Loss of μ-crystallin causes PPARγ activation and obesity in high-fat diet-fed mice
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Abstract
The thyroid hormone-binding protein μ-crystallin (CRYM) mediates thyroid hormone
action by sequestering triiodothyronine in the cytoplasm and regulating the intracellular
concentration of thyroid hormone. As thyroid hormone action is closely associated with
glycolipid metabolism, it has been proposed that CRYM may contribute to this process
by reserving or releasing triiodothyronine in the cytoplasm. We aimed to clarify the
relationship between CRYM and glycolipid metabolism by comparing wild-type and
CRYM knockout mice fed a high-fat diet. Each group was provided a high-fat diet for
10 weeks, and then their body weight and fasting blood glucose levels were measured.
Although no difference in body weight was observed between the two groups with
normal diet, the treatment with a high-fat diet was found to induce obesity in the
knockout mice. The knockout group displayed increased dietary intake, white adipose
tissue, fat cell hypertrophy, and hyperglycemia in the intraperitoneal glucose tolerance
test. In CRYM knockout mice, liver fat deposits were more pronounced than in the
control group. Enhanced levels of PPARγ, which is known to cause fatty liver, and
ACC1, which is a target gene for thyroid hormone and is involved in the fat synthesis,

were also detected in the livers of CRYM knockout mice. These observations suggest
that CRYM deficiency leads to obesity and lipogenesis, possibly in part through
increasing the food intake of mice fed a high-fat diet.
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INTRODUCTION
The prevalence of obesity is increasing worldwide, accompanied by elevated risks of
additional metabolic diseases such as diabetes, hypertension, hyperlipidemia, and
cardiovascular disease. It is caused by an imbalance between energy intake and
expenditure [1]. Many hypotheses have been proposed concerning the mechanisms
contributing to high-fat intake-related obesity, covering both genetic factors and
metabolic processes [2, 3]. Thyroid hormone reportedly influences key metabolic
pathways that control energy balance by regulating energy storage and expenditure [4].
It also activates both lipolysis and lipogenesis. However, as lipogenesis is primarily
required to restore depleted fat stores, lipolysis typically predominates [5]. Moreover,
thyroid hormone contributes to the conversion of preadipocytes to adipocytes [6].
Mu-crystallin (CRYM) is a cytosolic triiodothyronine (T3)-binding protein dependent
on the presence of nicotinamide adenine dinucleotide phosphate [7, 8]. CRYM was first
detected in the kangaroo lens and has since been found in the human brain, inner ear,

retina, kidney, heart, skeletal muscle, and adipose tissue [9]. It mediates thyroid
hormone action through regulation of the intracellular T3 concentration [10]. CRYM
knockout (KO) mice display normal growth and a normal heart rate; however, their
serum concentrations of T3 and thyroxine (T4) are significantly reduced, despite not
having any apparent alteration in the thyroid-stimulating hormone (TSH) content of
their pituitary [11]. This indicates that the intracellular regulation of thyroid hormone
activities is not exclusively performed by CRYM. CRYM expression increases and
sustains the T3 responsiveness of genes in cells, especially in response to changes in the
perinuclear T3 concentration [12]. This implies that CRYM may contribute to the
regulation of thyroid hormone action in some circumstances where altered hormone
levels do not appear warranted [12]. Serrano et al. reported that glucose tolerance
deteriorates when CRYM expression decreases in human white adipose tissue (WAT)
[13] and that CRYM acts as a metabolic regulator affecting glycolipid metabolism.
CRYM is also believed to control muscle function through its regulation of thyroid
hormone action. For example, uncoupling protein 3 has been found to be up-regulated
in the muscle of CRYM KO mice [14].

Although it has already been established that thyroid hormone is involved in obesity
induced by high fat diet (HFD), we hypothesized that CRYM may be involved in its
onset. To clarify the roles of CRYM in glycolipid metabolism in vivo, we fed CRYM
KO mice an HFD and assessed changes in their body weight, glucose tolerance, liver,
and proportions of WAT.

Methods
Animal procedures
Male CRYM KO mice (Crym -/-) bred on an SV/129 genetic background were used. As
wild-type mice, SV/129 genetic background mice (Crym +/+) were used with agematched and no littermate controls. Wild-type mice as well. Mice were housed in a
controlled environment (inverted 12-h daylight cycle, lights on at 9:00 am) with free
access to food and water. The facility temperature was controlled to be constant at 23 °
C and 52% humidity. At eight weeks of age, the animals were switched to either a highfat diet containing 60 % fat (HFD) (D12492, Research Diets, New Brunswick, USA) or
a low-fat diet containing 10 % fat (LFD) (D12450B, Research Diets) for 10 weeks.

Body weight (BW) and fasting blood glucose were sampled at 17:00 after 8 hours of
fasting per two weeks. Feeding amounts were measured by a specific multi feeder
(Shinfactory, Fukuoka, Japan). All animal protocols were approved by the Shinshu
University’s animal ethics Committee (Approval No: 270002, Date: 2 Jun. 2017).

Glucose tolerance test
Following ten weeks of either LFD or HFD feeding, a glucose tolerance test (GTT) was
performed by administering a 20 % glucose aqueous solution intraperitoneally at a dose
of 2.0 g glucose/kg body weight after 4 hours of fasting. Blood samples were collected
from the tail vein at 0, 15, 30, 60, 90, and 120 minutes post-injection. Blood glucose
levels were measured using a Precision Pro monitoring system (Abbott Diabetes Care
Inc., California, USA).
Insulin tolerance test
Following ten weeks of either LFD or HFD feeding, an insulin tolerance test (ITT) was
performed by intraperitoneal injection with human insulin (Eli Lilly & Company,
Indianapolis, USA) at a dose of 0.5 U insulin/kg body weight following a one-hour fast.

Blood samples were collected from the tail vein at 0, 30, 60, and 90 minutes postinjection. Blood glucose levels were measured using a Precision Pro monitoring system
(Abbott Diabetes Care Inc.).
Histology
Tissue was fixed in 10 % buffered formalin, embedded in paraffin, sectioned at 6 μm,
and stained with hematoxylin and eosin (HE). All images were acquired by AxioVision
microscope (Zeiss, Oberkochen, Germany). For the evaluation of hepatic lipid
depositions, we used the Vectra 3 imaging system (Perkin Elmer, Waltham, USA). Four
visual fields from each of the three liver samples were analyzed from one animal for
each group. Adipocyte size was measured using AxioVision microscope software
(Zeiss) and Image J (Abramoff et al., 2004). One visual field, containing at least 50
cells, from each of four samples of epididymal white adipose tissue (eWAT) was
analyzed from one animal for each group. The mean adipocyte size for each group was
calculated.
Glucose-stimulated insulin secretion from islets in vitro
Primary islets from mice fed an HFD for 11 weeks were isolated by dissociating the

pancreas with collagenase (Type XI, Sigma-Aldrich, St. Louis, USA). The solution for
isolation contained 1.5 mg/ml collagenase in 2.8 mM glucose Krebs-Ringer Bicarbonate
(KRB) buffer composed of 120 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM
MgCl2, and 24 mM NaHCO3 with 0.2 % bovine serum albumin (Sigma-Aldrich). This
solution was injected into the pancreatic duct. The inflated pancreas was removed and
packed into a small plastic bag and shaken in 37 °C water for one minute, 100 times.
Islets were picked out from the isolated solution. Five islets were plated per tube, and
nine tubes were obtained from each mouse. Pre-incubations for all tubes were
performed for 0.5 h in 2.8 mM glucose KRB buffer with 0.2 % bovine serum albumin.
Following this, the islets were incubated for 1 h with 1 ml of KRB with 0.5% BSA at
2.8 mmol/l glucose, 16.7 mmol/l glucose, or 2.8 mmol/l glucose with 50 mmol/l KCl.
The supernatants were then collected and stored at -20 °C. The insulin levels of the
supernatants were determined using the Morinaga Ultra Sensitive Mouse/Rat Insulin
ELISA Kit (Morinaga, Tokyo, Japan).
Quantitative reverse transcription PCR
Total tissue RNA was isolated using the RNeasy Protect mini kit (Qiagen). Quantitative

reverse transcription PCR was performed using the StepOnePlus Real-time PCR System
(Thermofisher, Waltham, USA) with Fast SYBR Green Master Mix (TAKARA,
Kusatsu, Japan). The primers used are listed in Sup. Table 1.
Statistical analysis
Data are presented as means ± SEM. All statistical analyses were carried out using
PASW Statistics for Windows (v18.0, SPSS Inc.). Significant differences were
determined by employing the Mann-Whitney U test. Differences with a p-value < 0.05
were considered statistically significant.

Results
CRYM KO mice fed an HFD display a significant increase in body and white
adipose tissue weights
Over the course of ten weeks being fed an HFD, BW and fat areas on computed
tomography iincreased significantly in the CRYM KO mice when compared to the wildtype mice (Figure 1A-C). However, no significant differences were seen in the BW of
either genotype when fed the LFD. The daily food intake in the CRYM KO mice had

been higher than in the wild-type over every period studied (Figure 1D). The weight of
eWAT and size of the adipocytes found in CRYM KO mice were significantly larger
than those from wild-type mice (Figure 2A-C).
HFD induce no significant changes for glucose metabolism in CRYM KO mice
The fasting blood glucose levels of CRYM KO and wild-type mice were not
significantly different when fed either the LFD (data not shown) or HFD (Figure 3A).
GTT showed that the blood glucose level of HFD-fed CRYM KO mice was
significantly higher than that of HFD-fed wild-type mice 60 minutes after glucose
injection, but not at any other time point measured (Figure 3B).
After glucose injection, blood glucose tends to increase at HFD-fed CRYM KO mice
(data not shown). There was no significantly difference about the insulin and glucose
levels measured during the GTT and ITT respectively (Figure 3C and 3D). Glucosestimulated insulin secretion from isolated islets was also similar between the two HFD
groups (Figure 3E).
HFD-fed CRYM KO mice display prominent hepatic lipid depositions

Liver weight and triglyceride content followed an increasing trend in the HFD-fed
CRYM KO group, but no significant differences were observed when compared to the
HFD-fed wild-type mice (Figure 4A, B). However, the size of hepatic lipid depositions
in CRYM KO mice appeared significantly larger than those seen in HFD-fed wild-type
mice (Figure 4C, D).

Expression of PPARȚ
Ț in the CRYM KO group increased
To evaluate the potential effects of CRYM KO on liver inflammation and lipid
metabolism following the HFD, we measured the expression of several genes involved
in inflammation and lipogenesis. The inflammation-related gene tumor necrosis factor

㸦TNF㸧Ș of HFD-fed CRYM KO on liver was significantly elevated when compared
to the HFD-fed wild-type mice (Figure 4E), as was the lipogenesis-related gene AcetylCoA carboxylase (Acc) 1 (Figure 4G). Expression of peroxisome proliferator-activated
receptor (PPAR)Ț in the HFD-fed CRYM KO group increased by more than 10-fold
relative to the HFD-fed wild-type group (Figure 4F).

No significant differences were detected for any gene that was assessed, including those
related to appetite enhancement, such as those encoding the peptides neuropeptide Y
(NPY) or pro-opiomelanocortin (POMC) (Sup. Figure 1).

DISCUSSION
Our findings indicate that loss of the thyroid hormone-binding protein CRYM causes
obesity in mice fed an HFD. CRYM KO mice showed increased levels of adipose tissue
and fat cell hypertrophy, decreased glucose tolerance, and increased inflammatory gene
expression in their adipose tissue and liver following HFD feeding. Furthermore, PPARγ
and Acc1 expression levels were enhanced in the livers of HFD-fed CRYM KO mice when
compared to wild-type. These data support that CRYM may be involved in lipogenesis and
fat accumulation in the liver and may control energy balance.
Thyroid hormone is involved in the maintenance of body weight and energy expenditure
[15]. Under excessive levels of thyroid hormone, energy production and lipolysis are
accelerated while cholesterol levels are reduced. Thyroid hormone receptor (TR) alpha has
been shown to increase in brown adipose tissue (BAT) with weight loss [16]. Conversely,

the expression of TR alpha and beta decrease in subcutaneous fat with weight gain [17].
Further, it has been reported that TSH is increased in obese patients [18] and decreased by
weight loss [19]. Moreover, thyroid hormone may be involved in how prone or resistant a
person may be to the development of obesity when consuming a high-fat diet [20, 21]. We
observed that CRYM-deficient mice displayed increased WAT following an HFD. Both
eWAT and retroperitoneal WAT, in addition to adipose cell area, were significantly
increased in response to the combination of CRYM inactivation and HFD. T3 is known to
stimulate local production of norepinephrine, thereby increasing lipolysis and reducing
WAT [15]. Miao et al. have reported that liver X receptor (LXR) E activates TSH, resulting
in a rise in thyroid hormone and subsequent increase in the activity of thyroid signaling in
subcutaneous adipose tissue (SAT) [22]. LXRE regulates T4 / T3 expression in SAT to
regulate WAT amount, whereas deficiency of CRYM binding to T3 increases WAT amount;
hence, it is possible that CRYM interacts with LXR in some way. We would like to
investigate whether CRYM interacts with LXR by creating and analyzing double-knockout
mice of LXRE and CRYM.

Liver weight and triglyceride content tended to increase in CRYM KO mice fed an
HFD, while the rate of lipid deposition increased significantly and the expression of
PPARγ was markedly enhanced. Increased PPARγ expression reportedly leads to a
steatotic liver [23]. PPARγ activates genes involved in lipogenesis [24, 25]. Hepatocyteand macrophage-specific knockout of PPARγ protects mice against diet-induced hepatic
steatosis [26]. Although it remains unclear how CRYM and PPARγ expression may be
related, it is apparent that when CRYM is deficient, PPARγ expression is remarkably
enhanced and correlates with the onset of hepatic steatosis.
On the other hand, thyroid hormone induces de novo lipogenesis via transcription of
several key lipogenic genes such as Acc1 and fatty acid synthase (Fasn). Indirect
regulation of hepatic lipogenesis occurs through the activation of additional
transcription factors such as sterol regulatory element-binding protein 1C (SREBP1C),
LXRs, and carbohydrate-responsive element-binding protein (ChREBP) [27]. Our
results indicate that when CRYM was inactivated in an HFD environment, Acc1
expression was significantly increased while Fasn and Sreb1c followed a nonsignificant trend towards increased expression, as compared to HFD-fed wild-type

mice. Interestingly, Acc1, Fasn, and Sreb1c have already been shown to either increase
significantly or show a tendency towards increasing in HFD-fed, obesity-prone mice
[28]. ACC1 is enriched in the liver and is regulated by TR at the transcriptional level
through the ACC1 promoter II [29]. ACC1 is a key enzyme that catalyzes the ATPdependent carboxylation of acetyl -CoA to malonyl- CoA and controls fatty acid
metabolism. Endo et al. demonstrated that ACC1 plays a crucial role in the appropriate
function of retinoic-acid-receptorrelated orphan receptor (ROR) through fatty acid
synthesis and regulates the obesity-related pathology of helper T cells [30]. They also
showed a strong correlation between IL-17A-producing CD45RO (+) CD4 T cells and
the expression of ACC1 in obese subjects. These data suggest that CRYM may restrict
the expression of these genes in the presence of T3.
We also analyzed the glucose metabolism of HFD-fed CRYM KO mice using an
intraperitoneal GTT. Blood glucose levels of CRYM KO mice were significantly higher
than those of mice from the wild-type group at 1 hour after the challenge. However, no
differences were seen in the insulin resistance, plasma insulin concentration, fasting
blood glucose, or insulin secretion from isolated islets between the two groups. Serrano

et al. have shown that CRYM overexpression leads to increased levels of
phosphorylated Akt, a crucial component of the insulin signaling pathway [13]. Paired
with the fact that CRYM appears to affect the expression of ACC1, we believe it is
likely involved in glucose metabolism. While there was no difference in the systemic
insulin resistance between the two HFD groups, it is possible that insulin resistance was
induced in the liver alone, in response to hepatic steatosis, which may have contributed
to hyperglycemia after glucose injection.
López et al. reported that thyroid hormone promotes thermogenesis not only through
actions on peripheral muscles, but also through the BAT, hypothalamus, and pituitary
gland, comprising the hypothalamic–pituitary–thyroid (HPT) axis [31]. Thyrotropinreleasing hormone (TRH) exists in the hypothalamus and controls TSH. Cocaineamphetamine-regulated transcript (CART) stimulates TRH synthesis and release while
NPY inhibits TRH transcription [32]. As we saw a higher food intake in the CRYM KO
group than the wild-type when supplied with the HFD, we suggest that CRYM is
involved in the HPT axis. However, as no significant differences were detected between
the HFD CRYM KO and wild-type groups for genes encoding appetite enhancing

peptides such as NPY and POMC (Sup. Figure 1). A more detailed analysis is required
to identify the mechanisms by which CRYM acts along this axis. However, it is very
unlikely that the onset of hepatic steatosis and the remarkable increase seen in PPARγ
expression in CRYM KO mice fed an HFD can be explained solely as the effects of an
increased appetite.
In summary, CRYM appears to suppress the activation of lipogenesis in the liver. When
mice are fed an HFD in the absence of CRYM, the target genes PPARγ and T3 are
activated, resulting in obesity and a fatty liver. Based on our data, we propose that
CRYM has an essential role in the protection against fatty liver and obesity when
dietary fat intake is high.
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being fed an HFD, BW increased significantly in the CRYM KO mice. B)
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Representative photographs and C) Representative abdominal computer-tomography
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images of wild-type and CRYM KO mice. D) HFD feed amount per mouse over 10
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per day) were higher for the CRYM KO mice than for the wild-type over every period
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studied.
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Figure 2

109

Adipose tissue and adipocyte analyses.

110

A) White adipose tissue weights (n = 7 for wild-type, n = 6 for CRYM KO).

111

epididymal WAT and retroperitoneal WAT were significantly increased in CRYM KO

112

mice fed an HFD. B) Representative images of epididymal white adipose tissues

113

(eWAT) as visualized with hematoxylin and eosin. C) Adipocyte size as calculated from

114

eWAT sections (n = 4 for wild-type and CRYM KO each). The size of the adipocytes

115

found in CRYM KO mice were significantly larger than those from wild-type mice.

Both

116
117

Figure 3

118

Impaired glucose tolerance in CRYM KO mice fed an HFD. A) Fasting blood glucose

119

levels in HFD mice (n = 26 for wild-type and CRYM KO each). B) Blood glucose

120

levels during the GTT following 10 weeks feeding on the HFD (n = 7 for wild-type and

121

n = 6 for CRYM KO).

28

122

C) serum insulin levels during the GTT following 10 weeks feeding on the HFD (n = 7

123

for wild-type and n = 6 for CRYM KO). D) Blood glucose levels during the ITT after 10

124

weeks feeding on the HFD (n = 9 for wild-type and n = 10 for CRYM KO). E) Insulin

125

levels measured in the supernatant of isolated primary islets from mice following 11

126

weeks feeding on the HFD (n = 9 for wild-type and CRYM KO each).

127
128

Figure 4

129

Altered liver characteristics in CRYM KO mice after HFD feeding. A) Liver weights

130

and B) triglyceride content in HFD mice (n = 7 for wild-type and n = 6 for CRYM KO).

131

C) Lipid deposition rate (n = 3 for wild-type and CRYM KO each). D) Representative

132

liver pathology as visualized with hematoxylin and eosin. E) mRNA analysis of

133

inflammatory genes. TNFα of HFD-fed CRYM KO was significantly elevated.

134

F) mRNA analysis of PPARs genes. PPARγ in the HFD-fed CRYM KO increased

135

relative to the HFD-fed wild-type group. G) mRNA analysis of thyroid hormone target

136

genes. Acc1 was significantly elevated.

137
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138
139
140

Supplementary Figure 1. The expression levels of mRNA related appetite in the brains

141

of HFD mice (n = 7 for wild-type and n = 6 for CRYM KO). AgRP (agouti-related

142

peptide), NPY, POMC and SOCS-3 (suppressor of cytokine signaling-3).

143
144

Supplementary table 1. Primers used for quantitative reverse transcription PCR.
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Supplementary Figure 1.
The expression levels of mRNA related appetite in the brains of HFD
mice (n = 7 for wild-type and n = 6 for CRYM KO). The mRNAs are
AgRP (agouti-related peptide), NPY (neuropeptide Y), POMC (proopiomelanocortin) and SOCS-3 (suppressor of cytokine signaling-3).
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GGCATTTGTTCCGGTTCTTC

TGCCCATGTCCTTGTAATGTG
GTGGAGCAGGTGTGGGCT

AGGCTGTAAGGGCTTCTTTCG
GCATGGTGCCTTCGCTGA
GCCATTGAGGGCACAGAGA
CGGAAGCTGTCGGGGTAG

CCTGGATAGCATTCCGAACCT
TGAGATTGGCATGGTAGCCTG

GCCTTTGTTGTCCCTATCCGT
CCTGCATTCCTTCCCATTTG
CGGTGAACCAAATAATTACCAAAAT
CCACAGCTGCTGCAGAACA
CTTTGGCTATGGGCTTCCAGTC
GCCATTGAGGGCACAGAGA
ACCCTCACACTCAGATCATCTTC
GCGCTGTCATCGATTTCTCC
CACCTTCCCGCTGGACACT
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