcript levels of these cytokine
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Figure 6. Effects of HFHS consumption and casein kinase II inhibition on systemic cytokine release. Plasma levels of pro-inflammatory cytokines (A) TNF-a,
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Panel A 6-Plex assay. Data are presented as the mean + SEM (n=6-8 mice/group). TNF-a and IL-1§3 were analyzed by Kruskal-Wallis followed by Dunn's post
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high-fat high-sugar; SD, standard diet; TBB, 4,5,6,7-tetrabromobenzotriazole.

within the liver of mice chronically exposed to the HFHS diet.
Notably, a parallelism between local levels of mRNA expres-
sion and systemic concentrations of cytokines was detected.
Chronic HFHS diet intake resulted in a notable increase in
the blood concentrations of several cytokines, including those
detected within the liver, and also IFN-y and IL-17A when
compared with those in SD-fed mice (Fig. 6A-E). In keeping
with the results obtained from liver homogenates, the admin-
istration of the CK2 inhibitor TBB resulted in the plasma
cytokine levels returning to values similar to those recorded
in the SD-fed mice. Moreover, HFHS diet feeding resulted
in an increase in the mRNA expression levels of FASN and
SREBPIc in the liver compared with those in the SD group
(Fig. 5D and E), suggestive of impaired hepatic lipogenesis.
Notably, TBB effectively reduced the expression levels of
these two key transcription factors regulating the expression
of genes related to lipid homeostasis.

Discussion

Previous studies have demonstrated that there is a causative
relationship between the exposure to diets enriched in fat and
sugar and the development of a low-grade chronic inflam-
matory response, known as metaflammation, which in turn
contributes to the development of IR and related metabolic
dysfunction (2,4). The insulin signaling cascade can be
affected by inflammatory cytokine pathways, promoting
an alteration in glucose uptake and imbalanced lipolysis,
ultimately triggering ectopic lipid storage and disrupting
insulin sensitivity (51). Numerous studies have identified the
overactivation of inflammatory signaling cascades, including
NF«xB, NLRP3 inflammasome, BTK and JAK, as a result of
high-fat diet feeding in mice, supporting the hypothesis that
their pharmacological modulation could alleviate diet-induced
abnormalities (10,11,34,52-54). However, pharmacological
approaches aimed at inhibiting individual pathways show

limited clinical effectiveness due to the redundancy of inflam-
matory cascades leading to metaflammation, and the complex
interplay among various innate and adaptive immune cells
altered by dietary manipulation. Therefore, the identification
of crucial regulators that can specifically modulate the activa-
tion status of multiple inflammatory mediators simultaneously
may represent a more effective strategy for counteracting the
adverse consequences of metaflammation.

One of the main molecular patterns that serve an important
role in orchestrating downstream signals perceived from the cell
surface is the protein kinase family (9). Among them, CK2 is
one of the first kinases that has been identified as a common
modulator of several cellular processes (12,13). For example,
CK2 selectively controls the activity of interdependent media-
tors recruited in response to inflammation, including NFkB
and JAK?2, and has been established to be involved in various
pathological disorders associated with pro-inflammatory
status (35,55). As documented in the present study, chronic
exposure to a hypercaloric diet was associated with increased
phosphorylation and hence overactivation of the CK2 catalytic
subunit o in the mouse liver. The present findings are in agreement
with those of previous studies showing the role of CK2 in patho-
logical conditions associated with the obesogenic environment.
Specifically, CK2 has been identified as a central modulator of
glucose homeostasis in adipocytes and the preclinical outcomes
of CK2 upregulation have been confirmed in patients affected
by multiple symmetric lipomatosis, a pathological condition that
includes adipose tissue expansion in its morphological pheno-
type (22,24). These findings are consistent with the role of CK?2
in regulating thermogenesis in adipocytes (21) and in promoting
pre-adipocyte differentiation, both of which contribute to the
amelioration of lipid accumulation under conditions of chronic
lipid overload in vitro and in vivo (23). In addition, an impair-
ment in CK?2 activity has been recorded in cardiomyocytes from
insulin-resistant rats (56), highlighting the broad physiological
relevance of this kinase across multiple organs. Although
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CK2 has been shown to be upregulated in both abdominal
visceral and subcutaneous adipose tissue from obese and obese/
diabetic subjects (22), to the best of our knowledge, no data are
currently available on CK2 expression or activity in the liver of
these patients. Therefore, future studies involving human liver
samples are warranted to validate the relevance of hepatic CK2
activation in obesity and diet-related metabolic impairments.

The present study documented that chronic exposure to a
hypercaloric diet evoked a marked increase in CK2 activity
in the mouse liver, without inducing relevant upregulation
of CK2 expression. Notably, TBB administration resulted
in a robust inhibition of CK2 activation, thus confirming its
effectiveness as a CK2 inhibitor in vivo and its direct impact
on modulating inflammation and metabolic parameters, not
only at the systemic level but also directly in the liver. These
beneficial effects were associated with a slight but not signifi-
cant reduction in food intake and body weight, indicating
that the pharmacological intervention did not exert a robust
impact on mass accumulation in the present study. Notably,
a recent study (23) showed significant differences in body
weight gain and food intake measured in mice exposed to a
hypercaloric diet in the presence or absence of high doses of a
CK2 inhibitor, thus highlighting how subtle differences in the
experimental protocol, as well as in drug selectivity, dosage
and route of administration, can critically affect outcomes
related to whole-body metabolic homeostasis.

The present results clearly demonstrated that the benefi-
cial effects of CK2 inhibition were due, at least in part, to a
significant reduction in the development of the diet-induced
metaflammation. TBB treatment resulted in lower blood
levels of pro-inflammatory cytokines when compared with
mice exposed to the hypercaloric diet. The systemic increase
in cytokines levels in response to the HFHS diet was also
paralleled by an increase in leukocyte infiltration/activation
in the liver, as suggested by marked increases in the local
expression of the adhesion molecule ICAM-1 and cytokines
(TNFa, IL-1p and IL-6), and in MPO expression and activity.
These detrimental effects were efficaciously inhibited by TBB
administration. The present findings are consistent with previ-
ously published data showing similar protective effects on the
same markers of inflammatory response in response to another
ATP-competitive CK?2 inhibitor, CX-4945, which is currently
under clinical investigation (57-62). This convergence of data
supports the hypothesis that the protective actions observed in
response to TBB may be reflective of a broader class effect of
CK2 inhibition.

To identify the molecular mechanisms underlying these
beneficial effects the current study focused on the cross-talk
between CK2 and selective pro-inflammatory cascades, namely
NF«xB and NLRP3 inflammasome, the interactions of which
with CK2 have been previously documented in other preclin-
ical contexts (35,60,63). The present findings demonstrated
that TBB effectively inhibited hepatic IkBa phosphorylation
and prevented nuclear translocation of the NF«xB p65 subunit.
Given that CK2 has been shown to activate the NF«xB pathway
via direct phosphorylation of the IkB C-terminus and p65
subunit (14,18,19), it is plausible that the observed suppression
of NF«B signaling is a direct result of local CK2 inhibition.
In agreement with previous studies (62,64), the present study
also documented a significant effect of the pharmacological

inhibition of CK2 on diet-induced impairment of AMPK
phosphorylation. Since AMPK activation has been shown to
interfere with p65 nuclear translocation (65), these findings
suggested that changes in AMPK phosphorylation due to
TBB exposure may further contribute to the recorded down-
regulation of NF«kB activity in the TBB experimental group.
Regarding the NLRP3 inflammasome, the protective effects of
TBB likely occur via upstream inhibition of NF«B, which is a
key regulator of NLRP3 expression (66) The lack of a direct
impact of CK2 activity on NLRP3 inflammasome has been
shown by a previous study demonstrating that CK?2 activation
does not result in an efficient direct control of NLRP3 phos-
phorylation (67). Nevertheless, in the same study, a reduction
in the production of IL-1f and in the formation of ASC specks
was demonstrated following CK?2 knockdown, thus suggesting
a functional cross-talk between CK2 and the NLRP3 inflam-
masome, likely involving intermediary signaling components.
Overall, to the best of our knowledge, the present findings are
the first to show that the pharmacological inhibition of CK?2
may mitigate metaflammation by targeting critical inflamma-
tory pathways in the liver, thereby limiting the progression of
the diet-induced metabolic dysfunction.

Further mechanisms may contribute to the protection
evoked by CK2 inhibition, including selective interference
with signaling cascades associated with glucose homeostasis
processes. For example, Pack et al (68) highlighted the
role of CK2 in the gluconeogenesis process, due to selec-
tive modulation of the enzyme fructose-1,6-biphosphatase
(FBP1). Acute administration of a CK2 inhibitor was shown
to result in reduced FBPI1 protein expression and activity
in both in vitro and in vivo conditions, and this effect was
associated with improved systemic glucose profile. CK2
has also been suggested to regulate the activity of lipogenic
enzymes involved in the lipid biosynthesis. For example, CK?2
indirectly modulates the activity of SREBP1 and SREPB2,
which are crucial transcriptional factors for fatty acids and
cholesterol synthesis (69). Specifically, CK2 activation results
in an increased activity of mammalian target of rapamycin
complex 1, which in turns evokes an increased SREBP1
nuclear translocation and the subsequent transcription of
genes associated with lipogenesis (70). On the other hand,
CK2 inhibits the activation of a negative regulator of SREBP1
nuclear translocation, namely the protein phosphatidic acid
phosphatase lipin 1 (LPIN1) (71). Thus, the pharmacological
inhibition of CK2 fosters LPINT1 activity, promoting the conse-
quent reduction of SREBP1 nuclear translocation. In addition,
CK2 has been shown to regulate the transcriptional activation
of FASN, in response to insulin, in obese mice (72). Notably,
CK2 sustains biosynthesis of desaturated lipids in renal carci-
noma cells, suggesting an important role for lipid metabolism
even in aberrant conditions, such as cancer (73). The present
results further corroborate the involvement of CK2 in the
regulation of lipogenic genes and, most notably, showed that
CK2 inhibition was associated with improved transcriptional
control of these genes, thus confirming the relevance of CK2
pharmacological targeting in the governance and interplay of
several metabolic cascades, including lipogenesis.

Despite these compelling findings, it is important to
acknowledge that additional mechanisms may contribute to
the beneficial effects of TBB observed in the current study.
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Although TBB is a selective ATP-competitive inhibitor of CK2,
it has been reported to interfere with a limited number of other
kinases, most of which are involved in oncogenic signaling
pathways and are, therefore, of limited relevance in the context
of the present experimental model (74). However, TBB has also
been shown to inhibit glycogen synthase kinase 3 and phos-
phorylase kinase, two key enzymes involved in glycogenesis
and glycogenolysis, respectively (75). As such, the possibility
that these off-target effects may partially contribute to the
improvements in blood glucose levels observed following TBB
administration cannot be ruled out.

In conclusion, the present study confirmed the beneficial
effects of CK2 inhibition on a murine model of diet-induced
metabolic dysfunction, focusing mainly on the protective
impact of TBB in blunting the hepatic inflammatory response,
due to its ability to interfere with selective inflammatory
pathways. These effects may contribute, at least in part, to
the amelioration of the systemic glucose and lipid profiles. As
previously reported, CK2 serves a pivotal role in regulating
adipose tissue differentiation and activation. Therefore, the
effects of TBB on adipose tissue inflammation, a key contrib-
utor to systemic metabolic dysfunction, while not examined
in the present study, may represent an additional crucial
mechanism underlying its protective effects. Furthermore, the
potential off-target effects of TBB on other kinases or signaling
pathways involved in glucose and lipid homeostasis cannot be
excluded. Consequently, further studies employing more selec-
tive CK2 inhibitors, recently developed and now under clinical
investigation for cancer, will be critical to better elucidate the
role of CK2 in the pathophysiology of metabolic disorders
and to assess the translational potential of its pharmacological
modulation in this context.
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