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f3 cell mass compared with wild-type mice on standard chow, whereas
even after 40 weeks the Gek* mice showed only a 2-fold increase in 8
cell mass (Figure 2C). The number of cells per islet was significantly
increased in wild-type mice on the HF diet compared with those on
standard chow, but the difference berween the 2 Gek'~ groups was
not significant (Figure 2D). DNA content per islet was also signifi-
cantly higher in wild-type mice than in Gek®” ~ mice on the HE diet
(HF diet-fed wild-type, 39.1 £ 2.3 ng/islet, n = 6; HF diec-fed Gek*",
22.7 £ 1.9 ng/islet,n = 6; P < 0.001). To estimate the contribution of the
size of individual § cells to the increase in f cell mass, we divided the
{3 cell area by the number of § cell nuclei it conrained. However, since
the results showed little ditference in f cell size between wild-type
and Gek*~ mice on the HF diet (HF diet-fed wild-type, 155 + 4 um?,
n = 101; HF diec-fed Gek® -, 149 + 4 pm?, » = 105; P = NS}, the
increased {} cell mass in wild-type mice on the HF dietr was attributed
to an increase in the number of cells (hyperplasia) rather than to an
increase in the volume of individual cells (hypertrophy).

The number of 3 cells present is governed by a balance among f cell
replication (increase in number of B cells by preexisting 3 cells), neo-
genesis (generation of f cells by non-p cells, such as acinar cells and
duct cells), and apoprosis. We estimated [} cell proliferation on the
basis of BrdU incorporation and proliferating cell nuclear antigen
(PCNA) staining. On the HF diet, there were significantly more insu-
lin and BrdU double-positive cells in the wild-type mice than in the
Gele' ™ mice (Figure 2E), and similar results were obtained by PCNA
staining (Figure 2F). Single-strand DNA analysis revealed no differ-
ence in the percentage of apoprotic cells in islets berween wild-typeand
Gl ~ mice on the HE diet (HF diec-fed wild-type, 0.031% % 0.026%,
n = 86; HF diet-fed Gek -, 0.018% = 0.018%, n = 33; P= NS). Fewer
than 1 in 3,000 cells in the islets of both mouse groups were found to
be apoprotic with an in situ cell death detection kit. Thus, in contrast
to the wild-type mice, the failure of compensatory 3 cell hyperplasia
in the Gck* mice on the HF diet was associated with a lack of com-
pensatory increase in 5 cell proliferation.

Impaired glicose-stimudated insidin secretion associated with decreased glu-
cose ietabolism in the [3 cells of Gel*~ mice on the HF diet. Next, we inves-
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Figure 3

Decreased insulin secretion and glucose oxidation in Gek+- islets. (A)
Static incubation study of islets from wild-type and Gek*- mice after
4 weeks on standard chow or HF diet. Static incubation of 10 islets/
tube was performed at 37°C for 1 hour with various glucose concentra-
tions after preincubation with a 2.8-mM glucose concentration for 20

- minutes. Results are shown as pg insulin/cell/h (n = 4). (B) Gek and

hexokinase (HK) activity of islets. Glucose phosphorylation activity was
assessed in pancreatic islets from wild-type and Gek*- mice after 20
weeks on standard chow or HF diet. Resuits are shown as mol/kg
DNA/h (n = 16-20). (C) Glucose oxidation by pancreatic islets from
wild-type and Gck+- mice after 20 weeks on standard chow or HF diet.
Results are shown as molfkg DNA/ (n = 10). *P < 0.05; **P < 0.01.

tigated glucose-stimulated insulin secretion (GSIS) by individual
{3 cells. After 4 weeks, GSIS at 22.2 mM glucose normalized by cell
number was lower in wild-type mice on the HF diet than in those fed
standard chow (Figure 3A). Thus, the hyperinsulinemia in the wild-
type mice on the HE diet can be explained by increased § cell mass,
not by increased insulin secretion by individual { cells. GSIS ar 22.2
mM glucose normalized by cell number was significantly lower in
Gek*~ mice than in wild-type mice on both diets, a finding consistent
with the results of our previous study (24). The hyperglycemia icself
may have also affected the insulin secretory function of islets in the
Gek*~ groups. GSIS ar 22.2 mM glucose was lower in the islets of the
HF diet groups than in those of the standard chow groups of both
genotypes, and after 20 weeks it was significantly decreased in the
HF diet groups compared with the standard chow groups (data not
shown), a finding consistent with previous reports that prolonged
exposure to FFA results in suppression of insulin release (25, 26).
While islet hexokinase activity was similar in all 4 groups, Gek activ-
ity in the Gek¥~ standard chow and HF diet groups was 30% and
25% lower than in the wild-type standard chow and HF diet groups,
respectively, although the differences were not statistically significant
{Figure 3B). When islets of essentially.the same size were prepared
and [U-"Clglucose oxidation was assayed in their mitochondria, glu-
cose oxidation at 22.2 mM glucose was significantly lower in the HF
diet than in standard chow groups of both phenotypes (Figure 3C).
Imporeantly,after 20weeks on the HF diet, glucose oxidationat22.2 mM
glucose did not significandly differ between wild-type and Gek*~ mice
(Figure 3C), suggesting that normal glucose oxidation levels are not
necessary for the compensatory increase in {§ cell mass, although they
may be essential for GSIS.

Gene expression profiles of the islets of HF diet—fed mice. We performed
a DNA microarray analysis as a means of systematically examin-
ing the gene expression profiles of the islets. Of the 12,490 genes
examined, 81 were overexpressed (by 3-fold or more; Supplemental
Table 1; supplemental material available online with this article;
doi:10.1172/JC117645DS1) and 63 were underexpressed (by 3-fold
or more; Supplemental Table 2) in the islets of Gek* ™ mice on the
HF diet compared with the islets of wild-type mice on the HF diet.
Inrerestingly, markedly lower expression of Irs2 (25-fold decrease,
the greatest decrease in expression level of the genes examined),
Pdpk1 (3-fold decrease), and Hgf (3.1-fold decrease) was observed in
Gek~ islets compared with those of wild-type mice, yet there were
no differences in expression of Insr, Irsl, Irs3, Pik3r1, Pik3r2, Pikica,
or Aktl (Table 1). Expression of Igflr (2.4-fold decrease) and Prir
(2.6-fold decrease) was also modestly lower in Gek™" islets than in
wild-type islets. By contrast, there was no difference between the
2 HF diet-fed groups in expression of apoptosis-related genes
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Table 1
Changes in gene expression levels in islets based on DNA
microarray analysis

Gene Ratio
Insulin signaling
Irs2 -25
Pdpkt -3
lgfir -2.4
Insr, Insrr, Irs1, Irs3, Pik3r1, Pik3r2, Pik3ca, Aktl, NC
Foxo1, Prkca, Prkcb1, Prkee, Prked, Prkce, Prkci,
Prkeq, Prkez, Rps6kal, Map2k3, Map2k6, Mapk10
Non-insulin signaling
Hgf -3.1
Prir -2.6
Ghr, Bic, Statsbh, Fgf8, Fgf10 NG
Transcription factors
ipf1, FoxO1, Hnfib, Hnf3a, Hnf3b, Neurog3, Pax4, Paxe, NG
Nkx2-2, Nkx6-1, Hes1, Hes2, Cebpa, Cebpb, Cebpd
Apoptosis-related genes
Bad, Casp3, Casp6 NG
Cell eycle~related genes
Cend? -5.8
Cend1, Cend3, Cdkd, Cdknla, Cdkn1b, CdknZa, NG

Cdkn2b, Cdkn2d

cAMP-related genes

GlpTr, Prkaria, Prkar1b, Prkar2a, Prkaca, Prkach, NC
Lasp1, Creb1, Crebbp

Memhrane proteins

Sle2a2 NC
Translation initiation factors
Eif1a, Eif4al, Eif4a2 NG

Ratios are based on comparisons of Gok*~ mice versus wild-type mice
after 20 weeks on the HF diet. NG, no significant change.

such as Casp3 and Bad in the islets. RT-PCR analysis confirmed the
upregulation of Irs2, Igfir, and Prlr expression in the islets of wild-
type mice on the HF diet compared with those on standard chow as
well as reduced expression in the islets of Gek* ™ mice on the HF diet
compared with those of HF diet-fed wild-type mice (Figure 4A).
Quantitative PCR analysis, which amplified another region of the
Irs2 and Igflr genes, revealed that expression of Is2 and Igflr in the
islets of Gek - mice on the HF diet was 60.6% (P < 0.01 versus wild-
type mice) and 76.4%, respectively, that of their expression level in
the islets of wild-type mice on the HE diet.

Next, we examined the protein levels by Western blotting. We pre-
pared islets (less chan 250 wm in diameter) from mice after 20 weeks
on each diet. The results confirmed upregulation of Irs2 and lgflr
expression in the islets of wild-type mice on the HF diet compared
with those on standard chow as well as reduced expression in the
islets of Gek*~ mice on the HE diet compared with those of wild-
type mice on the HEF diet (Figure 4, B and C). Interestingly, expres-
sion of Insr was significantly increased in the HF diet-fed groups
compared with standard chow-fed groups (Figure 4, B and C),
although there were no differences in expression of Akt among the
4 groups. Ipfl expression was indistinguishable berween the islets
of Gek® - and wild-type mice on standard chow, but the protein level
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was slightly, but significantly, lower in the islets of Gek* ™ mice on
the HF diet than in those of wild-type mice on the HE diet (Figure 4,
B and C). Immunostaining revealed clearly lower IpfI nuclear
expression in the f cells of Gek*~ mice on the HF diet thanin those
of wild-type mice on the HF diet (Supplemental Figure 1).

In summary, DNA microarray and RNA and protein analyses
revealed upregulation of Irs2 and Igflr expression in the islets of
wild-type mice on the HF diet compared with those fed standard
chow as well as reduced expression in the islets of Gek*~ mice on
the HE diet compared with those of HF diet-fed wild-type mice.

Insufficient increase in {3 cell mass in Irs2"/~ mice on the HF diet. Next we
investigated the role of Irs2 in the regularion of 3 cell massin mice
on the HE diet. After 10 weeks on the HF diet, Irs2%~ mice exhib-
ited increases in body weight, blood glucose, serum insulin, and
insulin resistance similar to those of HF diet-fed wild-type mice
(Figure 5, A-D). The Irs2*/~ mice had f cell area and maximum islet
diameter similar to those of wild-type mice fed standard chow, but
the increases were significantly smaller than those observed in HF
diet-fed wild-type mice (Figure 5, E and F). After only 5 weeks on
the HF diet, Irs2~/- mi¢e showed marked aggravation of glucose
intolerance (27). While the mean of the maximum islet diameter
was 14% greater in wild-type mice on the HF diet than in those on
standard chow, a difference that was significant, there wasno such
increase in the Irs2-~ mice on the HF diet compared with those on
standard chow (data not shown). These resules support arole for
Irs2 in the increase in P cell mass on the HF diet.

Transgenic vescue by crossing Gel™ mice with {3 cell Ins2 transgenic mice.
To directly test our hypothesis that reduction of Irs2 expliins the
impaired B cell hyperplasia in Gek*~ mice on HF diet, we crossed
Gek~ mice with B cell 1rs2 eransgenic (Blrs2Tg) mice, which express
Irs2 in B cells under the control of the rat insulin promoter, and
generated 2 lines of Blrs2Tg mice (Supplemental Figure 2, A and
B). While the  cells of BIrs2Tg6 mice expressed a low level of Irs2
(2.2-fold upregulation compared with wild-type littermares), cthe
B cells of BIrs2Tgl2 mice expressed a high level of [rs2 (>17-fold
upregulation). We chose to use the lrs2Tg6 line because the 2.2-
fold upregulation of Irs2 in Blrs2Tg6 mice was comparable to the
Irs2 expression level in wild-type mice on the HF diet. We crossed
Blrs2Tg6 mice with Gek* - mice and obrained 4 genotypes: wild-
type, BIrs2Tg, Gek* -, and lrs2TgGek”~. Only male mice were used
in the experiments. After 20 weeks on the HF diet, the fold change
in rs2 protein expression compared with Gek*~ mice was 3.5 £ 0.2
for wild-type, 4.6 + 0.5 for plrs2Tg, 1.0 £ 0.1 for Gek'™, and
3.1 £ 0.6 for Blrs2TgGek™ - mice (Supplemental Figure 2, Cand D).
These results can be explained by the fact that HF diet upregulared
endogenous irs2 expression in the islets of wild-type and lrs2Tg
mice, but not the islets of Gek*~ or Plrs2TgGek™~ mice. After 4
weeks on the HF diet, the glucose tolerance of PIrs2Tg mice was
similar to that of wild-type mice, but the BIrs2TgGck*~ mice had
better glucose tolerance than did Gek - mice (dara not shown).
After 20 weeks on the HF diet, the flIrs2Tg mice had glucose toler-
ance similar to that of wild-type mice, but the pIrs2TgGek*~ mice
had better glucose tolerance and higher serum insulin levels than
did Gek'~ mice (Figure 6, A and B). Thus, overexpression of Irs2
partially prevented diabetes in Gek*~ mice on the HF diet.

Figure 6C shows representacive insulin staining of the pancreas
after 20 weeks on the HF diet. Measurement of the p cell area showed
chat it was significantly increased in plrs2TgGek' - mice compared
with Gek*~ mice (Figure 6D), and consistent with this finding, there
were significantly more insulin and BrdU double-positive cells in
Number 1
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diet (Figure 8A). In fact, the
ratio of nuclear FoxOl-posi-
tive cells to the total number
of islet cells was significantly
higher in Gek*~ mice on the
HF diet than in wild-type mice .
on the HF diet (Figure 8B).
Overexpression of Irs2 in
cells decreased the number
of nuclear FoxO1-positive
cells in the Gek”" mice on
the HF diet, indicaring thar
upregulation of Irs2 in  cells
stimulated FoxO1 nuclear
exclusion (Figure 8, Aand B).

The above findings, togeth-
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er with the fact that cAMP
and calcium pathways trigger
CREB Ser133 phosphoryla-
tion, thereby upregulating Irs2
(28), suggest that impaired
CREB Ser133 phosphory-
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Figure 4

Changes in gene expression levels in the islets of Gek*- mice on the HF diet. (A) RT-PCR analysis of Irs7,
Irs2, Igfir, Prir, Ipf1, and Arbp (36B4), shown as a control. Islets were isolated from wild-type or Gek*- mice
after 20 weeks on standard chow or HF diet. Experiments were replicated at least 3 times, and typical images

B Gek, standard chow
B Gck¥-, HF diet

lation is a plausible expla-
nation for the insufficient
upregulation of Irs2 in Gek-
mice on the HF diet. The
significance of the decreased
FoxO1 nuclear exclusion in
Gek*~ mice on the HE diet are
discussed below.

Ipf1

are shown, (B) Western blot analysis of Irs2, Igf1r, Insr, Ipfi1, and Akt1, Islets were isolated from wild-type

or Gek+- mice after 20 weeks on standard chow or HF diet, Irs7-- mice, and Irs2-- mice on standard chow
(n = 3). Equal amounts of lysates (20 ng) were blotted with the antibody indicated. Quantitative determina-
tion of the p cell mass of islets less than 250 um in diameter revealed the values in the 4 mouse groups to
be indistinguishable (standard chow-fed wild-type, 0.81% + 0.03%; HF diet—fed wild-type, 0.85% + 0.03%;
standard chow-fed Gck-, 0.82% + 0.02%; HF diet~fed Gek-, 0.84% = 0.02%). (C) Each expression level

was quantified (n = 4-6). *P < 0.05; **P < 0.01.

BIrs2TgGek* mice than in Gek* - mice (Figure 6, C and E). Next we
isolated islets from the 4 mouse groups after 20 weeks on the HF
dier and carried out static incubation experiments. GSIS at 11.1 mM
glucose was not restored in Blrs2TgGek'~ mice compared-with
Gek'r~ mice (Figure 6F), indicating that overexpression ot Irs2 failed
to restore B cell function in Gek® - mice.

Mechanisins of [132 upregulation in the 3 cells of HF diet—fed mice. We
examined known regulators of Irs2 expression, such as cAMP, and
subsequent phosphorylation of cAMP response element-binding
protein (CREB) (28) and FoxO1 (29}. Although the cAMP content
of the islets was unaffected by the HF diet (data not shown) and
the levels of expression of cAMP-responsive genes — including
Crebl, Glplr, Prkarla, Priarlb, Prkar2a, Prkaca, Prkach, and Laspl
- were unaltered (Table 1), Ser133 phosphorylation of CREB was
impaired in Gek*" mice compared with wild-type mice (Figure 7,
Aand B). FoxO1 is an activator of [rs2 in liver, because the [rs2 pro-
moter is activated by FoxO1 through an insulin response element
(29), but it has also been characrerized as a key distal mediaror of
insulin signaling, because FoxO1 haploinsufticiency reverses 3 cell
failure in Irs2" mice (30). Immunohistochemical analysis revealed
that FoxO1 was more localized in the nuclei of B cells of Gek*
mice on the HE diet than in those of wild-type mice on the HF
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Discussion

Gek is known to function as
a glucose sensor in insulin
secretion by pancreatic B cells
(4), but ro our knowledge, its
involvement in the regulation
of B cell mass had previously
not been recognized. In this paper, we report 4 findings, which we
believe to be novel, that link Gek to § cell mass. First, we found that
wild-type mice on a HF diet showed marked compensatory f cell
hyperplasia associated with increased replication of f§ cells, whereas
Gek*~ mice failed to show as much f cell hyperplasia despite show-
ing a similar degree of insulin resistance (Figure 2). The finding
that haploinsufficiency of Gek led to insufficient § cell hyperpla-
sia on the HF diet suggests a critical requirement for Gek, not only
for GSIS, but for § cell hyperplasia in response to HF diet-induced
insulin resistance to protect against diabetes. Alchough glucose
irself has been recognized to be a nutrient for § cells, to our knowl-
edge it was previously unknown whether glucose metabolism
is crucial for B cell groweh (7). The results of this study in regard
to the role of glucose merabolism and Gcek in the regulation of
{3 cell mass clearly demonstrate that Gek is associated with f cell
mass and proliferation, raising the possibility thar other enzymes
involved in glucose metabolism may have a similar effect on f§ cell
growrh. Second, we found that on the HF diet, expression of Irs2
and Igflr was upregulated in wild-type islets but markedly lower in
the islets of Gek”~ mice (Table 1 and Figure 4, A-C), showing that
Gek is required for the coordinated upregulation of Irs2 and Igflr
in the islets of HF dier-fed mice. Secondary effects of chronic hyper-
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Figure 5

Insufficient 3 cell hyperplasia in
irs2+- mice on the HF diet. (A~C)

Body weight {A), fasting blood glu-
cose (B), and serum insulin (C)
values of wild-type and Irs2+- mice
after 10 weeks on standard chow
or HF diet (n = 5-8). (D) Insulin
tolerance in wild-type and Irs2+-
mice after 10 weeks on standard
chow or HF diet (n = 4-8). (E and
F) Area of p cells in each islet (E)
and maximum islet diameter (F)

in wild-type and Irs2%- mice after
10 weeks on standard chow or HF

diet. We examined 100-150 islets
from 3 animals per group. Values
represent mean = SEM, *P < 0.05;
P < 0.01.
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glycemia may also have contributed o the decreased Irs2 and Igfir

expression in the islets of Gek™ mice on the HEF diet. It should be
noted, however, that wild-type mice after 20 weeks on the HE diet
and Gek'/~ mice on standard chow had similar glucose tolerance
(Figure 1F) and thar after another 20 weeks the HF diet-fed wild-
type mice showed a greater increase in B cell mass, whereas even after
40 weeks on the HE diet the Gek' ~ mice showed only a small increase
(Figure 2C). These results indicate that chronic hyperglycemia alone
cannot fully explain the insufficient § cell hyperplasia of Gek'~ mice
on the HF diet. Third. in a previous study we showed a lack of  cell
hyperplasia in response to genetically determined insulin resistance
in Irs2 " mice (11), and in the present study we demonstrated that
haploinsufficiency of Irs2 led to insufficient $ cell hyperplasia on
the HE diee (Figure S, E and F). Bourth, we found that overexpres-
sion of [rs2 partially prevented diabetes in Gek'~ mice on the HF

diet. It should be noted, however, that the slight improvement in
glucose rolerance can be explained by the fact that f cell mass, not
B cell function, was restored in Plrs2TgGek" - mice compared with
Gele's~ mice on the HF diet (Figure 6, C-E). These results provide
genetic evidence that Lrs2 is critically involved in § cell hyperplasia
on the HE diet. Based on these findings, we propose that both Gek
and Irs2 are critical requirements for 5 cell hyperplasia in response
to HF diet-induced insulin resistance.

What is the mechanism of 1rs2 upregulation on the Hf diet? We pre-
viously reported that the increase in intracellular calcium concentra-
tion in response to glucose was impaired in islets of Gek** mice (ref. 3
and our unpublished observations). In the present study we noted
the impaired CREB Ser133 phosphorylation in Gek* ™ mice on the HF
dier. Taken rogether with the fact that cAMP and calcium pathiays
trigger CREB Ser133 phosphorylation, thereby upregulating Irs2
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Transgenic rescue by crossing Gek*: mice with plrs2Tg mice. (A and B) Glucose tolerance in wild-type, Gek*; lrs2Tg, and Blrs2TgGek+ mice
after 20 weeks on HF diet. (A) Plasma glucose levels. (B) Serum insulin levels. n = 31 (wild-type), 20 (Blrs2Tg), 35 (Gek*-), 16 (Blrs2TgGek 4},
*P < 0.05, Gek* versus plrs2TgGekt. (C) Histologic analysis of wild-type, Gek*~, Blrs2Tg, and Blrs2TgGek*” mouse islets after 20 weeks on
HE diet.: Representative pancreatic islets are shown. Top panels show insulin staining; bottom panels show BrdU staining. Scale bars: 100 um.
Original magnification, x100 (fop panels); x400 (bottom panels). (D) Area of § cells in each islet after 20 weeks on HF diet. We examined 100-150
islets from: 3 animals per group. (E) Replication rate of f cells, assayed on the basis of BrdU incorporation after 20 weeks on HF diet. Results are
shown as tatios of insulin and BrdU double-positive cells to insulin-positive cells (n = 4). (F) Static incubation study of islets after 20 weeks on the
HE diet. Static incubation of 10 islets/tube was performed at 37°C for 1 hour with various glucose concentrations after preincubation with a 2.8-mM
glucose concentration for 20 minutes. Results are shown as pg insulin/cell/h (n = 4). Values represent mean = SEM. *P < 0.05; *’P < 0.01.

(28), our present restilts suggest that the impaired calcium signaling
caused by haploinsufficiency of Gek in combination with HE diet-
induced insulin resistance léads to the impaired Ser133 phosphotyla-
tioni of CREB. Further study is needed to test this hypothesis.

Whar, then, is the nolecular link between Irs2 and B cell prolifera-
tion? We noted the decreased FoxO1 nuclear exclusion in Gek”™ mice
on the HE diet compared with wild:type mice on the HE diec (Figure 8,
- A and B). This finding, together with previous reports of a role of.
FoxO1 downstream of 152 inlinking insulin signaling to Ipfl regula-
tion of P} cells and conpensation to insulin resistance (30, 31), sug-
gests thatdecreased FoxO | nuclear exclusion contributes to the insuf-
ficient proliferative response of existing 5 cells to insulin resistance in
Gele' miceon the HE die,and the fact that overexpression of Irs2 in
cells stimulated FoxQ1 nuclear exclusion m wild-type and Gek® - mice
(Figure 8, A and B) is consistent with this hypothesis. Moreover, we
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noted lower Ipfl nuclear expression in the B cells of Gek*~ mice on the
HE diec than in those of wild-type mice on the HE diet (Supplemen-
tal Figure 1); which can be explained by the decreased FoxOl nuclear
exclusion in Gek'~ mice on the HE diet, as previously demonstrated
in Irs2-"- mice (30). However, because haploinsufficiency of Ipfl led
to impaired f cell function; but not to decreased B cell mass (32),
whether decreased Ipf1 nuclear expression isinvolved in the decreased
B3 cell hyperplasia in Gek®: mice on the HE diet remains unresolved.
To determine whether Ipfl is involved in the regulation of B cell mass
in Gek”~ mice, we are now investigating the phenotypes obtained by
crossing Gek*/~ mice with {5 cell-specific Ipfl transgenic mice.
Recently, B cell-specific ablation of Pdpk1 has been shown to
induce diabetes as a result of loss of B cell mass (33); in the present
study, expression of Pdpkl actually decreased in HE diet-fed Gek™
mice compared with wild-type mice (Table 1). Thus, inadequate acti-
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impaired Ser133 phosphorylation of CREB in Gek*- mice on HF diet. {A) Western blot assay of Ser133-phosphorylated CREB (p-CREB) and
total CREB levels in islets from wild-type and Gok*- mice after 20 weeks on standard chow or HF diet. (B) Quantitation of Ser133 phosphory-
lation of CREB in wild-type and Gek*~ mice after 20 weeks on standard chow or HF diet. Results are shown as proportions of the intensity of
the Ser133-phosphorylated CREB band to that of the total CREB band (n = 5). Ser133 phosphorylation of CREB was significantly impaired in
Gek*- mice compared with wild-type mice on the HF diet. Values represent mean SEM. *P < 0.05.

vation of Pdpk1 downstream of Irs2 signaling may also play a role
in the insufficient compensatory {3 cell hyperplasia in Gek* mice on
the HF diet. Interestingly, while expression of cyclin D1, cyclin D3,
CDK4, and cyclin-dependent kinase inhibitors including p21 and
p27 Kip1 was unaltered in the islets of Gek*~ mice on the HF diet
compared with those of wild-type mice on the HF diet, expression of
cyclin D2 was downregulated (5.8-fold decrease) and expression of
p15 inhibitor was slightly upregulated (1.2-fold increase). The roles
of these cell cycle-related molecules in f cell proliferation down-
stream of Irs2 signaling should be examined in a future scudy.
What is the relationship berween glucose metabolism and f3 cell
proliferation? It has been established that f cell function, including
GSIS, can be explained by glucose metabolism (4). Glucose oxidation
was decreased to a similar degree in both wild-type and Gek~ mice
on the HF diet (Figure 3C). Although the wild-type mice showed
marked compensatory b cell hyperplasia, the Gek* mice failed to
show such B cell hyperplasia, demonstrating that glucose oxidation
is not directly linked to 3 cell mass. Moreover, Gek activity in the
wild-type mice was nor increased on the HF diet compared with stan-
dard chow (Figure 3B). From a biochemical standpoint, “classical”
alucose metabolism cannot explain 3 cell proliferation on the HF
diet, and some additional mechanism is required. It may be prema-

Figure 8

Nuclear FoxQO1-positive cells
increased in Gek+- mice on the HF
diet compared with wild-type mice
on the HF diet, and overexpres-
sion of lrs2 in p cells decreased
nuclear FoxO1-positive cells in
Gcek*- mice on the HF diet. (A)
immunohistochemical analysis
of FoxO1 in islets from wild-type
mice, plrs2Tg mice, Gek+~ mice,
and plrs2TgGek+~ mice after 20
weeks on the HF diet. Representa-
tive islets are shown. FoxO1-posi-
tive cells are stained brown. Origi-
nal magnification, x600. (B) Ratio
of the number of nuclear FoxO1i-
positive cells to the total number of
istet cells. n = 43 (wild-type, Gck+),
23 (plrs2Tyg), 48 (Plrs2TgGek*).
Values represent mean + SEM.
P <0.01,

A Wild type, HF diet
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ture, however, to rule out an involvement of glucose metabolism in
HF diec-induced f cell hyperplasia based on the studies of glucose
oxidation in isolated islets, because there are no doubt important
glucose signals left to be discovered, as evidenced from the pursuitof
the mechanisms of KATP-independent GSIS. Although § cell func-
tion and f cell groweh have previously been thought to be regulated
differently, the results of the present study indicate that both may be
regulated in part by a coordinated or common mechanism.

What is the relevance of our results to clinical practice in human
diabetes? Relatively common mutations of the Gek gene have been
reported in MODY patients (2, 34), but since they are not restrict-
ed to the B cell-specific isoform, the diabetic phenotype of these
patients is due to a combination of defects in insulin secretion and
glucose uptake by the liver, By contrast, a SNP in the promoter
region of the Gek gene has been reported to be associated with
reduced B cell funcrion in Japanese-American men (35). The resules
of our study are somewhat surprising, as the majoriry of the known
clinical cases of MODY have been mild cases of diabetes (2, 34).
However, the severity of diabetes is also known to differ among
patients with the same mutation, and the differences may be accrib-
utable ro peripheral insulin resistance associated with obesity and/or
environmental factors (34, 36). Because a HF diet is one of the
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pivoral factors in the etiology of insulin resistance and obesity, our
results should be relevant ro the diversity in diabetes severity among
MODY patients. Furthermore, since type 2 diabetes patients with
decreased insulin secretion have been shown to have reduced f§ cell
mass {37), Gek*~ mice on a HF diet should serve as a good animal
meodel to betrer understand the relationship between decreased
insulin secretion and decreased f cell mass in type 2 diabetes. Gek
activation via small-molecule Gcek activarors in combinarion with
increased cAMP production via glucagon-like peptide 1 deriva-
tives may be a powerful strategy for the treatment of the decreased
insulin secretion and decreased f cell mass in type 2 diabetes. In
conclusion, the results of our study support the concept that Gek
regulates f3 cell mass as well as § cell function. Irs2 was found to be
involved in Gek-mediated f3 cell hyperplasia in HF diet-fed mice.
Identification of the mechanism linking Gek and Irs2 should lead
to novel therapeutic strategies that will increase § cell mass to com-
pensate for HE diet-induced insulin resistance and may increase
the amount of islets (B cells) for islet transplantation.

Methods

Animals. Gelk'/~ mice (129/5v, LICR, and C37BL/6§ hybrid background) were
generated as described previously (3). Because of the heterogeneous genetic
background of the mice, male offspring derived from Gek*~ intercrosses
were analyzed in this study. The Gek* -~ and wild-type mice were fed standard
chow until 8 weeks of age and were then given free access to either standard
chow or a HF diet. The animal care and procedures of the expetiments were
approved by the Animal Care Committee of the University of Tokyo. Animals
were maintained by means of standard animal care procedures based on the
instirutional guidelines. frsI~~ and 152~ - mice (CBA and CS7BL/6] hybrid
background) were generared as desctibed previously (8, 11). The flrs2Tg
mouse lineage was established by fusing the 0.74-kb rat insulin Il promorter
to a mouse Irs2 cDNA (4 kb), microinjecting the putified Notl fragment into
the pronucleus of eggs of ferrilized C57BL/6] mice (CLEA Japan [nc.), and
then crossing F1 offspring with CS7BL/6] mice (Supplemental Figure 2, A
and B). Male offspring lictermares derived from crosses berween male Gek™-
mice and female Plrs2Tg mice were analyzed in the Irs2 rescue experiments
(Supplemental Figute 2, Cand D).

Measureinent of serum and islet parameters. Glucose, insulin, triglyceride,
and FFA levels were determined with a Glutest Pro kit (SANWA KAGAKU
KENKYUSHO CO. LTD), an insulin kit (Biotrak; Amersham Biosciences),
and L-type TG M and NEFA C-test kits (Wako), respectively.

Diet protocel. The composition of the standard chow (CLEA Rodent Diet
CE-2; CLEA Japan Inc.) was $0.7% (wt/we) carbohydrace, 4.6% far, 25.2%
prorein, 4.4% dietary fiber, 6.5% crude ash, 3.6% mineral mixture, 1% vita~
min mixture, and 4% moisture. The HE diet study was carried out accord-
ing to previously described methods (38, 39). The composition of the HF
diet was 32% safflower oil, 33.1% casein, 17.6% sucrose, 5.6% cellulose, 9.8%
mineral mixture, 1.4% vitamin mixture, and 0.5% DL-methionine.

I vivo glucose homeostasis. Glucose and insulin tolerance tests were per-
formed as described previously (39, 40).

Histologic and immunobistochemical analysis and determination of adipocyte size.
Adipose tissue was fixed with formaldehyde, and 10-um sections were cut,
mounted on glass slides, and srained with hemaroxylin and eosin. White
adipocyte areas were measured in 300 or more cells per mouse in each
group, as described previously (39).

Immunobistochemical analysis of the endocrine pancreas and estimation of B cell and
non-{3 cell mass and individual f cell size. 1solared pancreata were immersion-fixed
in Bouin’s solution ar 4°C overnight. Tissue was then routinely processed for
paraffin embedding, and 2-um sections were cut and mounted on glass slides.

The sections were double immunostained with guinea pig anti-porcine insu-
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lin antibody (diluted 1:200) and a cockrail composed of rabbit anti-porcine
glucagon (diluted 1:200), rabbit anti-human somatostatin (dilured 1:300).
and rabbir anti-human pancreatic polypeptide (dilured 1:300) antibodies (all
from Dako). Images of pancreatic tissue, islet {3 cells, and istet non-f cells were
caprured ona compurer through a microscope connected to a charge-coupled
device camera (all from Olympus). The area of the 3 cells and non-p cells rela-
tive to the total area of pancreatic tissue was calculated with WinROOF soft-
ware (version 5.0; Mitani Corp.) as described previously (41). More than 20
pancreatic sections from each animal, including representative sections of the
head, body, and rail of the pancreas, wete analyzed, and approximarely 100
islets per mouse were counted in each group. Adjacent nonoverlapping fields
were analyzed to obtain a true representation of average i;lct/ﬁ cell distribu-
tion throughout the pancreas. Individual f cell size was estimated by dividing
the § cell area by the number of B cell nuclei in the area covered, as described
previously (21). Maximum isler diamerer was also calculated with WinROOF
software. Immunostaining with anti-Ipfl anribody (42) was performed as
described previously (43). FoxO1 was immunohistochemically analyzed with
anti-FoxO1 antibody (Cell Signaling Technology).

BrdU incorporation analysis and PCNA staining. BrdU incorporation was
analyzed as described previously (44). in brief, BrdU (100 mg/kgin saling;
Sigma-Aldrich) was intraperitoneally injected, and the pancreas was
removed 6 hours later. The sections were double immunostained with
anti-BrdU antibody (diluted 1:200; Dako) and a cocktail of anti-glucagon,
anti-somatostatin, and anti-pancreatic polypeptide antibodies. BrdU-
positive f cells were quantitatively assessed as a proportion of all § cells
by counting the cells in approximately 50 islets per mouse, Sections were
immunostained for PCNA with mouse anti-PCNA antibody (dilured 1:10;
Progen Biotechnik) ar 4°C for 48 hours.

Detection of apoptotic cells. Single-strand DNA analysis in islets was per-
formed as described previously (45). Apoptotic cells were also derected in
deparaffinized pancredtic sections by using an in situ cell death detection kit
(Roche Diagnostics) according to the manufacturer’s recommendations.

Islet isolation. For metabolic analysis, islets were isolated with collagenase
as described previously (46). For preparation for RNA or protein, islets
were isolared by using liberase RI (Roche Diagnostics) according to the
manufacturer’s instructions.

Analysis of insulin secretion and determination of glucose-phosphorylating activity,
glucose oxidation, and cAMP content. Although the cellular composition of the
islets may be affected by the dietary regimen, we used islets of comparable
size (less than 250 wm in diameter) to assess islet insulin secretion and
glucose metabolism, because quantirative determination of f cell mass in
islers less than 250 pm in diameter yielded values in the 4 mouse groups
that were indistinguishable. Insulin secretion by islets was analyzed as
described previously (46). Glucose phosphorylation by hexokinase and Gek
was assayed fluorometrically as described previously (3, 47). Hexokinase
activity was measured at a glucose concentration of 0.5 mM, and the Gek
activity was estimated as the difference between acrivity at 0.5 mM glucose
and activity at 50 mM glucose. [U-*Clglucose oxidation in mitochondria
was assayed by measuring [MC]CO; production as described previously
(46). To extract cAMP for measurements, isler cells were disrupred by soni-
cation for § seconds in 500 pl 93% ethanol at 4°C, vortexed vigorously, and
centrifuged ar 18,000 g for 30 minures at 4°C. After removing the superna-
tant and evaporating to dryness, the samples were redissolved in sodium
acetate buffer (0.05 mol/l, pH 6.2), and cAMP levels were determined wich
an enzyme-linked immunosorbent assay kit (cAMP Biotrak Enzymeimmu-
noassay System; Amersham Biosciences) in 96-well plates on a spectropho-
tometer at 450 nm according vo the manufacrurer’s instructions.

Microarray analysis of mRNA letels in isolated islets, Isolated islets were culeared
overnight in RPMI 1640 medium containing 11.1 mM glucose (Sigma-
Aldrich) supplemented with 10% FBS, 0.075 g/l penicillin (Sigma-Aldrich),
Volume 117 Number |
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and 0.1 g/! strepromycin (Sigma-Aldrich). Total RNA was isolated with the
RNeasy Mini Kit (QIAGEN) and used as srarting material for cDNA prepara-
‘tion. RNA was prepared from 7 mice of identical genotype. The first- and
second-strand cDNA synthesis, array hybridization, and scanning were pet-
formed as described previously (48). In brief, RNA amplification was stavted
with § ug of roral islet RNA. Double-stranded cDNA was synthesized with
the SuperScript Choice system {Gibco) and a T7-(dT) 24 Primer (Amersham
Pharmacia Biotech). In vitro transcription was performed to produce biotin-
labeled cRNA by using a BioArray HighYield RNA Transcript Labeling Kit
(Affymetrix) according o the manufacturer's instructions. ¢cRNA was linearly
amplified approximately 40-fold with T7 polymerase by using half of the dou-
ble-stranded cDNA that was synthesized. The readings obtained by quantita-
tive scanning were analyzed with Affymetrix Gene Expression Analysis soft-
ware. Por expression change calls, we used the comparative analysis (Wilcoxon
signed rank test-based analysis) program in Microarray Suite version 5.0 as
described previously (49). The analysis was performed with the default param-
eters, where the P value of significant difference was below 0.0025.
Immunoblotting. The polyclonal anti-Irs1, anti-lrs2, and anti-p835 anti-
bodies were purchased from Upstate USA Inc. The polyclonal anti-Insr

antibody, and anti-1gf1rf antibody were purchased from Santa Cruz Bio~'

rechnology Inc. The and-Ake antibody, anti-lgflra antibody, anti-CREB
antibody, and phospho-CREB (Ser133) antibody were purchased from
Cell Signaling Technology Inc. The polyclonal and-Iptl antibody (42)
was provided by Y. Kajimoro (Osaka University, Suita, Japan). Islets were
sonicated in ice-cold buffer A (25 mMiTris-HCI, pH 7.4, 10 mM Na;VO,,
10 mM NaPPi, 100 mM NaF, 10 mM EDTA, 10 mM EGTA, and 1 mM
phenylmethylsulfony! fluotide) with an ultrasonic sonicator. Samples were
separated by SDS-polyacrylamide gel electrophoresis, and immunodetec-
rion was performed with an ECL kit (Amersham Biosciences). Protein was
prepared from more than 100 islets pooled from several mice of idenrical
genotype, and 20 g samples of proteins were applied to rhe gel.

Statistics. Results ave expressed as mean + SEM. Sratistical analysis was
performed using che StatView software system (version 4.5; Abacus). Dif-
ferences between 2 groups were analyzed for statistical significance by
Srudent’s ¢ test for unpaired comparisons. Individual comparisons among
more than 2 groups were assessed with the post-hoc Fisher’s pairwise least-
significanc-difference test. A P value less than 0.05 was considered to be

statistically significant.
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- Targeted disruption of AdipoR1 and AdipoR2 causes

abrogation of adiponectin binding and metabolic actions

Toshimasa Yamauchil~37, Yasunori Nio%">7, Toshiyuki Maki!7, Masaki Kobayashi', Takeshi Takazawa',

Masato Iwabu®2, Miki Okada-Iwabu!*2, Sachiko Kawamoto!, Naoto Kubota!~3, Tetsuya Kubota!, Yusuke Ito!,

Junji Kamon', Atsushi Tsuchida', Katsuyoshi Kumagai', Hideki Kozono!, Yusuke Hada'?, Hitomi Ogata?,

Kumpei Tokuyama?, Masaki Tsunoda®, Tomohiro Ide®, Kouji Murakami’, Motoharu Awazawal3, Iseki Takamoto!~3,
Philippe Froguel®, Kazuo Hara"?, Kazuyuki Tobe"3, Ryozo Nagai', Kohjiro Ueki! & Takashi Kadowaki'?

Adiponectin plays a central role as an antidiabetic and antiatherogenic adipokine. AdipoR1 and AdipoR2 serve as receptors for
adiponectin in vitro, and their reduction in obesity seems to be correlated with reduced adiponectin sensitivity. Here we show
that adenovirus-mediated expression of AdipoR1 and R2 in the liver of Lepr”- mice increased AMP-activated protein kinase
(AMPK) activation and peroxisome proliferator-activated receptor (PPAR)-« signaling pathways, respectively. Activation of

AMPK reduced gluconeogenesis, whereas expression of the receptors in both cases increased fatty acid oxidation and lead to an
amelioration of diabetes. Alternatively, targeted disruption of AdipoR1 resulted in the abrogation of adiponectin-induced AMPK
activation, whereas that of AdipoR2 resulted in decreased activity of PPAR-u signaling pathways. Simultaneous disruption of
both AdipoR1 and R2 abolished adiponectin binding and actions, resulting in increased tissue triglyceride content, inflammation
and oxidative stress, and thus leading to insulin resistance and marked glucose intolerance. Therefore, AdipoR1 and R2 serve

as the predominant receptors for adipenectin in vivo and play important roles in the regulation of glucose and lipid metabolism,

inflammation and oxidative stress in vivo.

Adiponectin (also known as Acrp30)!~* is a hormone secreted by adi-
pocytes that acts as a major antidiabetic and antiatherogenic adipokine.
Plasma adiponectin levels are decreased in obesity, insulin resistance and
type 2 diabetes' ™, Decreased adiponectin is implicated in the develop-
ment of insulin resistance in obesity, which is reversed by the replenish-
ment of adiponectin®™. This insulin-sensitizing effect of adiponectin
seems to be mediated by the inhibition of gluconeogenesis” and the
stimulation of falty acid oxidation®® via activation of AMP-activated
protein kinase ( AMPK)®? and peroxisome proliferator-activated recep-
tor (PPAR)-0 (refs, 10,11). Adiponectin also has antiatherogenic prop-
erties: for instance, it has anti-inflammatory effects in endothelial cells
and macrophages'™.

We reported previously that AdipoR1 and R2 serve as receptors for
adiponectin in vitro'? and that their expression levels are reduced in
obesity, apparently in correlation with reduced adiponectin sensitivity!3,
However, it remains Lo be clarified whether AdipoR1 and AdipoR2 serve
as the major receptors for adiponectin, while also acting as key physi-
ological regulators of glucose and lipid metabolism, inr vivo.

We report here that adenovirus-mediated expression of either
AdipoR1 or AdipoR2 in the liver ameliorated obesity-linked insulin
resistance and diabetes. Ini contrast, simultaneous disruption of AdipoR 1

and R2 abrogated adiponectin-specific binding and the glucose-lower-
ing effect of adiponectin, and resulted in marked glucose intolerance and
insulin resistance. We also demonstrate functional differences between
AdipoR1 and AdipoR2 in adiponectin-signaling pathways: namely, that
AdipoR1 may be more tightly linked to activation of AMPK pathways,
whereas AdipoR2 seems to be associated with the activation of PPAR-c
pathways and the inhibition of inflammation'* and oxidative stress!”,
These data indicate that AdipoR1 and R2 serve as the physiologically
most important receptors for adiponectin, while playing crucial roles in
the regulation of glucose and lipid metabolism, as well as inflammation
and oxidative stress, in vivo.

RESULTS

Adiporl and r2 expression in Lepr” mice improves diabetes
Adipor mRNA levels are decreased in obesity'?, so we first examined the
expression levels of Adipor mRNAs in the liver of Lepr™= (also known
as db/db) mice, a genetic animal model of human obesity. Expression
levels of Adipor] and Adipor2 decreased to approsimately 65% and 55%,
respectively, in the liver of Lepr~'~ mice as compared with wild-type
mice (Fig. 1a).
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To determine how decreased-expression of Adipor mRNA is involved
in the development of insulin resistance and diabetes in obese mice,
we next studied the effects of restoring Adipor expression, by means
of an adenovirus, in Lepr™™ mice. Following injection of the adeno-
virus, Adipor! expression levels were increased 1.5-fold in the liver of
Lepr~~ mice (Fig, 1b), comparable to levels in the wild-type mice (Fig.
1a), which did indeed significantly improve insulin resistance (Fig. 1b)
and diabetes (Fig. Lc). However, this improvement was only partial,

a7, though sigaificant (P < 0.01), since the area under the curve (AUC,

a measure of plasma glucose levels during the oral glucose tolerance

# test) decreased to 74% in Lepr~'~ mice, compared to an AUC of 24% in

the wild-type mice (Fig. le). This improvement in diabetes occurred
without an increase in plasma insulin levels (Fig. 1¢). These data sug-
gest that insulin resistance and diabetes in Lepr'~ mice are presumably
caused, at least in part, by decreases in Adiporl. This notion is further
supported by the data showing that even further overexpression of
Adiporl in the liver of Lepr™ mice (3-fold, Fig. 1d) now markedly
ameliorated diabetes (Fig. 1d), indicating an expression level-depen-
dent improvement (Fig. 1e and Supplementary Fig. 1 online). Likewise,
adenovirus-mediated 5-fold overexpression of Adipor2 in the liver of
Lepr~'= wice (Fig. 1f) markedly improved insulin resistance (Fig. 1f)
and ameliorated diabetes (Fig. 1g), and was associated with a decrease
in plasma insulin levels (Fig. 1g).

The effects of the adenovirus-mediated 1.5-fold expression of
Adiport or 5-fold overexpression of Adipor2 in the liver on the amelio-
ration of diabetes were lost in adiponectin-deficient'¢'? Lepr- mice
(Supplementary Fig, 1). These data are consistent with our conclusion
that the phenotypes resulting from restoration of adiponectin receptors
in the liver are due to increased adiponectin signaling.

To identity the physiological mechanisms involved in the amelioration
of diabetes seen in our earlier results, we performed a hyperinsulinemic
euglycemic clamp experiment (Fig. 2a). Adenovirus-mediated restora-

tion of Adiporl significantly reduced endogenous glucose production
(EGP), whereas overexpression of Adipor2 had little effect on EGP (Fig.
2a). However, both adenovirus-mediated restoration of Adipor! and
overexpression of Adipor2 increased the glucose infusion rate (GIR) by
about 2-fold (Fig. 2a), indicating increased insulin sensitivity.

To further examine the role of Adipor! or Adipor2 in the regulation
of gluconeogenesis, we performed a pyruvate challenge tesi*® by inves-
tigating the rise in plasma glucose in response to the administration
of pyruvate, a precursor for gluconeogenesis™. Adenovirus-mediated
restoration of Adiporl significantly suppressed the rise in plasma glucose
concentration after pyruvate injection (Fig. 2b), whereas overexpression
of Adipor2 had little effect (Fig. 2b).

AdipoR1 increases AMPK activation by adiponectin in liver

We next studied whether adenovirus-mediated expression of Adipor]
or Adipor2 in the liver of Lepr™'~ mice increases the effects of adipo-
nectin, such as the activation of AMPK (refs. 8,9) and PPAR-o (refs.
10,11). Adenovirus-mediated restoration of AdipoR1 resulted in sig-
nificantly increased activation of AMPX in the liver by adiponectin
(Fig. 2¢), whereas overexpression of Adipor2 did not (Fig. 2d). These
results suggested that Adiporl may be more involved in the activation
of AMPK by adiponectin than Adipor2 in the liver in vivo.

The activation of AMPK in the liver has been reported to reduce the
expression of genes encoding hepatic gluconeogenic enzymes such as
glucose-6-phosphatase (G6pc) and phosphoenolpyruvate carboxyki-
nase 1 (Pck1)2, as well as that of genes encoding molecules involved
in lipogenesis, such as sterol regulatory element-binding protein l¢
(Srebf1)?2. As predicted by these earlier studies, we found that ade-
novirus-mediated restoration of Adipor! significantly decreased the
expressions of G6pc (Fig. 2e), Pckl (Fig. 2f) and Srebf1 (Fig. 2g) in
the liver of Lepr™= mice; this may be a possible mechanism by which
the restoration of Adipor! in the liver reduced EGP (Fig. 2a), while
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increasing the GIR (Fig. 2a) and improving diabetes (Fig. 1e). In con-
trasl, overexpression of Adipor2 had little effect on the expression
levels of G6pc (Fig. 2e), Pck1 (Big. 2f) or Srelif1 (Fig. 2g).

AdipoR2 increases PPAR-¢, target genes in liver
Although Adipor2 overexpression had no effect on the gene expression
ol proteins involved in gluconeogenesis, it did significantly increase the
expression of a gene involved in glucose uptake {glucokinase ( Gek)¥)

3

57, Whereas restoration of Adiporl did not (Fig. 2h). Thus, whereas both

Adipor! restoration and Adipor2 overexpression increase the GIR (Fig.

*F 2a) and ameliorate diabetes (Fig, 1¢,g) they appear to do so by effects

on different aspects of glucose metabolisn.

Adenovirus-mediated expression of Adipor2 in the liver of
Lepr~= mice increased the expression of the gene encoding PPAR-L itself
(Ppara; Fig, 3a) and its target genes!”, including Acox1 (encoding acyl-
CoA oxidase; Fig. 3b) and Ucp2 (encoding uncoupling protein 2; Fig,
3b). In contrast, adenovirus-mediated expression of Adipor! had little
effect on any of these genes (Fig. 3a,b). These observations suggested
that AdipoR2 may be more involved in the activation of the PPAR-o
pathways than AdipoR1. Because both AMPK (ref. 24) and PPAR-0.
(ref. 10) have been reported to increase fatty acid oxidation, we next
examined the effects of adenovirus-mediated expression of Adipor] and
Adipor2 on fatty acid oxidation and tissue triglyceride content?®. We
noted a significant increase in the former (Fig. 3¢) and a decrease in
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the latter (Fig. 3¢) as a result of the adenovirus-mediated expression of
either Adipori or Adipor2 in the liver of Lepr~'~ mice.
Proinflammatory cytokines such as tumor necrosis factor (TNF)-0.
(ref. 26) and chemokines'* such as monocyte chemoattractant protein
(MCP)-1 (refs. 27-30) are involved in the induction of insulin resistance
in obesity, whereas PPAR-0. has been reported to reduce it*1 2%, Oxidative
stress'? is also involved in the induction of insulin resistance™*%, and
PPAR-¢ increases the expression of molecules involved in the reduction

of oxidative stress, such as catalase® and Cu,Zn-superoxide dismutase
(SOD1)*’, whose promoters contain peroxisome proliferator response
elements (PPRE). Adenovirus-mediated expression of Adipor2 in the
liver of Lepr™ mice increased Ppara (Fig. 3a), reduced Tnfand Cel2 (the
gene encoding MCP-1, also known as chemokine (C-C motif) ligand 2;
Pig, 3d), and significantly increased catalase {Cat) and Sod I (Fig, 3e),
while reducing oxidative stress (Fig. 3f). In contrast, adenovirus-medi-
ated expression of Adipor! had no statistically significant effects on these
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Figure 5 Targeted disruption of both Adipor] and Adipor2 results in abrogation of adiponectin binding and adiponectin actions, leading to marked glucose
intolerance and insulin resistance. {a,b) Binding and AUC of binding of full-length adiponectin to the primary hepatocytes. (c) Plasma glucose during the
adiponectin sensitivity test (30 pg per 10 g body weight). (d) Phosphorylation and amount of AMPK in liver treated with or without full-length adiponectin (30
1g per 10 g body weight) for 10 min. {e,f) Plasma glucose and plasma insulin during the oral glucose tolerance test. (g) Insulin resistance indices. Mice were on
a C57BU/G and 129/sv background. Percentages in a and b are with respect to the values in wild-type mice. Percentage in ¢ is with respect to value at time 0.
Densitometric quantification of bands is shown in d; data were corrected for the total amount of AMPK protein in each sample and are expressed as a ratio of the
vatues in vehicle-injected wild-type mice, Results are represented as mean + s.e.m. n= 6 inab and d; 10 in¢; 20 in e and f; and 10-20 in g (per genotype or
condition). *P < 0.05; **P< 0.01; ***P=0.06; NS, no significant difference (between two groups, as indicated, or versus wild-type, or versus vehicle).

NATURE MEDICINE VOLUME 13 | NUMBER 3 | MARCH 2007

335



7 Nature Publishing Group http://www.nature.com/naturemedicine

S
j=

©2

ARTICLES

a 16, : b’.? -o-Adipor1*’*Adipolg“"‘c 2 ol
100 # 100 B 120, = Adiporf-AdiporZ" g »}_pm B 69
= - = hospho-Akt = E S ¥
£12 Eeo ge0 = S0l by P iion: PES — ~Tns - PBS—Ins . < <40
%4 60 60 2 Genotype: WT AdiporiT Adipor2"” g
= Y = Q &
£ 240 240 =1 IB:total-Akt A g 20
Q4 5 20 20 g Stimulation: &
@ I . Y e e
o] o N S é’ 20 Genotype: WT Adipor1Adiporz’- G@ﬁg&'}ae: *
& & & g £ g 36 60 90 120 S
o o o Ti i &
&8 &8 59 ime (min) ¥
N \'s = X
N N X Ry
& & & o
&F & & W
*
d € f§ g a0 hg 2 512 =10
—a ~ 3 o Bt5 315 5 5 o) e
2 22l L By g oy & g £ g & 11
g &, = g = £ g g £ #i 8
£20 o £ e <t <% 8| | # 20e £56
P P4 % S [ # Z 2 T BE
Z10 g0 £'9 2210 ) £, E1. Fo4 Eoa F3
T 3 3 B 8 g 3 3 3 g2
go @0 G0 F=0 <0 39 So 0 0 0
N N N N N N N N X N
R A & g g Ly € g
& & & & &R &K & & & &
Pl s s ¥ s X % s y ¥ s
Q°<\ Q"‘\ Q°<\ Q"‘\ Q°<\ ¢ Q"‘\ Q°\\ Q°{\ Q°<\
. . ) v ) < ) ) . )
& & e W o XS xS " 0 W
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study. WT; wild-type (b) Plasma glucose levels during the pyruvate chatlenge test. (¢) Phosphorylation and amount of Akt treated with or without insulin (0.01
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parameters (Fig, 3a,d-f). The reduction of inflammation and oxidative
stress (Fig, 3d-f) also seemed to be among possible mechanisms by
which overexpression of Adipor2 in the liver improved insulin resistance
(Fig. 1f,g and Fig. 2a).

Adipor1-KO mice show increased EGP and insulin resistance

+, We generated AdiporI-knockout mice, confirmed by Southern blot

=00
% b analysis (Supplementary Fig. 2 online). Northern blot analysis and

real-time PCR revealed an approximate 50% reduction of Adiporl
mRNA expression in the liver of heterozygous Adiporl-knockout
mice (Supplementary Fig. 2) and the abrogation of Adipor! mRNA
expression in the liver, skeletal muscle and white adipose tissue of
homozygous Adipori-knockout mice (Supplementary Figs. 2 and
3 online).

Adipori-knockout mice were viable and fertile, with normal body
weight, and developed normally. Growth curves were similar (o those
of wild-type mice until at least 1 year of age, and food intake was
normal {data not shown). Plasma glucose and insulin levels in fed
mice were significantly higher in Adiporl-knockout mice relative to
control wild-type mice (Supplementary Fig. 4 online). To assess glu-
cose metabolism in the former group, we performed an oral glucose
tolerance test (Fig. 4a). Adipor1-knockout mice showed significantly
impaired glucose tolerance {Fig. 4a) and significantly higher plasma
insulin concentrations as compared to those in control wild-type
mice, indicating that they had developed insulin resistance (Fig.
4a). EGP was significantly increased and GIR significantly decreased
in Adiporl-knockout mice as compared to control wild-type mice
(Fig. 4b), indicating increased hepatic glucose production and insu-
lin resistance in the former group. Moreover, the pyruvale-induced
rise in plasma glucose concentration was significantly increased in

Adiporl-knockout mice (Fig. 4¢), suggesting that AdipoR 1 is required
for the proper regulation of gluconeogenesis. Hepatic G6pr expres-
sion levels were higher in Adiporl-knockout mice than in wild-
type mice (Fig. 4d), which is consistent with the increased hepatic
glucose production in the former (Fig. 4b). Hepatic Srebf] expression
levels were also higher in the knockouts (Fig. 4d), consistent with
the idea that AdipoR1 is the physiological link between activation of
AMPK and adiponectin signaling (Fig. 2c).

Adipor2-KO mice show insulin resistance

We also generated Adipor2-knockout mice (Supplementary Figs. 2
and 3), which were carried to term. Although these mice expressed
a small amount of an aberrantly spliced Adipor2 mRNA, this mRNA
could not make a protein (Supplementary Fig. 2 and Supplementary
Note online).

Adipor2-knockout mice were viable and fertile (both males and
females). Disruption of Adipor2 did not change body weight. Although
glucose intolerance was not observed in these mice (Fig. 4e), their
plasma insulin levels were significantly higher than in the wild-type
mice (Fig. 4e), suggesting that they had developed insulin resistance.
In contrast to our finding in Adiporl-knockout mice, EGP was not
significantly higher in Adipor2-knockout mice (Fig. 4f). However, GIR
and glucose disposal were both decreased in these mice (Fig. 4f).

To clarify the molecular mechanisms by which AdipoR2 deficiency
decreased GIR, we studied the expression levels of molecules involved
in glucose metabolism and insulin sensitivity. Hepatic expression lev-
els of PPAR-ot target genes, such as Acox! (Fig. 4g) and Ucp2 (Fig.
4g), were significantly decreased and hepatic Gek expression levels
slightly decreased (Fig. 4h) in Adipor2-knockoul mice, which may
have contributed to decreased GIR in these mice.
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Adipor1/r2 KO abrogates adiponectin binding and actions

We also generated Adiporl/r2 double-knockout mice (Supplementary
Figs. 2 and 3), which were carried to term. These mice were viable and
fertile (both males and females). Simultaneous disruption of Adiporl
and Adipor2 did not change body weight.

First, we studied whether adiponectin could specifically bind to pri-
mary hepatocytes, a major target of adiponectin action®”1%, obtained
from each knockout mouse (Fig. 5a,b). Specific adiponectin binding to
hepatocytes from Adipor!-knockout mice was markedly decreased (Fig.
5a,b) and that in Adipor2-knockout mice was slightly, but significantly,
decreased (as assessed by comparing the AUC of binding activities; Fig.
5b). Notably, we detected no appreciable adiponectin-specific binding
activity in the hepatocyles from Adipor1/r2 double-knockout mice (Fig.
5a,b), indicating undetectable levels of functional adiponectin receptors
in hepatocytes from these mice.

We next studied the action of adiponectin in Adiporl/r2 double-
knockout mice. We have previously reported that treating wild-type
mice with adiponectin reduces plasma glucose levels and that this was
at least partly due to decreased gluconeogenesis resulting from AMPK
activation®. Here, we found that treatment of wild-type mice with adi-
ponectin significantly reduced plasma glucose levels (Fig. 5¢), whereas
this effect was completely abolished in Adipor1/2 double-knockout mice
(Fig. 5¢). These dala indicate that AdipoR1 and AdipoR2 serve as the
major physiological adiponectin receptors in vivo.

Next we examined the role of AdipoR1 and AdipoR2 in adiponectin-
induced AMPK activation in the liver in vivo (Fig. 5d) and in hepatocytes
ex vivo (Supplementary Fig. 4). Adiponectin increased the phosphoryla-
tion of AMPK in the liver in vivo and in hepatocytes ex vivo isolated from
wild-type littermates and Adipor2-knockout mice but not in those from
Adipori-knockout mice and Adiporl/+2 double-knockout mice (Fig. 5d
and Supplementary Fig. 4). These results demonstrate that AdipoR1,
but not AdipoR2, is required for adiponectin-mediated activation of
AMPK in the liver.

Adiporl/r2 KO results in marked glucose intolerance
We next studied glhicose metabolism in Adiporl/r2 double-knockout
mice. These mice showed markedly impaired glucose tolerance (Fig.

257, 5€). Their plasma insulin concentrations were significantly higher than
. %tlmse of control wild-type mice (Fig. 5f), indicating that Adipor1/r2
L

double-knockout mice exhibit insulin resistance. There was a significant
elevation of the insulin resistance index in the double knockouts com-
pared to the Adipor]-knockout mice (Fig. 5g); this can be attributed to
the Adipor2 deficiency (Fig. 5g).

We next performed the oral glucose tolerance test on mice fed a high-
fat diet (Supplementary Fig. 4). Adipori-knockout, Adipor2-knockout
and Adipor1/r2 double-knockout mice exhibited significantly impaired
glucose tolerance and increasing plasma insulin levels on a high-fat diet
{Supplementary Fig. 4), indicating development of insulin resistance
and glucose intolerance on this diet.

Adipor1/r2 double-knockout mice showed significantly increased
EGP, decreased glucose disposal and significantly decreased GIR (Fig.
6a). These observations indicate increased hepalic glucose production
and insulin resistance in the liver and potentially decreased glucose
uptake and mild insulin resistance in the skeletal muscle. Moreover, the
pyruvale-induced rise in plasma glucose concentration was significantly
increased compared to wild-type (Fig. 6b), almost as much as in Adipor!
knockout mice (Fig. 4c), suggesting that AdipoR1 is required for proper
regulation of gluconeogenesis.

In the liver of Adiporl/r2 double-knockout mice, insulin recep-
tor and insulin receptor substrate(IRS)-2 tyrosine phosphorylation
(Supplementary Fig. 4) and insulin-stimulated Akt phosphorylation
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(Fig. 6¢) were decreased as compared to that in wild-type mice, suggest-
ing insulin resistance in the liver of the double-knockout.

We next studied the expression levels of molecules involved in glucose
and lipid metabolism, Simultancous disruption of both Adipor! and
Adipor2 significantly increased the expression levels of genes encoding
molecules involved in gluconeogenesis, such as Pck1 (Fig. 6d), which
may explain the increased EGP in this strain (Fig. 6a). Moreover, simul-
taneous disruption of both Adipor! and Adipor2 significantly increased
the expression levels of genes encoding molecules involved in fatty acid
synthesis, such as Scd1 (ref. 38 and Fig. 6d) and Srebf1 (Fig. 6¢), while
also increasing tissue triglyceride content in the liver (Fig. 6e) and
decreasing the expression of genes encoding molecules involved in fatty
acid oxidation, such as AcoxI (Fig. 6f), and energy expenditure, such as
Ucp2, in muscle (Fig. 6f).

As we had determined for the individual overexpressors of Adipor]
and Adipor2, we examined inflammation and oxidative stress in adipose
tissue®® from knockout mice. Simultaneous disruption of Adiporl and
Adipor2 resulted in significantly increased expression of genes encoding
chemokines, such as Ccl2 (Fig. 6g), and decreased expression of genes
encoding molecules that reduce oxidative stress, such as Car and Sod!
(Fig. 6h), and increased oxidative stress in white adipose tissue (Fig.
6h).

Discussion

In this study, we found that expression of Adiporl or Adipor2 in liver
can reverse insulin resistance and diabetes in the db/db (Lepr~") mouse
model of obesity and type 2 diabetes. The present data suggest that
downregulation of Adiporl and Adipor2 in obesity are involved in the
development of insulin resistance and diabetes.

‘We showed the apparent functional differences between AdipoR1 and
AdipoR2 in adiponectin signaling pathways. AdipoR1 was more tightly
linked to the activation of the AMPK pathways which regulate the inhi-
bition of gluconeogenesis and thus may be associated with the decreased
EGP observed in Lepr~~ mice overexpressing Adipor! in the liver. In
contrast, AdipoR2 was more involved with activation of the PPAR-o
pathways, which stimulate energy dissipation and inhibit inflammation
and oxidative stress, and thus may be associated with the increased GIR
seen in Lepr~~ mice overexpressing Adipor2 in the liver. Stimulation of
fatty acid oxidation by the expression of Adipor! and Adipor2 may be
mediated via the AMPK and PPAR-o. pathways, respectively, which in
turn lead to decreased triglyceride content. Thus, both pathways can
increase insulin sensitivity though by different signaling mechanisms.
These functional differences between AdipoR1 and AdipoR2 may be
accounted for by AdipoR1- or AdipoR2-specific intracellular binding
proteins. We are attempting to identify such proteins, which may medi-
ate the activation of AMPK and PPAR-w, respectively, by adiponectin.

In Adiporl/r2 double-knockout mice, adiponectin-specific binding
and adiponectin-induced actions, such as reductions in serum glucose
levels, were abrogated. Thus AdipoR1 and AdipoR2 are the major physi-
ological receptors for adiponectin, while mediating most, if notall, parts
of adiponectin binding and adiponectin actions in vivo. Although T-
cadherin®!, which is also expressed in the liver, is reported to be capable
of binding to adiponectin, we found that simultaneous disruption of
Adipor] and Adipor2 was sufficient to almost completely abolish adi-
ponectin binding to the liver, which is the major organ responsible for
mediating the whole-body metabolic effects generated by adiponec-
tin®71%, Not surprisingly then, the Adiporl/r2 double-knockout also
completely abolished the niajor adiponectin-induced metabolic effects
(such as decreases in serum glucose levels). Thus, it remains to be
determined whether T-cadherin is a physiologically relevant receptor,
although it may bind adiponectin in vive.
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Targeted disruption of either Adiporl or Adipor2 resulted in insulin
resistance, and disruption of both resulted in a marked glucose intol-
erance and insulin resistance. These findings provide the first direct
evidence, to our knowledge, that AdipoR 1 and AdipoR2 do indeed play
important physiological roles in the regulation of insulin sensitivity in
vivo. However, the observation that the Adipor1/r2 double-knockout
mice appeared to be more insulin resistant and glucose intolerant than
the adiponectin-knockout mice raises a few possibilities that we are cur-
rently investigating, Namely, there may be other ligands for AdipoR1/
AdipoR2 in addition to adiponectin, and AdipoR1 and/or AdipoR2 may
have basal constitutive activities.

The insulin resistance in Adiporl-knockout mice was manifested in
the significant increase in gluconeogenic enzymes, increased EGP and
greatly increased plasma glucose during pyruvate challenge tests, which
could be accounted for by the abrogation of adiponectin-induced AMPK
activation in the liver. In contrast, insulin resistance in Adipor2-knockout
mice was characterized by the significantly decreased GIR and tendency
for decreased glucose disposal, which may have resulted from decreased
glucose uptake in the liver and possibly also in the skeletal muscle. It
is possible that the decreased glucose uptake in the liver of these mice
resulted from a decrease in the number of molecules involved in glucose
uptake (such as glucokinase) and/or from a decrease in PPAR-0. activa-
tion in the liver. It is unlikely that the insulin resistance in the Adiporl
knockout is due to similar effects because we did not observe decreased
PPAR-o. activation or decreased glucokinase in that mutant nor was
the glucose disposal rate changed. However, we cannot account for the
decreased glucose uptake in the skeletal muscle of Adipor2-knockout
mice by decreased AMPK activation in skeletal muscle because the
AMPK pathway does not appear to be regulated by AdipoR2. Indeed,
abrogation of adiponectin-induced AMPK activation in muscle was
not observed in the Adipor2-knockout mice, although it was seen in
Adiporl-knockout mice (Supplementary Fig.5 online). Instead, it may
have been due to decreased PPAR-0 activation in the skeletal muscle,
indirect actions of decreased PPAR-¢. activation in the liver, increased
inflammation, increased oxidative stress in WAT or all of the above. We
did not observe any of these alterations in AdiporI-knockout mice. To
determine the magnitude of insulin resistance and the role of AdipoR2

5:Tp, i1} skeletal muscle, experiments such as tracer studies, ex vivo studies in
%musc]e strips or studies using labeled 2-deoxyglucose injections in vivo

will be informative and will be the subject of future experiments.

Adipori/r2 double-knockout mice exhibited the phenotypes of both
AdiporI-knockout mice and Adipor2-knockout mice. Thus they showed
significantly increased EGP, decreased glucose disposal and greatly
decreased GIR. Both the increase in EGP and the decrease in glucose
disposal may be accounted for by Adipor] deficiency, which also decreases
AMPK activation and increases the levels of gluconeogenic enzymes
and increases the rise in plasma glucose during pyruvate challenge test,
whereas the Adipor2 deficiency decreases PPAR-0, activation and increases
inflamumation and oxidative stress. The marked decrease in GIR may be
caused by both increased BGP and decreased glucose disposal.

Although relying on different signaling pathways (that is, AMPK
and PPAR-¢t), a common end point (increased [atty acid oxidation
and reduced triglyceride content) may be how the expression of either
Adipor1 or Adipor2 in the liver could improve insulin resistance and dia-
betes. The reduction of inflammation and oxidative stress also seemed to
be among possible mechanisms by which overexpression of Adipor2 in
the liver improved insulin resistance. Moreover, we noted an increase in
oxidative stress in white adipose tissue (WAT), which may i be one of the
mechanisms by which simultaneous disruption of Adipor! and Adipor2
results in marked glucose intolerance, insulin resistance, significantly
decreased GIR and slightly decreased glucose disposal.

In conclusion, AdipoR1 and AdipoR2 are key players in the physiolog-
ical and pathophysiological significance of adiponectin, and are involved
in the regulation of glucose and lipid metabolism, inflammation and
oxidative stress. This study suggests that agonism of AdipoR1/R2, as
well as strategies to increase AdipoR1/R2, may be logical approaches to
providing a new treatment modality for insulin resistance and type 2
diabetes linked to obesity.

METHODS

Generation of AdiporI- and Adipor2-kneckout mice. To construct the targeting
vector for disruption of the Adipor! or Adipor2 gene, a neomycin resistance gene
was substituted for exons 2, 3 and 4 of the Adipor1 gene or exon 3 of the Adipor2
gene (Supplementary Fig. 2). The strategy for culturing, electroporation of 11
embryonic stem (ES) cells (129/Sv), and screening for homologous recombinant
clones was as described previously'®, with slight modifications, Male chimeric
mice were mated with C57B1/6 female mice to generate heterozygous offspring,
and F1 progeny from two independently generated male chimeric mice were
crossed to obtain F2 mice. Both mice lines showed identical phenotypes in all
experiments carried out in this study. Adipor! ~I~{Adipor2~'~ mice were prepared
by AdiporI*'~IAdipor2*/~ mouse intercrosses (Figs. 5 and 6, and Supplementary
Figs. 2-5). All experiments in this study were conducted on male littermates. The
procedures used for Southern blot analysis have been described previously’®.

Mice. Mice were 810 weeks of age at the time of the experiment. They were
housed in cages and maintained on a 12-h light-dark cycle. For the experiment
depicted in Supplementary Figure 4, we used high-fat diet 32 consisting 0f 25.5%
{wt/wt) protein, 2.9% fiber, 4.0% ash, 29.4% carbohydrates, 32% fatand 6.2%
water (CLEA Japan Inc.)*®, For all other experiments, the diets were standard
chow (CE-2, CLEA Japan Inc.) with the following composition: 25.6% (wt/wt)
protein, 3.8% fiber, 6.9% ash, 50.5% carbohydrates, 4% fat and 9.2% water!®
Male Lepr”- ar C57Bl/6 mice (aged 8-10 weeks) were purchased from Iapan
CLEA. To study AMPK phosphorylation in vive, we injected 30 y1g recombinant
murine adiponectin per 10 g body weight intravenously in mice through an
inferior vena cava catheter®, This resulted in an increase of plasma adiponectin
levels, to approximately 30 ug/nl; this showed that the adiponectin dose used in
this study was comparable to endogenous adiponectin levels. Mouse full-length
adiponectin was generated as previously described®®!2, The glucose tolerance,
insulin tolerance and adiponectin sensitivity tests were conducted as previously
described®, with slight modifications. For the pyruvate challenge test?Y, mice
deprived of food overnight were injected intraperitoneally with pyruvate dis-
solved in saline (2 g/kg). Plasma glucose concentration was measured at the
indicated times thereafter. The pyruvate-induced increase in plasma glucose
concentration was abolished by previous administration of 3-mercaptopicolinic
acid (30 mg/kg), an inhibitor of gluconeogenesis (data not shown), suggest-
ing that this effect of pyruvate was dependent on gluconeogenesis. The animal
care and use procedures were approved by the Animal Care Committee of the
University of Tokyo.

Northern blot analysis, quantitative analysis by real-time PCR and immunob-
lotting, Total RNA was prepared from cells or tissues with Trizol (Invitrogen)
according to the manufacturer’s instructions. We used a real-time PCR method
to quantify the mRNAs (ref. 12), with slight modifications (Supplementary
Methods online). Northern blot analysis was performed as described previ-
ously! 2, with slight modifications. The procedures used for immunoblotting
have been described previously®!#, The livers or muscles were freeze-clamped
in liquid nitrogen in situ™"3, Phosphorylation and the protein levels of Akt and
AMPK were determined as described elsewhere® %39, Representative data from
one of two or three independent experiments are shown.

Blood sample assays. Plasma glucose levels were determined using a glucose
B-test {Wako Pure Chemical Industries). Plasma insulin was measured with an
insulin immunoassay (Shibayagi). Plasma adiponectin levels were determined
using a mouse adiponectin ELISA kit (Otsuka Pharmaceutical Co. Ltd.).

Adenovirus-mediated gene transfer in vivo. The recombinant adenoviruses
Adex1CAAdipoR! and Adex]CAAdipoR2 were constructed by homologous
recombination between the expression cosmid cassette and the parental virus
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genome®. Mice were injected intravenously with adenoviruses expressing lacZ,
Adiporl {ref. 12) or Adipor2 (ref. 12), at concentrations of 1 x 10% or 3 x 108
plaque-forming units {pfu) per gram of body weight, as previously described?®.
After 5-7 d, the mice were subjected to an overnight fast before testing. There were
no significant differences between the livers from mice injected with adenoviruses
expressing lacZ, Adipor or Adipor2, in terms of the expression Jevels of house-
keeping genes we examined,

Hyperinsulinemic-euglycemic clamp study. Clamp studies were carried out as
described previously'™0, with slight modifications (Supplementary Methods).

Mice primary hepatocytes. Hepatacytes were isolated from 8-week-old male mice
by the collagenase perfusion method*?, with slight modifications (Supplementary
Methods).

Binding assay. Recombinant full-length adiponectin was labeled with 121 at Tyr
by IODObeads (Pierce) in the presence of Naf'#1} (2,000 Ci/mmol, Amersham
Pharmacia Biotech) according to the manufacturer’s protocol. Binding assay was
carried out as described previously®'?, with slight modifications (Supplementary
Methods). :

Lipid metabolism, lipid peroxidation, and other materials. The measurements
of [HMCICO, production from |1-1*C]palmitic acid were performed using liver
slices, as described elsewhere®®!1, Liver homogenates were extracted, and tis-
sue triglyceride content was determined as described previously®®!!, with some
modifications. To investigate whether oxidative stress was increased, we measured
lipid peroxidation, a marker of oxidative injury, represented by plasma thiobarbi-
turic acid reactive substance (TBARS) as described®. Briefly, tissue samples were
homogenized in a buffer solution containing 50 mM Tris-HCI (pH 7.4) and 1.15%
KC, and then centrifuged. The supernatant was used for the assay. The levels of
lipid peroxidation in tissue homogenate were measured in terms of the amount of
TBARS using the LPQ test (Wako Pure Chemical Industries). All other materials,
including chemicals, were fron the sources given in refs. 6,8,12,13,18 and 30.

Statistical analysis. Results are expressed as the mean # s.e.m. Differences
between two groups were assessed using unpaired two-tailed (-tests. Data involv-
ing more than two groups were assessed by analysis of variance (ANOVA).

Note: Supplententary information is available on the Nature Medicine website.
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Background: Human serum adiponectin exists in 3
multimer forms: high molecular weight (HMW), middle
molecular weight, and low molecular weight (LMW),
with some of the latter bound to albumin (Alb)-LMW.
Some studies have suggested that adiponectin crosses
the blood-brain barrier and plays a central role in
energy homeostasis.

Methods: To determine cerebrospinal fluid (CSF) adi-
ponectin at extremely low concentrations, we modified
the protocol of the ELISA system used to assay serum
adiponectin. The 3 multimers of adiponectin were mea-
sured separately by pretreating CSF with 2 proteases.
We measured the CSF adiponectin concentrations in
anonymous human samples (n = 19). The molecular
sizes of adiponectin in CSF pretreated with proteases or
untreated were determined by use of native PAGE and
immunoblotting,.

Results: The ELISA system measured adiponectin in the
range of 1.0-167 pg/L. The between-assay imprecision
estimates (CVs) were 6%—17% for the 3 forms. The mean
total CSF adiponectin concentration (7.2 ug/L) was ~1/
1000 of the mean concentration in serum. Unlike serum
adiponectin, the LMW and Alb-LMW forms predomi-
nated in all of the CSF samples. Immunoblotting anal-
ysis revealed that most LMW forms were bound to Alb,
although the HMW form was detected in some samples.
Conclusions: The modified ELISA system measures the
3 multimers separately and is sufficiently sensitive to
measure adiponectin in CSF.

© 2007 American Association for Clinical Chemistry

Adiponectin is an adipocyte-derived adipokine (1) with
multiple functions, including antidiabetic (2), antiathero-
genic (3), and antiinflammatory actions. Although the
adiponectin target organs are the liver, muscles, and
blood vessels, some studies have suggested that adi-
ponectin has central effects on energy homeostasis. The
intracerebroventricular administration of adiponectin in
normal mice led to dose-dependent decreases in the body

weight without substantial inhibition of food intake. Fur-
thermore, intravenous adiponectin injection induced a
>3-fold increase in cerebrospinal fluid (CSF) adiponectin
concentration (4). In contrast, a study of humans revealed
that the adiponectin concentration in CSF made up only
0.1% of the serum adiponectin concentration, suggesting
that adiponectin does not cross the blood-brain barrier
(5). Hence, controversy remains as to whether adiponec-
tin can cross the blood—brain barrier under physiological
conditions.

Adiponectin in human blood exists as 3 multimers
with distinct molecular sizes: trimeric low molecular
weight (LMW), hexameric middle molecular weight
(MMW), and high molecular weight (HMW) forms (6).
Some of the LMW adiponectin exists as albumin (Alb)-
bound forms (Alb-LMW) (7). The molecular weights of
adiponectin affect the strength of their metabolic actions.
Several studies have suggested that HMW adiponectin
and the ratio of HMW adiponectin to total adiponectin are
more closely associated with insulin sensitivity and met-
abolic syndrome than is total adiponectin (8, 9). ELISAs
for measuring the 3 multimers separately (10) are avail-
able in Asia (Daiichi Pure Chemicals), the US, and the
European Union (ALPCO Diagnostics).

We developed and tested a highly sensitive ELISA
system for measuring CSF adiponectin and examined
whether HMW adiponectin is detectable in human CSF.
To measure extremely low concentrations of adiponectin
in CSF, we moditied the protocol of the ELISA used to
measure serum adiponectin (10). Human CSF was ob-
tained from residual clinical samples that had normal cell
counts and CSF concentrations of total protein, Alb, IgG,
Bo-macroglobulin, glucose, lactate dehydrogenase, and
chloride. We excluded samples in which erythrocyte
contamination was detected by microscopic examination.
After ensuring confidentiality of the identities of the
sample donors, their CSF samples were labeled only with
age and sex and were sent to our laboratory. To ensure
that the samples were not contaminated with erythro-
cytes, we examined all of the CSF samples after low-speed
centrifugation. Finally, we obtained 19 CSF samples [9
males and 10 females; mean (SD) age 51.6 (17.2) years]
and stored them in a deep-freezer until use. Informed
consent was obtained from all of the study participants,
and the procedures were strictly in accordance with the
statement of the Japanese Society of Laboratory Medicine
on the use of residual clinical samples (11).

This modified ELISA system enabled us to measure the
3 multimers separately by pretreating the samples with 2
proteases. A total of 150 uL of CSFE is required to measure
the concentrations of total adiponectin and all 3 multi-
mers. To determine total adiponectin, we mixed 50 pL of
CSF with 50 pL of pretreatment buffer containing no
protease [50 mmol/L Tris-HCI (pH 8.0)]. The mixture was
added to 50 pL of sample buffer [100 mumol/L sodium
citrate (pH 3.0) containing 20 g/1 sodium dodecyl sulfate
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Fig. 1. Detection and quantification of adiponectin multimers in human
CSF.

(4), linearity of the dilution curves of human CSF samples. After the 3 human CSF
samples (Table 1, sample nos. 1-3) were treated according to the sample
pretreatment procedure outlined for the total adiponectin assay, the samples
weie further diluted serially with BSA-PBST. (B}, typical Western blotting analysis
of adiponectin multimers in human CSF. Human CSF (4 ul; sample nos. 1-4)
was separated using native PAGE and analyzed with Western blotting. (C),
detection of the LMW form of adiponectin. Human CSF (10 uL: sample nos. 1-4)
was separated using nonheating SDS-PAGE and analyzed with Western blotting.
(D), selectivity of protease digestion. After human CSF (sample no. 4) was
treated with protease A Amano or proteinase K according to the sample
pretreatment procedure (without sample buffer), 4 ul each of the pretreated
samples were separated using native PAGE and analyzed with Western blotting.

Technical Briefs

(SDS)]. For selective MMW + HMW adiponectin deter-
mination, 50 uL of CSF was incubated with the pretreat-
ment buffer containing 1.0 g/L protease A Amano
(Amano Enzyme) for 20 min at 37 °C. The mixture was
then added to 50 uL of the sample buffer. For selective
HMW adiponectin determination, we incubated 50 uL of
CSF with the pretreatment buffer containing 3.75 kU/L of
proteinase K (Roche Diagnostics) for 20 min at 37 °C. The
mixture was then added to 50 pL of the sample buffer.

These pretreated samples were further diluted 31-fold
with PBS (15 mmol/L, pH 7.5) containing 10 g/L BSA and
0.5 g/L Tween 20 (BSA-PBST). Each well of the polysty-
rene microtiter plates (Nunc) was coated with 50 uL of
antihuman adiponectin monoclonal antibody (No. 64405;
5 mg/L in PBS) (10) and incubated overnight at 4 °C.
After PBST rinsing, the wells were blocked with 100 uL of
BSA-PBST at room temperature for 2 h. The calibrators
(0-1.8 pg/L dimeric adiponectin from human serum) (10)
or diluted samples (50 uL each) were placed in the wells
and incubated at room temperature for 2 h. After rinsing
with PBST, 50 pL of antihuman adiponectin biotinylated
monoclonal antibody (No. 64404) (10) was added to each
well, and the plate was incubated at room temperature for
1 h. After PBST rinsing, the biotinylated antibody was
allowed to react with horseradish peroxidase-conjugated
streptavidin (Pierce) at room temperature for 30 min. The
trapped adiponectin—antibody complexes were then
washed extensively and incubated with substrate solution
(o-phenylenediamine in citrate buffer, pH 5.0, containing
hydrogen peroxide) at room temperature for 20 min; the
absorbance was measured at 492 nm. The concentrations
of MMW and LMW (including Alb-LMW) adiponectin
were obtained by subtracting the HMW concentration
from the MMW + HMW concentrations and the MMW +
HMW concentrations from the total adiponectin concen-
tration, respectively. In the modified ELISA, the analytical
limit of detection (12) was ~1.0 ug/L, and the calibration
curve was linear up to 167 pg/L (y = 1.10x + 014, r =
0.999). Decreasing the sample dilution and increasing the
sample incubation and substrate reaction times rendered
this modified system ~200 times more sensitive than the
original system used to measure serum adiponectin. We
confirmed that the curve of measured values of serially
diluted CSF samples paralleled the calibration curve
(Fig. 1A). The intraassay CVs (n = 8) were 7.3% and 2.7%
at adiponectin concentrations of 7.1 and 17.8 ug/L, re-
spectively. The interassay CVs (n = 4) were 6.3%, 17.2%,
and 5.8% for the total adiponectin, MMW + HMW, and
HMW assays, respectively, at adiponectin concentrations
of 19.0 pg/L.

Despite the extremely low CSF-adiponectin concentra-
tions, we measured adiponectin successfully in 19 clinical
samples (Table 1). The mean (SD) total CSF adiponectin
concentration was 7.2 (7.2) ug/L, which is ~1000 times
lower than the serum adiponectin concentration. We also
used electrophoresis to quantify the total adiponectin
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concentrations. The adiponectin multimers were con-
verted into the dimer by heat denaturation and subjected
to SDS-PAGE. The dimeric adiponectin bands were visu-
alized by Western blotting with goat antiadiponectin
antibody (R&D Systems) and quantified by densitometric
intensity, which increased linearly from 1.0 to 25 ug/L.
We detected a strong positive correlation n = 19, v =
0.940) between the total adiponectin values determined
by the 2 methods.

In all 19 samples, the LMW adiponectin was the
dominant form of the 3 multimers (Table 1). In 16 of the 19
samples, the MMW or HMW concentrations were below
the detection limits. In 3 samples, all 3 adiponectin
multimers were detected. For these 3 samples, the mean
(SD) ratios of HMW, MMW, and LMW (including Alb-
LMW) to total adiponectin were significantly different
from the reported values for the serum samples (n = 47):
0.18 (0.04) vs 0.39 (0.13), P <0.05; 0.15 (0.01) vs 0.27 (0.05),
P <0.00%; 0.69 (0.05) vs 0.34 (0.10), P <0.005, respectively,
according to the Mann-Whitney U-test (10).

To confirm these results, we separated the same CSF
samples using 2%-15% native PAGE followed by Western
blotting against adiponectin using goat antiadiponectin
antibody (10). The adiponectin multimers in the CSF
samples were at the same positions as those of the serum
adiponectin multimers (Fig. 1B). As expected, the CSF
samples showed considerably weaker MMW and HMW

Table 1. Adiponectin concentrations in human CSF.”
Adiponectin concentration, ug/L

Sample
no. Age Sex Total HMwW Mviwe Lvwe
1 67 F 19.4 1.1 <1.0 17.3
2 32 F 4.6 1.0 <41.0 4.6
3 66 F 6.8 1.0 <1.0 5.7
4 53 F 19.1 4.2 3.1 11.8
5 74 M 5.2 <1.0 <1.0 5.2
6 52 M 2.9 <1.0 <1.0 2.7
7 60 F 1.0 <1,0 <1.0 1.0
8 15 F 24.7 3.9 3.4 175
9 69 M 6.4 <1.0 <1.0 6.4
10 53 F 16.1 2.6 2.2 11.3
11 52 M 3.5 1.0 <1.0 2.5
12 23 M 1.3 <1.0 <1.0 1.3
13 39 F 5.9 1.3 <1.0 4.1
14 64 M 2.6 <1.0 <1.0 2.6
15 37 M 1.0 <1.0 <1.0 1.0
16 41 F 16 <10 <1.0 1.6
17 70 F 7.9 <1.0 1.4 5.9
18 42 M 5.9 <1.0 <1.0 5.9
19 72 M 1.7 <1.0 <1.0 1.7

2 CSF was obtained from 19 subjects with normal CSF cell counts and
laboratory tests. The total and 3 multimer adiponectin concentrations were
determined using the ELISA described in the text. HMW, high molecular weight
form: MMW, middie molecular weight form; LMW, low molecular weight form.

7 MMW = (MMW + HMW) — HMW.

CLMW == total — (MMW + HMW).
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bands and clearer Alb-LMW (double-stained) bands than
those observed in the serum control (7). Such double
staining might result from hydroxylation or glycosylation
of the Alb-LMW form (13). Because the LMW form cannot
be detected clearly in native PAGE analysis, we used
nonheating SDS-PAGE analysis to separate the LMW
form from CSF (6) and thus confirmed the existence of the
LMW form in human CSF (Fig. 1C).

Finally, we examined whether protease A Amano and
proteinase K selectively digest the CSF adiponectin mul-
timers. We used native PAGE and Western blotting to
analyze the digested products of CSF (10). Consequently,
we obtained HMW and MMW adiponectin after protease
A Amano digestion and HMW adiponectin after protein-
ase K digestion (Fig. 1D). As with serum samples, these
selective digestions enabled us to measure the 3 multi-
mers in CSF samples.

The predominance of the smaller molecular forms in
human CSF is supported by a recent report (14). In men,
but not in women, the CSF adiponectin concentrations
correlated positively with serum adiponectin and nega-
tively with body mass index. Furthermore, adiponectin
receptors were detected in the brain (4, 5). These results
suggest that the presence of CSF adiponectin did not
result from contamination with peripheral blood during
CSF sampling.

In conclusion, our modified ELISA system is sufficiently
sensitive for measuring CSF adiponectin, and it can
measure the 3 multimers. Although LMW (including
Alb-LMW) adiponectin was found to be the dominant
form in this set of human CSF samples, HMW and MMW
adiponectin multimers were also detected in some sam-
ples. Additional studies are required to clarify how the
adiponectin multimers are transported across the blood~
brain barrier and whether they play central roles in
energy homeostasis. Our modified ELISA system will
serve as a useful tool for future studies using CSF
samples.
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