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Adult thyroid dysfunction is a common endocrine disorder associated with an increased risk of
cardiovascular disease and mortality. A recent epidemiologicstudy revealed a link between obesity
and increased prevalence of hypothyroidism. It is conceivable that excessive adiposity in obesity
might lead to expansion of the interfollicular adipose (IFA) depot or steatosis in thyroid follicular
cells (thyroid steatosis, TS). In this study, we investigated the morphological and functional changes
in thyroid glands of obese humans and animal models, diet-induced obese (DIO), ob/ob, and db/db
mice. Expanded IFA depot and TS were observed in obese patients. Furthermore, DIO mice showed
increased expression of lipogenesis-regulation genes, such as sterol regulatory element binding
protein 1 (SREBP-1), peroxisome proliferator-activated receptor y (PPARvy), acetyl coenzyme A
carboxylase (ACC), and fatty acid synthetase (FASN) in the thyroid gland. Steatosis and ultrastruc-
tural changes, including distension of the endoplasmic reticulum (ER) and mitochondrial distortion
in thyroid follicular cells, were uniformly observed in DIO mice and genetically obese mouse mod-
els, ob/ob and db/db mice. Obese mice displayed a variable degree of primary thyroid hypofunc-
tion, which was not corrected by PPARy agonist administration. We propose that systemically
increased adiposity is associated with characteristic IFA depots and TS and may cause or influence
the development of primary thyroid failure. (Endocrinology 156: 1181-1193, 2015)

ntracellular lipids are required for the maintenance of
Icellular structural integrity and energy homeostasis (1,
2). However, excessive accumulation of lipids, particu-
larly triglycerides (TG), causes steatosis within nonadi-
pose tissues (3). Steatosis is associated with multiple fac-
tors including excessive synthesis and defective
elimination of TGs, which may lead to lipid droplet for-
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mation in the cytoplasm (4). Obesity is the most common
cause of steatosis in the liver, muscle, kidney, heart, and
endocrine beta cells (5). Steatosis associated with lipid
droplets is well characterized in the liver but it is not fully
understood in other tissues (6). It has been suggested that
steatosis causes cellular dysfunction in nonadipose tissue
in patients with obesity (7).
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Adult thyroid dysfunction, which is one of the most
common endocrine dysfunctions, is associated with an in-
creased risk of cardiovascular mortality (8). In a recent
epidemiologic study, obesity was linked to many endo-
crine abnormalities including thyroid abnormalities (9,
10). The prevalence of hypothyroidism was higher in
obese patients than in a control group of age- and sex-
matched subjects with a normal body mass index (BMI)
(11). The underlying mechanism of the association be-
tween obesity and thyroid dysfunction is largely un-
known. A recent study demonstrated that obese mice may
experience thyroid dysregulation as a result of changes in
the hypothalamus-pituitary-thyroid axis (12). Taken to-
gether, these data definitely suggest that endocrine factors,
including leptin, which are dysregulated in excessive ad-
iposity, are important etiological factors leading to a dys-
regulated hypothalamus-pituitary-thyroid axis in obese
individuals.

Endocrine organs are also affected by steatosis, and en-
docrine dysfunction in patients with obesity may be caused
by steatosis (13). In obesity, excessive accumulation of lipids
in pancreatic beta cells causes progressive beta cell dysfunc-
tion (14, 15), resulting in early type 2 diabetes and ultimately
insulin-dependent diabetes (7, 16, 17).

Unlike pancreatic beta cells, the thyroid gland contains
a small amount of adipose depots that may give rise to
abnormal adipose tissue lesions, such as lipomatosis (18),
liposarcoma (19), and a heterotopic nest of adipocytes
(20). However, intrathyriodal adipocytes have not been
regarded as an important regulator of thyroid function. It
is also unclear whether adipocytes in the thyroid gland
expand as a consequence of increased adiposity in obesity.
Adipocytes secrete paracrine factors that may regulate
thyroid function, and steatosis in thyroid follicular cells
(thyroid steatosis, TS) may alter the thyroid endocrine
function (21, 22). It is conceivable that excessive adiposity
during obesity might result in expansion of the interfol-
licular adipose (IFA) depot or TS.

In this study, we demonstrated the presence of IFA de-
potand TS in the thyroid gland of patients with obesity. In
addition, we used male mouse models of obesity, such as
diet-induced obese (DIO), ob/ob, and db/db mice to in-
vestigate the relevant morphological and functional
changes in the thyroid gland. We found intracellular lipid
droplets in follicular cells, which we suggest may cause
thyroid dysfunction in obese mouse models.

Materials and Methods
Subjects

We examined the contralateral lobe of the thyroid in 35 pa-
tients with papillary microcarcinoma to observe IFA depots and
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TS. We examined the thyroid tissue in patients with normal ad-
iposity (BMI < 25), obesity (25 = BMI < 30), and severe obesity
(BMI = 30) for the presence of IFA depots and TS.

Animals

All mice used in this study were male. The genetically obese
mice (0b/ob, db/db, and the C57BL/6] strain) and age-matched
controls were purchased from the Jackson Laboratory. For the
high-fat diet (HFD; 60% of calories came from fat) time course
experiments, 6-week-old mice were subjected to HFD feeding for
8 and 16 weeks. All animal experiments were approved by the
Institutional Animal Care and Use Committee of the Chungnam
National University School of Medicine (approval ID,
CNU-00246).

Histological and immunohistochemical analysis

Horizontal sections of the formalin-fixed thyroid tissue were
taken serially in a superior-to-inferior direction (0.5 ¢cm thick-
ness). The tissue blocks, which contained two serial sections of
the upper pole, two serial sections of the mid pole, and two serial
sections of the lower pole, were embedded in paraffin, then cut
in a microtome (4 um thickness). Each paraffin-embedded tissue
section was stained with hematoxylin and eosin (H&E). The
areas of IFA depots were calculated in six representative sections
of the thyroid gland from nine patients with a BMI less than 25.
The mean area of IFA depot was 0.11 with a standard deviation
0f 0.10. We have calculated the reference range (95 % confidence
interval) of the percentage of IFA depots showing an upper limit
of 0.19. We classified patients showing an IFA of less than 0.19
as IFA (—). The data are presented as percentage values in Sup-
plemental Figure 1A [IFA (—) vs IFA (+) group; 0.04 = 0.03%
vs 0.45 + 0.20%, P < .001].

Toevaluate TS, we calculated the number of thyroid follicular
cells showing severe ballooning degeneration and discrete lipid
droplets in 50 follicles on each slide out of a total of six slides
from each patient. The follicles on each slide were randomly
selected at the periphery and center of the slides by two investi-
gators independently. The follicular cells containing lipid drop-
lets were expressed as TS (+) cells/follicle area (mm?). The thy-
roid gland obtained from nonobese (BMI < 25) IFA (—) patients
showed less than 10 lipid droplet—containing cells/follicle area
(mm?). We defined the TS (+) group arbitrarily as those having
more than 100 lipid droplet-containing cells/follicle area (mm?).

The genetically obese mice (ob/ob, db/db, and the C57BL/6]
strain) and the age- and sex-matched controls fed on a normal-
chow diet (NCD) or HFD for 8 or 16 weeks were killed and their
thyroid glands excised. Paraffin sections were prepared and
stained with H&E. At least five sections from each mouse were
used for image inside analysis. Inmunohistochemistry staining
for sterol regulatory element binding protein-1 (SREBP-1) and
thyroglobulin was performed in the thyroid tissue of NCD- and
HFD-fed mice. Tissue sections were then incubated for 60 min-
utes at room temperature (at 23°C), with the following primary
antibodies: SREPB-1 rabbit mAb, thyroglobulin mouse mAb
(Santa Cruz Biotechnology, Inc). Immunohistochemistry was
performed using a Polink-1 HRP Rat-NM 3,3’-diaminobenzi-
dine Detection System (GBI, Inc).
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Immunofluorescence staining

Thyroid tissues were isolated from ob/+, ob/ob, db/+, and
dbl/db mice at 6 and 13 weeks of age, and cryostat sections (4 wm)
were collected on glass slides and fixed in 3.7% paraformalde-
hyde. Sections were blocked for 2 hours in 5% BSA in PBS, and
incubated with the primary antibodies, B-catenin (1:200, Santa
Cruz) and the fluorescent dye, BODIPY (1:100, Molecular
Probes) overnight at 4°C. The stained slides were observed using
an Olympus Fluoview FV1000 microscope equipped with a
charge-coupled device camera (Olympus Corp).

Transmission electron microscopy analysis

The thyroid tissues were fixed in 2.5% glutaraldehyde in
0.1M cacodylate buffer at 4°C for 4 hours. After washing in
0.1M cacodylate, samples were postfixed in 1% OsQO, in caco-
dylate buffer (pH 7.2) containing 0.1% CaCl, for 1 hour at 4°C.
Samples were analyzed with an electron microscope (EM) (Tec-
nai G2 Spirit Twin; FEI Company; Korea Basic Science Institute).

RNA extraction and real-time qRT-PCR analysis

RNA was isolated using TRIzol (Invitrogen). cDNA was syn-
thesized from 1 pgtotal RNA with M-MLYV reverse transcriptase
and oligo-dT primers according to the manufacturer’s protocol.
The PCR primers are shown in Supplemental Table 1. The results
were normalized with 18s rRNA.

Serum analysis of hormones

Serum TSH concentrations were evaluated using a specific
mouse TSH RIA provided by S.Y. Cheng (Center for Cancer
Research, National Cancer Institute, Bethesda, MD). Intra-assay
coefficient of variation was 5.88% and interassay coefficient of
variation was 6.66%. Serum levels of hormones were measured
using an ELISA kit (Leptin; EMD Millipore, T3, T,; Merck Mil-
lipore, Thyroglobulin; Cusabio Biotech Co Ltd) according to the
manufacturer’s instructions.

ELISA assay

TG and total cholesterol concentrations in the thyroid were
measured using a TG quantification kit (Abcam) and a total
cholesterol kit (Cell Biolab, Inc), respectively. Intrathyroidal T,
T,4, and thyroglobulin levels were measured using Multi Species
Steroid/Thyroid Hormone (T3, T,; Merck Millipore Corp) and
a thyroglobulin ELISA kit (Cusabio Biotech Co Ltd).

Intraperitoneal glucose tolerance and insulin
tolerance tests

For intraperitoneal glucose tolerance, mice were fasted over-
night (16 hours) and then injected ip with 2 g/kg glucose. Fasting
blood glucose levels were measured at 0, 5, 15, 30, 60, 90, and
120 minutes after the glucose injection with a glucometer (Accu-
check, Hoffmann-La Roche Ltd). For insulin tolerance tests,
mice were fasted for 6 hours and then injected ip with insulin
(0.75 U/kg; Humalog, Eli Lilly Co) and blood glucose levels were
measured with a glucometer (Accu-Chek, Hoffmann-La Roche
Ltd).

Materials

Rosiglitazone (RGZ) was purchased from Sigma-Aldrich.
MILLIPLEX MAP multi species Steroid/Thyroid Hormone

endo.endojournals.org 1183

Magnetic Bead Panel kit was purchased from Merck Millipore
Corp. to measure the thyroid hormone levels. The following
antibodies were used: B-catenin, SREBP-1, and thyroglobulin
(Santa Cruz Biotechnology). The following fluorescent dyes
were used: BODIPY (Life Technologies Co), and DAPI (Sigma-
Aldrich Co).

Statistical analysis

Group comparisons of categorical variables were evaluated
using the linear-by-linear association. The means were compared
with the independent sample # test, one-way ANOVA, or the
Mann-Whitney U test. Values are presented as the mean = SD.
P < .05 was considered statistically significant. Analyses were
performed using SPSS Version 18.0 statistical software (SPSS
Inc).

Results

Detection of intrathyroidal adipose tissue and lipid
droplets in thyroid gland of obese subjects

To observe adipose depots and steatosis, we examined
the thyroid tissue in patients with normal adiposity
(BMI < 25), obesity (25 = BMI < 30), and severe obesity
(BMI = 30) for the presence of IFA depots and TS (Figure
1, A-D). IFA were observed in the thyroid lobe of four of
nine patients with BMI < 25 (Figure 1E). Interestingly, the
frequency and area of adipose depot was significantly
higher in the thyroid tissue of patients with BMI of at least
25 (detected in 19 of 26 patients) (Figure 1E).

TS was uncommon and was detected in only two of nine
patients with BMI < 25 regardless of the presence of focal
adipose tissue (Figure 1, D and E). Notably, a higher pro-
portion of lipid droplets was frequently observed in pa-
tients with BMI of at least 25 (16 of 26 patients) (Figure 1,
C-E). The simultaneous presence of IFA and TS was found
in two of nine patients with BMI < 25 and in 13 of 26
patients with BMI of at least 235.

Asshown in Supplemental Figure 1, Band C, serum free
T, (BMI<25vs BMI=25;1.1 £ 0.1 ng/dLvs 1.1 = 0.1
ng/dL) and TSH levels (2.1 = 1.3 pU/mL vs 2.3 = 1.3
pU/mL) of obese patients (BMI = 25) were not signifi-
cantly different from those of nonobese (BMI < 25) pa-
tients. However, TSH levels were significantly higher in
patient groups with IFA (+) and TS (+) than in patients
with IFA (=) and TS (=) (IFA (=) TS (=) vs IFA (+) TS
(+); 1.6 = 1.3 pU/mL vs 2.7 = 1.5 pU/mL, P < .03)
(Figure 1F). A similar higher level of TSH was also noted
in specific subgroups with TS (+) (TS (=) vs TS (+); 1.9
+1.2 uU/mLvs2.6 = 1.3 wU/mL, P <.03) (Supplemental
Figure 1E). These findings suggested that ectopic fat ac-
cumulation, particularly steatosis of thyroid follicular
cells, may result in primary hypothyroidism in obese
patients.
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Figure 1. Interfollicular adipocytes and TS. A-D, Hematoxylin/eosin
(H&E) staining showing thyroid follicles lined by flat or cuboidal thyroid
follicular cells with interfollicular stromal infiltration by mature adipose
tissue (arrowhead indicates IFA). Thyroid follicular cells displayed
intracellular lipid droplets (TS). Large lipid droplets displaced the
cytoplasm and distorted the nucleus (arrow). All images are shown at
100X, 400X, and 1600 magnification. E, IFA (=) and TS (—) were
found in 55% (five of nine cases) of patients with a BMI < 25,
compared with 15.4% (four of 26 cases) in those with BMI = 25. IFA
(4) and TS (—) were found in 22.2% (two of nine cases) of patients
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Taken together, these findings suggest that focal adi-
pose tissue in the thyroid gland is common and that it may
expand with increasing systemic adiposity. Indeed, follic-
ular cell steatosis was closely associated with increased
systemic adiposity.

Thyroid dysfunction in HFD-fed mice

Next, we investigated thyroid dysfunction in male mice
(C57BL/6]) fed NCD or HFD for 8 weeks. Body weight
increased significantly in DIO, HFD-fed mice compared
with lean NCD-fed mice (Figure 2A). The tissue weight
between lean and DIO mice was different only in epidid-
ymal white adipose tissue and brown adipose tissue; how-
ever, the tissue-weight-to-body-weight ratio was signifi-
cantly higher in muscle as well as epididymal white
adipose tissue and brown adipose tissue of DIO mice than
in lean mice (Supplemental Figure 2, A and B). The thyroid
weight did not differ between lean mice and DIO mice
(NCD-fed vs HFD-fed mice; 9.6 = 0.2 mg vs 9.3 = 0.5
mg), but the thyroid-weight-to-body-weight ratio was sig-
nificantly lower in DIO mice (NCD-fed vs HFD-fed mice;
1+ 0.1vs0.7 = 0.06, P <.002) (Figure 2, B and C).

DIO mice showed lower serum T5 (NCD-fed vs HFD-
fed mice; 0.44 + 0.08 ng/mL vs 0.34 + 0.07 ng/mL, P <
.004) and T, levels (NCD-fed vs HFD-fed mice; 3.64 *+
0.37 pg/dL vs 3.23 *+ 0.3 ug/dL, P < .026) (Figure 2, D
and F). The intrathyroidal concentration of T5 (NCD-fed
vs HFD-fed mice; 8 + 0.7 pg/ng vs 6.5 *+ 0.6 pg/ng, P <
.015)and T, (NCD-fed vs HFD-fed mice; 53.6 = 3.3 pg/ng
vs 42.0 = 4.3 pg/ng, P < .021) was significantly lower in
DIO mice (Figure 2, E and G). Serum TSH levels in DIO
mice were higher than in lean mice (NCD-fed vs HFD-fed
mice; 36 £ 9ng/mLvs65.8 = 7.2ng/mL, P <.001) (Figure
2H). As expected, the serum leptin level in DIO mice was
markedly higher (Supplemental Figure 2C). Taken to-
gether, these findings suggest that DIO mice have primary
thyroid dysfunction, which increases TSH secretion in the
pituitary gland.

To examine the expression pattern of genes involved in
thyroid hormone production in response to TSH, we an-
alyzed thyroid-specific mRNAs known to be regulated by
TSH. The expression of TSH receptor, thyroperoxidase,
sodium-iodide symporter, and thyroglobulin was higher

with a BMI < 25, compared with 23.1% (six of 26 cases) in those with
BMI = 25. IFA (—) and TS (+) were not detected in patients with a
BMI < 25, but were detected in 11.5% (three of 26 cases) of patients
with a BMI = 25. IFA (+) and TS (+) were present in 22.2% (two of
nine cases) of patients with a BMI < 25, compared with 50% (13 of
26 cases) of patients with a BMI = 25. F, TSH levels were measured in
IFA (=) and TS (=) groups (n = 9) and IFA (+) and TS (+) group

(n = 15).
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Figure 2. Thyroid function in mice with diet-induced obesity. Six-week-old male C57BL/6) mice were fed NCD or HFD, and their weights were
monitored for 8 weeks until 14 weeks of age. A, Body weight of NCD- (filled circle) or HFD-fed (filled square) mice (n = 10 per group). B and C,
The thyroid weight (B) and the thyroid-weight-to-body-weight ratio (C) were measured in NCD- (open bars) or HFD-fed (filled bars) mice as
indicated (n = 10 per group). D-H, Serum T5 (D), T, (F), and TSH (H) levels (n = 40 per group), and intrathyroidal T (E) and T, (G) levels (n = 8 per
group). Levels were measured in NCD- and HFD-fed mice. I-L, RT-gPCR analysis of relative gene expression of TSH receptor (TSHR),
thyroperoxidase (TPO), sodium-iodide symporter (NIS), or thyroglobulin (Tg) was carried out in the thyroid, lung, and kidney of NCD- or HFD-fed
mice for 8 weeks. mRNA was normalized to the expression of 18S rRNA. Values are means + SD; *, P < .05; N.S., not significant.

in the thyroid gland of DIO mice (Figure 2, I-L). The
thyroglobulin content was lower in the DIO mice than in
lean mice (Supplemental Figure 2, D and E). These findings
suggest that DIO mice have primary thyroid dysfunction
characterized by high serum TSH levels.

Lipogenesis and steatosis in thyroid follicular cell
in DIO mice

To investigate whether TS is associated with lipogen-
esis, we performed histological and molecular biological
analyses of the thyroid gland in DIO mice. Lipid droplets
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in thyroid follicular cells were not observed in the thyroid
tissue of lean mice (Figure 3A). However, thyroid follic-
ular cells in the central follicle of the thyroid tissue in DIO,
HFD-fed mice for 8 and 16 weeks frequently contained
lipid droplets. (Figure 3A and Supplemental Figure 3A).
IFA depots were significantly higher in all DIO, HFD-fed
mice for 8 (NCD-fed vs HFD-fed mice; 12.8 = 3.4% vs
24.8 £10.7%, P <.006) (Figure 3B) and 16 weeks (NCD-
fed vs HFD-fed mice; 5.4 = 0.76% vs 30.8 = 0.77%, P <
.003) (Supplemental Figure 3B). Furthermore, using trans-
mission EM, we found that thyroid follicular cells in DIO
mice had a luminal swelling in the endoplasmic reticulum
(ER) (Supplemental Figure 3C). Serum TSH levels posi-
tively correlated with the area of IFA depots (%) (Pearson
correlation coefficiency r = 0.469, P < .04). (Figure 3C).
Consistently, DIO mice showed higher TG (NCD-fed vs
HFD-fed mice; 10.7 = 3.5 mg/mL vs 22.12 * 4 mg/mL,
P < .029) and cholesterol levels (NCD-fed vs HFD-fed
mice; 58.5 = 0.25 mg/mL vs 74 £ 2 mg/mL, P < .029) in
thyroid than lean mice (Figure 3, D and E). TG and total
cholesterol levels in the liver were significantly higher in
DIO mice than in lean mice, whereas the levels in the lung
did not differ between the two groups (Supplemental Fig-
ure 3,D and E). Endogenous SREBP-1 staining was barely
detectable in the thyroid tissue of lean mice, but it was
significantly up-regulated in the thyroid tissue of DIO
mice (Figure 3]). Given that sterol regulatory element
binding protein 1 (SREBP-1)-mediated lipogenesis may be
a critical contributor to ectopic steatosis in obese mice and
humans (23, 24), we investigated the changes in lipogenic
genes expression in various tissues. The lipogenesis-regu-
lating genes, such as peroxisome proliferator-activated re-
ceptor-y (PPARY), acetyl coenzyme A carboxylase (ACC),
fatty acid synthetase (FASN), and SREBP-1 were up-reg-
ulated in the thyroid gland of DIO mice (Figure 3, F-I).
Taken together, these results suggest that TG accumulated
in thyroid gland, which, together with the induction of
lipogenic genes, mediated fataccumulation in the liver and
muscle of DIO mice.

Thyroid dysfunction in ob/ob and db/db mice

We investigated the features of steatosis in the thyroid
gland of genetically obese mouse models, namely ob/ob
and db/db mice, which have a more severe form of fat
accumulation than DIO mice. In 0b/ob mice, body weight
was significantly higher than that of the control mice (Fig-
ure 4A). In particular, the thyroid weight (0b/+ vs 0b/ob;
7.6 +£0.12mgvs 5.9 = 0.47 mg, P <.001) and the thyroid-
weight-to-body-weight ratio (ob/+ vs ob/ob; 1 = 0.04 vs
0.6 = 0.04, P < .001) were significantly lower in ob/ob
mice than in 0b/+ mice (Figure 4, B and C; Supplemental
Figure 4, A and B). To confirm these findings, we mea-
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sured the specific gravity of thyroid tissues. The specific
gravity of dissected thyroid tissues was significantly lower
in ob/ob mice than in 0b/+ mice (Figure 4D). Serum T
(ob/+ vs 0b/ob; 0.24 + 0.04 ng/mLvs 0.13 = 0.02 ng/mL,
P <.014) and T, (ob/+ vs ob/ob; 4.17 * 0.24 ug/dL vs
3.04 = 0.14 pg/dL, P < .002) levels were significantly
lower in 0b/0b mice than in ob/+ mice (Figure 4, E and G).
Intrathyroidal T; (0b/+ vs ob/ob; 14.2 = 0.8 pg/ng vs 5.4
+ 1.0 pg/ng, P <.001)and T, (0b/+ vs ob/ob; 134.5 £ 8.0
pg/ng vs 74.8 * 6.0 pg/ng, P < .001) levels were signifi-
cantly lower in ob/ob mice than in ob/+ mice (Figure 4, F
and H). Serum TSH in 0b/0b mice were consistently higher
than in 0b/+ mice (ob/+ vs oblob: 15.92 *= 2 ng/mL vs
24.24 + 3.7ng/mL, P <.043) (Figure 4l and Supplemental
Figure 4C). In db/db mice, the body weight was signifi-
cantly higher, and the thyroid weight (db/+ vs db/db; 7.7
+ 0.2 mg vs 5.8 = 0.42 mg, P < .001) and the thyroid-
weight-to-body-weight ratio (db/+ vs db/db; 1 = 0.1 vs
0.5 = 0.03, P < .001) were significantly lower in ob/ob
mice than in db/+ mice (Figure 4, J-L and Supplemental
Figure 4, D and E). The specific gravity of the thyroid
tissue of db/db mice was significantly lower than that of
db/+ mice (Figure 4M). Similarly to ob/ob mice, db/db
mice also showed lower serum T; (db/+ vs db/db; 0.27 =
0.04 ng/mLvs0.15 = 0.04 ng/mL, P <.031) and T, (db/+
vs db/db; 3.2 + 0.4 ug/dL vs 2.24 + 0.4 pug/dL, P <.038)
levels than db/+ mice (Figure 4, N and P). In addition,
intrathyroidal T (db/+ vs db/db;23.3 = 6.0 pg/ng vs 16.0
+ 0.6 pg/ng, P <.043) and T, (db;256.8 = 50.0 pg/ng vs
179.6 * 6.0 pg/ng, P < .043) levels were significantly
lower in db/db mice than in db/+ mice (Figure 4,0 and Q).
Consistently, the serum TSH level was higher at 118 = 10
ng/mL (P < .009) in db/db mice than in db/+ mice (db/+
vs db/db: 31 = 9.1 ng/mL vs 150.13 = 16.3 ng/mL, P <
.016) (Figure 4R and Supplemental Figure 4F). Collec-
tively, these findings suggest that the thyroid gland has a
lower weight in genetic mouse models of obesity, and pri-
mary thyroid dysfunction is present in ob/ob, db/db, and
DIO mice.

Thyroid steatosis in ob/ob and db/db mice

Next, we examined whether lipids accumulated in the
thyroid follicular cells of 0b/ob and db/db mice. We could
not detect TS in the thyroid tissue of 0b/+ mice age 6 and
13 weeks (Figure SA). By contrast, TS was clearly observed
in 0ob/ob mice age 6 and 13 weeks (Figure SA). Notably, a
higher proportion of lipid droplets was observed in 13-
week-old than in 6-week-old 0b/ob mice (Figure 5A). In
addition, we found that the area occupied by IFA depots
in the thyroid tissues of 0ob/ob mice age 6 weeks (0b/+ vs
oblob; 4 + 0.63% vs 28.7 = 3.6%, P < .010) and 13
weeks (ob/+ vs oblob;12.3 +2.34% vs 33.1 = 1.8%,P <
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Figure 3. Lipogenesis and steatosis in the thyroid gland of mice with diet-induced obesity. A, Representative microphotographs of H&E paraffin
sections of thyroid tissue taken from NCD- or HFD-fed mice for 8 weeks (n = 10 per group). Steatosis (lipid droplets) in thyroid follicular cells was
seen in thyroid sections from HFD-fed mice (arrow). B, The adipocyte area was measured in paraffin sections of thyroid tissue taken from NCD- or
HFD-fed mice for 8 weeks. C, The Pearson correlation coefficiency was calculated to a percentage differential between the serum TSH level and
IFA depots (solid line; R?) coefficient of determination, dotted line; 95% of R? coefficient of determination.) D and E, Tissue TG and cholesterol
levels were measured to quantify lipid concentration in the thyroid of NCD- (open bars) and HFD-fed (filled bars) mice. F-I, Relative mRNA levels of

lipogenic genes, such as PPARy, ACC, FASN, and SREBP-1, in NCD- or HFD-fed mice for 8 weeks were measured. mRNAs obtained from the

thyroid, liver, white adipose tissue, lung, and kidney were analyzed by RT-gPCR, and then normalized to the expression of 18S rRNA. J,

Representative microphotographs of thyroid tissues from NCD- and HFD-fed mice immunostained for the expression of SREBP-1 are shown.

SREBP-1 relative mRNA expression was higher in the nucleus and cytoplasm of thyroid follicular cells of HFD-fed mice than in those of NCD-fed
mice. Values are means =+ SD; *, P < .05; N.S., not significant.
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Figure 4. Thyroid dysfunction in genetically obese mice. A, Changes in body weights of ob/+ and ob/ob mice (n = 6 per group) are shown. B
and C, The thyroid weight (B) and the thyroid-weight-to-body-weight ratio (C) were measured in ob/+ and ob/ob mice as indicated. D, The
specific gravities of the thyroids in ob/+ and ob/ob mice were examined using a serial dilution of glycerol. E-I, Serum T5 (E), T, (G), and TSH (1)
levels (n = 10 per group), and intrathyroidal T5 (F) and T, (H) levels (n = 4 per group) were measured in age-matched control mice. J, The changes
in body weight in db/+ and db/db mice relative to control mice (n = 6 per group) are shown. K and L, The thyroid weight (K) and the thyroid-
weight-to-body-weight ratio (L) were measured in db/+ and db/db mice. M, The specific gravities of the thyroids of db/+ and db/db mice were
examined as in panel D. N-R, Serum T5 (N), T, (P), and TSH (R) levels (n = 10 per group), and intrathyroidal T5 (O) and intrathyroidal T, (Q) (n = 4
per group) were measured in age-matched control mice. Values are means = SD; *, P < .05; N.S., not significant.

.001) was larger than that of age-matched ob/+ mice (Fig-
ure 5B). Transmission EM examination showed multiple
cytoplasmic lipid droplets in the thyroid follicular cells of
both 0b/ob and db/db mice (Figure 5, C and F). TS was
detected in db/db mice as shown in ob/ob mice (Figure 5,
D and F). The area occupied by IFA in db/db mice age 6
weeks (db/+ vs dbldb; 9.5 + 0.8% vs 51.3 + 2.3%,P <
.002) and 13 weeks (db/+ vs dbldb; 10.6 = 0.8% vs 31.6
+ 2.4%, P < .002) was larger than that in age-matched

db/+ mice (Figure SE). Thyroid follicular cells are tightly
surrounded with capillary structures (angiofollicular
units), which serve for hormone transport (25). To exam-
ine whether lipid accumulation in thyroid follicular cells
affects the structural integrity of angiofollicular units in
the thyroid gland of ob/ob and db/db mice, we performed
immunohistochemistry staining for CD31, an endothelial
cell marker. The staining intensity of CD31 was signifi-
cantly less intense in the thyroid tissue of 0b/ob mice age
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Figure 5. Lipogenesis and steatosis in genetically obese mice. A, Top: Microphotographs of H&E sections of thyroid tissues taken from 6- and 13-
week-old ob/+ and ob/ob mice (n = 6 per group) are shown. Representative higher magnification images of follicle and thyroid follicular cells in
the thyroid gland of mice are displayed. An arrow indicates lipid droplets (TS). Bottom: Thyroid follicular cells were stained with anti-g catenin
antibody (green), BODIPY (red), and DAPI (blue). TS was observed in 6- and 13-week-old ob/ob mice (Arrow) B, The area of interfollicular
adipocytes was measured in thyroid tissue from ob/+ (open bars) and ob/ob (filled bars) mice. C, Lipid droplets in thyroid follicular cells were
observed in ob/ob mice using EM. D, Top: Representative images of H&E-stained thyroid sections and higher magnification images of follicle and
thyroid follicular cells in db/+ and db/db mice are shown. Bottom: Triple staining with anti-8 catenin antibody (green), BODIPY (red), and DAPI
(blue) was performed in thyroid tissue. Arrow indicates TS (n = 6 per group). E, The area of interfollicular adipocytes of db/+ (open bars) and db/
db (filled bars) mice was measured as in (B). F, Lipid droplets in thyroid follicular cells were observed in db/db mice using EM. Values are means *+
SD; *, P < .05; N.S., not significant.
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6 weeks (5.6 = 0.4 mm?>, P < .003) and 13 weeks (8.4 +
2.8 mm?, P < .01) than in that of age-matched ob/+ mice
(6 and 13 wk; 15 = 1.6 mm?® and 17.4 = 2.1 mm?, re-
spectively) (Supplemental Figure 5, A and B). The thyroid
follicular cells in 0b/+ and db/+ mice contained normal-
shaped mitochondria and ER (Supplemental Figure 6, A
and C). In contrast, the thyroid follicular cells in ob/ob and
db/db mice had indented or enlarged nuclei, normal-
shaped mitochondria, lipid droplets, and a markedly dis-
tended ER (Supplemental Figure 6, B and D). TS and ex-
pansion of IFA depots were significantly more prominent
in severe obesity mouse models, 0b/ob and db/db mice. In
addition, TS was associated with structural abnormalities
of cellular organelles; in particular, the ER lumen was
dilated (Supplemental Figure 6, B and D) and defects were
observed in angiofollicular structures (Supplemental Fig-
ure 5, A and B). Both the ER lumen and angiofollicular
structures are critical for thyroglobulin synthesis and hor-
mone transport. These observations suggest that struc-
tural defects in cellular organelles and angiofollicular
units might be the underlying cause of thyroid dysfunction
observed in genetically obese mice.

Administration of PPARy agonist did not improve
TS in ob/ob and db/db mice

Previous studies suggested that the nonadipose PPARy
receptor is critically involved in lipogenesis and lipid ac-
cumulation in the liver and muscle and its expression is
observed in thyroid cells (26). To examine whether ad-
ministration of a PPARy agonist, such as RGZ, modifies
lipid accumulation or improves thyroid dysfunction, we
treated ob/ob and db/db mice with RGZ for 3 weeks (Sup-
plemental Figure 7). RGZ-treated ob/ob mice showed a
significantly smaller thyroid weight (vehicle vs RGZ; 7 +
0.2 mgvs 6 = 0.5 mg, P <.002) and thyroid-weight-to-
body-weight ratio (vehicle vs RGZ; 1 *= 0.02 vs 0.9 *
0.02, P < .029) than vehicle-treated ob/ob mice (Supple-
mental Figure 7, A-D). The weight of various tissues ex-
cept the liver and muscle was significantly different in
RGZ-treated ob/ob mice; however, the tissue-weight-to-
body-weight ratio of only three tissues, which were liver,
sc white adipose tissue, and muscle, showed a critical dis-
tinction between the two groups (Supplemental Figure 7,
E and F). TS did not differ significantly between the ve-
hicle-treated ob/ob and RGZ-treated ob/ob mice (Figure
6A). However, IFA was significantly higher in RGZ-
treated ob/ob mice than in vehicle-treated ob/ob mice (ve-
hicle vs RGZ; 26.2 + 3.2% vs 38 = 4.2%, P < .014)
(Figure 6B; Supplemental Figure 7, G-K).

Moreover, TS (Figure 6C) or IFA areas (Figure 6D) in
RGZ-treated db/db mice was not significantly different
from that in vehicle-treated db/db mice. Overall, these

Obesity-Associated Fatty Changes in Thyroid Gland
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findings suggest that RGZ administration did not signif-
icantly modify established follicular cell steatosis in the
thyroid glands of ob/ob and db/db mice. TSH levels (ve-
hicle vs RGZ;49.28 + 7 ng/mL vs 32.2 = 2.8 ng/mL, P <
.016) were significantly lower in RGZ-treated db/db mice,
but were unaffected in RGZ-treated ob/ob mice (Figure 6,
E and F). RGZ treatment partially improved thyroid dys-
function in db/db mice, as shown by the lower serum TSH
levels.

Discussion

Recently, it was demonstrated that ectopic fat accumula-
tion causes organ dysfunction (3, 13, 27). However, thy-
roid dysfunction in the context of obesity has not been
thoroughly investigated. Here, we revealed the morpho-
logical changes that take place in the thyroid gland in
obese humans and obese animal models, namely, DIO,
ob/ob, and db/db mice. Detailed examination of human
thyroid lobes obtained from the contralateral side of obese
euthyroid patients with papillary microcarcinoma showed
two prominent features, namely, an expansion of IFA de-
potsand TS. Adipose tissue produces and releases a variety
of secretory factors, including adipokines; leptin, adi-
ponectin, and resistin, as well as cytokines and chemo-
kines (28). It is conceivable that these secretory factors act
as active paracrine factors in the regulation of thyroid
function in obese patients.

In this study, thyroid steatosis in the context of obesity
may directly affect the hormone synthesis capacity of thy-
roid cells because thyroglobulin processing is affected by
ER dysfunction, a feature usually observed in conditions
of excessive intracellular lipid accumulation (29, 30). The
rodent models of obesity used in this study showed vari-
able degrees of thyroid dysfunction. Thyroid hormone
and TSH levels in DIO mice are characteristic of primary
thyroid dysfunction (9, 31). The genetically obese mice,
namely 0b/ob and db/db mice, had lower intrathyroidal T
and T, levels, suggesting decreased synthesis capacity in
the thyroid gland of these mice models. It is well known
that leptin modulates the hypothalamo-pituitary-thyroid
axis. However, both ob/ob and db/db mice consistently
showed evidence of primary thyroid failure. Serum T lev-
elsare affected by thyroid gland secretory activities and the
conversion of T, by deiodinase in peripheral tissues in-
cluding adipose tissue (31, 32). Deiodinase activity in ad-
ipose tissue may compensate for thyroid secretory dys-
function to balance the systemic effects of thyroid
hormones in 0b/0b and db/db mice. Based on the observed
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Figure 6. Effect of RGZ administration on thyroid follicular cell steatosis. Six week-old ob/ob and db/db mice, and their age-matched controls (ob/
+ and db/+) were treated with vehicle or RGZ (4 mg/kg/d; n = 5 per group) for 3 weeks. A, Representative microphotographs of H&E-stained
thyroid sections from 9-week-old ob/+ and ob/ob mice are shown. Higher magnification images of the boxed parts indicate TS (Arrows). B, The
adipocyte area was measured in paraffin sections of thyroid tissue taken from vehicle- or RGZ-treated ob/+ and ob/ob mice. C, Representative
microphotographs of H&E-stained thyroid sections from db/+ and db/db mice are shown. Arrow suggests TS. D, The adipocyte area was measured
in paraffin sections of thyroid tissue taken from vehicle- or RGZ-treated db/+ and db/db mice. E and F, Serum TSH levels were measured in vehicle
or RGZ-treated mice. Values are means = SD; *, P < .05; N.S., not significant.

thyroid hormone and TSH levels, we propose that rodent It is interesting that db/db mice showed increased levels
models of obesity present mild thyroid dysfunction rem-  of TSH compared with 0b/ob mice and HFD-fed mice.
iniscent of primary hypothyroidism in humans. Common phenotypic features mostly overlapped between
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db/db and ob/ob mice, but they displayed characteristic
features in endocrine and metabolic regulation. It has been
reported that 0b/ob and db/db mice have reduced levels of
brain T, content compared with control mice. Further-
more, the content of brain T in db/db mice was less than
that of ob/ob mice (brain T, ob/ob vs db/db; 522 + 167
pg/organ vs 280 = 28 pg/organ) (33). Attenuation of neg-
ative feedback by reduced tissue content of thyroid hor-
mones in db/db mice may affect the setting of the TRH-
TSH axis that maintains a higher TSH level compared with
ob/ob mice. Multiple cytokines and growth factors are
known to be involved in the regulation of TRH and TSH
secretion in the hypothalamus and pituitary gland. For
example, TNF-q, a suppressor of TRH synthesis, was re-
duced in db/db mice compared with ob/ob mice (34).
Taken together, differential thyroid hormone metabolism
in hypothalamic TRH neurons may have primary permis-
sive roles in higher TSH levels in db/db mice compared
with 0b/ob mice.

To identify the cause of thyroid dysfunction in DIO
mice, we examined the expression of genes that are critical
for thyroid hormone synthesis and maintenance of differ-
entiated thyroid gland function. We found that the ex-
pression levels of thyroid-specific mRNAs such as TSH
receptor, thyroperoxidase, sodium-iodide symporer, and
thyroglobulin were increased in the thyroid gland of DIO
mice. The uniform increase in the expression of these genes
may result from the stimulatory actions of up-regulated
TSH (35). Therefore, primary thyroid dysfunction in DIO
mice may not be caused by defects in thyroid-specific gene
expression but by defects in hormone synthesis including
thyroglobulin processing.

The thyroid gland of DIO mice showed enhanced ex-
pression of SREBP-1, which mediates de novo lipogenesis
in hepatic steatosis. Moreover, the expression level of li-
pogenesis-regulation genes such as SREBP-1, PPARvY,
ACC, and FASN was slightly up-regulated in the thyroid
of DIO, HFD-fed mice for 8 weeks. These results suggest
that the thyroid gland can trigger gene expression pro-
grams involved in de novo lipogenesis.

To understand the cause of thyroid dysfunction in ge-
netically obese mice, we examined organelle morphology
using transmission EM. Thyroid follicular cells in 0b/ob
and db/db mice showed significant swelling of the ER lu-
men. ER swelling was observed in endocrine cells, such as
beta cells, and secretory defects were associated with mod-
erate obesity and diabetes in the mouse models (36, 37).
Thyroid cells actively process the thyroglobulin molecule
in the ER (38, 39), and defective thyroglobulin processing
commonly results in huge thyroid cell dilatation (40, 41).
Although the mechanism of ER lumen dilatation in thy-
roid follicular cells of obese mice is unknown, perturba-
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tions in intracellular nutrient and energy fluxes, and severe
alterations in tissue architecture may be involved (30). ER
dysfunction and subsequent stress responses may result in
defective luminal processing and thyroglobulin matura-
tion, ultimately causing defective thyroid hormone
synthesis.

The mechanisms by which RGZ regulates steatosis in-
clude induced hypolipidemia, enhanced “de novo” fatty
acid synthesis, decreased biosynthesis of lipids within the
peroxisome, substantially altered free fatty acid metabo-
lism in the heart, and an unusual accumulation of poly-
unsaturated fatty acids within adipose tissue (42). How-
ever, the effects of RGZ in the thyroid have only been
demonstrated in thyroid cancer and include induced ra-
dioiodine uptake and reduced serum thyroglobulin levels
(43, 44). In the present study, RGZ treatment of ob/ob
mice improved glucose disposal, decreased thyroid
weight, and increased IFA and sc fat deposition. However,
steatosis in thyroid follicular cells did not improve follow-
ing RGZ treatment. The effect of RGZ was marginal be-
cause the expression level of PPAR ywas low in the thyroid
of lean mice. This result is consistent with the notion that
RGZ treatment is insufficient because the expression level
of PPARY is low in the liver of lean mice (42).

In summary, the present findings suggest that IFA, TS, and
thyroid dysfunction develop during obesity although we
could notidentify the mechanism of lipid accumulation in the
thyroid gland. Taken together, these data suggest that thy-
roid dysfunction may be associated with thyroid follicular
cell steatosis and interfollicular fat accumulation.
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