Figure 2. Localization of CD68 and MRP8 protein expression in
serial sections of diabetic nephropathy cases. Expression of CD68
(A, B) and MRP8 expression (C, D) in paired renal specimens (A and C, or
B and D). Arrows indicate colocalization of CD68 and MRP8 signals.
doi:10.1371/journal.pone.0088942.g002

levels tended to be higher than MGA or MCNS subjects. In
baseline cross-scctional investigation including all subjects, by
univariate lincar regression analysis, glomerular MRP8-positive
cell count and tubulointerstitial MRP8-positive area were both,
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respectively, correlated not only with various known risk factors for
diabetic nephropathy (such as systolic blood pressure, proteinuria
and serum creatinine) but also with extent of glomerulosclerosis
and tubulointerstitial fibrosis. By multivariate analysis, tubuloin-
terstitial MRP8-positive arca was significantly correlated with
proteinuria and tubulointerstitial fibrosis. Glomerular MRP8-
positive cell count was significantly correlated with tubulointer-
stitial fibrosis in the primary analysis, and with proteinuria in a
sub-analysis excluding MCNS  group. Immunohistochemistry
indicated that MRP8 was expressed, at least partly, by CD68(+)-
expressing macrophages and atrophic tubules. These findings raise
a possibility that kidney MRP8 signals in glomeruli or tubulointer-
stittum may serve as novel markers of diabetic nephropathy.

In prognostic study, multivariate analysis revealed that urinary
protein levels at a year after renal biopsy were independently
associated with glomerular MRP8-positive cell count, urinary
protein and systolic blood pressure at baseline. Of note,
glomerular MRP8 expression showed the strongest correlation
with urinary protein a year later (8=0.87), even stronger than
bascline urinary protein (8=0.78), by univariate analysis. It is
partly because glomerular MRP8 expression is not largely elevated
in ‘benign’ forms of proteinuria such as ones observed in MCNS
paticnts, whose levels of proteinuria are cxtremely high at
diagnosis by renal biopsy but are usually resolved within a year
after initiation of immunosuppressive therapy. These findings
suggest that glomerular MRP8 expression may possess a unique
predictive nature as a disease marker, which cannot be substituted
by baseline proteinuria or routine pathological analysis evaluating

Table 3. Relationship between baseline clinical parameters and MRP8 signals.

Age (y) 037 0.002 0.02

BMI (kg/m?) 0.14 0.27

Systolic BP (mmHg) 0.62 <0.001 0.18

Urinary protein (g/gCr)

-0.16 0.21

T-chol (mg/dl) —0.06 0.66
HDL-chol (mg/dl) -0.24 0.06

CRP (mg/dl) 0.03 079

Ti fibrosis (%) 0.68

<0.001 0.62

Glomerular MRP8-positive cell count

0.29 0.64

0.02 0.80

Tubulointerstitial MRP8-positive area

0.87 0.39 0.001 0.03 0.74

0.09 0.48

<0.001 -0.12 0.37

-~0.13 0.30

—0.04 0.76

—-0.28 0.03 —0.03 0.73

0.12 0.34

<0.001 0.85 <0.001

doi:10.1371/journal.pone.0088942.t003
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Coefficient of determination (R?) calculated with explanatory parameters enrolled in multiple regression analysis was 0.52* and 0.74%, respectively. y, years; BP, blood
pressure; gCr, g creatinine; T-chol, total cholesterol; HDL-chol, HDL cholesterol; LDL-chol, LDL cholesterol; GS, glomerulosclerosis; T, tubulointerstitial.
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Table 4. Sub-analysis of relationship between baseline clinical parameters and MRP8 signals, after exclusion of MCNS group.

Glomerular MRP8(+) cell count Tubulointerstitial MRP8(+) area

Urinary protein (g/gCr) 0.70 <0.001 0.36 0.03 0.75 <0.001 0.47 <0.001

Total protein (g/dl) —0.51 <0.001 0.03 0.84 —0.49 <0.001 0.12 0.25

HDL-chol (mg/dl) —0.16 0.27 -0.20 0.18

Global GS (%) 0.49 <0.001 —0.20 0.29 0.59 <0.001 -0.17 0.23
o : ;

R? was 0.60* and 0.77%, respectively. BP, blood pressure; gCr, g creatinine; HDL-chol, HDL cholesterol; LDL-chal, LDL cholesterol; GS, glomerulosclerasis; Tl
tubulointerstitial.
doi:10.1371/journal.pone.0088942.t004

Table 5. Multiple regression analysis for identification of factors predicting urinary protein levels 1 year after renal biopsy.

Urinary protein 1-year after renal biopsy

Model 1* Model 2#

Sex {male) -0.14 0.50

Diabetes duration (y) 0.24 0.22

s

HbA1c (NGSP, %) 0.08 0.70

Albumin (g/dl) —0.69 <0.001

Triglyceride (mg/dl) 0.18 0.38

LDL-chol (mg/dl) 0.62 <0.001

Global glomerulosclerosis (%) —0.05 0.79 —0.17 0.11 —0.31 0.06

Glomerular MRP8(+) cell count 0.87 <0.001 0.59 <0.001
MRPS8(: 7

R? was 0.91* and 0.75%, respectively. y, years; BP, blood pressure; gCr, g creatinine;
T-chol, total cholesterol; HDL-chol, HDL cholesterol; LDL-chol, LDL cholesterol.
doi:10.1371/journal.pone.0088942.t005
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[J BMDM from WT mice
B BMDM from TLR4 KO mice

Figure 3. Effects of MRP8 upon bone marrow-derived macrophages. Bone marrow-derived macrophages (BMDM) were stimulated with
recombinant mouse MRP8 for 4 hours. Error bars indicate 95% Cl and statistical analyses were performed with log-transformed values. Two-way
ANOVA revealed significant effects of genotypes, MRP8 concentrations and their interactions for expression of all 3 genes (P<<0.001 for all
comparisons). n=4. WT, wild-type; KO, knockout; IL-1f, interleukin 1 beta; TNFe, tumor necrosis factor alpha. *P<0.01 among different

concentrations, #P<0.01 among genotypes.
doi:10.1371/journal.pone.0088942.g003

global glomerulosclerosis and tubulointerstitial fibrosis. Moreover,
we speculate that glomerular MRP8 expression is not a simple
marker or bystander but an active player in glomerular injury as
discussed below.

In another attempt of longitudinal study, logistic regression
analysis failed to find out any independent predictors for the
occurrence of renal event within a year. We speculate that this is
partly because tubulointerstitial MRP8 expression and tubuloin-
terstitial fibrosis were two potent predictors for renal event in
univariate analysis but their significances were canceled by cach
other in multivariate analysis. These two parameters showed
strong correlation (R =0.68, P<<0.001) (Fig. S8), suggesting that
these two parameters might be cquivalent to predict renal event.
Indeed, interstitial MRP8 expression showed quite similar pattern
to interstitial fibrosis evaluated by Masson trichrome staining.
Quantity of interstitial MRP8 largely depends on the positive
signals in atrophic tubules rather than those in macrophages,
whose feature differs from that of glomerular MRP8 in punctate
distribution. Furthermore, small sample size, short observation
period and few subjects who developed renal event might have
reduced the detection power. Since MRP8 expression in tubular
epithelial cells plays a causative role in the progression of
tubulointerstitial inflammation in a mouse model of renal fibrosis
[7], further analysis will be nceded to clarify the role of
tubulointerstitial MRP8 in DN.

In accordance with our previous study (6], MRP8 mRINA was
upregulated predominantly in the glomerular fraction of human
DN subjects as compared to control subjects with MGA. On the
other hand, MRP8 protein expression was observed not only in
the glomerulus but also in the tubulointerstitium. In this regard, it
should be noted that there were two distinct patterns of MRP8
staining in the tubulointerstitium of DN. One was intense and
focal staining in severely atrophic tubules. The other was mild
staining distributed along the brush border of proximal tubules,
which was also found in ORG and MCNS. The latter signals likely

PLOS ONE | www.plosone.org
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represent MRP8 protein derived from the blood and reabsorbed by
proximal tubules, which should not be accompanied by increased
MRP8 mRNA expression. Concerning proteins other than MRPS,
we and others have rccently reported similar phenomena of
immunoreactive protein detection in the proximal tubules caused by
reabsorption but not by renal synthesis [25,26]. On the other hand,
since a little MRP8 staining remained in antibody absorption test,
especially in glomerular exudative lesions and severely-scarred,
fibrotic lesions around atrophic tubules, presence of non-specific
signals cannot be completely negated (Fig. S3).

Glomerular MRP8 signals mainly showed punctuate pattern in
DN subjects (Fig. 1, Fig. S4). Since both of CD68 and MRP8 were
detected by mouse monoclonal antibodies, localization of these
molecules were evaluated by serial sections, not by double-
immunostaining. Staining patterns of MRP8 were compatible with
those in other inflammatory renal disorders including IgA
nephritis [27], membrano-proliferative glomerulonephritis [14],
and ANCA-related glomerulonephritis [20], in which macrophag-
es were suggested as a major source of MRP8, as we reported in a
rodent model [6]. In addition, neutrophils could be considered as
another source of MRP8 affecting vascular complications [28].
Currently, we are investigating the molecular mechanism why
MRPS8 is predominantly upregulated in myeloid-linecage cells
infiltrating glomeruli. In vitro study revealed that MRP8 induced
inflammatory cytokine expression and also potentiated expression
of MRPS itself in macrophages in a TLR4-dependent manner.
Additionally, MRP8-positive cells were absent in nodular scleros-
ing lesion, suggesting that glomerular MRP8 might reflect on-
going glomerular damage [20]. Importantly, a largest-scale human
study reported that MRP8 gene expression in blood mononuclear
cells of type 1 diabetic patients is significantly elevated in subjects
with diabetic complications including nephropathy [29].

Since inhibition of renin-angiotensin system (RAS) is an important
determinant of renal outcomes, we examined the effects of RAS
blockade on kidney MRP8 expression. We found no significant
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difference in kidney MRP8 mRNA expression between DN patients
treated with or without RAS blockade (Fig. S9), probably because
cases treated with RAS blockade tended to have more severe
hypertension and proteinuria than cases without RAS blockade.

In obese humans and mice, increased plasma MRP8/14
complex may reflect a degree of obesity and originate from
adipocytes as well as leukocytes [8,9]. Our ORG cases had mild
staining of MRP8 in proximal tubules, suggesting increased
plasma levels of MRP8. In contrast, there was no significant
correlation between tubulointerstitial MRP8 expression and body
mass index (Fig. S6G). Therefore, local MRP8 expression in the
kidney may serve better as a marker for renal injury rather than
for obesity [8,9].

Our study has several limitations. Sample number of each group
studied was small. Non-identical subjects were enrolled in the
mRNA and immunohistochemical analyses. Since we only
analyzed patients who underwent renal biopsy, the composition
of patients investigated here may not reflect those in general type 2
diabetic patients or in general chronic kidney disease subjects.
Although age was not retained as an independent factor associated
with MRP8 signals in our data (Table 3), it is known that aging
associates chronic inflammation [30]. The effects of age cannot be
completely neglected. Although most MRP8 signals were lost in
antibody absorption test, there were some positive signals
remaining, which might be caused by a non-specific binding of
the first antibody. As discussed above, investigation of renal MRP8
expression by renal biopsy helps us understand the pathophysi-
ology and prognosis of chronic kidney diseases, especially
associated with obesity and diabetes, but has a disadvantage for
routine and repeated use in out-patient clinics.

In summary, the present study suggests that expression of
MRP8 in the kidney reflects the current pathological status and
also predicts renal outcomes in patients with obesity or type 2
diabetes. Further investigations studying urinary MRP8 levels
among obese or diabetic patients in large scale may be warranted.

Supporting Information

Figure S1 Representative photos showing renal biopsy
sections of a DN patient stained with (A) periodic acid-
Schiff, (B) periodic-acid methenamine silver or (C)
Masson trichrome. The ratio of the number of glomeruli with
global sclerosis (arrows) among that of total glomeruli and the
relative area of tubulointerstitial fibrosis were 33% and 65%,
respectively, in this patient.

(TIFF)

Figure $2 Immunohistochemistry for MRP8 and CD68
proteins in DN patients. Photos in the right column show
negative control experiments without 1** antibody.

(TTF)

Figure 83 Antibody absorption test for MRP8 staining.

PBS: phosphate buffered saline, thMRP8: recombinant human
MRPS.

(TIF)
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Free fatty acids (FFAs) play a pivotal role in metabolic control and cell signaling processes in
various tissues. In particular, FFAs are known to augment glucose-stimulated insulin secre-
tion by pancreatic beta cells, where fatty acid-derived metabolites, such as long-chain fatty
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pancreatic beta cells and involved in the regulation of insulin secretion. Hence, GPR40 is
considered to be a potential therapeutic target for the treatment of diabetes. In this review,
we summarize the identification and gene expression patterns of GPR40 and its role in glu-
cose metabolism. We also discuss the potential application of GPR40 as a therapeutic
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INTRODUCTION

Free fatty acids (FFAs) are essential nutrients that also act as
signaling molecules in various tissues. Long-chain fatty acids
(LCFAs) play a role in the augmentation of glucose-stimulated
insulin secretion (GSIS) (1). GSIS was observed to be consider-
ably decreased by FFA depletion following in vivo administration
of nicotinic acid to rats (2) and humans (3). Thus, FFA-mediated
augmentation is considered to be physiologically significant. How-
ever, the underlying mechanisms of FFA-mediated augmentation
of GSIS have not been fully elucidated. Several investigators have
recently demonstrated that FFAs act as ligands for membrane-
bound G-protein-coupled receptors (GPCRs) such as G-protein-
coupled receptor 40 (GPR40), GPR41, GPR43, and GPR120.
Among these, GPR40 is preferentially expressed by pancreatic beta
cells in rodents and augments GSIS after acute exposure to LCFAs,
highlighting the role of GPR40 as a potential key molecule in the
regulation of insulin secretion.

LCFA RECEPTOR GPR40

GPR40 consists of 300 residues and was originally reported as an
orphan GPCR (4). GPR40 was deorphaned by screening using a
fluorometric imaging plate reader (FLIPR) system, which detects
increases in Ca?* concentrations in cultured cells with transiently
expressed GPR40 cDNA (5, 6). GPR40 is reportedly activated by
LCFAs (C12-22) and several eicosanoids in theoretically phys-
iological concentration ranges. The profiles of putative GPR40
ligands are well conserved among mice, rats, and humans (5).

GPRA40 GENE EXPRESSION IN RODENTS

Amongrat tissues, GPR40 mRNA is almost exclusively expressed in
the pancreas. In pancreatic islets, GPR40 mRNA levels were found
to be approximately 17-fold higher than the levels in the pan-
creas, suggesting selective GPR40 expression by pancreatic islets.

Keywords: GPR40, FFAR1, LCFA, insulin secretion, pancreatic beta cells

Considerable amounts of GPR40 mRNA were detected in the pan-
creatic beta cell lines MINGS, betaTC-3, HIT-T15, and Rin5F but
not in the pancreatic alpha cell line alphaTC1. Furthermore, in situ
hybridization with rat pancreatic islets suggested that GPR40
mRNA is preferentially expressed in pancreatic beta cells (5).

Reports using anti-GPR40 antibodies suggest that GPR40
protein is also probably preferentially expressed in pancreatic
islets (7, 8).

ROLES OF GPR40 IN REGULATION OF INSULIN SECRETION

In MING6 cells, insulin secretion was augmented by LCFAs in
a dose-dependent manner, and the augmentation was observed
only under hyperglycemic conditions (11-22 mM) (5), indicating
the LCFA-mediated augmentation of insulin secretion is glucose-
dependent. Silencing of GPR40 gene expression using siRNA
almost abolished the augmentation effects of LCFAs, indicating
that GPR40 is involved in LCFA-mediated regulation of insulin
secretion. GPR40 is a class A GPCR, highlighting the potential of
GPR40 as a target for novel anti-diabetic oral drugs with low risk
of hypoglycemia, considering that LCFA-mediated augmentation
of insulin secretion is glucose-dependent.

GPR40 GENE EXPRESSION IN HUMANS

Although GPR40 is reportedly preferentially expressed by pancre-
atic beta cells in both rats and mice, little is known about GPR40
gene expression in humans. In this context, we assessed GPR40
mRNA expression in fresh human tissues obtained during surgery
(9, 10). Analysis of 12 specimens of non-tumor pancreatic tis-
sues revealed a considerable amount of GPR40 mRNA in each.
In three pancreatic islet tissues specimens, GPR40 mRNA levels
were approximately 20-fold higher than those in pancreatic tis-
sues, comparable to the levels of sulfonylurea receptor 1, which is
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known to be highly expressed in pancreatic beta cells. High levels
of GPR40 mRNA were detected in insulinoma (beta cell tumor)
tissues in three cases; in contrast, GPR40 mRNA was undetectable
in glucagonoma (alpha cell tumor) tissues (10, 11). In human pan-
creas, GPR40 mRNA level is positively and significantly correlated
with the insulinogenic index, an index reflecting the function of
pancreatic beta cells. These results indicate that GPR40 is highly
expressed in human pancreatic beta cells and possibly involved in
the positive regulation of insulin secretion (10).

REGULATION OF GPR40 GENE EXPRESSION

Though the mechanisms underlying the regulation of GPR40 gene
expression is not fully understood, possible mechanisms include
the PDX-1/IPF1 (12), which reportedly binds to the promoter
region of the GPR40 gene (13). Moreover, nutrients and therapeu-
tic drugs such as glucose (12), palmitate, and rosiglitazone (8) are
reportedly involved in the regulation of GPR40 gene expressions.

THERAPEUTIC IMPLICATIONS OF GPRA40

Although an initial report of systemic GPR40 knockout (KO) mice
and beta cell-specific GPR40 transgenic (Tg) mice using the PDX-
1/IPF1 promoter suggested possible involvement of GPR40 in
insulin resistance in the liver and beta cell failure (14), later reports
using GPR40 KO mice found no link between GPR40 and beta cell
dysfunction (15, 16). Studies using GPR40 KO mice suggest the
implication of GPR40 in the regulation of insulin secretion, at
least under some conditions including loading of intralipid (17),
high-fat diet (15), hyperglycemic glucose clamp, and arginine (18).
Furthermore, GPR40 Tg mice with the mouse INS2 promoter
exhibited better glucose tolerance with enhanced GSIS (19), sug-
gesting therapeutic implications of GPR40 rather than a gateway
of beta cell toxicity.

Additionally, recent reports suggest that GPR40 is expressed
in enteroendocrine cells and involved in the positive regula-
tion of intestinal hormones including glucagon-like peptide-1
(GLP-1), glucose-dependent insulinotropic polypeptide (GIP),
and cholecystokinin (20-22).

GPR40 AGONISTS AS ANTI-DIABETIC DRUGS

Recently, TAK-875 (Fasiglifam), a novel GPR40 selective agonist
(23), was reported as a potential oral anti-diabetic drug. The
potency of TAK-875 is approximately 400-fold greater than that
of the endogenous ligand oleic acid (24), and it does not acti-
vate GPR120 (23), another GPCR for LCFAs. TAK-875 augmented
insulin secretion under high-glucose conditions in the rat pancre-
atic beta cell line INS1 833/14 (24) and human pancreatic islets
(25) but did not affect glucagon secretion in humans (25),in accor-
dance with the observations in humans by our group and others
(9-11). TAK-875 significantly improved glycemic control with the
augmentation of insulin secretion in diabetic rat models such as
Wistar fatty rats (23) and Zucker diabetic fatty rats (24).

In phase 2, randomized, double-blind, placebo-controlled trial
in patients with type 2 diabetes, HbAlc was decreased in a dose-
dependent manner in TAK-875 groups, and the HbAlc-lowering
effect (50-200 mg, approximately —1.1% in 12 weeks) was com-
parable to that in glimepiride (4 mg) group, while the incidence
of hypoglycemia in TAK-875 was similar to the placebo group
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FIGURE 1| LCFAs augment insulin secretion by stimulating GPR40 in
beta cells in the pancreas. GPR40 is also reportedly involved in the positive
regulation of secretion of some intestinal hormones. Studies using GPR40
agonists and analyses of beta cell-specific GPR40 transgenic mice indicate
that GPR40 is involved in the regulation of glucose metabolism, at least by
the augmentation of insulin secretion. Because LCFA-mediated augmentation
of insulin secretion is glucose-dependent, GPR40 is thought to be a potential
target for novel anti-diabetic drugs with low risk of hypoglycemia.

and markedly lower than the glimepiride group (26). In Japanese
patients with type 2 diabetes, 12-week treatment with TAK-875
also decreased HbAlc levels in a dose-dependent manner, and the
HbAlc-lowering effect (50-200 mg, approximately —1.3%) was
comparable to that in the glimepiride (1 mg) group (27).

Though TAK-875 seemed to be a promising anti-diabetic drug,
regrettably, its development was terminated in 2013 because of the
risk of possible liver damage. Although the cause of the liver dam-
age remains unclear, GPR40 is not expressed in the human liver
(6, 10), suggesting that the toxicity may not be due to the GPR40
receptor itself but chemical characteristic of TAK-875 or its dose
used in the clinical trials. Still, several GPR40 agonists continue
to be evaluated in both preclinical (Bristol-Myers Squibb, Merck,
Amgen, Johnson & Johnson, Astellas, Daiichi Sankyo, Piramal, and
Connexios) and clinical (Japan Tobacco) trials, and the further
development is expected in the study elucidating the significance
of GPR40 in glucose and other metabolism.

CONCLUSION

Incretin mimetic-type drugs have been implicated in GPCR-
mediated regulation of insulin secretion in diabetes. GPR40 is a
GPCR that is highly expressed in pancreatic beta cells and involved
in insulin secretion in rodents and humans. Hence, GPR40 is
a potential therapeutic target in diabetes, which can lead to the
development of oral drugs with fewer hypoglycemic side effects.
Furthermore, GPR40 is reportedly implicated in the regulation
of incretin secretion from enteroendocrine cells. GPR40 may be
important to unveil the link between FFA signaling and beta
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cell function as well as glucose metabolism (Figure 1). Hence,
further studies are warranted to elucidate the physiological and
pathophysiological implications of GPR40.
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Abstract

Background Lipocalin 2 (LCN2 or neutrophil gelatinase-
associated lipocalin) is a secretory protein discovered from
neutrophils, which accumulates in the blood and urine
during acute kidney injury (AKI) and in the blood by
bacterial infection. Little is known about the tissue source
and molecular forms of this protein under normal and
pathophysiologic conditions.

Methods By sandwich ELISA, serum and urinary LCN2
levels were measured in 36 patients with hematologic
malignancies who transiently became neutropenic by stem
cell transplantation (SCT). To evaluate contribution of
neutrophil-derived LCN2 in the physiologic blood LCN2
concentrations, we examined CCAAT/enhancer-binding
protein & (C/EBPg) knockout mice, which lack mature
neutrophils.
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J. Kanda - H. Kawabata - C. Mizumoto - A. Takaori-Kondo
Department of Hematology and Oncology, Graduate School of
Medicine, Kyoto University, Kyoto, Japan

K. Mori (B<)) - T. Kuwabara - K. P. Mori - H. Imamaki -

M. Kasahara - H. Yokoi - M. Mukoyama - K. Nakao
Department of Medicine and Clinical Science, Kyoto University
Graduate School of Medicine, 54 Shogoin Kawahara-cho,
Sakyoku, Kyoto 606-8507, Japan

e-mail: keyem@kuhp.kyoto-u.ac.jp

N. H. Thoennissen - H. P. Koeffler
Division of Hematology and Oncology, Cedars-Sinai Medical
Center, UCLA School of Medicine, Los Angeles, CA, USA

J. Barasch
Department of Medicine, Physicians and Surgeons of Columbia
University, New York, NY, USA

426

Results In patients without AKI and bacterial infection, at
1 week after SCT, the median blood neutrophil counts
became zero and serum LCN2 levels were decreased by
76 + 6 % (p < 0.01), but urinary LCN2 levels were not
altered. During neutropenic conditions, bacterial infection
caused only a modest rise of serum LCN2 but AKI pro-
duced a marked rise of serum and urinary LCN2 levels.
Serum LCN2 concentrations in C/EBPe knockout mice
were reduced by 66 4+ 11 % compared to wild-type mice
(p < 0.05). Blood LCN2 existed predominantly in high
molecular weight forms (>100 kDa), while urinary LCN2
was mainly in low molecular weight forms.

Conclusion Our findings suggest that neutrophils are the
major source of circulating LCN2 in normal and infected
conditions, whereas blood and urinary LCN2 mainly derive
from the kidney during AKI, and that the molecular forms and
regulation of blood and urinary LCN2 are clearly distinct.

Keywords Acute kidney injury - Neutrophil - Sepsis,
bone marrow transplantation - Biomarker

Introduction

Lipocalin 2 (LCN2 or neutrophil gelatinase-associated li-
pocalin) was originally purified from activated neutrophils
[1, 2]. LCN2 gene expression is detected not only in neu-
trophils, but also in various normal tissues, such as lung,
liver, and adipose tissue [2—4]. Its expression is markedly
upregulated by renal injury [5-8] and bacterial infection
[9]. LCN2 is now known to exert a broad spectrum of
biological activities including host defense [9], kidney
differentiation [10] and modulation of organ damage [5].
Blood and urinary levels of LCN2 have been extensively
studied as very promising biomarkers for an early diagnosis
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of acute kidney injury (AKI) [2, 6, 7] and for monitoring of
chronic kidney disease severity [11, 12], which may rev-
olutionize our clinical practice in the near future. Bacterial
infection also causes mild elevation of blood LCN2 levels
[13, 14]. Thus, neutrophils and injured kidneys are two
major candidate sites of LCN2 release in diseased condi-
tions. Therefore, to make clinical judgment based upon
LCN2 levels in the blood or urine, it is important to
understand tissue source of LCN2. Furthermore, a fraction
of neutrophil-derived LCN2 is covalently bound to gela-
tinase B (or metalloproteinase-9) [15, 16], but the details
about the molecular forms of LCN2 in body fluid largely
remain unknown.

In the present study, we examined whether neutrophils
contribute to blood LCN2 levels in AKI or in bacterial
infection by analyzing a unique subset of patients who
were neutropenic after stem cell transplantation (SCT)
[17]. Since not all cases were in complete remission status
before SCT, we also studied wild-type and CCAAT/
enhancer-binding protein & (C/EBPg) knockout mice [18],
which reflect normal and neutropenic conditions, respec-
tively, in the absence of hematologic malignancies. To
study the mode of existence of LCN2, we separated serum
and urine with 100-kDa cutoff ultrafiltration membranes
and measured the levels of high and low molecular weight
(HMW and LMW) LCN2 forms. Furthermore, we exam-
ined LCN2/gelatinase B complex.

Methods
Patients

Patients with hematologic malignancies undergoing autol-
ogous or allogeneic SCTs at Kyoto University Hospital
(Electronic Supplementary Material Table S1), healthy
subjects and patients with renal disorders were enrolled
under written informed consent. This prospective, obser-
vational study was approved by the ethical committee on
human research of Kyoto University Graduate School of
Medicine (approval number E-541). AKI was defined by
>50 % elevation of serum creatinine level during the
observation period in comparison with the level before
SCT. Bacterial infection was determined by development
of pyrexia (>38 °C) together with either a positive blood
culture test or clinical symptoms highly suggestive of local
infection or septic shock.

Animals
All animal experiments and protocols were approved by

our institutional animal care and use committee. Sera were
collected from C/EBPe™~, C/EBPe*'~ mice and their
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wild-type littermates in a mixed background of
12958V x NIH Black Swiss at 8-10 weeks of age [18].

Expression vectors and promoter—reporter gene
constructs

The human CCAAT/enhancer-binding protein (C/EBP) o
cDNA [19] and the human C/EBPe32 cDNA [20] were
sub-cloned into pCDNA3.1+ (Invitrogen, Carlsbad, CA).
A luciferase reporter construct was prepared in pGL3 basic
vector (Promega, Madison, WI), containing sequences
between nucleotide positions —900 to +51 of human
LCN2 promoter region [4].

Reporter assay

In 12-well plates, 1 x 10° 293T cells were seeded per well
1 day before transfection. Either C/EBPuw, C/EBP¢32 or
mock vector (pcDNA3.14) was transfected into 293T cells
with the reporter vector using TransFectin Lipid Reagent
(BioRad, Hercules, CA). Forty-eight hours later, cell lysate
was collected and measured for luciferase activity using
Dual Luciferase Assay System (Promega, Madison, WI).

Elisa

Human and murine LCN2 concentrations in the serum or
urine were determined once a week by sandwich ELISA
(kits 036 and 042, BioPorto, Gentofte, Denmark). To
separate serum and urine by molecular weights, samples
were passed through 100-kDa cutoff filter (Amicon YM-
100; Millipore Corp., Billerica, MA). LCN2/gelatinase B
complex levels from humans were measured by ELISA
(Quantikine, R&D Systems, Minneapolis, MN).

Western blot analysis

YM-100 flow through of mouse serum was separated by
SDS-polyacrylamide gel electrophoresis, transferred onto
polyvinylidene difluoride membranes, incubated with goat
anti-mouse LCN2 antibody (R&D Systems, Minneapolis,
MN), with peroxidase-conjugated anti-goat antibody, and
detection was carried out using chemiluminescence. As
standards, recombinant mouse LCN2 protein synthesized
in BL21 bacteria was loaded [5].

Statistical analysis

Values are expressed as mean = SEM, or median (inter-
quartile range) when appropriate. Differences between
repeated measures were assessed by one-way ANOVA with
Bonferroni’s post test. Comparison between two groups was
carried out by unpaired Student’s ¢ test. The correlation
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between blood neutrophil counts and LCN2 levels was tested
by Pearson’s correlation coefficient. Cross-sectional time
series regression model was used in univariate and multi-
variate analyses to evaluate potential factors which were
associated with the level of LCN2. Confounders that were
analyzed included the number of neutrophils, lymphocytes
and platelets, the levels of hemoglobin, serum creatinine,
C-reactive protein, and body mass index (defined as body
weight divided by square of height), and weeks after SCT.
Significant independent variables in univariate analysis, as
well as weeks, were included in multivariate analysis.
Standardized coefficients were calculated to evaluate which
of the independent variables have greater effects on the
dependent variable. p values of <0.05 were considered sta-
tistically significant. All statistical analyses were performed
using Stata software version 11 (Stata Corp., College Station,
Texas, USA).

Table 1 Categorization of patients who underwent SCT

Group Bact AKI Nuomber Peak sCRP Peak sCr
infect (mg/dl) (mg/dl)
1 - - 12 0.8 (0.3-4.4) 0.8 (0.6-1.1)
2 + - 12 7.0 2.8-11.1)* 0.8 (0.6-0.9)
3 - + 2 3.0 [1.0-491% 24
[1.0-3.7]#
4 + + 10 17.1 23
(5.4-24.9)* (1.0-3.4)*

Bact infect bacterial infection, AKI acute kidney injury, Peak peak
value during observation period (which is within 4 weeks after SCT),
sCRP serum C-reactive protein, sCr serum creatinine

# Values are median (interquartile range), or mean [range]
* p < 0.05 vs. Group 1

Group 1 [bacterial infection (), AKI (-)

Results

Blood and urine human LCN2 levels in patients
undergoing stem cell transplantation

We studied 36 patients who underwent SCT for their
hematological malignancies. The time course of serum and
urinary LCN2 levels during periods from pre-transplanta-
tion (between —2 and —1 weeks) to 4 weeks after autol-
ogous or allogeneic SCT were examined (Fig. S1). These
patients were categorized into 4 groups based on the pre-
sence or absence of AKI or bacterial infection (Table 1).
Twelve patients (33 %) were categorized as Group 1
[bacterial infection (—), AKI (—)]. At 1 week, median
blood neutrophil count became 0/pl, and serum LCN2 level
was reduced by 76 £ 6 % (from 63 + 15to 10 £+ 1 ng/ml,
p < 0.01, Fig. 1). Among the 4 groups, the general trend of
neutrophil counts and serum LCN2 concentrations during
the observation period was similar, with the lowest levels
at 1 and 2 weeks and gradual recovery towards 4 weeks
(Figs. 1, 2). These findings suggest that the predominant
source of circulating LCN2 is blood neutrophils but sub-
stantial amount of a non-neutrophil pool also exists.
Twelve subjects (33 %) were categorized as Group 2
[bacterial infection (+), AKI (—)] (Fig. 1). Bacterial
infection was diagnosed on day 8.2 + 1.7 (Fig. S1). Peak
serum C-reactive protein (CRP) levels were 8.8-fold higher
in Group 2 as compared to Group 1 (p < 0.05, Table 1).
The time course of blood neutrophil counts and serum
LCN?2 levels was roughly similar as compared to Group 1,
but neutrophil counts were significantly higher at 3 weeks
in Group 2 (p < 0.05, Fig. 1). In Group 2, 6 patients had
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Fig. 1 Changes of blood neutrophil counts, serum and urinary LCN2
levels in Groups 1 and 2. Serum and urine (s, u) LCN2 levels and
blood neutrophil counts are expressed as median (interquartile range).

Weeks after transplantation
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Weeks after transplantation

AKI acute kidney injury. *p < 0.05 vs. pre-transplantation (pre);
#p < 0.05 vs. Group 1 at 3 weeks
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Fig. 2 Changes of blood
neutrophil counts and serum

Group 3 [bacterial infection (-), AKI (+)]
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zero neutrophil counts not only at 1 week but also at
2 weeks and developed bacterial infection on day
8.2 £ 1.4. Their serum LCN2 levels at 1 and 2 weeks were
12 £ 4 and 25 + 9 ng/ml, respectively. These findings
suggest that bacterial infection caused small amount of
LCN2 release from non-myeloid tissues, which could be
from the lung, liver, spleen or adipose tissue [2-4]. The
urinary LCN2 excretion in Groups 1 and 2, unlike serum
LCN?2 levels, did not decrease during the first week (which
was neutrophil-depleted period), indicating that circulating
and urinary LCN2 levels were regulated in distinct man-
ners (Fig. 1).

Most patients with AKI also suffered from bacterial
infection, and only 2 patients (6 %) belonged to Group 3
[bacterial infection (—), AKI (4)] (Fig. 2). These 2 patients
developed AKI at 3 and 4 weeks, respectively, and their
serum LCN2 levels at 4 weeks tended to be higher com-
pared to patients without AKI (Groups 1 and 2), but the
sample number in Group 3 was too small for statistical
analysis.

Ten patients (28 %) were classified into Group 4 [bac-
terial infection (+), AKI (4)]. The peak serum creatinine
levels were 2.9-fold higher in Group 4 compared to Group
1 (p < 0.05, Table 1). Diagnoses of bacterial infection and
AKI were made on days 6.9 +£ 1.2 and 83 + 14,
respectively. Blood neutrophil counts became almost zero
at 1 and 2 weeks as similar to the cases in Groups 1-3.
However, during this nadir period especially at 2 weeks,
serum LCN2 levels became much higher than the levels
before SCT (Fig. 2; Fig. S1). Three patients in Group 4 and
one in Group 3 started to receive continuous hemodiafil-
tration (CHDF) at various time points due to oliguria or
hyperkalemia (Fig. S2). The timing of CHDF initiation was
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closely associated with elevation in the serum and urinary
LCN2 levels by log orders of magnitude, occasionally
reaching the levels above 300 ng/ml or 2,000 pg/gCr,
respectively. These cases clearly show that AKI causes a
steep elevation in serum and urinary LCN2 levels, even in
the absence of neutrophils.

Determinants of serum LCN2 levels

We identified a strong positive correlation between neu-
trophil counts and serum LCN2 levels among samples
excluding those collected when AKI was present (Fig. 3).
Blood samples during AKI contained larger amounts of
L.CN?2 than ones with no AKI. Multivariate analyses for all
samples (with and without AKI) showed that the serum
levels of LCN2 were significantly associated with neutro-
phil counts (standardized coefficient 0.57, p < 0.001) as
well as with serum CRP levels (standardized coefficient
0.16, p < 0.05, Table 2). The significant positive correla-
tion between serum LLCN2 and creatinine levels in uni-
variate analysis was lost in multivariate analysis, likely
because samples with elevated serum creatinine levels
were partially enriched in those with low blood neutrophil
counts (Figs. S1, S2).

Characterization of molecular forms of blood and urine
LCN2

LLCN2 protein in serum or urine may exist in several
molecular forms, including a 25-kDa monomer, a 46-kDa
homodimer and a 135-kDa heterodimer with gelatinase B
(or MMP-9) [1, 16]. Serum and urine were passed through
100-kDa cutoff membrane to separate LCN2 into HMW
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Fig. 3 Correlation of blood neutrophil counts and serum LCN2
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Table 2 Correlation of serum LCN2 levels with clinical parameters

Independent Univariate Multivariate
variables - -
Standardized 4 Standardized P
coefficient coefficient
Neutrophil 0.570 <0.001 0.574 <0.001
counts
Lymphocyte —0.146 0.064
counts
Platelet counts —0.049 0.525
Hemoglobin 0.003 0.970
Creatinine 0.217 0.005 0.100 0.160
CRP 0.233 0.002 0.159 0.031
BMI 0.190 0.093

CRP C-reactive protein, BMI body mass index

and LMW forms (Fig. S3). Approximately 82 % of serum
LCN2 existed as HMW form, and presence of neither
bacterial infection nor AKI affected the ratios (Fig. 4; Fig.
S3). On the other hand, approximately 99 % of urinary
LCN2 was in LMW form in most patients who underwent
SCT (both before and after SCT) and in healthy subjects
(data not shown). Exclusively, urine from SCT patients
who developed AKI with overt proteinuria (urinary protein
level >1 g/g creatinine) contained as much as 37 % of
HMW form. Similarly, patients with nephrotic range pro-
teinuria due to chronic kidney disease had large amount of
HMW LCN2 in the urine (Fig. 4). These findings suggest
that, if glomerular size barrier is functioning normally, only
a small fraction of HMW LCN2 in the blood (as is the case
with 60-kDa albumin) is filtered through glomeruli and
trace amount, if any, is excreted into urine. Thus, circu-
lating LLCN2, due to its large molecular size, likely has a
much longer blood half-life than that of LCN2 monomer
(which is about 10 min) [21].
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Fig. 4 Relative ratios of high and low molecular weight LCN2 in the
serum and urine. a Serum LCN2 (sLCN2) levels. Values are
mean + SEM. n = 10, 4 and 5 from the left. b Urinary LCN2
(uLCN2) levels. SCT, patients undergoing stem cell transplantation
who either had or did not have AKI (n = 2 each, mean of 4 is shown).
SCT + Proteinuria, SCT patients who developed AKI with overt
proteinuria (>1 g/g creatinine, mean of n = 2 is shown). Cases of
focal segmental glomerulosclerosis (FSGS; n = 1) and diabetic
nephropathy (DN; mean of n = 2) who had overt proteinuria are
also shown. Their clinical data are available in online suppl. Fig. 3

A portion of LCN2 secreted from neutrophils is
covalently bound to gelatinase B [15, 16] and LCN2/
gelatinase B complex is one of the candidate forms of
HMW LCN2. We examined the content of this complex
in the serum and urine (Table S2). Ratio of complex
among total LCN2 immunoreactivity was <30 % in
serum of healthy subjects and patients undergoing SCT.
Furthermore, the concentration of complex in urine was
quite low (<2 ng/ml, and typically <3 % of total urine
LCN2 immunoreactivity). These findings suggest that the
majority of HMW LCN2 in the blood exists in forms
other than LCN2/gelatinase B complex. Furthermore, the
ratio of complex in the blood was largely and temporarily
reduced when patients were in neutropenic periods (at
1 week after SCT), suggesting that bone marrow or
peripheral neutrophils are important sources of circulating
LCN2/gelatinase B complex.

Serum LCN?2 levels in C/EBPg knockout mice

As described above, serum LCN2 levels became 24 + 6 %
of baseline levels during neutropenic conditions in patients
who underwent SCT. To investigate impact of presence of
neutrophils upon circulating LCN2 concentrations in nor-
mal conditions, we examined genetically mutant mice
which lack mature neutrophils. C/EBPe is a transcriptional
factor which is crucial for neutrophil and eosinophil dif-
ferentiation [18, 20, 22]. Given that LCN2 mRNA was
abundantly expressed in human myeloid cell lines
expressing C/EBPe [2, 22], we first assessed the effects of
C/EBPe on promoter activity of human LCN2 gene. In
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Fig. 5 C/EBPe-dependent
LCN2 expression. a Effects of
C/EBPua and & overexpression
upon human LCN2 promoter
activity. Values are

mean = SEM. n = 4.

#*p < 0.05 vs. control. b Serum
total LCN2 levels including
both HMW and LMW forms
were measured by ELISA in
C/EBPe knockout (KO),
heterozygous (Het) and WT
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luciferase assay, overexpression of C/EBPe, as well as
C/EBPa, significantly enhanced the promoter activity of
LCN2 gene (Fig. 5a). Since C/EBPe ™'~ mice have severely
impaired terminal differentiation of neutrophils [18, 22],
these mice were utilized to determine the impact of
C/EBPe-dependent neutrophil maturation on steady-state
serum LCN2 levels. By ELISA, .serum LCN2 levels in
C/EBPe ™~ and C/EBPs™~ mice were reduced by 66 +
11 % (p <0.05) and by 34 £ 12 %, respectively, as
compared to C/EBPe™'™ animals (Fig. 5b). Similar differ-
ences among genotypes were observed by Western blot of
LMW (<100 kDa) fraction of the serum (Fig. 5c). These
findings indicate that C/EBPe is essential for maintaining
steady-state serum LCN2 levels in mice. As to molecular
forms, approximately 72 % of serum LCN2 was in HMW
form, and the ratio was not altered by absence of neutro-
phils in KO mice (Fig. 5d).

Discussion

Here, we have shown that serum LCN2 levels are
decreased by 76 % during neutropenic conditions after
SCT, consistently with our present findings in C/EBPs KO
mice, which lack functionally mature neutrophils [18, 22].
Furthermore, serum LCN2 levels showed a strong corre-
lation with blood neutrophil counts. These findings show,
for the first time to our knowledge, that circulating
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neutrophils are the predominant source of steady-state
blood LCN2.

LCN?2 plays an essential role in host defense by inhib-
iting the growth of bacteria such as Escherichia coli and
Mycobacterium tuberculosis [9, 23]. Therefore, not only
neutropenia but also reduced circulating LCN2 levels may
contribute to the high susceptibility of patients to infection
during the neutrophil nadir periods after SCT. To date, it is
not known whether subjects with supranormal circulating
LCN2 levels are super-protected against infection.

When serum and urine LCN2 were separated into HMW
and LMW forms, HMW LCN2 was the major form in
blood, while urinary LCN2 consisted almost exclusively of
LMW forms. These findings were quite surprising, since
blood and urinary LCN2 levels are both elevated early in
the course of AKI and both of these markers have been
considered to be useful biomarkers of AKI [2, 6]. During
nadir periods of the neutrophil counts, bacterial infection
caused minimal elevation in serum LCN2 levels, but AKI
lead to remarkable elevation in serum and urinary LCN2
levels. These findings suggest that the major source of
serum LCN2 is the neutrophils in healthy and infected
conditions, whereas the kidneys, especially the nephron
segments of the thick ascending limbs of Henle and col-
lecting ducts [2, 8, 11], are the main source of serum and
urinary LCN2 in AKI. Cai et al. [24] examined molecular
forms of LCN2 in the urine and reported that renal tubules
mainly secrete monomer LCN2, whereas neutrophils
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predominantly release dimer LCN2. Information concern-
ing LCN2 in the blood was not provided in their work [24].
Of note, mature neutrophils contain large amount of LCN2
protein in the secretory granules but LCN2 mRNA
expression is lost in these cells [1, 2, 25], making it very
difficult to quantitatively evaluate neutrophil-derived
LCN2 at the mRNA level. In patients with overt protein-
uria (which suggests the presence of severe glomerular
injury), HMW urinary LCN2 proteins were observed
(Fig. 4b). At least some of HMW urinary LCN2 proteins
are presumed to derive from the blood. Recently, we have
been able to purify and identify several LCN2-binding
proteins in the urine from patients with chronic kidney
disease [26].

How is LCN2 synthesized in the kidney secreted in the
blood or excreted in the urine deserves to be discussed.
When we stained LCN2 protein in injured mouse kidneys
in a previous study, we found 2 staining patterns [11]. One
was a granular pattern along apical side of proximal
tubules, which appears to reflect blood-driven, reabsorbed
LCN2 protein. The other was diffusely distributed in the
cytoplasm of distal nephron cells, and we speculate that
LCN2 protein in this compartment is released into the urine
or circulation, at least partially, through a non-specific
pathway, not depending upon secretory granules. Indeed,
wild-type kidney transplanted into LCN2 KO mice does
release LCN2 protein in the urine (potentially through
circulation) after induction of ischemic kidney injury [8].

A portion (15 %) of LCN2 in neutrophil secretory
granules co-localizes with gelatinase B [3] and forms het-
erodimer with gelatinase B [1], preserving gelatinase B
from degradation [27]. When we examined the concen-
tration of LCN2/gelatinase B complex in the total LCN2
immunoreactivities in the blood of healthy subjects and
patients undergoing SCT, the complex occupied <30 %.
We also found that the ratio of the complex is largely
reduced during neutropenic periods. These findings suggest
that neutrophils are an important source of LCN2/gelatin-
ase B complex in the blood but the complex only consti-
tutes a small fraction of circulating LCN2.

There are several limitations in this study. The present
study was mainly focused to longitudinal analysis of
patients undergoing SCT, and the numbers of patients with
hematologic or renal disorders and healthy subjects were
small. Since severity of bacterial infection is generally
larger when it is associated with AKI, higher peak serum
and urinary LCN2 levels in Group 4 [bacterial infection
(+), AKI (+)] compared to Group 2 [bacterial infection
(+), AKI (—)] may have been caused not only by com-
plicating AKI but also by more severe infection.

In conclusion, neutrophils are the predominant source of
circulating LCN2 in physiological conditions, which may
play an important role in the prevention of bacterial
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infection. In AKI, serum LCN2 proteins are dramatically
increased even among patients in neutropenic states, sug-
gesting that injured kidneys are major source of circulating
LCN2 in pathologic conditions. The present study brings
new insights into our understanding of the complicated
regulation and clinical implication of blood or urinary
LCN2 concentrations as biomarkers of AKI.
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Abstract

Seipin, encoded by BSCL2 gene, is a protein whose physiological functions remain unclear. Mutations of BSCL2 cause the most-
severe form of congenital generalized lipodystrophy (CGL). BSCL2 mRNA is highly expressed in the brain and testis in addition to
the adipose tissue in human, suggesting physiological roles of seipin in non-adipose tissues. Since we found BSCL2Z mRNA
expression pattern amongorgans in rat is similar to human while it is not highly expressed in mouse brain, we generated a Bscl2/
seipin knockout (SKO) rat using the method with ENU (N-ethyl-N-nitrosourea) mutagenesis. SKO rats showed total lack of white
adipose tissues including mechanical fat such as bone marrow and retro-orbital fats, while physiologically functional brown
adipose tissue was preserved. Besides the lipodystrophic phenotypes, SKO rats showed impairment of spatial working memory
with brain weight reduction and infertility with azoospermia. We confirmed reduction of brain volume and number of sperm in
human patients with BSCL2 mutation. This is the first report demonstrating that seipin is necessary for normal brain
development and spermatogenesis in addition to white adipose tissue development.
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Introduction AGPAT?2 mutation and those from Lebanon have BSCL2 mutation.

Seipin is a protein encoded by BSCL2 gene whose mutation
causes the most severe variety of congenital generalized
lipodystrophy (CGL), also known as Berardinelli-Seip congenital
lipodystrophy (BSCL) (1). BSCL is a disease characterized by a
near total lack of adipose tissue from birth (2). Patients with
BSCL frequently develop severe insulin resistance, hypertrigly-
ceridemia and fatty liver (3). BSCL due to AGPAT2 (BSCL1), BSCL2
(BSCL2), CAV1 (BSCL3) and PTRF (BSCL4) mutations have been
reported so far (1,4-6). BSCL1 and BSCL 2 are the most common
varieties and have been reported in patients of various ethnici-
ties (3). However, most of the patients of African origin have

BSCL2 mutation is also the major cause of BSCL in Japan (7).
1-acylglycerol-3-phosphate O-acyltransferase (AGPAT) is a
critical enzymes involved in the biosynthesis of triglyceride and
phospholipids from glycerol-3-phosphate. Of known AGPAT iso-
forms, AGPAT2 is highly expressed in the adipose tissue and its
deficiency causes lipodystrophy (8). Caveolin 1 encoded by
CAV1is an integral component of caveolae, which are specialized
microdomains seen in abundance on adipocyte membranes (9).
Caveolin 1 binds fatty acids and translocates them to lipid dro-
plets. Polymerase 1 and transcript release factor (PTRF) is in-
volved in biogenesis of caveolae and regulates expression of
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caveolins 1land 3 (6). On the other hand, molecular functions of
seipin, a protein encoded by BSCL2 remain unclear although sei-
pin seems to play a role in lipid droplet formation and be involved
in adipocyte differentiation. While BSCL2 mutations cause the
most severe cases of BSCL, yet seipin remains the most mysteri-
ous lipodystrophic protein in terms of function.

Seipin is a 398 (short-form) or 462 (long-form) amino acid
protein that has no similarity with other known proteins or con-
sensus motif. Seipin has two distinct hydrophobic amino acid
stretches and is speculated to have two transmembrane domains
(1). It also has been shown that seipin localizes to endoplasmic
reticulum in various cell lines (10-12). BSCL2 mRNA is highly ex-
pressed in the brain and the testis other than adipose tissue in
human (1). BSCL2 patients exhibit much higher rate of mild men-
tal retardation than do other BSCL patients (13). These evidences
strongly suggest physiological roles of seipin in non-adipose
tissues.

In the past few years, three independent models of Bscl2
knockout mice have been reported (14-16). All these three knock-
out mice exhibited severe generalized lipodystrophy, demon-
strating clearly that seipin deficiency itself leads to generalized
lipodystrophy in vivo. However, in contrast to human BSCL2
patients, all the three knockout mice had low plasma triglyceride
levels. In addition, Bscl2 knockout mice showed a decrease of
energy expenditure that is generally increased in human BSCL2
patients (16,17). There are also some differences between mouse
and human on physiological roles of seipin in non-adipose
tissues. Although depression that is not a major symptom in
human BSCL2 patients was reported in male Bscl2 knockout
mice (18), no phenotypes as to mental retardation that is frequent-
ly observed in human BSCL2 patients have been reported in Bscl2
knockout mice. While BSCL2Z mRNA is highly expressed in the
brain and testis in addition to the adipose tissue in human,
BSCL2 mRNA is not highly expressed in mouse brain (11). Further-
more, teratozoospermia was reported in Bscl2 knockout mice (19)
but was not observed in our male BSCL2 patients. Instead of
that, oligospermia was observed in our BSCL2 patients. Thus, a
new animal model of human BSCL2 is required for further under-
standing of physiological roles of seipin.

In this study, we chose rat as a species for the generation of a
new animal model of human BSCL2 after confirming the similar-
ity of BSCL2 mRNA expression pattern between rat and human.
We generated a Bscl2/seipin knockout (SKO) rat using with the
N-ethyl-N-nitrosourea (ENU) mutagenesis method (20). SKO rat
has a homozygous nonsense mutation (L20X) in BSCL2 gene,
which is upstream of the first transmembrane domain. SKO
rats showed impairment of spatial working memory with reduc-
tion of whole brain weight and infertility with azoospermia in
addition to phenotypes of lipodystrophy including hypertrigly-
ceridemia and increase of energy expenditure. Therefore, we
also analyzed brain volume and semen in human BSCL2 patients.
This is the first report demonstrating that seipin is necessary for
normal brain development and spermatogenesis in addition to
white adipose tissue development.

Results
BSCL2 mRNA expression profiles in mouse and rat

It was reported that BSCL2 mRNA is highly expressed in the brain
and the testis in human (1). To choose an animal species that is
appropriate for generating the experimental model of human
BSCL2, we examined Bscl2 mRNA expressions in various tissues
in mouse and rat and compared these expression profiles with

that in human. In mouse, high expression of Bscl2 mRNA was
observed in the testis but not in the brain (Fig. 1A). On the other
hand, Bscl2 mRNA was highly expressed in both the brain and the
testis in rat like in human (Fig. 1B). Thus, we decided to generate
a seipin knockout animal on rat background as a human
BSCL2 model.

Generation of seipin knockout rat

By using ENU mutagenesis followed by MuT-POWER screening of
the KURMA samples (20), we generated a seipin knockout rat with
a homozygous nonsense mutation (Bscl2¥°/%) in Bscl2, the seipin
gene. Bscl2®*° mutation was T to A transition at nucleotide 239 in
the third exon of Bscl2 gene, resulted in a substitution of leucine
at codon 20 by the stop codon (L20X), which is upstream of the
first transmembrane domain (Fig. 1C and D). Male and female
heterozygous SKO rats were intercrossed to obtain homozygous
SKO animals. There were 19 homozygous WT, 50 heterozygous
SKO and 26 homozygous SKO rats. This ratio did not differ signifi-
cantly from the expected 1:2:1 Mendelian ratio of genotypes
(number of delivery = 10, mean number of pups per delivery =9.5;
¢?=1.29, P=0.69). The sex ratios also did not differ significantly
from the expected ratio (male; n=48, female; n=45; ¢?=0.58,
P=0.45).

The body weight in SKO rats was significantly lower than that
in their WT littermates from at least 3 weeks after birth (Fig. 1E).
There was no difference of body weight between heterozygous
SKO rats and their WT littermates (data not shown). Although
there was no significant difference in the amount of food intake
and respiratory exchange ratio, the oxygen consumption was sig-
nificantly higher in SKO rats compared with their WT littermates
(Supplementary Material, Fig. S1A-C). When weights of various
tissues were compared between SKO and WT rats, the weight in
most tissues was significantly increased in SKO rats (Fig. 1F),
which might be the organomegaly caused by hyperinsulinemia.
In contrast, in addition to the WAT and BAT, weights in the brain
and testis, where high expression of Bscl2 mRNA was observed,
were significantly reduced in SKO rats.

SKO rat develops generalized lipodystrophy

Dissection and computer tomography of SKO rat revealed the
lack of WAT throughout the body (Fig 2A and B). Body compos-
ition analysis demonstrated that fat mass in both subcutaneous
and intra-abdominal areas was markedly reduced while lean
mass was obviously increased in SKO rats (Supplementary Mater-
ial, Fig. S2A). Enlargement of skeletal muscle was confirmed by
magnetic resonance imaging (MRI) (Supplementary Material,
Fig. S2B). In fact, the size of epididymal WAT that is one of
intra-abdominal adipose tissues and subcutaneous oil red O
staining positive area were extremely reduced in SKO rats al-
though small lipid droplets were detected in both regions (Sup-
plementary Material, Fig. S2C and D). Consistent with this,
plasma leptin concentration was markedly decreased in SKO
rats compared with WT rats (Fig. 2C). BSCL2 patients lack not
only the ‘metabolically active’ adipose tissue such as subcutane-
ous and intra-abdominal ones but also the ‘mechanical’ adipose
tissue located in the bone marrow and retro-orbital areas (7,21).
No adipose tissue was detected in the bone marrow and retro-or-
bital areas in SKO rats (Supplementary Material, Fig. S2E and F).
In contrast to WAT, interscapular brown adipose tissue (BAT)
remained certain (Supplementary Material, Fig. S3A), although
its weight was decreased in SKO rats (Fig. 1F). To examine
whether the BAT in SKO rats is functional, we conducted cold
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Figure 1. Development of BSCL2 animal model. (A and B) Bscl2 mRNA expressions in various tissues in 20-week-old male mice (A) and rats (B) were checked with
quantitative RT-PCR. Bscl2 mRNA expression levels were normalized by 18S. Values are means + SEM (n=10). (C) Normal sequence and heterozygous T to A mutation
at nucleotide 239 (red arrows) of Bscl2 gene in WT and G1 male offspring heterozygous mutant rats, respectively. (D) Schematic diagram of seipin that consists of two
transmembrane domains. The red arrow indicates the amino acid position of the L20X mutation. (E) Growth curve of body weight in male SKO rats (filled square) and
their WT littermates (open square). Values are means + SEM (n =10 per group). *P < 0.05, ™P <0.01 (ANOVA). (F) Weights of various tissues in 20-week-old male SKO rats
(closed bars) and their WT littermates (open bars). The fold change is displayed as relative to WT rats. Values are mean = SEM (n= 10 per group). *P <0.05, *P <0.01, NS,

not significant (Student’s t-test).

exposure experiment. Twenty-four hours exposure of 4°C did not
change the body temperature in both SKO and WT rats (Supple-
mentary Material, Fig. S3B). At this time, interscapular BAT
weight was similarly decreased in SKO and WT rats (Supplemen-
tary Material, Fig. S3C). Histological analysis revealed the reduc-
tion of lipid droplet number after 24 h cold exposure especially in
SKO rats (Supplementary Material, Fig. $3D). In addition, incre-
ment of Ucpl mRNA expression by cold exposure was not just ob-
served in both SKO and WT rats but was greater in SKO rats than
in WT rats (Supplementary Material, Fig. S3E). These results

indicate that the BAT in SKO rats was, in terms of thermogenesis,
physiologically functional.

IPGTT showed impaired glucose tolerance with hyperinsuli-
nemia, indicating insulin resistance, in SKO rats (Fig. 2D). Under
ad lib feeding, plasma triglyceride concentration was markedly
elevated in SKO rats while plasma non-esterified fatty acid
(NEFA) concentration was unchanged (Fig. 2E and Supplemen-
tary Material, Fig. S4A). Plasma total cholesterol (T-Chol) was
also elevated in SKO rats (Supplementary Material, Fig. S4B). We
studied the effect of fasting on SKO rats. During a 24 h fasting,
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Figure 2, SKO rat develops generalized lipodystrophy. (A) Gross appearance of dorsal view before and after removal of skin in a 20-week-old male SKO rat (right) and its WT
littermate (left). (B) Computer tomography image at a slice 15 cm distal from nose in a SKO rat (bottom) and its WT littermate (top). (C) Plasma leptin concentrations in SKO
rats (closed bars) and their WT littermates (open bars). (D) Plasma glucose (left panel) and plasma insulin concentrations (right panel) during IPGTT in SKO rats (filled
squares or closed bars) and their WT littermates (open square or open bars). (E) Plasma triglyceride concentrations in SKO rats (closed bars) and their WT littermates
(open bars). (C-E) Values are means + SEM (n =10 per group). *P <0.05, *P <0.01, NS, not significant (Student’s t-test). (F and G) Macroscopic (F) and histological images
(G) of the liver in a SKO rat (right) and its WT littermate (left). For histological examination, hematoxylin and eosin staining was used. Original magnification of x200 is

shown.

both SKO and WT rats lost body weight (Supplementary Material,
Fig. S5A). Glucose concentration dropped slightly in WT rats, but
plummeted in SKO rats to WT levels (Supplementary Material,
Fig. S5B). Insulin concentration also dropped in both SKO and
WT rats although its level was still higher in SKO rats than in
WT rats (Supplementary Material, Fig. S5C). Under these condi-
tions, NEFA concentration appropriately increased in WT rats
as a normal respond to fasting, meanwhile it did not increase
but dropped in SKOrats, indicating that SKO rats had no sufficient
lipid stores to respond to fasting (Supplementary Material,
Fig. S5D). Since circulating NEFA is metabolized to ketone
bodies, such as p-hydroxybutyrate, by the liver, we checked

B-hydroxybutyrate concentrations. Consistent with the results of
NEFA, p-hydroxybutyrate concentration vastly increased in WT
rats but did not in SKO rats (Supplementary Material, Fig. S5E).

The liver in SKO rats was remarkably enlarged and was lighter
in color, suggesting severe fatty liver (Fig. 2F). Histological exam-
ination showed large number of lipid droplets of various sizes in
SKO rats (Fig. 2G). Consistent with these results, liver weight and
liver TG content were also remarkably increased in SKO rats (Sup-
plementary Material, Fig. 54C and D).

These results demonstrate that SKO rats develop generalized
lipodystrophy and its related phenotypes, which are strikingly
similar to those of human BSCL2.
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