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ABSTRACT: Our previous study demonstrated that sphingosine kinase 1-interacting protein (SKIP, or Sphkap) is
expressed in pancreatic -cells, and depletion of SKIP enhances glucose-stimulated insulin secretion. We find here
that SKIP is also expressed in intestinal K- and L-cells and that secretion of gastric inhibitory polypeptide (GIP) and
glucagon-like peptide-1 (GLP-1) as well as insulin are significantly increased, and blood glucose levels are decreased
in SKIP-deficient (SKIP~'~) mice compared with those in wild-type mice. Plasma triglyceride (Tg), LDL cholesterol,
and mRNA levels of proinflammatory cytokines in adipose tissues, livers, and intestines were found to be signif-
icantly decreased in SKIP~/~ mice. The phenotypic characteristics of SKIP™'~ mice, including adiposity and at-
tenuation of basal inflammation, were abolished by genetic depletion of GIP. The improvement of glucose tolerance
and lipid profiles in SKIP™'~ mice were cancelled by GLP-1 receptor antagonist exendin-(9-39) treatment. In
summary, depletion of SKIP ameliorates glucose tolerance by enhancing secretion of insulin and incretins, im-
proves lipid metabolism, and reduces basal inflammation levels. Thus, inhibition of SKIP action may emerge as a
new option for treatment of type 2 diabetes mellitus with metabolic dysfunction.—Liu, Y., Harashima, S., Wang, Y.,
Suzuki, K., Tokumoto, S., Usui, R., Tatsuoka, H., Tanaka, D., Yabe, D., Harada, N., Hayashi, Y., Inagaki, N.
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Glucose-dependent insulinotropic polypeptide/ gastric
inhibitory polypeptide (GIP) and glucagon-like peptide-1
(GLP-1) are the 2 primary incretins secreted from intestinal
K- and L-cells, respectively, in response to nutrients. One
of the main physiologic roles of these hormones is to en-
hance glucose-stimulated insulin secretion from pancre-
atic B-cells (1-3). GIP also stimulates insulin-dependent
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glucose uptake and lipoprotein lipase activity in adipose
tissues (4, 5). GLP-1 also inhibits glucagon secretion and
gastric emptying and decreases food intake, thereby
leading to reduction of blood glucose levels (6, 7). In ad-
dition, GLP-1 reduces remnant lipoprotein and chylomi-
cron production by directly acting on the intestine, the
brown adipose tissues and the pancreas (8-11).

Sphingosine kinase 1-interacting protein (SKIP), also
referred to as Sphkap, was reported as a novel A-kinase
anchoring protein that tethers the PKA regulatory subunit
1(12,13). The molecule also was identified as a sphingosine
kinase 1 (Sphk1)-interacting protein that inhibited Sphk1
activity (14). Recently, we have found that SKIP is highly
expressed in pancreatic B-cells but not in a-cells (15). An
intraperitoneal glucose tolerance test showed that plasma
blood glucose levels were decreased, and plasma insulin
levels were increased in SKIP-mCherry knockin (KI)
(SKIP™/7) mice compared with those in control mice.
Glucose-stimulated insulin secretion was augmented in
islets isolated from SKIP~/~ mice. The study indicated
that SKIP is a novel regulator of glucose-stimulated insulin
secretion (15). However, the physiologic functions of SKIP
in whole-body glucose homeostasis and other metabolic
changes still remain unknown.
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We show here that deletion of SKIP improves glucose
tolerance through increasing not only insulin secretion but
also GIP and GLP-1 secretions. In addition, depletion of
SKIP improves lipid metabolism and reduces basal in-
flammation levels.

MATERIALS AND METHODS
Animals

Maintenance of the mice and all experimental procedures were
conducted in accordance with the ethical guidelines of Kyoto
University and approved by the Animal Research Committee,
Graduate School of Medicine, Kyoto University. SKIP™/~ mice,
GIP-green fluorescent protein KI [GIP-GFP™ KI (GIP8’/8P)]
mice, and SKIP-mCherry KI/GIP-GFP KI (SKIP~/~ GIPs?/&%)
mice and wild-type (WT) littermates were used in all experi-
ments. SKIP™/~ ‘mice, GIP-GFP KI hetero (GIP8*/*) mice, and
glucagon-GFP KI hetero (Gcg8?/*) mice were generated as pre-
viously described (15-17). All animals were maintained under
conditions of a 12-h light/dark cycle, with free access to water
and food unless indicated otherwise. All mice used in individual
experiments were age-matched at the beginning of the experi-
ments. Bodyweight change and food intake were recorded
weekly.

Isolation of K- and L-cells from mouse
intestinal epithelium

Mouse upper, lower small intestine and colon samples were re-
moved and washed with PBS. The procedure of isolation and
collection of K- and L-cells from murine intestinal epithelium was
previously described (17). GFP-positive and GFP-negative cells
in the intestinal epithelium were analyzed using the BD FACS
Aria II Flow Cytometer (BD Biosciences, San Jose, CA, USA).
Sorted cells were collected in medium-containing vials at a rate of
2000 cells/tube for RT-PCR.

Oral glucose tolerance test and measurement of
insulin, GIP, and GLP-1

Following 18 h without feeding, we administered 2 g /kg glucose
or 6 g/kg glucose (for GLP-1 measurement) orally to WT,
SKIP~/~,GIP8P/8% and SKIP~/~ GIP&®/8" mice (age 12-16 wk)
using a gavage tube. Blood glucose levels were measured by the
glucose oxidase method (Sanwa Kagaku Kenkyusho, Nagoya,
Japan). After collection, blood samples were kept on ice and then
centrifuged (3000 rotations/minute for 10 min at 4°C), and
plasma was separated. The plasma samples were used fresh or
kept at —80°C until further processing. Insulin, total GIP, and
GLP-1 levels were measured by ELISA as follows: Insulin Kit
(Morinaga, Tokyo, Japan), total GIP Kit (MilliporeSigma, Bur-
lington, MA, USA), and GLP-1 Kit (Meso Scale Discovery,
Rockville, MD, USA).

Insulin tolerance test

Mice were unfed for 4 h before the start of the experiment;
0.5 U/kg of human insulin (100 U/ml; Eli Lily and Company,
Indianapolis, IN, USA) was administered intraperitone-
ally. Blood samples were drawn from the tail at 0, 30, 60, and
120 min after insulin administration. Blood glucose levels were
measured by the glucose oxidase method (Suzuken, Nagoya,

Japan).
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Biochemical analysis

Mice were unfed for 18 h and blood samples were collected from
the tail veins. Levels of plasma triglyceride (Tg), total cholesterol
(T-Cho), VLDL cholesterol (VLDL-Cho), LDL cholesterol (LDL-
Cho), and HDL cholesterol (HDL-Cho) were measured using
high-performance liquid chromatography (Skylight Biotech,
Akita, Japan) as previously described (18). Nonesterified fatty
acid (NEFA) levels were measured by enzymatic colorimetric
assays (Wako Pure Chemicals, Osaka, Japan) after the mice were
unfed overnight. Plasma adiponectin levels and leptin levels
were determined using a mouse adiponectin sandwich enzyme
immunoassay (BioVendor Research and Diagnostic Products,
Brno, Czech Republic) and a Leptin ELISA Kit (Morinaga), re-
spectively. Fasting plasma sphingosine kinase activity was assayed
using a Sphingosine Kinase Activity Assay Kit (Echelon, San Jose,
CA, USA). Plasma IL-6 and TNF-« levels were measured by Mouse
IL-6 and TNF-a High Sensitivity ELISA Kits, respectively (Thermo
Fisher Scientific, Waltham, MA, USA).

Measurement of body fat composition

Thebody fat was measured by a computed tomography (CT) scan
(A La Theta LCT-100; Hitachi Aloka, Tokyo, Japan). The scanned
area of the body was flanked by the xiphisternum and sacrum; the
width of the scanned slices was 2 mm. The obtained images were
analyzed by A La Theta software, v.1.00, and values for body fat,
both subcutaneous and visceral fat, were quantified in grams.

Indirect calorimetry and mouse activity

Indirect calorimetry was performed, and the activity of the mice
was measured (Arco 2000 mass spectrometer; Arco System,
Chiba, Japan). Each mouse was placed in an individual chamber
with free access to water. Energy expenditure (calories /min/kg),
fat oxidation (mg/min/kg), and locomotor activity (counts/
min) were measured every 5 min over 48 h.

Tissue collection

On the last day of the study, the mice were euthanized under
whole-body inhalable anesthesia. The white adipose tissues
(perirenal, mesenteric, epididymal) and other organs were har-
vested and measured; some parts were flash frozen in liquid
nitrogen for RNA extraction and other parts were fixed in either
paraformaldehyde or Bouin’s solution for histologic analysis.

Quantitative analysis of mRNA expression

Total RNA was isolated using Trizol Reagent (Thermo Fisher
Scientific). cDNA was synthesized using a PrimeScript RT Re-
agent Kit (Takara, Kyoto, Japan) according to the manufacturer’s
instructions. Quantitative RT-PCR (qRT-PCR) was performed
using ribosomal protein S18 as an internal standard on the basis
of the ABI Prism 7000 Sequence Detection System (AB StepOne
Plus Real-Time PCR; Thermo Fisher Scientific). SYBR Green PCR
Master Mix (Thermo Fisher Scientific) was prepared for PCR
runs. Thermal cycling conditions were denatured at 95°C for
10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min.
Primer pairs for PCR are listed in Supplemental Table S1.

Histologic analysis

All tissues except for intestines and pancrea were fixed in 4%
paraformaldehyde in PBS overnight at 4°C and then embedded
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in paraffin blocks. Intestines and pancrea were fixed in Bouin’s
solution and transferred into 70% ethanol before being processed
through paraffin. Embedded tissues were sliced and deparaffi-
nized with a series of xylene and ethanol. Mouse anti-mCherry
antibody (ab125096, 1: 250; Abcam, Cambridge, MA, USA),
rabbit anti-GIP antibody (T-4053, 1:100; Peninsula Laboratories,
San Carlos, CA, USA), and rabbit anti-GLP-1 antibody (aa 1-19;
HAEGTFTSDVSSYLEGQAAKGC; generated by MilliporeSigma)
were used for immunostaining. Liver and adipose tissue were
embedded in paraffin and then stained with hematoxylin and
eosin (H&E) staining. After immunostaining, for quantification
of the adipocyte area, 15-20 adipocytes per section were aver-
aged and images were analyzed by BZ Analyzer software
(Keyence, Osaka, Japan).

Hepatic Tg content

Hepatic lipids were extracted as previously described (19). In
brief, frozen liver tissues were homogenized and transferred into
chloroform/methanol solution (2:1). The samples were then
centrifuged for 10 min and the lipid-containing phase was re-
moved. Finally, samples were dried under nitrogen gas and
reconstituted with water. Tg levels were measured using com-
mercial kits (Sekisui Medical, Tokyo, Japan). Hepatic lipid con-
tent was defined as per gram of the liver tissue weight.

Systolic blood pressure and heart
rate measurement

Systolic blood pressure and heart rate were measured by a tail-
cuff method (MK-2000ST; Muromachi Kikai, Tokyo, Japan). At
least 6 readings were taken for each measurement.

Exendin-(9-39) administration

Alzet miniosmotic pumps (model 2004; Alzet, Cupertino, CA,
USA) were implanted subcutaneously into both WT mice and
SKIP™/~ mice at 9 wk old. These mice were randomly divided
into 4 groups and administered vehicle (0.9% NaCl, 1% bovine
serum albumin) or exendin-(9-39) (150 pM/kg bodyweight/
min; Abcam) for 4 wk.

Statistics

Comparison between 2 groups was performed using Student’s ¢
test or ANOVA with Bonferroni post hoc test. A 1-way ANOVA
with Bonferroni’s multiple comparisons test was performed
when comparing more than 2 groups. A value of P < 0.05 was
considered to be significant. Data are expressed as means * SEm.

RESULTS

SKIP is expressed in enteroendocrine
K- and L-cells

We found that SKIP was expressed not only in pancreatic
B-cells but also in intestinal endocrine K-cells and L-cells.
GIP8P/* and Geg8®/* mice were generated for the pur-
pose of visualizing enteroendocrine K-cells and L-cells,
respectively (16, 17). Subsequently, GFP-positive cells and
GFP-negative cells were separated and collected by flow
cytometry. mRNA expression of proGIP and proglucagon
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were highly enriched in GFP-positive cells compared with
those in negative cells from GIP3/* mice and Geg®P/*
mice, indicating successful purification of K- and L-cells
by flow cytometry (Fig. 1A). Microarray analysis data
revealed that SKIP mRNA levels were highly expressed in
GFP-positive cells of both GIPS?/* and Geg8®/* mice
(15.82-fold and 3.48-fold, respectively) compared with
those in GFP-negative cells (Supplemental Table S2). qRT-
PCR also showed that expression levels of SKIP mRNA in
the upper small intestine and colon were significantly
higher by 8.5-fold and 2.1-fold, respectively, in GFP-
positive cells compared with those in GFP-negative cells
from both GIPE"/* and Geg®?/* mice (Fig. 1A). We then
ascertained whether SKIP was expressed in K- and L- cells
by using SKIP~/~ mice. SKIP expression was found to be
decreased by about 80% in the upper and lower small
intestine and colon in SKIP™/~ mice (Fig. 1B). Immuno-
histochemical staining of SKIP~/~ mice revealed that
mCherry and GIP (Fig. 1C) or GLP-1 (Fig. 1D) were
coexpressed almost entirely in the same cells of the in-
testine, indicating that SKIP is expressed in both K- and L-
cells. This evidence suggests that SKIP could contribute to
whole-body glucose homeostasis as well as to having
other beneficial metabolic effects.

SKIP~'~ mice show increased bodyweight

Starting from 6 wk of age, SKIP~/~ mice fed standard
chow showed a significant increase in bodyweight com-
pared with that of WT mice (Fig. 1E). There was no dif-
ference in food intake between the 2 groups (Fig. 1F). The
body temperature of SKIP~/~ mice was significantly
lower compared with that of WT mice (Fig. 1G). A CT scan
revealed that subcutaneous, visceral, and total body fat
mass in SKIP~/~ mice were significantly increased com-
pared with those in WT mice (Fig. 1H). The weight of
epididymal, perirenal, and mesenteric adipose tissues in
SKIP~/~ mice were also markedly higher than those in
WT mice (Fig. 1I). To investigate the mechanism un-
derlying the increase in bodyweight, energy metabolism
was evaluated. SKIP~/~ mice showed a significant in-
crease in fat oxidation (Fig. 1]) and a decrease in energy
expenditure (Fig. 1K) compared with those in WT mice.
Locomotor activity showed no significant changes (Fig.
1L). Western blot analysis revealed that SKIP was not de-
tected in adipose tissues (Supplemental Fig. S1).

Insulin and incretin secretion are augmented
in SKIP™/~ mice

We next investigated whether or not loss of SKIP in mice
affected glucose tolerance. During the oral glucose toler-
ance test (OGTT), blood glucose levels in SKIP™/~ mice
were lower than those in WT mice at both 15 and 30 min
(Fig. 2A). Area under the curve (AUC)-glucose was de-
creased by about 20% in SKIP~/~ mice compared with
that in WT mice. In addition, plasma insulin levels (Fig. 2B)
in SKIP~/~ mice were significantly higher in comparison
with that in WT mice at 15 min. Compared with WT mice,
SKIP~/~ mice also showed an increase in total GIP levels at
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Figure 1. SKIP expression in intestinal K-cells and L-cells and SKIP~/~ mice display adiposity. WT mice are represented by white
bars and squares. SKIP~/~ mice are represented by black bars and triangles. A) Real-time quantitative PCR analysis of proGIP
mRNA and SKIP mRNA in GFP-negative cells (white bars) and GFP-positive cells (black bars) from the small intestine of GIpsP/+
mice; proilucagon and SKIP mRNA expression in GFP-negative cells (white bars) and GFP-positive cells (black bars) from colon

of G(:ggfp mice (n = 8). B) Relative expression of SKIP mRNA in intestine of SKIP™/~ mice by qRT-PCR (n = 8). C, D)
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both 15 and 30 min (Fig. 2C) as well as total GLP-1 levels at 15
min (Fig. 2D). In addition, AUC-insulin (Fig. 2B), AUC-GIP
(Fig. 2C), and AUC-GLP-1 (for 30 min) (Fig. 2D) in SKIP~/~
mice were increased about 1.3-fold, 1.5-fold, and 1.3-fold,
respectively, compared with those in WT mice. Changes of
glucose, insulin, GIP, and GLP-1 from basal were also con-
sistent (Supplemental Fig. S2). Similar trends were observed
in female mice (Supplemental Fig. S3). The blood glucose
levels in response to 0.5 U/kg human insulin were similar
between WT and SKIP~/~ mice (Fig. 2E). Taken together,
these results indicate that depletion of SKIP improves glu-
cose tolerance by increasing both insulin and incretin se-
cretion without a change in insulin resistance compared
with WT mice.

Changes in metabolic parameters in
SKIP™'™ mice

Fasting (Fig. 3A) and ad libitum blood glucose levels (Fig. 3B)
and fasting plasma insulin levels (Fig. 3C) were not different
between WT and SKIP~/~ mice. SKIP/~ mice exhibited
markedly decreased fasting plasma Tg, VLDL-Cho, and
LDL-Cho levels, compared with those of WT mice, while not
showing any significant changes in HDL-Cho or NEFA
levels (Table 1). We also evaluated gene expression levels
involved in liver lipid synthesis of WT and SKIP~/~ mice.
The mRNA levels of sterol regulatory element-binding
protein -1c, acetyl-CoA synthetase, acetyl-CoA carboxylase,
fatty acid synthase, and stearoyl-CoA desaturaseadenosine
1 did not differ between WT and SKIP™/~ mice (Sup-
plemental Fig. S4A). The mRNA levels of hydrox-
ymethylglutaryl-CoA synthase were significantly decreased
in SKIP" /™ mice compared with those in WT mice (Sup-
plemental Fig. S4B). Plasma leptin (Fig. 3D) and adiponectin
(Fig. 3E) levels were significantly increased in SKIP~/~ mice
compared with those in WT mice. Liver weight (Fig. 3F)
and hepatic Tg content (Fig. 3G) were not different between
WT and SKIP~/~ mice. Liver histology also was not dif-
ferent between the 2 mice not showing fatty liver (Fig. 3H).
Heart rate (Fig. 3]) and blood pressure (Fig. 3]) showed no
significant changes between WT and SKIP~/~ mice.

Basal inflammatory levels are decreased in
SKIP~'~ mice

Obesity is characterized as a state of chronic low-grade
systemic inflammation (20, 21). The expansion of adipose
tissue produces adipocytokines or adipokines, which
could trigger chronic low-grade inflammation and induce
obesity-related diseases, such as fatty liver and impaired
glucose tolerance. Many studies have also shown positive

association between obesity indices and inflammatory
markers (20, 22). Because SKIP™/~ mice exhibited over-
weight, we focused on an involvement of SKIP in
inflammation. In the liver of SKIP™/~ mice, the proin-
flammatory cytokines IL-13 and IL-6 mRNA levels were
significantly decreased compared with those in WT mice
(Fig. 3K). On the other hand, the TNF-o mRNA level did
not differ between these 2 mice. Adipose tissues of
SKIP™/~ mice showed that IL-18 and IL-6 mRNA levels
were significantly lower than those of WT mice (Fig. 3L).
Concurrently, the anti-inflammatory cytokine IL-10 and
adiponectin mRNA levels were markedly increased in
SKIP™/~ mice compared with those in WT mice (Fig. 3L).
The mRNA levels of macrophage infiltration markers,
such as monocyte chemotactic protein-1, remained similar
between the 2 groups (Fig. 3M). Furthermore, SKIP~/~
mice also exhibited a significant decrease in IL-13 and
IL-6 mRNA levels and an increase in IL-10 mRNA levels
in both duodenum (Fig. 3N) and colon (Fig. 30) com-
pared with WT mice. Depletion of Sphkl has been
reported to decrease proinflammatory molecules and
increase anti-inflammatory molecules (23). However,
in our SKIP™/~ mice model, there was no difference in
either Sphk1l mRNA expression levels in liver and adi-
pose tissue (Supplemental Fig. S5A) or Sphk activity
in serum (Supplemental Fig. S5B) compared with those
in WT mice.

GIP is essential for fat accumulation and
weight gain in SKIP™'~ mice

Considering the bodyweight change in SKIP~/~ mice, we
hypothesized that GIP may have a contributing effect on
the phenotype of SKIP~/~ mice. The differences observed
in bodyweight between WT and SKIP~/~ mice were re-
producible (Fig. 4A). SKIP~/~GIP&"/8% mice gained less
bodyweight than SKIP™/~ mice, which remained com-
parable to WT mice and GIP5P/8P mice (Fig. 4A). Food
intake was recorded in both light and dark phases and did
not change among the 4 groups (Fig. 4B). The weight of
different parts of adipose tissues (Fig. 4C) and the adipo-
cyte size (Fig. 4D) remained consistent with the body-
weight change. SKIP~/~ mice showed an increase in both
the weight of adipose tissues and adipocyte size, but there
was no difference among the other 3 groups. Fat oxidation
(Fig. 4F) and energy expenditure (Fig. 4F) in SKIP™/~
GIP8®/8P mice were reversed to almost the same levels as
those in WT mice, whereas there was no significant dif-
ference between GIPS/&% and SKIP~/~GIP&P/8% mice.
Locomotor activity did not differ among these 4 groups
(Fig. 4G).

Immunohistochemical images of intestine sections from SKIP™/~ mice and WT mice (red: anti-mCherry; green: anti-GIP) (C)
and anti-GLP-1 (n=>5) (D). Scale bars, 10 um. E-H) Bodyweight changes (F), food intake (F), and rectal temperature (G) of WT
and SKIP™/~ mice were monitored. H ) CT images of transverse abdominal sections were taken and visceral, subcutaneous, and
total fat (g) (left) and the analysis of CT results (right) in WT and SKIP~/~ mice were measured (n = 8). I) The weight of
epididymal, perirenal, and mesenteric adipose tissues were evaluated after dissection. J-L) Fat oxidation (mg/min/kg) (),
energy expenditure (calories/min/kg) (K), and locomotor activity (counts/min) (L) were measured (% = 6). Values are means *
SEM. *P < 0.05, **P < 0.01 vs. GFP-negative cells [Student’s ¢ test (A, B); 2-way ANOVA with Bonferroni post hoc test (E)]; *P <

0.05, **P < 0.01 vs. WT mice [Student’s ¢ test (/~L)].
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GIP does not contribute to amelioration of
glucose tolerance and lipid profiles in
SKIP~'~ mice

Although GIP#P/8% mice showed a significant increase
in blood glucose levels compared with WT mice during
OGTT, depletion of SKIP reduced blood glucose levels at
30 min as well as AUC-glucose in SKIP~/~GIP8P/8" mice
(Fig. 5A). Plasma insulin levels were markedly decreased
in GIP8®/8 compared with WT mice, whereas depletion
of SKIP enhanced fplasma insulin levels and AUC-insulin
in SKIP~/~ GIP&P/8% mice (Fig. 5B). GIP secretion
was significantly increased in SKIP~/~ mice but was
eliminated in GIP#P/8'P mice and SKIP~/~ GIPs'F/8'P
mice (Fig. 5C). The enhancement of GLP-1 secretion
by the depletion of SKIP was maintained in SKIP~/~
GIP8'P/8% mice (Fig. 5D). Changes of glucose, insulin,

GIP, and GLP-1 from basal were also consistent
(Supplemental Fig. S6). An insulin tolerance test (ITT)
did not show any significant differences in insulin
sensitivity among 4 groups (Fig. 5E). Elevated fasting
plasma levels of leptin and adiponectin were reverted
in SKIP~/~ GIP&P/8P mice to the levels of WT mice
and GIP®®/8'" mice (Fig. 5F, G). Reduced fasting
plasma levels of Tg and LDL-Cho were still observed
in SKIP~/~GIP8"/8 mice compared with those in
WT mice and GIP8'P/8P mice (Fig. 5H, I).

GIP contributes to sup’aression of basal
inflammation in SKIP™'~ mice

Recently, the role of GIP/GIP receptor signaling in in-
flammation has been reported (24, 25). However, no
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TABLE 1. Fasting plasma lipid levels in WT and SKIP~/~ mice

Variable WT SKIP™/~ P

Tg (mg/dl) 178.0 = 15.0 123.8 = 4.7 0.030
VLDL-Cho (mg/dl) 13.0 = 1.5 91 =*15 0.010
LDL-Cho (mg/dl) 137 = 1.5 114 £ 1.4 0.032
HDL-Cho (mg/dl) 74.8 + 15.3 88.0 * 6.9 0.203
NEFA (nEq/L) 635.0 = 52.3 676.2 = 33.4 0.152

All data are expressed as means * SE (n = 6). Data were analyzed
by Student’s ¢ test. A significant difference was considered at P < 0.05.

studies have shown a direct relationship between GIP and
basal inflammation under regular chow diet rather than a
high fat diet. Here, we investigated the role of GIP in basal
inflammation of SKIP~/~ mice under regular chow diet.
Interestingly, the suppression of the proinflammatory cy-
tokine IL-6 by the depletion of SKIP in liver was reverted in
SKIP~/~GIP"/8% mice to the levels of WT mice and
GIP&'/8% mice (Fig. 6A). Suppression of IL-18 and IL-6
and elevation of adiponectin and anti-inflammatory cy-
tokine IL-10 by depletion of SKIP in adipose tissues were
reverted in SKIP~/~GIP&"/8% mice to the levels of WT
mice and GIP3?/8% mice (Fig. 6B). mRNA expression of
macrophage infiltration markers in adipose tissue re-
mained unchanged (Fig. 6C). Suppression of IL-13 and IL-6
and elevation of IL-10 by depletion of SKIP in duodenum
and colon were reverted in SKIP~/~GIP&"/8% mice to the
levels of WT mice and GIP&®/8% mice (Fig. 6D, E). Con-
sistent with the change in expression of IL-6 mRNA, the
reductions of plasma IL-6 levels by depletions of SKIP were
reverted to the levels of WT mice and GIPS"/#% mice (Fig.
6F). Plasma TNF-a levels did not change among the 4
groups (Fig. 6G).

GLP-1 contributes to amelioration of glucose
tolerance and lipid profiles in SKIP™'~ mice

To clarify the role of GLP-1 on SKIP~/~ mice, exendin-
(9-39), an antagonist of the GLP-1 receptor, was admin-
istered from 9 wk of age via an Azlet miniosmotic sub-
cutaneous pump for 4 wk. Exendin-(9-39) treatment had
no effect on either bodyweight or food intake in WT mice
and SKIP™/~ mice (Fig. 7A, B). However, ad libitum blood
glucose levels were significantly higher in exendin-(9-39)-
treated WT mice and SKIP~/~ mice at both the first and
last weeks of treatment compared with those in vehicle-
treated WT mice and SKIP~/~ mice (Fig. 7C). After an oral
load of 6 g/kg glucose, exendin-(9-39) administration did
not affect glucose tolerance in WT mice but completely
abolished the effects of SKIP depletion on glucose toler-
ance during 30 min (Fig. 7D). Exendin-(9-39) administra-
tion enhanced GLP-1 secretion in WT mice, but more so in
SKIP~/~ mice (Fig. 7E). This effect was underlain by the
ability of exendin-(9-39) to antagonize the incretin effect of
GLP-1. Changes of glucose and GLP-1 from basal were
also consistent (Supplemental Fig. S7). Because the GLP-1
action was blocked by exendin-(9-39), we examined gene
expression levels involved in inflammation because GLP-1
also has an anti-inflammatory effect (26). The suppression
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of IL-1B, IL-6, and TNF-a by depletion of SKIP in the liver
was not affected by exendin-(9-39) administration (Fig.
7F). On the other hand, suppression of IL-1p and elevation
of adiponectin and IL-10 by depletion of SKIP in adipose
tissue were cancelled by exendin-(9-39) administration
(Fig. 7G). The fasting plasma levels of Tg and LDL-Cho
were not affected by exendin-(9-39) administration in WT
mice (Fig. 7H, I). However, in SKIP~/~ mice, exendin-
(9-39) administration reverted the levels of Tg and LDL-
Cho to the levels of WT mice.

DISCUSSION

SKIP was recently identified as a novel regulator of
glucose-stimulated insulin secretion (15). We have pre-
viously found that SKIP is highly expressed in pancreatic
B-cells and that depletion of SKIP amplifies glucose-
stimulated insulin secretion. Interestingly, SKIP is also
highly expressed in intestinal K-cells and L-cells. We here
provide the first evidence that SKIP regulates not only
insulin secretion but also GIP and GLP-1 secretion. Al-
though global depletion of SKIP slightly increased body-
weight and adipose tissue mass, glucose tolerance was
better in SKIP~/~ mice than that in WT mice without
changes in both insulin sensitivity and fatty liver. In ad-
dition, plasma Tg, VLDL-Cho, and LDL-Cho levels were
reduced, plasma adiponectin levels were elevated, and
basal inflammation in the liver, adipose tissues, and the
intestine were decreased in SKIP~/~ mice compared with
those in WT mice.

Obesity is known to be accompanied by low-grade
systemic inflammation. Moreover, GIP is an important
mediator of fat accumulation and obesity (27); the blood
GIP level is elevated in obesity (28). Although SKIP™/~
mice displayed overweight and increased GIP levels
during OGTT, basal inflammation levels in the liver, adi-
pose tissues, and intestine were lower than those in WT
mice. We also evaluated the effect of SKIP deletion on
bodyweight regulation in the absence of GIP secretion to
investigate the direct action of GIP. After diminishing both
SKIP and GIP action by making SKIP~/~GIP8"/8P mice,
the bodyweight, fat mass, plasma insulin levels, plasma
adiponectin, and local inflammation levels in SKIP~/~
GIPs?/8% mice were found to be reversed and were
comparable with those in WT mice. However, body-
weight, fat accumulation, and basal inflammation were
comparable between GIPSP/8P and SKIP~/~GIP&P/&P
mice despite GIP depletion. These findings demonstrate
that SKIP depletion contributes to both adiposity and in-
flammation in a GIP-dependent manner. Previous studies
have shown that increased GIP signaling under either
administration of pharmacological GIP concentration or
stimulation of GIP secretion by high fat diet loading plays
an important role in inflammation. However, to our
knowledge, this is the first report to show that elevated
GIP levels within the physiologic range significantly in-
hibit basal proinflammatory gene expression.

Although overweight is often associated with impaired
glucose tolerance, SKIP~/~ mice showed improvement
of glucose tolerance because of the enhanced insulin
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secretion and the suppression of basal inflammation. It
is sug??ested that improvement of glucose tolerance in
SKIP™/ "~ mice is mainly mediated by enhanced secretion
of GLP-1, not GIP, as demonstrated using genetic deletion
of GIP or pharmacological inhibition of GLP-1 signaling
(Figs. 5 and 7). Because GLP-1 and GIP are both re-
sponsible for enhancement of insulin secretion (29), it is of
interest to investigate why GLP-1 primarily plays a role in
amelioration of glucose tolerance by depletion of SKIP.

Dyslipidemia is a major risk factor for cardiovascular
diseases that are still the leading cause of death around
the world (30). Lipid abnormalities include hyper-
triacylglycerolaemia, increased levels of small dense LDL,
and low levels of HDL (8). In our SKIP™/~ mice model,
plasma Tg, VLDL-Cho, and LDL-Cho levels were signif-
icantly lower than those in WT mice. However, even with
eliminated GIP expression in SKIP~/~ mice, Tg and LDL-
Cho levels still remained at the lower levels of SKIP™/~
mice compared with WT mice. GIPE?/8% mice showed
increased levels compared with SKIP~/~GIP5*/&% mice,
indicating that GIP might not be involved in a role of
regulating lipid metabolism in SKIP~/~ mice.

Recently, GLP-1 has received attention not only as an
antidiabetic therapy for regulating hyperglycemia but also
as a regulator of lipid and lipoprotein metabolism (31). It
has been reported that GLP-1 agonists and dipeptidyl
peptidase-4 inhibitors decreased Tg and T-Cho levels (8,
10, 11). Moreover, accumulating evidence shows that
GLP-1 exhibits effects on anti-inflammation in adipose
tissues and nonalcoholic fatty liver, thereby contributing
to lower glucose levels in diabetes (26, 32-35). Thus, in-
creased secretion of GLP-1 also may contribute to im-
proved glucose homeostasis, lipid profiles, and alleviation
of basal inflammation observed under depletion of SKIP.
Exendin-(9-39), a derivative of the nonmammalian pep-
tide of exendin-4, has been found to act as a specific and
competitive antagonist on the GLP-1 receptor and impairs
glucose tolerance in both humans and some animal
models (36). Here, we administered exendin-(9-39) as a
continuous infusion to inhibit GLP-1 action to investigate
the effect of GLP-1 on SKIP~/~ mice. Treatment with
exendin-(9-39) significantly increased both fasting and fed
blood glucose levels in SKIP~/~ mice without alteration of
bodyweight and food intake. The mRNA level of IL-1B8 in
adipose tissue was significantly increased in exendin-
(9-39)-treated mice compared with that in vehicle-treated
mice. Plasma Tg and LDL-Cho levels also were markedly
increased in exendin-(9-39)-treated mice compared with
those in vehicle-treated mice. These observations suggest a
beneficial role of GLP-1 in terms of both alleviation of in-
flammation and lipid metabolism in SKIP~/~ mice. The
current study failed to elucidate molecular mechanisms of
GLP-1 regulation of inflammation and lipid metabolism;
how GLP-1 exerts biologic effects in peripheral tissues

lacking GLP-1 receptor expression remains unknown (36)
and requires further investigation.

Adiponectin is an adipokine that acts as a protec-
tive insulin-sensitizing factor that can alleviate obesity-
induced insulin resistance (37). Adiponectin levels are
negatively associated with mediators of inflammation in-
cluding IL-6 and C-reactive protein, but are positively
related to anti-inflammatory cytokine IL-10 (38, 39).
Compelling evidence also suggests that adiponectin-
overexpressing transgenic ob/ob mice exhibit obesity
but with improved glucose tolerance and reduced circu-
lating Tg levels (40). In addition, hyperadiponectinaemia is
associated with improved metabolic profiles of obese
subjects (41-44). Increased adiponectin levels also are as-
sociated with better glycemic control, better lipid profile,
and reduced inflammation in diabetic subjects (45, 46).
Interestingly, unlike in other animal obesity models, both
the plasma and mRNA levels in adipose tissues of adi-
ponectin in SKIP~/~ mice were significantly increased.
Thus, increased adiponectin levels may partially contrib-
ute to better metabolic conditions and lowered basal in-
flammation levels in SKIP~/~ mice.

SKIP~/~ mice showed a significant decrease in body
temperature and reduced energy expenditure, which may
indicate the impairment of thermogenesis. It was pre-
viously shown that IL-6 is involved in body temperature
regulation during both infection and long-term cold ex-
posure (37). Our SKIP~/~ mice had lower IL-6 levels
compared with WT mice, which might also partly explain
the lower body temperature. However, how SKIP de-
ficiency results in the decrease in body temperature and its
physiologic relevance awaits further investigations.

Previous studies have also demonstrated that SKIP in-
teracts with Sphk1 and inhibits sphingosine kinase activity
(14). Sphk1 phosphorylates sphingosine to form sphin-
gosine 1 phosphate, a bioactive sphingolipid with nu-
merous roles in inflammation (47, 48). In diet-induced
obese mice, Sphkl deficiency increased markers of adi-
pogenesis and adipose gene expression of the anti-
inflammatory molecules and reduced proinflammatory
molecules in adipose tissue (23). In addition, loss of Sphk1
also predisposes to the onset of diabetes (49). However, we
found that both plasma Sphk activity and Sphkl mRNA
levels in liver and adipose tissues were not different be-
tween SKIP~/~ mice and WT mice. Our previous study
also showed that Sphk activity in the islets was not dif-
ferent between WT and SKIP~ /™~ mice (15).

It is important for the treatment of type 2 diabetes to
improve glycemic control by promoting insulin secretion
and ameliorating insulin resistance. Furthermore, man-
agement of the lipid profile and blood pressure is also
essential to prevent diabetic complications. Therefore, a
treatment that simultaneously promotes insulin secretion
and incretin secretion accompanied with regulation of

evaluated after dissection. D) H&E staining of epididymal adipose tissue and adipocyte size of WT, SKIP~/~, GIPS"/8%and
SKIP~/~ GIPS'P/#"P mice (n = 6) Scale bars, 100 wm. E-G) Fat oxidation (mg/min/kg) (), energy expenditure (calories/min,/kg)
(F), and locomotor activity (counts/min) (G) were measured (n = 8). Values are means = sem. *P < 0.05, **P < 0.01 vs. WT mice;

5P < 0.05, 3P < 0.01 vs. SKIP™/™ mice.
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Figure 5. GIP does not contribute to improvement of glucose tolerance and lipids profile in SKIP™/~ mice. WT mice are
represented by white bars and squares, SKIP™/~ mice are represented by black bars and squares, GIPS™/8" mice are represented
by blue bars and squares, SKIP~/~ GIPS""/8 mice are represented by red bars and squares. A-D) Blood glucose (A), insulin (B),
total GIP levels (C), and GLP-1 levels (6 g/kg glucose) (D) during 2 g/kg glucose OGTT among WT, SKIP™/~, GIPS™/8" and
SKIP ™/~ GIP#'?/8™ mice. E) ITT was performed after injection of 0.5 U/kg insulin into WT, SKIP~/~, GIP$"/#"? and SKIP~/~
GIP®'P/8® mice. The levels of blood glucose at a series of time points were measured and normalized to the basal point (0) (n =
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lipid metabolism may be an ideal treatment for glycemic how SKIP deficiency enhances secretions of insulin and
control and prevention of diabetic complications. The incretin; it warrants further investigations not only to
current study and our previous study (15) failed to reveal better understand how SKIP regulates secretion of these

SKIP REGULATES INSULIN AND INCRETIN SECRETION 11
| from www.fasebj.org by Kyoto Univ Med Lib (133.3.201.70) on February 21, 2019. The FASEB Journal Vol. ${ article.issue.getVolume()}, No. ${ article.issue.getl ssueNumber()}, prir



A O wT B O wr
W SKIP- W SKIP-- &
2 B GIPghigle 3y @ @GIPoiriaip . b
B SKIPGIParid B SKIPGIPdwae o
= © 25
w 2]
o
z = 2
<
g £ 15
E €
2 2 1
k= 3
i« 2 o5
0
IL-1p IL-6 TNF-a IL-1p IL-6 TNF-o adiponectin IL-10
G O wr D O wr _
W SKIP*+ W SKIP+ —
w 47 B GIpdwor @ GIpariah R
= B SKIPGIPswe "1 ® skip+GIpawan
& © 6
3 )
z ? s
[a
£ 2 4
@ 2 =
= v
© E 3
[T} [}
o 2
1 § 2
[+}]
o
0
F4/80 CCL2 ICAM VCAM IL-1p IL-6 IL-10
E . ow s i
B SKIP- —_— 4 .
@ 5| @ Glpde e =
1 B SKIP-GIPava E
T 4 g 37 1
%: o
[}
L\E: 3 3 2
o o
g 2 3
< 5 I
1 o
o
0 0
IL-1p IL-6 IL-10 wT SKIP*-  GIPgPige  SKIP-
GIPatoigto
G 5
£ 4
o
s
w 3
[+
>
B
3 2
U
=
1
0
WT SKIPY-  GIPgbiate  SKIP
GlPawiate

Figure 6. Basal inflammation levels in SKIP ™/~ GIP#'P/8™ mice are reversed to the same levels of WT mice. WT mice are
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The expression of inflammation (B) and macrophage (C) markers in adipose tissues. D, E) The expression of IL-13, IL-6, and
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hormones but also to provide the molecular basis for po-
tential therapeutics involving SKIP. In addition, the cur-
rent study using whole-body SKIP knockout mice failed to
exclude potential involvement of SKIP function in other
tissues or cell types (15), which might be clarified by using
tissue-specific SKIP~/~ mice.

In summary, we have found that depletion of SKIP
promotes both insulin and incretin secretion. SKIP~/~
mice showed a slight increase in bodyweight, fasting
plasma Tg, VLDL-Cho, and LDL-Cho levels, and basal
inflammation levels in the liver, adipose tissues, and in-
testine were significantly decreased, resulting in more
metabolically healthy conditions. Thus, inhibition of SKIP
action may emerge as a new option for treatment of type 2
diabetes mellitus with metabolic dysfunction.
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Supplemental Figure 1. SKIP expression in adipose tissues.
Western blot of SKIP expression in perirenal, epididymal, mesenteric, brown, subcutaneous adipose tissues and

islets from WT mice (n = 3).
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Supplemental Figure 2. Changes of blood glucose, insulin, total GIP and total GLP-1 in WT and SKIP-"
mice during OGTT. WT mice are represented by white bars and squares. SKIP”~ mice are represented by black
bars and triangles. Changes of blood glucose (Ablood glucose) (A), insulin (Ainsulin) (B), total GIP (Atotal GIP)
(C) and total GLP-1 (Atotal GLP-1) (D) as well as their incremental areas under the curve (iAUC) during OGTT.
(A-D, n = 8). Values are mean + SEM. In all panels, data were analyzed by ANOVA with Bonferroni’s multiple

comparisons test. *P < 0.05 and **P < 0.01 vs. WT female mice.
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Supplemental Figure 3. SKIP-deficient female mice show improved glucose tolerance by increased insulin
and GIP secretions. WT female mice are represented by white bars and squares. SKIP”~ female mice are
represented by black bars and triangles. (A) Body weight change in WT and SKIP”~ female mice. Absolute
values of blood glucose (B), insulin (D), and total GIP (F) in WT and SKIP”" female mice. Changes of blood
glucose (Ablood glucose) (C), insulin (Ainsulin) (E) and total GIP (Atotal GIP) (G) as well as their incremental
areas under the curve (iAUC) during OGTT in WT and SKIP”~ female mice. (A-D, n = 4). Values are mean +
SEM. Panels A-D were analyzed by 2-way ANOVA with Bonferroni post-hoc test or Student’ s ¢ test. *P < 0.05,

**P < (.01 vs. WT mice.
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Supplemental Figure 4. Triglyceride and cholesterol synthesis enzyme levels in WT and SKIP~- mice. (A)
Gene expression involved in triglyceride synthesis. (B) Gene expression involved in total cholesterol synthesis
between WT and SKIP”"mice (A, B, n=4). Values are mean = SEM. In all panels, data were analyzed by student’s
ttest. *P < 0.05, **P < 0.01vs. WT mice. SREBP-1c, sterol regulatory element-binding protein -1c; ACS, acetyl-
CoA synthetase; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; SCD1, stearoyl-CoA
desaturaseadenosine 1; ACL, ATP citrate lyase; HMGS, hydroxymethylglutaryl-CoA synthase; HMGR,

hydroxymethylglutaryl-CoA reductase; FPPS, farnesyl pyrophosphate synthase; and RPS18, ribosomal protein

S18.
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Supplemental Figure 5. Sphingosine kinase 1 expression and sphingosine kinase activity in WT and SKIP-
" mice. (A) Quantitative real-time PCR analysis of sphingosine kinase-1 mRNA in liver and adipose tissues from
WT and SKIP"~ mice. (B) Serum sphingosine kinase activity in both WT and SKIP-"mice. (A and B, n = 4). Values
are mean = SEM. In all panels, data were analyzed by Student’s ¢ test. *P < 0.05, **P < 0.01 vs. WT mice. RLU,

relative light unit; RPS18, ribosomal protein S18; and SPHK, sphingosine kinase.

A Liver Adipose tissue
® 15 )
(73]
(R
o 15
3 1
Z 1
E 05
© ' 0.5
=
= 0 0
C

WT SKIP* WT SKIP-*
B
S 300000
@ 250000
£ _ 200000
=220
> 150000
% ~ 100000
S 50000
o 0
o

WT SKIP-



Supplemental Figure 6. Changes of blood glucose, insulin, total GIP and total GLP-1 in WT, SKIP-,
GIPePe? and SKIPGIP#"2" mice during OGTT. WT mice are represented by white bars and squares, SKIP-
" mice are represented by black bars and squares, GIP£?¢® mice are represented by blue bars and squares, SKIP-
~GIP£?'¢ mice are represented by red bars and squares. Changes of blood glucose (Ablood glucose) (A), insulin
(Ainsulin) (B), total GIP (Atotal GIP) (C) and total GLP-1 (Atotal GLP-1) (D) as well as their incremental areas
under the curve (IAUC) during OGTT. (A-D, n = 8). Values are mean = SEM. In all panels, data were analyzed
by ANOVA with Bonferroni’s multiple comparisons test. *P < 0.05 and **P < 0.01 vs. WT mice; § P < 0.05 and

§§ P<0.01 vs. SKIP”" mice; P < 0.05 and 9§ P < 0.01 vs. GIP&?/¢? mice.
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Supplemental Figure 7. Changes of blood glucose, insulin, total GIP and total GLP-1 in WT and SKIP-"
mice treated with or without Exendin (9-39) during oral glucose tolerance test (OGTT). Vehicle- treated WT
mice are represented by white bars and squares. Vehicle- treated SKIP”- mice are represented by black bars and
squares. Exendin (9-39)- [Ex-(9-39)]-treated WT mice are represented by blue bars and blue squares. Exendin (9-
39) [Ex-(9-39)]-treated SKIP”~ mice are represented by red bars and squares. Changes of blood glucose (Ablood
glucose) (A), insulin (Ainsulin) (B), total GIP (Atotal GIP) (C) and total GLP-1 (Atotal GLP-1) (D) as well as their
incremental areas under the curve (1IAUC) during OGTT. (A-B, n = 6). Values are mean + SEM. In all panels, data
were analyzed by ANOVA with Bonferroni’s multiple comparisons test. *P < 0.05 and **P < 0.01 vs. WT mice;

§P<0.05and § § P<0.01vs. SKIP” mice; P < 0.05 and § P < 0.01 vs. WT-Ex (9-39)-treated mice.
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Supplemental Tables
Sphingosine kinase 1-interacting protein is a dual regulator of insulin and incretin secretion
Yanyan Liu', Shin-ichi Harashima', Yu Wang!, Kazuyo Suzuki', Shinsuke Tokumoto', Ryota Usui!, Hisato

Tatsuoka!, Daisuke Tanaka', Daisuke Yabe', Norio Harada', Yoshitaka Hayashi? and Nobuya Inagaki'"



Supplemental Table 1. List of gene primers (5’ to 3')

Target genes Forward primer Reverse primer
SKIP ACC ATG GAT GTC AAC TCC CGG CTT GTTTTC TGACTCATC TTC CAC AAAC
IL-1B GCAACT GTT CCT GAACTCAACT ATC TTT TGG GGT CCG TCAACT
IL-6 CCA CTT CAC AAG TCG GAG GCT TA CCAGTT TGG TAG CAT CCATCATTTC
TNF-a GAG AAAGTC AAC CTC CTC TCT G GAA GAC TCC TCC CAG GTATAT G
IL-10 AAG GAC CAG CTG GAC AAC AT TTT TCA CAG GGG AGA AAT CG
Adiponectin GGAACT TGT GCA GGT TGG AT GCTTCTCCAGGC TCTCCTTT
F4/80 TGC GGG ATT CCTACACTATCT T CGT CTC TGTATT CAACCAGCAG
MCP-1 AGC AGC AGG TGT CCC AAAGA GTG CTG AAG ACC TTAGGG CAG A
ICAM AAC TGT GGC ACC GTG CAG TC AGG GTGAGG TCC TTG CCTACT TG
VCAM TTC CGG CAT TTATGT GTG TGAAG GGCACATTTCCACAAGTGCAG

Supplemental Table 2. Microarray analysis of SKIP expression in GFP positive cells and negative cells

from GIP#""* and Gcg#®™" mice.

SKIP
GFP-Positive GFP-Negative Ratio P
Expression
GIper* 377.6 23.87 15.82 0.008
GegsP* 92.63 26.6 3.48 0.031

All data are expressed as the mean + SEM (n = 8), data were analyzed by Student’s ¢ test. A significant

difference was considered at p < 0.05.



