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AbstrAct
Type 1 diabetes (T1D) is a serious autoim-
mune disease characterized by progressive 
destruction of pancreatic beta cells, leading 
to lifelong dependence on exogenous insulin. 
Available therapies focus primarily on insu-
lin replacement, either directly or through 
transplantation/regeneration of insulin-secret-
ing cells. Despite tremendous advances in re-
cent decades, the major limitations in insulin 
replacement therapy have not been overcome 
yet.  The ideal therapeutic approach for T1D 
should produce physiological and long-lasting 
glucose homeostasis without the need for inva-
sive surgery, immunosuppression or long-term 
administration of any exogenous agent. A prom-
ising approach that meets these requirements 
is subcutaneous transplantation of embryonic 
brown adipose tissue (BAT). In mouse models 
of insulin-dependent diabetes, BAT transplants 
produce long-term euglycemia independent of 
insulin and without immunosuppression. Re-
versal of diabetes is accompanied by decrease 
of inflammation, recovery of healthy adipose 
tissue, suppression of glucagon and secretion 
of beneficial adipokines, with no detectable 
increase in endogenous insulin production. It 
appears that a combination of alternate hor-
mones arising from adipose tissue establishes 
a new physiological equilibrium compensating 
for the lack of insulin. Existing data point to 

a critical role for insulin-like growth factor 
1 (IGF-1), both in the early survival of trans-
plants and their continued function. Adult BAT 
transplants alone cannot correct T1D. However, 
temporary administration of exogenous IGF-1 
enables adult BAT transplants to correct T1D 
in mice, confirming the importance of this hor-
mone and providing a plausible path for clinical 
translation of this approach. While the under-
lying mechanisms are not fully documented, 
the consistent efficacy and lack of undesirable 
side effects of BAT transplantation attest to its 
therapeutic potential. 

bAckground

Brown adipose tissue (BAT) is a type of mammali-
an adipose tissue, located in several specific depots 
in the body. It is distinct from white adipose tissue 
(WAT) in morphology, function and developmen-
tal origin1,2. Unlike WAT which is principally a fat 
storage organ, the main functions of BAT are to me-
tabolize fat, generate heat via non-shivering thermo-
genesis and increase overall metabolism. BAT con-
tains large amounts of mitochondria and uncoupling 
protein 1 (UCP-1), which are considered the defin-
ing morphological markers for BAT. It is also more 
vascularized and innervated than WAT, and brown 
adipocytes contain small multilocular lipid droplets 
as opposed to the large unilocular droplets found in 
white adipocytes. Newborns have large quantities of 
BAT, which decrease to a few local depots in adult-
hood. Adult humans have several distinct BAT de-
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of newly generated beta cells associated with be-
ta-cell regeneration/reprogramming; and continued 
deficiency of beta cells and poor resistance to the au-
toimmune response in the long-term with immuno-
modulation10-24.  Thus, despite much success in an-
imal models, so far there is insufficient data on the 
applicability of these approaches to human patients. 

InsulIn-Independent therApIes for t1d

The ongoing need for insulin remains a major lim-
iting factor in traditional therapies. While insulin 
is the primary physiological regulator of glucose 
homeostasis, numerous extra-pancreatic hormones 
originating mainly from adipose tissue25-31 and 
gut32-35 also exert a powerful influence on glucose 
regulation. Some of these hormones actively de-
crease blood glucose, either by enhancing insulin 
secretion and function or in an entirely insulin-in-
dependent manner. Such hormones include but are 
not limited to: glucagon-like peptide 1 (GLP-1) and 
gastric inhibitory polypeptide (GIP) from the gut; 
adiponectin, leptin, and apelin from adipose tissue; 
and insulin-like growth factor 1 (IGF-1) that is se-
creted primarily by the liver upon growth hormone 
(GH) stimulation, although it also originates from a 
variety of extrahepatic tissues including lung, kid-
ney, heart, skeletal tissue, cartilage and adipose tis-
sue36-41. Metabolic diseases generally correlate with 
imbalance of one or more of these hormones25-27,42-44. 
It is also worth outlining the pathophysiologic im-
portance of hyperglucagonemia in T1D. In healthy 
subjects, glucose-responsive beta cells normally 
regulate juxtaposed glucagon-secreting alpha cells 
through paracrine and juxtracrine signaling. Oth-
er endocrine cells in the pancreatic islet may also 
play a role in the regulation of glucagon secretion. 
In subjects with T1D, disruption of such intercellu-
lar control from neighboring endocrine cells leads to 
glucagon hypersecretion by alpha cells. Therefore, 
it has been suggested that the resulting uncontrolled 
hyperglucagonemia may account, at least partly, for 
exaggerated postprandial hyperglycemia and glu-
cose variability observed in subjects with T1D45,46.

Many of the aforementioned hormones or their 
analogs have been proposed as therapeutic agents 
for diabetes. Rodent studies show the potential of 
some non-insulin therapies in long-term correc-
tion of T1D.  A supraphysiological dose of leptin 
or hyperleptinemia induced by adenoviral transfer 

pots within cervical, supraclavicular, paravertebral, 
mediastinal and para-aortic areas, in addition to 
diffuse clusters within skeletal muscle tissue. BAT 
originates from dermatomyotomal precursor cells 
in common with skeletal muscle, and has an inter-
changeable developmental relationship with skeletal 
muscle, whereas WAT originates from mesodermal 
stem cells1,2. Increased BAT activity negatively cor-
relates with obesity, and is generally associated with 
improved health1. Even though WAT can be harmful 
under certain circumstances such as insulin resis-
tance and metabolic syndrome, situations where BAT 
and WAT functionally complement each other can 
produce unique benefits including correction of met-
abolic disease, as would be described in this review.

Type 1 diabetes (T1D) is a serious autoimmune 
disease of increasing prevalence, requiring constant 
glucose management. The major characteristic of 
T1D is progressive immune-mediated destruction of 
pancreatic beta cells, resulting in lifelong dependence 
on exogenous insulin. Traditional treatments largely 
focus on insulin replacement by direct subcutaneous 
injection, allotransplantation of insulin-secreting tis-
sue, or beta-cell replacement by other means. Each 
approach has its own advantages and limitations. 

Besides inconvenience, exogenous insulin ad-
ministration poses the risk of life-threatening hy-
poglycemic episodes. While transplantation of 
whole pancreas is generally effective in producing 
long-term insulin independence, it requires major 
surgery with a high risk of complications3-6. Islet 
transplantation is a safer and less invasive alterna-
tive towards insulin-independence. However, long-
term success rates are considerably low, and this 
procedure is further limited by the need for large 
amounts of donor islets7-9. Additionally, the need 
for lifelong immunosuppression is a major limita-
tion in transplantation of allogenic tissue or organs. 

Potential alternative approaches include micro-
encapsulation of transplanted islets10,11; stimulating 
regeneration of endogenous beta cells including 
conversion of other cell types into beta cells by re-
programming12-16; and immunomodulation target-
ing the islet-specific autoimmune response, using 
cell-based therapies, drugs or nutritional interven-
tions17-24. These techniques, while promising, pose 
various complications such as inadequate insulin 
production in vivo and potential pathogen transfer 
associated with encapsulation; neoplastic transfor-
mation, low conversion rate of insulin-producing 
cells, and continued immune-mediated destruction 
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the correlation between metabolic syndrome and 
leptin/adiponectin ratio44. A recent study suggests 
that the benefits of leptin therapy in T1D are limit-
ed to conditions of hypoleptinemia78, and may not 
translate well to human T1D which is not gener-
ally a condition of leptin deficiency.  T1D patients 
show elevated leptin levels more often than not79-

81, reflecting the systemic inflammation associated 
with this disease. There is little data available on 
the long-term efficacy of leptin therapy in rodent 
models of T1D, or its applicability to human pa-
tients82. Furthermore, monotherapy with any ex-
ogenous agent carries the same complications as 
monotherapy with exogenous insulin. Thus, there 
is a substantial need for better therapies for T1D. 

The ultimate goal in treating T1D is to estab-
lish long-term glucose homeostasis. Considering 
the glucose-lowering effects of many adipokines, 
and the strong correlation between adipose tissue 
inflammation and metabolic diseases, improving 
the health of adipose tissue may automatically cor-
rect the defects in T1D. Although it is generally 
believed that insulin is necessary to maintain adi-
pose tissue health, recent data show that improving 
adipose tissue function, and subsequently glucose 
homeostasis, can be achieved without insulin83,84.  

InsulIn-Independent reversAl of t1d wIth 
brown AdIpose tIssue trAnsplAnts

The ideal treatment for T1D would produce physi-
ological glucose homeostasis without the need for 
immunosuppression, invasive surgery or long-term 
administration of any exogenous agent. A promis-
ing approach that meets these requirements is sub-
cutaneous transplantation of embryonic BAT. In 
multiple mouse models of insulin-dependent diabe-
tes, BAT transplantation has consistently produced 
long-term euglycemia without the need for insulin 
or immunosuppression83,84. 

Streptozotocin (STZ) treatment causes rapid 
destruction of beta cells in mice85, whereas non-
obese diabetic (NOD) mice experience progressive 
destruction of beta cells through an autoimmune 
mechanism closely related to human T1D86,87.  NOD 
mice develop spontaneous insulitis after 12 weeks 
of age, followed by rapid decrease of plasma insu-
lin levels, severe hyperglycemia, and death with-
in 2-3 months if untreated. BAT transplantation 
re-establishes normoglycemia and reverses clinical 

can produce dramatic reversal of hyperglycemia 
and clinical signs of T1D in an insulin-independent 
manner, principally through suppression of gluca-
gon and increased production of hepatic IGF-147-49.  
The benefits of glucagon inhibition in T1D are fur-
ther confirmed by adjunct therapy with pramlintide, 
a synthetic analog of human amylin, in subjects with 
T1D50. Blockade of glucagon action by glucagon re-
ceptor knockout51 or antibodies52 is shown to mimic 
the anti-diabetic effect without the undesirable side 
effects of leptin.  Thus, glucagon receptor antago-
nism is a promising approach for correction of T1D 
without insulin. Clinical trials on patients with type 
2 diabetes (T2D) receiving a small molecule gluca-
gon receptor antagonist show significant improve-
ment of glucose homeostasis53. However, long-term 
use of glucagon receptor antagonists is limited by 
perturbations in lipid metabolism and blood pres-
sure54,55, and malignant transformation of alpha cells 
as reported in previous rodent studies56. 

Adiponectin and apelin stimulate glucose up-
take and utilization in peripheral tissues, by virtue 
of their insulin-sensitizing effects as well as insu-
lin-independent mechanisms25,31,57-63.  Monothera-
pies with each hormone or their analogs have shown 
some success alleviating hyperglycemia in T2D64-

70. Limitations in these approaches include side 
effects associated with supraphysiological concen-
trations, and the lack of data on long term effects 
on metabolic homeostasis. GLP-1 receptor agonists 
and dipeptidyl peptidase-4 inhibitors (which act by 
increasing the half-life of GLP-1 through inhibition 
of its degradation by dipeptidyl peptidase-4) are 
currently used for treatment of T2D32-35. However, 
their efficacy as non-insulin adjunct therapies in 
T1D is limited71,72, not surprising considering that 
the perturbation of the incretin effect typical of T2D 
is not seen in T1D73. Overall, analysis of compre-
hensive data on the safety and efficacy of common-
ly used T2D drugs as add-on therapies to insulin in 
T1D show their efficacy to be modest, with safety 
concerns limiting long term use74-76.  

Therefore, despite many advances in the use of 
non-insulin agents in the treatment of T2D, leptin is 
the only insulin-independent agent with consistent 
efficacy for T1D in rodent models so far47-49. While 
remarkably effective in rodent models, leptin ther-
apy has significant limitations. For example, its 
pro-inflammatory properties can accelerate the 
autoimmune response77 and may exacerbate met-
abolic disease in the long term, as evidenced by 
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depending on the recipient strain. The failed cohorts 
become rapidly hyperglycemic similar to diabetic 
controls, whereas the successful cohorts consistently 
achieve euglycemia within 1-2 weeks of transplant 
placement, and remain euglycemic for varying pe-
riods from 6 to 18 months. Euglycemia and rever-
sal of clinical signs of diabetes occur without im-
munosuppression, while both transplant recipients 
and diabetic controls show rapidly declining insulin 
levels. Insulin immunostaining in pancreatic islets is 
severely deficient in diabetic controls, and undetect-
able in euglycemic transplant recipients. 

The general association of inflammation with di-
abetes is now well known88. In addition to insulitis, 
T1D is associated with systemic inflammation as 
well as WAT inflammation and sometimes loss of 
WAT89-93. Successful BAT transplants reverse these 
effects, leading to progressive decreases in plasma 
levels of the pro-inflammatory cytokines monocyte 
chemoattractant protein 1 (MCP-1) and interleukin 
6 (IL-6), decrease of insulitis in pancreatic islets, 
and robust recovery of healthy WAT characterized 
by smaller adipocytes, increased vascularization, 
increased numbers of M2 anti-inflammatory macro-
phages and decreased expression of the inflammato-
ry markers tumor necrosis factor alpha (TNF-alpha) 
and IL-6. Within 2-3 months after transplantation, 
the transplanted tissue blends into the surrounding 
WAT, loses some of its BAT characteristics such as 
high UCP-1 expression and multilocular lipid drop-
lets, and becomes undetectable by histology83,84. 
Thus, reversal of diabetes does not require the sur-
vival of transplanted tissue in its original form, in-
stead correlating with the health status of adipose tis-
sue and the presence of insulin-mimetic adipokines. 
Euglycemia is associated with suppression of glu-
cagon secretion and progressive increases in plas-
ma adiponectin, IGF-1 and sometimes leptin. From 
these data, it appears that a combination of alternate 
hormones arising from adipose tissue establishes a 
new physiological equilibrium compensating for the 
lack of insulin.  

MechAnIsMs of glucose hoMeostAsIs 
followIng bAt trAnsplAnts

The most remarkable effect of BAT transplantation 
is insulin-independent reversal of T1D with rap-
id and long-lasting euglycemia, accompanied by 
decrease of systemic inflammation, regeneration 

signs of diabetes in NOD mice and/or STZ-treat-
ed mice 83,84. Reversal of diabetes occurs with no 
detectable increase of endogenous insulin, and the 
progressive decline of plasma insulin characteristic 
of T1D remains unchanged. BAT transplantation 
performed under 8 weeks of age also prevents the 
development of diabetes in NOD mice84. 

As described in detail in previous publications83,84, 
the techniques of BAT isolation and transplantation are 
as follows. For adult BAT: following general anesthe-
sia and aseptic preparation of donor mice, interscapu-
lar adipose tissue is exposed through a dorsal midline 
skin incision. White adipose tissue is gently removed, 
and the underlying BAT depots are dissected out. 
The mouse is immediately killed by cervical disloca-
tion while under anesthesia. Freshly isolated BAT is 
placed in sterile ice-cold Hanks Balanced Salt Solution 
(HBSS) and transplanted into recipients as quickly as 
possible. For embryonic BAT: following general anes-
thesia and aseptic preparation of pregnant female mice, 
a bilateral subcostal incision is made and extended by 
a midline transverse incision to expose the abdominal 
cavity. Uterine horns are exposed one at a time. Starting 
near the ovary, a longitudinal incision is made along the 
uterine horn. Embryos are removed and placed in ster-
ile, ice-cold HBSS. The mouse is immediately killed 
by cervical dislocation while under anesthesia. The 
embryos are rapidly dissected with Dumont forceps, 
and the embryonic BAT from the interscapular region 
is removed, placed in sterile, ice-cold HBSS, and trans-
planted into recipients as quickly as possible. Trans-
plantation: freshly isolated BAT is transplanted into the 
subcutaneous space of diabetic or pre-diabetic recipient 
mice. Following general anesthesia and aseptic prepa-
ration, a small (2-5 mm) incision is made in the skin of 
the dorsal body surface caudal to the endogenous BAT. 
A subcutaneous pocket is made by blunt dissection us-
ing a blunt-ended micro spatula. Donor tissue is intro-
duced into the pocket with Dumont forceps and pushed 
in with blunt-ended micro spatula. 4-6 units of embry-
onic BAT or 1-2 units of adult BAT are introduced into 
each recipient. The incision is closed by gentle pressure 
with hemostats alone, or with 1-2 simple interrupted 
sutures as necessary with 5-0 non-absorbable sutures. 
Mice are allowed to recover with postoperative analge-
sia and wound care. Blood samples are collected before 
transplant and at regular intervals post-transplant, to 
monitor glucose and hormone levels. 

The success rate of this procedure, i.e. the per-
centage of diabetic recipients that achieve euglyce-
mia following BAT transplants, ranges from 50-65% 
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verse the inflammation of WAT and loss of healthy 
functional WAT that generally accompany T1D. 
Thus, it appears that the thermogenic properties 
of BAT combined with the adipogenic and anti-in-
flammatory properties of embryonic growth fac-
tors may improve the health and function of WAT 
in diabetic animals, enabling it to secrete beneficial 
adipokines that compensate for the lack of insulin.  

The deficiency of such growth factors is a like-
ly reason for the inability of adult BAT transplants 
to reverse T1D.  Embryonic tissue expresses several 
growth factors including IGF-1, fibroblast growth 
factor 21 (FGF21), and adiponectin, all of which have 
adipogenic and anti-inflammatory properties125-141. 
Previous data point to IGF-1 as the most likely can-
didate influencing the early stages of transplant sur-
vival and function83,84. IGF-1 is abundantly expressed 
in the transplanted embryonic BAT and the regener-
ated WAT of the recipient, in contrast to little or no 
expression in the adipose tissue of normal or diabet-
ic controls. IGF-1 levels in plasma rapidly increase 
following transplant placement and continue to stay 
up for several months, in negative correlation with 
the levels of pro-inflammatory cytokines, glucose 
and glucagon. Interestingly, reversal of diabetes oc-
curs only with donor embryonic BAT from healthy 
C57BL/6 mice, and not with donor BAT from either 
NCr nude mice or NOD mice who are consistently 
deficient of IGF-1. Even with C57BL/6 donors, only 
50%-65% of embryonic BAT transplants result in 
long-lasting euglycemia, whereas the failed cohorts 
not only lack this increase of IGF-1 but also show a 
progressive decrease of IGF-1. Based on these data, 
we hypothesized that the presence of IGF-1 during 
the early stage is essential for transplant survival 
and function. 

Recent data confirm this hypothesis142, demon-
strating that adult BAT transplants temporarily 
supplemented with exogenous IGF-1 correct diabe-
tes in NOD mice, in contrast to no effect observed 
with IGF-1 injections alone or adult BAT trans-
plants alone. The success rate was 57%, with 12 out 
of 21 diabetic mice achieving long-lasting euglyce-
mia following adult BAT transplants supplement-
ed with 7 daily injections of IGF-1. As previously 
seen with embryonic BAT transplants, long-term 
euglycemia occurs only in those recipients who 
maintain plasma IGF-1 levels at or above 200 ng/
ml. These results indicate that IGF-1 is critical for 
early transplant survival and may have a continued 
role in graft function.   

of healthy WAT, suppression of glucagon and in-
creased secretion of beneficial adipokines83,84. This 
effect is unique to embryonic BAT, not shared by 
adult adipose tissue transplants or other embryonic 
tissue types. Many studies in rodent models report 
the ability of adult BAT and WAT transplants to 
alleviate obesity and T2D, and to improve metabo-
lism94-105.  However, they do not produce complete 
reversal of insulin-dependent diabetes as seen with 
embryonic BAT transplants. Similarly, transplan-
tation of other embryonic tissue types does not re-
verse T1D, except for embryonic pancreatic buds 
under limited circumstances106. Thus, a combina-
tion of characteristics unique to both BAT and em-
bryonic tissue seem necessary for reversal of T1D.

Embryonic tissue is immune privileged, and con-
tains growth factors with anti-inflammatory, regen-
erative and adipogenic properties. BAT promotes 
non-shivering thermogenesis and energy expendi-
ture107, and is characterized, at least in animals, by 
a high glucose utilization108.  Indeed, 18F-fluorode-
oxyglucose (FDG) positron emission tomography 
combined with computed tomography (PET/CT) 
has become the gold standard for the detection of 
metabolically active BAT in humans109. Endogenous 
BAT content is inversely related to body mass index 
in humans, suggesting the value of BAT activation 
or induction as a therapeutic approach for obesi-
ty110. The benefits of BAT in combating metabolic 
disease is now widely reported1,111. Transplantation 
of adult BAT can decrease obesity and insulin resis-
tance while improving glucose regulation in rodent 
models94-100.  Activation of endogenous BAT through 
cold exposure and/or stimulation of beta-3 adren-
ergic receptor agonists improves resting metabol-
ic rate, insulin sensitivity and glucose metabolism 
in humans, with modest effects on decreasing fat 
mass112-119. Another promising approach for the treat-
ment of obesity and related metabolic diseases may 
be the stimulation of the “WAT browning” process, 
which consists of the acquisition of BAT features by 
WAT upon specific stimuli, such as cold exposure, 
activation of beta-3 adrenoreceptors, irisin, or use of 
certain drugs, among others120-124.

Unlike with BAT-mediated alleviation of obe-
sity and insulin resistance which result in signifi-
cant decrease of fat mass94-100,117-124, T1D recipients 
who achieve euglycemia following BAT trans-
plants show weight gain and an increase of WAT 
content83,84, suggesting different mechanisms. Our 
studies consistently show that BAT transplants re-
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Despite the lack of insulin, successful BAT 
transplant recipients show normal glucose toler-
ance, near-normal insulin tolerance83, and remark-
ably improved glucose uptake and metabolism 
during hyper insulinemic euglycemic clamps when 
compared with diabetic controls84. Mechanisms 
may include increased insulin sensitivity and insu-
lin-independent glucose transport through the glu-
cose transporters GLUT1 and GLUT3, as well as 
occupation of the insulin receptor by non-insulin 
hormones. Pharmacological inhibition of the insu-
lin receptor in euglycemic BAT transplant recipi-
ents partially impairs glucose tolerance, suggesting 
the use of insulin receptors by another hormone83. 
IGF-1 is a likely candidate due to the structural ho-
mology between the receptors for insulin and IGF-
1149,150. Adiponectin and FGF21 are reported to me-
diate insulin-independent glucose uptake57-59,168-170, 
as does IGF-1143-148. Possible mechanisms include 
AMPK activation and increased expression of the 
glucose transporters GLUT1 and GLUT3. These 
hormones are also well-known to have anti-lipolyt-
ic activity171-176 and may well contribute to the in-
sulin-independent replenishment of adipose tissue 
in BAT transplant recipients. The maximum suc-
cess rate achieved with either embryonic or adult 
BAT transplants is at or below 65% so far83,84,142. 
A consistent observation was that euglycemia oc-
curs only when there are simultaneous increases 
in plasma levels of IGF-1 and adiponectin together 
with suppression of glucagon. Control animals and 
failed transplant recipients, either adult or embry-
onic, lack this particular hormonal profile, empha-
sizing the importance of alternate hormones com-
pensating for the lack of insulin. 

Long-term survival of transplanted tissue in its 
original form does not seem to be necessary for the 
metabolic effects of BAT transplants. Other studies 
on adult BAT transplants report considerable vas-
cularization and innervation of transplanted tissue, 
which may not always retain its BAT characteris-
tics94-101. In our hands, transplanted adult BAT was 
not always identifiable, and was considerably re-
duced in size when identifiable83,84,142. Transplanted 
embryonic BAT soon becomes indistinguishable 
from surrounding host tissue and cannot be detect-
ed microscopically. Despite the fact that transplant-
ed embryonic BAT becomes undetectable after 1-2 
months, over 50% of recipients remain euglycemic 
for many months83,84. Thus, factors secreted from 
BAT transplants seem to exert a lasting influence 

The best-known function of IGF-1 is to stimu-
late somatic growth of all cells as part of the GH/
IGF axis. IGF-1 is highly expressed in embryonic 
tissue and is known to suppress inflammation and 
to stimulate tissue regeneration and adipogene-
sis125-127,134-140. In addition to its primary effects on 
growth and development, IGF-1 also exerts several 
metabolic effects beneficial for glucose regulation. 
IGF-1 is reported to stimulate insulin-independent 
glucose uptake into peripheral tissue143-148, and the 
affinity of IGF-1 to the insulin receptor (although 
low compared to that of insulin) may enable IGF-1 
to occupy insulin receptors and promote peripher-
al glucose uptake149,150. There is strong correlation 
of plasma levels of IGF-1 with metabolic status in 
humans, showing significant decreases with insulin 
resistance, T2D and obesity151-154. T1D is consistently 
associated with dysregulation of IGF-1, in both chil-
dren and adults155-159. Circulating IGF-1 levels tend to 
go down with onset of T1D, and continue to show a 
negative correlation with the progression of autoim-
mune diabetes, while improving in response to insu-
lin therapy. These data show the value of circulating 
IGF-1 levels as a predictor of metabolic disease, and 
generally suggest the therapeutic potential of exoge-
nous IGF-1 in correcting the metabolic perturbation 
in diabetes. IGF-1 monotherapy has been attempted 
in human patients with insulin resistant diabetes due 
to genetic defects, where it improved insulin sensi-
tivity and glucose homeostasis160-164. When used as 
an adjunct to insulin in T1D patients, recombinant 
human IGF-1 (rhIGF-1) has produced remarkable 
improvement in blood glucose and glycated hemo-
globin (HbA1c) levels while decreasing the insulin 
requirement165-167. However, rhIGF-1 administration 
does not produce insulin-independence, and as with 
any exogenous agent, it has been limited by serious 
adverse effects, such as edema, jaw pain, tachycar-
dia and early worsening of retinopathy166,167. 

In NOD mice, temporary administration of ex-
ogenous IGF-1 facilitates insulin-independent rever-
sal of diabetes following adult BAT transplants142. 
However, long-term euglycemia cannot be achieved 
with IGF-1 alone, and requires the combined effects 
of IGF-1, BAT transplant and healthy un-inflamed 
WAT. Thus, the principal role of IGF-1 at the early 
stage may be to stimulate the generation of healthy 
WAT, which in turn creates a new equilibrium. Once 
the new equilibrium is established, IGF-1 may also 
be one of the extra-pancreatic hormones that main-
tain metabolic homeostasis.  
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of transplants. They further indicate that secreted 
factors from BAT transplant impart lasting chang-
es to the recipient’s system, enabling physiological 
glucose regulation despite insulin deficiency. Fig-
ure 1 illustrates the mechanisms underlying the 
insulin-independent reversal of diabetes following 
subcutaneous transplantation of BAT in murine 
models of T1D.

on the metabolic regulation of the recipient. This 
is confirmed by preliminary data, where adminis-
tration of media conditioned with BAT produced 
transient euglycemia in diabetic mice. 

While many of the underlying mechanisms of 
insulin-independent glucose regulation are still un-
clear, existing data confirm the importance of IGF-
1 for both the early survival and continued function 

Figure 1. Mechanisms underlying the insulin-independent reversal of diabetes following subcutaneous transplantation of 
BAT in mouse models of T1D. Subcutaneous BAT transplantation re-establishes normoglycemia and reverses clinical signs of 
diabetes in NOD mice and streptozotocin-treated mice. Euglycemia and reversal of clinical signs of diabetes occur without the 
need for insulin therapy and immunosuppression, while plasma insulin levels continue to rapidly decline over time. Detectable 
improvements in the inflammatory profile include progressive decreases in plasma levels of the pro-inflammatory cytokines 
MCP-1 and IL-6, decrease of insulitis in pancreatic islets, and robust recovery of healthy WAT characterized by smaller 
adipocytes, increased vascularization, increased numbers of M2 anti-inflammatory macrophages and decreased expression 
of the inflammatory markers TNF-alpha and IL-6. Euglycemia is accompanied by suppression of glucagon secretion and 
progressive increase in plasma levels of adiponectin and IGF-1. IGF-1, adiponectin and FGF21 are reported to mediate 
insulin-independent glucose uptake. Possible mechanisms include AMPK activation and increased expression of the glucose 
transporters GLUT1 and GLUT3. In addition, these hormones exert anti-lipolytic activity, and may well contribute to the 
insulin-independent replenishment of adipose tissue in BAT transplant recipients. It appears that the thermogenic properties 
of BAT combined with the adipogenic and anti-inflammatory properties of the aforementioned growth factors and hormones 
may improve the health and function of WAT in diabetic animals, which compensate for the lack of insulin. *Adult BAT 
transplants temporarily supplemented with exogenous IGF-1 also promote insulin-independent reversal of diabetes in NOD 
mice, in contrast to no effect observed with IGF-1 injections alone or adult BAT transplants alone, supporting that the presence 
of IGF-1 during the early stage is critical for transplant survival and function. **The affinity of IGF-1 to the insulin receptor 
(although low compared to that of insulin) may enable IGF-1 to occupy insulin receptors and promote peripheral glucose 
uptake. Abbreviations: AMPK, 5’ AMP-activated protein kinase; BAT, brown adipose tissue; FGF21, fibroblast growth factor 
21; GLUT1, glucose transporter 1; GLUT3, glucose transporter 3; IGF-1, insulin-like growth factor 1; IL-6, interleukin 6; 
MCP-1, monocyte chemoattractant protein 1; NOD mice, non-obese diabetic mice; TNF-alpha, tumor necrosis factor alpha; 
WAT, white adipose tissue.
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It is uncertain whether these advantages would 
translate to human patients. There are no studies to 
date on BAT transplantation in humans. If rejection 
becomes an issue, plausible alternatives include au-
tologous transplantation of stem cell-derived BAT 
or activation of endogenous BAT temporarily sup-
plemented with IGF-1 and/or other growth factors. 
The presence of BAT in T1D patients was recently 
demonstrated for the first time183, providing hope 
for such approaches. In particular, Eriksson et al183 
used 18F-FDG PET/CT after cold stimulation to in-
vestigate the metabolic activity of BAT (measured as 
glucose utilization rate) in 11 subjects with T1D. Au-
thors detected cold-induced BAT with a wide range 
in metabolic activity, and no correlation between 
BAT activity and insulin requirements or markers of 
metabolic control (HbA1c and fasting glucose levels) 
was found. Yet, authors found a tendency towards a 
positive correlation between the metabolic activity 
of BAT and plasma IGF-1 levels. Although a major 
limitation of this study was the small sample size, 
functional BAT was detected in only 4 out of 11 sub-
jects with T1D, with a prevalence of 36%. Moreover, 
study participants were patients with long-standing 
T1D (mean disease duration: ~16.5 years)183. There-
fore, it cannot be excluded that metabolic activity 
of BAT is blunted in the majority of patients with 
established T1D, as it has been observed in subjects 
with obesity and T2D184,185.

conclusIons

The ideal therapeutic approach for T1D should pro-
duce long-lasting euglycemia without the need for 
invasive surgery, long-term immunosuppression or 
administration of any exogenous agent. A prom-
ising approach that has met these requirements in 
animal models of T1D is subcutaneous transplan-
tation of embryonic or adult BAT. In fact, both em-
bryonic and adult BAT transplantation (the latter 
combined with temporary IGF-1 administration) 
have been proven effective in promoting long-term 
and insulin-independent reversal of T1D in differ-
ent mouse models. Once potential problems are 
addressed (e.g. availability of donor tissue), fur-
ther studies are needed to establish whether BAT 
transplantation would be an effective treatment 
that bypasses the major limitations associated with 
insulin therapy and current beta-cell replacement 
strategies in individuals with T1D. 

clInIcAl ApplIcAbIlIty

While BAT transplantation has been proven effective 
in long-term reversal of insulin-dependent diabetes in 
different mouse models, there are several concerns to 
address before clinical translation. The greatest effi-
cacy was observed with embryonic BAT transplants 
so far. As embryonic tissue is not a feasible source for 
human patients, it is important to establish effective 
and accessible alternatives. Transplantation of healthy 
adult BAT temporarily supplemented with IGF-1 
presents a promising solution. However, availability 
of donor tissue still remains a concern, considering 
that BAT is not as easily accessible or replenishable as 
WAT, and that standard protocols for procurement are 
not established as with other organs. 

Furthermore, approaches proven to correct di-
abetes in the NOD mouse model and other animal 
models do not necessarily translate to human pa-
tients. A great benefit observed following BAT 
transplantation in mice is the lack of rejection. 
While the tolerance of embryonic BAT allografts 
is attributable to the immune-privileged nature of 
embryonic tissue, adult BAT allografts were also 
well-tolerated142. Literature shows that, unlike with 
other organs, rejection is not common with adipose 
tissue transplants in general94-105. A likely reason 
is the presence of adipose-derived mesenchymal 
stem cells (ADMSCs) that have anti-inflammato-
ry and immunomodulatory properties177. The pres-
ence of ADMSCs in BAT has not been studied in 
detail, and the developmental origin of BAT is dis-
tinct from that of WAT2,178-180. However, while there 
are some reports of rejection in WAT allografts181, 
BAT allografts seem to be well tolerated without 
immunosuppression94-100. Hence, BAT may possess 
unique immunomodulatory properties that make it 
particularly suitable for transplantation.  

Moreover, BAT may also have a role in the setting 
of insulin-dependent reversal of T1D. A recent study 
conducted on diabetic red fluorescent mice suggests 
BAT as a potential desirable site for islet transplan-
tation, allowing for the viability and biological func-
tion of the transplanted ectopic islets182. The grafted 
islets retained normal architecture, producing long-
term euglycemia. Remarkably, islet-engrafted BAT 
showed normal structure and morphology without 
significant immunocyte infiltration. In addition, the 
anatomical location of BAT offers other remark-
able advantages, enabling easy biopsy, removal and 
re-transplantation of pancreatic islets182.



Brown adipose tissue transplantation for type 1 diabetes 9

 11. Crossan C, Mourad NI, Smith K, Gianello P, Scobie L. 
Assessment of porcine endogenous retrovirus trans-
mission across an alginate barrier used for the encap-
sulation of porcine islets. Xenotransplantation 2018; 25: 
e12409.

 12. Aguayo-Mazzucato C, Bonner-Weir S. Pancreatic β cell 
regeneration as a possible therapy for diabetes. Cell Me-
tab 2018; 27: 57-67.

 13. Zhou Q, Melton DA. Pancreas regeneration. Nature 
2018; 557: 351-358.

 14. Xiao X, Guo P, Shiota C, Zhang T, Coudriet GM, Fis-
chbach S, Prasadan K, Fusco J, Ramachandran S, Wit-
kowski P, Piganelli JD, Gittes GK. Endogenous repro-
gramming of alpha cells into beta Cells, induced by 
viral gene therapy, reverses autoimmune diabetes. Cell 
Stem Cell 2018; 22: 78-90.e4.

 15. Wang Y, Dorrell C, Naugler WE, Heskett M, Spell-
man P, Li B, Galivo F, Haft A, Wakefield L, Grompe 
M. Long-term correction of diabetes in mice by in vivo 
reprogramming of pancreatic ducts. Mol Ther 2018; 26: 
1327-1342.

 16. McKimpson WM, Accili D. Reprogramming cells to 
make insulin. J Endocr Soc 2019; 3: 1214-1226. 

 17. Bluestone JA, Buckner JH, Fitch M, Gitelman SE, Gup-
ta S, Hellerstein MK, Herold KC, Lares A, Lee MR, 
Li K, Liu W, Long SA, Masiello LM, Nguyen V, Put-
nam AL, Rieck M, Sayre PH, Tang Q. Type 1 diabetes 
immunotherapy using polyclonal regulatory T cells. Sci 
Transl Med 2015; 7: 315ra189.

 18. Bone RN, Evans-Molina C. Combination Immunother-
apy for Type 1 Diabetes. Curr Diab Rep 2017; 17: 50.

 19. Xin GLL, Khee YP, Ying TY, Chellian J, Gupta G, 
Kunnath AP, Nammi S, Collet T, Hansbro PM, Dua K, 
Chellappan DK. Current status on immunological ther-
apies for type 1 diabetes mellitus. Curr Diab Rep 2019; 
19: 22.

 20. Warshauer JT, Bluestone JA, Anderson MS. New fron-
tiers in the treatment of type 1 diabetes. Cell Metab 
2020; 31: 46-61. 

 21. Infante M, Ricordi C, Sanchez J, Clare-Salzler MJ, Pa-
dilla N, Fuenmayor V, Chavez C, Alvarez A, Baidal D, 
Alejandro R, Caprio M, Fabbri A. Influence of vitamin 
D on islet autoimmunity and beta-cell function in type 
1 diabetes. Nutrients 2019; 11: 2185.

 22. Ricordi C, Clare-Salzler M, Infante M, Baggerly C, 
Aliano J, McDonnell S, Chritton S. Vitamin D and 
omega 3 field study on progression of type 1 diabetes. 
CellR4 2019; 7: e2737.

 23. Infante M, Ricordi C, Padilla N, Alvarez A, Linetsky E, 
Lanzoni G, Mattina A, Bertuzzi F, Fabbri A, Baidal D, 
Alejandro R. The role of vitamin D and omega-3 PUFAs 
in islet transplantation.  Nutrients 2019; 11: 2937.

 24. Infante M, Ricordi C. Editorial - Moving forward on the 
pathway of targeted immunotherapies for type 1 diabe-
tes: the importance of disease heterogeneity. Eur Rev 
Med Pharmacol Sci 2019; 23: 8702-8704. 

 25. Booth A, Magnuson A, Fouts J, Foster MT. Adipose 
tissue: an endocrine organ playing a role in metabolic 
regulation. Horm Mol Biol Clin Investig 2016; 26: 25-
42.

AcknowledgMents:
Figure 1 was created with images adapted from Servier Med-
ical Art licensed under a Creative Commons Attribution 3.0 
(https://smart.servier.com/).

 
fundIng:
No funding is declared for this article.

 
orcId:
Subhadra C. Gunawardana: https://orcid.org/0000-0003-4211-
982X
Marco Infante: https://orcid.org/0000-0003-2032-8735 

 
conflIct of Interest:
The authors declare that they have no conflict of interest to 
disclose.

references

  1. Trayhurn P. Origins and early development of the con-
cept that brown adipose tissue thermogenesis is linked 
to energy balance and obesity. Biochimie 2017; 134: 62-
70.

  2. Billon N, Dani C. Developmental origins of the adipo-
cyte lineage: new insights from genetics and genomics 
studies. Stem Cell Rev 2012; 8: 55-66.

  3. Dholakia S, Oskrochi Y, Easton G, Papalois V. Advanc-
es in pancreas transplantation.  J R Soc Med 2016; 109: 
141-146.

  4. O’Malley RB, Moshiri M, Osman S, Menias CO, Katz 
DS. Imaging of pancreas transplantation and its compli-
cations. Radiol Clin North Am 2016; 54: 251-266.

  5. Laftavi MR, Gruessner A, Gruessner R. Surgery of 
pancreas transplantation. Curr Opin Organ Transplant 
2017; 22: 389-397. 

  6. Yadav K, Young S, Finger EB, Kandaswamy R, Suther-
land DER, Golzarian J, Dunn TB. Significant arterial 
complications after pancreas transplantation-A sin-
gle-center experience and review of literature. Clin 
Transplant 2017; 31: 13070.

  7. Shapiro AM, Pokrywczynska M, Ricordi C.  Clinical 
pancreatic islet transplantation. Nat Rev Endocrinol 
2017; 13: 268-277.  

  8. Gamble A, Pepper AR, Bruni A, Shapiro AMJ. The 
journey of islet cell transplantation and future develop-
ment. Islets 2018; 10: 80-94. 

  9. Vantyghem MC, de Koning EJP, Pattou F, Rickels MR. 
Advances in β-cell replacement therapy for the treat-
ment of type 1 diabetes. Lancet 2019; 394: 1274-1285. 

 10. Carlsson PO, Espes D, Sedigh A, Rotem A, Zimerman 
B, Grinberg H, Goldman T, Barkai U, Avni Y, Wester-
mark GT, Carlbom L, Ahlström H, Eriksson O, Olerud 
J, Korsgren O. Transplantation of macroencapsulated 
human islets within the bioartificial pancreas βAir to 
patients with type 1 diabetes mellitus. Am J Transplant 
2018; 18: 1735-1744. 



10 S. C. Gunawardana, M. Infante

 42. Frankenberg ADV, Reis AF, Gerchman F. Relationships 
between adiponectin levels, the metabolic syndrome, 
and type 2 diabetes: a literature review. Arch Endocri-
nol Metab 2017; 61: 614-622.

 43. Rotella CM, Pala L, Mannucci E. Glucagon-like peptide 
1 (GLP-1) and metabolic disease. J Endocrinol Invest 
2005; 28: 746-758. 

 44. López-Jaramillo P, Gómez-Arbeláez D, López-López J, 
López-López C, Martínez-Ortega J, Gómez-Rodríguez 
A, Triana-Cubillos S. The role of leptin/adiponectin ra-
tio in metabolic syndrome and diabetes. Horm Mol Biol 
Clin Investig 2014; 18: 37-45.

 45. Unger RH, Cherrington AD. Glucagonocentric restruc-
turing of diabetes: a pathophysiologic and therapeutic 
makeover. J Clin Invest 2012; 122: 4-12.

 46. Hughes JW, Ustione A, Lavagnino Z, Piston DW. Regu-
lation of islet glucagon secretion: Beyond calcium. Dia-
betes Obes Metab 2018; 20: 127-136.

 47. Yu X, Park BH, Wang MY, Wang ZV, Unger RH. Making 
insulin-deficient type 1 diabetic rodents thrive without in-
sulin. Proc Natl Acad Sci U S A 2008; 105: 14070-14075.

 48. Wang MY, Chen L, Clark GO, Lee Y, Stevens RD, Ilka-
yeva OR, Wenner BR, Bain JR, Charron MJ, Newgard 
CB, Unger RH. Leptin therapy in insulin-deficient type I 
diabetes. Proc Natl Acad Sci U S A 2010; 107: 4813-4819.  

 49. Kruger AJ, Yang C, Lipson KL, Pino SC, Leif JH, Ho-
gan CM, Whalen BJ, Guberski DL, Lee Y, Unger RH, 
Greiner DL, Rossini AA, Bortell R. Leptin treatment 
confers clinical benefit at multiple stages of virally in-
duced type 1 diabetes in BB rats. Autoimmunity 2011; 
44: 137-148.

 50. Hinshaw L, Schiavon M, Dadlani V, Mallad A, Dalla 
Man C, Bharucha A, Basu R, Geske JR, Carter RE, Co-
belli C, Basu A, Kudva YC. Effect of pramlintide on 
postprandial glucose fluxes in type 1 diabetes. J Clin 
Endocrinol Metab 2016; 101: 1954-1962.

 51. Lee Y, Wang MY, Du XQ, Charron MJ, Unger RH. Glu-
cagon receptor knockout prevents insulin-deficient type 
1 diabetes in mice. Diabetes 2011; 60: 391-397.

 52. Wang MY, Yan H, Shi Z, Evans MR, Yu X, Lee Y, Chen 
S, Williams A, Philippe J, Roth MG, Unger RH. Glucagon 
receptor antibody completely suppresses type 1 diabetes 
phenotype without insulin by disrupting a novel diabeto-
genic pathway. Proc Natl Acad Sci U S A 2015; 112: E4158. 

 53. Kazda CM, Ding Y, Kelly RP, Garhyan P, Shi C, Lim 
CN, Fu H, Watson DE, Lewin AJ, Landschulz WH, Deeg 
MA, Moller DE, Hardy TA. Evaluation of efficacy and 
safety of the glucagon receptor antagonist LY2409021 in 
patients with type 2 diabetes: 12- and 24-week phase 2 
studies. Diabetes Care 2016; 39: 1241-1249.

 54. Guzman CB, Zhang XM, Liu R, Regev A, Shankar S, 
Garhyan P, Pillai SG, Kazda C, Chalasani N, Hardy TA. 
Treatment with LY2409021, a glucagon receptor antag-
onist, increases liver fat in patients with type 2 diabetes. 
Diabetes Obes Metab 2017; 19: 1521-1528. 

 55. Kazda CM, Frias J, Foga I, Cui X, Guzman CB, Ga-
rhyan P, Heilmann C, Yang JA, Hardy TA. Treatment 
with the glucagon receptor antagonist LY2409021 in-
creases ambulatory blood pressure in patients with type 
2 diabetes. Diabetes Obes Metab 2017; 19: 1071-1077. 

 26. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in 
inflammation and metabolic disease. Nat Rev Immunol 
2011; 11: 85-97.

 27. Falcão-Pires I, Castro-Chaves P, Miranda-Silva D, Lou-
renço AP, Leite-Moreira AF. Physiological, pathologi-
cal and potential therapeutic roles of adipokines. Drug 
Discov Today 2012; 17: 880-889.

 28. D’souza AM, Neumann UH, Glavas MM, Kieffer TJ. 
The glucoregulatory actions of leptin. Mol Metab 2017; 
6: 1052-1065.

 29. Tups A, Benzler J, Sergi D, Ladyman SR, Williams 
LM. Central regulation of glucose homeostasis. Compr 
Physiol 2017; 7: 741-764.

 30. Fang H, Judd RL. Adiponectin regulation and function. 
Compr Physiol 2018; 8: 1031-1063. 

 31. Achari AE, Jain SK. Adiponectin, a therapeutic target 
for obesity, diabetes, and endothelial dysfunction. Int J 
Mol Sci 2017; 18: 1321. 

 32. Drucker DJ. Mechanisms of action and therapeutic ap-
plication of glucagon-like peptide-1. Cell Metab 2018; 
27: 740-756.

 33. Jones B, Bloom SR, Buenaventura T, Tomas A, Rutter 
GA. Control of insulin secretion by GLP-1. Peptides 
2018; 100: 75-84. 

 34. Nauck MA, Meier JJ. The incretin effect in healthy 
individuals and those with type 2 diabetes: physi-
ology, pathophysiology, and response to therapeutic 
interventions. Lancet Diabetes Endocrinol 2016; 4: 
525-536. 

 35. Brandt SJ, Götz A, Tschöp MH, Müller TD. Gut hor-
mone polyagonists for the treatment of type 2 diabetes. 
Peptides 2018; 100: 190-201.

 36. Yakar S, Adamo ML. Insulin-like growth factor 1 phys-
iology: lessons from mouse models. Endocrinol Metab 
Clin North Am 2012; 41: 231-234.

 37. Wang Z, Li W, Guo Q, Wang Y, Ma L, Zhang X. Insu-
lin-like growth factor-1 signaling in lung development 
and inflammatory lung diseases. Biomed Res Int 2018; 
2018: 6057589. 

 38. Kamenický P, Mazziotti G, Lombès M, Giustina A, 
Chanson P. Growth hormone, insulin-like growth fac-
tor-1, and the kidney: pathophysiological and clinical 
implications. Endocr Rev 2014; 35: 234-281.

 39. Lee WS, Kim J. Insulin-like growth factor-1 signaling 
in cardiac aging. Biochim Biophys Acta Mol Basis Dis 
2018; 1864: 1931-1938. 

 40. Butler, A, Ambler, G, Breier, B, Leroith, D, Rob-
erts, C, Gluckman, P. Growth hormone (GH) and 
insulin-like growth factor-I (IGF-I) treatment of the 
GH-deficient dwarf rat: differential effects on IGF-I 
transcription start site expression in hepatic and ex-
trahepatic tissues and lack of effect on type I IGF 
receptor mRNA expression. Mol. Cell. Endocrinol 
1994; 101: 321-330.

 41. Olney RC, Tsuchiya K, Wilson DM, Mohtai M, Malo-
ney WJ, Schurman DJ, Smith RL. Chondrocytes from 
osteoarthritic cartilage have increased expression of in-
sulin-like growth factor I (IGF-I) and IGF-binding pro-
tein-3 (IGFBP-3) and −5, but not IGF-II or IGFBP-4. J 
Clin Endocrinol Metab 1996; 81: 1096-1103.



Brown adipose tissue transplantation for type 1 diabetes 11

 70. Dray C, Knauf C, Daviaud D, Waget A, Boucher J, 
Buléon M, Cani PD, Attané C, Guigné C, Carpéné C, 
Burcelin R, Castan-Laurell I, Valet P. Apelin stimulates 
glucose utilization in normal and obese insulin-resistant 
mice. Cell Metab 2008; 8: 437-445.

 71. Liu L, Shao Z, Xia Y, Qin J, Xiao Y, Zhou Z, Mei Z. In-
cretin-based therapies for patients with type 1 diabetes: 
a meta-analysis. Endocr Connect 2019; 8: 277-288.

 72. Wang Q, Long M, Qu H, Shen R, Zhang R, Xu J, Xiong 
X, Wang H, Zheng H. DPP-4 Inhibitors as Treatments 
for Type 1 Diabetes Mellitus: A Systematic Review and 
Meta-Analysis. J Diabetes Res 2018; 2018: 5308582.

 73. Stanchev PE, Orbetzova MM, Terzieva DD, Davcheva D, 
Iliev DA, Petrov SV, Koleva DI, Nonchev BI. Serum levels 
of incretin hormones GLP-1 and GIP in patients with type 
1 diabetes mellitus. Folia Med (Plovdiv) 2019; 61: 76-83.

 74. Frandsen CS, Dejgaard TF, Madsbad S, Holst JJ.  Non-in-
sulin pharmacological therapies for treating type 1 diabe-
tes. Expert Opin Pharmacother 2018; 19: 947-960.

 75. Wright LA, Hirsch IB. Non-insulin treatments for Type 
1 diabetes: critical appraisal of the available evidence 
and insight into future directions. Diabet Med 2019; 36: 
665-678.

 76. Snaith JR, Holmes-Walker DJ, Greenfield JR. Reducing 
type 1 diabetes mortality: Role for adjunctive therapies? 
Trends Endocrinol Metab 2020; 31: 150-164. 

 77. Matarese G, Sanna V, Lechler RI, Sarvetnick N, Fon-
tana S, Zappacosta S, La Cava A. Leptin accelerates 
autoimmune diabetes in female NOD mice. Diabetes 
2002; 51: 1356-1361.

 78. Zouhar P, Rakipovski G, Bokhari MH, Busby O, Pauls-
son JF, Conde-Frieboes KW, Fels JJ, Raun K, Andersen 
B, Cannon B, Nedergaard J. UCP1-independent glu-
cose-lowering effect of leptin in type 1 diabetes: only in 
conditions of hypoleptinemia. Am J Physiol Endocrinol 
Metab 2020; 318: E72-E86.

 79. Luna R, Garcia-Mayor RV, Lage M, Andrade MA, Bar-
reiro J, Pombo M, Dieguez C, Casanueva FF. High serum 
leptin levels in children with type 1 diabetes mellitus: 
contribution of age, BMI, pubertal development and met-
abolic status. Clin Endocrinol (Oxf) 1999; 51: 603-610. 

 80. Nakamura T, Nagasaka S, Ishikawa S, Fujibayashi K, 
Kawakami A, Rokkaku K, Hayashi H, Saito T, Kusaka 
I, Higashiyama M, Saito T. Serum levels of leptin and 
changes during the course of recovery from diabetic ke-
toacidosis. Diabetes Res Clin Pract 1999; 46: 57-63. 

 81. Soliman AT, Omar M, Assem HM, Nasr IS, Rizk MM, 
El Matary W, El Alaily RK. Serum leptin concentra-
tions in children with type 1 diabetes mellitus: relation-
ship to body mass index, insulin dose, and glycemic 
control. Metabolism 2002; 51: 292-296.

 82. Oral EA. Leptin for type 1 diabetes: coming onto stage 
to be (or not?). Pediatr Diabetes 2012; 13: 68-73.

 83. Gunawardana SC, Piston DW. Reversal of type 1 diabe-
tes in mice by brown adipose tissue transplant.  Diabe-
tes 2012; 61: 674-682.

 84. Gunawardana SC, Piston DW. Insulin-independent re-
versal of type 1 diabetes in non-obese diabetic mice 
with brown adipose tissue transplant. Am J of Physiol 
2015; 308: E1043-E1055.

 56. Pearson MJ, Unger RH, Holland WL. Clinical trials, 
triumphs, and tribulations of glucagon receptor antag-
onists. Diabetes Care 2016; 39: 1075-1077.

 57. Wu X, Motoshima H, Mahadev K, Stalker TJ, Scalia 
R, Goldstein BJ. Involvement of AMP-activated protein 
kinase in glucose uptake stimulated by the globular do-
main of adiponectin in primary rat adipocytes. Diabetes 
2003; 52: 1355-1363.

 58. Cisternas P, Martinez M, Ahima RS, William Wong 
G, Inestrosa NC. Modulation of glucose metabolism in 
hippocampal neurons by adiponectin and resistin. Mol 
Neurobiol 2019; 56: 3024-3037.

 59. Tao C, Sifuentes A, Holland WL. Regulation of glucose 
and lipid homeostasis by adiponectin: effects on hepato-
cytes, pancreatic β cells and adipocytes. Best Pract Res 
Clin Endocrinol Metab 2014; 28: 43-58.

 60. Dubuisson O, Dhurandhar EJ, Krishnapuram R, 
Kirk-Ballard H, Gupta AK, Hegde V, Floyd E, Gimble 
JM, Dhurandhar NV. PPARgamma-independent in-
crease in glucose uptake and adiponectin abundance in 
fat cells. Endocrinology 2011; 152: 3648-3660.

 61. Attané C, Daviaud D, Dray C, Dusaulcy R, Masseboeuf 
M, Prévot D, Carpéné C, Castan-Laurell I, Valet P. Ape-
lin stimulates glucose uptake but not lipolysis in human 
adipose tissue ex vivo. J Mol Endocrinol 2011; 46: 21-28. 

 62. Bertrand C, Valet P, Castan-Laurell I. Apelin and ener-
gy metabolism. Front Physiol 2015; 6: 115. 

 63. Zhu S, Sun F, Li W, Cao Y, Wang C, Wang Y, Liang 
D, Zhang R, Zhang S, Wang H, Cao F. Apelin stimu-
lates glucose uptake through the PI3K/Akt pathway and 
improves insulin resistance in 3T3-L1 adipocytes. Mol 
Cell Biochem 2011; 353: 305-313. 

 64. Fukushima M, Hattori Y, Tsukada H, Koga K, Kajiwara 
E, Kawano K, Kobayashi T, Kamata K, Maitani Y. Ad-
iponectin gene therapy of streptozotocin-induced dia-
betic mice using hydrodynamic injection. J Gene Med 
2007; 9: 976-985. 

 65. Kandasamy AD, Sung MM, Boisvenue JJ, Barr AJ, 
Dyck JR. Adiponectin gene therapy ameliorates high-
fat, high-sucrose diet-induced metabolic perturbations 
in mice. Nutr Diabetes 2012; 2: e45.

 66. Okada-Iwabu M, Yamauchi T, Iwabu M, Honma T, 
Hamagami K, Matsuda K, Yamaguchi M, Tanabe H, 
Kimura-Someya T, Shirouzu M, Ogata H, Tokuyama K, 
Ueki K, Nagano T, Tanaka A, Yokoyama S, Kadowaki 
T. A small-molecule AdipoR agonist for type 2 diabetes 
and short life in obesity. Nature 2013; 503: 493-499.

 67. Nicolas S, Rochet N, Gautier N, Chabry J, Pisani DF. 
The adiponectin receptor agonist AdipoRon normalizes 
glucose metabolism and prevents obesity but not growth 
retardation induced by glucocorticoids in young mice. 
Metabolism 2020; 103: 154027. 

 68. O’Harte FPM, Parthsarathy V, Hogg C, Flatt PR. Ape-
lin-13 analogues show potent in vitro and in vivo insu-
linotropic and glucose lowering actions. Peptides 2018; 
100: 219-228. 

 69. Akcilar R, Turgut S, Caner V, Akcilar A, Ayada C, El-
mas L, Özcan TO. The effects of apelin treatment on 
a rat model of type 2 diabetes. Adv Med Sci 2015; 60: 
94-100. 



12 S. C. Gunawardana, M. Infante

 99. Stanford KI, Middelbeek RJ, Townsend KL, An D, 
Nygaard EB, Hitchcox KM, Markan KR, Nakano K, 
Hirshman MF, Tseng YH, Goodyear LJ. Brown adipose 
tissue regulates glucose homeostasis and insulin sensi-
tivity. J Clin Invest 2013; 123: 215-223.

100. Villarroya F, Giralt M. The Beneficial Effects of Brown 
Fat Transplantation: Further evidence of an endocrine 
role of brown adipose tissue. Endocrinology 2015; 156: 
2368-2370.

101. Tran TT, Kahn CR. Transplantation of adipose tissue 
and stem cells: role in metabolism and disease. Nat Rev 
Endocrinol 2010; 6: 195-213. 

102. Torres-Villalobos G, Hamdan-Pérez N, Díaz-Vil-
laseñor A, Tovar AR, Torre-Villalvazo I, Ordaz-Nava 
G, Morán-Ramos S, Noriega LG, Martínez-Benítez B, 
López-Garibay A, Torres-Landa S, Ceballos-Cantú JC, 
Tovar-Palacio C, Figueroa-Juárez E, Hiriart M, Medi-
na-Santillán R, Castillo-Hernández C, Torres N. Autol-
ogous subcutaneous adipose tissue transplants improve 
adipose tissue  metabolism and reduce insulin resistance 
and fatty liver in diet-induced obesity rats. Physiol Rep 
2016; 4: e12909.

103. Klebanov S, Astle CM, DeSimone O, Ablamunits V, 
Harrison DE. Adipose tissue transplantation protects 
ob/ob mice from obesity, normalizes insulin sensitivity 
and restores fertility. J Endocrinol 2005; 186: 203-211. 

104. Foster MT, Softic S, Caldwell J, Kohli R, de Kloet AD, 
Seeley RJ. Subcutaneous adipose tissue transplantation 
in diet-induced obese mice attenuates metabolic dysreg-
ulation while removal exacerbates it. Physiol Rep 2013; 
1: e00015.

105. Foster MT, Shi H, Seeley RJ, Woods SC. Transplanta-
tion or removal of intra-abdominal adipose tissue pre-
vents age-induced glucose insensitivity. Physiol Behav 
2010; 101: 282-288.

106. Gunawardana SC, Benninger RKP, Piston DW. Subcu-
taneous transplantation of embryonic pancreas for cor-
rection of type 1 diabetes.  Am J of Physiol 2009; 296: 
E323-E332.

107. Ouellet V, Labbé SM, Blondin DP, Phoenix S, Guérin 
B, Haman F, Turcotte EE, Richard D, Carpentier AC. 
Brown adipose tissue oxidative metabolism contributes 
to energy expenditure during acute cold exposure in hu-
mans. J Clin Invest 2012; 122: 545-552.

108. Schulz TJ, Tseng YH. Brown adipose tissue: develop-
ment, metabolism and beyond. Biochem J 2013; 453: 
167-178.

109. van der Lans AA, Wierts R, Vosselman MJ, Schrauwen 
P, Brans B, van Marken Lichtenbelt WD. Cold-activated 
brown adipose tissue in human adults: methodological 
issues. Am J Physiol Regul Integr Comp Physiol 2014; 
307: R103-R113.

110. Wang Q, Zhang M, Xu M, Gu W, Xi Y, Qi L, Li B, 
Wang W. Brown adipose tissue activation is inversely 
related to central obesity and metabolic parameters in 
adult human. PLoS One 2015; 10: e0123795. 

111. Armani A, Berry A, Cirulli F, Caprio M. Molecular 
mechanisms underlying metabolic syndrome the ex-
panding role of the adipocyte. FASEB J 2017; 31: 4240-
4255.

 85. Furman BL. Streptozotocin-induced diabetic models in 
mice and rats. Curr Protoc Pharmacol 2015; 70: 5.47.1-
5.47.20. 

 86. Pearson JA, Wong FS, Wen L. The importance of the 
Non Obese Diabetic (NOD) mouse model in autoim-
mune diabetes. J Autoimmun 2016; 66: 76-88.

 87. Jayasimhan A, Mansour KP, Slattery RM. Advances in 
our understanding of the pathophysiology of type 1 di-
abetes: lessons from the NOD mouse. Clin Sci (Lond) 
2014; 126: 1-18. 

 88. Tsalamandris A, Antonopoulos AS, Oikonomou E,  Pa-
pamikroulis GA, Vogiatzi G, Papaioannou S, Deftereos 
S, Tousoulis D. The role of inflammation in diabetes: 
current concepts and future perspectives. Eur Cardiol 
2019; 14: 50-59.

 89. Rosenfalck AM, Almdal T, Hilsted J, Madsbad S. Body 
composition in adults with Type 1 diabetes at onset and 
during the first year of insulin therapy. Diabet Med 
2002; 19: 417-423.

 90. Shao L, Feng B, Zhang Y, Zhou H, Ji W, Min W. The 
role of adipose-derived inflammatory cytokines in type 
1 diabetes. Adipocyte 2016; 5: 270-274.

 91. Snell-Bergeon JK, West NA, Mayer-Davis EJ, Liese 
AD, Marcovina SM, D’Agostino RB Jr, Hamman RF, 
Dabelea D. Inflammatory markers are increased in 
youth with type 1 diabetes: the SEARCH Case-Control 
study. J Clin Endocrinol Metab 2010; 95: 2868-2876.

 92. Verrijn Stuart AA, Schipper HS, Tasdelen I, Egan DA, Prak-
ken BJ, Kalkhoven E, de Jager W. Altered plasma adipokine 
levels and in vitro adipocyte differentiation in pediatric type 1 
diabetes. J Clin Endocrinol Metab 2012; 97: 463-472.

 93. Ribeiro HQT, Coqueiro AY, Lima VBS, Martins CEC, 
Tirapegui J. Leucine and resistance training improve 
hyperglycemia, white adipose tissue loss, and inflam-
matory parameters in an experimental model of type 1 
diabetes Nutr Health. 2018; 24: 19-27.

 94. White JD, Dewal RS, Stanford KI. The beneficial ef-
fects of brown adipose tissue transplantation. Mol As-
pects Med 2019; 68: 74-81.

 95. Cohen P, Levy JD, Zhang Y, Frontini A, Kolodin DP, 
Svensson KJ, Lo JC, Zeng X, Ye L, Khandekar MJ, Wu 
J, Gunawardana SC, Banks AS, Camporez JP, Jurczak 
MJ, Kajimura S, Piston DW, Mathis D, Cinti S, Shulman 
GI, Seale P, Spiegelman BM. Ablation of PRDM16 and 
beige adipose causes metabolic dysfunction and a subcu-
taneous to visceral fat switch.  Cell 2014; 156: 304-316. 

 96. Liu X, Wang S, You Y, Meng M, Zheng Z, Dong M, Lin J, 
Zhao Q, Zhang C, Yuan X, Hu T, Liu L, Huang Y, Zhang 
L, Wang D, Zhan J, Jong Lee H, Speakman JR, Jin W. 
Brown adipose tissue transplantation reverses obesity in 
Ob/Ob mice. Endocrinology 2015; 156: 2461-2469. 

 97. Zhu Z, Spicer EG, Gavini CK, Goudjo-Ako AJ, Novak 
CM, Shi H. Enhanced sympathetic activity in mice with 
brown adipose tissue transplantation (transBATation). 
Physiol Behav 2014; 125: 21-29.

 98. Liu X, Zheng Z, Zhu X, Meng M, Li L, Shen Y, Chi Q, 
Wang D, Zhang Z, Li C, Li Y, Xue Y, Speakman JR, 
Jin W. Brown adipose tissue transplantation improves 
whole-body energy metabolism. Cell Res 2013; 23: 851-
854. 



Brown adipose tissue transplantation for type 1 diabetes 13

125. Schmidt T, Fischer S, Tsikolia N, Navarrete Santos A, 
Rohrbach S, Ramin N, Thieme R, Fischer B. Expres-
sion of adipokines in preimplantation rabbit and mice 
embryos. Histochem Cell Biol 2008; 129: 817-825.

126. Mur C, Arribas M, Benito M, Valverde AM. Essential 
role of insulin-like growth factor I receptor in insu-
lin-induced fetal brown adipocyte differentiation. En-
docrinology 2003; 144: 581-593.

127. Bedzhov I, Liszewska E, Kanzler B, Stemmler MP. Ig-
f1r signaling is indispensable for preimplantation devel-
opment and is activated via a novel function of E-cad-
herin. PLoS Genet 2012; 8: e1002609.

128. Barbe A, Bongrani A, Mellouk N, Estienne A, Kurows-
ka P, Grandhaye J, Elfassy Y, Levy R, Rak A, Froment 
P, Dupont J. Mechanisms of adiponectin action in fer-
tility: An overview from gametogenesis to gestation in 
humans and animal models in normal and pathological 
conditions. Int J Mol Sci 2019; 20: 1526. 

129. Kim ST, Marquard K, Stephens S, Louden E, Allsworth 
J, Moley KH. Adiponectin and adiponectin receptors 
in the mouse preimplantation embryo and uterus. Hum 
Reprod 2011; 26: 82-95. 

130. Maillard V, Uzbekova S, Guignot F, Perreau C, Ramé C, 
Coyral-Castel S, Dupont J. Effect of adiponectin on bovine 
granulosa cell steroidogenesis, oocyte maturation and em-
bryo development. Reprod Biol Endocrinol 2010; 8: 23

131. Čikoš Š1, Burkuš J, Bukovská A, Fabian D, Rehák P, 
Koppel J. Expression of adiponectin receptors and ef-
fects of adiponectin isoforms in mouse preimplantation 
embryos. Hum Reprod 2010; 25: 2247-2255. 

132. Itoh N. Hormone-like (endocrine) Fgfs: their evolution-
ary history and roles in development, metabolism, and 
disease. Cell Tissue Res 2010; 342: 1-11.

133. Ohta H, Itoh N. Roles of FGFs as Adipokines in adipose 
tissue development, remodeling, and metabolism. Front 
Endocrinol (Lausanne) 2014; 5: 18.

134. Holly J, Sabin M, Perks C, Shield J. Adipogenesis and 
IGF-1. Metab Syndr Relat Disord 2006; 4: 43-50.

135. Boucher J, Mori MA, Lee KY, Smyth G, Liew CW, Ma-
cotela Y, Rourk M, Bluher M, Russell SJ, Kahn CR. Im-
paired thermogenesis and adipose tissue development in 
mice with fat-specific disruption of insulin and IGF-1 
signaling. Nat Commun 2012; 3: 902. 

136. Zhao P, Deng Y, Gu P, Wang Y, Zhou H, Hu Y, Chen P, Fan X. 
Insulin-like growth factor 1 promotes the proliferation and adi-
pogenesis of orbital adipose-derived stromal cells in thyroid-as-
sociated ophthalmopathy. Exp Eye Res 2013; 107: 65-73.

137. Park SE, Dantzer R, Kelley KW, McCusker RH. Central 
administration of insulin-like growth factor-1 decreases 
depressive-like behavior and brain cytokine expression 
in mice. J Neuroinflammation 2011; 8: 12.

138. Hansen-Pupp I, Hellström-Westas L, Cilio CM, An-
dersson S, Fellman V, Ley D. Inflammation at birth and 
the insulin-like growth factor system in very preterm 
infants. Acta Paediatr 2007; 96: 830-836.

139. Emmerson E, Campbell L, Davies FC, Ross NL, Ash-
croft GS, Krust A, Chambon P, Hardman MJ. Insulin-like 
growth factor-1 promotes wound healing in estrogen-de-
prived mice: New insights into cutaneous IGF-1R/ERα 
cross talk. J Invest Dermatol 2012; 132: 2838-2848. 

112. Lee P, Smith S, Linderman J, Courville AB, Brychta 
RJ, Dieckmann W, Werner CD, Chen KY, Celi FS. Tem-
perature-acclimated brown adipose tissue modulates 
insulin sensitivity in humans. Diabetes 2014; 63: 3686-
3698.

113. Hanssen MJ, Hoeks J, Brans B, van der Lans AA, 
Schaart G, van den Driessche JJ, Jörgensen JA, Boek-
schoten MV, Hesselink MK, Havekes B, Kersten S, 
Mottaghy FM, van Marken Lichtenbelt WD, Schrauwen 
P. Short-term cold acclimation improves insulin sensi-
tivity in patients with type 2 diabetes mellitus. Nat Med 
2015; 21: 863-865.

114. Cypess AM, Weiner LS, Roberts-Toler C, Franquet Elía 
E, Kessler SH, Kahn PA, English J, Chatman K, Trauger 
SA, Doria A, Kolodny GM. Activation of human brown 
adipose tissue by a β3-adrenergic receptor agonist. Cell 
Metab 2015; 21: 33-38.

115. Baskin AS, Linderman JD, Brychta RJ, McGehee S, 
Anflick-Chames E, Cero C, Johnson JW, O’Mara AE, 
Fletcher LA, Leitner BP, Duckworth CJ, Huang S, Cai 
H, Garraffo HM, Millo CM, Dieckmann W, Tolstikov 
V, Chen EY, Gao F, Narain NR, Kiebish MA, Walter PJ, 
Herscovitch P, Chen KY, Cypess AM. Regulation of hu-
man adipose tissue activation, gallbladder size, and bile 
acid metabolism by a β3-Adrenergic Receptor Agonist. 
Diabetes 2018; 67: 2113-2125.

116. Wu L, Xia M, Duan Y, Zhang L, Jiang H, Hu X, Yan H, 
Zhang Y, Gu Y, Shi H, Li J, Gao X, Li J. Berberine pro-
motes the recruitment and activation of brown adipose 
tissue in mice and humans. Cell Death Dis 2019; 10: 468. 

117. Yoneshiro T, Aita S, Matsushita M, Kayahara T, 
Kameya T, Kawai Y, Iwanaga T, Saito M. Recruited 
brown adipose tissue as an antiobesity agent in humans. 
J Clin Invest 2013; 123: 3404-3408. 

118. Hanssen MJ, van der Lans AA, Brans B, Hoeks J, Jar-
don KM, Schaart G, Mottaghy FM, Schrauwen P, van 
Marken Lichtenbelt WD. Short-term cold acclimation 
recruits brown adipose tissue in obese humans. Diabe-
tes 2016; 65: 1179-1189. 

119. Scheele C, Nielsen S. Metabolic regulation and the an-
ti-obesity perspectives of human brown fat. Redox Biol 
2017; 12: 770-775.

120. Arroyave F, Montaño D, Lizcano F. Adipose tissue 
browning for the treatment of obesity and metabolic 
diseases. CellR4 2020; 8: e2877.

121. Infante M, Armani A, Mammi C, Fabbri A, Caprio M. 
Impact of adrenal steroids on regulation of adipose tis-
sue. Compr Physiol 2017; 7: 1425-1447.

122. Infante M, Armani A, Marzolla V, Fabbri A, Caprio 
M. Adipocyte mineralocorticoid receptor. Vitam Horm 
2019; 109: 189-209. 

123. Thuzar M, Law WP, Dimeski G, Stowasser M, Ho KKY. 
Mineralocorticoid antagonism enhances brown adipose tis-
sue function in humans: A randomized placebo-controlled 
cross-over study. Diabetes Obes Metab 2019; 21: 509-516.

124. Armani A, Infante M, Fabbri A, Caprio M. Comment 
on “mineralocorticoid antagonism enhances brown ad-
ipose tissue function in humans: A randomized place-
bo-controlled cross-over study”. Diabetes Obes Metab 
2019; 21: 2024-2026. 



14 S. C. Gunawardana, M. Infante

155. Ekman B, Nyström F, H J Arnqvist HJ. Circulating 
IGF-I concentrations are low and not correlated to gly-
caemic control in adults with type 1 diabetes. Eur J En-
docrinol 2000; 143: 505-510.

156. Gutefeldt K, Hedman CA, Thyberg ISM, Bachrach-Lind-
ström M, Spångeus A, Arnqvist HJ. Dysregulated 
growth hormone-insulin-like growth factor-1 axis in 
adult type 1 diabetes with long duration. Clin Endocri-
nol (Oxf) 2018; 89; 13810.

157. Shapiro MR, Wasserfall CH, McGrail SM, Posgai AL, 
Bacher R, Muir A, Michael J Haller MJ, Schatz DA, 
Wesley JD, von Herrath M, Hagopian, WA Speake C. 
Atkinson MA, Brusko TM. Insulin-like growth factor 
dysregulation both preceding and following type 1 dia-
betes diagnosis. Diabetes 2020; 31826866.

158. Palta M, LeCaire TJ, Sadek-Badawi M, Herrera VM, 
Danielson KK. The trajectory of IGF-1 across age and 
duration of type 1 diabetes. Diabetes Metab Res Rev 
2014; 30: 777-783.

159. Chisalita SI, Ludvigsson J. Insulin-like growth factor-1 
at diagnosis and during subsequent years in adoles-
cents with type 1 diabetes. J Diabetes Res 2018; 2018: 
8623560.

160. Zenobi PD, Jaeggi-Groisman SE, Riesen WF, Røder 
ME, Froesch ER. Insulin-like growth factor-I improves 
glucose and lipid metabolism in type 2 diabetes melli-
tus. J Clin Invest 1992; 90: 2234-2241. 

161. Rao MN, Mulligan K, Tai V, Wen MJ, Dyachenko A, 
Weinberg M, Li X, Lang T, Grunfeld C, Schwarz JM, 
Schambelan M. Effects of insulin-like growth factor 
(IGF)-I/IGF-binding protein-3 treatment on glucose 
metabolism and fat distribution in human immunode-
ficiency virus-infected patients with abdominal obesity 
and insulin resistance. J Clin Endocrinol Metab 2010; 
95: 4361-4366.

162. Zenobi PD, Glatz Y, Keller A, Graf S, Jaeggi-Groisman 
SE, Riesen WF, Schoenle EJ, Froesch ER. Beneficial 
metabolic effects of insulin-like growth factor I in pa-
tients with severe insulin-resistant diabetes type A. Eur 
J Endocrinol 1994; 131: 251-257.

163. McDonald A, Williams RM, Regan FM, Semple RK, 
Dunger D. IGF-I treatment of insulin resistance. Eur J 
Endocrinol 2007; 157: S51-56.

164. Dunger D, Yuen K, Ong K. Insulin-like growth factor 
I and impaired glucose tolerance. Horm Res 2004; 62: 
101-107.

165. Quattrin T, Thrailkill K, Baker L, Litton J, Dwigun 
K, Rearson M, Poppenheimer M, Giltinan D, Ge-
sundheit N, Martha P Jr. Dual hormonal replacement 
with insulin and recombinant human insulin like 
growth factor I in IDDM. Effects on glycemic con-
trol, IGF-I levels, and safety profile. Diabetes Care 
1997; 20: 374-380.

166. Quattrin T, Thrailkill K, Baker L, Kuntze J, Compton 
P, Martha P; rhIGF-I in IDDM Study Group. Improve-
ment of HbA1c without increased hypoglycemia in ado-
lescents and young adults with type 1 diabetes mellitus 
treated with recombinant human insulin-like growth 
factor-I and insulin. rhIGF-I in IDDM Study Group. J 
Pediatr Endocrinol Metab 2001; 14: 267-277.

140. Yu X, Xing C, Pan Y, Ma H, Zhang J, Li W. IGF-1 al-
leviates ox-LDL-induced inflammation via reducing 
HMGB1 release in HAECs. Acta Biochim Biophys Sin 
(Shanghai) 2012; 44: 746-751.

141. Wanders D, Graff EC, White BD, Judd RL. Niacin in-
creases adiponectin and decreases adipose tissue inflam-
mation in high fat diet-fed mice. PLoS One 2013; 8: e71285.

142. Gunawardana SC, Piston DW. Insulin-independent re-
versal of type-1 diabetes following transplantation of 
adult brown adipose tissue supplemented with IGF-1. 
Transplant Direct 2019; 5: e500.

143. Zoidis E, Ghirlanda-Keller C, Schmid C. Stimulation 
of glucose transport in osteoblastic cells by parathyroid 
hormone and insulin-like growth factor I. Mol Cell Bio-
chem 2011; 348: 33-42.

144. Fladeby C, Skar R, Serck-Hanssen G. Distinct regu-
lation of glucose transport and GLUT1/GLUT3 trans-
porters by glucose deprivation and IGF-I in chromaffin 
cells. Biochim Biophys Acta 2003; 1593: 201-208.

145. Fladeby C, Bjønness B, Serck-Hanssen G. GLUT1-me-
diated glucose transport and its regulation by IGF-I in 
cultured bovine chromaffin cells. J Cell Physiol 1996; 
169: 242-247.

146. Copland JA, Pardini AW, Wood TG, Yin D, Green A, 
Bodenburg YH, Urban RJ, Stuart CA. IGF-1 controls 
GLUT3 expression in muscle via the transcriptional 
factor Sp1. Biochim Biophys Acta 2007; 1769: 631-640.

147. Baumann MU, Schneider H, Malek A, Palta V, Surbek 
DV, Sager R, Zamudio S, Illsley NP. Regulation of human 
trophoblast GLUT1 glucose transporter by insulin-like 
growth factor I (IGF-I). PLoS One 2014; 26: e106037.

148. Phillips T, Ferraz I, Bell S, Clegg PD, Carter SD, 
Mobasheri A. Differential regulation of the GLUT1 
and GLUT3 glucose transporters by growth factors and 
pro-inflammatory cytokines in equine articular chon-
drocytes. Vet J 2005; 169: 216-222.

149. Hansen BF, Glendorf T, Hegelund AC, Lundby A, Lüt-
zen A, Slaaby R, Stidsen CE. Molecular characterisa-
tion of long-acting insulin analogues in comparison 
with human insulin, IGF-1 and insulin X10. PLoS One 
2012; 7: e34274.

150. LeRoith D, Yakar S. Mechanisms of disease: metabolic 
effects of growth hormone and insulin-like growth fac-
tor 1. Nat Clin Pract Endocrinol Metab 2007; 3: 302-310.

151. Clemmons DR. Involvement of insulin-like growth fac-
tor-I in the control of glucose homeostasis. Curr Opin 
Pharmacol 2006; 6: 620-625. 

152. Sandhu MS, Heald AH, Gibson JM, Cruickshank JK, 
Dunger DB, Wareham NJ. Circulating concentrations of 
insulin-like growth factor-I and development of glucose 
intolerance: a prospective observational study. Lancet 
2002; 359: 1740-1745.

153. Aleidi SM, Shayeb E, Bzour J, Abu-Rish EY, Hudaib 
M, Al Alawi S, Bustanji Y. Serum level of insulin-like 
growth factor-I in type 2 diabetic patients: impact of 
obesity. Horm Mol Biol Clin Investig 2019; 39: 1515.

154. Song X, Teng J, Wang A, Li X, Wang J, Liu Y. Positive 
correlation between serum IGF-1 and HDL-C in type 
2 diabetes mellitus. Diabetes Res Clin Pract 2016; 118: 
44-49. 



Brown adipose tissue transplantation for type 1 diabetes 15

176. Pascual M, Larralde J, Martínez JA.  Insulin-like growth 
factor I (IGF-I) affects plasma lipid profile and inhibits 
the lipolytic action of growth hormone (GH) in isolated 
adipocytes. Life Sci 1995; 57: 1213-1218.

177. Stivers KB, Beare JE, Chilton PM, Williams SK, 
Kaufman CL, Hoying JB. Adipose-derived cellular 
therapies in solid organ and vascularized-composite al-
lotransplantation. Curr Opin Organ Transplant 2017; 22: 
490-498.

178. Sanchez-Gurmaches J, Guertin DA. Adipocyte lineag-
es: tracing back the origins of fat. Biochim Biophys 
Acta 2014; 1842: 340-351. 

179. Peirce V, Carobbio S, Vidal-Puig A. The different 
shades of fat. Nature 2014; 510: 76-83.

180. Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, 
Scimè A, Devarakonda S, Conroe HM, Erdjument-Bro-
mage H, Tempst P, Rudnicki MA, Beier DR, Spiegel-
man BM. PRDM16 controls a brown fat/skeletal muscle 
switch. Nature 2008; 454: 961-967.

181. Ablamunits V, Goldstein AJ, Tovbina MH, Gaetz HP, 
Klebanov S. Acute rejection of white adipose tissue al-
lograft. Cell Transplant 2007; 16: 375-390.

182. Xu K, Xie R, Lin X, Jia J, Zeng N, Li W, Xiao D, Du T. 
Brown Adipose Tissue: A Potential Site for Islet Trans-
plantation. Transplantation 2020; 04: 2059-2064. 

183. Eriksson O, Selvaraju RK, Berglund M, Espes D. Met-
abolically active brown adipose tissue is found in adult 
subjects with type 1 diabetes. Int J Mol Sci 2019; 20: 
5827.

184. Orava J, Nuutila P, Noponen T, Parkkola R, Viljanen T, 
Enerbäck S, Rissanen A, Pietiläinen KH, Virtanen KA. 
Blunted metabolic responses to cold and insulin stimu-
lation in brown adipose tissue of obese humans. Obesity 
(Silver Spring) 2013; 21: 2279-2287.

185. Leitner BP, Huang S, Brychta RJ, Duckworth CJ, 
Baskin AS, McGehee S, Tal I, Dieckmann W, Gupta 
G, Kolodny GM, Pacak K, Herscovitch P, Cypess AM, 
Chen KY. Mapping of human brown adipose tissue in 
lean and obese young men. Proc Natl Acad Sci U S A 
2017; 114: 8649-8654.

167. Thrailkill KM, Quattrin T, Baker L, Kuntze JE, Comp-
ton PG, Martha PM Jr. Cotherapy with recombinant hu-
man insulin-like growth factor I and insulin improves 
glycemic control in type 1diabetes. RhIGF-I in IDDM 
Study Group. Diabetes Care 1999; 22: 585-592.

168. Ge X, Chen C, Hui X, Wang Y, Lam KS, Xu A. Fibro-
blast growth factor 21 induces glucose transporter-1 ex-
pression through activation of the serum response fac-
tor/Ets-like protein-1 in adipocytes. J Biol Chem 2011; 
286: 34533-34541.

169. Iglesias P, Selgas R, Romero S, Díez JJ. Biological role, 
clinical significance, and therapeutic possibilities of 
the recently discovered metabolic hormone fibroblastic 
growth factor 21. Eur J Endocrinol 2012; 167: 301-309.

170. Mashili FL, Austin RL, Deshmukh AS, Fritz T, Caidahl 
K, Bergdahl K, Zierath JR, Chibalin AV, Moller DE, 
Kharitonenkov A, Krook A. Direct effects of FGF21 on 
glucose uptake in human skeletal muscle: implications 
for type 2 diabetes and obesity. Diabetes Metab Res Rev 
2011; 27: 286-297.

171. Qiao L, Kinney B, Schaack J, Shao J. Adiponectin in-
hibits lipolysis in mouse adipocytes. Diabetes 2011; 60: 
1519-1527.

172. Wedellová Z, Dietrich J, Siklová-Vítková M, Kološtová 
K, Kováčiková M, Dušková M, Brož J, Vedral T, Stich 
V, Polák J. Adiponectin inhibits spontaneous and cat-
echolamine-induced lipolysis in human adipocytes of 
non-obese subjects through AMPK-dependent mecha-
nisms. Physiol Res 2011; 60: 139-148.

173. Arner P, Pettersson A, Mitchell PJ, Dunbar JD, Khari-
tonenkov A, Rydén M. FGF21 attenuates lipolysis in 
human adipocytes - a possible link to improved insulin 
sensitivity. FEBS Lett 2008; 582: 1725-1730.

174. Ohta H, Konishi M, Itoh N. FGF10 and FGF21 as regu-
lators in adipocyte development and metabolism. Endocr 
Metab Immune Disord Drug Targets 2011; 11: 302-309.

175. Murata Y, Konishi M, Itoh N. FGF21 as an Endocrine 
regulator in lipid metabolism: from molecular evolution 
to physiology and pathophysiology. J Nutr Metab 2011: 
981315.


