Reversal of Type 1 Diabetes in Mice by Brown Adipose

Tissue Transplant
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Current therapies for type 1 diabetes (T1D) involve insulin
replacement or transplantation of insulin-secreting tissue, both
of which suffer from numerous limitations and complications.
Here, we show that subcutaneous transplants of embryonic brown
adipose tissue (BAT) can correct T1D in streptozotocin-treated
mice (both immune competent and immune deficient) with se-
verely impaired glucose tolerance and significant loss of adipose
tissue. BAT transplants result in euglycemia, normalized glucose
tolerance, reduced tissue inflammation, and reversal of clinical
diabetes markers such as polyuria, polydipsia, and polyphagia.
These effects are independent of insulin but correlate with recov-
ery of the animals’ white adipose tissue. BAT transplants lead to
significant increases in adiponectin and leptin, but with levels that
are static and not responsive to glucose. Pharmacological block-
ade of the insulin receptor in BAT transplant mice leads to im-
paired glucose tolerance, similar to what is seen in nondiabetic
animals, indicating that insulin receptor activity plays a role in the
reversal of diabetes. One possible candidate for activating the in-
sulin receptor is IGF-1, whose levels are also significantly elevated
in BAT transplant mice. Thus, we propose that the combined ac-
tion of multiple adipokines establishes a new equilibrium in the
animal that allows for chronic glycemic control without insulin.
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ype 1 diabetes (T1D) involves autoimmune-
mediated destruction of B-cells, which leads to

an absolute deficiency of insulin and loss of gly-

cemic control. The ultimate cure for T1D would

require permanent renormalization of blood glucose homeo-
stasis. Although insulin is believed to be the major regulator
of blood glucose levels, numerous other hormones are also
involved (1). In particular, adipose tissue is a versatile
endocrine organ secreting a variety of adipokines with
both hyperglycemic and hypoglycemic properties (1-3).
Two adipokines, adiponectin and leptin, have recently
been reported to ameliorate diabetes phenotypes in the
absence of exogenous insulin (4-7), indicating that specific
adipokines may be able to compensate for a loss of insulin.
In addition to the destruction of pancreatic B-cells, T1D

is associated with a loss of adipose tissue. Successful treat-
ment of T1D results in spontaneous recovery of adipose
tissue along with the restoration of normal glucose levels
and dynamics (8-10). However, a two-way relationship
between adipose tissue and blood glucose homeostasis has
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not yet been documented. Previous data following strepto-
zotocin (STZ)-diabetic mice (a model of T1D) treated by
embryonic pancreatic tissue transplants suggest that healthy
adipose tissue contributes to the correction of T1D, even
when insulin levels are low (11). In some immune-deficient
nude mice (NCRNU; Taconic), we observed return to
euglycemia and reversal of clinical signs of diabetes de-
spite a lack of any measurable increase in plasma insulin.
These animals exhibited a robust recovery of body weight
and adipose tissue, as well as a simultaneous increase in
plasma adiponectin and visfatin (11,12). Thus, we hypoth-
esized that adipose tissue can compensate for a lack of
insulin. Our previous subcutaneous transplants were per-
formed using embryonic pancreatic buds with their sur-
rounding tissue, resulting in remarkable replenishment
of recipients’ subcutaneous white adipose tissue (WAT)
(11,12). To delineate the contributions from different tissue
types, we transplanted a panel of embryonic tissues sub-
cutaneously into STZ-treated mice. Pancreatic bud trans-
plants correct T1D as expected. Surprisingly, subcutaneous
transplantation of embryonic brown adipose tissue (BAT)
into immune-competent C57BL/6J T1D recipients results in
marked improvement of glucose homeostasis and reversal
of diabetes, accompanied by robust regeneration of the
recipients’ subcutaneous WAT. None of the other trans-
planted tissue types produce similar results. The positive
changes after the BAT transplant do not require exogenous
insulin or immunosuppression, which indicates that healthy
adipose tissue is sufficient to maintain glucose homeostasis
in the absence of insulin.

RESEARCH DESIGN AND METHODS

Embryonic BAT was transplanted in the subcutaneous space of STZ-diabetic
recipients. Recipient mice included C57BL/6J and NCRNU-M-M nude mice.
Donor adipose tissue came from E16-E17 C57BL/6J embryos. Weight was
recorded and basal-fed blood samples were collected at regular intervals from
mice that received BAT transplants as well as normal nondiabetic control mice
and untreated diabetic control mice. Intraperitoneal glucose tolerance tests
(IPGTTs) were performed before BAT transplants and at monthly intervals after
BAT transplants. Metabolic parameters such as blood glucose, insulin response
to glucose and arginine, and plasma levels of adiponectin, leptin, glucagon, and
IGF-1 were measured from transplant and control groups at regular intervals.
Three months after BAT transplant, mice were subjected to an additional glu-
cose tolerance test in the presence of S961, an inhibitor of insulin receptor. One
insulin tolerance test was also performed between 2 and 3 months posttrans-
plant. BAT transplant mice were killed at different time points after 3 months
and tissues were collected. Pancreata were tested for insulin content by im-
munohistochemistry and radioimmunoassay, and adipose tissue at and around
the transplant site was examined for uncoupling protein-1 (UCP-1), IGF-1, and
signs of inflammation by immunohistochemistry.

Animals. Recipients were immune-deficient NCRNU-M-M nude mice (Taconic)
and immune-competent C57BL/6J mice (Jackson Laboratories) rendered di-
abetic with STZ (125 mg/kg dissolved in ice-cold Na* citrate buffer at pH 4.5,
injected intraperitoneally, and repeated biweekly until diabetes induced). All
recipients were 3-6 months of age at the time of transplants. Donor embryonic
BAT was obtained from C57BL/6J embryos at gestational age E16.5-E17.5.
Parents were purchased from Jackson Laboratories and maintained in the
Vanderbilt animal care facility. Animals were fed standard laboratory chow and
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cared for according to the guidelines of the Vanderbilt Institutional Animal Care
and Use Committee.

Isolation of donor tissue. Pregnant females were anesthetized with ketamine/
xylazine (110/10 mg/kg i.p.). A bilateral subcostal incision was made and ex-
tended by a midline transverse incision to expose the abdominal cavity. Uterine
horns were exposed one at a time. Starting near the ovary, a longitudinal incision
was made along the uterine horn. Embryos were removed and placed in sterile,
ice-cold saline. The mouse was immediately killed by cervical dislocation. The
embryos were rapidly dissected with Dumont forceps, and the embryonic BAT
from the interscapular region was removed, placed in sterile, ice-cold saline, and
transplanted into recipients as quickly as possible.

Transplantation. Freshly isolated embryonic BAT was transplanted into di-
abetic NCRNU nude mice or C57BL/6J mice, underneath the skin of the dorsal
body surface. Through a small (1-2 mm) incision, a subcutaneous pocket was
made by blunt dissection. Donor tissue was introduced into the pocket with
Dumont forceps and pushed in with blunt-ended microspatula. The incision was
closed by gentle pressure with hemostats without sutures. Four to six lobules of
embryonic BAT were introduced into each recipient. Surgeries were performed
under general anesthesia with ketamine/xylazine (110/10 mg/kg i.p.), and post-
operative analgesia was provided with buprenorphine 0.1 mg/kg/day sub-
cutaneously as necessary.

Metabolic parameters. STZ-treated mice with fasting blood glucose levels >300
mg/dL. were selected as transplant candidates. Blood samples were collected
from a tail snip under isolfurane/oxygen anesthesia for measurement of glucose,
insulin, and other hormones. IPGTTs were performed a week before the trans-
plant and then every month after the transplant until euthanasia for tissue col-
lection. IPGTT involved blood collection from 6-h—fasted mice prior to (0 min)
and 15, 30, 60, and 120 min after intraperitoneal injection of sterile glucose
(Sigma) (2 g/kg body weight) under isofluorane/oxygen anesthesia. Basal
nonfasting blood samples were also collected every 2 weeks when possible.
Plasma samples were analyzed for insulin, adiponectin, leptin, glucagon, and
IGF-1. At optimum euglycemia, usually ~3 months after transplant, each
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mouse also underwent an insulin tolerance test and an IPGTT in the presence
of S-961, an insulin receptor antagonist. During these tests, an initial glucose
measurement was performed at —10 min immediately followed by intra-
peritoneal injection of S-961 100 nmol/kg, and the remaining blood collections
proceeded as usual after injection of glucose at 0 min.

Postmortem tissue collection. Mice were killed 2-6 months after trans-
plantation, and adipose tissue and pancreas were harvested for histology and
insulin measurements. The whole pancreas and the WAT from the subcutaneous
space of the dorsal body surface were collected from BAT transplant groups as
well as normal and diabetic control groups. Tissues were blotted to remove
moisture, weighed, preserved in 4% paraformaldehyde, and washed in PBS for
histological analysis.

Histology. Histological sections of pancreata were analyzed by immunostaining
for insulin and CD34. To verify the inflammatory status of adipose tissue, his-
tological sections were immunostained with tumor necrosis factor-o (TNF-o)
and interleukin-6 (IL-6). To monitor the progress of BAT transplant, adipose
tissue sections encompassing the transplant site were harvested at 2, 3, and 6
months and immunostained for UCP-1 and IGF-1.

Pancreatic insulin content. Freshly harvested pacreata were homogenized in
acid-ethanol and placed on a shaker at 4°C for 48 h. Tissue extracts were
centrifuged for 30 min at 4°C at 2,500 rpm, and supernatants were collected and
analyzed for insulin with radioimmunoassay.

RESULTS

BAT transplants promote weight gain and euglycemia.
STZ-treated diabetic C57BL/6J mice receiving embryonic
BAT transplants showed marked improvement of glucose
homeostasis (Fig. 1). Successful BAT transplants were de-
fined as those diabetic mice whose basal blood glucose
levels decreased by at least 200 mg/dL within 8 weeks of
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FIG. 1. Subcutaneous transplantation of embryonic BAT results in improved glucose homeostasis and weight gain. Basal nonfasting blood glucose
(A) and body weight (B). Horizontal dashed line in A represents baseline glucose levels in nondiabetic mice of 146.13 *+ 7.36 mg/dL. A: P < 0.05,
between BAT transplant and untreated diabetic controls at each time point. B: P < 0.05, at 8 weeks posttransplant. C: Glucose tolerance tests on
BAT transplant, normal, and diabetic control mice. *P < 0.05, when compared with untreated diabetic controls or diabetic pretransplant condition.
Normal, pretransplant, and 1 month posttransplant (n = 9); 6 months posttransplant (n = 3); untreated diabetic controls (n = 5). (A high-quality

color representation of this figure is available in the online issue.)
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receiving a BAT transplant. Figures 1-5 show the major
results for immune-competent C57BL/6J mice, and the par-
allel findings in immune-deficient NCRNU nude mice (as
well as additional data for C567BL/6J mice) are shown in
Supplementary Figs. 1-7. Nine out of fourteen transplants
were successful (Fig. 1A), resulting in euglycemia and re-
versal of clinical signs of diabetes. These mice exhibited
gradual weight gain, as opposed to the weight loss seen in
the untreated diabetic control groups (Fig. 1B). This weight
gain was partially attributable to the replenishment and
expansion of subcutaneous WAT. Animals in the BAT
transplant group had increased subcutaneous WAT com-
pared with all other groups, both in total and as percent of
body weight (Table 1). Weight gain and blood glucose nor-
malization were accompanied by reversal of clinical signs of
diabetes such as polyuria, polydipsia, and polyphagia.
Prior to transplant, the diabetic mice exhibited basal
blood glucose levels of 449 + 22 mg/dL. Basal glucose levels
decreased sharply and significantly within 2 weeks, drop-
ping to 267 = 38 mg/dL (Fig. 1A4). These levels continued to
fall until euthanasia at different end points between 3 and 6
months posttransplant. The BAT transplants resulted in
improved glucose tolerance within 1 month of the trans-
plant, and this tolerance became progressively closer to
normal throughout the next 6 months (Fig. 1C and Supple-
mentary Fig. 1A4). This is in sharp contrast to untreated di-
abetic control mice, whose glucose tolerance progressively
deteriorated with time (Supplementary Fig. 1B). There were
no differences in plasma insulin levels measured in the BAT
transplant mice and the STZ-treated diabetic control animals
(Fig. 2). Insulin tolerance in successful BAT transplant mice
at 2 or 3 months was not significantly different from non-
diabetic control animals, and both were strikingly different
than what was seen in STZ-treated diabetic mice (Supple-
mentary Fig. 1B). In the six BAT transplant mice that were
maintained over 3 months, there was a transient episode of
hyperglycemia occurring between 3 and 5 months, with
impaired glucose tolerance (Fig. 1A, Fig. 4A, and Sup-
plementary Fig. 14). However, all of the mice that were
allowed to continue beyond 5 months (four out of the nine
successful BAT transplants) reverted back to the lower
baseline within 1 month of the hyperglycemic episode and
recovered normal glucose tolerance similar to or better than
their 3-month levels (Fig. 14, Fig. 4A, and Supplementary Fig.
1A). These results were from immune-competent mice,
and similar results were also seen after BAT transplants
into STZ-treated nude mice (Supplementary Fig. 2). In
nude mice, the BAT transplants performed better,
achieving euglycemia and complete normalization of glu-
cose tolerance by 2 months posttransplant.
BAT transplants act independent of insulin. Plasma in-
sulin levels in BAT transplant animals remained statistically

TABLE 1

identical to those from untreated diabetic mice. Unlike
nondiabetic control mice, BAT transplant mice showed no
insulin increase in response to a glucose challenge, a re-
sponse that was comparable to the diabetic pretransplant
situation, as well as untreated diabetic controls (Fig. 2A). The
first phase of insulin release was missing in the transplant
recipients (Fig. 2F), nor was it observed as the mice reach
euglycemia after transplants. Arginine, which elicits a ro-
bust insulin response above and beyond glucose stimulated
insulin secretion from normal mice, also failed to stimulate
an insulin response from transplant mice (Fig. 2F). To de-
termine any possible contribution from endogenous insulin,
we examined pancreatic morphology by histology and in-
sulin immunofluorescence. Histological analysis did not re-
veal any intact islets or any cellular insulin immunostaining
in the pancreata from BAT transplant animals (Fig. 2D). Islet
morphology and cellular insulin staining was lacking in both
diabetic control (Fig. 2C") and BAT transplant animals, in
contrast to normal control animals (Fig. 2B). Pancreatic in-
sulin content in the BAT transplant mice did not differ sig-
nificantly from diabetic mice, both of which were >10-fold
lower than normal nondiabetic control animals (Table 2).
Euglycemia negatively correlates with adipose tissue
inflammation. STZ-treated animals exhibited significant
adipose tissue inflammation (13,14) (Fig. 3B). This in-
flammation was characterized by elevation of adipokines,
such as II-6 and TNF-«. In the BAT transplant animals,
there was recovery and expansion of subcutaneous WAT,
which contributes to the observed weight gain. Immuno-
fluorescence staining of WAT from the recipient’s own fat
bed (i.e., not taken from the transplant site) showed low
levels of the proinflammatory cytokines IL-6 and TNF-a
(Fig. 30), with adipocyte diameters of 22.68 * 1.52 pm.
Both these parameters were similar to those seen in non-
diabetic control animals (Fig. 3A), where adipocyte diam-
eters were 22.74 £ 1.89 pm. In contrast, adipose tissue from
untreated diabetic control animals (Fig. 3B), exhibited
increased IL-6 and TNF-a levels, increased adipocyte
diameters of 35.88 = 3.57 wm, and infiltration of macro-
phages resulting in thickening of cell membranes, all of
which is consistent with a severe inflammatory phenotype.
Similar inflammatory phenotypes were seen in unsuccessful
BAT transplants (i.e., transplant recipients that never ach-
ieved euglycemia) (Supplementary Fig. 3) and successful
BAT transplants that reverted to diabetes after 4 months
(Fig. 3D), although these groups exhibited even larger
adipocytes of 78.53 * 5.24 pm. Thus, inflammation appears
to be directly related to loss of ability of adipose tissue to
maintain glucose homeostasis.

The eventual fate of the transplanted BAT was monitored
by histological examination of the transplant site at differ-
ent time points. UCP-1 was observed by immunostaining at

Average body weight and content of subcutaneous adipose tissue collected from dorsal body surface at postmortem from

representative subjects from each group

Adipose tissue (g) Adipose tissue (% of body weight)

Group Body weight (g)
Normal nondiabetic (n = 4) 27.25 = 0.94
Untreated diabetic (n = 5) 23.6 = 0.88
Successful BAT transplants (n = 5) 315 £ 0.51*
Failed BAT transplants (n = 3) 27.8 = 1.76

0.15 = 0.0075 0.56 * 0.032
0.08 = 0.009 0.34 = 0.028
0.33 = 0.027** 1.05 £ 0.09**
0.14 £ 0.015 0.5 = 0.022

*P < 0.005, when compared with untreated diabetic group. **P < 0.001, when compared with untreated diabetic group, and P < 0.05, when

compared with other groups.
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FIG. 2. Glucose control is independent of insulin. A: Plasma insulin response to glucose challenge in 3 months posttransplants (n = 5), diabetic
pretransplants (n = 9), untreated diabetic (n = 5), and normal nondiabetic controls (n = 7). P < 0.05, at 15 and 30 min between normal control and
all other groups. Insulin immunofluorescence of pancreatic sections from 3 months post-BAT transplant mice (D) compared with those of normal
(B) and untreated diabetic (C) controls. Scale bar, 50 pm. E: First-phase insulin release during IPGTT 1-3 months posttransplant, compared with
normal and diabetic controls (n = 3). *P < 0.05, when compared with all other groups at 1- and 3-min points. F: Arginine-stimulated insulin release
1 and 3 months posttransplant, compared with normal and diabetic controls (n = 4). *P < 0.05, when compared with all other groups at each time

point.

2 months posttransplant, but not at 3 months or beyond
(Supplementary Fig. 6). The UCP-1 staining was localized to
areas smaller than the original embryonic BAT transplant,
and the level of UCP-1 staining decreased over time. Al-
though UCP-1 staining declined over time, BAT appeared to
expand into the WAT, as seen in the tissue morphology at 3
and 6 months (Supplementary Fig. 6C and D and Supple-
mentary Fig. 7E).

Noninsulin regulators of glucose homeostasis. To de-
termine the molecular mechanisms underlying the insulin-
independent glucose control, we measured the blood plasma

diabetes.diabetesjournals.org

levels of two candidate adipokines, adiponectin and leptin
(Fig. 4). Several studies from different sources indicate the
ability of adiponectin to improve cell growth and increase
insulin sensitivity in peripheral tissues, particularly adipocytes
(15-19). In the BAT transplant animals, plasma adiponectin
levels showed considerable correlation with glucose
homeostasis: low levels pretransplant, with gradually in-
creasing levels as glucose homeostasis improved (Fig. 4C).
The adiponectin levels directly mirrored the plasma glucose
levels (Fig. 4A). Basal and glucose-stimulated levels of adi-
ponectin were not significantly different, and there was no
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FIG. 3. BAT transplant failure is associated with inflammatory changes in adipose tissue. Histological sections of replenished WAT in euglycemic
mouse 3 months posttransplant (C) is compared with normal (4) and diabetic (B) controls, and a transplant recipient that reverted to diabetes at 4
months (D). Sections are immunostained for TNF-« (green) and IL-6 (red). All tissues contain some green autofluorsecence, and TNF-« expression is
indicated by bright green spots. TNF-a immunofluorescence appears near the right border in the normal section (A), toward the bottom in the
transplant (TP) (C), and throughout the section in B and D, colocalizing with IL-6 and appearing yellow-orange. In addition to the presence of larger
amounts of inflammatory markers, the failed adipose tissue shows other signs of inflammation, such as enlargement of adipocytes and infiltration of
macrophages resulting in thickening of cell membranes. Sections shown are representative of four BAT transplants, two untreated diabetic controls,

and two normal animals analyzed. Scale bar, 50 pm. (A high-quality digital representation of this figure is available in the online issue.)

change of adiponectin levels in response to a glucose chal-
lenge (Supplementary Fig. 4). Mirroring the behavior of
plasma glucose levels, plasma adiponectin levels also exhibi-
ted a marked decrease at 4 months, corresponding with the
transient hyperglycemic spike, and then returned to high
levels, corresponding with the recovery of euglycemia.
Plasma leptin levels showed a similar time course after
BAT transplant, and also exhibited a dip and recovery at ~4
months posttransplant (Fig. 4D). As is seen for adiponectin,
there is also a distinct correlation between improved glu-
cose homeostasis and increased leptin levels. Leptin is
reported to affect glucose homeostasis by suppressing glu-
cagon and decreasing lipogenesis (6,7). Thus, we examined
glucagon levels in the BAT transplant recipients compared
with other groups (Fig. 4F). Plasma glucagon levels in-
creased in the STZ-treated animals and decreased signifi-
cantly 3 months posttransplant. This decrease in glucagon
was accompanied by an elevation of plasma IGF-1 levels
(Fig. 4F), which is similar to what is observed after exog-
enous leptin treatment (6). Notably, the glucagon levels in
BAT transplant recipients were significantly lower than
those in the nondiabetic control group, and IGF-1 levels
were significantly higher. Thus, suppression of glucagon
may be a key mechanism of glucose homeostasis that

678 DIABETES, VOL. 61, MARCH 2012

becomes even more important in the absence of insulin, as
has also been reported in recent studies (20,21). In addition,
IGF-1 may also compensate for insulin function, as evi-
denced by the experiments with insulin receptor inhibition
described in the next section. Upon histological examination
of adipose tissue sections from the transplant site at 2, 3, and
6 months, immunostaining for IGF-1 was consistently ob-
served in the BAT, whereas IGF-1 staining in the expanded
WAT varied from mild to none (Supplementary Fig. 7).

Role of the insulin receptor. In the BAT transplant model,
diabetes is corrected without an increase in endogenous
insulin or addition of exogenous insulin. However, the adi-
pose tissue appears to be normal, and activation of the in-
sulin receptor is believed to be critical for adipose tissue
health and survival (22). To explore the possible interactions
between the elevated adipokines and the insulin receptor,
we monitored glucose tolerance in the presence of S961,
a competitive inhibitor of the insulin receptor (23). In non-
diabetic control mice, S961 caused an impairment of glucose
tolerance (Fig. 5A). In the presence of S961, blood glucose
levels increased after the addition of a glucose bolus, but did
not show a significant return to basal levels even after 2
hours. In animals with successful BAT transplants, S961
caused a similar impairment of glucose tolerance (Fig. 5B),
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indicating that the insulin receptor plays a role in the insulin-
independent regulation of glucose homeostasis. STZ-treated
nude mice also exhibited similar glucose tolerance test
results in the presence of S961 (Supplementary Fig. 5).

DISCUSSION

Here, we have shown that regeneration of healthy adipose
tissue can reverse clinical diabetes and re-establish glucose
homeostasis with no detectable contribution from insulin
(Figs. 1 and 2). The correction of diabetes phenotypes by

diabetes.diabetesjournals.org

BAT transplants in STZ-treated mice can persist for >6
months, without immunosuppression or hormone supple-
ments (Fig. 1). Our data suggest that these BAT transplants
achieve chronic regulation of glucose through a steady-state
elevation of alternative hormones, such as adiponectin,
leptin, and IGF-1 (Fig. 4). This regulation correlates with the
maintenance of healthy and noninflamed adipose tissue, as
demonstrated by the inflammatory changes in adipose tis-
sue associated with the diabetic state (Fig. 3). Although
insulin is not required, activation of the insulin receptor still
appears to play a physiological role because its blockade
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TABLE 2
Average pancreatic insulin content at postmortem from each
group

Pancreatic insulin
content (ng/mg tissue)

146.65 = 20.19

Group

Normal nondiabetic (n = 7)*

Untreated diabetic (n = 5) 12.01 = 5.3
Successful BAT transplants (n = 6) 15.33 = 2.43
Failed BAT transplants (n = 5) 9.2 + 5.59

*P < 0.001, when normal nondiabetic group is compared with all
other groups. No significant difference between the other groups.

leads to impaired glucose tolerance in the transplant recipi-
ents (Fig. 5).

The lack of insulin response is confirmed by consistently
low plasma insulin levels in the transplant recipients (Fig. 1A)
and a lack of insulin content (Table 2) in the pancreas post-
mortem. Previous studies have reported recovery of {3-cell
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FIG. 5. Inhibition of insulin receptor impairs glucose tolerance in
euglycemic transplant mice. S981, a competitive antagonist of the in-
sulin receptor, was administered immediately prior to glucose toler-
ance test. S961 resulted in impairment of glucose tolerance in both
normal controls (n = 4) (A) and BAT transplant recipients euglycemic
at 3 months (n = 5) (B). A: P < 0.05, when 60- and 120-min time points
are compared with and without S961. B: P < 0.05, when 120-min time
point is compared with and without S961.
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mass and function in STZ-treated mice (24,25). However,
plasma insulin levels and insulin response to a glucose or
arginine challenge remained consistently low, comparable to
untreated diabetic controls and in stark contrast to normal
controls (Fig. 24, E, and F). Further, histological examination
from successful BAT transplant recipients showed no insulin
immunoreactivity in their pancreata (Fig. 2D). Thus, recovery
of islet mass and function does not play a significant role in
the glucose homeostasis of BAT transplant animals.
Although insulin is not required, activation of the insulin
receptor does appear to be involved (Fig. 5). This in-
volvement is in contrast to the proposed mechanisms un-
derlying leptin treatment that focus solely on its role in the
inhibition of glucagon action (7). Molecules that activate the
insulin receptor may include IGF-1, whose levels are signif-
icantly elevated in BAT transplant mice compared with both
normal and diabetic groups (Fig. 3F). We also find that IGF-1
is expressed in the transplanted BAT (Supplementary Fig. 7).
Several studies have reported the beneficial effects of IGF-1
in improving glucose metabolism and glucose tolerance
(26-30). Administration of recombinant IGF-1 improves glu-
cose and lipid metabolism in a range of conditions, including
type 2 diabetes, obesity, and T1D (26-29), whereas low
IGF-1 levels are associated with impaired glucose toler-
ance (30). Our histological studies show consistent pres-
ence of IGF-1 in the transplanted BAT, with a lesser degree
of immunostaining in the expanded WAT. Although part of
the IGF-1 may arise from the transplant site, it is likely that
elevated IGF-1 levels in plasma are generated from else-
where, possibly stimulated by increased leptin produced
from new WAT. Recent studies show the ability of leptin to
stimulate the expression of IGF-1 in various tissues (31-33).
A central role for adipose tissue hormones in glucose
homeostasis is increasingly supported in the literature.
Certain adipokines, such as resistin, retinol binding pro-
tein, and TNF-«, have long been recognized for their ability
to exacerbate hyperglycemia (34-37). However, several
more recent studies show that individual adipokines can
correct diabetes independent of insulin (4-7). In particu-
lar, leptin has been shown to restore euglycemia in STZ-
treated animals, putatively though its role in reducing
hyperglucagonemia (6,7,20,21). Adiponectin gene therapy
has also been shown to ameliorate both type 1 and type 2
diabetes (4,5), an effect that is proposed to act through
increased insulin receptor sensitivity (15,16). Previous
studies further show that adiponectin and leptin each bind
to specific receptors while also influencing the actions of
other hormones through indirect mechanisms (2,38). Our
data show that fluctuations of plasma adiponectin and
leptin levels correlate directly with glucose homeostasis in
the absence of insulin, along with elevated levels of IGF-1
and reduced levels of plasma glucagon. Taken together,
these data suggest a model where glucose homeostasis is
regulated by the combination of adipokine activation of
insulin receptor signaling (or an equivalent downstream
pathway), possible replacement of insulin function with
IGF-1, and leptin-mediated reduction of hyperglucagonemia.
Another possibility is that adiponectin improved the overall
health of peripheral tissues and increased sensitivity to very
low levels of insulin that normally would not have been
sufficient to maintain euglycemia. Indeed, because approx-
imately one-third of the transplants failed (i.e., the replen-
ished adipose tissue failed to reverse diabetes and showed
inflammatory changes postmortem), it is possible there is
still some requirement for subdetectable levels of insulin. If
such a requirement exists, it might be present only at the
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outset of the BAT transplant. In any case, such a need may
be satisfied clinically with the residual insulin levels seen in
recently diagnosed T1D patients. Alternatively, this need
could be met by provision of subphysiological levels of in-
sulin (which would not produce the side effects associated
with traditional insulin therapy) or by other methods, such
as administration of hormone-sensitive lipase levels suffi-
cient to maintain adipose tissue.

Although the possibility of insulin-independent glucose
regulation by adipokines has been established in previous
studies, development of therapies based on these effects
would still be hampered by limitations of compound de-
livery. Such therapies would likely require persistent in-
jections or infusion pumps that necessitate careful dosage
calculations to avoid deleterious effects. Successful treat-
ments could eventually rely on gene therapy, but this
approach is still unproven for clinical use. Our data dem-
onstrate the ability of whole adipose tissue to compensate
for loss of the insulin-secreting B-cells, providing a simpler
therapeutic approach. Transplantation of embryonic BAT
at appropriate gestational ages stimulates regeneration of
the recipients’ subcutaneous WAT, which in turn secretes
a combination of adipokines that bring about euglycemia.
This approach does not require any further intervention
and thus could constitute a legitimate cure. Therapies
based on this approach would provide a safe and conve-
nient method that uses the known effects of adipokines for
T1D treatment without the complications associated with
regular delivery of exogenous compounds.
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