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In subclinical hypothyroidism, the levels of serum thyroid-stimulating hormone (TSH) are positively correlated with insulin
resistance; however, the precise mechanism is unclear. Except for thyroid follicular epithelial cells, macrophages express the highest
levels of TSHR. Thus, we speculate that TSH may promote insulin resistance by triggering macrophage inflammation. Here we
established a mouse model of TSH receptor (Tshr) myeloid-specific knockout (Tsh”©) and found that Tsh/*° mice showed
improvement on high-fat diet-induced obesity and insulin resistance compared with wild-type mice (Tshr”. In addition, Tshr"©
mice exhibited decreased infiltration and M1 polarization of macrophages in liver, adipose and skeletal muscle. Co-culture
experiments proved that Tshr-deficient macrophages decreased gluconeogenesis in hepatocytes but increased glucose uptake in
adipocytes and skeletal muscle cells by improving the insulin signaling pathway. Mechanistically, increased TSH levels in subclinical
hypothyroidism promoted the secretion of cytokines IL-1q, IL-13 and IL-6 by inducing macrophage M1 polarization, which
upregulated EGR]T to transcriptionally activate LCN2 and SOCS3 in insulin target cells, thereby exacerbating insulin resistance. These
effects could be reversed by IL-1 and IL-6 blockers IL-1RA and IL-6ST. Thus, we provided mechanistic insights into the predisposition
to insulin resistance in subclinical hypothyroidism and revealed the role of TSH in metabolic disorders.
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INTRODUCTION

Subclinical hypothyroidism (SH) is characterized by increased serum
thyroid-stimulating hormone (TSH) levels with normal free thyroxine
(also known as Tetraiodothyronine, T4) levels'. The incidence of SH
varies among populations, ranging from 3% to 15%, with a higher
incidence associated with increasing age, female sex and a
suboptimal iodine status®>®. SH is caused by autoimmune thyroid
disease in the majority of cases®. Patients can be asymptomatic and,
therefore, undiagnosed and untreated, leading to important adverse
events®®, Hypothyroidism has been well recognized to be accom-
panied by insulin resistance. Traditionally, this is attributed to the
decreased thyroid hormone levels in these patients’. However,
patients with SH also have an elevated risk of insulin resistance or
type 2 diabetes mellitus (T2DM)®°. Individual changes in TSH, even
within the normal reference range, are an additional risk factor of
T2DM"". In SH, thyroid hormone levels remain normal and only TSH
levels are increased. This suggests that TSH may play a critical role in
insulin resistance independent of its effect on thyroid hormones.

In the hypothalamus-pituitary-thyroid axis, TSH, also known as
thyrotropin, is widely known for its traditional function of stimulating
thyroid hormone synthesis and secretion from the thyroid gland'% In
addition to thyroid follicular cells expressing high levels of TSH
receptor (TSHR), other types of cell also express TSHR, including
macrophages'®. This suggests that its function is not limited to
controlling thyroid function. Previous studies have indicated that the
levels of hypersensitive C-reactive protein are significantly higher in

patients with SH than in controls with normal thyroid function,
which are decreased after treatment with L-thyroxine'>', Moreover,
increased TSH levels can promote macrophage M1 polarization'” and
activate macrophage inflammation by G13- and G15-dependent
pathways'>. TSH can also aggravate atherosclerosis by promoting
macrophage inflammation in plaques'® M1-polarized macrophages
have been shown to be critically involved in insulin resistance’°.
Therefore, we speculate whether increased TSH levels can aggravate
insulin resistance in SH by promoting macrophage M1 polarization.

In the present study, we tested the above scientific hypothesis
by demonstrating the causal relationship between TSH and insulin
resistance using myeloid-specific Tshr-deficient mice. Specifically,
TSH promoted the synthesis and secretion of IL-1q, IL-13 and IL-6
by inducing macrophage M1 polarization. These cytokines
upregulated EGRT expression in hepatocytes, adipocytes and
skeletal myocytes to transcriptionally activate its downstream
targets LCN2 and SOCS3, thus aggravating insulin resistance in SH.

MATERIALS AND METHODS

Further information about the materials and methods, including statistical
analyses, is included in the online Supplementary Information. Information
about chemical and biological reagents (Supplementary Table 2),
antibodies (Supplementary Table 3), primer and siRNA sequences
(Supplementary Tables 4-6) and patients with SH and healthy controls
(Supplementary Table 7) is also included in the online Supplementary
Information.
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RESULTS database. The results showed that TSHR expression was the

A mouse model of myeloid Tshr deficiency is established

Given that TSH exerts its biological function by interacting with its
receptor (TSHR), we first analyzed the expression of TSHR in
different types of tissues or cells using the human protein atlas

Experimental & Molecular Medicine (2025) 57:1246 - 1259

highest in thyroid follicular cells, followed by macrophages
(Supplementary Fig. 1a). Next, we validated this finding in
C57BL/6N mice using quantitative real-time polymerase chain
reaction (qRT-PCR) and western blotting assays, showing that
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Fig. 1

Myeloid Tshr deficiency improves HFD-induced insulin resistance and glucose intolerance. a The protein levels of TSHR in BMDMs

from Tsh’"™© mice and age-matched Tshr” littermates were determined by western blotting analysis (n = 3). b Schedule of the experiment.
Tsh’© mice and age- and sex-matched Tshr”" littermates (male, 6 weeks old) were fed a HFD for 9 weeks. GTT and ITT were tested at 14 weeks
of age. At 15 weeks of age, tissues were collected. ¢ Growth curves of body weight in HFD-fed Tsh/© and Tsh/”* mice (n = 6). d EchoMRI was
used to measure the percentage of fat (left) and lean (right) body mass in HFD-fed Tsh™*° and Tshr”" mice (n = 6). e The levels of fastin

plasma insulin were measured in the above mice after 8-h fasting (n = 6). f GTT (left) and area under the curve (AUC, right) in HFD-fed Tshr"

and Tshr”" mice (n=6). g ITT (left) and AUC (right) in HFD-fed Tshr*© and Tshr” mice (n = 6). Two groups of mice on HFD for 9 weeks were
euthanized after 8-h fasting. h-k The percentages of scWAT (h), eWAT (i), BAT (j) and liver weights to body weight (k) in HFD-fed Tshr''*© and
Tsh”f mice (n = 6). 1-o Intrahepatic TG contents () as well as serum levels of total cholesterol (TC) (m), ALT (n) and AST (o) were measured
using the respective commercial kits (n = 6). Data are presented as mean + standard error of the mean (s.e.m.) (¢, f and g) and as mean +s.d.
(a, d, e and h-o). *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant (two-way analysis of variance (ANOVA) for ¢, f and g; unpaired two-tailed

Student’s t-test for a, d, e and h-o).

TSHR expression in macrophages was much higher than that of
adipose tissue, skeletal muscle and liver (Supplementary Fig. 1b,c).
To determine the effect of the TSH-TSHR signaling pathway in
macrophages on insulin sensitivity, we intercrossed mice bearing
a conditional loxP-flanked (‘floxed’) allele of Tshr (Tshr”, used as a
wild-type control) with the Lysozyme 2-Cre (Lyz2-Cre) line' to
create myeloid-specific Tshr-knockout (Tsh/*©) C57BL/6N mice
(Supplementary Fig. 1d). Tsh™ © mice were born in a Mendelian
ratio, and no defective developmental phenotypes were observed
between genotypes.

We next performed western blotting analysis and immuno-
fluorescent staining to demonstrate that TSHR was efficiently
ablated in bone-marrow-derived macrophages (BMDMs) from
Tshr© mice (Fig. 1a and Supplementary Fig. 1e). Moreover, we
detected TSHR protein levels in liver, adipose tissue, skeletal
muscle, brain, testis and ovary of Tsh™© and Tshr”" mice by
western blotting analysis. The results showed that its levels in
these samples were very low and not significantly different
between TshP© and Tshr”" mice (Supplementary Fig. 2a). This
essentially rules out the possibility that off-target effects can affect
metabolic parameters. In addition, to further exclude the
possibility that thyroid hormones interfere with the endpoints of
Tsh’ © mice, we measured the levels of T3, free T4 and TSH in
liver, adipose, skeletal muscle tissue and serum of Tsh/"*© and
Tshr” mice by enzyme-linked immunosorbent assay (ELISA) and
did not find a significant difference in these indicators between
Tsh™© and Tshr”' mice (Supplementary Fig. 2b-d). We also
examined thyroid hormone receptor a (THRa) levels in liver,
adipose and skeletal muscle tissues of these mice by western
blotting analysis and similarly failed to find significant differences
between Tsh/"© and Tshr” mice (Supplementary Fig. 2e). These
findings, taken together, indicate that Tshr knockout in myeloid
cells has no effect on thyroid function in mice.

Myeloid Tshr deficiency protects against HFD-induced insulin
resistance and glucose intolerance

Tsh’ © mice and sex- and age-matched wild-type littermates
(Tshr””' mice) were fed with high-fat diet (HFD) beginning at
6 weeks of age. Glucose tolerance test (GTT) and insulin tolerance
test (ITT) were measured at 14 weeks of age, and tissues of 15-
week-old mice were then collected after euthanasia (Fig. 1b). After
9 weeks of HFD feeding, male Tsh”"© mice exhibited lower body
weights (Fig. 1c) and fat mass (Fig. 1d, left), accompanied by
significantly increased total lean mass (Fig. 1d, right). However,
there was no significant difference in food intake and water
drinking between male Tsh”™© and Tshr”" mice (Supplementary
Fig. 3a,b). Compared with male Tsh/”" mice, the levels of fasting
insulin were decreased in HFD-fed male Tsh/"© mice (Fig. 1e).
Consistently, HFD-fed male Tsh’™° mice showed greatly
improved glucose tolerance (Fig. 1f) and insulin sensitivity
(Fig. 1g) compared with male Tshr”f mice. After euthanasia, we
collected and weighed fat tissues from male Tsh/© and Tshr”f
mice. The results showed that, compared with male Tshr”" mice,
fat weights were significantly reduced in male Tsh/© mice,
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including subcutaneous white adipocyte tissue (scWAT) (Fig. 1h
and Supplementary Fig. 4a) and epididymal white adipocyte tissue
(eWAT) (Fig. 1i and Supplementary Fig. 4b). However, brown
adipose tissue (BAT) did not significantly change between two
groups (Fig. 1j and Supplementary Fig. 4c).

We next examined the effect of myeloid Tshr deficiency on lipid
metabolism in the liver, and found that male Tsh'*° mice had
lower liver weights (Fig. 1k and Supplementary Fig. 4d) and
intrahepatic triglyceride (TG) contents (Fig. 11) than male Tshr”f
mice. Likewise, male Tshr"© mice also had lower levels of serum
total cholesterol (Fig. Tm), alanine transaminase (ALT) (Fig. 1n) and
aspartate transaminase (AST) (Fig. 10) than male Tshr” mice.
Expectedly, in comparison with female Tshr”* mice, HFD-fed
female Tsh’ © mice exhibited phenotypic changes similar to
those of male mice, including lower body weights (Supplementary
Fig. 5a), consistent food intake (Supplementary Fig. 5b) and water
drinking (Supplementary Fig. 5c), improved glucose tolerance
(Supplementary Fig. 5d,e) and insulin sensitivity (Supplementary
Fig. 5f,g). The above results suggest that the TSH-TSHR signaling
pathway in macrophages plays a pivotal role in insulin resistance.

Myeloid Tshr deficiency improves insulin signaling pathway in
HFD-fed mice

We extracted protein lysates from liver, eWAT and skeletal muscle
tissues of HFD-fed male Tsh/"© and Tshr”" mice and determined
the effect of myeloid Tshr deficiency on the activity of the insulin
signaling pathway. As shown in Fig. 2a-c, we found that the levels
of insulin signaling-related molecules such as phosphorylated
insulin  receptor substrate 1  (p-IRS1), phosphorylated
phosphoinositide-dependent protein kinase 1 (p-PDK1), phos-
phorylated AKT (S473) (p-AKT) and glycolysis-associated glucoki-
nase (GCK) were significantly increased in liver, eWAT and skeletal
muscle tissues of Tsh™*© mice compared with Tshr”" mice. In
addition, the levels of peroxisome proliferator-activated receptor y
(PPARy) protein, which promotes conversion of glucose to fat
stimulated by insulin, were obviously increased in liver and eWAT
tissues of HFD-fed Tsh™ ° mice (Fig. 2a, b). Consistently, the levels
of phosphorylated glycogen synthase kinase 3B (p-GSK3p),
associated with glycogen synthesis, were uEreguIated in liver
and skeletal muscle tissues of HFD-fed Tsh”"*© mice (Fig. 2a, c).
The levels of phosphoenolpyruvate carboxykinase 1 (PEPCK1) as
the rate-limiting enzyme of gluconeogenesis, which can be
inhibited I:g/ insulin, were downregulated in liver tissues of HFD-
fed Tshr ° mice (Fig. 2a).

On liver sections of HFD-fed male Tsh’© mice, the positive
areas of lipid droplets (Fig. 2d and Supplementary Fig. 6a) and Oil
Red O staining (Fig. 2e and Supplementary Fig. 6b) were
significantly reduced in comparison with HFD-fed male Tshr”*
mice, indicating that Tsh/"'*°® mice were obviously protected from
the HFD-induced hepatic steatosis. In addition, the membrane
localization of GLUT4, a transporter protein important for glucose
uptake controlled by insulin, was enhanced in eWAT and skeletal
muscle tissues of HFD-fed male Tsh/*© mice compared with HFD-
fed male Tshr”" mice (Fig. 2f and Supplementary Fig. 7). The above
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findings indicate that myeloid Tshr knockout effectively improves
the intracellular insulin signaling pathway in liver, eWAT and
skeletal muscle tissues of HFD-fed mice.

Under inflammatory activation, proinflammatory chemokines
lead to the activation of c-Jun N-terminal kinase (JNK), nuclear

Experimental & Molecular Medicine (2025) 57:1246 - 1259

factor kappa B (NF-kB) and signal transducer and activator of
transcription 3 (STAT3) in liver, adipose and skeletal muscle cells,
interfering with the normal insulin signaling pathway?'~2%. Thus,
we examined the effect of myeloid Tshr deficiency on the levels of
these insulin resistance-related molecules. The results showed that
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Fig.2 Myeloid Tshr deficiency enhances insulin sensitivity by improving the insulin signaling pathway in HFD-fed mice. Tsh”""*° mice and
age-matched Tshr” littermates (male, 6 weeks old) were fed with HFD for 9 weeks. They were then euthanized upon insulin administration
(1.5 U/kg) for 5 min after 8-h fasting. a-c Next, western blotting analysis was used to determine the levels of p-IRS1, IRS1, p-PDK1, PDK1, p-AKT,
total AKT (t-AKT), GCK, PPARy, p-GSK3p, GSK3p and PEPCK1 in liver tissues (a), the levels of p-IRS1, IRS1, p-PDK1, PDK1, p-AKT, t-AKT, GCK and
PPARy in eWAT (b) and the levels of p-IRS1, IRS1, p-PDK1, PDK1, p-AKT, t-AKT, GCK, p-GSK3p and GSK3p in skeletal muscle tissues (c). p-Actin
was used as a loading control. d,e Representative H&E (d) and Oil Red O staining (e) of liver sections. Scale bars, 100 pm. f Representative
immunofluorescence staining of GLUT4 (green) in eWAT and skeletal muscle sections. Nuclei were stained with DAPI (blue). Scale bars, 50 pm.
g Western blotting analysis was used to determine the levels of p-JNK, p-p65 and p-STAT3 in liver, eWAT and skeletal muscle. f-Actin was used

as a loading control.

the levels of p-JNK, p-p65 and p-STAT3 were downregulated in
liver, eWAT and skeletal muscle tissues of HFD-fed Tsh?*° mice
(Fig. 2g). Similarly, p-p65 staining in the nucleus of eWAT and
skeletal muscle sections of Tshr™© mice was also distinctly
reduced compared with Tshr”' mice (Supplementary Fig. 8a-c).
These results suggest that myeloid Tshr deficiency inhibits the
inflammatory signaling pathway, further improving insulin resis-
tance in HFD-fed mice.

Myeloid Tshr deficiency alleviates macrophage infiltration and
M1 polarization in liver, adipose tissue and skeletal muscle of
HFD-fed mice and improves insulin resistance

Macrophage M1 polarization is an important pathogenesis of
insulin resistance'9?%3°, To determine whether insulin resistance is
associated with TSH-mediated macrophage infiltration and M1
polarization, we examined the changes in inflammatory cell
infiltration of insulin target tissues. First, we observed that HFD-fed
Tsh’© mice had less infiltration of immune cells in scCWAT, eWAT
and skeletal muscle except for BAT compared with Tshr” mice by
hematoxylin and eosin (H&E) staining (Supplementary Fig. 9).
Next, we used fluorescence-activated cell sorting analysis to
determine the effect of myeloid Tshr deficiency on infiltration and
M1 polarization of macrophages infiltrating into livers, eWAT and
skeletal muscle. The results revealed that the quantity of both
CD11b*F4/80" macrophages and CD80" M1-polarized macro-
phages was reduced in the above tissues of HFD-fed Tshr*° mice
compared with Tshr”f mice (Fig. 3a,b). Likewise, we demonstrated
by immunofluorescence staining that eWAT and skeletal muscle of
HFD-fed Tshr*© mice had less infiltrated CD11b"F4/80* macro-
phages and CD11b*CD86" M1-polarized macrophages than those
of Tsh’”' mice (Supplementary Fig. 10). In addition, the mRNA
levels of Itgam, Adgrel and Itgax, which encode CD11b, F4/80 and
CD11c, respectively, were also strikingly downregulated in liver,
adipose tissue and skeletal muscle of Tsh© mice compared with
Tshr””' mice (Fig. 3c—e), further supporting the above results.
Collectively, myeloid Tshr deficiency reduces the infiltration and
M1 polarization of macrophages, which maybe be involved in
insulin resistance in HFD-fed mice.

It has been well established that macrophages contribute to insulin
resistance in liver, adipose tissue and skeletal muscle via the secretion
of cytokines and exosomes®'*?, To examine the causal relationship of
myeloid Tshr deficiency and insulin resistance, we isolated BMDMs
from Tsh'”* or Tsh/© mice and constructed co-cultivation system
with primary hepatocytes, 3T3L1-differentiated adipocytes or L6-
differentiated skeletal muscle cells, respectively. In brief, BMDMs were
plated in the upper chamber of transwells and insulin target cells in
the lower chamber. The transwells with 0.4 um pore size allowed the
passage of only cytokines and exosomes, but the cells could not pass
freely. The results showed that the levels of p-IRS1 and p-AKT were
increased and the levels of p-p65 and p-JNK were decreased when
primary hepatocytes, 3T3L1-differentiated adipocytes or L6-
differentiated skeletal muscle cells were co-cultured with Tshr*C-
derived BMDMs compared with Tsh”-derived BMDMs (Fig. 3f).
Moreover, our data demonstrated that co-culture of primary
hepatocytes with Tshr”-derived BMDMs reversed the inhibitory effect
of insulin on the activity of PEPCK1, while this effect was significantly
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attenuated when primary hepatocytes were co-cultivated with
Tsh?’"O_derived BMDMs (Fig. 3g). In addition, we found that the
promoting effect of insulin on glucose uptake of adipocytes and
skeletal muscle cells was dramatically impaired when they were co-
cultivated with Tshr”-derived BMDMs, which could be restored by
myeloid Tshr knockout (Fig. 3h and Supplementary Fig. 11). These
results, taken together, suggest that cytokines or exosomes secreted
from macrophages activated by the TSH-TSHR signaling pathway
may be related to insulin resistance in HFD-fed mice.

TSH governs proinflammatory signaling and promotes the
secretion of IL-1q, IL-1B and IL-6 in macrophages
To determine the effect of the TSH-TSHR signaling pathway on
macrophages, inflammatory markers were examined in BMDMs by
flow cytometry. The results showed that Tsh/*"°-derived BMDMs
displayed significantly lower levels of CD80 and ROS than Tshr”"-
derived BMDM s (Fig. 4a, b), indicating that the M1 polarization of
macrophages induced by TSH was blocked by Tshr knockout.
Furthermore, to clarify the signaling pathways and specific
molecules of macrophages stimulated by TSH, we performed
mMRNA sequencing and Gene Ontology (GO) term enrichment
analysis in Tsh™°- and Tshr”-derived BMDMs. The results
indicated that differential genes were enriched in the TNF
signaling pathway, NF-kB signaling pathway and AGE-RAGE
signaling pathway in diabetic complications (Supplementary
Fig. 12a). Moreover, gene set enrichment analysis (GSEA) of mRNA
sequencing data also indicated the activation of the TNF signaling
pathway, NOD-like signaling pathway and cytokine-cytokine
receptor interaction (Supplementary Fig. 12b). As supported, Tshr
knockout significantly decreased the levels of p-p65 in TSH-
treated BMDMs (Supplementary Fig. 13). Consistently, mRNA
levels of many proinflammatory cytokines were substantially
decreased in Tshr-deficient BMDMs compared with wild-type
BMDMs (Fig. 4c), as supported by the results of gRT-PCR (Fig. 4d).
Our mRNA sequencing data also showed that the expression
abundance of ll1r1, lléra and Tnfrsfla/b in liver tissues was the
highest among the receptors of the above cytokines (Supplemen-
tary Table 1). Furthermore, IL-1q, IL-1B, IL-6 and TNF have been
indicated to aggravate insulin resistance®*”. Thus, we hypothesize
that II-1q, II-13, 1I-6 and TNF may be responsible for hepatic insulin
resistance caused by TSH-induced M1 polarized macrophages.
Besides, serum concentrations of IL-1q, IL-1B and IL-6 in HFD-fed
TshkC mice were lower than those of Tshr” mice (Fig. 4e-g).
However, there was no significant difference in the levels of TNF
between two groups of mice (Supplementary Fig. 14). As supported,
we also found by qRT-PCR and ELISA that the mRNA and protein
levels of IL-1q, IL-13 and IL-6 were signiﬁcantly decreased in liver
and adipose skeletal muscle of Tsh™*® mice compared with Tshr”
mice (Supplementary Fig. 15a—f). To define the regulatory effect of
TSH on Il-1a, II-1b and -6 in macrophages, we conducted gRT-PCR
assays and demonstrated that TSH substantially upregulated the
MRNA levels of /I-1a, -1b and I1-6 in Tshr”"-derived BMDMs, and this
effect could be reversed by Tshr knockout (Fig. 4h). Collectively, our
data indicate that TSH activates inflammatory signaling and
promotes the secretion of IL-1q, IL-13 and IL-6 in macrophages,
thus aggravating insulin resistance.

Experimental & Molecular Medicine (2025) 57:1246 - 1259



H. Zhang et al.

a Liver: gated on CD45+ cells by b Liver: gated on CD11b*F4/80* cells S
< <]
= Tshr - Tshrtko 8 404 0 Tshr” Tshr" Tshrko 1204 © Tshr
O D80 W ARG 25 =
z ] = S c |7 Tshrre 80 i 5| o Tshrwo
e g/ =S < 30 b
w S ek n 100 Sk
[T =) Ny € @]
o - A < 20 =1 c
@ g 3 g 3 <75
il N &L 40 X
15y > o g
e 2 = S
: a - 0l 8 50—
102 103 104 105 106 107 102 10% 104 105 108 107 O Liver 0 108 108 0 108 108 O Liver
CD11b FITC CD11b FITC CDB80 PE-Cyanine7 CDB80 PE-Cyanine7
eWAT: gated on CD45* cells Er) o . eWAT: gated on CD11b*F4/80* cells ;3 o Tshrir
Tshr Tshrio Q 404 O Tshr Tshri Tshrio S 807 @ Tshriko
macrophage(2545%) Tacrophage(11 54%) o O Tshrvko 150 B COBGMI macophage(T1 20%] L
£ xx 2 oof ==
- 30 =
w S oo 160 5
p & 20 € 120 © 40
Q < 3 80 =
¥ T 10 © 501 R 20
2 40 &
3 ao ol 0 4 a
103 104 105 o eWAT 102 103 104 105 106 107 102 10% 104 105 108 107 O eWAT
CD11b FITC CD11b FITC CD80 PE-Cyanine7 CD80 PE-Cyanine7
Skeletal muscle: gated on CD45+ cells i Skeletal muscle: gated on CD11b*F4/80* cells &
Tohr Tohiwo & o °Tshr” Tohrt Tohrno L g oTshrt
macrophage(31 76%) Thacrophage(24 5% o 6071 @ Tshriko 900 I?‘I- 257 aTshrio
w e = 8004 i b = 0] e
& = 40 600 — (D) 15
Q 5 ‘€ 400 1
e e 3 £ 10
E e E 20 o 200 300 Q\i
P 2 g °
A e i S0 o] ol 8
108 104 108 108 104 108 O Skeletal muscle 102 108 104 105 106 107 102 10° 104 105 106 107 O  Skeletal muscle
CD11b FITC CD11b FITC CD80 PE-Cyanine7 CD80 PE-Cyanine7
c Liver d eWAT e Skeletal muscle
23 o Tshr! 23 o Tshr! 25 o Tshyit
s . oTshiwo 3 o Tshriko 34 xxx O TShrMKO
k) il = < ®
% 2 k% ° *kk é 2 *kk == é 3
€ o € Lid ° = 2
21 21 2
2 : |l1n n i 5
o [ [}
L 0 H ] & 0 T T T «
Itgam  Adgre1 lItgax ltgam  Adgre1  ltgax ltgam  Adgre1  ltgax
rimary liver cells rimary liver ce
f Pri li Il 3T3L1 L6 g 2 Primary | cells
*kk *kk
Insulin -+ + 4+ -+ + o+ -+ + o+ 1.5 kol
BMDMs - - WT MKO - - WT MKO - - WT MKO kD bkl

v [ [ W W[ ]

Relative PEPCK1 activity

lnlll

+

B-Actin g P .. .l |.,-.| 42 Insul(iJn )

=|eo Insulin -
— BMDMs - - WT WT MKO MKO
h o 3T3L1
E 3 *kk *kk
g- *kk
2 xx
Q 2
g KKk
2 L
21
LA
Q
14
+ - + - +

Myeloid Tshr deficiency improves HFD-induced metabolic
disorders in liver

To clarify the mechanism by which TSH-activated macrophages
aggravate insulin resistance in insulin target organs, we performed
mMRNA sequencing of liver tissues of HFD-fed Tshr”" and Tshr©
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BMDMs - - WT WT MKO MKO

mice, which were euthanized after 8-h fasting followed by insulin
administration (1.5 U/kg) for 5 min. GSEA analysis of livers mRNA
sequencing data indicated the activation of oxidative phosphor-
ylation and the suppression of the FoxO signaling pathway in
livers of HFD-fed Tshr"© mice compared with Tshr” mice (Fig. 5a).
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Fig. 3 Myeloid Tshr deficiency alleviates macrophage infiltration and M1 polarization in liver, adipose tissues and skeletal muscle of
HFD-fed mice and improves insulin resistance. Male Tsh”""© mice and age-matched Tshr”" littermates were fed with HFD for 9 weeks. Liver,
eWAT and skeletal muscle were isolated from these mice. Flow cytometry was performed to analyze the effect of myeloid Tshr deficiency on
macrophage infiltration and M1 polarization in liver, eWAT and skeletal muscle. a The percentage of CD11b" F4/80" macrophages from the
CDA45™ cell gate in liver, eWAT and skeletal muscle (n = 3). b The percentage of CD80" macrophages from the CD11b™ F4/80" cell gate in liver,
eWAT and skeletal muscle (n = 3). The mRNA levels of ltgam, Adgre1 and Itgax in liver (c), eWAT (d) and skeletal muscle (e) were measured by
qRT-PCR (n =9). B-Actin was used as an internal control (n =9). Primary hepatocytes, 3T3L1-differentiated adipocytes and L6-differentiated
skeletal muscle cells were co-cultivated with Tshr”"- or Tsh?"©-derived BMDMs for 48 h and then stimulated with 100 nM insulin for 15 min.
f Western blotting analysis was performed to determine the levels of p-IRS1, IRS1, p-AKT, t-AKT, p-p65, p65, p-JNK and JNK in primary
hepatocytes, 3T3L1-differentiated adipocytes and L6-differentiated skeletal muscle cells. B-Actin was used as a loading control. g Relative
PEPCK1 activity of primary hepatocytes with the indicated treatments (n = 3). h Relative glucose uptake of 3T3L1-differentiated adipocytes
with the indicated treatments (n = 3). Data are presented as mean + s.d. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed Student’s t-test

for a and b; one-way ANOVA for c-e, g and h).

As supported, mRNA levels of oxidative phosphorylation-related
genes were distinctly higher in livers of HFD-fed Tshr"© mice than
those of Tsh”" mice (Fig. 5b). GO enrichment analysis indicated
that these differential genes were significantly enriched in T2DM,
AGE-RAGE signaling pathway in diabetic complications and non-
alcoholic fatty liver disease, which are metabolic disorders
associated with insulin resistance®®. In addition, the Toll-like
receptor signaling pathway and TNF signaling pathway associated
with inflammation were also enriched (Fig. 5c).

To define the specific mechanism by which TSH-activated
proinflammatory macrophages induces insulin resistance in liver,
264 downregulated differential genes in liver of Tsh™*© mice were
intersected with 754 upregulated differential genes in
inflammation-activated macrophages®®“°, thereby screening 14
genes (Fig. 5d). Among them, we targeted early growth response
1 (Egr1), lipocalin 2 (Lcn2) and suppressor of cytokine signaling 3
(Socs3), which were relatively high abundant in liver, adipose
tissue and skeletal muscle based on human protein atlas and
mouse genome informatics database and have been indicated to
induce insulin resistance by suppressing the insulin signaling
pathway®' ™. More importantly, EGR1*®™*°, LCN2°° and SOCS3°'
could be upregulated by IL-1q, IL-18 and IL-6 in immune or cancer
cells by activating the NF-kB or STAT3 signaling pathway. To
validate the above mRNA sequencing results, we examined mRNA
expression of Egrl, Lcn2 and Socs3 in liver, eWAT and skeletal
muscle of HFD-fed Tshr” and Tsh/© mice and found that these
molecules were significantly reduced in these tissues of HFD-fed
Tsh™© mice compared with Tshr”* mice (Supplementary Fig. 16).
This was also supported by the results of western blotting
(Fig. 5e-g). In addition, the levels of PTEN as a downstream target of
EGR1 (ref. > were decreased in liver, eWAT and skeletal muscle of
HFD-fed Tsh/ © mice in comparison with Tshr”* mice (Fig. 5e—g).
These results demonstrate the regulatory effect of myeloid Tshr
deficiency on EGR1, LCN2 and SOCS3 of insulin target tissues.

IL-1q, 1I-1B and IL-6 from TSH-activated macrophages
upregulate Egr1, Lcn2 and Socs3 and induce insulin resistance
in hepatic, adipose and skeletal muscle cells

To clarify the causality relationship between cytokines IL-1q, IL-13
and IL-6 from macrophages and insulin resistance, we co-cultured
primary hepatocytes with BMDMs and treated them with different
combinations of insulin, TSH, IL-1 blocker IL-1RA or IL-6 blocker IL-
6ST. The results showed that TSH decreased the levels of insulin
signaling pathway-related molecules p-IRS1 and p-AKT while
increasing the levels of insulin resistance-related molecules p-p65
and p-STAT3 (Fig. 6a). Expectedly, the protein levels of EGR1,
LCN2, SOCS3 and PTEN were upregulated when primary
hepatocytes were co-cultured with TSH-stimulated BMDMs, and
this effect could be reversed by IL-1 blocker IL-1RA or IL-6 blocker
IL-6ST (Fig. 6a), also supported by the results in differentiated 3T3-
L1 adipocytes (Fig. 6b) and L6 skeletal muscle cells (Fig. 6c). In
addition, we also observed that mRNA levels of Egr1, Lcn2, Socs3
and Pten were substantially upregulated in primary hepatocytes
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co-cultured with TSH-stimulated BMDMs, while this effect could
also be reversed by IL-1RA or IL-6ST (Fig. 6d). The above findings
indicate that cytokines IL-1a, IL-13 and IL-6 from TSH-activated
macrophages upregulate the levels of EGRT, LCN2 and SOCS3 via
the activation of NF-kB and STAT3 signaling pathways, thereby
inducing insulin resistance in hepatic, adipose and skeletal muscle
cells. However, the regulatory relationship among EGR1, LCN2 and
SOCS3 is still unknown.

EGR1 transcriptionally activates LCN2 and SOCS3 to aggravate
insulin resistance

Using the JASPAR database, transcription factor EGR1 was
predicted to bind to the promoters of LCN2 and SOCS3
(Supplementary Fig. 17a,b, top). It is suggested that EGR1 may
transcriptionally regulate LCN2 and SOCS3, thereby impeding the
insulin signaling pathway****3>4 To prove this, we next knocked
down EGRT1 in HepG2 cells stimulated by insulin, and treated EGR1-
knockdown cells and their control cells with IL-1a. The results
showed that EGR1 knockdown reversed a decrease in the levels of
p-IRS1 and p-AKT and an increase in the levels of p-p65, p-STAT3,
LCN2, SOCS3 and PTEN induced by IL-1a (Fig. 7a). As expected, we
found that EGR1 knockdown also reversed IL-1a-induced increase
in the mRNA levels of LCN2, SOCS3 and PTEN (Fig. 7b). The above
findings indicate that IL-1a-mediated upregulation of EGR1
promotes insulin resistance probably by transcriptionally activat-
ing LCN2, SOCS3 and PTEN.

To further determine the transcriptional regulatory effect of
EGR1 on LCN2 and SOCS3, we inserted the promoter of LCN2 or
SOCS3 into PGL3.0 plasmid and co-transfected them with pRL-TK
plasmid in HepG2 cells (Supplementary Fig. 17a,b, bottom). We
next performed the dual-fluorescence reporter assay and found
that EGR1 knockdown dramatically decreased the promoter
activity of LCN2 and SOCS3 compared with the control (Fig. 7c).
We also ectopically expressed EGR1-Flag in HepG2 cells (Fig. 7d)
and demonstrated that EGR1 overexpression expectedly increased
the promoter activity of LCN2 and SOCS3 in HepG2 cells (Fig. 7e).
Besides, we performed the chromatin immunoprecipitation assays
to determine whether EGR1 directly binds to the promoters of
LCN2 and SOCS3 in HepG2 cells. Immunoprecipitated chromoso-
mal DNA was subjected to quantitative PCR using the primers that
were designed to amplify different promoter regions of LCN2 and
SOCS3 containing the predicted EGR1 binding sites by the JASPAR
database (Supplementary Fig. 17a,b). The results showed that the
above promoter regions of LCN2 and SOCS3 were significantly
enriched by anti-Flag antibody in the EGR1-Flag-overexpressing
HepG2 cells compared with control cells (Supplementary
Fig. 17¢,d). These results, taken together, indicate that LCN2 and
SOCS3 are direct downstream targets of transcription factor EGR1.

In summary, we proposed a model to illustrate how TSH
aggravates insulin resistance in SH (Fig. 7f). Specifically, elevated
TSH levels in patients with SH activate the NF-kB signaling
pathway in macrophages to promote their M1 polarization and
the secretion of IL-1q, IL-13 and IL-6. These cytokines cause the
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Fig. 4 Myeloid Tshr deficiency suppresses M1 polarization of macrophages and the secretion of IL-1q, IL-1f and IL-6. Tshr”"- or TshrV'ke-
derived BMDMs were stimulated by 1 ng/mL TSH for 24 h, and flow cytometry was then performed to analyze the effects of myeloid Tshr
deficiency on M1 polarization of macrophages and intracellular ROS levels. a CD80" M1 macrophages from the CD11b*" F4/80" cell gate
(n=3). b Intracellular ROS levels (left) and mean fluorescence intensity (MFI) of ROS (right) (n =3). ¢ A heatmap of the proinflammatory
cytokines in Tshr”"- or Tshr""©-derived BMDMs determined by mRNA sequencing. d The mRNA levels of the proinflammatory cytokines in the
above BMDMs were measured by qRT-PCR. B-Actin was used as an internal control (n =9). Tsh/™*© mice and age-matched Tshr”" littermates
(male, 6 weeks old) were fed with HFD for 9 weeks. Serum concentrations of IL-1a (e), IL-1f (f) and IL-6 (g) in these mice were then measured
by ELISA (n =6). h gRT-PCR assays were performed to determine mRNA levels of /I-1a, II-1b and /-6 in Tsh”*- or Tshr©-derived BMDMs
stimulated by 1 ng/mL TSH for 24 h. -Actin was used as an internal control (n = 3). Data are presented as mean * s.d. **P < 0.01, ***P < 0.001
(unpaired two-tailed Student’s t-test for a, b and e-g; one-way ANOVA for d and h).

upregulation of EGRT in liver, adipose and skeletal muscle cells by
activating NF-kB and STAT3 signaling pathways. EGR1 as a
transcription factor directly activates the transcription of its
downstream targets LCN2, SOCS3 and PTEN to impair the insulin
signaling pathway in insulin target cells. As a result, hepatic
oxidative phosphorylation and glycogen synthesis are down-
regulated, but hepatic gluconeogenesis and lipid metabolic
disorders are upregulated, leading to hepatic steatosis and fat
accumulation. Also, reduced AKT activity causes a decrease in
glucose uptake and utilization in adipose and skeletal muscle cells
by impeding the membrane localization of GLUT4, thus aggravat-
ing insulin resistance in patients with SH.

Experimental & Molecular Medicine (2025) 57:1246 - 1259

Validation of TSH-induced insulin resistance in patients

with SH

To verify whether patients with SH could have similar patterns in
macrophage polarization markers and cytokine levels, we
collected peripheral blood samples from patients with SH and
healthy controls and measured the levels of IL-1a, IL-16, IL-6,
glycated hemoglobin (GHb) and fasting plasma glucose (FPG).
The results showed that the above indexes in patients with SH
were higher than those in healthy controls (Fig. 8a-e). Also, we
demonstrated that there were positive associations of the levels
of IL-1q, IL-1B, IL-6, GHb and FPG with TSH levels in patients with
SH (Fig. 8f-j). In addition, we used flow cytometry to evaluate
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Fig. 5 Improvement of HFD-induced metabolic disorders in liver by myeloid Tshr deficiency. Tshr"'*© mice and age-matched Tshr”f
littermates (male, 6 weeks old) were fed with HFD for 9 weeks. They were then euthanized upon insulin administration (1.5 U/kg) for 5 min
after 8 h fasting. a GSEA of mRNA sequencing data in livers of HFD-fed Tshr”" and Tsh/*° mice (n=3). b A heatmap of the oxidative
phosphorylation members in livers determined by mRNA sequencing (n = 3). ¢ GO analysis of differential genes from mRNA sequencing data
in livers of HFD-fed Tshr”" and Tsh”© mice (n = 3). d A Venn diagram showing overlap of 264 downregulated genes in livers of Tsh? % mice
and 754 upregulated genes in inflammation-activated macrophages. The protein levels of EGR1, SOCS3, LCN2 and PTEN in liver (e), eWAT (f)
and skeletal muscle (g) of HFD-fed Tsh/© and Tshr”" mice were determined by western blotting analysis. -Actin was used as a loading

control (n = 3).

the M1 polarization of peripheral blood mononuclear cell
(PBMC)-derived macrophages, which were induced by macro-
phage colony-stimulating factor and stimulated with the serum
from patients with SH or healthy controls. The results showed
that the serum from patients with SH more significantly
increased the percentage of CD11b*CD68* macrophages and
CD80" M1 macrophages compared with that from healthy
controls (Fig. 8k). Collectively, these findings in human samples
strongly support our conclusions from murine models.

SPRINGER NATURE

DISCUSSION

Thyroid dysfunction and diabetes mellitus are two of the most
frequent chronic endocrine disorders with variable prevalence
among different populations®. In the long early stages of these
diseases, the patients can be asymptomatic and, therefore,
undiagnosed and untreated, leading to important adverse
events®®. The risk of insulin resistance or T2DM is increased
among patients with SH, and the TSH levels, even within the
normal reference range, are an additional risk factor of incident
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Fig. 6 TSH-activated macrophages upregulate Egr1, Lcn2 and Socs3 and aggravate insulin resistance in hepatic, adipose and skeletal
muscle cells via IL-1q, IL-18 and IL-6. Primary hepatocytes, 3T3L1-differentiated adipocytes and L6-differentiated skeletal muscle cells were
co-cultivated with wild-type BMDMs stimulated by 1 ng/mL TSH for 24 h and simultaneously treated by 10 ng/mL IL-1RA or IL-6ST for 48 h,
followed by 100 nM insulin stimulation for 15 min. a—c The levels of p-IRS1, IRS1, p-AKT, t-AKT, p-p65, p65, p-STAT3, STAT3, EGR1, LCN2, SOCS3
and PTEN in primary hepatocytes (a), 3T3L1-differentiated adipocytes (b) and L6-differentiated skeletal muscle cells (c) were then determined
by western blotting analysis. p-Actin was used as a loading control. d The mRNA levels of Egr1, Lcn2, Socs3 and Pten were determined by qRT-
PCR in primary hepatocytes with the indicated treatments. 3-Actin was used as an internal control (n = 3). Data are presented as mean *s.d.

***P < 0.001 (one-way ANOVA for d).

T2DME', In SH, the levels of thyroid hormone remain normal and
only TSH levels are increased. This suggests that TSH may also
contribute to insulin resistance independent of its effect on
thyroid hormones. In addition, TSHR expression was highest in
macrophages except for thyroid follicular cells, and M1 polariza-
tion of macrophages has been shown to be critically involved in
insulin resistance'®°. We thus speculate that increased TSH levels
may aggravate insulin resistance by promoting M1 polarization of
macrophages in SH.

To validate the above scientific hypothesis, we established
Tshr © mice to test the effect of the TSH-TSHR signaling pathway
in macrophages on insulin sensitivity. Our data indicated a
significant decrease of the infiltrated M1 macrophages in liver,
adipose and skeletal muscle tissues of HFD-fed Tshr*© mice.
Moreover, we also found that M1 polarization of macrophages
and ROS levels were decreased in Tshr-deficient BMDMs despite
TSH stimulation. Likewise, the levels of p-p65 were decreased in
Tshr-deficient BMDMs, which was supported by GO analysis of
MRNA sequencing in Tsh?™©- and Tshr”-derived BMDMs. The

Experimental & Molecular Medicine (2025) 57:1246 - 1259

mRNA sequencing data also indicated that the expression of 15
cytokines was different between TshP O~ and Tshr”"-derived
BMDMs. Furthermore, among the corresponding receptors of
these 15 cytokines, IL-10/p receptor IL-1r1, IL-6 receptor IL-6ra and
TNF receptor Tnfrsfla have been shown to be the most abundant
in liver and to aggravate insulin resistance®*’. As supported,
serum levels of IL-1q, IL-1B and IL-6 were significantly reduced in
HFD-fed Tshr ° mice in comparison with control mice.

To gain mechanistic insight into the protective action of
myeloid Tshr deficiency against HFD-induced insulin resistance,
we performed comparative liver transcriptome in HFD-fed Tshr'©
mice versus Tshr”f mice. In the 250 downregulated differentially
expressed genes, 14 genes could be upregulated in response to
inflammation activation3%4. Among them, Egrl, Lcn2 and Socs3
were more abundant in liver and closely associated with insulin
resistance. Previous studies have shown that EGRT as a transcrip-
tion factor induces insulin resistance by activating the transcrip-
tion of PTEN®?, PEPCK1>> and TNFa®®. LCN2 as an inflammatory
marker can activate the STAT3 signaling pathway by its receptor
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serine 307, inhibiting Akt phosphorylation and subsequently
promoting insulin resistance****, Besides, in primary hepatocytes,
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3T3L1-differentiated adipocytes and L6-differentiated skeletal
muscle cells co-cultured with wild-type BMDMs, TSH stimulation
caused an increase in the protein and mRNA levels of Egr1, Lcn2
and Socs3, which was accompanied by a decrease in the levels of
insulin signaling pathway-related molecules such as p-IRS1 and
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Fig. 7 EGR1 aggravates insulin resistance by transcriptionally activating LCN2 and SOCS3. EGR1-knockdown HepG2 cells and their control
cells were treated with PBS or 10 ng/mL IL-1a for 48 h and then stimulated by 100 nM insulin for 15 min. a The levels of p-IRS1, IRS1, p-AKT, t-
AKT, p-p65, p65, p-STAT3, STAT3, EGR1, LCN2, SOCS3 and PTEN were determined by western blotting analysis. b The mRNA levels of EGRT,
LCN2, SOCS3 and PTEN in HepG2 cells with the indicated treatments (n = 3). ¢ PGL3.0 plasmids inserted the promoter of LCN2 or SOCS3 were
co-transfected with pRL-TK plasmid into EGR1-knockdown HepGz2 cells or control cells, which were treated with 10 ng/mL IL-1a for 48 h. The
promoter transcriptional activity of LCN2 and SOCS3 was determined by the dual-fluorescence reporter system (n = 3). d The protein levels of
EGR1 and Flag in EGRT-overexpressing HepG2 cells or control cells. @ PGL3.0 plasmids inserted the promoter of LCN2 or SOCS3 were co-
transfected with pRL-TK plasmid into EGR1-overexpressing HepG2 cells or control cells. The promoter transcriptional activity of LCN2 and
SOCS3 was determined by the dual-fluorescence reporter system. Luciferase activity was normalized to Renilla luciferase activity (n =3). f A
schematic model for TSH triggering macrophage inflammation to exacerbate insulin resistance in SH. Data are presented as mean + s.d.
*P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant (one-way ANOVA for b, c and e).
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Fig. 8 Validation of TSH-triggered insulin resistance in patients with SH. a-e The levels of IL-1a (a), IL-1p (b), IL-6 (c), GHb (d) and FPG (e) in
the serum from patients with SH and healthy controls (n = 20). f-j Correlations of the levels of IL-1a (), IL-1p (g), IL-6 (h), GHb (i) and FPG (j)
with TSH levels in patients with SH (n=20). PBMC-derived macrophages were treated with 50 ng/mL of human macrophage colony-
stimulating factor (hM-CSF) for 7 days, accompanied by stimulation with the serum from patients with SH and healthy controls. Flow
cytometry was then used to determine their effect on macrophage differentiation and M1 polarization. k The percentage of CD11b"CD68"
macrophages from the immune cell gate and CD80" macrophages from the CD11b" CD68" cell gate (n=6). Data are presented as
mean * s.d. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed Student’s t-test for a—e and k; Pearson linear correlation analysis for f-j).

p-AKT and an increase in the levels of insulin resistance-related SOCS3 were the downstream targets of EGR1. The above findings
molecules such as p-p65 and p-STAT3. These effects could be suggest that IL-1q, IL-1B and IL-6 secreted from M1-polarized
reversed by IL-1a/f blocker IL-1RA or IL-6 blocker IL-6ST. macrophages stimulated by abnormally elevated TSH upregulate

EGR1 as a transcription factor was predicted to bind to the EGR1 expression, transcriptionally activating LCN2 and SOCS3 and
promoters of LCN2 and SOCS3. Furthermore, knocking down EGR1 aggravating insulin resistance in hepatic, adipose and skeletal

in HepG2 cells reversed an increase in the expression of LCN2 and muscle cells. Our study thus provides strong evidence for the link
SOCS3 and levels of insulin resistance-related molecules p-p65 and between SH and insulin resistance.
p-STAT3 as well as a decrease in the levels of insulin signaling Similar to the results of the present study, a previous study

pathway-related molecules p-IRS1 and p-AKT, which were induced elucidated that TSH aggravated vascular inflammation and thus
by IL-1a. In addition, Further studies identified that LCN2 and contributed to atherogenesis'®. Another study also found that TSH
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enhanced the activities of NF-kB and the extracellular signal-
regulated kinase (ERK)-p38 signaling pathways in macrophages by
activating the TSHR-G protein-coupled receptor signaling axis,
promoting their M1-type polarization'®. As supported, increased
levels of macrophage infiltration in liver tissues were found in a rat
model of thyroidectomy-induced SH*’. In addition, there is also
evidence showing that cytokines such as IL-1q, IL-6, TNF, INF and
CCL2 from proinflammatory macrophages impair metabolic
homeostasis®®. These observations further support our
conclusions.

What are the clinical implications of these findings? There is
increasing evidence indicating that elevated TSH levels in SH are
strongly associated with increased risk of developing obesity and
type 2 diabetes®'". These findings were confirmed across
multiple ethnic groups, underscoring the physiological impor-
tance of TSH in metabolic diseases. Furthermore, several clinical
studies showed that a progressive increase in TSH was indepen-
dently associated with the risk of developing T2D regardless of sex
and thyroid autoimmunity, indicating that SH and T2DM are not
concomitant results of autoimmune disorders'’. Nonetheless,
these clinical studies fail to reveal the cell type and specific
mechanisms, which are responsible for insulin resistance. In the
present study, the causal relationship between TSH-mediated M1
polarization of macrophages and insulin resistance was demon-
strated using myeloid-specific Tshr-knockout mice and a co-
cultivation system.

Our data also revealed a proinflammatory effect of TSH on
macrophages, further confirming its pathophysiological signifi-
cance in insulin resistance. Thus, the present study will provide
mechanistic insights into the predisposition to insulin resistance in
SH and come up with a previously unrecognized role of TSH in
metabolic disorders. The mechanism of insulin resistance caused
by TSH-activated macrophage inflammation suggests that
patients with SH should be screened for inflammatory markers
and blood glucose to achieve early diagnosis and avoid serious
consequences. Our results also suggest that blocking proinflam-
mation cytokines from abnormal macrophages activated by TSH
can improve insulin sensitivity and metabolism to prevent the
development of T2DM in patients with SH.

We would like to acknowledge the limitations of the present
study. Due to the ubiquitous nature of macrophages in tissue
distribution, the Lys2-Cre system is expected to mediate the
deletion of loxP-floxed Tshr gene in macrophages throughout the
body. Here, we focused on the TSH-TSHR signaling pathway in
the infiltrated macrophages in liver, adipose and skeletal muscle
tissues, owing to the fact that infiltrating macrophages in these
tissues account for >90% of the total number of macrophages in
the body and are the main source of circulating cytokines. The
brain also contains macrophages, known as microglial cells, which
have been shown to modulate central inflammation, locomotor
activity and feeding in mice®®. Thus, myeloid Tshr depletion in
other tissues, including the brain, may also affect HFD-induced
weight gain and insulin resistance in mice. Another variable is
urinary glucose excretion, an alternative route whereby the body
can expend calories®®. It is possible that hyperglycemia will lead
to greater expenditure of calories through urinary glucose
excretion in HFD-fed mice. This effect may affect the body
weight and energy balance of HFD-fed Tsh™*© and Tshr”" mice.
Moreover, we have focused on cytokines from TSH-activated
macrophages and ignored exosomes, which can also modulate
insulin sensitivity*'.

In conclusion, the present study demonstrates that TSH
exacerbates insulin resistance by triggering macrophage inflam-
mation in patients with SH, thus explaining an important clinical
phenomenon that patients with SH are more susceptible to insulin
resistance. Notably, although we do not observe an% changes in
food intake and water drinking between male Tsh™© and Tshr”f
mice, more evidence is needed to determine the role of the
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TSH-TSHR signaling pathway in microglia and its impact on
central inflammation and energy homeostasis. Moreover, whether
exosomes from TSH-activated macrophages aggravate insulin
resistance also needs to be further investigated.
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