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Obesity significantly increases the risk of developing type 2 diabetes mellitus and other metabolic diseases. Obesity is associated
with chronic low-grade inflammation in white adipose tissues, which is thought to play an essential role in developing insulin
resistance. Many lines of evidence indicate that toll-like receptors (TLRs) and their downstream signaling pathways are involved in
development of chronic low-grade inflammation and insulin resistance, which are associated with obesity. Mice lacking molecules
positively involved in the TLR signaling pathways are generally protected from high-fat diet-induced inflammation and insulin
resistance. In this study, we have determined the effects of genetic deficiency of toll/interleukin-1 receptor-domain-containing
adaptor-inducing interferon-f (TRIF) on food intake, bodyweight, glucose metabolism, adipose tissue macrophage polarization,
and insulin signaling in normal chow diet-fed mice to investigate the role of the TRIF-dependent TLR signaling in adipose tissue
metabolism and inflammation. TRIF deficiency (TRIF ") increased food intake and bodyweight. The significant increase in
bodyweight in TRIF'~ mice was discernible as early as 24 weeks of age and sustained thereafter. TRIF™'~ mice showed impaired
glucose tolerance in glucose tolerance tests, but their insulin tolerance tests were similar to those in TRIF** mice. Although no
difference was found in the epididymal adipose mass between the two groups, the percentage of CD206" M2 macrophages in
epididymal adipose tissue decreased in TRIF™~ mice compared with those in TRIF** mice. Furthermore, activation of epi-
didymal adipose AKT in response to insulin stimulation was remarkably diminished in TRIF~~ mice compared with TRIF*'*
mice. Our results indicate that the TRIF-dependent TLR signaling contributes to maintaining insulin/AKT signaling and M2
macrophages in epididymal adipose tissue under a normal chow diet and provide new evidence that TLR4-targeted therapies for
type 2 diabetes require caution.

grade chronic inflammation that is characterized by in-
creases in proinflammatory immune cells such as Ml
macrophages and Thl cells and/or by decreases in anti-
inflammatory immune cells such as M2 macrophages and

1. Introduction

Insulin resistance significantly raises the risk of developing
metabolic diseases such as type 2 diabetes mellitus (T2DM),

hypertension, coronary heart disease, Alzheimer’s disease
(AD), and cerebrovascular disease (CVD), as well as certain
infectious disease, such as COVID-19 [1-5]. Excess calories
caused by lasting imbalance between energy intake and
expenditure are predominantly stored in visceral (gonadal
in rodents) and subcutaneous white adipose tissue (WAT)
[6]. Visceral adipose tissue of obese subjects shows low-

Treg cells. These inflammatory changes in visceral adipose
tissue have been identified as a major contributor to insulin
resistance in obese subjects [7, 8]. Accordingly, identifi-
cation of the signaling mechanisms and effectors that
regulate adipose tissue macrophage polarization is essential
to establishing therapeutic measures for obesity and insulin
resistance.
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Toll-like receptors (TLRs) are a class of pattern recog-
nition receptors (PRRs) that sense pathogen-associated
molecular patterns, structurally conserved molecules of
microorganisms, damage-associated molecular patterns,
and molecules released from injured host cells. Activation of
TLRs through PRRs induces innate immune responses as
well as, ultimately, adaptive immune responses, which are
thought to be causally linked to metabolic diseases [9]. To
date, at least 13 different TLRs have been reported [10].
TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 are found on
cellular membranes. TLR3, TLR7, TLRS, and TLRY are
localized to endosomal compartments [11]. With an ex-
ception of TLR3, all TLRs signal through an adaptor, my-
eloid differentiation factor 88 (MyD88), to activate NF-«B
and mitogen-activated protein (MAP) kinases (MyD88-
dependent pathway), while TLR3 and TLR4 can mediate
their signals via an adaptor, toll-interleukin-1 receptor
(TIR)-domain-containing adaptor-inducing interferon-f
(TRIF), to activate interferon regulatory factor 3 (IRF3)
(MyD88-independent/TRIF-dependent pathway) [12]. In-
creasing lines of evidence indicate that TLR signaling plays
an important role in development of insulin resistance.
Several genetic studies, for instance, found that certain al-
leles of TLR genes are linked to specific markers of glucose
metabolism [13-16]. Female mice with skeletal muscle-
specific MyD88 deficiency are protected from inactivity-
induced adiposity and insulin resistance [17, 18]. Mice with
hepatocyte-specific MyD88 deficiency are prone to develop
glucose intolerance, inflammation, and hepatic insulin re-
sistance regardless of bodyweight [19]. TRIF deficiency can
prevent development of type 1 diabetes in nonobese diabetic
mice by changing the gut microbiota composition and
suppression of dendritic cells [20]. Gestational diabetes
mellitus in placentae and maternal hyperglycemia are
positively associated with increased TLR4/MyD88/NF-xB
signaling [21]. Insulin resistance in skeletal muscles from
nonobese patients with impaired glucose tolerance is
mainly mediated by upregulation of TLR4 due to increased
IL-6-mediated STAT3 activation [22]. Mice with TRIF
deficiency show glucose intolerance that is associated with
pancreatic f-cell dysfunction in vitro [23].

Adipose tissue TLR signaling in association with obesity
and glucose metabolism has been reported in several studies.
Expression of TLRY is upregulated during adipocyte dif-
ferentiation and expressed in murine gonadal and human
visceral adipocytes. Activation of TLR9 by its ligands inhibits
proinflammatory resistin secretion and TLR9 deficiency or
knockdown decreases expression of anti-inflammatory
adiponectin expression in mice or cultured adipocytes, re-
spectively, suggesting that adipocytic TLR9 signaling protect
inflammation associated with obesity [24]. Metabolic stress
induces activation of TLR4 signaling in immune cells,
leading to release of proinflammatory cytokines for re-
cruitment of macrophages to adipose tissue, potentially
exacerbating chronic inflammation and insulin resistance
[25]. TLR4-mediated activation of both MyD88 and TRIF
signaling pathways is required for production of CD11c* M1
macrophages in adipose tissues during a high-fat diet
(HFD)-induced macrophage polarization [26]. Statins
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reduce increased expression of inflaimmatory cytokines
such as IL-6 and CCL2 in adipose tissues in obese (ob/ob)
mice, which is thought to be mediated by suppression of the
TLR4/TRIF/IRF3/IFNp signaling pathway by statins but
not by the TLR4/MyD88/NF-kB pathway [27]. MyD88- or
TRIF-deficient mice are protected against lard (saturated
lipids) diet-induced adipose tissue inflammation and in-
sulin resistance [28]. However, the role of TRIF in glucose
metabolism in adipose tissue has not been investigated
under normal chow diet. In this study, we determined the
effects of TRIF deficiency on food intake, bodyweight,
glucose metabolism, adipose tissue macrophage polariza-
tion, and adipose tissue insulin signaling in normal chow
diet-fed mice to investigate the role of the TRIF-dependent
pathway in adipose tissue metabolism and inflammation.

2. Materials and Methods

2.1. Experimental Animals. TRIF-deficient (TRIF~") mice
[29] were obtained from Dr. Alan Aderem, Institute for
Systems Biology and backcrossed to C57BL/6] mice more
than 10 generations. The genotyping for the TRIF gene was
performed by PCR of DNA extracted from mouse tails using
the Extract-N-Amp tissue PCR kit (Sigma-Aldrich, St. Louis,
MO). The PCR was carried out in 25 ul volume using 1 yl tail
DNA extract and 200nM each of two primers for the
TRIF " allele through 35 cycles consisting of 30's at 94°C,
30s at 62°C, and 1.5min at 72°C. The last elongation step
was done at 72°C for 10 min. The two primer sequences,
forward primer: 5-GGG TTA GCT GAC TGA CCT GTC
CA-3’ and reverse primer (neo gene): 5-CTG CCC ATT
CGA CCA CCA AG-3’, were used to amplify the TRIF
allele. An additional reverse primer, 5-CAC TTG TGT
CTG GAG CAG CCA-3’, was used to amplify the wild-type
allele. The PCR products were subjected to electrophoresis
through a 1% agarose gel. Mouse tail DNAs extracted from
a TRIF~ and C57BL/6] mouse were used as positive
controls for the TRIF” and TRIF" allele, respectively. First,
we produced TRIF*'~ mice by mating TRIF”'~ male mice
with C57BL/6] female mice. Next, we mated TRIF"~ male
mice with TRIF"~ female mice. The progeny of the latter
mating consisted of three different genotypes, TRIF*'*,
TRIF*", and TRIF™". In this study, two groups of male
mice with TRIF** or TRIF™~ genotypes were used. The
mice were housed in groups in cages with bedding and
maintained on a 12/12 hr light-dark cycle (on at 06.00 am)
under specific pathogen-free condition with ad libitum
access to autoclaved food (NTH-31 formula) and water. All
animal protocols used for this study were prospectively
reviewed and approved by the Institutional Animal Care
and Use Committee of the University of Illinois College of
Medicine Peoria.

2.2. Intraperitoneal Glucose Tolerance Test (IPGTT) and In-
sulin Tolerance Test (ITT). At the age of 11.5 months, the
mice were conducted for the IPGTT and ITT, as previously
described [30, 31]. The animals (n=12/group) were fasted
for 16h, weighed, and intraperitoneally injected with
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D-glucose (1.5g/kg) for the IPGTT. Blood was obtained
using the tail nick method before and at 30, 60, 90, and
120 min after the D-glucose injection for monitoring glucose
levels using a glucometer (ReliOn® Prime, Arkray USA,
Minneapolis, MN). Plasma insulin levels were determined
by using the insulin ELISA assay kit (Crystal Chem Inc.,
Downers Grove, IL). The ITT was conducted one week after
the IPGTT. Mice were fasted for 4h, weighed, and intra-
peritoneally injected with human insulin (0.75 units/kg,
Novolin® R, Novo Nordisk, Princeton, NJ). Blood sugar was
monitored before and at 15, 30, 60, and 90 min.

2.3.  Quantification of Plasma Leptin by ELISA.
Approximately 100 ul of blood/mouse was drawn from the
tail vein at termination by using microhematocrit heparin
tubes (Fisher Scientific, Pittsburgh, PA) and centrifuged for
20 min at 2,000 x g for plasma isolation. Levels of leptin in
plasma were quantified by leptin ELISA kits (Sigma, St.
Louis, MO) according to the manufacturer’s protocol.

2.4. Fluorescence-Activated Cell Sorting (FACS). Epididymal
adipocytes were prepared as previously described [31, 32]. In
brief, adipose tissue (n=4/group) was digested at 37°C in
PBS (without calcium and magnesium) containing 2% bo-
vine serum albumin (BSA) and 2mg/ml collagenase VI
(Sigma, St. Louis, MO) for 45 min. After undigested frag-
ments were removed using 100 ym filters (Fisher Scientific,
Pittsburgh, PA), adipocytes were separated from pellets of
stromal vascular fraction cells by centrifugation at 600g for
10 min. F4/80-PE (eBioscience, Inc., San Diego, CA), CD11c
PerCP-Cyanine5.5 antibodies (eBioscience, Inc., San Diego,
CA), and CD206-FITC antibodies (BioLegend, San Diego,
CA) were used to identify macrophages, a M1 marker, and a
M2 marker, respectively. Labeled cells were loaded and
analyzed by FACS (BD Biosciences, San Jose, CA).

2.5. Western Blot of Insulin Signaling in White Adipose Tissue,
Muscle, and Liver. Insulin signaling in white adipose tissue,
muscle, and liver was determined by western blot as pre-
viously described [33]. In brief, one week after the IPGTT
and ITT, the mice (n=4/group) were fasted overnight.
Saline or 5 units/kg of insulin (Novolin® R, Novo Nordisk,
Princeton, NJ) was injected intraperitoneally. Ten minutes
later, epididymal fat pads, muscle, and livers were quickly
removed and snap-frozen in liquid nitrogen and then stored
at —80°C in a freezer. For analysis of insulin-stimulated AKT
phosphorylation, epididymal fat pads and liver tissues were
homogenized in RIPA lysis buffer (Sigma, St. Louis, MO)
and muscle in 2x Laemmli buffer containing complete
miniprotease inhibitor and phosphatase inhibitor cocktail
tablets (Roche Diagnostics Corporation, Indianapolis, IN)
and centrifuged at 12,000 x g for 10 min at 4°C for collecting
supernatants. After determining protein concentrations, the
proteins were electrophoresed under reducing conditions in
10% SDS-PAGE gels and transferred to PVDF membranes.
The membranes were incubated overnight at 4°C with anti-
phospho-AKT and anti-AKT antibody (1:1000 dilution)

(Cell Signaling Technology, Danvers, MA), and specific
bands were visualized by an enhanced chemiluminescence
system (Amersham, Arlington Heights, IL). The optical
densities of the protein bands were determined by densi-
tometric scanning using an HP Scanjet G3010 Photo Scanner
and Image] V1.40 (NIH, MD). The optical density of the
pAKT band was divided by that of the total-AKT band on
the same lane from the same membrane for normalization.

3. Results and Discussion

Many lines of evidence support the notion that TLR sig-
naling pathways are involved in the development of
obesity-associated insulin resistance and adipose tissue
inflammation, indicating important roles of innate im-
munity in metabolic diseases [34]. Patients with obesity
and diabetes and obese (ob/ob) mice show increased ex-
pression of TLR4 that exhibits an inverse correlation with
insulin sensitivity [35]. Development of HFD-induced
insulin resistance is prevented in mice with TLR4 defi-
ciency. Although female mice lacking TLR4 are heavier
than control TLR4 wild-type female mice, TLR4 deficiency
ameliorates insulin resistance in female mice [36]. Inter-
estingly, HFD-induced (58% fat) obesity can be reversed by
low-fat diet (10.5% fat) in TLR4 wild-type C57BL/6 mice
but not in TLR4-deficient mice [37]. TRIF or MyD88
deficiency prevents lard-induced white adipose tissue in-
flammation and insulin resistance in mice [28]. However,
the effects of TRIF deficiency on bodyweight in detail, food
consumption, adipose tissue macrophage polarization, and
insulin signaling in normal chow diet-fed mice have not
been investigated. We found that TRIF’~ mice were
heavier than their wild-type controls. The first significant
difference in bodyweight between TRIF”~ and TRIF*'*
mice was discernible at age 24 weeks and, thereafter, the
difference was maintained during the experimental period
(up to 44 weeks of age) (Figure 1(a), P<0.05). Food
consumption was measured weekly for one month starting
at 9 months of age. TRIF'~ mice consumed more food
(4.24g+0.24 g/day/mouse)  than  TRIF"*  mice
(3.64 £ 0.20 g/day/mouse) (Figure 1(b), P<0.01). There-
fore, TRIF”'~ mice might gain more weight due to in-
creases in food intakes, compared with their wild-type
controls. Next, we studied the metabolic phenotype of
normal chow diet-fed TRIF”~ mice by carrying out GTTs
and ITTs. In the IPGTT, blood glucose levels in TRIF™/~
mice were significantly higher than those in TRIF** mice
at 90 min and 120 min (P < 0.05) (Figure 2(a)) after glucose
injection, and blood insulin levels in TRIF™'~ mice were
significantly higher than those in TRIF** mice at 0 min
(P<0.05), 30min (P<0.001), 60min (P<0.05), and
90 min (P < 0.05) (Figure 2(b)). There is no difference in the
ITT between the two groups (Figures 2(c) and 2(d)). In line
with our observations, Hutton et al. [23] previously re-
ported reduced glucose tolerance by GTT and normal ITT
in TRIF”~ mice. Based on pancreatic 8 cell morphology
and insulin secretion from cultured f cells after stimula-
tion with glucose in vitro, they concluded that TRIF is
essential for maintaining normal f3 cell function and blood
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F1GURE 1: Effects of TRIF deficiency on bodyweight, food consumption, and plasma leptin levels. (a) Animals were weighed weekly from 16
weeks of age through 44 weeks. (b) Food consumption was recorded weekly from 36 weeks through 40 weeks. (c) Plasma samples were
harvested at the age of 48 weeks, and plasma leptin was determined by leptin ELISA kit (*P <0.05, ##p<0.001) (n= 12/group).

glucose homeostasis. They, however, did not investigate
the effects of TRIF deficiency on food intake, bodyweight,
and white adipose tissue in mice, whose changes can alter
glucose metabolism.

White adipose tissue is the largest endocrine organ in
most mammals, and epididymal adipose tissue, a part of
white adipose tissue, plays essential roles in energy storage,
endocrine communication, and insulin sensitivity/resistance
[38]. Immune cells, including innate and adaptive immune
cells in adipose tissues, play important roles in glucose
metabolism. Inflammation in adipose tissues in obese
subjects is characterized by a shift of immune cells from anti-
inflammatory to proinflammatory state [39]. Notably, the
major populations of adipose tissue macrophages in lean
adipose tissue are M2 macrophages, which express high
levels of arginase-1, the mannose receptor (CD206), and
CD301 and secrete anti-inflammatory cytokines including
the IL-10 and IL-1 receptor antagonist (IL-1Ra) [40]. We
determined the percentage of CD206" F4/80" M2 macro-
phages in F4/80" macrophage in epididymal tissues by FACS
(Figures 3(a) and 3(b)). The percentages of CD206" F4/80"
M2 macrophages (17.59 + 1.87%) in F4/80" cells in TRIF "~
mice were lower than those (30.5 +4.09%) in TRIF"'* mice
(Figure 3(c), P<0.05). However, several genetic mouse
models have indicated that deletion of components of the
TLR signaling pathway is associated with protection against
white adipose tissue inflammation and/or rescue of meta-
bolically perturbed phenotypes [41]. TRIF deficiency pro-
tects mice from lard-induced inflammation in adipose tissue
and decreased insulin sensitivity [28] and from HFD-induced
CD11c" macrophage production in adipose tissue [26]. Un-
expectedly, we found that TRIF deficiency decreases the
percentage of M2 macrophages in epididymal adipose tissue. In
addition, increased adipose mass increases the risk of devel-
oping insulin resistance and type 2 diabetes mellitus. These
metabolic changes in obesity are accompanied by increased
secretion of leptin from adipocytes as well as leptin resistance/
insensitivity [42]. In this study, we found that the levels of

plasma leptin are higher in TRIF'~ mice (1175.2 + 59.7 pg/ml)
than those in TRIF"* mice (637.5+100.8 pg/ml) (P <0.01)
(Figure 1(c)) although we did not find the difference in the
weight of epididymal adipose tissues between the two groups
(Figure 3(d)). It is possible that increased leptin counteracts
food intakes and fat storage in adipose tissues in TRIF /" mice.
Alternatively, TRIF~ mice are developing leptin resistance.
These observations suggest that TRIF may play dual roles in
regulating immune and metabolic homeostasis depending on
the degree of metabolic stress under different diets such as a
diet rich in saturated lipids.

Insulin resistance is associated with obesity and central
components of type 2 diabetes and leads to altered glucose
and lipid metabolism in adipose tissue, liver, and skeleton
muscles. Insulin is indispensable for the normal develop-
ment and function of adipose tissue [43]. The serine/
threonine protein kinase (AKT) pathways participate in
insulin signal transduction and insulin resistance [44, 45].
TLR4 is expressed in adipocytes as well as macrophages in
adipose tissues [46, 47]. TLR4”~ mice were shown to be
more insulin sensitive in a lipid infusion model and more
resistant to HFD-induced as well as lipopolysaccharide-
induced insulin resistance [36, 48]. However, it is unclear
that TRIF is involved in alterations in insulin sensitivity/
resistance in TLR4™'~ mice. Here, we investigated activa-
tion of protein kinase B (PKB or AKT) in epididymal
adipose tissue in response to insulin administration in TRIF ™/
~ mice. Phosphorylated AKT (pAKT) levels were significantly
decreased in the adipose tissue of TRIF”'~ mice ten minutes
after an intraperitoneal injection of insulin compared with
those in TRIF** mice (Figures 4(b) and 4(g), P <0.001). No
differences in pAKT levels were found between the two
groups after PBS injection (Figures 4(a) and 4(g)). Because
muscle and liver are also very important tissues in glycolipid
metabolism, we investigated the activation of AKT in these
two organs. In contrast with adipose tissue, we observed
significant increases in pAKT in the muscle tissues of TRIF™"
mice compared with that in TRIF** mice after insulin
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injection (Figures 4(d) and 4(h), P <0.001) but no difference
between the two groups after PBS injection (Figures 4(c) and
4(h)), indicating that pAKT in muscle may not involve in
glucose metabolism in response to insulin in TRIF™~ mice.
Indeed, skeletal muscle-specific AKT knockout mice show
normal skeletal muscle insulin sensitivity and glucose toler-
ance [49]. The role of TRIF in skeletal muscle AKT signaling
remains to be investigated in the future experiments. Such
alterations in pAKT levels were not observed in liver of
TRIF~ mice after PBS and insulin injection (Figures 4(e),
4(f) and 4(i)). Our findings indicate that insulin/AKT sig-
naling in adipose tissue is decreased in TRIF™~ mice but not
in liver and muscle. These results suggest that impaired
glucose tolerance in TRIF™~ mice is due to decreased insulin/
AKT signaling by proinflammatory changes in epididymal
adipose tissues.

4. Conclusions

In conclusion, we found that TRIF deficiency in normal
chow diet-fed mice increases food intake, plasma leptin
levels, and bodyweight. TRIF'~ mice show decreases in
glucose tolerance and in M2 macrophages in epididymal
adipose tissue. Insulin/AKT signaling in epididymal adipose
tissue is impaired in TRIF~~ mice, which can be explained
by decreases in M2 macrophages. Jia et al. reported that
hepatocyte-specific, but not myeloid cell-specific, TLR4-
deficient mice were protected from HFD-induced white
adipose tissue inflammation and insulin resistance in spite of
obesity and suggested a hepatocyte TLR4-targeted approach
as a useful therapeutic strategy of type 2 diabetes [33]. Here,
we found that the TRIF-dependent TLR signaling con-
tributes to maintaining insulin/AKT signaling and M2



macrophages in epididymal adipose tissue under a normal
chow diet. Our study here provides new evidence that the
TLR4-targeted treatment for type 2 diabetes requires
caution.

Data Availability

All data used to support the findings of this study are
available from the corresponding authors upon request.

Conflicts of Interest

The authors have no conflicts of interest to declare.

Authors’ Contributions

JY and KF conceived and designed the study and wrote the
manuscript. JY conducted the experiments.

Acknowledgments

We thank Erika Sung for assistance in preparation of this
manuscript. This research was supported in part by National
Institutes of Health Grants AG042082, AG0303399,
AG062179, and AG064811.

References

[1] S. E. Kahn, R. L. Hull, and K. M. Utzschneider, “Mechanisms
linking obesity to insulin resistance and type 2 diabetes,”
Nature, vol. 444, no. 7121, pp. 840-846, 2006.

[2] G. Seravalle and G. Grassi, “Obesity and hypertension,”
Pharmacological Research, vol. 122, pp. 1-7, 2017.

[3] T. Diehl, R. Mullins, and D. Kapogiannis, “Insulin resistance
in Alzheimer’s disease,” Translational Research, vol. 183,
pp. 26-40, 2017.

[4] M. M. Adeva-Andany, C. Fernandez-Fernandez,
N. Carneiro-Freire, E. Castro-Quintela, A. Pedre-Pineiro,
and M. Seco-Filgueira, “Insulin resistance underlies the
elevated cardiovascular risk associated with kidney disease
and glomerular hyperfiltration,” Reviews in Cardiovascular
Medicine, vol. 21, no. 1, pp. 41-56, 2020.

[5] A.P.Stoian, Y. Banerjee, A. A. Rizvi, and M. Rizzo, “Diabetes
and the COVID-19 pandemic: how insights from recent
experience might guide future management,” Metabolic
Syndrome and Related Disorders, vol. 18, no. 4, pp. 173-175,
2020.

[6] E. D. Rosen and B. M. Spiegelman, “Adipocytes as regulators
of energy balance and glucose homeostasis,” Nature, vol. 444,
no. 7121, pp. 847-853, 2006.

[7] C.]. Shu, C. Benoist, and D. Mathis, “The immune system’s
involvement in obesity-driven type 2 diabetes,” Seminars in
Immunology, vol. 24, no. 6, pp. 436-442, 2012.

[8] A. R. Saltiel and J. M. Olefsky, “Inflammatory mechanisms
linking obesity and metabolic disease,” Journal of Clinical
Investigation, vol. 127, no. 1, pp. 1-4, 2017.

[9] K. A. Fitzgerald and J. C. Kagan, “Toll-like receptors and the
control of immunity,” Cell, vol. 180, no. 6, pp. 1044-1066,
2020.

[10] K.-H. Lim and L. M. Staudt, “Toll-like receptor signaling,”
Cold Spring Harbor Perspectives in Biology, vol. 5, no. 1, 2013.

[11] L. A.J. O'Neill, “TLRs: Professor Mechnikov, sit on your hat,”
Trends in Immunology, vol. 25, no. 12, pp. 687-693, 2004.

International Journal of Endocrinology

[12] T. Kawai and S. Akira, “The role of pattern-recognition re-
ceptors in innate immunity: update on Toll-like receptors,”
Nature Immunology, vol. 11, no. 5, pp. 373-384, 2010.

F. Liu, W. Lu, Q. Qian, W. Qj, J. Hu, and B. Feng, “Frequency

of TLR 2, 4, and 9 gene polymorphisms in Chinese population

and their susceptibility to type 2 diabetes and coronary artery

disease,” Journal of Biomedicine and Biotechnology, vol. 2012,

p- 373945, 2012.

Z.Zhou, C. Zeng, L. Nie et al., “The effects of TLR3, TRIF and

TRAF3 SNPs and interactions with environmental factors on

type 2 diabetes mellitus and vascular complications in a Han

Chinese population,” Gene, vol. 626, pp. 41-47, 2017.

[15] A.C. M. B. G. Torres, N. Leite, L. V. Tureck et al., “Association
between Toll-like receptors (TLR) and NOD-like receptor
(NLR) polymorphisms and lipid and glucose metabolism,”
Gene, vol. 685, pp. 211-221, 2019.

[16] Z. E. Karaali, G. Candan, M. B. Aktuglu, M. Velet, and
A. Ergen, “Toll-like receptor 2 (TLR-2) gene polymorphisms
in type 2 diabetes mellitus,” Cell Journal, vol. 20, no. 4,
pp. 559-563, 2019.

[17] Z.S. Mahmassani, P. T. Reidy, A. I. McKenzie et al., “Absence
of MyD88 from skeletal muscle protects female mice from
inactivity-induced adiposity and insulin resistance,” Obesity,
vol. 28, no. 4, pp. 772-782, 2020.

[18] A. K. Alkanani, N. Hara, E. Lien et al., “Induction of diabetes
in the RIP-B7.1 mouse model is critically dependent on TLR3
and MyD88 pathways and is associated with alterations in the
intestinal microbiome,” Diabetes, vol. 63, no. 2, pp. 619-631,
2014.

[19] T. Duparc, H. Plovier, V. G. Marrachelli et al., “Hepatocyte

MyD88 affects bile acids, gut microbiota and metabolome

contributing to regulate glucose and lipid metabolism,” Gut,

vol. 66, no. 4, pp. 620-632, 2017.

E. GilldenMatamoros, C. Chao, N. Tai et al., “TRIF deficiency

protects non-obese diabetic mice from type 1 diabetes by

modulating the gut microbiota and dendritic cells,” Journal of

Autoimmunity, vol. 93, pp. 57-65, 2018.

[21] H. Feng, R. Su, Y. Song et al., “Positive correlation between
enhanced expression of TLR4/MyD88/NF-kappaB with in-
sulin resistance in placentae of gestational diabetes mellitus,”
PLoS One, vol. 11, 2016.

[22] T.H. Kim, S. E. Choi, E. S. Ha et al., “IL-6 induction of TLR-4
gene expression via STAT3 has an effect on insulin resistance
in human skeletal muscle,” Acta Diabetologica, vol. 50, no. 2,
pp. 189-200, 2013.

[23] M. J. H. Hutton, G. Soukhatcheva, J. D. Johnson, and

C. B. Verchere, “Role of the TLR signaling molecule TRIF in

B-cell function and glucose homeostasis,” Islets, vol. 2, no. 2,

pp. 104-111, 2010.

M. Thomalla, A. Schmid, E. Neumann et al., “Evidence of an

anti-inflammatory toll-like receptor 9 (TLR 9) pathway in

adipocytes,” Journal of Endocrinology, vol. 240, no. 2,

pp. 325-343, 2019.

[25] K. Aamir, H. U. Khan, G. Sethi, M. A. Hossain, and A. Arya,

“Wnt signaling mediates TLR pathway and promote unre-

strained adipogenesis and metaflammation: therapeutic tar-

gets for obesity and type 2 diabetes,” Pharmacological

Research, vol. 152, p. 104602, 2020.

C. Griffin, L. Eter, N. Lanzetta et al., “TLR4, TRIF, and MyD88

are essential for myelopoiesis and CD11c + adipose tissue

macrophage production in obese mice,” Journal of Biological

Chemistry, vol. 293, no. 23, pp. 8775-8786, 2018.

(13

[14

[20

[24

[26



International Journal of Endocrinology

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(371

(38]

(39]

(40]

(41]

(42]

(43]

M. Abe, M. Matsuda, H. Kobayashi et al., “Effects of statins on
adipose tissue inflammation,” Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 28, no. 5, pp. 871-877, 2008.

R. Caesar, V. Tremaroli, P. Kovatcheva-Datchary, P. D. Cani,
and F. Bickhed, “Crosstalk between gut microbiota and di-
etary lipids aggravates WAT inflammation through TLR
signaling,” Cell Metabolism, vol. 22, no. 4, pp. 658-668, 2015.
M. Yamamoto, S. Sato, H. Hemmi et al., “Role of adaptor
TRIF in the MyD88-independent toll-like receptor signaling
pathway,” Science, vol. 301, no. 5633, pp. 640-643, 2003.

D. Ize-Ludlow, Y. L. Lightfoot, M. Parker et al., “Progressive
erosion of -cell function precedes the onset of hyperglycemia
in the NOD mouse model of type 1 diabetes,” Diabetes, vol. 60,
no. 8, pp. 2086-2091, 2011.

J. Yang, J. Kou, J.-E. Lim, R. Lalonde, and K.-I. Fukuchi,
“Intracranial delivery of interleukin-17A via adeno-associated
virus fails to induce physical and learning disabilities and
neuroinflammation in mice but improves glucose metabolism
through AKT signaling pathway,” Brain, Behavior, and Im-
munity, vol. 53, pp. 84-95, 2016.

V. Planat-Benard, J.-S. Silvestre, B. Cousin et al., “Plasticity of
human adipose lineage cells toward endothelial cells,” Cir-
culation, vol. 109, no. 5, pp. 656-663, 2004.

L. Jia, C. R. Vianna, M. Fukuda et al., “Hepatocyte toll-like
receptor 4 regulates obesity-induced inflammation and in-
sulin resistance,” Nature Communications, vol. 5, p. 3878,
2014.

M. Fresno, R. Alvarez, and N. Cuesta, “Toll-like receptors,
inflammation, metabolism and obesity,” Archives of Physi-
ology and Biochemistry, vol. 117, no. 3, pp. 151-164, 2011.
A. C. Konner and J. C. Briining, “Toll-like receptors: linking
inflammation to metabolism,” Trends in Endocrinology &
Metabolism, vol. 22, no. 1, pp. 16-23, 2011.

H. Shi, M. V. Kokoeva, K. Inouye, I. Tzameli, H. Yin, and
J. S. Flier, “TLR4 links innate immunity and fatty acid-induced
insulin resistance,” Journal of Clinical Investigation, vol. 116,
no. 11, pp. 3015-3025, 2006.

C.-S. Ray, S.-C. Wu, T.-H. Lu et al., “Effect of low-fat diet in
obese mice lacking toll-like receptors,” Nutrients, vol. 10,
no. 10, p. 1464, 2018.

A. J. Richard, U. White, C. M. Elks, and J. M. Stephens,
“Adipose tissue: physiology to metabolic dysfunction,” in
Endotext, South Dartmouth (MA), K. R. Feingold, B. Anawalt,
A. Boyce et al.,, Eds., MDText.com, Inc, South Dartmouth,
MA, USA, 2000.

B.-C. Lee and J. Lee, “Cellular and molecular players in adipose
tissue inflammation in the development of obesity-induced
insulin resistance,” Biochimica et Biophysica Acta (BBA)-Mo-
lecular Basis of Disease, vol. 1842, no. 3, pp. 446-462, 2014.
T. McLaughlin, S. E. Ackerman, L. Shen, and E. Engleman,
“Role of innate and adaptive immunity in obesity-associated
metabolic disease,” Journal of Clinical Investigation, vol. 127,
no. 1, pp. 5-13, 2017.

C.Jinand R. A. Flavell, “Innate sensors of pathogen and stress:
linking inflammation to obesity,” Journal of Allergy and
Clinical Immunology, vol. 132, no. 2, pp. 287-294, 2013.

D. A. Zieba, W. Biernat, and J. Bar¢, “Roles of leptin and
resistin in metabolism, reproduction, and leptin resistance,”
Domestic Animal Endocrinology, vol. 73, 2020.

A. Cignarelli, V. Genchi, S. Perrini, A. Natalicchio, L. Laviola,
and F. Giorgino, “Insulin and insulin receptors in adipose
tissue development,” International Journal of Molecular Sci-
ences, vol. 20, no. 3, p. 759, 2019.

(44]

(45]

(46]

(47]

(48]

(49]

J. Qi, X. Luo, Z. Ma et al., “Swimming exercise protects against
insulin resistance via regulating oxidative stress through Nox4
and AKT signaling in high-fat diet-fed mice,” Journal of
Diabetes Research, vol. 2020, Article ID 2521590, 2020.

S. Babu, M. Krishnan, P. Rajagopal et al., “Beta-sitosterol at-
tenuates insulin resistance in adipose tissue via IRS-1/Akt
mediated insulin signaling in high-fat diet and sucrose-induced
type-2 diabetic rats,” European Journal of Pharmacology,
vol. 873, Article ID 173004, 2020.

T. Suganami, K. Tanimoto-Koyama, J. Nishida et al., “Role of
the toll-like receptor 4/NF-xB pathway in saturated fatty acid-
induced inflammatory changes in the interaction between
adipocytes and macrophages,” Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 27, no. 1, pp. 84-91, 2007.

J. E. Tanti, F. Ceppo, J. Jager, and F. Berthou, “Implication of
inflammatory signaling pathways in obesity-induced insulin
resistance,” Frontiers in Endocrinology (Lausanne), vol. 3,
p. 181, 2013.

M. J. Song, K. H. Kim, J. M. Yoon, and J. B. Kim, “Activation
of Toll-like receptor 4 is associated with insulin resistance in
adipocytes,” Biochemical and Biophysical Research Commu-
nications, vol. 346, no. 3, pp. 739-745, 2006.

N. Jaiswal, M. G. Gavin, W. J. Quinn et al., “The role of skeletal
muscle Akt in the regulation of muscle mass and glucose
homeostasis,” Molecular Metabolism, vol. 28, pp. 1-13, 2019.



