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Abstract

Immune system is a complex network that clears pathogens, toxic substrates, and
cancer cells. Distinguishing self-antigens from non-self-antigens is critical for the
immune cell-mediated response against foreign antigens. The innate immune
system elicits an early-phase response to various stimuli, whereas the adaptive
immune response is tailored to previously encountered antigens. During immune
responses, B cells differentiate into antibody-secreting cells, while naive T cells
differentiate into functionally specific effector cells [T helper 1 (Thl), Th2, Th17,
and regulatory T cells]. However, enhanced or prolonged immune responses can
result in autoimmune disorders, which are characterized by lymphocyte-
mediated immune responses against self-antigens. Signal transduction of
cytokines, which regulate the inflammatory cascades, is dependent on the
members of the Janus family of protein kinases. Tyrosine kinase 2 (Tyk2) is
associated with receptor subunits of immune-related cytokines, such as type I
interferon, interleukin (IL)-6, IL-10, IL-12, and IL-23. Clinical studies on the
therapeutic effects and the underlying mechanisms of Tyk2 inhibitors in
autoimmune or chronic inflammatory diseases are currently ongoing. This review
summarizes the findings of studies examining the role of Tyk2 in immune and/or
inflammatory responses using Tyk2-deficient cells and mice.

Key Words: Tyrosine kinase 2; Cytokines; Signal transduction; Immune system; Inflam-
mation

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

January 27,2022 | Volume13 | Issuel |


https://www.f6publishing.com
https://dx.doi.org/10.4331/wjbc.v13.i1.1
http://orcid.org/0000-0002-7474-493X
http://orcid.org/0000-0002-7474-493X
http://orcid.org/0000-0002-5571-2457
http://orcid.org/0000-0002-5571-2457
http://orcid.org/0000-0002-3089-3757
http://orcid.org/0000-0002-3089-3757
mailto:tmatsuda@pharm.hokudai.ac.jp

Muromoto R ef al. Tyk2 in immune responses

Grade E (Poor): 0

Open-Access: This article is an
open-access article that was
selected by an in-house editor and
fully peer-reviewed by external
reviewers. It is distributed in
accordance with the Creative
Commons Attribution
NonCommercial (CC BY-NC 4.0)
license, which permits others to
distribute, remix, adapt, build
upon this work non-commercially,
and license their derivative works
on different terms, provided the
original work is properly cited and
the use is non-commercial. See: htt
ps:/ / creativecommons.org/ Licens
es/by-nc/4.0/

Received: March 27, 2021
Peer-review started: March 27, 2021
First decision: July 27, 2021
Revised: August 6, 2021

Accepted: December 22, 2021
Article in press: December 22, 2021
Published online: January 27, 2022

P-Reviewer: Todorovic-Rakovic N
S-Editor: Liu M

L-Editor: A

P-Editor: Liu M

Jaishideng®

WJBC | https://www.wjgnet.com 2

Core Tip: Studies on murine #yrosine kinase 2 (Tyk2)-deficient models were reviewed
to examine the role of Tyk2 dysregulation in human diseases. 7yk2-deficient mice
exhibit reduced responses in several interleukin-12 (IL-12)/Th1- and IL-23/Th17-
mediated models of diseases, including rheumatoid arthritis, multiple sclerosis, inflam-
matory bowel diseases, psoriasis, sarcoidosis, and delayed-type hypersensitivity. These
findings demonstrate a broad contribution of Tyk2 to immune responses. Tyk2
represents a candidate for drug development by targeting both the IL-12/Th1 and IL-
23/Th17 axes.

Citation: Muromoto R, Oritani K, Matsuda T. Current understanding of the role of tyrosine
kinase 2 signaling in immune responses. World J Biol Chem 2022; 13(1): 1-14

URL: https://www.wjgnet.com/1949-8454/full/v13/il/1.htm

DOI: https://dx.doi.org/10.4331/wjbc.v13.i1.1

INTRODUCTION

Cytokines function as effectors and regulate the proliferation, differentiation, and
functions of immune cells and consequently aid in the clearance of invading
pathogens. However, cytokines are also involved in the onset and development of
autoimmune diseases[1]. Cytokine-specific cell surface receptors exhibit conforma-
tional changes upon activation, which result in activation of the Janus family of protein
tyrosine kinases (Jaks). Activated Jaks promote the recruitment and phosphorylation
of the transcription factor signal transducer and activator of transcription (STAT).
Nuclear translocation of activated STATs induces the expression of cytokine-
responsive genes. Thus, the Jak-STAT pathway transduces signals from various
cytokine receptor superfamily members[2-4].

The Jak family comprises Jak1, Jak2, Jak3, and tyrosine kinase 2 (Tyk2), which are
activated by distinct cytokines[2-4]. Jak1 binds to interferon (IFN), interleukin (IL)-6,
and IL-10 receptors that contain a common y chain and gp130 subunit, while Jak2
binds to IL-3 and erythropoietin, growth hormone, and prolactin hormone-like
receptors. Tyk2 binds to IFN, IL-12, and IL-23 receptors. Jak3, whose expression is
localized to hematopoietic cells, binds exclusively to receptors that contain common y
chains along with Jakl. Moreover, Jakl deficiency in mice results in perinatal lethality
and impaired lymphocyte development[5]. The embryonic lethality in Jak2-deficient
mice is attributed to insufficient definitive erythropoiesis[6]. Jak3 deficiency results in
dysfunctional mature T and B lymphocytes and leads to severe combined immunode-
ficiency[7,8]. Although Tyk2-deficient mice are viable, they are susceptible to viral
infections[9,10].

Previous studies using experimental models, such as Tyk2-deficient mice have
demonstrated that Tyk2 primarily functions in the IL-12 and IFN-a/p signaling
pathways[9,10]. In humans, a mutation in TYK2, which causes an autosomal recessive
form of hyper IgE syndrome (AR-HIES), affects the IL-23, IL-10, and IL-6 signal
transduction pathways (Figure 1)[11]. Tyk2 is involved in both innate and acquired
immunity. Here, the current knowledge on the involvement of Tyk2 in immune
responses has been reviewed, and the potential clinical applications of Tyk2 inhibitors
have been discussed.

ROLE OF TYK2 IN INFLAMMATORY RESPONSES
IFN system

Tyk2 was originally identified as a protein kinase that can compensate for the loss of
IFN response in mutant fibroblasts[12]. IFN-a specifically activates Tyk2 and Jakl1,
which leads to the phosphorylation of STAT1 and STAT2 and the dimerization of
activated STATs. The nuclear translocation of dimerized STATSs induces the expression
of target genes|[3,13].

Type I IFNs are constitutively expressed in various cells, including macrophages.
Although the constitutive expression of type I IFNs is low, they can regulate
physiological cellular functions in an autocrine or a paracrine manner[14,15]. Tyk2
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Figure 1 Schematic representation of the tyrosine kinase 2-related cytokine receptors. The IL-6 receptor, which comprises IL6RA (gp80) and IL6RB
(gp130) subunits, activates signal transducer and activator of transcription (STAT)1 and STAT3 through interactions with Tyrosine kinase 2 (Tyk2), Janus family of
protein tyrosine kinases 1 (Jak1), and Jak2. The IL-10 receptor, which comprises IL-10R1 and IL10-R2 subunits, activates STAT1, STAT3, and STAT5 through
interactions with Tyk2 and Jak1. IL-12 is a heterodimeric cytokine comprising the IL-12p35 and IL-12p40 subunits. The IL-12 receptor, which comprises IL-12Rp1 and
IL-12RB2, mainly activates STAT4 through interactions with Tyk2 and Jak2. The IL-12p40 component of IL-23 can dimerize with IL-23p19 to form IL-23. The IL-23
receptor, which comprises IL-12RB1 and IL-23R subunits, activates STAT1, STAT3, and STAT4 through interactions with Tyk2 and Jak2. The type | IFN receptor,
which comprises IFNAR1 and IFNAR2 subunits, activates STAT1 and STAT2 through interactions with Tyk2 and Jak1. STAT: Signal transducer and activator of
transcription; Tyk2: Tyrosine kinase 2; Jak1: Janus family of protein tyrosine kinases 1.

promotes the constitutive production of type I IFNs in macrophages under steady-
state conditions, as well as during the innate immune responses against bacterial
components. The basal and lipopolysaccharide (LPS)-induced expression levels of type
I IFN are dysregulated in Tyk2-deficient macrophages[16]. Moreover, Tyk2-deficient
and Ifnb-deficient mice are resistant to high-dose LPS-induced lethal septic shock[16,
17]. Additionally, the expression of type I IFN-responsive genes, especially under
steady-state conditions, was downregulated in Tyk2-deficient macrophages[18].
Therefore, Tyk2 is partially involved in macrophage activation by regulating autocrine
and/ or exogenous IFN production in the neighboring immune cells.

IL-12 and IL-23 systems

Helper T cells can be classified into the following two subsets based on their cytokine
profiles: T helper 1 (Th1) and Th2 cells[19]. IL-12 and IL-4 promote the differentiation
of naive CD4" T cells into Th1 cells and Th2 cells, respectively. Heterodimeric IL-12
comprises covalently linked p35 and p40 subunits. Both IL-12 and IL-23 comprise the
p40 subunit[20]. IL-23 (comprising p40 and unique p19 subunits) promotes the differ-
entiation of Th17 cells, which secrete the effector cytokines IL-17, IL-21, and IL-22[21,
22]. Th17 cells can promote enhanced inflammatory responses to eliminate microbial
pathogens. However, Th17 cells are considered highly pathogenic as excessive and
prolonged activation of Th17 cells can result in autoimmune and inflammatory
disorders, including inflammatory bowel diseases (IBD) and rheumatoid arthritis
(RA), in humans (Figure 2)[21,22].

The activation of IL-12 receptor, which is associated with Tyk2 and Jak2, activates
STAT4[23,24]. Phosphorylated Stat4 along with signals from the activated T cell
receptor induces the expression of T-bet, which is a master transcriptional factor for
Th1 differentiation[25]. IL-23, whose receptor is associated with Tyk2, induces the
proliferation, survival, and functional maturation of Th17 cells[22,26] although Th17
cell differentiation is dependent on signals from TGF-p and IL-6 (Figure 3)[22]. STAT3,
a major downstream effector of the Thl7-related cytokine pathway, is critical for
commitment to the Th17 Lineage, whereas STAT4 and STAT6 are essential for
commitment to the Thl and Th2 Lineages, respectively[27,28]. Additionally, Tyk2-
deficient macrophages do not produce nitric oxide in response to LPS stimulation[16].
Tyk2-deficient dendritic cells do not produce IL-12 and IL-23 upon stimulation with
CpG oligodeoxynucleotides and consequently cannot induce Th1 cell differentiation
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Figure 2 Schematic representation of naive T cell differentiation into T helper 1, T helper 2, or T helper 17 cells depending on the cytokine
profile. IL-12 promotes the differentiation of naive T cells into Th1 cells. Th1 cells promote the clearance of intracellular pathogens and induce autoimmunity through
the production of IFN-y, IL-2, and TNF-a. Th1 differentiation is regulated by transcription factors such as signal transducer and activator of transcription (STAT)1,
STAT4, and T-bet. IL-4 promotes the differentiation of naive T cells into Th2 cells. Th2 cells promote the clearance of extracellular pathogens and induce allergic
responses through the production of IL-4, IL-5, IL-6, and IL-13. Th2 differentiation is regulated by transcription factors such as STAT6 and GATA3. TGF-B, IL-6, and
IL1 promote the differentiation of naive T cells into Th17 cells, while IL-23 can maintain the Th17 phenotype. Th17 cells promote the clearance of extracellular
pathogens and induce autoimmunity through the production of IL-17, IL-21, and IL-22. Th2 differentiation is regulated by transcription factors, such as STAT3, RORyt

and RORo.
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[29]. Therefore, Tyk2 is involved in the host defense response by regulating the
production and function of both Th1 and Th17 cells.

Inhibitory effects of type | IFNs on B lymphopoiesis are mediated through the TYK2-
DAXX axis

Interactions between IFN-a and its receptor promote potent antiviral and antiprolif-
erative activities against the target cells[3,4]. IFN-a stimulation specifically activates
Tyk2 and Jak1l, which leads to the phosphorylation of STAT1 and STAT2. Nuclear
translocation of phosphorylated STATSs (in the form of homodimers or heterodimers)
promotes target gene expression[3,4]. Jak1-deficient cells are not responsive to IFN-a
stimulation[30], whereas Tyk2-deficient cells cannot inhibit lymphocyte growth[31].
Additionally, Statl-deficient mice do not respond to IFN-a simulation[32,33], while
Stat2-deficient mice are highly susceptible to viral infections[34].

Analysis of the colony forming unit (CFU) of bone marrow cells in the presence of
IL-7 is a powerful tool to evaluate the growth capacity of B lymphocyte progenitors
[35]. The CFU values of bone marrow cells in the presence of IL-7 were not markedly
different between wild-type (WT) and Tyk2-deficient mice, which indicated that Tyk2
did not affect the number of IL-7-responsive B lymphocyte progenitors under steady-
state conditions[31]. IFN-a, which is a potent inhibitor of IL-7-dependent growth of B
lymphocyte progenitors, effectively inhibits B lymphocyte differentiation at the pro-B
cell stage[36]. The CFU values of WT bone marrow cells in the presence of IL-7
markedly decreased upon stimulation with IFN-a. In contrast, the CFU values of Tyk2-
deficient bone marrow cells in the presence of IL-7 did not decrease upon stimulation
with IFN-0[31]. The knockout of Tyk2 completely inhibited the IFN-o -induced
elevation and nuclear accumulation of death-associated protein (Daxx)[31]. Daxx was
originally identified as a Fas-binding protein[37] and it plays crucial roles in the type I
IFN-induced growth suppression of B lymphocyte progenitors[38]. One study used the
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Figure 3 lllustration of interleukin-12 and interleukin-23, as well as their receptors and downstream signaling pathways. IL-12 and IL-23
share the p40 subunit, while their receptors share the IL-12RB1 subunit. The binding of IL-12 to its receptor induces the activation of Jak2 and Tyrosine kinase 2
(Tyk2), which results in signal transducer and activator of transcription (STAT)4 phosphorylation. Activated STAT4 promotes the differentiation of naive Th cells into
Th1 cells, which subsequently produce IFN-y that is required for the development of Th1 immune response. The binding of IL-23 to its receptor induces the activation
of Jak2 and Tyk2, which results in STAT3 phosphorylation. IL-23 induces the expression of IL-17A, IL-17F, and/or IL-22 and stabilizes Th17 cells. STAT: Signal
transducer and activator of transcription.
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sumoylation-defective Daxx KA mutant (Daxx K630/631A) to investigate the in-
volvement of Daxx in decreasing the growth of Ba/F3 pro-B cells in the presence of IL-
7 through IFN-o. The study demonstrated that Daxx KA is localized to the cytoplasm,
whereas Daxx WT is localized to the nucleus[39]. Moreover, overexpression of Daxx
KA conferred resistance to IFN-a -induced growth inhibition in a murine pro-B cell
line Ba/F3. Treating Daxx KA-expressing Ba/F3 cells with leptomycin B, an exportin
inhibitor, enhanced the nuclear localization of Daxx KA, and the growth of the cells
was suppressed upon stimulation with IFN-a. Additionally, Daxx KA binds only
weakly to promyelocytic leukemia protein (PML), which aids in the nuclear loca-
lization of Daxx. Conversely, overexpression of PML promotes the recruitment of
Daxx to the PML nuclear bodies. A fusion protein comprising Daxx and a small
ubiquitin-related modifier enhances the nuclear localization of Daxx and inhibits
Ba/F3 cell growth. This indicates that IFN-o -induced inhibition of B lymphocyte
progenitor growth requires nuclear localization of Daxx, which is dependent on
sumoylation and interactions with PML. Therefore, the Tyk2-Daxx axis plays an
essential role in IFN-a -induced growth inhibition of B lymphocyte progenitors.

PATHOLOGICAL SIGNIFICANCE OF TYK2 IN IMMUNE AND
INFLAMMATORY DISEASES: DATA FROM MURINE EXPERIMENTAL
MODELS

RA

RA is associated with joint inflammation and pain owing to a runaway immune
system that elicits immune responses against the synovium of the joints of the hands,
knees, or ankles. Murine experimental models for arthritis have provided useful
information on various cellular and molecular mechanisms associated with RA[40].

Collagen-induced arthritis (CIA) mice are widely utilized as an experimental model
for human RA[41]. Development of arthritis involves the production of autoantibodies
in response to collagen and the subsequent inflammatory response against joints. Mice
harboring Tyk2 polymorphisms exhibit differential susceptibility to CIA[42,43].
B10.Q/ Ai mice are highly susceptible to CIA, whereas B10.D1 mice are resistant. This
suggests that Tyk2 deficiency results in the defined clinical RA.
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Monitoring of the inflammatory response in the anti-type II collagen (CII) antibody-
induced arthritis (CAIA) experimental model provides useful information on the
mechanisms of RA[44]. Tyk2-deficient mice are highly resistant to the development of
CAIA. Histological analysis has revealed that Tyk2 deficiency downregulated the
inflammatory cell infiltration into the synovium[45]. Additionally, the production of
IEN-y, tumor necrosis factor (TNF)-o, IL-6, and matrix metalloproteinases (MMPs) was
severely impaired in Tyk2-deficient mice[45]. TNF-a and IL-6, which are secreted by
macrophages, function as pro-inflammatory cytokines in the CAIA model. MMPs,
which are expressed in chondrocytes, synoviocytes, and macrophages, are reported to
be involved in the degradation and damage of articular cartilage[46,47]. Tyk2-deficient
macrophages cannot produce nitric oxide in response to LPS stimulation. Meanwhile,
Tyk2-deficient dendritic cells cannot produce IL-12 and IL-23 in response to CpG
oligodeoxynucleotides[29]. The potential mechanisms were analyzed using the anti-
CII monoclonal antibody, which induced the phosphorylation of STAT3 and STAT4 in
the draining lymph node cells. Phosphorylated STAT3 and STAT4 were detected in
WT but not in Tyk2-deficient mice[45]. This suggests that Tyk2 promotes the
production and downstream signaling of Th1/Th17-related cytokines, which are
activated through STAT3 and STAT4.

Tyk2 deficiency markedly decreased the susceptibility to arthritis development in
both CIA and CAIA murine models, which indicated that Tyk2 plays an important
role in adaptive autoimmunity and inflammatory responses. Therefore, Tyk2 regulates
multiple steps involved in the onset and development of RA.

Multiple sclerosis

Multiple sclerosis (MS) is characterized by the lack of myelin, a protective sheath
covering nerve fibers, which leads to disruption of the communication between the
brain and other tissues[48]. Patients with MS exhibit various symptoms, such as
difficulty in walking and balancing, muscle weakness and spasticity, and loss of
concentration and memory. The murine experimental autoimmune encephalomyelitis
(EAE) model, which is an animal model for human MS, is triggered by immunization
with myelin antigens or by the adoptive transfer of myelin-specific CD4" effector cells
[49]. Tyk2-deficient mice exhibit decreased clinical scores and limited lymphocyte
infiltration into the inflamed central nervous system[50]. The involvement of Tyk2 in
EAE was confirmed using mice harboring different Tyk2 polymorphisms. B10.D1 mice,
which harbor the Tyk2A allele, are resistant to EAE development. The insufficient

responses can be compensated by one copy of the Tyk2G allele from B10.Q/ Ai mice
[51].

IBD

Crohn's disease is characterized by inflammation of the digestive tract. Patients with
Crohn’s disease exhibit severe diarrhea, abdominal pain, fatigue, weight loss, and
malnutrition[52]. Dextran sulfate sodium (DSS)-induced colitis, a mouse model for
human Crohn’s disease, is generated by supplementing mice with DSS through
drinking water. The disease activity index and histological score were assessed using
the combined scores of weight loss, consistency, and bleeding and acute clinical
symptoms with diarrhea and/or extremely bloody stools[53]. Compared with that in
WT DSS-induced colitis mice, disease development was delayed in Tyk2-deficient DSS-
induced colitis mice[45]. Oral supplementation of DSS activates intestinal macro-
phages, which leads to enhanced production of inflammatory cytokines and che-
mokines. Subsequently, lymphocytes are recruited to the inflammatory sites and elicit
Th1 and/or Th17 responses. During this inflammatory process, Tyk2 can regulate the
functions of macrophages and dendritic cells, as well as the Th1 and Th17 responses.
Indeed, the mRNA levels of DSS-induced Thl cell-related or Th17 cell-related
cytokines were significantly downregulated in the colon tissues of Tyk2-deficient mice
[45]. A genome-wide association study identified Tyk2 as a Crohn’s disease suscept-
ibility locus[54].

Ulcerative colitis is characterized by inflammation and ulcers in the large intestine
and rectum. Patients with ulcerative colitis exhibit diarrhea with bloody stool,
abdominal pain, fever, and body weight loss[55]. To model human ulcerative colitis in
mice, 2,4,6-trinitrobenzene sulfonic acid (TNBS) is used[45]. WT mice treated with
TNBS die within 3 days due to the induction of massive colitis. However, approx-
imately 50% of Tyk2-deficient mice survive after treatment with TNBS. Additionally,
the bodyweight of the surviving mice returned to the physiological range after
recovery from diarrhea[45].
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Therefore, Tyk2 is a key molecule for the development of IBD.

Psoriasis

Psoriasis is characterized by scaly erythematous lesions in the skin, epidermal
hyperplasia, parakeratosis, and accumulation of inflammatory cells[56]. The inflam-
matory response is mediated by several cytokines, such as TNF-o, IL-17, and IL-23.
The mouse model for human psoriasis was developed by treatment with imiquimod
(IMQ), a ligand for TLR7[57]. 1123p19-deficient and II17a-deficient mice exhibit
decreased scores for erythema, scaling, and thickness upon treatment with IMQ, which
suggests that the IL-23/Th17 axis and the Th17 cell-produced cytokines are essential
for the development of skin abnormalities[57]. A genome-wide association study
identified Tyk2 as a psoriasis susceptibility locus[54]. Tyk2 deficiency mitigates IMQ-
induced enhanced ear thickness, which results from epidermal hyperplasia and
inflammatory cell infiltration[45]. Tyk2-deficient mice exhibit markedly decreased
numbers of CD4'IL-17* or CD4'IFN-y* T cells in the draining lymph nodes and
downregulated mRNA levels of Th17 cell-related cytokines upon treatment with IMQ
[45].

The IL-23-induced skin inflammation mouse model is another promising model for
human psoriasis[58]. In this IL-23-induced model, Tyk2-deficient mice exhibited
reduced ear skin swelling, epidermal hyperplasia, Th17 and IL-22-producing Th22 cell
infiltration compared with wild-type mice[45]. Tyk2 deficiency downregulates the
production of pro-inflammatory cytokines and psoriasis-related anti-microbial
peptides.

IL-23 and IL-22 coordinate to promote skin inflammation[58,59]. Tyk2-mediated
signals are essential for the induction of enhanced leukocyte infiltration and inflam-
matory cytokine production. Enhanced keratinocyte proliferation and differentiation
are highly dependent on IL-17 and IL-22. Previous studies have reported that Tyk2
directly regulates IL-22-dependent processes as evidenced by the downregulation of
STAT3 phosphorylation in Tyk2 knockdown human keratinocyte HaCaT cells after IL-
22 stimulation[45]. Therefore, Tyk2 has a critical role in the IL-22 signaling cascade that
is involved in inducing epidermal hyperplasia.

IkB-(, an IL-17-induced protein encoded by NFKBIZ[60], is upregulated in the
epidermal keratinocytes of psoriatic lesions[61]. NFKBIZ is located in the psoriasis
susceptibility locus at 3q12.3[62]. IkB-(, a nuclear IkB family protein, positively or
negatively modulates NF-kB-dependent and/or STAT3-dependent transcription[63-
65]. Tyk2 is involved in IL-17-induced IxB-{ expression in keratinocytes[66]. Tyk2-
deficient mice exhibited only slight inflammation and downregulated mRNA levels of
Nfkbiz upon treatment with IMQ. The catalytic activities of Tyk2 and STAT3 are
required for IkB-C promoter activity in the HaCaT cells. The signaling pathways
activated by IL-17 regulate mRNA stability[66-70]. ZC3H12A, which exhibits endo-
ribonuclease activity, functions as a negative feedback regulator for inflammatory
signaling[71-74]. The ubiquitin-proteasome pathway rapidly degrades ZC3H12A in IL-
17-treated, IL-1p-treated, or IL-36-treated keratinocytes[72,74], which suggests that the
stimulus-induced ZC3H12A downregulation can markedly suppress the inhibitory
effects on mRNA expression.

Therefore, Tyk2 promotes the development of psoriasis by transducing IL-22 and
IL-23 signals and regulating NFKBIZ along with the IL-17/ZC3H12A axis.

Sarcoidosis

Sarcoidosis is characterized by the aberrant accumulation of inflammatory cells, which
typically form granulomas. Sarcoidosis usually begins in the lungs, skin, lymph nodes,
eyes, heart, or other organs[75]. The murine model for human sarcoidosis is developed
by intraperitoneally administering mice with heat-killed Propionibacterium acnes (P.
acnes), which induces dense granulomas in the liver[76]. IL-12-IFN-y axis is required
for the induction since neither Ifngr-deficient nor I112p40-deficient mice form hepatic
granulomas after P. acnes injection[76]. Tyk2-deficient mice injected with P. acnes
exhibit reduced serum IFN-y level and decreased formation of hepatic granulomas
compared with wild-type mice[45], indicating that Tyk2 has a role in P. acnes-induced
granuloma formation.

Delayed-type hypersensitivity

Delayed-type hypersensitivity (DTH), which protects against various pathogens, such
as mycobacteria, fungi, and parasites, contributes to transplant rejection and tumor
immunity[77]. DTH is mainly dependent on T cells and develops 24-72 h after
exposure to a foreign antigen. The DTH response analysis is based on a Th1/Th17 type
model as the hypersensitivity response is defective in 1112p40-deficient and I123p19-
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deficient mice[78]. The sensitization phase is triggered by immunizing mice with a
specific protein antigen (methylated BSA). The elicitation phase, which is initiated by
the second injection of methylated BSA into the rear footpad of the pre-immunized
mice, results in footpad swelling. Footpad swelling was significantly alleviated in Tyk2
-deficient mice, which indicated the role of Tyk2 in DTH responses[45].

HIES

Tyk2 AR-HIES is a hereditary (autosomal recessive) disease involving a Tyk2 mutation
[79]. Patients with Tyk2 AR-HIES are characterized by repeated viral and mycobac-
terial infections, atopic dermatitis, and enhanced levels of IgE[11]. Therefore, Tyk2
may have a broader and more important role in immunological responses than
expected from studies conducted using Tyk2-deficient mice.

POTENTIAL CLINICAL APPLICATIONS OF TYK2 INHIBITORS

The first in vivo evidence for the roles of Jaks in cytokine signaling originated from a
human case study of severe combined immunodeficiency. Mutations in Jak3 or its
receptor (a common g cytokine receptor chain) were detected in this case[80,81].
Another example is a somatic Jak2 valine-to-phenylalanine mutation (V617F), which is
detected in more than 90% of the patients with polycythemia and some patients with
essential thrombocythemia and primary myelofibrosis[82]. Activating point mutations
in Jak1 are detected in DNA samples from patients with acute lymphoblastic leukemia
and are rarely observed in patients with acute myeloid leukemia[83]. Thus, dysregu-
lation of the Jak-mediated signaling pathway is associated with the pathogenesis of
different diseases, including hematological malignancies, autoimmune diseases, and
immune-disrupted conditions. Studies on Tyk2-deficient mice or human patients with
mutated Tyk2 alleles have revealed that Tyk2 is a key player in the pathogenesis of
autoimmune and/or inflammatory diseases.

Imatinib, a Ber-Abl kinase inhibitor, exerts potent therapeutic effects in patients
with chronic myelocytic leukemia[84]. Hence, various kinase inhibitors with strict
selectivity and potency have been developed[85]. Jak inhibitors exert potent thera-
peutic effects by mitigating high levels of circulating immune/inflammatory cy-
tokines. These results strongly suggest that Tyk2 is a potential therapeutic target for
patients with immune and/or inflammatory diseases.

First-generation Jak inhibitors typically target two or three Jak types. Therefore,
first-generation Jak inhibitors are associated with broader effects and more adverse
events than the new-generation drugs, which specifically target one Jak type.
Currently, several Jak inhibitors are used to treat various human diseases[86]. For
example, ruxolitinib, an inhibitor of Jakl and Jak2, has been approved to treat patients
with myelofibrosis and polycythemia vera[87]. Tofacitinib, an inhibitor of Jakl, Jak2,
and Jak3, has been approved to treat patients with RA, psoriatic arthritis, and
ulcerative colitis[88]. Baricitinib, an inhibitor of Jakl and Jak?2, is used to treat patients
with RA[89]. In methotrexate-inadequate responders, both tofacitinib and baricitinib
provided enhanced therapeutic responses in patients with RA when compared with
placebo[90]. In a phase 2 trial involving patients with psoriasis, the response rate to
deucravacitinib (BMS-986165), a Tyk2 selective inhibitor[91], was significantly higher
than that to placebo after 12 wk of administration. Treatment with BMS-986165 did not
affect the blood cell counts or the serum levels of liver enzymes, lipids, and creatinine.
However, BMS-986165 was associated with some severe adverse effects, such as
malignant melanoma. Theoretically, therapeutic strategies targeting the immune
system may increase the risk of infections from various pathogens, such as herpes
zoster virus, cytomegalovirus, and Epstein-Barr virus. Therefore, further studies are
needed to determine the long-term efficacy and safety of Tyk2 inhibitors. Additionally,
clinical trials on Tyk2 inhibitors will aid in devising better therapeutic strategies for
immune/inflammatory diseases than the currently marketed therapeutics.

CONCLUSION

This review summarized the involvement of Tyk2 in the immune system and its
possible potential roles in the onset and development of immune and inflammatory
diseases (Figure 4).
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Studies on the Tyk2-deficient cells have revealed the involvement of the IFN system
and IL-12/1L-23 axis. Constitutive production of a small amount of type I IFNs elicits a
pro-inflammatory response against the invading pathogens and mitigates aberrant
inflammation by promoting the expression of IL-10, a potent anti-inflammatory
cytokine. Tyk2 is critical for maintaining the basal levels of IFNs. The IFN-o-induced
decreased CFUs of bone marrow cells in the presence of IL-7 were also dependent on
Tyk2. Tyk2 contributes to IFN-a signaling by promoting the nuclear translocation of
Daxx and the formation of the Daxx/PML complex, which leads to growth inhibition.
Additionally, Tyk2 interacts with the receptors for type I IFN, IL-6, IL-10, IL-12, and
IL-23 (Figure 1). Moreover, Tyk?2 is essential for IL-12-induced differentiation into Th1
cells, as well as IL-23-induced proliferation, survival, and functional maturation of
Th17 cells. Additionally, Tyk2 mediates the production of nitric oxide in macrophages
and IL-12 and IL-23 in dendritic cells after the invasion of pathogens.

Studies using Tyk2-deficient mice have revealed the potential involvement of Tyk2
in the onset and development of various immune and/or inflammatory disorders,
such as RA, MS, IBD, psoriasis, sarcoidosis, and DTH. The development of most
phenotypes in these models was mediated by Thl and Th17 cells, whose differen-
tiation and functions are highly dependent on Tyk2. Additionally, Tyk2 contributes to
IL-17-induced IxB-C expression in IMQ-induced skin inflammation.

The experimental data summarized in this review along with the known clinical
success of the novel Jak inhibitors indicate the therapeutic potential of Tyk2 inhibitors
in the clinical setting. Further clinical trials are needed to examine the safety and
efficacy profiles of Tyk2 inhibitors for treating psoriasis. Additionally, Tyk2 inhibitors
are likely to be widely approved for various Th1/Thl7-related immune/inflammatory
diseases.
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Abstract

BACKGROUND
Despite overt insulin resistance, adipocytes of genetically obese Zucker rats
accumulate the excess of calorie intake in the form of lipids.

AIM

To investigate whether factors can replace or reinforce insulin lipogenic action by
exploring glucose uptake activation by hydrogen peroxide, since it is produced by
monoamine oxidase (MAO) and semicarbazide-sensitive amine oxidase (SSAO) in
adipocytes.

METHODS

*H-2-deoxyglucose uptake (2-DG) was determined in adipocytes from obese and
lean rats in response to insulin or MAO and SSAO substrates such as tyramine
and benzylamine. “C-tyramine oxidation and binding of imidazolinic radioli-
gands [*H-Idazoxan, *H-(2-benzofuranyl)-2-imidazoline] were studied in adipo-
cytes, the liver, and muscle. The influence of in vivo administration of tyramine +
vanadium on glucose handling was assessed in lean and obese rats.

RESULTS

2-DG uptake and lipogenesis stimulation by insulin were dampened in adipocytes
from obese rats, when compared to their lean littermates. Tyramine and ben-
zylamine activation of hexose uptake was vanadate-dependent and was also
limited, while MAO was increased and SSAO decreased. These changes were
adipocyte-specific and accompanied by a greater number of imidazoline I,
binding sites in the obese rat, when compared to the lean. In vitro, tyramine
precluded the binding to I, sites, while in vivo, its administration together with
vanadium lowered fasting plasma levels of glucose and triacylglycerols in obese
rats.
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CONCLUSION

The adipocytes from obese Zucker rats exhibit increased MAO activity and
imidazoline binding site number. However, probably as a consequence of SSAO
down-regulation, the glucose transport stimulation by tyramine is decreased as
much as that of insulin in these insulin-resistant adipocytes. The adipocyte amine
oxidases deserve more studies with respect to their putative contribution to the
management of glucose and lipid handling.

Key Words: Obesity; Adipocyte; Amine oxidases; Imidazoline binding sites; Creatine
kinase B; Idazoxan; Lipogenesis; Hydrogen peroxide; Glucose uptake

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The substrates of monoamine oxidase (MAO) and semicarbazide-sensitive
amine oxidase (SSAQ) partly reproduce the stimulatory effect of insulin on sugar entry
in rat fat cells. Especially when combined with vanadium, tyramine and benzylamine
mimic more than 70% of the insulin stimulation of glucose uptake. Unfortunately, such
insulin activation of glucose utilization is strongly diminished in the genetically obese
Zucker rat, an animal model of the metabolic syndrome. In this insulin-resistant and
obese rat, the stimulation of glucose transport by tyramine is decreased as much as that
of insulin, while the effect of benzylamine is even more altered. SSAO, responsible for
benzylamine oxidation, is down-regulated in adipocytes from obese Zucker rats. In
contrast, MAO, which predominantly supports the oxidation of tyramine, is increased,
apparently not in a sufficient manner to reach the same hexose uptake activation seen
in fat cells from lean rats. However, this greater ability to oxidize tyramine was found
only in white adipocytes from obese rats since no change was found in the liver or
skeletal muscle when compared to lean controls. Moreover, increased MAO activity in
the large adipocytes of obese rats was accompanied by an enlarged number of
imidazoline binding sites, previously described to be located on MAO. Since the
repeated subcutaneous administration of tyramine plus vanadate is somewhat capable
of reducing plasma glucose and triglycerides in obese rats, SSAO, MAO, and its
associated imidazoline I, sites deserve further studies with respect to their mimicking
insulin action on glucose and lipid metabolism in fat cells.

Citation: Carpéné C, Marti L, Morin N. Increased monoamine oxidase activity and imidazoline
binding sites in insulin-resistant adipocytes from obese Zucker rats. World J Biol Chem 2022,
13(1): 15-34

URL: https://www.wjgnet.com/1949-8454/full/v13/i1/15.htm

DOI: https://dx.doi.org/10.4331/wjbc.v13.i1.15

INTRODUCTION

Alongside the numerous models of transgenic mice exhibiting an overt obese
phenotype, the Zucker fatty rat remains since decades one of the most widely studied
animal models of genetic obesity. Obesity in these rats is inherited as an autosomal
recessive trait, as initially reported in 1961 by Zucker and Zucker[1]. It was in 1996 that
independent studies demonstrated the molecular basis of such obesity, which does not
need any challenge with hypercaloric diet to develop spontaneously[2-4]. Affected rats
have a missense mutation in the leptin receptor and show hyperphagia together with
various endocrine and metabolic alterations similar to those that appear in the human
metabolic syndrome. Leptin is an adipokine produced by adipose tissue and it plays
an important role in the central regulation of energy balance[5], together with other
functions (e.g., in reproduction). Leptin activates its own receptors in the brain, thereby
decreasing energy intake and increasing energy expenditure. Thus, the obese Zucker
rats (previously called recessive homozygous fa/fa fatty rats) spontaneously exhibit
bulimia and obesity and rapidly become hyperinsulinemic. Consequently, they have
been considered as a useful model of insulin resistance and of dyslipidemia with
related kidney diseases[6]. Nevertheless, the usefulness of Zucker fatty rats as a model
of type 2 diabetes is questionable, since these hyperphagic animals have only mild
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glucose intolerance, at the expense of dramatically increased insulin release by
endocrine pancreas. Indeed, it has been reported that, during the early onset of
obesity, the Zucker fatty rats are hypersensitive to insulin[7] and more capable to store
lipids than their lean littermates[8]. One assumes that, once adult and obese, these rats
develop alternative pathways allowing a still efficient storage of ingested energy in the
form of triacylglycerols in the large lipid droplets of their adipocytes[9]. The
impressive adipogenic and lipogenic activities maintained throughout the growth of
fatty rats, boosted by an excessive energy intake, explains how 40% of body weight is
composed of lipids when the Zucker rats reach 14 wk of age[9]. As in obese patients,
the adipose depots of mature obese rats are hypertrophied despite established insulin
resistance, which results in a lowered sensitivity of the adipocytes to anabolic actions
of insulin such as lipogenesis stimulation[10]. The obese Zucker rat is, by definition,
also resistant to leptin, and the obese animals present higher circulating levels of this
adipokine compared to their lean littermate[11]. Our primary objective was to detect
what type of adaptation might occur in adipocytes to circumvent such insulin/leptin
resistance in order to maintain a still efficient fat deposition.

It has been reported that pharmacological adrenergic intervention on obese Zucker
rats, such as treatment with the p-adrenergic agents celiprolol or clenbuterol[12,13],
mitigates their insulin resistance, probably by improving insulin-stimulated glucose
uptake in skeletal muscles and adipose tissues. The improvements were not ac-
companied with a notable body weight loss but were related to a tendency to
normalize the repartition of energy fluxes between fat and muscular tissues[14]. To
support such beneficial effect of reinforcing adrenergic inputs in the obese Zucker rat,
was the demonstration that, in the adipose tissue of young suckling littermates, there
was already, at 2 wk of age, a difference in the p-adrenergic signaling pathway in
white adipocytes between the future obese and the future lean[15]. It is therefore
admitted that impairment of the responsiveness to catecholamines plays a role in
worsening the obesity syndrome triggered by leptinergic system invalidation. This led
us to further study the alterations of biogenic amine pathways in obese Zucker rats,
since these metabolites have a potential role as biomarkers of the metabolic syndrome
[16].

It has been already reported that the basal lipolytic activity is higher in adipocytes
from obese rats, and that resistance to the lipolytic action of catecholamines appears to
counteract such elevated baseline lipolysis[17]. This decrease of B-adrenergic respons-
iveness seems therefore to be an adaptive mechanism aiming at moderating in vivo
increase in plasma free fatty acids (FFA). In fact, any excessive increase in circulating
FFA is deleterious as it contributes to the complications of insulin-resistant states, such
as hepatic steatosis. In addition to their important role in lipid mobilization, the
catecholamines also activate glucose utilization in muscles[18] and in brown adipose
tissue (BAT)[19]. In a recent study, we observed that high doses of catecholamines
mimic the stimulatory effects of insulin on glucose transport, at least in vitro in rodent
isolated adipocytes[20]. All these observations indicated that amines might constitute
factors other than insulin capable of affecting directly glucose utilization in fat cells.
More precisely, the insulin-like effect of high doses of catecholamines was inde-
pendent from adrenoceptor stimulation and was rather depending on the presence of
the tyrosine phosphatase inhibitor vanadium[20]. In this complex situation, we
focused our comparison between lean and obese Zucker rats on the still elusive
influence of amines on adipose cell biology.

Alongside their activation of receptors on pre- and post-synaptic cell types,
catecholamines are exquisitely regulating various adipocyte functions, via their rapid
release from presynaptic vesicles or other supposed stores[21,22] and their prompt
turn-off mechanisms, involving reuptake, degradation, and desensitization to avoid
overstimulation. One of the major catabolic steps of catecholamine degradation is
catalyzed by monoamine oxidase (MAO). When oxidating any given substrate, MAO
does not only terminate its neurotransmitter function, it also releases the corres-
ponding aldehyde and hydrogen peroxide. The MAO activity has been reported to be
lower in the liver of the obese than in the lean rat[23], but to our knowledge, no report
has described so far a change of this mitochondrial enzyme in adipose depots.

The following results will compare in obese and lean Zucker littermates, the
metabolic effects of a MAO substrate, tyramine, as well as its oxidation by MAO and
another amine oxidase highly expressed in fat cells, the semicarbazide-sensitive amine
oxidase (SSAO). The data presented thereafter will also indicate that the imidazoline
binding sites (I,-sites) that have been documented to be present on MAO[24-27] are
more numerous in the white adipose tissue (WAT) of the obese than in the lean rat.
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MATERIALS AND METHODS

Chemicals

2-1, 2-*H-deoxy-D-glucose (2-DG; 10 Ci/mmol), 3-°*H-D-glucose (10 Ci/mmol), and ™
C-tyramine were from PerkinElmer (Shelton, United States). *H-2-(2-benzofuranyl)-2-
imidazoline (*H-BFI; 50 Ci/mmol) and *H-Idazoxan (42 Ci/mmol) were purchased
from Amersham Bioscience/GE Healthcare in 2004 (Buckinghamshire, England), then
isotopically diluted in ethanol and stored at -12 °C, and yearly verified since by high
performance liquid chromatography (> 90% pure) before being used as radioligands
for binding experiments until 2010. Electrophoresis products and devices were from
Bio-Rad (Ivry/Seine, France). Rabbit polyclonal antibodies against MAO and SSAO
were kindly given by Pr. A. Parini (Toulouse, France), and by Pr. M. Unzeta
(Barcelona, Spain), respectively. Rauwolscine was kindly given by Dr. A. Remaury
(Sanofi, Chilly-Mazarin, France). All remaining chemicals and drugs, such as
cirazoline, sodium orthovanadate, and bovine insulin, were purchased from Merck
(Darmstadt, Germany) or its affiliate Sigma-Aldrich (Paris, France).

Animals

Three sets of experiments were successively performed to explore the imidazoline
binding sites and the MAO/SSAO activities in various tissues from Zucker rats, and
the functional response of adipocytes. All the comparisons between lean and obese
Zucker rats were made between littermates. Such comparative approach between
littermates was performed on a number of male and female rats that was not always
the same for each genotype in each successive experiment. This was due to the fact
that the number of pups of a given litter is not always distributed equally according to
the gender and to the obese phenotype (which were stated after weaning only).
Consequently, the number and gender of analyzed animals are given thereafter for
each subset of experiments. All the rats (Charles River Laboratories, L’ Arbresle,
France) were housed in hanging wire cages with free access to food and water on a 12
h light/dark cycle (lights on 6 a.m.) at a temperature of 20 °C. They were euthanized
after overnight fasting between 9 and 10 wk of age in accordance with the ARRIVE
guidelines (Animal Research: Reporting of In Vivo Experiments)[28].

Adipocyte glucose uptake and lipogenic activity

WAT was removed from intra-abdominal (perigonadic, retroperitoneal, and perirenal;
thereafter named visceral WAT) and from subcutaneous (inguinal) locations. It was
immediately digested by collagenase in Krebs-Ringer buffer containing 15 mmol/L
bicarbonate, 10 mmol/L HEPES, 2 mmol/L pyruvate, and 3.5% bovine serum
albumin. Separation, washing, and dilution of the buoyant adipocytes were performed
in the immediate continuity at 37 °C with fresh buffer prior to the functional assays,
which were performed as previously described[20].

The radiolabeled non-metabolizable analog of glucose, *H-2-DG, was used at 0.1
mmol/L for hexose uptake assays as described previously[20], save that the assays
lasted 5 min instead of 10 min for human fat cells, which are less metabolically active.

Lipogenic activity was determined by measuring the radioactivity incorporated into
cellular lipids after 120-min incubation with the indicated agents and 0.5 mmol/L *H-
glucose. This very simple bioassay, primarily designed by Moody and coworkers[29],
was performed with slight adaptations[30] in the same plastic vial, which was used for
incubation, extraction, and scintillation counting, since the *H-glucose that was not
metabolized by the fat cells remained in the lower phase and could not excite the non-
water-miscible liquid scintillation cocktail (InstaFluor-Plus, PerkinElmer, Waltham,
United States) of the upper phase, containing the neosynthesized lipids, as already
demonstrated[31].

Immunoblots

Homogenates were prepared in RIPA buffer, and proteins were solubilized in loading
buffer (60 mmol/L Tris-HCI with 2% SDS, 10% glycerol, 1% B-mercaptoethanol, pH
6.8) at 100 °C for 5 min prior to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. After migration, proteins were transferred to polyvinylidene difluoride
membranes with a semidry electroblotter (Trans-blot, Bio-Rad). The blots were
blocked in wash buffer (50 mmol/L Tris, 200 mmol/L NaCl, 0.1% Tween 20, pH 7.5)
with 5% nonfat dried milk for 1 h at room temperature. Then they were incubated
overnight at 4 °C with rabbit polyclonal antisera (1:1000) obtained from rabbits
immunized against an epitope of MAO-A and MAO-B as described previously[32].
After washing, the blots were incubated with peroxidase-labeled anti-rabbit IgG
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(1:7000) in wash buffer for 60 min. The immunoreactive proteins were detected using
enhanced chemiluminescence (Pharmacia Biotech, Piscataway, NJ). Similar procedure
was followed when using an anti-SSAO polyclonal antibody developed and tested
previously[33]. B-actin amount was determined in stripped membranes, and as no
change was observed between preparations from lean and obese animals (not shown),
no normalization to B-actin was performed.

Amine oxidase assay

Amine oxidase activity was measured on homogenates of thawed tissues with *C-
tyramine in 200 mM phosphate buffer in the presence of an antiprotease cocktail from
Sigma as previously described[30]. MAO activity was defined as oxidation inhibited
by pargyline 0.1 mmol/L, while SSAO activity was sensitive to semicarbazide 1
mmol/L. BAT was removed from the core of the interscapular fat depot, and the
soleus muscle was chosen as representative of skeletal muscles. Like liver samples,
these tissues were snap-frozen without buffer and homogenates were prepared on
thawed samples as already described[34]. Protein content was measured with DC-
protein assay from Bio-Rad. In the case of amine oxidation by intact fat cells, 1 mM of
an isotopic dilution of C-tyramine was incubated for 30 min with adipocyte
suspension (~10 mg of cell lipids) in 400 ul of KRBH medium instead of phosphate
buffer, and treated as above stated for homogenates.

Radioligand binding

For saturation-binding isotherms, membranes were incubated with increasing concen-
trations of *H-idazoxan at room temperature for 45 min in Tris-HCl buffer, pH 7.4. The
presence of 10 pmol/L rauwolscine was used to mask a,-adrenoceptors as already
demonstrated[32]. For *H-BFI, it was not necessary to preclude binding to adrenergic
receptors since this imidazolinic radioligand has been shown to be selective for the I,-
sites[30,35,36]. In both cases, incubation was stopped by vacuum filtration through
Whatman GF/C microfilters with extensive washes with the same buffer at 4 °C.
Nonspecific binding was defined in the presence of 100 pmol/L cirazoline and
represented 30% to 50% of the total binding depending on the radioligand nature, its
concentration, and the biological material tested. Radioactivity bound on the filters
was counted in a liquid scintillation spectrometer (Packard, model Tri-Carb 4000) with
4 mL of Packard Emulsifier-Safe scintillation fluid per scintillation microvial.

Statistical analysis
Results are presented as the mean + SEM of (1) observations. Statistical analyses for
comparisons between parameters were performed using ANOVA followed by post-

hoc Dunnett's multiple comparisons test, and were performed with Prism 6 for Mac
OS X (from GraphPad software, San Diego, CA).

RESULTS

Hyperinsulinemia and insulin resistance of adipocytes are characteristic traits of the

obese Zucker rat

Some characteristic features of the obese Zucker rats were first verified. At the age of
9-10 wk, the obese rats exhibited larger body weight and adiposity, with elevated
insulin and triacylglycerol plasma levels, when compared to their lean littermates of
the same age (Table 1). Fasting plasma glucose levels were slightly higher in the obese
group, but with a less pronounced difference with respect to the other circulating
parameters influenced by genotype. Blood glucose was 1.12 times higher in obese rats,
while insulin was four to five times higher and triacylglycerol two times higher than in
lean controls. As expected, the males bearing the two alleles with the mutated leptin
receptor (fa/fa) were hyperphagic since their daily food consumption was increased
by 1.3 times, i.e., similarly to their increased body weight, while the sum of their
dissected fat depots was five-to-six-fold heavier than in lean littermates (Table 1).

Our descriptive approach readily confirmed in white adipocytes the insulin-
resistant state of the obese rats, which accompanies their clear-cut hyperinsulinemia.
The hexose uptake assays showed that the maximal effect of insulin (obtained at 0.1
pmol/L-1 pmol/L) was one-half lower in obese than in lean rats (Figure 1A). The
white adipocytes of obese rats also exhibited a reduced sensitivity to insulin: Their
response to 10 nmol/L insulin represented less than 60% of the maximal effect of the
pancreatic hormone in obese rats while it reached 80% in lean controls (Figure 1A). A
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Table 1 Biological parameters of the lean and obese rats used in this study

Littermate phenotype Lean (8) Obese (9)
Final body weight (g at 9-10 wk) 230+21 312+ 16"
Visceral WAT weight (g) 1.8+03 8.9+14°
Subcutaneous WAT weight (g) 25+03 13.4+1.6°
Plasma levels

Insulin (UI/mL) 37+2 178 + 46"
Glucose (mmol/L) 77402 8.6+0.2"
Triacylglycerols (mmol/L) 0.7+0.2 15+0.1°

Significantly different from each corresponding value in lean at:

ap < 0.05.
bp < 0.01.
P < 0.001.

mean + SEM of the number of rats indicated in parentheses.
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Figure 1 Influence of obesity on the dose-dependent responses of rat adipocytes to insulin activation of hexose uptake and of

lipogenesis. A: *H-2-deoxyglucose (2-DG) transport was assayed for 5 min after 45-min incubation of rat fat cells without (bas) or with increasing doses of insulin.
2-DG uptake is expressed as nmoles of intracellular radiolabeled 2-DG/100 mg lipids/5 min; B: *H-glucose incorporation into lipids was measured after 120-min
incubation with the indicated doses of insulin and is expressed as pumoles tritiated glucose incorporated/100 mg lipids. Adipocytes from lean (open circles) or obese
rats (black squares) were incubated at a cell suspension averaging 11.5 and 11.7 mg lipids/assay tube, respectively. A significant influence of genotype on the three
higher doses of insulin was found at °P < 0.001 for 2-DG uptake (n = 10 lean and 10 obese male rats, with male/female = 1) and at P < 0.05 for lipogenesis (n =8
lean and 6 obese male rats). Each point is the mean + SEM of n animals, with error bars lying within the caption in several occurrences.
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similar pattern was obtained when lipogenic activity of the adipocytes was assessed by
the incorporation of radioactivity into cell lipids after 120-min incubation with 3-*H-D-
glucose (Figure 1B). The insulin resistance was not totally complete in these young
obese rats, since the baseline incorporation was increased by a six-fold factor in
response to 100 nmol/L insulin. Nevertheless, this maximal activation reached a 12-
fold factor in adipocytes from lean rats (Figure 1B). As for hexose transport, the
lipogenic effect of 10 nmol/L insulin reached 42% * 8% and 86% + 7% of maximal
response in obese and lean rats, respectively (n = 8 and 6, respectively, P < 0.002).

In order to bring evidence that other factors other than insulin may help the
adipocytes in accumulating large amounts of lipids during the growth of the insulin-
resistant obese rat, vanadium was tested alone and with hydrogen peroxide, either
when directly added at 1 mmol/L, or when generated endogenously by the adipocytes
via the oxidation of the MAO and SSAO substrates tyramine and benzylamine at 1
mmol/L (Figure 2). Sodium orthovanadate was inefficient at 100 pmol/L, either on
basal or on insulin-stimulated 2-DG uptake. However, vanadium potentiated the
insulin-mimicking action of 1 mmol/L hydrogen peroxide. The combination of these
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Figure 2 Insulin-like effects of vanadium combined with hydrogen peroxide or with amine oxidase substrates on hexose uptake into rat
adipocytes. Sodium orthovanadate was present at 100 umol/L in all the conditions: Alone (control) or combined with 100 nmol/L insulin, or with 1 mmol/L hydrogen
peroxide, tyramine, and benzylamine. The amines were tested without and with 1 mmol/L phenelzine. 2-deoxyglucose (2-DG) uptake is expressed as nmoles of
intracellular 2-DG/100 mg lipids/5 min. Mean + SEM of five lean (open columns) and five obese male rats (shaded columns). Significantly different from
corresponding condition in lean at: 2P < 0.05; °P < 0.01. Blockade of tyramine (tyr) or benzylamine (benz) effect by phenelzine was significant at P < 0.001 in both

genotypes.
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two agents is known to generate peroxovanadate, a powerful protein tyrosine
phosphatase inhibitor[37,38]. It led to a stimulation of glucose uptake equivalent to
70%-80% of the response to insulin in lean rats (Figure 2). Tyramine, a substrate of
both MAO and SSAO in rodents[34], was also able, when combined with vanadium, to
reproduce 60%-70% of insulin maximal response in the lean rats. This insulin mimicry
was also obtained with 1 mmol/L benzylamine, but it represented 84% * 16% of
insulin + vanadate effect in lean and only 38% + 7% in obese rats (n =5, P < 0.03). As
expected, the MAO and SSAO inhibitor phenelzine abolished the effects of tyramine or
benzylamine plus vanadium in both genotypes (Figure 2).

These first observations indicated that the MAO- or SSAO-mediated effects of
tyramine on glucose handling by fat cells were limited similarly as those of insulin in
obese Zucker rats. However, since the effect of benzylamine plus vanadate seemed to
decrease even more with obesity, we further studied the protein expression of the
amine oxidases in WAT.

Western blot analysis of amine oxidases in adipose tissues of lean and obese

Zucker rats

When the expression of MAO and SSAO was determined by Western blot in
subcutaneous WAT, opposite changes were observed for these membrane proteins.
WAT expressed less SSAO in obese than in lean rats, at least in the subcutaneous
depots of 10-wk-old animals (Figure 3). This lower abundancy was agreeing with the
above reported lower insulin-like effects of benzyamine regarding glucose uptake in
adipocytes. More puzzling was the obesity-related increase in MAO-A protein, while
MAO-B was poorly affected in obese rats. As a consequence of these opposite
regulations, the resulting effect on glucose transport of the MAO and SSAO substrate
tyramine did not exhibit a dramatic change in adipocytes from obese rats, at least
when normalized to the maximal insulin response. To state whether tyramine
catabolism is really greater in WAT from obese rats, it was decided to investigate its
oxidation in various tissues.

Amine oxidase activities in several tissues of lean and obese Zucker rats

The oxidation of 0.5 mmol/L “C-tyramine by crude membranes of different tissues is
shown in Figure 4, in which 'total oxidation' means spontaneous oxidation of the
amine in the presence of biological material, without any added inhibitor or catalyst.
Since the liver is known for being rich in MAO activity, it was tested here as a positive
control. As expected, the liver was the richest of the tested tissues regarding MAO
activity, which entirely supported total tyramine oxidation, and which did not exhibit
difference between genotypes. No SSAO activity was detectable in liver homogenates
regardless of the genotype.
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adipose tissue from obese rats when compared to lean littermates. Proteins solubilized from white adipose tissue homogenates were separated by
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analysis of the major bands is shown for 7-8 rats per genotype. Different from lean (open columns) at: 2P < 0.05.
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Tyramine oxidation in crude membranes of adipose cells from visceral fat depots
was greater in obese than in lean rats (Figure 4). This was largely due to an increased
MAQO activity, which was prominent in white adipocytes when considering the large
proportion of total tyramine oxidation that was inhibited by pargyline (therefore
MAO-dependent). The smaller fraction of tyramine oxidation that was sensitive to
semicarbazide (therefore SSAO-dependent) was not clearly reduced in visceral
adipocytes from obese rats (Figure 4). Altogether, these changes were similar to those
observed in immunoblots of subcutaneous WAT.

In the interscapular adipose tissue, which contains brown adipocytes, thereby
considered as BAT, increased tyramine oxidation was also found in obese rats
(Figure 4). Although both MAO and SSAO activities were higher in BAT from obese
than from lean rats, none of them reached the levels found in WAT. Lastly, in skeletal
muscle crude membranes, tyramine oxidation was weak regardless of the genotype.

The fact that an increase in tyramine oxidation only occurred in WAT and BAT
raised a concern about possible yield variations during membrane preparation
between obese and lean rats. In fact, only the adipose depots were impressively much
fatter in the obese than in the lean rat, while this was less evident for the liver and
skeletal muscles. To circumvent a possible bias generated by an excess of fat in the
different centrifugation steps necessary for membrane preparation, we studied the
genotype influence on the capacity to oxidize tyramine in undamaged, functional
adipocytes freshly isolated from visceral WAT. Again, adipocytes from obese rats
possessed a higher capacity to oxidize tyramine when compared to lean ones
(Figure 5). Even being of larger cell size, the adipocytes of obese Zucker rats definitely
exhibited a larger MAO activity than lean controls. Figure 5 also shows that the same
SSAO activity was found in adipocytes from obese rats and lean controls. Finally,
MAO and SSAO activities were complementary to account for the total tyramine
oxidation performed by adipocytes, ruling out a notable contribution of other amine
oxidases.
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Figure 4 Oxidation of tyramine by membrane preparations from different tissues of obese and lean Zucker rats. Crude membranes prepared
by centrifugation from adipocytes isolated from visceral white adipose tissue, or from the liver, brown adipose tissue, and soleus muscle, were incubated for 20 min at
37 °C with 0.5 mmol/L "C-tyramine in phosphate buffer (200 mmol/L) without (total oxidation), with 1 mmol/L semicarbazide (monoamine oxidase, MAQ), or with 1
mmol/L pargyline (semicarbazide-sensitive amine oxidase, SSAO). The minor oxidation remaining in the presence of both inhibitors (semicarbazide + pargyline),
therefore non-SSAQ and non-MAO, was subtracted in all cases. Mean + SEM from four determinations for lean (open columns) and five for obese male rats (dark
columns); ND: Non-detectable. Significantly different from lean at: 2P < 0.05; °P < 0.01; °P < 0.001.
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Figure 5 Tyramine oxidation in adipocytes from obese and lean Zucker rats. Undamaged adipocytes isolated from visceral white adipose tissue of
lean (open columns) and obese (dark columns) rats were incubated in the presence of 1 mmol/L *C-tyramine for 45 min at 37 °C. Total oxidation was measured
without any inhibitor, while the oxidation that resisted to 1 mmol/L semicarbazide was due to monoamine oxidase, and the oxidation resistant to 1 mmol/L pargyline
was semicarbazide-sensitive amine oxidase-dependent. The velocities of oxidation are expressed as as nmoles of radiolabeled tyramine oxidation products
generated per min and per mg of proteins. Each column is the mean + SEM of eight determinations for lean and nine determinations for obese male rats. Significantly
different from lean at: 2P < 0.05; °P < 0.01.

In view of the enlarged MAO activity that appeared specific for WAT and BAT, we
reanalyzed in various tissues from obese and lean rats an unpublished comparison of
the population of I, imidazoline binding sites, previously described to be present on
MAO enzymes[24,26,27] and distinct from the I, sites, essentially labeled by clonidine
or moxonidine[39,40].

Pharmacological analysis of imidazoline binding sites in tissues of lean and obese

Zucker rats
By using a saturating concentration of *H-BFI (20 nmol/L), we quantified the I,
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imidazoline binding sites in crude membranes from the same anatomical locations as
above. A difference in the amount of *H-BFI bound was evident between obese and
lean rats in visceral adipocytes only. The obese rats exhibited the same *H-BFI binding
as the lean controls in the liver, interscapular BAT, and skeletal muscle (Figure 6).

This comparison was completed by saturation binding experiments in adipocyte
membranes from visceral and subcutaneous WAT with *H-BFI and *H-idazoxan.
Increasing concentrations of *H-BFI (from 0.2 to 26 nmol/L) resulted in saturation
curves for total binding, with a clearly lower non-specific binding that was defined in
the presence of 100 umol/L cirazoline (Figure 7). Scatchard plots of the resulting
specific binding gave an almost linear relationship between the bound/free ratio and
the quantity of bound radioligand (Figure 7). The estimates of the affinity constant (K)
and of the population density (B,,,) of the corresponding single class of binding sites
are reported in Table 2. A significant increase of the number of I, imidazoline binding
sites was found in WAT of the obese Zucker rats when compared to lean controls. The
nature of these binding sites was not modified by the obesity status since the K, values
were not different between obese and lean rats (Figure 7 and Table 2).

Similar saturation binding parameters were observed when using *H-idazoxan
(from 0.7 to 45 nmol/L) as radioligand in the presence of 10 pmol/L rauwolscine to
preclude its binding to o,-adrenoceptors. Again, higher B, values were found in the
WAT of obese rats without notable change in K, values when compared to lean
controls (Figure 7 and Table 2). *H-idazoxan exhibited a lower affinity for the I, sites
than *H-BFI, and it exhibited also a less selectivity towards imidazoline sites since, at
14 nmol/L, non-specific binding reached 50% of total binding in lean while it
represented 10% of total binding in obese rats (not shown).

Nevertheless, the B, values obtained with *H-idazoxan were of the same order of
magnitude as the values observed with *H-BFI, suggesting that both imidazolinic
radioligands recognized the same binding sites. Moreover, the observed increase in the
density of I, sites in obese rat could not be associated to changes in the protein
amounts used in binding experiments since we used similar protein levels regardless
of the genotype, at least for visceral WAT (Table 2).

Thus, the larger density of I, sites specifically found in the WAT of obese rats was
related to an increased MAO activity. Binding data were also in agreement with the
previously reported capacity of BFI to inhibit MAO activity present in human and
rodent adipose tissues[30]. To further explore the functional link between I, sites,
MAO activity, and tyramine insulin-like effect, we performed two distinct approaches,
one consisting in a short-term in vitro experiment on the interplay between I, binding
sites and MAO activity, and the other based on repeated in vivo administration of
tyramine plus vanadate to Zucker rats.

Since MAO activity and I, binding sites appeared to be linked with respect to their
higher levels in WAT from obese rats when compared to lean controls, we took
advantage of their abundancy in the liver to verify whether the one can influence the
other. Figure 8 shows the total and the non-specific binding of increasing doses of *H-
idazoxan to liver crude membranes from lean Zucker rats. The former followed a
curve reaching saturation while the latter was linearly increasing with radioligand
concentration. Addition of a large dose of tyramine (5 mmol/L) to saturate the active
sites of hepatic MAO abolished the total idazoxan binding without altering the non-
specific one. This confirmed the functional interaction between MAO activity and I,
binding sites.

In vivo treatment of lean and obese rats with tyramine plus vanadate

A repeated treatment with 'tyramine + vanadate' was performed on 9-wk-old lean and
obese rats to investigate whether the in vitro insulin-mimicking effects of this
combination could have any in vivo relevance. The subcutaneous administration of
tyramine at 3 mg/kg/d combined with sodium orthovanadate at 0.3 mg/kg/d for 1
wk was well tolerated, and did not modify significantly the body weight gain in obese
rats when compared to controls receiving the vehicle (daily s.c. bolus of 0.3 mL NaCl
0.9%): 47 + 8 vs 46 + 8 g (n = 3-4, NS). Body weight gain was also unaltered in treated
lean rats (33 + 3 vs 32 + 3 g; n = 3-4, NS). Daily food intake was also unchanged since it
remained around 23 g/rat in the treated and control lean groups, and was comprised
between 29 and 40 g/rat in the obese groups (not shown). Obviously, the clear-cut
difference between obese and lean rats regarding fat deposition could not be modified
by this relatively short-term treatment. Only a non-significant tendency to enhance the
mass of dissected adipose depots was seen in obese treated rats, while one of the
dissected fat depots was heavier in lean rats receiving tyramine (Figure 9). Interes-
tingly, tyramine + vanadate treatment reduced moderately but significantly the fasting
plasma levels of glucose and triacylglycerols in the obese treated group (Figure 9).
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Table 2 Imidazoline binding sites labeled by *H-2-(2-benzofuranyl)-2-imidazoline or *H-idazoxan: Comparison between visceral and

subcutaneous white adipose tissues of lean and obese rats

Radioligand genotype *H-BFI *H-idazoxan + rauwolscine 10 pmol/L
Lean Obese Lean Obese
Visceral WAT

Bmax (fmol/mg protein) 608 + 39 1467 + 208" 232 +42 1268 +108°

Kp (nmol/L) 89+£20 6.5+05 169+22 176 £2.6

proteins (ug/assay) 45+6 49+2 34+7 46 +2
Subcutaneous WAT

Bmax (fmol/mg protein) 309 +25 1046 +12° 212+39 914 + 53°

Kp (nmol/L) 93+08 57+1.2 225+23 16.5+3.1

proteins (ug/assay) 51+7 83 +12° il 2% 83 +12°

Significantly different from each corresponding value in lean at:

4P < 0.05.

‘P < 0.001.

The maximal binding value, B, expressed as fmol/mg proteins, and affinity constant, K, expressed as nmol/L, were calculated from three independent
Scatchard plots built for each radioligand. The mean quantity of membrane proteins used per assay tube is also reported for each white adipose tissue

anatomical location and radioligand.
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Figure 6 Tissue-selective larger imidazoline binding site density in the white adipocytes from obese rats when compared to lean
littermates. Crude membranes were prepared from adipocytes isolated from white subcutaneous fat depots, the liver, interscapular brown adipose tissue, and
soleus muscle, and incubated for 45 min with 20 nmol/L*H-2-(2-benzofuranyl)-2-imidazoline (*H-BFI), before separation by vacuum filtration as indicated in Methods.
Only the specific binding of 3H-BF, i.e., displaceable by 100 umol/L cirazoline, is shown. For each tissue, there was one determination of specific binding per rat,
calculated by the difference between total and non-specific binding. Results are the mean + SEM of the number of rats indicated above each column (open for lean,
shaded for obese rats). Significantly different from corresponding value in lean at: °P < 0.001.

Regarding glucose uptake, the tyramine + vanadate treatment was not sufficient to
mitigate the clear insulin-resistant state of the adipocytes of obese Zucker rats
(Figure 9). However, it was investigated whether the insulin-effect of peroxovanadate
on glucose transport in adipocytes (generated by in vitro addition of 1 mmol/L
hydrogen peroxide + 0.1 mmol/L vanadate) was modified by the tyramine + vanadate
treatment, especially in the obese rats, in view of their higher MAO content. The
hexose uptake stimulated by hydrogen peroxide plus vanadate was similar in control
and treated obese rats: 4.19 + 1.30 and 3.29 + 1.55 nmol 2-DG/100 mg lipids/5 min,
respectively (n = 5, NS). Again, this peroxovanadate-dependent stimulation of hexose
uptake was higher in lean rats, regardless of treatment: 11.32 + 1.26 and 10.46 + 2.61
nmol 2-DG/100 mg lipids/5 min (n = 5, NS). Nevertheless, it is worth noting that these
values were, in each genotype, close to the maximal stimulation of hexose uptake
triggered by high doses of insulin (see Figure 9). At least, the tyramine + vanadate
treatment did not induce any desensitization of the insulin mimicking action of
hydrogen peroxide plus vanadate.
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Figure 7 Saturation binding analysis with *H-2-(2-benzofuranyl)-2-imidazoline and *H-idazoxan in adipocyte membranes from white
subcutaneous adipose tissue of lean and obese rats. A and B: Adipocyte membranes from subcutaneous white adipose tissue of lean (open circles) or
obese (dark circles) littermates were incubated for 45 min with increasing concentrations of *H-2-(2-benzofuranyl)-2-imidazoline alone (A) or 3H-idazoxan plus 10
umol/L rauwolscine (B). For each tested concentration, total binding was measured in the absence of any competitor while non-specific binding was determined in the
presence of 100 umol/L cirazoline. Left panels show the saturation curves of specific binding, with each point corresponding to the mean + SEM of three separate
saturation experiments. Right panels show the Scatchard plot (bound/free vs bound) of the saturation experiment for each radioligand. Calculated parameters of
saturation experiments are reported in Table 2.
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Figure 8 Influence of tyramine on idazoxan binding to liver crude membranes. Total and non-specific binding of *H-idazoxan to liver crude
membranes from lean Zucker rats is shown without (open symbols) and with 5 mmol/L tyramine (closed symbols) added prior to 45-min incubation at room
temperature. Without tyramine, the resulting specific binding was characterized by a B, of 622 + 15 fmol/mg protein and a K of 5.1 + 0.4 nmol/L. Each point is the
mean + SEM of three liver preparations containing 617 + 120 g protein/assay. Inhibitory influence of tyramine on total binding was significant at P < 0.001.

Thus, the effects of in vivo tyramine + vanadate treatment could not reveal relevant
antidiabetic or anti-obesity properties, at least at the dose and duration tested.
However, the limited - but encouraging - beneficial influence of this treatment on
hyperglycemia and hypertriglyceridemia leaves opens the possibility to improve
metabolic control by providing MAO substrates, which might enhance glucose
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Figure 9 Influence of ‘tyramine + vanadate’ treatment on adiposity, glucose and lipid handling, and insulin responsiveness of adipocytes
in lean and obese rats. Upper part: Weight of three white adipose tissues from 9-wk old Zucker male rats, either from the lean and obese control groups (left) or
from the groups receiving daily s.c. administration of 3 mg/kg tyramine + 0.3 mg/kg vanadate (tyramine, right) for 7 d. Middle part: Glucose, triacylglycerol, and insulin
fasting plasma levels in the same control and treated groups. Lower part: Hexose transport in adipocytes from lean (open symbols) or obese (closed symbols) rats, in
the absence (bas = basal) or presence of the indicated doses of insulin in control (circles) or treated (triangles) groups. Each column or point is the mean £ SEM of
three treated or four control rats per genotype. The influence of genotype on all parameters was identical to that specified in previous figures and not indicated for the
sake of clarity. Significant difference between tyramine-treated and corresponding control at: 2P < 0.05; °P < 0.01.
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utilization in fat depots and facilitate glucose handling at the expense of a slightly

larger fattening.

DISCUSSION

The first unexpected observation of this comparison between obese and lean Zucker
rats was that the stimulatory effect of millimolar dose of tyramine + vanadate on
glucose uptake in adipocytes was altered as much as that of insulin in the obese rat.

Obviously, insulin resistance of adipocytes from obese Zucker rat was expected, and
fully confirmed here, but it could be supposed that agents that act independently from
insulin receptor activation were less hampered with obesity.

27
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Indeed, many factors could be involved in the decreased insulin-like effect of the
combination tyramine + vanadate or benzylamine + vanadate on adipocytes from
obese rats, such as altered glucose transporter equipment and recruitment[41].
Anyhow, our initial working hypothesis was based on a putative reduction in the
amount of adipose amine oxidases since we recently reported that mice bearing
genetic invalidations of SSAO are obese[31].

The second major finding was that, contrarily to our assumptions, MAO activity
was higher in the WAT of obese rats than in lean ones. In other words, the MAO
substrate tyramine was not more efficient in activating glucose utilization while its
degradation was increased in adipocytes from obese animals. This could have a sense
if tyramine effect was mediated by a receptor-dependent mechanism, thereby
considering that its increased degradation hampered receptor activation. But, in the
case of tyramine, the insulin-like effect on glucose utilization by rat adipocytes is
mediated by amine oxidation and subsequent hydrogen peroxide release[34]. This is
also the case for various other amine oxidase substrates, such as benzylamine or
methylamine, which are also active in rodent[42] and human adipocytes[43].

Although the insulin-mimicking action of tyramine is tremendously potentiated by
vanadium[34], it was amazing to observe a decrease of such MAO-mediated response
together with an increase of MAO activity in the adipocytes from obese rats. We
confirmed the latter increase with regard to the level of enzyme activity, protein
immunoreactivity, and an increased number of I, imidazoline binding sites, located on
this mitochondrial enzyme[24,25,32]. Unfortunately, we encountered some technical
difficulties with the quantification of rat MAO mRNA despite our know-how
developed on MAO expression in the mouse WAT[31]. Consequently, we cannot add
to the above converging data that the expression of the genes Maoa and Maob is
increased in the WAT of obese Zucker rats. Despite such limitation, our study clearly
indicates that the obesity-related increase of MAO activity was selective of WAT and
of BAT, since no change was detected in the liver or in skeletal muscle. Moreover,
MAO up-regulation was not paralleled by similar changes of SSAO in WAT. This will
be discussed below after summarizing other major metabolic and endocrine defects of
the obese Zucker rats that have been confirmed in the present study.

The overweight of the obese rats used for this comparative approach, and the stabil-
ization of their fasting blood glucose close to the normal range at the expense of
dramatically increased insulin levels are characteristic traits of this obesity model,
which were highly similar to those primarily described for over half a century in the
Zucker fatty rat[44]. While the original pioneering findings demonstrated the insulin
resistance of skeletal muscles from obese Zucker rats, we confirm here the insulin
resistance of white adipocytes at the level of glucose transport and lipogenic activities.
More importantly, such insulin resistance was associated in WAT to dysregulations
not described so far.

Thus, MAO activity, MAO immunoreactive protein amount, and imidazoline I,-
binding site population were increased in adipocytes from the obese Zucker rats. In
muscles of the same animals, the low expression of MAO and SSAO, already
documented by diverse techniques[45,46], was unmodified in spite of similar insulin
resistance regarding glucose utilization[44]. Facing to such tissue-specific difference, it
was therefore difficult to establish a mere link between MAO expression and insulin
sensitivity. Although the mechanisms underlying the overexpression of MAO activity
specifically in WAT and BAT could not be deciphered here, it must be reminded that
MAQO is regulated in various organs by numerous factors, including aging, and in
different directions for A and B forms[27]. This complexity of regulations may explain
why the decreased hepatic MAO previously found in obese rats[23] was not confirmed
here. Other possible explanation of this discrepancy can be that in the previous study,
it was the decreased mitochondrial content per mass of fatty liver that was the drive
for the observed reduction, while in the present study MAO activity was expressed
per mass unit of crude membrane proteins. In WAT and BAT, whether adipose MAO
was up-regulated by an excess of its substrates as a consequence of the hyperphagia
driving obesity remains speculative, and has no rationale to be different from the
contradictory changes found in the liver.

Closely related to the MAO increase found in the adipose tissue of obese rats was
the increase in imidazoline I, binding sites. It occurred only in WAT and was readily
visualized by a larger B, for either *H-BFI or *H-idazoxan regardless of fat depot
anatomical location. The link between I, sites and MAO was further supported in the
liver by two observations. First, a lack of change between lean and obese rats was
found for both parameters: Neither MAO V . nor *H-BFI B, ,, was altered with obesity
in the liver. Second, the *H-idazoxan binding to hepatic I, sites was completely
prevented by a high dose of tyramine. These observations complete our previous
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report about the capacity of BFI to inhibit MAO-A and MAO-B activities[30]. The
obesity-related changes in imidazoline I, binding sites seemed to be specific of adipose
cells, since no change was evidenced in several other peripheral tissues (this study),
and in the brain of obese rats when compared to lean controls[47].

Also of interest was that a lower SSAO activity was concomitant to a larger MAO
richness in the adipose cells from obese rats. It can be hypothesized that the small
reduction in SSAO activity was involved in the resulting weak insulin-like effect of
tyramine, since tyramine is a substrate of both enzymes, at least in rats[34]. Thus,
according to our working assumptions, SSAO was reduced in WAT from obese rats,
and accordingly the activation of glucose uptake by the SSAO substrate benzylamine
(plus vanadate) was diminished.

Indeed, reduced expression of SSAO has been already reported at the level of
mRNA abundance and of benzylamine oxidation in the WAT of obese rats as
compared with their lean littermates[48]. In this study, the SSAO activity found in the
WAT of obese rats was one-half lower than that found in lean controls. Although this
reduction is apparently greater than that reported here for immunoreactive SSAO,
both observations remain in good agreement. Since benzylamine oxidation was
measured via a fluorometric method quantifying the hydrogen peroxide production in
the previous study[48], it can be supposed a posteriori that this had generated underes-
timates of SSAO activity in obese rats, in view of the increased catalase activity found
in their WAT[49]. Such increased catalase might also impair the hydrogen peroxide-
dependent activation of glucose uptake that we report here in the obese adipocytes.
Whether the decreased SSAO activity in obese WAT is related to a previously reported
increase in the spermine and spermidine content of the adipocytes of obese Zucker rats
[50] remains to be established, but it must be noted that, alongside their role of
regulator of triacylglycerol synthetic enzymes, polyamines are also SSAO substrates.
More surely, it can be asserted that the SSAO decrease appeared to be tissue-specific
for WAT, as no change in SSAO activity has been found in other anatomical locations
(this study), as well as in the aorta of obese Zucker rats[51]. Anyhow, a similar
diminution of SSAO has not been found in other animal models of obesity, since
modest increases in SSAO activity have been observed in the adipose tissue from
db/db mice and dogs fed a high-fat diet when compared to respective control
(reviewed in[43]).

It becomes evident that it is not only overweight and WAT hypertrophy that can be
related to SSAO expression, but also the overall alteration of glucose and lipid
handling of obese states. Of course, SSAO is one of the most abundant proteins present
on the cell surface of the adipocytes[52]. SSAO-mediated oxidation of exogenous
substrates induces glucose uptake in adipocytes isolated from WAT or obtained by in
vitro differentiation of preadipose cell lines (reviewed in[43]) and in several other
models[53]. SSAO-mediated deamination reactions generate hydrogen peroxide,
which also induces antilipolytic and lipogenic effects[54], especially in the presence of
vanadate, by forming pervanadate, a potent insulin-like agent[38,55]. More recently, it
has been proposed that SSAO interplays with Zinc-02-glycoprotein[56] and with lipid
metabolism in adipocytes[57]. In addition, SSAO is identical to vascular adhesion
protein-1 (VAP-1), which supports leukocyte extravasation[58]. These multifunctional
facets of SSAO are therefore rendering highly probable the occurrence of various
apparently contrasting regulations according to the pathological states of adipose
tissues.

Two very recent findings are dealing with our observations of a parallel increase of
MAO and I, sites in the WAT of obese Zucker rats.

On the one hand, untargeted metabolomics analysis performed in the blood of
Zucker diabetic rats indicates that the tryptophan and tyrosine metabolisms are the
most dysregulated pathways in this model[59]. This is somewhat dealing with our
description of changes in MAO activity occurring in the insulin-resistant adipocytes
from obese rats. First, tryptophan is linked with kynurenine and serotonin, which is
readily oxidized by MAO and generates 5-hydroxyindoleacetic acid. Second, tyrosine
is the precursor of biosynthetic pathways for catecholamines and trace amines and
therefore an important source of MAO substrates. By associating these two in-
dependent findings, it can be assumed that both biosynthesis and degradation of
catecholamines are altered in the obese Zucker rat. Although poorly described,
catecholamine catabolism occurs in adipose tissues, especially in visceral WAT, and
has been shown to influence both glucose metabolism[60] and adrenergic contraction
of mesenteric arteries[61].

On the other hand, it has been proposed during the completion of this work that
creatine kinase B controls futile creatine cycling, and is powerfully induced by
thermogenic stimuli in both mouse and human adipocytes[62]. Intriguingly, creatine
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kinase B has also been proposed to be an imidazoline binding protein in rodents[36].
Indeed, "non-MAO" imidazoline binding sites have been evidenced in diverse
mammalian tissues, such as those related to brain creatine kinase B[63]. At the present
time, one limitation of our study is that we cannot attest that the reported *H-idazoxan
and *H-BFI B, values are overestimating or not the MAO quantity in the studied
peripheral tissues.

Although we have already documented that I, site ligands inhibit MAO[24] and in
spite of confirming this link in the present study, it is necessary to remind that we have
serendipitously described the antilipolytic properties of 0.1-1 mmol/L BFI in human
fat cells without bringing clear demonstration of the underlying mechanisms[30].
Whether the "non-MAQO" imidazoline binding sites such as creatine kinase B are
involved in this effect as well as the obesity-related changes of I, sites in WAT remains
to be established.

CONCLUSION

This work is reporting for the first time an adipocyte-specific increase of both MAO
and I, sites in obese Zucker rats when compared to their lean controls. In spite of this
higher capacity of catabolizing endogenous or exogenous amines, the insulin-like
effects of tyramine and benzylamine, decreased as much as the insulin activation of
glucose transport in the large fat cells of the obese rat. It remains to establish whether
the activation of glucose uptake by MAO and SSAO substrates, which can be readily
observed in vitro in the presence of vanadate, really occurs in vivo and might help the
insulin-resistant fat cells in storing energy under the form of lipids.

ARTICLE HIGHLIGHTS

Research background
The genetically obese Zucker rat is hyperphagic and accumulates the excess of calorie
intake in the form of lipids in spite of the insulin-resistant state of its adipocytes.

Research motivation

To investigate what biological events or natural biochemical processes drive the
glucose utilization in fat cells of obese Zucker rats, which are not fully responsive to
the lipogenic action of insulin.

Research objectives

Hydrogen peroxide is a biological chemical that can mimic several insulin actions on
adipocytes, such as stimulating glucose entry and lipogenesis, and inhibiting lipolysis.
Since it is a product of various enzymes in adipocytes, we focused our objective in
searching whether the expression activity and biological effect of two types of them,
namely, the monoamine oxidase (MAO) and semicarbazide sensitive amine oxidase
(SSAO), abundant in adipocytes, were modified in obesity states.

Research methods

Experimental methods included Zucker rat husbandry, with obese and lean littermates
(the former bearing homozygotous recessive mutation of fa/fa gene), preparations of
freshly isolated adipocytes, functional exploration of hexose transport using uptake
assays with appropriate pharmacological agents, and determination of lipogenic
activity, immunobloting, measurement of amine oxidase activities, and saturation
binding analyses.

Research results

There is a good relationship between the increased binding capacity of tritiated-
idazoxan and tritiated-(2-benzofuranyl)-2-imidazoline to imidazoline binding sites and
the increased MAO-dependent tyramine oxidation in adipose tissue of obese rats.
Stimulation of MAO or SSAO by their substrates in the presence of vanadate
reproduced approximately two-thirds of the insulin stimulation of glucose uptake in
fat cells. However, this insulin-like effect decreased as the insulin responsiveness of
adipocytes decreased with obesity.
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Research conclusions

It cannot be stated whether the changes in MAO and SSAO expression are a cause or a
consequence of the altered glucose handling in the fat cells of obese Zucker rats. At
least, the increased tyramine oxidation is found in adipose tissues of the obese rats, not
in the liver or in skeletal muscles, and can be associated with the dysregulation of the
catecholaminergic system and of the energy balance found in that animal model of
genetic obesity.

Research perspectives

The increase of MAO activity in adipose tissue from obese rats has never been
reported, at least to our knowledge. Among the limitations of our first description of
an increased MAO activity in the adipose tissue of this animal model of obesity, is that
we did not decipher the mechanisms supporting such up-regulation, and that it
remains unclear whether elevated MAO is a cause or a consequence of the dysme-
tabolic profile of the Zucker obese rats. This issue deserves further investigations.
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