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ABSTRACT: Seipin deficiency is responsible for type 2 congenital generalized lipodystrophy with severe loss of
adipose tissue (AT) and could lead to renal failure in humans. However, the effect of Seipin on renal function is
poorly understood. Here we report that Seipin knockout (SKO) mice exhibited impaired renal function, enlarged
glomerular andmesangial surface areas, renal depositions of lipid, and advanced glycation end products. Elevated
glycosuria and increased electrolyte excretion were also detected. Relative renal gene expression in fatty acid
oxidation and reabsorption pathways were impaired in SKO mice. Elevated glycosuria might be associated with
reduced renal glucose transporter 2 levels. To improve renal function, AT transplantation or leptin administration
alone was performed. Both treatments effectively ameliorated renal injury by improving all of the parameters that
were measured in the kidney. The treatments also rescued insulin resistance and low plasma leptin levels in SKO
mice.Our findings demonstrate for the first time thatSeipindeficiency induces renal injury,which is closely related
to glucolipotoxicity and impaired renal reabsorption in SKO mice, and is primarily caused by the loss of AT and
especially the lack of leptin. AT transplantation and leptin administration are two effective treatments for renal
injury inSeipin-deficientmice.—Liu, X.-J.,Wu,X.-Y.,Wang,H.,Wang, S.-X.,Kong,W.,Zhang, L., Liu,G.,Huang,W.
Renal injury in Seipin-deficient lipodystrophic mice and its reversal by adipose tissue transplantation or leptin
administration alone: adipose tissue–kidney crosstalk. FASEB J. 32, 000–000 (2018). www.fasebj.org
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Congenital generalized lipodystrophy (CGL) is an
autosomal-recessive disorder characterized by a severe
loss of adipose tissue (AT), severe insulin resistance (IR),
hypertriglyceridemia, and fatty liver (1). CGL is also as-
sociated with muscular hypertrophy and organomegaly,

such as hepatomegaly, splenomegaly, and cardiac hy-
pertrophy (2–5). There are 4 types of CGL, one of which
is Seipin gene deficiency, which appears to be cause the
most severe phenotype of lipodystrophy among CGLs in
humans (6). Several cellular studies have reported that
SEIPIN, which is an endoplasmic reticulum membrane
protein, is involved in adipocyte differentiation and lipid
droplet homeostasis (7, 8).

In a clinical study of 25 patients, 88% of patients with
CGL had elevated urine albumin excretion (UAE), 20%
had nephritic range proteinuria, and 92% had elevated
creatinine clearance (Ccr). Focal segmental glomerulo-
sclerosis, membranoproliferative glomerulonephritis, or
diabetic nephropathy were detected in renal biopsy
samples in some of these patients (3). Of the 45 patients
with a Seipinmutation, 7 died prematurely between the
ages of 14 and 35 yr, and 2 of these subjects died from
renal failure (9). However, the mechanisms involved
remain unknown.

Severe loss of AT, glucose (GLU) intolerance, hyper-
insulinemia, and hepatic steatosis were also detected in
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Seipin knockout (SKO) mice that were generated by our
group (10, 11). However, whether Seipin deficiency in-
duced renal injury in these mice has not yet been ex-
plored. Therefore, we set out to investigate the effects of
Seipin gene deficiency on renal injury to explore the
possible mechanisms involved and to find effective
treatments.

The Seipin gene is mainly expressed in the testis and
AT, but it is also expressed in the kidney (10). Loss of
AT is the primary phenotype in SKO mice. Some adi-
pokines play important roles in the kidney. Therefore,
we speculated that the loss of AT could be responsible
for renal injury in SKO mice. To clarify the local or
global effect of Seipin deficiency on renal injury in SKO
mice, we transplanted gonadal AT from wild-type
(WT) mice to SKO mice. This approach improved re-
nal injury in SKO mice. Leptin and adiponectin are
two major adipokines that play important roles in
the kidney, and both were significantly decreased in
the plasma of SKO mice. After AT transplantation,
we found that plasma leptin, not adiponectin, was
elevated in SKO mice.

Leptin plays an important role in the regulation of
food intake, energy expenditure, and adiposity (12).
Leptin deficiency induces renal lipid accumulation and
proteinuria in ob/ob mice (13). Leptin can also stimulate
fatty acid oxidation (FAO) by activation of the AMPK
pathway (14) and can prevent renal injury by decreasing
renal lipid accumulation. Some studies have demon-
strated that plasma leptin levels were severely low in
both humans and mice with CGL that had a Seipin gene
mutation (10, 11, 15, 16). Leptin could also improve
metabolic disorders of glucolipids in humans and mice
with CGL (17, 18).

In this study,we detected, for the first time, the effect of
Seipin deficiency on renal injury, which is associated with
glucolipotoxicity and impaired renal reabsorption in SKO
mice. AT transplantation and leptin administration might
be two effective treatments to rescue the renal injury
caused by Seipin deficiency.

MATERIALS AND METHODS

Animals

SKO and littermate WTmice with a C57BL/6 background were
obtained and reproduced as previously described (10). For the
AT transplantation experiment, SKO andWTmale mice at 3 mo
of age were divided into 4 groups (n = 10): SKO and WT mice
were transplanted with gonadal AT of WT mice (SKO-AT, WT-
AT), and the SKO and WT control groups underwent sham
surgery. For the leptin replacement study, SKO and WT male
mice aged 5 mo were also divided into 4 groups (n = 10): leptin-
treated SKOandWTgroups (SKO-leptin,WT-leptin) and saline-
treated SKOandWTcontrol groups (SKO-saline,WT-saline). All
experiments involving mice were approved by the Institutional
Animal Care Research Advisory Committee of the National In-
stitute of Biologic Science and the Animal Care Committee of
Peking University Health Science Center. Animals were housed
and allowed free access to tap water and maintained on a
12-h light–dark cycle. The principles in the Guide for the Care and
Use of Laboratory Animals [National Institutes of Health (NIH),
Bethesda, MD, USA] were followed.

AT transplantation study

Mouse AT was transplanted as previously described (19). After
anesthesiawith 1%pentobarbital sodium (45mg/kg, i.p.), donor
fat pads (gonadal fat) from 3 mo old male WT littermates were
placed into sterile PBS and cut into 100 to 150 mg pieces. Six
piecesof 900mggraftswere implantedsubcutaneously inSKOor
WTmice through incisions in the shaved skinof their backs.Then
the incisions were closed with 4-0 silk sutures. SKO and WT
control sham-operated mice received the same operation ex-
cept for the fat pad transplantation. The animals were humanely
killed 3 mo after AT transplantation. The success of AT trans-
plantation was confirmed by healthy growth and microscopic
appearance, and angiogenesis in transplanted fat pads under-
went histologic analysis at the end of the study. At the beginning
and end of the study, food was withheld from the mice for 4 h,
blood sampleswere drawn from the retroorbital plexus, and 24 h
urine samples were collected. At the end of study, testis, white
AT, brownAT, liver, and left kidneywere collected, snap frozen
in liquid nitrogen, and stored at 280°C for real-time PCR. The
right kidney was fixed for histologic studies.

Leptin replacement study

SKO andWTmice received daily intraperitoneal injections with
recombinant mouse leptin (R&D Systems, Minneapolis, MN,
USA) at a dose of 1 mg/g body weight/d for 2 wk (20). For the
control groups, the same volumes of saline were injected. Body
weight, food intake, and blood were collected after food was
withheld for 4 h, and 24-h urine samples were collected at 0, 3, 7,
and 14 d during leptin treatment. At the end of the study, the
kidneys were collected for further analyses.

Isolation of glomeruli

Mouse glomeruli were isolated as previously described (21, 22).
Briefly, the kidneys from anesthetized WT mice were removed,
minced, digested, and then passed through a graded series of
stainless steel sieves; glomerular cores remainingon the finest sieve
were collected. The purity of glomeruli was verified under mi-
croscopy to be.90% (23). The glomeruli were then used for RNA
isolation, and Seipin expression was detected by real-time PCR.

Renal function parameters and blood
pressure measurement

After 1 d of adaptation in metabolic cages (Tecniplast, West
Chester, PA, USA), 24-h urine samples were collected and food
intakewasmeasured inmice.Urinaryalbumin concentrationwas
measuredwithaMouseAlbuminELISAKit (BethylLaboratories,
Montgomery, TX,USA).UAEwas representedby the excretionof
albumin in 24-h urine. Urine creatinine was measured with a
Creatinine Parameter Assay Kit (R&D Systems). Plasma creati-
nine was measured by a Mouse S-Cr ELISA Kit (Mmbio, Hang-
zhou, China). Ccr was calculated as the urinary creatinine
removal rate per minute divided by the plasma creatinine con-
centration (microlitersperminute).The concentrationsofNa+,K+,
Cl2, andCa2+ inplasmaandurineweredetectedbyanautomated
clinical chemistry analyzer (AU2700; BeckmanCoulter, Brea, CA,
USA). Blood pressure was measured in AT transplantation ex-
periment by using the noninvasive tail-cuff method (BP-98A;
Softron, Tokyo, Japan) as previously described (24).

Histologic and morphometric analysis of kidney

Kidneyswere cut transversally, fixed in 4%neutral formalin, and
embedded in paraffin. Three-micrometer sections were stained
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with periodic acid–Schiff (PAS), Masson trichrome stain,
hematoxylin–eosin stain, and Oil Red O (ORO) stain. PAS
staining without nuclear staining was used for morphometric
analysis as previously described (25, 26). Assessment of the
mesangial and glomerular surface area was performed by pixel
counts on a minimum random selection of 50 glomeruli per
kidney section by ImageJ v.2.0 software (Image Processing and
Analysis in Java; NIH; https://imagej.nih.gov/ij/). Bodyweight, left
kidney weight, and tibia length (TL) were also measured.
Oxidative stress and glucotoxicity in the kidney were detected
by staining 4-hydroxynonenal (4HNE) and advanced glycation
end products (AGEs), respectively, with a 4HNE antibody
(ab48506, diluted at 1:200; Abcam, Cambridge, MA, USA) and
AGE antibody (ab23722, diluted at 1:100; Abcam). Briefly,
paraffin-embedded sections were incubated with 0.3% hydro-
gen peroxide for 10 min to block endogenous peroxide activ-
ity and were then blocked with 5% goat serum at 37°C for
1 h, followed by incubating with an antibody at 4°C over-
night. Biotin was detected with a DAB Substrate Kit (ZSJQ-Bio,
Beijing, China).

Electron microscopy

The specimens of the renal cortex were fixed in 2.5% glutaral-
dehyde, postfixed in 1% osmium tetroxide, dehydrated in serial
acetone, and embedded in Epon 812 resin; the ultrathin sections
were stained by uranyl acetate and lead citrate solutions and
were then visualized with a JEOL 1230 transmission electron
microscope (Jeol, Tokyo, Japan).

Biochemical and hormonal determinations

Triglyceride (TG), total cholesterol, and GLU were de-
termined via enzymatic methods using kits (MilliporeSigma,
St. Louis, MO, USA). The kidney TG content was measured
in lipid extracts from the kidney. Plasma insulin, leptin,
and adiponectin were measured with an ELISA kit (Linco
Research, San Carlos, CA, USA). Food was withheld from
mice for 4 h; they were then provided GLU (2 g/kg body
weight, i.p.; Abbott Laboratories, Chicago, IL, USA) for the
GLU tolerance test (GTT) or insulin (0.75mIU/g bodyweight,
i.p.; Humulin; Eli Lilly, Indianapolis, IN, USA) for the insulin
tolerance test (ITT). Blood samples from mice were collected
before (time 0) and at 15, 30, 60, and 120 min (also 90 min for
ITT) after injection for the measurement of GLU.

RNA isolation and real-time quantitative PCR

Total RNA from tissues (each tissueweighed;50 to 100mg)was
extracted with Tri Reagent (Molecular Research Center, Nor-
wood,OH,USA), and first-strand cDNAwas generatedwith the
TransScript First-Strand cDNA Synthesis SuperMix Kit (Trans-
Gen Biotech, Beijing, China). The primers used for real-time
quantitative PCR are listed in Supplemental Table S1. Real-time
PCR was performed as follows: amplifications were performed
in 40 cycles using an option continuous fluorescence detection
system (StratageneMx3000P; Agilent Technologies, Santa Clara,
CA, USA) with EVA Green fluorescence (ABM, Vancouver, BC,
Canada). Each cycle consisted of heating for 15 s at 95°C and
annealing/extension for60sat60°C.All sampleswerequantified
using the comparative Ct levels for relative quantification and
normalized to GAPDH (27). Each sample was measured in
triplicate. The results are represented by the ratio of the values to
theWT or SKO control group. The results for the control groups
of the two treatment studies together are shown (see Fig. 7).

Statistical analysis

All data are presented as means 6 SEM. Statistical comparison
between groups was performed by 2-way ANOVA followed by
the Tukey test or the Mann-Whitney U test for nonparametric
data.GraphPadPrism6.0 software (GraphPadSoftware,La Jolla,
CA, USA) was used for statistical analyses. A value of P , 0.05
was considered statistically significant.

RESULTS

Renal Seipin gene was primarily expressed
in glomeruli

We observed Seipin gene expression in the kidney of WT
mice. The Seipin gene was expressed at very high levels in
the testis andAT inWTmice. ThemRNA level of Seipin in
the kidneys was only 15% of that of AT. In the kidney,
Seipin was predominantly expressed in the cortex, espe-
cially in the glomerulus (Fig. 1A). Taken together, Seipin
was expressed in the kidney, and its highest expression
was in the glomerulus.

Metabolic disorders in Seipin deficiency could
be modified by both treatments

To determine the metabolic effects of Seipin deficiency,
we analyzed different biochemical indicators in SKO
mice. We detected lower plasma levels of TG after food
waswithheld for 4 h in SKOmice compared toWTmice
(Figs. 1B and 2C), as previously described (10). The
plasma GLU levels were slightly higher in SKO mice
compared to WT mice (P , 0.05, Figs. 1D and 2E). The
GTT, ITT, and plasma insulin levels indicated that SKO
mice showed impaired GLU tolerance and hyper-
insulinemia (Figs. 1D–F and 2F–J). Loss of AT in SKO
mice induced remarkably low levels of plasma leptin
and adiponectin (Figs. 1G, H and 2K, L). SKO mice
weighed more than WT mice because of hyperplastic
muscular andhepatic steatosis in SKOmice (Fig. 2A and
Table 1). These results were consistent with previously
described data (10).

Threemonths afterAT transplantation, the increased
body weight (Table 1) and impaired GTT (Fig. 1D) in
SKO mice reached similar levels as those of WT control
mice. The high plasma insulin levels in SKO mice
also decreased after AT transplantation (P, 0.001, Fig.
1F). We also tested the levels of two cytokines and
found that the leptin levels were rescued in SKO mice
after AT transplantation (P, 0.001, Fig. 1G). However,
the plasma adiponectin levels remained unchanged
(Fig. 1H).

Leptin replacement did not change body weight but
decreased food consumption in SKO mice over time
(Fig. 2A, B). After 14 d of treatment, improvements inGTT
(P, 0.001) and ITT (P, 0.05) as well as increased plasma
leptin levels (P , 0.001) were detected in SKO mice (Fig.
2F–I, K). The plasma GLU, insulin, and adiponectin levels
did not change significantly in SKO mice after treatment
(Fig. 2E, J, L).
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Renal function injury due to Seipin deficiency
was rescued by treatments

To take into consideration the difference in body weight
between SKOandWTmice,we studied the ratio of kidney
weight (KW) divided by TL. KW/TL was higher in SKO
mice than in WT mice (P , 0.01, Figs. 4B and 5B). Com-
pared toWTcontrols,weobserveda significant increase in
the 24 h urine volume (P , 0.001), UAE (P , 0.001), and
Ccr (P, 0.01) in SKOmice aged 3mo, and the differences
becameeven larger at 6moof age (Table 1). Bloodpressure
was not different in SKO andWTmice.

To determine the cause of polyuria in SKO mice, we
measured the urinary ion concentrations in the leptin
treatment experiment. The urinary concentrations of
Na+, K+, and Cl2 in SKO mice were lower than in WT
mice, and the concentration of Ca2+ remained un-
changed (Supplemental Fig. 1A–D), whereas the 24 h
urinary excretion of Na+ (P, 0.05), K+ (P, 0.001), Cl2

(P , 0.05), and Ca2+ (P , 0.001) were higher in SKO
mice than in WT mice (Fig. 3G). The plasma concen-
tration of these ions in SKO mice remained unchanged

(Supplemental Fig. 1E–H). We also observed extremely
elevated glycosuria in SKO mice (Fig. 3B and Table 1).

Three months after AT transplantation, KW/TL in the
SKO-AT group decreased to similar levels as that in the
WTgroup (P, 0.05vs.SKOgroup, Fig. 5B). The 24hurine
volume (P , 0.001), UAE (P, 0.001), and Ccr (P , 0.01)
were also significantly improved after AT transplantation
in SKO mice (Table 1). The urinary GLU levels also de-
creased after the treatment (P, 0.001, Table 1).

In the leptin treatment experiment, polyuria and other
renal function parameters, such as UAE, urine creatinine,
and Ccr, were improved depending on the time of leptin
treatment (Fig. 3A,C,D, F). Plasma creatininewas reduced
after leptin treatment inbothWTandSKOmice, andSeipin
deficiency had no effect on plasma creatinine (Fig. 3E).
The 24 h urinary excretion of Na+, K+, Cl2, and Ca2+ in
SKOmice recovered to similar levels to those of WTmice
(Fig. 3G). Leptin decreased the elevated glycosuria in a
time-dependent manner (Fig. 3B). Overall, these results
indicated that Seipin-deficient mice experienced severe
renal injury that could be treated by performing AT
transplantation or leptin treatment.

Figure 1. Seipin mRNA expression in WT mice and plasma measurements before and 3 mo after AT transplantation in SKO
mice. A) Seipin mRNA expression levels in different tissues and different parts of kidney in C57BL/6 WT mice. (B–H) Plasma
TG (B), total cholesterol (TC) levels (C), GTT results (D), area under curve of GTT (E), plasma insulin (F), leptin (G), and
adiponectin (H) levels at end of study. AT, AT transplantation; BAT, brown AT; cortex, renal cortex; glomeru, glomerulus;
WAT, white AT. #P , 0.05, ##P , 0.01, ###P , 0.001 [effect of genotype (n 5 10)], *P , 0.05, **P , 0.01, ***P , 0.001 (effect
of treatment).
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Renal pathologic abnormalities associated
with Seipin deficiency were rescued
by treatments

Quantitative analysis of PAS staining revealed increased
glomerular (P , 0.001) and mesangial (P , 0.01) surface

areas in SKO mice compared to WT mice (Figs. 4A, C, D
and 5A, C, D). Hypertrophy of the glomerular capillary
loopswas also observed in SKOmice. No significant renal
fibrosis was observed by Masson trichrome staining in
SKO mice. Glomerular lipid deposits were observed by
ORO staining (Fig. 6A) and electron microscopy (Fig. 6E)

Figure 2. Body weight, food intake, and plasma measurements before and 14 d after leptin treatment in SKO mice. (A–E) Body
weight (A), food intake (B), plasma TG (C), total cholesterol (TC) (D), GLU levels (E) at 0, 3, 7, and 14 d after leptin treatment.
(F–I) GTT results (F), ITT results (G), area under curve of GTT (H) and ITT (I) at end of study. (J–L) Plasma insulin levels (J ),
leptin levels (K), and adiponectin levels (L) at end of study. #P , 0.05, ## P , 0.01, ### P , 0.001 [effect of genotype (n 5 10)],
*P , 0.05, **P , 0.01, ***P , 0.001 (effect of treatment).

TABLE 1. Body weight, renal functions, and SBP pressure in SKO mice before and 3 mo after AT transplantation

Age (mo) Group Body weight (g) 24 h urine volume (ml) Urinary GLU (mg/dl) 24 h UAE (mg/24 h) Ccr (ml/min) SBP (mmHg)

3 WT 24.7 6 1.1 0.42 6 0.23 38.9 6 7.2 59.9 6 13.2 47.5 6 8.0 —
SKO 26.6 6 0.6# 3.98 6 0.32### 897.2 6 59.2### 229.3 6 34.7## 69.0 6 7.8 —

6 WT 28.1 6 1.8 0.61 6 0.23 39.8 6 5 51.3 6 5.3 43.5 6 2.1 110.6 6 5.5
WT-AT 27.9 6 2.3 0.55 6 0.22 38.2 6 6.3 60.2 6 14.2 41.9 6 7.7 111.3 6 4.7
SKO 31.6 6 2.6#,$ 5.93 6 1.06###,$ 920.2 6 52.1### 347.9 6 24.0### 94.4 6 8.6##,$ 112.3 6 7.3

SKO-AT 27.4 6 1.3* 1.09 6 0.46*** 269.8 6 70.2##,*** 143.4 6 34.1#,*** 61.9 6 7.2* 111.8 6 8.1

AT, AT transplantation; SBP, systolic blood pressure. #P , 0.05, ##P , 0.01, ###P , 0.001 [effect of genotype (n 5 20 for age of 3 mo; n 5 10
for age of 6 mo)]. *P , 0.05, **P , 0.01, ***P , 0.001 (effect of treatment), $P , 0.05 (effect of age).
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in SKO mice. The renal TG content in SKO mice was
also significantly higher than that inWTmice (Fig. 6F). The
lipid peroxidation product 4HNE, an oxidative stress
marker, was detected in the kidneys of SKOmice (Fig. 6B).

Deposition of AGEs was detected in the glomeruli and tu-
bules of SKO mice (Fig. 6C). Electron microscopy revealed
moderate mesangial expansion and segmental effacement
of podocyte foot processes in SKOmice (Fig. 6D).

Figure 3. Urinary parameters and plasma creatinine levels before and after leptin treatment in SKO mice. (A–D) Twenty-four-
hour urine volume (A), urinary GLU levels (B), 24 h UAE(C), 24 h urine creatinine (D) at 0, 3, 7, and 14 d after leptin treatment.
(E–G) Plasma creatinine (E), Ccr (F), 24 h urinary ions (G) excretion. #P , 0.05, ##P , 0.01, ###P , 0.001 [effect of genotype
(n 5 10)], *P , 0.05, **P , 0.01, ***P , 0.001 (effect of treatment).
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Both treatments decreased the glomerular and mesan-
gial surface areas (P , 0.05) in SKO mice (Figs. 4A, C, D
and 5A, C, D). As seen by electron microscopy, the extent
of the foot process fusion of podocytes and mesangial
expansion of glomeruli were diminished by AT trans-
plantation and leptin replacement (Fig. 6D). The 2 treat-
ments also decreased lipid deposition, 4HNE, and AGEs
in SKO mice (Fig. 6A–C, F). We observed enlarged glo-
merular and mesangial surface areas, podocyte damage,
and renal lipid and AGEs deposition as well as oxidative
stress activation in SKO mice, and these changes were
ameliorated by both treatments.

Renal gene expression levels of decreased
FAO/reabsorption and increased oxidative
stress/fibrosis in Seipin deficiency were
rescued by treatments

To determine the mechanisms involved in the develop-
ment of renal injury due to Seipin deficiency, relative renal

gene expression in SKO mice was studied. Relative gene
expression in lipogenesis, such as the expression of sterol
response element binding protein 1c and fatty acid syn-
thase, were not changed. FAO-related gene expression,
such as peroxisome proliferator-activated receptor a,
acetyl coenzyme A carboxylase 1 (Acc1), Acyl-CoA oxi-
dase 1 (Acox1), and carnitine palmitoyl-transferase 1 a,
were significantly lower in SKO mice compared to WT
mice (Fig. 7A). The expression of oxidative genes, such as
Pkcb and NADPH oxidase subunit (P22phox, P67phox),
was elevated in SKO mice, and the expression of anti-
oxidative genes, such as superoxide dismutase 1 (Sod1),
was lower in SKO mice (Fig. 7B). The relative gene ex-
pression of Tgf-b and collagen type III a 1 (Col3a1) was
higher in SKO mice than in WT mice (Fig. 7C). However,
the relative expression of inflammatory genes, suchasTnf-
a, intercellular adhesion molecule 1, and monocyte che-
moattractant protein 1, were not changed in SKO mice
(Fig. 7C). Genes involved in water reabsorption, such as
aquaporin (Aqp) 1,Aqp4, andAqp7, as well as vasopressin

Figure 4. Renal morphology, KW/TL and quantitative analysis of glomerular and mesangial surface areas in SKO mice
before and 3 mo after AT transplantation. A) Renal PAS staining and Masson trichrome staining in mice (original magnification,
3400). B) KW/TL. (C–D) Quantification of glomerular (C) and mesangial (D) surface areas. AT, AT transplantation. ##P , 0.01,
###P , 0.001 [effect of genotype (n 5 10)], *P , 0.05 (effect of treatment).
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receptor 2, were significantly lower in SKO mice than in
WT mice (Fig. 7D). We measured the expression of
sodium–glucose cotransporter type 2 (Sglt2) and glu-
cose transporter 2 (Glut2), which carry out more than 90%
of renal GLU uptake (28). We detected decreased gene
expression of Glut2 in SKO mice, but the expression of
Sglt2 was not changed (Fig. 7D). Genes involved in ion
reabsorption, such as sodium–chloride cotransporter,
sodium–potassium–chloride cotransporter, epithelial so-
dium channel, and sodium-potassium pump/Na+-K+-
ATPase, were decreased in SKO mice. Expression of urea
transporters (Uta1 and Utb) was decreased in SKO mice
compared to WT mice (Fig. 7E).

After AT transplantation or leptin replacement
in SKO mice, the reduced expression of FAO genes
returned to the same levels as in WT mice (Fig. 7A).
Gene expression of Sod1 and Tgf-b was improved only
by AT transplantation (Fig. 7B, C). Col3a1 was also
improved by the two treatments according to the re-
sults of the morphometric study (Fig. 7C). The reduced

expression of genes involved in renal tubular reabsorption
was improved by both treatments.

DISCUSSION

We demonstrate for the first time that Seipin deficiency is
responsible for renal injury in mice. The loss of AT, espe-
cially the lack of leptin, is mainly responsible for renal
injury in SKO mice. AT transplantation and leptin ad-
ministration might be two effective treatments for renal
injury in Seipin-deficient mice.

We identified renal injury in SKOmice. Several clinical
studies have shown that patients with CGL have renal
injuries with proteinuria and an elevation of Ccr (18), and
only one study has described the morphology of the kid-
neys as having an endocapillary proliferation of the glo-
merulus with a compromised capillary loop space (3). We
found that glomerular damage mainly manifested as hy-
pertrophy and mesangial expansion, podocyte damage,

Figure 5. Renal morphology, KW/TL, and quantitative analysis of glomerular and mesangial surface areas in SKO mice 14 d after
leptin replacement. A) Renal PAS staining and Masson trichrome staining (original magnification, 3400). B) KW/TL. (C–D)
Quantification of glomerular surface areas (C) and mesangial surface areas (D). ##P, 0.01, ###P, 0.001 [effect of genotype (n5
10)], *P , 0.05.
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and lipid and AGE deposition in SKO mice, which have
not yet been reported in patients. Ion excretion and gly-
cosuria were elevated in SKO mice. Although there have
been reports of polyuria in CGL patients, to our knowl-
edge, the function of renal reabsorption has not yet been
studied in humans.

Although some clinical studies have shown that pa-
tients with Seipin deficiency die of renal failure, the
mechanisms are not clear. To clarify the local or global
effects of Seipin deficiency on renal injury in SKOmice, we
transplantedAT fromWT to SKOmice.We found thatAT

transplantation effectively reversed renal injury in SKO
mice, suggesting that renal injury in SKOmice is probably
induced by a paucity of global AT. Several adipokines,
such as leptin and adiponectin, secreted by AT are in-
volved in the maintenance of renal function (13, 29, 30).
SKO mice had low levels of adiponectin and leptin as a
result of the dramatic loss of fat mass (Figs. 1G, H and
2K, L) (11, 31). Three months after AT transplantation,
low plasma leptin levels were improved, which coincided
with decreased plasma insulin levels and improved
GTT (Fig. 1D–F). These findings reconfirmed that the AT

Figure 6. Renal lipids, 4HNE, AGEs, and electron microscopy analysis in SKO mice after 2 treatments. A) Representative renal
ORO staining of lipid droplets (arrows). B) Representative renal 4HNE immunostaining (arrows). C) Representative renal AGE
immunostaining (arrows). D) Electron microscopy images showing extent of podocyte foot processes fusion (asterisk) and
mesangial expansion (asterisk) of glomeruli in SKO mice (original magnification, 38000). E) Electron microscopy image
showing lipid droplets (arrows; original magnification, 33200). F) TG content of kidney. AT, AT transplantation; EM, electron
microscopy. ##P , 0.01, ###P , 0.001 [effect of genotype (n 5 10)] ***P , 0.001 (effect of treatment).
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Figure 7. Relative gene expression levels in SKO mice after 2 treatments. A) Gene expression levels of lipogenesis (Srebp1c, Fas,
Acc1) and FAO (Ppara, Acox1, Cpt1a). B) Gene expression levels of oxidation (Pkcb, P22phox, P67phox, Nox4) and antioxidation
(Sod1). C) Gene expression levels of inflammation (Tnf-a, Icam1, Mcp1) and matrix proliferation (Tgf-b, Col3a1). D) Gene
expression levels of water reabsorption, Aqp1, -4, -7, and V2r, and GLU reabsorption (Glut2, Sglt2). E) Gene expression levels
of salt reabsorption. Ncc, Nkcc, Scnn1b, sodium–potassium pump/Na+-K+-ATPase (Atp1a1), and Uta1, Utb. #P , 0.05, ##P , 0.01,
###P , 0.001 [effect of genotype (n 5 10)], *P , 0.05, **P , 0.01, ***P , 0.001 (effect of treatment). Acc1, acetyl coenzyme A
carboxylase 1; Acox1, acyl-CoA oxidase 1; Aqp1, aquaporin1; Aqp4, aquaporin4; Aqp7, aquaporin7; AT, AT transplantation; Cpt1a,
carnitine palmitoyl-transferase 1 a; Fas, fatty acid synthase; Icam1, adhesion molecule 1; Mcp1, monocyte chemoattractant protein
1; Ncc, sodium–chloride cotransporter; Nkcc, sodium–potassium–chloride cotransporter; P22phox, P67phox, NADPH oxidase
subunit; Pkcb, protein kinase C b; Ppara, peroxisome proliferator-activated receptor a; Scnn1b, epithelial sodium channel;
Srebp1c, sterol response element binding protein 1c; V2r, vasopressin receptor 2.
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transplantation surgery was successful and that the
transplanted AT could perform secretory functions.
However, the plasma levels of adiponectin, which also
play an important role in the kidney, were not im-
proved (Fig. 1H). This result has been confirmed by
another study that demonstrated that AT transplanta-
tion could not increase plasma adiponectin levels in
A-ZIP/F-1 mice (32). A-ZIP/F-1 mice are a genetically
modified model of lipoatrophy, and no corresponding
genotype is found in humans. Our current study
attempted to use AT transplantation to reverse the
metabolic disorders and renal injury in a CGL mice
model for the first time. We found that 900 mg of
transplanted AT for 3 mo was sufficient to improve the
metabolic disorder and renal injury in SKO mice.

Because leptin is the predominate adipokine and its
plasma levels were dramatically improved by AT trans-
plantation (Fig. 1G), we suggest that leptin might play
crucial role in reversing renaldamage inSKOmice. Leptin,
initially an antiobesity hormone, influences basal metab-
olism, thermogenesis, reproduction, hematopoiesis, and
angiogenesis (33). Leptin or its receptor deficiency induce
IR and oxidative stress, and activate the renin–angiotensin
system to promote kidney damage (29, 30, 33, 34). Because
a previous study has shown that leptin treatment signifi-
cantly alleviates glomerular injury and proteinuria in ge-
netically modified lipoatrophic A-ZIP/F-1 mice (20), we
used the same dose and duration for leptin treatment in
SKO mice. Leptin treatment did not only gradually re-
cover food intake and IR but also reversed renal injury in
SKO mice. Leptin administration improved acute renal
failure in both ob/ob andWTmice (34). To date, the effects
of leptin treatment on renal injury have not been stud-
ied in a CGL mice model, in which leptin treatment has
shownto improveglycometabolism(17, 35, 36). Inpatients
with CGL, leptin replacement decreased proteinuria and
hyperfiltration (18, 37). However, its effect on the renal
morphologyand functionof renal reabsorptionhasnot yet
been studied. In our study, we found that leptin treatment
strikingly improved renal pathology and the reabsorption
of electrolytes and GLU in SKO mice. We also examined
the mechanisms involved in renal injury by leptin.

Leptindeficiency increases the riskofhypertension (38).
Blood pressure plays a pivotal role in renal damage, and it
is slightly higher in CGL patients (39), whereas blood
pressure was not changed in SKOmice (Table 1).

Disordered lipid metabolism is one of the main symp-
toms of Seipin deficiency (40). We observed for the first
time renal lipid accumulation in SKO mice (Fig. 6).
Decreased FAO was probably responsible for the lipid
deposition (Fig. 7A). Previous studies have shown that
down-regulation of FAO-relative genes is associated
with renal lipid deposition during chronic kidney dis-
ease in mice and humans (41, 42). Leptin participates in
the regulation of fatty acid metabolism in the kidney
(13). Leptin phosphorylates ACC to increase FAO by
activating the AMPK pathway (43). In our study, a de-
ficiency in AT/leptin decreased the activity of FAO,
which induced renal lipotoxicity with increased oxi-
dation and renal fibrosis, as well as impaired tubular
reabsorption (Fig. 7). Previous studies have also shown

that lipotoxicity associated with decreased FAO
increases oxidation and fibrosis, and impairs reabsorp-
tion (41–44). After AT transplantation and leptin re-
placement, renal FAO was improved, which increased
metabolism of fatty acid and reduced lipid deposition;
therefore, renal injury was rescued. Hepatic steatosis in
SKO mice is also associated with decreased FAO (31).
Thus, we first detected unbalanced fatty acid metabo-
lism in the kidney in SKO mice and found that leptin
played an essential role in this process.

In addition to renal lipotoxicity, we also found that
glucotoxicity was associated with AGE deposition in the
kidneys of SKO mice. High plasma GLU levels and IR
might cause glucotoxicity. However, the plasma GLU
levels in SKOmice (;150mg/dl)wereonly slightlyhigher
than those inWTmice (;100 mg/dl). Renal glucotoxicity
was too severe to be explained by the slightly increased
plasma GLU levels in SKO mice. Renal injury by lip-
otoxicity might facilitate the deposition of AGEs in the
kidney. Interestingly, we found that the GLU levels in
plasma and urine were not connected. We detected ex-
tremely elevated glycosuria in SKO mice. The expression
of Glut2, which is involved in GLU uptake (28, 45), was
reduced in SKO mice (Fig. 7D), and the treatments in-
creased the Glut2 levels. This finding suggested that
the elevated glycosuria in SKOmicewas due to a disorder
in tubular GLU reabsorption, which could also explain
why the plasmaGLU levels in fed SKOmice were normal
(10) as a result of the increased excretion of GLU. A study
has shown that hypothalamic arcuate nucleus-specific
proopiomelanocortin-deficient mice exhibit elevated gly-
cosuria and electrolyte excretion, normoglycemia, in-
creased food intake, IR, and glomerular hypertrophy.
The study found renal GLUT2 but not SGLT2 levels de-
creased via reduced renal sympathetic nerve activity
(46, 47). Interestingly,Seipin expression is evident in the arc
of hypothalamus (48). Leptin plays an important role in
energy balance in the nuclei of the hypothalamus and
is known to modulate renal sympathetic nerve activity in
the CNS (49). The exact mechanisms involved in the reg-
ulation of GLUT2 levels in SKO mice requires further
investigation.

In summary, we demonstrate for the first time that
Seipin deficiency induces renal injury, which is associated
with glucolipotoxicity and impaired renal reabsorption
that is primarily caused by the loss of AT, especially
the lack of leptin. Both AT transplantation and leptin
replacement effectively improved renal injury in SKO
mice. In this study,weprovidepossible approaches for the
treatment of CGL patients with kidney disease; these ap-
proaches can be applied in other acquired lipodystrophy
disorders and in patients with HIV who receive anti-
retroviral treatment.
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Béréziat, V., Lascols, O., Bastard, J. P., and Vigouroux, C. (2010)
Human lipodystrophies: genetic and acquired diseases of adipose
tissue. Endocr. Dev. 19, 1–20

2. Garg, A. (2004) Acquired and inherited lipodystrophies. N. Engl. J.
Med. 350, 1220–1234

3. Javor, E. D., Moran, S. A., Young, J. R., Cochran, E. K., DePaoli, A. M.,
Oral, E. A., Turman,M. A., Blackett, P. R., Savage, D. B., O’Rahilly, S.,
Balow, J. E., and Gorden, P. (2004) Proteinuric nephropathy in
acquired and congenital generalized lipodystrophy: baseline
characteristics and course during recombinant leptin therapy.
J. Clin. Endocrinol. Metab. 89, 3199–3207

4. Garg, A. (2011) Clinical review#: lipodystrophies: genetic and
acquired body fat disorders. J. Clin. Endocrinol. Metab. 96, 3313–3325

5. Joubert,M., Jagu, B., Montaigne, D., Marechal, X., Tesse, A., Ayer, A.,
Dollet, L., Le May, C., Toumaniantz, G., Manrique, A., Charpentier,
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