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Activation of an Innate Immune Receptor, Nod1, Accelerates
Atherogenesis in Apoe?’? Mice

Shunsuke Kanno,* Hisanori Nishio,*" Tamami Tanaka,* Yoshitomo Motomura,*
Kenji Murata,* Kenji Thara,* Mitsuho Onimaru,* Sho Yamasaki,* Hajime Kono,{
Katsuo Sueishi,' and Toshiro Hara*

Atherosclerosis is essentially a vascular inflammatory process in the presence of an excess amount of lipid. We have recently re-
ported that oral administration of a nucleotide-binding oligomerization domain (Nod)-1 ligand, FK565, induced vascular inflam-
mation in vivo. No studies, however, have proven the association between Nod1 and atherosclerosis in vivo. To investigate a potential
role of NOD1 in atherogenesis, we orally administered FK565 to apolipoprotein E knockout (Apoe? 2 ) mice for 4 wk intermittently
and performed quantification of atherosclerotic lesions in aortic roots and aortas, immunohistochemical analyses, and
microarray-based gene expression profiling of aortic roots. FK565 administration accelerated the development of atherosclerosis
in Apoe®’? mice, and the effect was dependent on Nod1l in non-bone marrow origin cells by bone marrow transplantation
experiments. Immunohistochemical studies revealed the increases in the accumulation of macrophages and CD3 T cells within
the plaques in aortic roots. Gene expression analyses of aortic roots demonstrated a marked upregulation of the Ccl5 gene during
early stage of atherogenesis, and the treatment with Ccl5 antagonist significantly inhibited the acceleration of atherosclerosis in
FK565-administered Apoe”’* mice. Additionally, as compared with Apoe®’? mice, Apoe and Nod1 double-knockout mice showed
reduced development of atherosclerotic lesions from the early stage as well as their delayed progression and a significant reduction
in Ccl5 mRNA levels at 9 wk of age. Data in the present study show that the Nod1 signaling pathway in non-bone marrow-derived

cells contributes to the development of atherosclerosis. The Journal of Immunology, 2015, 194: 773-780.

therosclerosis is a chronic inflammatory disease of vessel
walls, characterized by the accumulation of leukocytes
and their subsequent differentiation into cholesterol-
laden foam cells (1). Innate and acquired immune systems are
considered to be associated with the development of atheroscle
rosis (2-4). Conceming the innate immmmity, epidemiological
studies and animal experiments showed that infectious agents and
their components contribute to the local chronic inflammatory
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process undedying atherosclerosis (4-7). The immate immume
receptors recognize structurally conserved moieties and work as
pattern recognition receptors (PRRs) such as TLRs, nucleotide
oligomerization domain-like receptors (NLRs), retinoic acid-in-
ducible gene-T-like receptors or C-type lectin receptors (8). Among
PRR families, there is a line of eviderce that TLRs, especially
TLR4, TLR2, and their signaling molecule, MyD88 (7, 9, 10), play
importart roles in the development of atherosclerosis by iritiating
an inflammatory response to several pathogenic bacteria such as
Chlamydophila pneumoniae or Porphyromonas gingivalis (5, 6).
With respect to NLRs, only a limited number of studies have
shown that NLRs might be involved in atherosclerosis (11,
12). More than 20 NLRs have been identified in humans (8).
Nucleotide-binding oligomerization domain (NOD)-1 is an intrar
cellular sensor of bacterial peptidoglycan (PGN), and it is conr
stitutively expressed in many types of cells, including endothelial
cells (13, 14). NOD1 specifically recognizes a diaminopimelic
acid-containing dipeptide, derived mostly from bacteria (13), and
activates the signal pathway via the transcription factor NF-kB
(14, 15). Recently, pure synthetic ligands for NLRs, such as
FK156 and FK565 for NOD1 or MDP for NOD2, have been
available for studies on the biological significance of these
receptors. We have recently reported that oral administration of
a synthetic Nod1 ligand FK565 efficiently induced acute vasculitis
in mice (16). Therefore, it would make sense to investigate the
contribution of a long-term exposure of a small dose of NOD1
ligand to the development of atherosclerosis, a chronic vascular
In this study, we show that oral administration of FK565 ac-
celerated the development of atherosclerosis in apolipoprotein E
Tmockout (Apoe® ) mice, and the effect was dependent on Nod1
in non-bone marrow-derived cells by transplantation experiments.
By microarray analysis, we found that Celb expression was sig-
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nificantly upregulated by FK565 administration in aortic roots
during early stage of atherogenesis, and the treatment with Cecl5
antagonist significantly inhibited the acceleration of atheroscle-
rosis in FK565-administered Apoe® 2 mice. Finally, we demonr
strated that Nodl deficiency resulted in reduced development of
atherosclerotic lesions as well as their delayed progression in
Apoe?? mice, indicating the contribution of Nodl ligand to the
development of atherosclerosis.

Materials and Methods
Animals and bone marrow transplantation

C57BL/6J Apoe?”? mice were purchased from The dackson Laboratory.
Nod12”?2 mice in the C57BL/6 background were a gift from Thk Mak,
University Health Network. Nod1?2 mice were crossed with Apoe?’
C57BL/6 mice. Heterozygous mice were intercrossed to generate homozy-
gous Apoe®’? mice bearing combinations of Nod1”* and Nod1?# mice.
The genotype for Apoe or Nod1 was confirmed using primers and conditions
described in the The Jackson Laboratory Web site or the previous report (17),
respectively. All mice were fed a normal chow diet and housed in a specific
pathogerrfree environment throughout the experiment. Drinking water and
food for mice did not contsin Nod1-stinuilatory activity by a bioassay using
HEK-Blwe murine NOD1 cells (InvivoGen, San Diego, CA), which were
HEK293 cells carrying a NFkB reporter and trarsfected with a Nodl
comstruct. The study protocol was reviewed and approved by the Arimal
Care and Treatment Committee of Kyushu University.

Forbone marrow transplantation studies, 9-wk-old male Apoe® 2 Nod12 /2
mice and Apoe? Nod1™" mice received 8 Gy total body imadiation to
eliminate endogenous bone marrow stem cells and most of the bore mar
row—denived cells, including macrophages. Bore marow cells for trans
plantation into the irradiated mice were prepared by flushing both fermus of
male Apoe®’2 Nod122 or Apoe? 2 Nod1** mice. Donor cells were washed,

in sterile RPMI 1640 medium with 2% FCS, and concentrated to
13 10° cellyml. Three hours after iradiation, 1 3 107 bore marow cells
were injected into the tail vein of a mouse. Successful reconstitution was
confirmed by PCR gerotyping of recipient mouse peripheral blood cells.

FK565 administration and Met-RANTES treatirent

FK565, asynthetic and pure Nod1 ligand, was supplied by Astellas Pharma
(Tokyo, Japan). At 5 wk of age, mice were randomized to FK565
administered and no i groups. The administration protocol
was as follows: two doses of FK565 solution (10 or 50 ng), reconstituted at
10 mg/m in sterile distilled HyO, was orally administered once a day for 2
consecutive days and then observed for the following 5 d per week. This
course of the intermittent administration was continued for 4 wk, and mice
were euthanized 6 d after the last administration. For the transplanted
mice, FK565 was administered for four courses from 7 wk after bone
marrow transplantation and euthanized at 20 wk of age. After euthanasia,
serum was obtained from the vena cava after an ovemight fast.

Because the Cel5 antagonist Met RANTES has beenused invivo inarimal
models of atherosclerosis, we determined the protocol of MetRANTES
treatmernt according to previous reports (18-20) with minor modifieations.
Met- RANTES (R&D Systems, Minneapolis, MN) was adriinistered ip. in
a single dose of 50 ng diluted in PBS 30 min before FK565 administration.
In parallel, control mice received a similar volume of sterile PBS.

Antibiotic treatmment protocol

Mice were treated with 1 g/l ampicillin (Wako Pure Chemicals, Osaka,
Japan) dissolved in drinking water; as well as an antibiotic concoction
consisting of 5 mg/ml vancomycin, 10 mg/ml neomycin, and 10 mg/mi
metronidazole (all from Wako Pure Chemicals) by oral gavage every
24 haccording to the method as described (21). Gavage volume of 20 ml/kg
body weight was delivered with a polytetrafluoroethylene tube with prior
sedation of the mice. The antibiotic administration was initiated at 5 wk of
age and continued for 5 wk from 1 wk before 4 wk FK565 administration.
Intestinal depletion was assessed by collecting feces, homogenizing in
1 ml sterile PBS, and serially diluting and plating on trypticase soy agar with
5% sheep blood (BD Biosciences, Franklin Lakes, NJ) for 48 h at 37°C
aerobically or in an anserobic chamber (AnaeroPack systems Mitsubishi
Gas Chemical, Tokyo, Japan). The number of bacteria per milligram of
feces was calculated based on the CFU counted in each seral dilution.

Histological and immumohistological analyses of aortic roots

After mice were euthanized, the hearts were removed rapidly after perfusion
with PBS. The hearts were embedded in optimal cutting temperature com-

Nod1 ACTIVATION ACCELERATES ATHEROGENESIS

pound (Sakura Finetek Jpan, Tokyo, dapan) and quickly frozen in liquid
ritrogen or 4% paraformaldehyde-fixed and paraffin-embedded for histo-
logical and immumohistological analyses. Sixty sexrial cross-sections (6 mm
thick) of the aortic root were prepared from the site where the three aortic
valves first appeared according to the method as described (22). The athr
erosclerotic lesions in the aortic oot were investigated at six locations, each
separated by 60 mm. Three serial frozen sections prepared from each locar
tion were convertionslly stained with Sudan IV (Tokyo Kasei Kogyo, Tokyo,
Japan), Elastica—van Gieson (EVG), and H&E stains. Similady, seven serial
paraffirrembedded sections prepared from each location were stained with
H&E, EVG, MOMA-2 (macrophage)-specific Ab (1:100; AbD Serotec,
Raleigh, NC), CD3 (T cell)-specific Ab (1:500; Abcam, Cambridge, UK),
NIMP-R14 (neutrophil)-specific Ab (1:500; Abcam), a-smooth mmuscle
actin (a-SMA)-specific Ab (1:100; Dako, Glostrup, Denmark), and Cel5-
specific Ab (1:10; R&D Systems). As a negative control, nonimmune IgG or
isotype control was used. Detection and visualization of primary Ab binding
was dore as described (16). For quantitative estimation of the plaque cor
tents, we analyzed absolute areas or mumbers of cells staining positive for
a respective marker within the plaque area by using Adobe Photoshop CS5
and National Institutes of Health Imaged software. The average value for the
six locations for each animal was used for analysis.

Assessiment of atherosclerosis in aortas

TImmediately after mice were euthanized, the aorta was dissected from the
proximal ascending aorta to the bifwreation of the iliac artery. The adventitial
tissue was carefully removed, and then the aorta was opened longitudinally,
fixed in 10% buffered formalin ovemight, stained with Sudan IV, pirmed on
a black wax suface, and photographed for quantification of en face plaque
areas. Bn face images were obtained by a stereomicroscope (SteREO Lumar
V12 Carl Zeiss, Oberkochen, Germany) equipped with a digital camera
(AxioCam MRc5; Cad Zeiss) and anslyzed by Adobe Photoshop CS5 and
National Institutes of Health Imaged software. Lipid lesion formation was
analyzed by the determination of the percentage area stained with Sudan IV to
the total sortic area. Quantification of atherosclerotic lesions was performed
by a single observer blinded to the experimental protocol.

Microarray analysis

To obtain sufficient amount of RNA for microarray analysis, the aortic roots
removed from three animals were mixed, homogenized, and used as one
sample, Two independent experiments were performed. Total RNA was
extracted with an RNeasy fibrous tissue kit (Qiagen, Hilden, Germany) and
amplified using an andino allyl MessageAmp II aBRNA anplification kit
(Ambion, Austin, TX). Double-stranded cDNA was synthesized from total
RNA using oligo(dT) primer with a7 RNA polymerase promoter site added
to the 39end Then, in vitro transcription was performed in the presence of
amino allyl uridine-59triphosphate to produce multiple copies of amino
allyl-labeled cRNA. Amino allyl-labeled cRNA was purified, reacted with
Nhydroxy succinimide esters of Cy3 (GE Healthcare, Litfle Chalfort, UK.)
using NimbleGen'’s protocol and hybridized for 19 h at 42°C to the Mouse
Gene Expression 12 8 135K amay (100718 MM9_EXP HX12 Roche
NimbleGen, Madison, WI) consisting of 44,170 genes. The arrays were
scanned on GenePix 4000B (Molecular Devices, Sunnyvale, CA). The
averages of triplicate spot intensities were extracted using NimbleScan
v2.5 (Roche NirnbleGen) and processed using robust multiarray analysis
method (16). The scaled gene expression values were imported into
GeneSpring 11.5.1 software (Agilent Technologies, Santa Clara, CA) for
preprocessing and data analysis (16). The expression value of each gene
was normalized to the 75th percentile shift expression of all genes. Probe
sets were deleted from subsequent analysis when they were displayed an
absolute value , 30 in all experiments. The fold change was calculated as
the ratio of the two group means based on the observed signal values.
Microarray data were deposited in Gene Expression Ommibus (bttp:/www.
nebi.nlm.nih.gov/geo/) under accession no. GSE48947.

Quantitative real-time RT'PCR

Total RNA was extracted from the aortic root using RNeasy fibrous tissue,
followed by cDNA synthesis using a high-capacity RNA-to-cDNA
kit (Applied Biosystems, Foster City, CA). Mouse Cel5, Cxcl16, Ccl8,
and Gapdh expression levels were analyzed by TagMan gene expression
assays Mm01302427_ml, Mm00469712 m1, Mm01297183 ml, and
Mrr99999915_g1 (Applied Biosystems), consisting of a 203 mix of unr
labeled PCR primers and a TagMan MGB probe (FAM dye-labeled), and
TagMan gene expression master mix (Applied Biosystems). Mouse Gapdh
was used as internal controls. These TagMan probes were labeled with the
quencher TAMRA (emission I, 582 nm) at the 39end through a linker-arm
mucleotide. The mRNA expression levels of the targeted genes were
quantified by the StepOne real-time PCR system and the StepOne software
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v2.1 (Applied Biosystems). To calculate the relative expression level, the
level of gene expression was divided by that of Gapdh. All experiments
were camied out in duplicate and repeated three times for confirmation.
Serum lipid, glucose, and insulin analyses

Total cholesterol and triglyceride concentrations in the nmine sera were
measured with a LabAssay cholesterol kit and a LabAssay triglyceride kit
(Wako Pure Chemicals), respectively. Blood glucose levels were determined
with a Medisafe-Miri glucose meter (Terumo, Tokyo, Japan). Serum insulin
levels were measured with a mouse insulin ELISA kit (Mercodia, Uppsala,

Sweden). The homeostasis model assessment of insulin resistance index
([glucose (mg/dD) 8 insulin (rd¥'ml)]/405) was calculated.

Statistical analysis

Data were analyzed by Studert t test, Durmett test, or Tukey—Kramer
honestly significant difference test using IMP version 8.0 (SAS Institute,
Cary, NC). Values of p, 0.05 were considered statistically significant.

Results
Activation of Nodl by the orally administered agonist

accelerates atherogenesis in Apoe? % mice

To investigate the effect of a Nodl ligand on atherosclerosis, we
ordlly administered FK565, a pure synthetic Nod1 ligand, to Apoe?/?
male mice fed a chow diet After preliminary experiments with
ordlly administered FK565 at different doses corsecutively or i
termittertly in Apoe?’? mice (data not shown), we analyzed the
effect of orally administered FK565 on 9-wi-old Apoe? % mice at
10 or 50 g twice a week for 4 wk from 5 wk of age (Fig. 1A). No
sigrificart differences between the body weight and serum choles-
terol and triglyceride levels of both groups of mice were observed
(Supplemental Teble I). Compared with the nonadministered group,
a dose-dependent effect of FK565 was observed in the development
of atherosclerosis in sortic wots with the lesion volumes of 1.85
fold (85%) increase at 10 ng and 5.49-fold (449%) increase at
50 mg FK565 in the FK565-administered group (Fig. 1B, 1D). Inthe
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FK565-administered group, a similar effect was also observed on
the plague formation in aortas of 1.10-fold (10%) increase at 10 ng
and 33.9-fold (3289%) increase at 50 mg FK565 (Fig. 1C, 1B). To
confirm the specificity of the FK565 treatment for Nod1, we studied
Apoe®? Nod12”? mice in the same mamer There were no dif-
ferences in the body weight and serum cholesterol or triglyceride
levels in both groups of mice (Supplemental Table D. The plague
formation results showed no sigrificart differences between FK565-
administered Apoe® ' Nod1?/? mice and nonadministered mice
(Fig. 1D, 1B). These results cleady demonstrated that oral admin-
istration of a pure synthetic Nod1 ligand accelerated the develop
ment of atherosclerosis in Apoe?’”? mice in a Nodl-dependent
manner

To rule out the possibility that oral administration of FK565
alters the composition of gut commensal bacteria and the dysbiosis
induces acceleration of atherosclerosis, we depleted the intestinal
microbiota by providing antibiotics in drinking water and with oral
gavage of the antibiotic concoction according to the previous report
(21). Even in gut flora-depleted mice, FK565 administration ac-
celerated the development of atherosclerosis, suggesting that the
acceleration of atherosclerosis by orally administered FK565 does
not depend on alteration of the composition of gut commensal
bacteria (Supplementsl Fig. 1).

Tmmumohistochemical studies of atherosclerotic lesions by
a Nod1 ligand

To explore the effects of Nodl ligand on the formation of ath-
erosclerotic lesions, we performed immumnohistochemical studies
of vesselwall constituents within the plagues in sortic 1o0ts.
FK565-administered Apoe? 2 mice showed a significantly higher
level of macrophage and T cell infiltration within the plagues than
did nonadministered Apoe?’? mice. Neutrophil mumbers within
the plaques in FK565-administered Apoe® ? mice also showed an

(weeks of age) C No treatment FK565 50 pg
- RS

8 9

t

FK565 p.

FIGURE 1. Acceleration of atherosclerosis by oral ad-
ministration of FK565 in Apoe®’? mice. (A) Protocol for
inteymittent administration of FK565 (10 or 50 ng once
aday, 2 d/wk, 4 wk) as described in Materials and Methods.
p.0., per os. (B and O Representative aortic roots (B stained
with EVG and aortas (O stained with Sudan IV in Apoe® /2
mice with or without FK565 administration at 9 wk of age.
Scale bars, 200 mm (B and 500 mm (0. (D and B Quenti-
fication of atherosclerotic lesion areas of aortic ots (D) and
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EVG

FIGURE 2. Immunohistochemical studies of atheroscle-
rotic lesions by oral administration of FK565. (A) Repre-
sentative aortic roots stained with EVG, MOMA-2, CD3,
NIMP-R14, and a-SMA in Apoe?’? mice with or without
FK565 administration at 9 wk of age. Scale bars, 50 mm.
(B-B Quantification of areas or numbers of cells positively
stained for MOMA-2, CD3, NIMP-R14, and a-SMA within
plaques in Apoe?’? mice with or without FK565 adminis-
tration at 9 wk of age. Bars represent means (n = 5/group).
*p, 0.05 **p, 0.01 (Student t test).

CD3 MOMA-2

NIMP-R14

a-SMA

increasing tendency than did those in nonadministered Apoe? 2
mice, although statistically not significant (Fig. 2A-D).

The previous report demonstrated that smooth muscle cells were
intermingled with foam cells or tended to form a cap at the top of
lesion in Apoe® ? mice at 10-15 wk of age (23). A marked irr
crease of smooth muscle cell content in the plaques was observed
in the FK565-administered group (p = 0.026; Fig. 2A, 2F). These
results suggested that Nod1 ligand accelerated the progression of
advanced atherosclerotic lesions, with a remarkable increase of
macrophage and T cell infiltration in the plaque.

Contribution of Nod1 in nonhematopoietic cells to the
increased atherogenesis by Nodl ligand administration

As mentioned above, the effect of FK565 in atherogenesis was
solely mediated by Nod1. Accordingly, to further test whether non—
bone marrow-derived cells expressing Nodl would contribute to
the development of atherosclerosis by FK565 administration, we
performed bone marow transplantation experiments at 20 wk of
age. All mice received FK565 for four courses. As expected, the
atherosclerotic lesions in sortic roots of Apoe?’? mice with
Apoe? 2 bone marrow cells were significantly larger than those of
Apoe® 2 Nod1®”* mice transplanted with Apoe®” Nod1?/2 bore
menow (Fg. 9). Similady, in chimeric Apoe?’? mice with Apoe? 2

Nod1%/? bore marrow cells, the atherosclerotic lesions were sig-
nificanfly larger than those of Apoe?2 Nod12/2 mice transplanted
with either Apoe® or Apoe? 2 Nod1%/2 bone marrow. Corversely,
chimeric Apoe? > Nod1?”2 mice with Apoe®’? bone marrow cells
had significantly smaller atherosclerotic lesions than did Apoe® 2

mice trensplanted with either Apoe®”? or Apoe? 2 Nod12” bone
marow (Fig. 3). The data for total aortic plague formation showed
the same trends as did the data for aortic oot lesion area discussed
above (data not shown). These results indicated that non-bone
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marrow-derived cells had a pivotal role in acceleration of athero-
sclerosis induced by Nod1.

Ccl5 is a key chenokine in atherogenesis induced by orally
administered Nod1 agonist

To explore the mechanisms underlying the progression of ath-
erosclerosis provoked by Nodl ligand stimulation, we performed
microarray gene expression profiling of the aortic roots of 9-wk-old
Apoe? 2 mice with or without four courses of FK565 adminis-
tration. Comparative analysis revealed that 1777 genes were up-
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FIGURE 3. Acceleration of atherosclerosis by FK565 depends on Nod1

in nonhematopoietic cells. Quantification of atherosclerotic lesion areas of
aortic roots in Apoe?? and Apoe? 2 Nod12/? 20-wk-old mice underwent
bone manow (BM) reconstitution with BM from Apoe®? or Apoe® /2
Nod12’2 donors. All mice were orally administered FK565 (50 mg once
a day, 2 d'wk) from 16 to 19 wk of age and fed a chow diet. Bars represent
means (n = 7-8group). *p, 0.05, **p, 0.01 (Tukey—Kramer honestly
significant difference test).
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regulated in the aortic wots of FK565-administered mice com-
pared with those of nonadministered mice (Fig. 4A). We also
analyzed gene expression in 6-wk-old Apoe®? mice after only
one course of FK565 administration, when there was weak ac-
cumulation of macrophages in the lesions, which was recognized
as the initial stage of atherosclerosis (23) (data not shown). The
analysis revealed that 1401 genes were upregulated by one course
of FK565 administration, and 100 genes were consistently up-
regulated by FK565 administration in both time points, indicating
that the 100 genes contributed to the initial and eady stages of
atherosclerosis induced by Nod1 agonist. A gene ontology anal-
ysis of the 100 genes showed that a number of biological process
terms were associated with immmme response (Supplemental
Table ID. Therefore, we focused on chemokine/cytokine genes.
As expected, we identified a mumber of chemokine/cytokine genes

i

known 1o be linked to atherosclerosis. The genes upregulated by
FK565 in 6-whk-old Apoe®’? mice included Celd, Cel5, Ccl8,
Cxcl16, and Ii2rb, which are irwvolved in recruitment and activa-
tion of macrophage and lymphocyte. In confrast, in 9-wk-old
Apoe® 2 mice, genes associated with recruitment and activation
of inflammatory cells, including chemokine/chemokine receptor
genes (Cx3cll, Ccl3, Ccl5, Cel8, Cxell, Cxcll2, Cxcll6, Cer2,
Cer5, Cxer3, and Cxer6) and IL genes (Tllb and T16) were up-
regulated. In both time points, we observed that three genes were
elevated . 2-fold (Fig. 4B). Tb validate the microarray data, we
compamed expression levels by real-time RT'PCR of these three
genes in Apoe?’? mice with or without FK565 administration
after both one and four cowrses and found that only one gene,
Cclb, also known as RANTES, was significantly upregulated by
FK565 administration at both time points (Fig. 4C). Imnumore-

A Up-regulated genes in 6w-FK group Up-regulated genes in 9w-FK group

compared with 6w-NT group compared with 9w-NT group
1401 genes 1777 genes
6-wk-old 9-wk-old Fold change 6-wk-old 9-wk-ofd
Symbol 6w-FK 9w-FK SEQ_ID S 6 5 15
NT FK NT FK vs NT vs NT 5 " ﬁ O No treatment
Coll1 287 142 AKOSOO7Z 8
Eda2r 220 1.12 BCO27521 & g _
-4 2
Up-regulated genes Werb  2.02 -1.29 BC099S16 S 5 3 10
in 6w-FK group Col4 252 187 BC119257 S & £3
isra 201 164 BC125374 EQ = s
o 3
Up‘."’%“'a;;dgfj“es Cols 212 389 BCU7TI01 2 z
oW FK oron Ccl5 600 565 BCO3308 = ¢ 2 %
v arese Cxcl16 200 422 AKO3051S o Cxcit6  Cols  ccls T Cxcité  Ccl5  Colg
Hof 128 232 X72307
IMOra -122 276 BC140355
Cxclt 101 240 BC132502 D)
N6 161 230 BC132458 . ..'9.2"559",5%\\ : FKOgS,

Cel3 157 220 BC111443 B X g s
Cer5 1.27 2,12 BC103574 S
Cxer3 -1.77 2.78 BC096626
Cxcr6  1.80 2.55 BC096491
zr 125 4.81 BCO89571
Lt -1.13 3.00 BC064062
Ccl7 136 222 BC061126
Csfir -1.01 225 BCO036343
Cxer4 112 2.91 BC031665

Ccls

Up-regulated genes

in Sw-FK group Cxcl10 105 2.07 BC030067
Ccl17 -2.37 215 BC028505
Cxels 145 211 BC024392 E =
Cxel16 -1.05 4.72 BC019961
ib 143 293 BC011437 § s *
Cert 166 217 BCo11092 § 15 ] ! '
Inhbe -1.03 237 BCO10404 & o~ 5o 40 .
Cx3ci 107 234 BCO0BESO 5 E 19 = 2E 4 .
. Cxcl9 165 3.35 BCO03343 £ - e L
b 154 348 AK224980 %3 ST 204 e . R
High MOra 105 415 AK149898 © = 0.5 o~ 40 -
Cd27  1.05 201 AK137770 8 R ) £ — i
& Hgf -1.58 2.39 AK052289 0.0 at & L " r
Low Cer2 125 238 AK046579 No treatment  FK565 No treatment PBS Met-RANTES
nisf18_-1.21 _2.00 AF229433 v

FIGURE 4. Effect of Ccl5 on atherogenesis induced by oral administration of FK565. In microaray analysis (A and B), total RNA extracted from the
sortic 1ots in Apoe? 2 mice with or without FK565 administration (FK and NT, respectively) at the age of 6 and 9 wk (6w and 9w, respectively) is shown.
Each experiment sample contained three aortic roots from three mice, and two experiments were performed in each group. (A) Venn diagram of upregulated
genes in the aortic roots of FK565-administered mice at 6 and/or 9 wk of age. (B Gene expression ratio and heat map analysis of cytokine/chemokine genes
expressed 2-fold higher in FK565-administered Apoe® 2 mice than in nonadministered Apoe® 2 mice at 6 or 9 wk of age. Fach column represents the mean
of the expression levels in each group of replicates. As shown on the color bar, red and blue indicate high and low expressions, respectively. Gene symbols,
fold changes in each comparison, and GenBank accession numbers are presented in the right colurms. Fold changes in bold refer to upregulation. 2-foldin
each comparison. Data were deposited in Gene Expression Ommibus (http://www.ncbinlm.nih.gov/geo/) under accession number GSE48947. (O) RT*PCR
analysis of Cxel16, Cel5, and Ccl8 genes in aortic roots of Apoe® /% mice with or without FK565 administration at the age of 6 and 9 wk. Gene expression
was normalized to expression of Gapdh. Relative expression levels to the values observed in sortic root from nonadministered Apoe? /2 mice are presented
asmean 6 SEM (n= 5/group). (D and B Representative microphotographs (D) and the quantification (B) of positive-stained areas for Ccl5 in aortic mots of
Apoe?’? mice with or without FK565 admministration at 9 wk of age. Scale bars, 50 rm (D). Bars represent means (n= 5/group) (B). () Quantitative comparison
of atherosclerotic lesion aress of aoric roots in FK565-administered Apoe®? mice with Lp. irjection of PBS or Met-RANTES before every FK565 adminis
tration. Data of roradministered Apoe®/? rrice are presented as a cortrol. Bars represent means (n = 3-8/group). *p, 0.05, **p, 0.01 (Studert t test).
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activity for Ccl5 was localized in the intimal areas (Fig. 4D), and
Nod1 ligands slightly increased Ccl5 levels in the lesions of
Apoe®? mice, but without a statistically significant difference
(Fig. 4B). To determine a role of Ccl5 in the atherosclerosis
progression exerted by Nodl activation, we investigated whether
injection of a Ccl5 antagonist, Met RANTES, could inhibit the
accelexation of atherosclerosis in FK565-administered Apoe? /2
mice. As expected, Met RANTES-treated mice showed a signifi-
cant decrease of atherosclerotic lesion area in aortic root, com-
pared with PBS-treated mice (Fig. 4F), and they had a similar
volume of plaques in aortic roots of Apoe?? mice without FK565
administration. These results suggested that Ccl5 plays a crucial
wle in the acceleration of atherosclerosis induced by FK565.

To determine which cell type frequencies, macrophagesor T cells,
were altered after MetRANTES administration, we performed
immunohistochemical studies in aortic roots of FK565-administered
mice with or without Met- RANTES administration. Both MOMA-2*
macrophages and CD3" T cells in atherosclerotic lesions signifi-
cantly decreased after MetRANTES administration, suggesting
that Celb contributes to accurmulation of both cell types in the
atherosclerotic lesions (Supplemental Fig. 24, 2B).

Nod1 deficiency reduces atherosclerotic lesion and Cel5 gene
expression in aortic roots

To determine whether Nod1 signaling pathway contributes to the
early step of atherosclerosis, we studied Apoe®? and Apoe® /2
Nod12’2 male mice at the ages of 9, 12, 20, and 40 wk. Apoe®?
Nod12”2 mice showed modest elevations of serum cholesterol and
triglyceride levels compared with those in Apoe®’? mice, but
there were no significant differences (Supplementsl Table D.
Additionally, no difference was observed in the fasting blood
glucose levels, serum insulin levels, or homeostasis model as-
sessment of insulin resistance values between Apoe?’? and
Apoe® 2 Nod1% 2 mice at 20 wk of age (data not shown). None-
theless, Apoe? 2 Nod1? 2 mice showed 43, 63, and 26% decreases
of atherosclerotic lesion areas in aortic root, compared with those
in their age-matched Apoe® Z mice, at the ages of 12, 20, and
40 wk, respectively (Fig. 5A, 5C). By analysis of aortic lesion
areas, Apoe?’? and Apoe® ? Nod12/? mice had plaques from
20 wk of age, and they had similar distribution patterns of plaques,
with the highest density occurring in the lesser curvatire of the
sortic arch at 40 wk of age (Fig. 5B). However, plaque formation
areas in aortas were significantly reduced (54 and 25%) by Nod1
deficiency at the age of 20 and 40 wk, respectively (Fig. 5B, 5D).
These results demonstrated that Nod1 deficiency not only atterr
uated eady atherogenesis but also decelerated the progression of
atherosclerosis.

To determine the cellular mechanism for the decelerated ath-
erogenesis by Nod1 deficiency, we analyzed the cell composition of
atherosclerotic lesions of Apoe®’? mice and Apoe®’* Nod1?2
mice by immumohistochemical studies. The areas for MOMA-2*
macrophages or a-SMA™ smooth muscle cells as well as the
mumbers of CD3™ T cells or NIMP-R14" neutrophils in athero-
sclerotic lesions of Apoe®’2Nod12/? mice were smaller than
those in Apoe®’? mice, but the differences were not statistically
significant (Supplemental Fig. 2C-F).

In microarray and RT"PCR analyses, Nodl ligands increased
Ccl5 mRNA levels in aortic root of Apoe? 2 mice compared with
ronadministered mice (Fig. 4B, 4C). Ccl5 was predominantly
upregulated in eardy plaques (24) and is considered to be impor-
tant in early lesion formation. Therefore, we exarmined Cel5 gene
expression levels in aortic oot of Apoe?’? and Apoe® 2 Nod12 2
mice in eady stages of atherosclerosis at 6, 9, 12, and 20 wk of
age. At 6-12 wk of age, Ccl5 mRNA levels in aortic roots of

Nod1 ACTIVATION ACCELERATES ATHEROGENESIS
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FIGURE 5. Development of atherosclerosis in Apoe®’? and Apoe?’?

Nod12/2 mice at 9-40 wk of age without administration of Nod1 ligand.
(A) Representative aortic roots stained with EVG in Apoe®2 or Apoe? 2

Nod12’2 mice at 20 wk of age. Scale bars, 200 mm. (B) Representative
aortas staied with Sudan IV in Apoe® ? or Apoe® % Nod1%/2 mice at 40 wk
of age. Scale bars, 500 mm. (O Quantification of atherosclerotic lesion
areas of aortic roots in Apoe®’2 or Apoe? 2 Nod1%/2 mice at the age of 9,
12, 20, or 40 wk. Bars represent means (n = 6-&group). (D) Quantification
of atherosclerotic lesion areas of aortas in Apoe®’? or Apoe® 2 Nod12/2

mice at the age of 20 or 40 wk. Bars represent means (n= &group). (B RT*
PCR analysis of Cel5 gene in aortic roots of Apoe®’? or Apoe? 2 Nod12 /2

mice at the age of 6, 9, 12, and 20 wk. The gene expression was nor-
malized to expression of Gapdh. Relative expression levels to the values
observed in aortic root from 6-wk-old Apoe?’? mice are presented as
mean 6 SEM (n= 5/group). *p, 0.05, **p, 0.01 versus Apoe®? mice
at the same age (Student t test).

Apoe??Nod12? mice were lower than those in their age-
matched Apoe?’? mice, and the difference was statistically sig-
nificant at 9 wk of age (Fig. 5E). These results suggested that Ccl5
plays crucial roles in the development of atherosclerosis during
the eardy phase induced by Nod1 ligand.

Discussion

The present study has demonstrated that long-term oral admin-
istration of a pure synthetic Nod1 ligand accelerated the devel-
opment and progression of atherosclerosis in Apoe®/? mice,
independent of cholesterol or triglyceride levels in blood. Ad-
ditionally, the complete loss of this receptor significantly de-
creased the size of atherosclerotic lesions, providing evidence of
a solid relationship between NOD1 and atherosclerosis. Previ-
ously, only limited studies have shown the effect of NOD1 in the
cardiovascular field (25, 26) or the involvement of NOD1 in
vascular inflammation induced by C. pneunoniae (12). No prior
study, however, has directly proven the association between
NOD1 and atherosclerosis in vivo.
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By transplantation experimenits, the major effector cells of the
Nod1 ligand were nonhematopoietic cells. This is consistent with
the observation that NOD1 in nonhematopoietic cells plays a key
wle in activation of human endothelial cells, mediated by
C. preurroniae (12), the chronic or recurrent infection of which
was reported to have a close relationship to the development of
atherosclerosis (27). Alternatively, Levin et al. (28) showed that
incressed lipid intake in receptor-interacting protein 2 (Rip2)? /2
macrophages resulted in increased atherosclerotic lesions in
apolipoprotein B2 /2 low-density lipoprotein receptor?”? mice
transplanted with Rip2%/2 bone marow. Myeloid-specific deple-
tion of Nodl showed no significant difference in plaque formation
in our study, and myeloid-specific depletion of Nod2, but not
Rip2, showed significant reduction in the lipid-rich necrotic area
in low density lipoprotein receptor® % mice (29). Therefore, it is
possible that Rip22’2 macrophages exert their effects mainly
through the alteration of lipid metabolism rather than Nodl or
Nod2 signaling pathways.

The marked expression of Ccl5 mRNA gene in the Nod1-induced
atherosclerotic lesions and the inhibitory effect of Met-RANTES
on Nod1-induced acceleration of atherosclerosis demonstrated that
Cel5 expression might be pathophysiologically important for the
development and/or advancement of atherosclerosis. Consistent
with the previous report that Cel5 expression was most marked in
eady plaque (24), the effect of Nodl for plague formation
appeared to be dominant at eadly stage (, 12 wk) because there
was a marked downregulation of Ccl5 expression at that stage in
Apoe? 2 Nod12 2 mice. Cel5 is a proinflammatory chermokine that
regulates the trafficking of leukocytes such as macrophages and
Thi T cells, mediated by activation of the receptors Cerl, Cer3,
Cerd, and Cer5 (30). In atherosclerosis, Cer5 is known to be in
volved, not only in the recruitment of monomuclear cell, but also
in the modulation of the immume balance (18, 31-33). Similady,
in FK565-administered Apoe®’? mice, Met RANTES adminis-
tration attenuated the infiltration of MOMA-2" macrophages and
CD3" T cells in atherosclerotic lesions, suggesting that accurmur
lation of both cell types by Ccl5 plays a role in Nodl-induced
acceleration of atherosclerosis.

Ithas been reported that chronic or repeated infection was a strong
risk factor for the development and aggravation of atherosclerosis
(27, 34-36). However, it was difficult to show direct evidence of
existing microorganisms in atherosclerotic plaques. Several studies
showed the bacterial PGNs or DNA fragments existing in athero-
sclerotic plaques (37-39), and the metagenomic analysis of gut
microbiome in patients with symptomatic atherosclerotic plagues
and healthy controls demonstrated that patient metagenomes were
erriched in genes encoding PGN biosynthesis (40). Furthermore,
a recent report demonstrated that PGNs from microbiota were
detected in systemically circulating blood, and they modulated the
innate imnmme system through Nod1 (41). In the present study, we
have demonstrated that Nodl ligand directly contributed to the
development of atherosclerosis. Taken together, systemically cir
culating PGN fragments from endogenous microbiota may activate
Nod1-expressing vascular cells to produce varous chemokines,
inchuding Cel5, to promote the accumulation of inflammatory cells
in the plagues and evertually accelerate the atherosclerotic forma-
tion in vessels. Although endogenous Nodl ligands are still wr
known, it is possible that yetundetermined endogenous Nodl
ligands contribute to the development of atherosclerosis, because
there are several studies that endogenous ligands toward other PRRs
such as T2, Thrd4, and Nlrp3 were inwolved in the acceleration of
atherosclerosis (11, 42-45).

A recent study showed that gut flora influenced the nutrient
processing and the metabolism in mice, and microbial processing
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of dietary choline was significantly correlated with atherosclerosis
(46). Although it is still controversial whether Nodl deficiency
contributes to alteration of the composition of microflora (47, 48),
alteration of the microbiota by Nod1 deficiency might play a role
in the decreased development of atherosclerosis in Apoe?®’?
Nod1?2 mice. Because oral administration of FK565 might in-
fluence microbiota in the long-term observation, further investi-
gation is needed on a ole of microbiota in the acceleration of
atherosclerosis through Nod1 activation.

In the previous studies, endogenous and synthetic ligands for
Tlr2 and Tlr4 influenced the formation of atherosclerosis in
addition to Nod1 (7, 9, 49). We found that Nod1 deficiency sig-
nificantly reduced plaque formation by 50% in the aortas of
20-wik-old Apoe? 2 mice, indicating that the contribution of Nod1
on atherogenesis is as strong as those of Th?2 and T4 suggested
by the previous study (49). Interestingly, the effect of Nod1 for
plaque formation seemed to be dorminant at ezrly stage (, 12 wk) as
shown by marked dowrregulation of Ccl5 expression in Nod12/2
mice. Hence, it is possible that the ligand-specific effects of innate
immune-mediated atherosclerosis formation might exist, and
various types of ligands from microbiota would independently or
synergistically work together for the development of atheroscle
rosis.

In conclusion, Nodl activation plays one of the key roles in the
development and progression of atherosclerosis, Further compre-
hensive studies on the innate immume ligand-specific contribution
are necessary to understand the pathogenesis of atherosclerosis.
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Case REPORTS

ENDOCRINE AND METABOLIC ABNORMALITIES
IN A GIRL WITH CHILDHOOD WERNER
SYNDROME CASE REPORT

To the Editor: Werner syndrome (W9 is a rare progeroid
syndrome of autosomal-recessive inheritance that German
ophthalmologist Otto Werner first reported in 1904. The
frequency of WS is as high as 1 in 40,000 in Japan, with
consanguineous marriage noted in approximately 40% of
cases, although no regional localization of cases has been
recognized.® Most progeroid phenotypes are clinically
typical, including the graying and loss of hair; hoarseness
and scleroderma-like skin changes emerging in the 20s
and juvenile cataracts, mmsulin-resistant diabetes mellitus,
hypogonadism, ulceration of the skin, osteoporosis, and
soft tissue calcification arising in the 30s. The most severe
and lethal conditions are malignant tumors and cardiovas-
cular or cerebrovascular diseases resulting from premature
atherosclerosis in the 40s and 50s.** Mean age at diagno-
sis was 36.7 in individuals who presented with typical
signs of W83 In contrast, individuals who develop the dis-
ease in childhood are not usually reported primarily
because of the variety of nonspecific symptoms and lack of
cardinal signs during the teenage years. The case of a girl
diagnosed with WS at 17 is herein reported.

The girl’s parents were second cousins without a fam-
ily history suggesting the presence of genetic diseases,
including progeroid syndromes. The girl was healthy at
birth and exhibited normal growth and development in
infancy. Starting at 6 years old, she gradually developed
facial erythema (Figure 1) and failure to grow. At 10 years
old, her parents consulted a pediatrician regarding her
growth failure and chronic fatigue of unknown etiology.
Clinical and laboratory examinations identified a diagnosis
of hypothyroidism, and levothyroxine treatment was
started, but she discontinued the medication after several
months. At 17 years old, she again consulted a physician
and was referred to the hospital for systematic evaluation.

She was 141 cm (3.3 standard deviations below the
mean) tall and weighed 33.2 kg (2.7 standard deviations
below the mean), and her body mass index was 16.7 kg/m?.
She had slightly gray hair, erythema on both cheeks, and
dry skin over her entire body. Laboratory findings demon-
strated hepatic dysfunction (aspartate aminotransferase,
132 UL (normal range (NR) 13-33 U/L); alanine amino-
transferase, 252 /L. (NR 6-30 U/L); gamma-glutamyl
transpeptidase, 51 /L (NR 10-47 U/L)) and dyslipidemia
(triglycerides, 221 mg/dL. (NR, 30-149 mg/dL); low-den-
sity lipoprotein cholesterol, 140 mg/dL. (NR <139)), with
normal serum creatine phosphokinase, blood urea nitro-
gen, and creatinine levels. Metabolic and endocrinological
studies revealed hypothyroidism (basal thyroid-stimulating

Figure 1. Facial erythema and beak-like appearance.

hormone (TSH), 11.22 1U/mL (NR 0.27-4.20 1 U/mL);
free thyroxine, 0.82 ng/dL. (NR 1.00-1.80 ng/dL)) with a
remarkably high TSH level after a thyrotropin releasing
hormone loading test (58.48 1U/mL at 60 minutes (NR
10-25 1U/mLY)). An oral glucose tolerance test with 75-g
oral glucose loading showed borderline glucose intolerance
with remarkable insulin resistance (blood glucose, 197 mg/
dL (NR 60-125 mg/dL); insulin, 563 1 U/mL at 120 min-
utes (NR <300)). Ultrasonography demonstrated an atro-
phic thyroid and marked fatty liver. Brachial-ankle pulse
wave velocity indicated slight arteriosclerotic changes
(right 1,188 cm/s, left 1,157 cm/s, mean 952 £ 103 cm/s).
Bilateral ovary hypoplasia and a right ovarian cyst were
detected on magnetic resonance imaging. Ophthalmologi-
cal study revealed bilateral cataracts. There were no signs
of osteoporosis of the lumbar spine (bone mineral density
0.968 g/cm®; Z-score —0.4). No calcification of the Achil-
les tendon, a cardinal sign of WS in adulthood,’ was
detected on X-ray examination. Genetic tests identified a
homozygous mutation of IVS25-1G>C in the WRN gene,
one of the most common mutations in Japanese individuals
with WS Medical treatment with levothyroxine sodium
hydrate at a dose of 100 1 g/d quickly normalized the girl’s
thyroid function, with an associated increase in her vigor.
Subsequent biguanide therapy (750 mg/d) was discontin-
ued within 1 week because of abdominal pain.

Based on the clinical features reported in previous
studies, the characteristic abnormalities in metabolism
observed in individuals with WS are mainly attributed to
peripheral lipoatrophy with insulin insensitivity or dyslipi-
demia.® Endocrinological problems in the setting of WS
primarily derive from the impaired secretion of hormones
due to premature aging of endocrine organs, and empiri-
cally, hypogonadism, hypothyroidism, and hypopituitarism
are the major endocrinological concerns in individuals
with WS, Although these conditions may be present in
childhood, no clinical studies have reported such features,
probably because of the difficulty in diagnosing WS in
individuals with nonspecific symptoms. The present case
therefore provides important and valuable information.
First, hypothyroidism of atrophic thyroid glands in addi-
tion to pituitary and hypothalamic dysfunction can appear
as early as 10 years of age. Second, marked insulin
insensitivity due to a lipodystrophic phenotype can arise in
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adolescence. Third, the subject gradually exhibited hyper-
gonadotrophic hypogonadism in her teens. Hence, nonspe-
cific metabolic and endocrinological conditions, as well as
atrophic skin, growth failure, and bilateral cataracts, may
be characteristic findings of WS in childhood. According
to previous reports,? an earlier onset of clinical symptoms
is associated with a shorter life span. Hence, it is critically
important to make a proper diagnose at an early age to
initiate careful and consistent observation and provide
early therapeutic intervention.
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ONCE-WEEKLY TOLVAPTAN FOR CHRONIC
SYMPTOMATIC HYPONATREMIA DUE TO
SYNDROME OF INAPPROPRIATE SECRETION
OF ANTI-DIURETIC HORMONE

To the Editor: An 83-year-old man was diagnosed with
syndrome of inappropriate secretion of anti-diuretic
hormone (SIADH) in 2009, when he developed severe

symptomatic hyponatremia (sodium 119 mmol/L) after a
respiratory tract infection. He was taking levothyroxine
for hypothyroidism. He was unable to tolerate demeclo-
cycline because he had hepatitis, and since then, his
sodium had been maintained at approximately
125 mmoVL with fluid restriction. In December 2011, he
fell and fractured his hip. At that time, his sodium was
123 mmoVL. He had a hemiarthroplasty and was hospi-
talized for 6 weeks.

In February 2012, he was admitted after a seizure.
Laboratory tests showed sodium 118 mmol/L, urea
5.2 mmol/L, and creatinine 62 1 mol/L. Despite strict fluid
restriction, his sodium did not improve, and he remained
confused and disoriented. He was started on tolvaptan
15 mg on alternate days to avoid rapid correction. He had
profuse diuresis, and by Day 4 (ust after two doses), his
sodium had increased to 133 mmol/L and his urea from 5
to 16 mmol/L, and his symptoms had improved dramati-
cally.

To avoid overcorrection and renal failure, tolvaptan
was stopped, and fluid restriction was restarted, but his
sodium fell to 119 mmol/L, and his symptoms returned
within 2 days, so it was decided to try tolvaptan once a
week. To avoid wide fluctuations in his sodium, he was
advised to drink until thirst is eliminated for 4 days after
taking tolvaptan and to restrict his fluids 3 days before the
next dose. His sodium increased by 2 to 3 mmol/L per day
for 3 days after tolvaptan and fell by 1 to 2 mmol/L per
day after Day 3, and he remained symptom free.

After discharge, he took tolvaptan 15 mg once a week
for 12 months and then 15 mg every 6 days because of
tiredness and lethargy returning 5 days after taking tolvap-
tan. During this period, his sodium fluctuated around
125 mmol/L: (range 122-133 mmol/L; Figure 1). Despite
the fluctuation in his sodium, he remained asymptomatic
and had not been admitted to the hospital. In February
2014, he was admitted with sepsis and died of multiorgan
failure nearly 2 years after taking tolvaptan.

Hyponatremia is the most frequent -electrolyte
imbalance in elderly adults, and severe hyponatremia
(sodium < 125 mmol/L) is found in up to 6% of hospital-
ized older adults.” Hyponatremia due to SIADH is often
chronic and asymptomatic, but sodium levels of less than
125 mmol/Li can cause unsteadiness, falls, attention defi-
cit, and fractures in elderly adults.>® Even though fluid
restriction is effective, it is difficult to sustain over the
long term.

Tolvaptan is a vasopressin receptor antagonist and is
effective in the treatment of hyponatremia due to SIADH
by promoting free water excretion.*® Adverse effects
include thirst, dehydration, and too-rapid correction of
sodium (which can lead to complications). In clinical trials,
7% of participants had an increase in serum sodium of
8 mmol/L: at 8 hours, and 2% had an increase of more
than 12 mmoV/L at 24 hours.®

The major constraints in using this drug are its cost,
rapid correction with the risk of osmotic demyelination
syndrome, rebound hyponatremia after stopping the drug,
and uncertainty regarding long-term use.

Concerns have also been raised in using this drug over
the long term because it could cause liver injury, and the
Food and Drug Administration has warned that tolvaptan
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Case Report

Thyroid Follicular Carcinoma in a Fourteen-year-old
Girl with Graves’ Disease

Kanako Kojima-Ishii', Keniji Ihara', Kazuhiro Ohkubo', Terumichi Matsuo’, Naoko Toda',
Hiroyuki Yamashita2, Shinji Kono®, and Toshiro Hara'
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Abstract. Here we present the case of a 14-yr-old girl who developed thyroid follicular carcinoma
accompanied by Graves’ disease. She was diagnosed with Graves’ disease at 10 yr of age and soon
achieved a euthyroid state after starting treatment. When she was 13 yr of age, her hyperthyroidism
and goiter worsened despite medical therapy. Multiple nodules were found in her enlarged thyroid
gland by ultrasonography. Her serum Tg level seemed within the normal range. She underwent
near-total thyroidectomy for control of thyroid function. Histopathological study demonstrated that
multiple oxyphilic follicular neoplasms were surrounded by the thyroid tissue compatible with Graves’
disease. Capsular invasion was identified in one of the nodules, and thus the histological diagnosis was
minimally invasive follicular carcinoma. She did not have signs suggesting metastasis, and has had
no relapse for 18 mo after the operation. Although some previous studies showed a high prevalence
of thyroid cancer with an aggressive nature in adult patients with Graves’ disease, few reports about
thyroid cancer accompanied by Graves’ disease are available in children. The present case, however,
suggests that careful investigation is needed when we detect thyroid nodules or progressive thyroid
enlargement, especially in children with Graves’ disease.

Key words: Graves’ disease, thyroid cancer

Introduction

Thyroid carcinoma is considered to be rare
in childhood and adolescence (1). Histologically,

Received: December 9, 2013

Accepted: January 23, 2014

Corresponding Author: Dr. Kanako Kojima-Ishii, De-
partment of Pediatrics, Graduate School of Medical
Science, Kyushu University, 3-1-1 Maidashi, Higashi-ku,
Fukuoka 814-8582, Japan

E-mail: k-kanako@momo.so-net.ne.jp

This is an open-access article distributed under the terms
of the Creative Commons Attribution Non-Commercial No
Derivatives (by-nc-nd) License <http://creativecommons.org/
licenses/by-nc-nd/3.0/>.

— 125 —

most thyroid carcinomas are of the papillary
type, with the follicular type accounting for 5%
of cases (2). Although there have been a number
of reports about thyroid carcinoma with Graves’
disease in adult populations (3), few reports
are available in children or adolescents (4, 5).
Here we describe a 14-yr-old girl with thyroid
follicular carcinoma unexpectedly found during
the treatment of Graves’ disease. Through the
clinical features of this case, we reconfirmed the
importance of careful investigation of the thyroid
gland, especially in patients with Graves’ disease
and even in childhood or adolescence.
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Fig. 1. Clinical course from onset until thyroidectomy. TRAb, TSH receptor antibody;
MMI, thiamazole; L-T4, levothyroxine; KI, potassium iodine; NR, normal range.

Case Report

A 10-yr-old girl was brought to a hospital
because of neck swelling. She was diagnosed with
Graves’ disease based on the findings of diffuse
thyroid gland enlargement, hyperthyroidism and
positive results for TSH receptor antibodies (free
T3, >30 pg/mL [normal range (NR), 2.20—4.40];
free T4, 9.42 ng/dL [NR, 1.00-1.80]; TSH, <0.1
pU/mL [NR, 0.27—4.20]; TSH receptor antibody,
20.7 U/L. [NR, <1.0]; thyroid stimulating
antibody, 404% [NR, <180]). She had no history
of appreciable diseases and no family history
of thyroid diseases or early-onset cancers.
Treatment with thiamazole (MMI) was started,
and levothyroxine (I.-T4) replacement was
added subsequently. Her thyroid function was
normalized within 2 mo, and the drug therapy
was continued. When she was 12 yr old, she was
referred to our hospital owing to a move with her
family. At the first visit, we did not find swelling
of her neck, and her thyroid hormone levels were

within normal ranges, whereas she still showed
positive antibody results (free T4 1.10 ng/dL, TSH
1.20 pU/mL, TSH receptor antibody 3.0 U/L). Her
clinical course is shown in Fig. 1. We continued
the therapy with MMI and 1.-T4, and then her
clinical condition remained stable for 8 mo. At
the age of 13 yr and 3 mo, her hyperthyroidism
worsened and neck swelling began again. We
stopped the L-T4, increased the dose of MMI up
to 80 mg/d and added treatment with potassium
iodine (KI), the final dose of which reached 250
mg/d. Despite the intensive medical therapy, her
thyroid hormone levels remained above normal
ranges. Laboratory findings at 13 yr and 11 mo of
age are shown in Table 1. Her level of Tg seemed
within the normal range, although the accuracy
could not be evaluated because of a high level
of serum TgAb. Her consciousness was clear
and physical examination showed anterior neck
swelling without a palpable tumor, finger tremor
at rest and no heart murmur or arrhythmia by
auscultation. Her blood pressure was 112/50
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Table 1 Laboratory findings at 13 yr and 11 mo of age

WBC  4.33x10%® ulL ALP
Hb 12.2 g/dL TC
Plt 275%10% juL TG
TP 6.2 g/dL BS
Alb 3.9 g/dL CPK
BUN 13 mg/dl. | CRP
Cr 0.31 mg/dl. | BNP
AST 23 U/L

ALT 30 U/L

620
111
73
105
66
0.01
6.9

U/ free T4 >7.77 ng/dL
mg/dL. | free T3 >32.55 pg/mL
mg/dL. | TSH <0.01 pU/mL
mg/dL TgAb 1273.5 U/mL
U/L TPOADb 1404 U/mL
mg/dl, | TRAb 22.6 U/L
pg/mL | TSAb 800 %

Tg 8.1 ng/mL

TgAb, Tg antibody; TPOAD, thyroid peroxidase antibody; TRAb, TSH receptor antibody;

TSAD, thyroid stimulating antibody.

mmHg and heart rate was 118/min. While she
presented with severe hyperthyroidism with a
high level of TSH receptor antibody, no symptoms
suggestive of thyroid crisis were observed.
Thyroid ultrasonography showed diffuse goiter
and increased blood flow by Doppler analysis,
and these findings were consistent with an active
state of Graves’ disease. In addition, we detected
multiple nodules in both lobes, the diameters of
which were 10-17 mm. One nodule in the right
lobe had heterogeneous internal echogenicity
and others showed homogeneous internal
echogenicity. All of these nodules appeared to
have regular margins without microcalcifications
(Fig. 2). When she was 14 yr and 1 mo of age, she
underwent near-total thyroidectomy to control
thyroid function. The weight of the isolated thyroid
gland was 105 g (right lobe 55 g, left lobe 50 g),
and multiple nodules were seen in both lobes as
detected by ultrasonography. Histopathological
study showed multiple oxyphilic follicular
neoplasms. Capsular invasion with full-thickness
interruption of the capsule was detected in one
of the nodules in the left lobe (Fig. 3). The tissue
surrounding the nodules showed typical finding
of Graves’ disease. The histological diagnosis
of the nodule was minimally invasive follicular
carcinoma. Other nodules were not histologically
qualified for carcinoma. Vascular invasion, or
lymph node or distal metastases of tumor cells
were not observed. At present, 18 mo after the
surgery, she has no sign of relapse and maintains
a euthyroid state with L-T4 replacement therapy.
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Discussion

There are a number of reports about the
association between Graves’ disease and thyroid
cancer in adult populations. According to a recent
review, the prevalence of thyroid carcinoma
in Graves’ disease is 0.5-15.0% (3). A study
in Italy showed that the annual incidence of
thyroid carcinoma in Graves’ disease was
175/100,000 (6), which seemed higher than the
recently reported incidence of 9.1/100,000 in the
general population of Japan (7). However, due
to differences in clinical or histological criteria,
genetic background and iodine availability among
the studies, it remains a matter of debate whether
the prevalence of thyroid carcinoma is higher in
patients with Graves’ disease. Besides, there are
reports that thyroid carcinoma accompanied by
Graves’ disease had an aggressive nature and
association with high mortality (3, 6, 8-10).
On the other hand, some studies did not show
high-grade malignant characteristics of thyroid
cancer in Graves’ disease (11, 12). Therefore, the
prognosis of thyroid cancer with Graves’ disease
has also been controversial. The mechanisms of
the possible malignant potential of thyroid cancer
in Graves' disease have not been elucidated.
In previous reports, anti-thyroid drugs (13),
stimulating TSH receptor antibody (14) or locally
produced interleukins (15) were speculated to be
factors that modify tumor characteristics.

Thyroid cancer is very rare in children
and adolescents. It reportedly accounts for
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Fig. 2. Ultrasonographic thyroid images at 13 yr and 11 mo of age. Multiple nodules can be seen in both
lobes. The diameters of the nodules range from 10 to 17 mm. The nodules did not have irregular
margins or microcalcifications. A: Right lobe. B: Left lobe. The nodules are indicated by white arrows.

Fig. 3. Histological images of the thyroid grand. A: Macroscopic images of the isolated thyroid. Arrows indicate
nodules in both lobes. B: Microscopic images (hematoxylin-eosin staining x12.5). C: Microscopic images
(hematoxylin-eosin staining x600). Multiple oxyphilic follicular neoplasms can be seen. Capsular
invagion is indicated by arrows in B. The thyroid tissue surrounding nodules is histologically normal
with characteristic findings of Graves’ disease.
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approximately 0.5-3% of all carcinomas in their
age groups (1), and its incidence under the age
of 20 is about one in 100,000 in Japan (7). The
prevalence of thyroid nodules in children was
reported to be lower than that in adults (1, 16, 17).
But some reports showed that the cancer risk of
thyroid nodules is higher in children than in adults.
In a review of 16 papers, the overall incidence of
malignancy in thyroid nodules in children was
26.4% (18). On the other hand, a study of adults
showed that the incidence of malignancy was 5.3%
in cold thyroid nodules (19). In a recent study,

the malignant risk of thyroid nodules was 22%

in children, whereas it was 14% in adults (20).
Thyroid cancer in pediatric populations has some
specific characteristics, such as fast growing speed,
high ratio of multifocal invasion and a tendency for
metastasis and recurrence, although the overall
survival rate of child patients was reported to be
fairly high (2). Few children with thyroid cancer
with Graves’ disease have been reported. Niedziela
et al. demonstrated a boy with thyroid papillary
cancer accompanied by Graves disease (4).
Histologically, 90-95% of thyroid carcinomas are
of the papillary type, and 5% are of the follicular
type in all age groups (2). Therefore, the present
case of thyroid follicular carcinoma with Graves’
disease in a teenage girl was extraordinary rare.
While no susceptibility genes have been identified
for non-syndromic and non-medullary thyroid
carcinoma, genetic alternations such as PAXS8-
PPAR gamma translocations or RAS mutations
have been observed in thyroid follicular carcinoma
(21). The present case had no familial history of any
type of carcinoma; however, it might be possible
that she had some genetic susceptibility to the
onset of thyroid tumors and that a cancer-causing
mutation, a so-called “second hit”, occurred in a
thyroid cell under stimulatory conditions through
the TSH receptor as a result of organ-specific
autoimmunity.

In this case, we did not think about the
presence of thyroid cancer in the thyroid
glands before thyroidectomy because clinical
findings suggestive of coexisting malignancy
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were not observed. In general, characteristic
findings of a malignant thyroid nodule by
ultrasonography include irregular shape, ill-
defined edge, jagged border, heterogeneous
nature or microcalcifications (18, 22), whereas
minimally invasive follicular carcinoma often
does not show any of these findings (22). In this
case, although one nodule had heterogeneous
internal echoes, we did not see other malignant
findings. Consequently, we assumed that the
progressing thyroid enlargement was simply
a symptom of Graves’ disease. However, we
should have evaluated the thyroid much more
intensively in consideration of the ultrasound
features and substantial risk for carcinogenesis
in Graves’ disease, especially in adolescence.

In conclusion, we reported a case of thyroid
follicular carcinoma accompanied by Graves’
disease in a 14-yr-old girl. Although thyroid
cancer rarely occurs in pediatric populations,
careful investigation is needed if we observe
progressive thyroid enlargement or detect
thyroid nodules by ultrasonography, even in
children with Graves’ disease.
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Abstract

Background: The limits of viability in extremely premature
infants are challenging for any neonatologists in developed
countries. The neurological development and growth of ex-
tremely preterm infants have come to be the emerging issue
following the management in the neonatal intensive care
unit. Objective: To assess potential associations between
changes in practice and survival/neurodevelopmental out-
come, and clinical outcomes of extremely preterm infants
bom at the limit of viability studied in a tertiary center. Study
Design: Aretrospective study enrolled 51 infants who had
no congenital disorders, and were bom at 22-24 weeks of
gestational age (GA) in 2000-2009 in ourinstitution. Clinical
variables and interventions were studied with regard to one-
year survival and developmental quotient (DQ) at 3 years of
age. Results: The one-yearsurvival rate of 24 preterm infants
bom in 2005-2009 (79%) was higher than that of the 27 in-
fants bom in 2000-2004 (52%, p = 0.04). Infants bom after
2005 underwent less tocolysis (54 vs. 94%, p < 0.01) and

more frequently antenatal steroid therapy (32 vs. 6%, p =
0.01) than those bom before 2004. The post-2005 survivors
(n=19) received more frequently indomethacin therapy (89
vs. 50%, p = 0.03) and eardy parenteral nutrition (95 vs. 36%,
p < 0.01) than the pre-2004 survivors (n = 14). There were no
differences in the proportion of infants who attained a DQ of
>50 at 3 years of age between pre-2004 (9/13, 69%) and
post-2005 groups (10/17, 59%). Multivariate analysis indicat-
ed that extremely premature birth at GA <24 weeks was the
sole critical factor for a DQ of >50 in survivoxs. Conclusions:
The perinatal care after 2005 improved the overall survival
rate, but not the neurological outcome of preterm survivors
at the limit of viability. Neurodevelopmental impairments
were associated with extremely premature birth at GA <24
weeks. © 2013 S Karger AG, Basel

Introduction

Recent progress in the perinatal and neonatal care has
greatly improved the prognosis of critically ill or prema-
ture newborn infants. The limits of viability in extremely
premature infants are challenging for any neonatologist
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in developed countries [ 1-4]. Between 2004 and 2007, the
one-year survival rate of infants born at 22-26 weeks of
gestational age (GA) in Sweden attained 70%, ranging
from 9.8% at GA 22 to 85% at GA 26 weeks [5]. In 2005,
the survival rates of Japanese infants during their stay in
aneonatal intensive care unit (NICU) were 34.0, 54.2 and
76.6% in infants born at GA 22, 23, and 24 weeks, respec-
tively [6]. On the other hand, the post- NICU neurological
development and growth of extremely preterm infants
have come to be the emerging issue.

Antenatal steroid therapy was reportedly associated
with a significant decrease in the mortality of preterm
infants born at GA 22-23 weeks [7]. This intervention
was actively introduced in our tertiary center after 2005
for women at high risk of preterm delivery after GA 22
weeks, The alive-born premature infants are at high-risk
for a constellation of life-threatening events including
cerebral bleeding and sepsis. A small number of survi-
vors at the limit of viability still have an increased risk of
physiological and neurodevelopmental problems requir
ing long-term medical support and socioeconomical ser-
vices. To assess potential associations between changes
in practice and survival/neurodevelopmental outcome,
we performed the present study in all infants born at GA
22~24 weeks and treated at a single tertiary center from
2000 to 2009. The favorable limits of viability and neu-
rodevelopmental outcome are discussed with special ref-
erence to the prenatal and postnatal management.

Materials and Methods

Study Subjects

The study population included all infants delivered at GA 22~
24 weeks at the Kyushu University Hospital in Japan from Jnuary
1st 2000 to December 31st 2009 (fig. 1). The maternal and neona-
tal records of all infants were studied retrospectively. The informa-
tion collected included previous obstetric history, the present
pregnancy and delivery, infant morbidity, treatment, survival, and
neurodevelopmental outcome up to 3 years of age. A total of 51
alive infants, all free from congenital diseases, reached the NICU
for intensive treatment.

Perinatal period was defined as comprising late pregnancy
from GA 22 weeks until birth, labor and delivery, and the first week
of life in accordance with the recommendations of the World
Health Organization (WHO). Live birth and perinatal mortality
were also defined by the WHO recommendations (http://www.
who.int/whr/2005/ en/index.html). Perinatal mortality included
stillbirths and early neonatal deaths. Stillbirth was defined as fetal
death before onset of labor. Intrapartum death was defined as still-
birth when the fetus was alive at the start of labor. Farly neonatal
death refers to a death of a live-born infant within the first 7 days
of life, while death covers the remaining period up to the first year
of life. GA was determined as the best obstetric estimate based
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Intrapartum death

Treated in NICU

Fig. 1. Demographic characteristics of infants born at 22-24 weeks
of GA delivered in 2000-2009 in our single institution. During the
10-year study period, 82 infants were delivered at GA 22-24 weeks,
including 42 in 2000-2004 and 40 in 2005-2009. Of the 42 and 40
infants, 10 and 12 were stillbirths or intrapartum deaths, and the
32 and 28 were delivered aslive-born infants. Of the 32 and 28 live-
born infants, 5 and 4 were unable to enter the NICU because of
severe asphyxia or extreme prematurity, and 27 and 24 were treat-
ed in the NICU.

on the last menstrual period, standard obstetric parameters, and
ultrasonographic findings. Iatrogenic delivery represented a
delivery medically or surgically induced due to maternal and/or
fetal indications [8]. Antenatal steroid therapy was defined as the
administration of any corticosteroid to the mother between GA 22
and 34 weeks for accelerating fetal hmg maturation [9]. Surfactant
administration included at least 1 dose of surfactant. Indometha:
cin treatment was conducted for closure of a patent ductus arte-
riosus (PDA) diagnosed critically or by echocardiography. Infants
with body weight below the 10 percentile of the mean of the
Japanese birth size standard data were classified as small for GA
(SGA) [10].

Follow-up evaluations, including interval health history, neu-
rologic evaluations, and developmental assessments (developmen-
tal quotient, DQ), were performed at 3 years of age. Developmen-
tal testing was performed using the Kyoto Scale of Psychological
Development 2001 (KSPD) by trained testers. KSPD is a Jpanese
standard developmental test and is used to assess disabled children
by most of public health centers [11]. It is an individualized face-
to-face test administered by experienced psychologists to assess
child’s development in the following three areas® postural-motor
(fine and gross motor functions); cognitive-adaptive (non-verbal
reasoning or visuospatial perceptions assessed using materials
such as blocks, miniature cars, and marbles), and language-social
(interpersonal relationship, socializations and verbal abilities). DQ
was calculated by dividing the developmental age by chronological
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