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Abstract

Objective: The goal of this study was to review the metabolic effects of fat
transplantation.

Methods: Fat (adipose tissue [AT]) transplantation has been performed extensively
for many years in the cosmetic reconstruction industry. However, not all fats are
equal. White, brown, and beige AT differ in energy storage and use. Brown and beige
AT consume glucose and lipids for thermogenesis and, theoretically, may provide
greater metabolic benefit in transplantation. Here, the authors review the metabolic
effects of AT transplantation.

Results: Removal of subcutaneous human AT does not have beneficial metabolic
effects. Most studies find no benefit from visceral AT transplantation and some stud-
ies report harmful effects. In contrast, transplantation of inguinal or subcutaneous AT
in mice has positive effects. Brown AT transplant studies have variable results
depending on the model but most show benefit.

Conclusions: Many technical improvements have optimized fat grafting and trans-
plantation in cosmetic surgery. Transplantation of subcutaneous AT has the potential
for significant metabolic benefits, although there are few studies in humans or using
human AT. Brown AT transplantation is beneficial but not readily feasible in humans
thus ex vivo “beiging” may be a useful strategy. AT transplantation may provide clini-

cal benefits in metabolic disorders, especially in the setting of lipodystrophy.

reviewed the four phases of AT grafting (harvesting, processing, implan-

tation, and transplant site preparation) and their relative importance for

Fat transplantation has been performed in reconstructive and cosmetic
surgery for many years. It is used in a wide range of procedures, includ-
ing breast reconstruction, facial contouring, and repair of radiation dam-
age, posttraumatic deformities, and congenital anomalies [1]. Adipose
tissue (AT) transplantation for burns assists with skin grafting and
improves subjective assessment of cosmetic outcomes [2, 3]. In each of
these settings, there can be significant loss of the graft, leading to vari-
able outcomes and, in some cases, repeat procedures. We recently

graft survival and revascularization [4]. However, in addition to cosmetic

effects, AT plays important metabolic roles.

METHODS

This review will briefly discuss the need for AT, different types of AT
depots, their metabolic effects, and lipectomy (fat removal), and then
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it will review the metabolic effects of AT transplantation, considered

by donor site.

RESULTS
Metabolic benefits of AT

The metabolic benefits of normal AT are clearly demonstrated by the
deleterious clinical phenotype in people with lipodystrophies. Lipody-
strophies may be congenital or acquired and they are generalized or
partial. They have severe adverse metabolic consequences, including
diabetes and premature cardiovascular disease [5], and they have
been the subject of excellent reviews and practice guidelines [6-8].

Congenital generalized lipodystrophy (Berardinelli-Seip syndrome) is
a rare, autosomal recessive disorder caused by mutations in 1-acyl-sn-
glycerol-3-phosphate acyltransferase beta, lipid droplet biogenesis asso-
ciated, seipin, caveolin 1, or caveolae associated protein 1. People with it
have a complete lack of normal AT, often appear “muscular,” and have
greater bone mass. However, lipids are deposited ectopically, particularly
in muscle and liver, and, despite their muscular appearance, patients
develop severe insulin resistance with acanthosis nigricans, diabetes, very
premature cardiovascular disease [9], severe hypertriglyceridemia, and
resulting pancreatitis. The severe phenotype clearly demonstrates the
beneficial metabolic effects of having normal AT. Significant but partial
correction of the phenotype occurs with leptin treatment [10]. This sug-
gests that the adverse effects are a combination of loss of normal adipo-
kines, especially leptin, plus an inability to “correctly” store lipids in AT,
leading to ectopic lipid deposition.

AT physiology

Clinical obesity is defined as body mass index (BMI) greater than 30
kg/m?. However, BMI alone is not always a good indicator of obesity-
related risk. The distribution of AT, particularly central adiposity in
mesenteric, epigonadal, and omental areas, is a better predictor of
metabolic risk [11, 12]. Waist circumference and waist to hip ratio
correlate with visceral adiposity and metabolic risk in humans [13, 14].

In humans, there are three main types of adipocytes in the multi-
ple fat deposits: white, brown, and beige (also called brite). Most
human depots are white AT (WAT), and the distribution is a determin-
ing factor in morbidity in obesity and associated metabolic diseases
[15]. WAT is further divided into subcutaneous AT (SAT) and visceral
AT (VAT). SAT is distributed around the body, with the major deposits
being located around the abdomen and trunk (Figure 1) and the but-
tock and thighs (gluteofemoral depot).

Despite the clear benefits of normal AT, excess AT is also associ-
ated with adverse health and psychological consequences. Epidemio-
logical and metabolic studies are consistent in suggesting that location
and type of fat have different roles and convey different risks for met-
abolic disease. Women tend to deposit excess AT in the gluteofemoral

region, and men tend to have greater abdominal SAT and VAT

Study Importance
What is already known?

e Adipose tissue (AT) is an important metabolic tissue, and
obesity, with its associated excess AT, has harmful
effects.

e The roles of amount, location, and function of AT in the
beneficial and harmful effects can be examined by lipect-
omy and AT transplantation.

What does this review add?

e Human studies find that AT removal by liposuction or
lipectomy is not beneficial.

¢ In animal models, subcutaneous AT transplant to the vis-
ceral space improves glucose tolerance and insulin sensi-
tivity and may improve compensation with high-fat
feeding. Visceral AT transplants are not beneficial.

How might these results change the direction of
research?

e Animal models in most reported studies use genetically
matched donors and recipients, so further studies in mis-
matched strains with immunosuppression may clarify
whether AT transplants have therapeutic potential in
humans.

e Because intra-abdominal transplants are more invasive,
and would carry greater surgical risks, further elucidation
of the effects of subcutaneous transplantation is
desirable.

e Browning or beiging an individual's own AT for retrans-

plantation is an attractive concept.

(including omental, mesenteric, and retroperitoneal). Premenopausal
women with obesity have lower metabolic risk than men with obesity
correlating with these fat distributions, especially if they do not have
diabetes [16]. Increased diabetes and cardiovascular risks for women
after menopause correlate with gradual redistribution of AT to visceral
and truncal regions after the fall in estrogen and progesterone [17].
AT is not just an inert fat storage organ but is also an endocrine
organ that secretes many hormones and immune mediators, including
adiponectin, leptin, resistin, and visfatin [8, 16, 18]. These adipokines
mediate many of the systemic effects of obesity upon health. Healthy
SAT secretes beneficial adipokines that have paracrine and endocrine
effects. In contrast, VAT in obesity produces greater amounts of proin-
flammatory cytokines and lesser amounts of anti-inflammatory adiponec-
tin [19, 20]. Adiponectin is a polypeptide hormone and adipokine that
has many actions, including reducing elevated glucose levels and
decreasing AT lipolysis [21]. Leptin decreases appetite via select neuronal

populations in the hypothalamus [22]. It also promotes p-cell function,
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FIGURE 1 Location of adipose depots in humans and mice. Human adults have a limited amount of BAT in the deep neck. BAT is more
distinct in mice, in the interscapular area. Several depots in humans potentially contain beige adipocytes, including neck, perirenal, pericardial, and
gluteofemoral areas. VAT includes mesenteric, omental, and gonadal. Mouse inguinal and perirenal depots may contain significant numbers of
beige adipocytes. BAT, brown adipose tissue; VAT, visceral adipose tissue; WAT, white adipose tissue.

insulin sensitivity, fertility, and linear growth in children [23]. Leptin levels
are proportionate to the overall amount of body fat, with the exception
of individuals with rare leptin or leptin-receptor mutations [16, 23].

In obesity, VAT exerts deleterious metabolic effects by producing
more proinflammatory cytokines and less of the anti-inflammatory
adiponectin. Paradoxically, VAT in lean animals may express greater
amounts of adiponectin; however, this falls with obesity, such as in
the Zucker fatty rat [24]. Some VAT depots also release free fatty
acids into the portal circulation, which are then delivered to the liver.
Increased VAT correlates with decreased hepatic and whole-body
insulin sensitivity, with increased risk of hepatosteatosis, glucose
intolerance, diabetes, insulin resistance, dyslipidemia, and atheroscle-
rosis [25, 26]. This is partly driven by AT production of proinflamma-
tory cytokines, promoting the infiltration of macrophages and
reprogramming of other immune cells, most notably lymphocytes [27].

Adipose tissue macrophages (ATM) and proinflammatory cytokines
are associated with insulin resistance [28], and infiltration with macro-
phages precedes AT insulin resistance [29]. In contrast to VAT, there
appears to be no association between ATM in SAT and systemic insu-
lin resistance [30].

Intra-abdominal WAT, or VAT, is complex and partitioned into dif-
ferent storage sites or regions (Figure 1). In general, increased VAT is
metabolically deleterious in humans and animals [12]. Greater
amounts of VAT are associated with higher circulating proinflamma-
tory cytokines and markers of inflammation including C-reactive pro-
tein (CRP). Portal vein versus radial artery sampling in humans
suggests that VAT secretes significant interleukin-6 (IL-6) [31]. Omen-
tal fat is a component of VAT that acts like an apron, providing some
protection to central body organs. It also produces only low levels of
adiponectin in obesity [32].
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FIGURE 2 White adipocytes are characterized by a single large lipid droplet and fewer mitochondria. They become larger with obesity.
Brown adipose cells are smaller, and they have multiple smaller lipid droplets and many mitochondria. The greater number of lipid droplets gives
higher surface area of lipid droplets in the cell. Some white adipose cells can be “beiged” and share characteristics of brown adipocytes, including
multiple smaller lipid droplets and increased mitochondrial mass. Beiged adipocytes also have increased oxidative metabolism with the ability to
use glucose and lipid sources, similar to brown adipocytes. The lower panels show the respective adipose depots from mice with
immunohistochemical staining for uncoupling protein 1 (UCP1) in brown counterstained with hematoxylin.

Mesenteric fat is VAT associated with the gut mesentery, and its
location exposes it to lipids and other nutrients as they enter the body
from the gut. Omental and mesenteric fat drains partially through the
portal vein and thus has greater potential to directly alter hepatic insu-
lin sensitivity [12, 15]. In obesity, there can be increased leakiness of
mesenteric fat lymphatics [4], resulting in increased AT lymph expo-
sure, which leads to increased insulin resistance in affected adipose
depots [33].

In rodents, increased epigonadal fat is also strongly associated
with metabolic impairment, but an anatomically similar depot is not
present in humans. Although also considered VAT, gonadal AT does
not normally drain through the portal circulation, suggesting that
endocrine actions of this depot are not mediated by actions on the
liver.

Retroperitoneal fat, often predominantly located around the kid-
neys, is sometimes considered as VAT. It also does not drain into the
portal circulation but via the renal vessels. Biopsy [34] and glucose-
uptake studies [35] have shown that this depot has significant beige/
brown adipocytes in some people and in animal models [34, 35]. Ret-
roperitoneal fat area is less strongly associated with increased glucose
levels, impaired insulin response, or diabetes prevalence in obesity
than visceral fat [36]. Retroperitoneal adipose volume is not corre-
lated with CRP, suggesting a lower inflammatory burden [12, 15].
Greater intraperitoneal versus retroperitoneal AT is positively associ-
ated with diabetes risk independent of overall fat percentage,

consistent with intraperitoneal fat being deleterious and retroperito-
neal fat having a neutral or protective role [37].

Brown and beige fat

WAT adipocytes are usually characterized by a large unilocular lipid drop-
let and small numbers of mitochondria. A less abundant type of fat, partic-
ularly in humans, is brown AT (BAT). Human infants possess interscapular
BAT that disappears with age. Human adults do not possess detectable
interscapular BAT, and it was therefore assumed that adults did not pos-
sess BAT. However, the field was reignited in 2007 with advances in posi-
tron emission tomography (PET) coupled with computed tomography (CT)
scanning (fluoro-deoxy-glucose positron emission tomography / computed
tomography) showing active BAT in human adults.

BAT is found in deep cervical deposits and supraclavicular and
paravertebral regions [38]. Newer RNA sequencing techniques have
revealed that, in people, the deepest deposits in the neck are most like
“true” BAT and that more shallow neck fat is more similar to beige fat
(Figure 1) [39, 40].

The primary function of BAT is to consume glucose and lipids
to produce heat. BAT plays a major role in thermogenesis, which is
regulated by uncoupling protein 1 (UCP1). UCP1 releases the mito-
chondrial bypassing ATP production and

proton gradient,

generating heat.
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BAT is activated by stimulation of the p3 adrenoceptor, cold
exposure, and several other metabolic stimuli [41, 42]. In humans, $2
adrenoceptor signaling activates BAT [43]. Unlike WAT, brown adipo-
cytes are characterized by many smaller lipid droplets and large num-
bers of mitochondria (Figure 2). As seen in other fat depots, BAT also
releases many circulating factors including peptides, metabolites,
lipids, or microRNAs that in turn impact systemic physiology [44, 45].

Beige adipocytes are a relatively recently identified cell type [39,
46, 47]. The developmental origins of murine beige adipocytes are dif-
ferent from those of brown fat [40, 46], and this also appears to be
the case in humans [48].Without appropriate stimuli, they appear and
behave as white adipocytes. However, with appropriate stimuli, such
as adrenergic activation or cold, they change morphologically to
appear and behave more like brown adipocytes, with UCP1 protein

and thermogenic capacity (Figure 2).

Metabolic effects of brown and beige fat

Humans living in colder environments have increased BAT/beige fat
and decreased risk of diabetes, with lower glycated hemoglobin, total
cholesterol, and low-density lipoprotein (LDL) [49]. In humans,
increased BAT mass correlates with lower BMI and adiposity [50, 51].
This suggests that BAT is an important regulator of systemic metabo-
lism and can counteract metabolic disease. BAT is activated in cold
conditions and increases energy expenditure and insulin sensitivity
[52]. Insulin stimulates glucose uptake in BAT although the direct con-
tribution to whole-body glucose homeostasis is likely to be very small.
However, lack of BAT activation may lead to glucose intolerance [53,
54]. BAT recruitment appears important in immune activation to
induce fever [55].

It is not yet known whether activation of BAT and its thermogen-
esis is enough to regulate metabolism to treat obesity and metabolic
diseases in humans. Rothwell and Stock estimated that the full activation
of BAT could increase resting daily energy expenditure by up to 20%
[56], but more recent estimates are more modest [57]. However, in
some people cancer cachexia is mediated by activation of BAT [58].
Although this situation is obviously detrimental, it does suggest that

BAT activation has potential for significant effects on weight in humans.

Ectopic lipids

Excess fat is associated with chronic inflammation and insulin resis-
tance. When a person cannot sequester excess energy as triglyceride
in AT, lipids are increasingly deposited in other tissues including mus-
cle, liver, and pancreas. These excess lipids outside of normal adipo-
cytes are often called ectopic fat. It appears that a significant
proportion of the inflammation, insulin resistance, and cardiovascular
disease associated with obesity is mediated by ectopic lipid distribu-
tion [59]. Increased amounts of VAT correlate with ectopic fat,
whereas subcutaneous fat tends to have weaker, if any, significant

association. Ectopic lipids will be further discussed later in this review.
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Removal of fat (lipectomy)

As described earlier, excess fat is associated with major metabolic
derangements, but so is the absence of fat, such as that seen in gener-
alized lipodystrophy. In this section, we examine the effects of fat
removal on metabolism and body weight control. In rodent models of
SAT or VAT removal, there is a tendency for weight regain, which
may lead to loss of any metabolic effects [60]. The lipectomy reports
we identified did not report on changes in liver size, fatty liver, or

other markers of ectopic lipid distribution.

SAT removal

Consistent with the beneficial metabolic role of subcutaneous fat
depots, the removal of inguinal and subcutaneous dorsal fat depots
in mice led to a deterioration in glucose homeostasis and insulin
sensitivity [61], similar to that seen in animals fed a high-fat diet
(HFD) [62].

In humans, there are conflicting data regarding the metabolic
impact of SAT removal. A meta-analysis of 15 studies reporting
removal of a median of 6 kg of fat by liposuction reported a
decrease in serum leptin that, predictably, was correlated with the
volume of AT removed. There was also a negative correlation
between the volume of fat removed and fasting insulin in the five
studies in which that was reported. Otherwise, there were no met-
abolic benefits or reduction in inflammatory markers reported [63].
A systematic review of subcutaneous fat liposuction found that a
mean removal of 2.3 BMI units of fat improved total cholesterol,
increased insulin sensitivity in 5 of the 10 studies in which it was
measured, decreased tumor necrosis factor «, and increased adipo-
nectin [64]. However, the decrease in cholesterol was small
(0.21 mmol/L), and clinically important changes in blood glucose
were not evident. In a study investigating removal of femoral sub-
cutaneous fat in women, there was significant worsening in post-
prandial circulating lipids [65]. Overall, despite significant
reduction in fat mass, most studies show very limited clinical bene-
fit, which is not enough to support SAT removal for metabolic

reasons.

VAT removal

In rats and mice, the removal of epididymal and retroperitoneal fat
pads improves insulin resistance and life-span [66-68]. In baboons,
mesenteric fat removal also causes a significant improvement in
glucose metabolism [69]. Despite this promising animal data, the
removal of VAT has neutral metabolic effects in humans. The
removal of omental fat during gastric bypass surgery does not
improve glucose tolerance or other metabolic outcomes in the
short or long term [70, 71]. It is possible that any benefits may
have been undetectable because of the dramatic weight reduction

that occurs following bariatric surgery; however, a longer-term
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TABLE 1 Summary of rodent autologous adipose tissue transplant studies

Ref Donor site, gender, strain

[61]  Inguinal, M, C57BI/6

[74]  Epididymal, M, C57BI/6

[74]  Inguinal, M, C57BI/6

[16]  Wistar rats, gender unclear, visceral

[75] Inguinal, photo-activated, M, C57BI/6, HFD

Recipient diet, transplant site

Gastric curvature, HFD (D12451)

Gastric curvature, chow

Gastric curvature, chow

Thigh or chest; subcutaneous, chow

Epididymal fat HFD (D12451)

Outcomes/notes

Improved GTT, decreased portal lipids, improved
hepatic insulin sensitivity

Improved GTT, decreased portal lipids, improved
hepatic insulin sensitivity (smaller benefits than
inguinal Tx

Larger benefits in GTT and hepatic lipids vs. epididymal
Tx, decreased mouse weights

Increased adiponectin, improved insulin sensitivity

Lower weight gain on HFD (n = 6), improved
insulinsensitivity (n = 3).

Note: D12451 was from Research Diets. These are autologous transplants, so recipients and donors are the same.
Abbreviations: GTT, glucose tolerance test; HFD, high-fat diet; M, male; Tx, transplant.

follow-up study found numerically higher systolic and diastolic
blood pressure and serum insulin in those with omentectomy, con-
sistent with lack of benefit and potential harm [70]. A subsequent
meta-analysis concluded that “therapeutic use of omentectomy
added to bariatric surgery is not warranted” [71]. Overall, these
studies do not suggest harmful effects of VAT removal, but human
studies do not show the hoped-for metabolic benefits.

BAT removal

The removal of the interscapular BAT depot in mice increases aortic
stiffness and causes small deteriorations in glucose metabolism in
mice housed at 25°C [72]. There may be a compensatory increase in
beige fat in mice after removal of BAT, which would diminish the
apparent effects of BAT removal [73]. There are no published studies
examining the effect of human BAT excision, most likely because of
the sporadic localization of human brown fat in small deposits in
between the deep structures of the neck. Overall, these data suggest
that removal of fat pads, irrespective of type or location, does not
induce significant metabolic benefits in humans and thus should not

be undertaken solely for that reason.

Metabolic effects of fat transplantation
Rodent to rodent transplants

As already described, subcutaneous fat deposits are linked to protec-
tive effects against metabolic disease. Conversely, excess visceral fat
accumulation has negative metabolic consequences. Deleterious
effects of obesity are linked to ectopic deposition of triglycerides and
free fatty acids in non-adipose sites. It is possible, therefore, that
increasing mass of beneficial AT may be metabolically advantageous.
This has been tested in animal models, with studies examining effects

of autologous grafts and allografts.

AT autografts

There are few studies reporting metabolic effects of fat transfers
within the same animal, which are summarized in Table 1. Foster
et al. performed autotransplants of epididymal or inguinal fat and
attached the fat anterior to the lesser gastric curvature, finding
improved glucose tolerance and hepatic insulin sensitivity [61]. In
further studies, Foster et al. transplanted inguinal fat and again
found improved glucose tolerance and decreased portal lipids in
association with improved hepatic insulin sensitivity [74]. Similar
benefits were observed with transplantation of epididymal VAT,
although the beneficial effects on glucose tolerance and hepatic lipid
content were greater with inguinal SAT than epigonadal transplanta-
tion. There were no benefits found with autotransplanting VAT
(from the greater curve of the stomach and the mesentery) and there
was the deleterious outcome of a substantial increase in hepatic fat
content [74]. Inguinal SAT allografts decreased mouse weight and
fat depot weights and had the numerically greatest improvement in
glucose tolerance compared with controls. This suggests that adding
potential for liver drainage to subcutaneous or epigonadal WAT
(which does not drain into the portal circulation) is beneficial, but
that there is greater benefit from using inguinal SAT. This may relate
to the intrinsic metabolic and endocrine properties of this depot.
Finally, Satoor et al. conducted a study of autotransplantation in rats,
transferring visceral fat to the subcutaneous space in the thigh or
the dorsal area [16]. They reported increased circulating adiponectin
levels and improved insulin sensitivity assessed by hyperinsulinemic
euglycemic clamp [16].

More recently Li et al. used an elegant autologous photoactivated
WAT transplantation approach to show that ATMs are, in part,
responsible for the protective effects of fat transplantation. As previ-
ously reported, fat transplantation can decrease proinflammatory adi-
pokines, and photoactivated WAT had decreased conversion of M1 to
M2 macrophages [75]. Mice receiving photoactivated SAT had lower
weight gain and improved insulin tolerance tests (ITT) compared with

mice receiving non-activated SAT. The paper did not assess whether
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TABLE 2 Summary of rodent white adipose tissue allograft studies (matched donor and recipient strain unless specified otherwise)

Donor site, gender, strain, diet

Tx site, recipient gender,

Ref (if not chow) strain, diet

[61] Inguinal, M, C57BI/6, HFD Gastric curvature, M, C57BI/6, HFD
D12451 D12451

[74] Epididymal, M, C57BI/6, HFD Gastric curvature, M, C57BI/6, HFD
D12451 D12451

[74] Mesenteric and stomach, M, Gastric curvature, M, C57BI/6, HFD
C57BI/6, HFD D12451 D12451

[76] Subcutaneous, F, FVB/N Dorsal subcutaneous, F, A-ZIP-F-1
littermates mice, littermates

[76] Epigonadal, F, FVB/N littermates Dorsal subcutaneous, F, A-ZIP-F-1

mice, littermates

[77] Subcutaneous, M and F, ob/ob Dorsal, same-gender, A-ZIP-F-1
donors FVB/N x C57BL/6J mice, FVB/N x C57BL/6J)

[78] Epigonadal, M, C57BI/6 M, C57BlI/6, visceral, HFD D12451

[79, 80] Epigonadal, M, C57BI/6 M, C57BlI/6, visceral, HFD D12451

[79, 80] Inguinal, M, C57BI/6 M, C57BlI/6, visceral, HFD D12451

[80] Epigonadal, M, C57BI/6 Visceral, M, C57BI/6, HFD D12451

[79] Inguinal M, C57BI/6 Subcutaneous, M, C57BI/6, HFD

D12451

[81] Inguinal M, C57BI/6 Visceral (epigonadal), M, C57BI/6

[81] Epigonadal, M, C57BI/6 Visceral (epigonadal) M, C57BI/6

[83] Subcutaneous, 0.1 g, M, C57BI/6 Visceral, M, C57BI/6

Outcomes/notes

Improved GTT, decreased portal lipids, improved
hepatic insulin sensitivity

Improved GTT, decreased portal lipids, improved
hepatic insulin sensitivity

No metabolic benefits, increased hepatic lipids

Increased leptin, decreased hyperphagia, decreased
hepatic steatosis, improved glucose tolerance and
insulin sensitivity

Increased leptin, decreased hyperphagia, decreased
hepatic steatosis, improved glucose tolerance and
insulin sensitivity

No metabolic benefits

Improved fasting glucose, GTT, and HOMA-IR but not
ITT, indicating possibly improved hepatic insulin
sensitivity

No metabolic benefits

Improved GTT and decreased fasting insulin and liver
lipid accumulation

Decreased fasting insulin, no significant benefit for
liver lipids or as above

No benefits

Decreased weight gain, improved GTT, improved
insulin sensitivity (clamp)

No beneficial effects (clamp)

No effect, but only 0.1 g transplanted

Note: Diets are normal chow unless specified.

Abbreviations: F, female; GTT, glucose tolerance test; HFD, high-fat diet; HOMA-IR, homeostasis model assessment of insulin resistance; ITT, insulin

tolerance tests; M, male; Tx, transplant.

photoactivation affected "beiging" of fat, which would be of interest
given the lower weight gain.

AT allografts

Most of the studies examining metabolic outcomes of fat transplanta-
tion have been conducted using fat from genetically matched lit-
termates to avoid immune-mediated rejection and are summarized
in Table 2. More recently, in mice lacking normal fat due to lipody-
strophy (A-ZIP/F-1 mice), transplantation of epigonadal VAT or
SAT of wild-type littermates into the dorsal subcutaneous space
induced marked benefits, including increased leptin levels,
decreased hyperphagia, reversion of hepatic steatosis, attenuation
of hyperinsulinemia, and completely normalized glucose tolerance
[76]. The benefits were dependent on the fat transplant mass. Fur-
ther experiments using donor fat from leptin-deficient ob/ob mice
did not confer any metabolic benefits, indicating that normal meta-

bolic function of the transplanted fat is important [77]. Leptin

treatment of people with lipodystrophy has pronounced metabolic
benefits but does not fully resolve their abnormalities [10]. Inter-
estingly, higher transplanted fat mass in A-ZIP/F-1 lipodystrophic
mice correlated with improvements in insulin sensitivity, again
demonstrating that appropriate levels of fat/adiposity are benefi-
cial for metabolic health.

Konrad et al. studied the effects of visceral to visceral fat trans-
plantation in male C57BI/6 mice [78] and found no improvement in
adiponectin, leptin, or ITTs. Fasting glucose was improved and glucose
tolerance test showed an ~20% decrease in area-under-the-curve.
Improved fasting glucose without concomitant rise in insulin is consis-
tent with improved insulin sensitivity (calculated homeostasis model
assessment of insulin resistance). In the setting of no improvement in
ITTs, this suggests better hepatic insulin sensitivity, rather than
whole-body insulin sensitivity.

In contrast, Hocking et al. did not report substantial metabolic
improvements with epididymal AT transplanted intra-abdominally [79,
80], whereas inguinal SAT transplanted intra-abdominally improved

glucose tolerance and reduced overall adiposity in mice fed HFDs.
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TABLE 3 Allografts of BAT or beiged AT (allografts in the same strain of mice)

Ref  Donor site, gender, strain Tx site

[82] BAT, M, C57BI/6 Interscapular, M, C57BI/6, chow

[82] BAT, M, C57BIl/6 Interscapular, M, C57BI/6, HFD
D12451

[83] BAT, M, C57Bl/6 Interscapular, M, C57BI/6, HFD
D12429

[84] BAT, M, C57BIl/6 Interscapular, M, B6 V-Lepob/NJU
(ob/0ob mice)

[85] BAT, M, C57BI/6 Epididymal fat, M, C57BI/6

[85] BAT, IL-6—/— M, C57BI/6 Epididymal fat, M, C57BI/é

[86] BAT, F, NOD -+ exogenous IGF-1 Interscapular in mice with T1D, F,
NOD

[88] BAT, M, C57BI/6 Visceral, M, C57BI/6, HFD D12429

[871 BATF,SDrats Next to BAT, F, SD rats, DHEA
model of PCOS

[91] Beiged SAT, gender NS, C57BI/6 Subcutaneous, gender NS, C57BI/6.
HFD NS

[92] Beiged, M, FVB/NJ VAT or C57BI/6 inguinal  Next to BAT, matched recipient

Recipient gender, strain, diet,

gender and strain

Outcomes/notes
No effect

Decreased weight gain, decreased adiposity, and
increased EE and sympathetic activity

Reduced weight gain on HFD, increased EE, and
improved GTT and IS; weight loss in mice with
prior HFD induced obesity

Lower weight gain, decreased adiposity, increased EE,
decreased hepatic lipids, and small improvements
in GTT and IS; no change in serum leptin (however,
leptin was detected in ob/ob controls)

Improved GTT and IS with 0.1 g Tx, greater
improvement in GTT with 0.4 g Tx, enhanced AT
and cardiac glucose uptake

No benefits with IL-6-null donors

Improved glucose in 12 of 21 recipients, decreased
insulitis; at transplant, diabetes status of individual
recipients is unclear; mean glucose of ~300 mg/dL

Decreased HFD-induced weight gain and adiposity and
improved IS, GTT, and EE, reduced inflammatory
infiltrate in endogenous mouse VAT

Improved IS, GTT, menstrual regularity, and fertility

Greater weight loss on cold exposure; GTT/IS not
reported

Improved fasting glucose and IS and reduced serum
triglycerides

Note: Diets are chow unless otherwise specified.
Abbreviations: AT, adipose tissue; BAT, brown AT; EE, energy expenditure; DHEA, dehydroepiandrosterone; F, female; GTT, glucose tolerance test; HFD,
high-fat diet; IGF-1, insulinlike growth factor 1; IL-6, interleukin 6; IS, insulin sensitivity; M, male; NS, not specified; PCOS, polycystic ovarian syndrome;

SAT, subcutaneous adipose tissue; T1D, type 1 diabetes; Tx, transplant.

These improvements occurred despite a significant loss of graft mass
after transplantation. There were few significant changes with epigo-
nadal AT transplanted into the visceral space; only fasting insulin was
decreased. Research from the same authors found few benefits when
subcutaneous fat was transplanted subcutaneously [79]. Tran et al.
reported similar results with SAT transplanted into the visceral cavity,
reducing weight gain and improving glucose homeostasis and insulin
sensitivity in mice fed HFDs [81]. Epigonadal VAT transplanted to the
visceral space did not have any beneficial effects [81].

Foster et al. reported on the metabolic outcomes of inguinal, epi-
gonadal, or visceral (mesenteric and gastric depots) transplants to lit-
termate mice. VAT transplants did not improve metabolic outcomes,
whereas both inguinal and epigonadal AT caused significant improve-
ments in glucose tolerance, improved hepatic insulin sensitivity, and
reduced hepatic steatosis [74].

Interestingly, transplantation of epigonadal fat onto the mesen-
teric region, which may redirect secreted factors into the portal sys-
tem, caused impaired glucose tolerance and insulin homeostasis [74].
This suggests that increased portal drainage of lipids and/or adipo-
kines may be deleterious, especially with VAT depots such as
epigonadal fat.

On the balance of evidence, these studies show that transplanting
VAT is commonly metabolically unhelpful but does provide benefit in
some studies. In contrast, SAT to intra-abdominal transplantation is
beneficial in all the rodent studies we have identified, except when

the donor is leptin deficient (ob/ob mouse)

BAT transplants

There has been tremendous recent interest in understanding whether
increasing BAT mass can improve metabolic outcomes, especially in
obesity, and many laboratories have attempted to address this ques-
tion using BAT transplants or beiging of fat prior to transplantation
(Table 3). Zhu et al. reported that BAT transplant increased energy
expenditure and reduced weight gain, serum lipids, and blood glucose
levels [82]. Lui et al. transplanted BAT in the dorsal interscapular
region of strain and gender matched mice. BAT transplants reduced
weight gain in mice fed an HFD and reduced body fat percentage [83].
Fatty liver was reversed with reduced circulating triglycerides. Hepatic
expression of Peroxisome proliferator-activated receptor y2 (Ppary2)
and adipocyte-derived cytokine tumor necrosis factor o« were also
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downregulated. Interestingly, transplantation of BAT led to increased
activation of endogenous BAT, as evidenced by upregulation of UCP1
and cold activated non-shivering thermogenesis [83]. Another BAT
transplantation study from the same authors examined effects of trans-
planting BAT into ob/ob mice. This induced weight loss without a
decrease in caloric intake, consistent with an increase in energy expen-
diture [84].

Stanford et al. hetero-transplanted BAT into the visceral area of
recipient mice. BAT transplantation reduced body weight and
improved glucose tolerance and insulin sensitivity in both normal and
obese mice. These improvements were in part mediated by reduced
inflammation as IL-6 was reduced in these mice and the same meta-
bolic effects of BAT transplantation were not seen in IL-6-knockout
mice [85]. In agreement with these studies, Gunnawardana et al.
reported reduced fasting glucose levels and improved glucose toler-
ance in a type 1 diabetes model 2 months after BAT transplantation
[86]. BAT transplantation in a female rat model of polycystic ovarian
syndrome improved insulin sensitivity, menstrual irregularity, and fer-
tility [87]. Similar metabolic improvements of BAT transplantation
were also reported in C57BI/6 mice and immune-deficient mice with
diet-induced obesity [88].

Overall, transplantation of BAT provides metabolic benefit in all
the rodent studies we identified. It improves obesity, glucose toler-
ance and associated inflammatory and metabolic parameters in
rodents. BAT transplantation was effective in mice across a range of
metabolic states (e.g., healthy chow fed, obese induced by high fat
diet feeding, ob/ob mice with diabetes, and polycystic ovarian syn-
drome). Whether BAT from any donor is beneficial has not been stud-
ied in detail, for example, transplantation of BAT from ob/ob mice
might be predicted to have lesser metabolic benefits.

BAT transplantation is feasible in animals because of a readily
removable interscapular depot, but this is not the case in humans. The
majority of neck “BAT” in humans appears to be beige AT, with only
the deeper neck fat being true BAT. In that site, surgery is more tech-
nically difficult and incurs higher risk. For that reason, beiging of WAT
prior to transplantation is a potentially attractive therapeutic strategy
for humans.

Ex vivo beiging prior to transplantation

We did not identify any studies reporting the effects of beige fat
transplantation. Although human BAT transplants are impractical
owing to the small volume and surgically high-risk site of the normal
tissue, human WAT is available in copious quantities in many people.
Removal of WAT is relatively safe and feasible by liposuction and
researchers have now embarked on creating beiging cultures,
whereby WAT is beiged using pharmacological approaches then
regrafted to test metabolic effects in vivo.

Min et al. injected cultured beiged adipocytes derived from
human adipocyte progenitors into immune-deficient animals. Mice
transplanted with these beiged cells had positive metabolic effects
including improved glucose tolerance and lower fatty liver and resis-
tance to weight gain when fed a high fat diet. These authors
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suggested that the improvements in metabolism were not just from
increased thermogenesis but also involved IL-33, proprotein-
convertase subtilisin/kexin type-1 and its substrate proenkephalin
[89]. Enkephalin is produced from the cleavage of proenkephalin, and
it is involved in regulation of feeding behavior [90].

Blumenfield et al. used mouse inguinal fat cultured in a variety of
agents to promote angiogenesis, adipogenesis, and beiging. The recipi-
ent mice were injected subcutaneously with the cultured beiged fat
pieces (2-5 mm), which engrafted and were maintained for 8 weeks.
Mice lost more weight and more fat when receiving the beige acti-
vated culture than mice that were exposed to cold, a technique com-
monly used to activate endogenous BAT [91]. Glucose tolerance and
insulin sensitivity were not tested.

Tharp et al. 2015 used a 3D hyaluronic acid matrix model in
which cultured WAT-derived adipose stem cells were transplanted
into existing BAT. These cells showed UCP1 activity, indicating trans-
formation to a beige phenotype, and mice exhibited metabolic
improvements including weight loss, improved fasting blood glucose
and insulin sensitivity, and reduced free fatty acids and serum triglyc-
eride levels [92].

Together, these studies show significant promise for ex vivo bei-
ging of fat prior to transplantation, which is of particular interest for
human therapy because of the lack of readily, safely available BAT in
people.

Human-to-human AT transplants

There has been a great deal of interest in the optimization of human
xenografts for use in the cosmetic and reconstructive industry. Tech-
nical advances in AT transplantation have been made in graft revascu-
larization, graft survival rates and graft volume maintenance (reviewed
in [4]).

We identified no studies that reported on metabolic outcomes of
human to human AT transplants. A meta-analysis of studies of AT
transplantation for burns reported subjective improvement in cos-
metic outcome, but none of the studies examined metabolic effects
[3]. Another study examining use of fat in breast reconstruction
reported no alteration in risk of recurrence of breast cancer, but did
not report on metabolic outcomes [93]. A meta-analysis of AT in facial
reconstruction surgery (which includes many people with HIV-related
lipodystrophy) found high patient and surgeon satisfaction with the
procedure but did not report upon any metabolic outcomes [94].
Overall, human to human transplants are feasible, but there are no
reports to date regarding metabolic effects. If the site for AT trans-
plantation needs to be intra-abdominal to achieve benefit, however,
this would convey much higher risks (peritonitis, adhesions, bowel
obstructions) than subcutaneous transplantation.

Subcutaneous to subcutaneous transplants in animal models are
either neutral or beneficial, without harmful effects being demon-
strated. However, the studies used immune-matched recipients
(i.e., the same inbred animal strain for donor and recipient), so further
animal studies examining mismatched transplants with immunosup-

pression would be of interest.
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TABLE 4 Metabolic effects of human transplants into mice

Ref Donor, site, treatment

[89] Human, subcutaneous, overexpressing
UCP1

[95] Immortalized human white adipocytes,

UCP overexpression

[96] Human, female, visceral

[96] Human, female, gluteofemoral

Recipient Tx site, gender, strain, diet

Subcutaneous, gender NS, nude rats

Subcutaneous chest, F nude mice, 45% HFD

Epididymal fat, M, SCID

Epididymal fat, M, SCID

Outcomes/notes

Decreased weight gain on HFD, improved
GTT and IS, and improved hepatic
lipid

Decreased weight gain on HFD and
improved GTT and IS

Improved GTT and reduced fasting
glucose

Decreased weight gain and reduced
fasting glucose

Abbreviations: F, female; GTT, glucose tolerance test; HFD, high-fat diet; IS, insulin sensitivity; M, male; NS, not significant; SCID, severe combined
immunodeficiency (C.B-17/lcrHanHsdArcPrkdcscid background); UCP1, uncoupling protein 1.

Human to rodent fat transplants

Transplantation studies of human fat are limited. Because of the
complex functions and cell-type interactions in normal AT, cell cul-
ture has limited ability to model AT. However, there are obvious
ethical limitations to in vivo studies in humans. Therefore, some
investigators have studied transplantation of human fat into animal
models (Table 4).

As discussed earlier, Min et al. transplanted beiged adipocytes
derived from human adipocyte progenitors [89] and found improved glu-
cose tolerance and fatty liver, and reduced HFD-induced weight gain.
Another study investigated the effects of transplanting human AT-
derived stem cells engineered to overexpress UCP1 [95]. The recipient
immunocompromised mice had decreased weight gain when fed an
HFD, with improved glucose tolerance and insulin sensitivity.

We identified one other report investigating metabolic effects of
human fat transplantation, which was a recent study investigating the
effects of transplanting visceral or gluteofemoral fat from people
undergoing bariatric surgery into mice [96]. Visceral fat transplanta-
tion was associated with improved glucose tolerance in recipient mice
but, unexpectedly, gluteofemoral fat was not. However, mice receiv-
ing gluteofemoral fat did show the beneficial effect of lowered body
weight gain after surgery [96]. It is possible that gluteofemoral and
visceral fat from donors with very high BMI (mean 45.6) have differ-
ent metabolic characteristics than samples from leaner people. How-
ever, there were no significant differences in effects between donors
with and without diabetes, suggesting that the metabolic status of the
donors was not responsible for the different effects compared with
mouse transplants. In these studies, human fat was transplanted into
immunosuppressed mice to avoid rejection. Therefore, these data
may be relevant to human autologous fat transfer, in which there is

no immune mismatch, but perhaps not to allografts.

Ectopic lipids and transplantation

Many of the published studies do not report on ectopic lipid distribu-

tion, and we did not identify any that reported on muscle lipid

distribution. Foster et al. reported decreased hepatic lipid content
with murine inguinal to visceral transplants, and lesser improvements
with epigonadal-to-visceral transplants [74]. However, they found
that mesenteric to visceral transplants were associated with increased
hepatic triglycerides [74]. Transplanting normal AT into lipodystrophic
mice significantly improved hepatic lipid content [76], but AT from
ob/ob mice did not [77]. Normal BAT transplantation into ob/ob mice
produced significant improvements in hepatic lipid content [84]. Simi-
larly, transplanting beiged human cells into nude mice caused signifi-
cantly decreased hepatic lipids. Overall, the studies that report
hepatic lipid as an outcome consistently show benefits following AT
transplant of normal fat, except for the one report transplanting mes-
enteric depots. Further data on ectopic lipid content in other tissues,
especially muscles, would be of interest, especially with the demon-
strated improvements in muscle insulin sensitivity reported in some

clamp studies.

Side effects of AT transplant

Although usually not severe, the side effects of AT transplant should
be noted. There is commonly local bruising and/or swelling at both
donor and transplant sites. Additionally, there is a small risk of signifi-
cant bleeding and of infection. Graft reabsorption/loss for liposuction
transplants is up to 50% per year [97]. As noted earlier, intra-
abdominal fat transplantation conveys additional risks of peritonitis
and bowel adhesions.

The most dangerous risk associated with fat transplantation is fat
embolism. This occurs when the fat graft dislodges from the desig-
nated location and travels through the circulatory system, where it
then becomes lodged in the smaller blood vessels, restricting or block-
ing blood circulation. This can include the respiratory system or the
brain, causing respiratory failure or neurological deficits. The risk of
this depends on the size, type, and location of the graft. The morbidity
rate from a fat embolism can be as high as 15%, although death is rare
[98]. It is likely that transplantation of larger pieces of fat would
decrease the risks of fat embolism as they cannot enter the

circulation.
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DISCUSSION

Human AT has a range of important physiological functions. The loca-
tion and type of fat has a great impact on its metabolic roles. Subcuta-
neous fat and visceral fat have different effects on metabolism, with
SAT being beneficial, and VAT usually being neutral or harmful. This
review has investigated the current research involving the physiology
of different fat types, the removal of fat (lipectomy) and the transplan-
tation of fat in human and animal models. There is limited or no meta-
bolic improvement seen with removal of subcutaneous human fat,
and some studies have found detrimental metabolic effects. There-
fore, we do not recommend lipectomy for any potential metabolic
benefit, although it remains useful to harvest AT for reconstructive
surgery and burns treatment, as well as its potential cosmetic utility.

In contrast, most mouse studies report significant metabolic ben-
efits of inserting extra subcutaneous fat into the visceral space. How-
ever, in most studies, transplanting visceral fat tends to be harmful or,
at best, neutral. Subcutaneous to subcutaneous transplants are meta-
bolically beneficial or neutral, with no harmful effects reported.
Mouse studies, however, use immune-matched donor and recipients,
and additional studies testing immune-mismatched transplants with
immunosuppression may give different results. Potential metabolic
responses to transplantation require graft survival and revasculariza-
tion. Progenitor cells in engrafted tissue depots may support ongoing
healthy growth of adipocytes, which could be expected to diminish
extra-adipocyte lipid deposition or ectopic fat.

Brown fat transplant studies have all shown favorable metabolic
effects, except for a subgroup receiving chow in one study, and when
donors were IL-6-null. However, BAT transplantation is impractical
for human to human transplants because of the limited amount of
brown fat and the risks associated with neck surgery. Ex vivo beiging
is a potential strategy to create browned cells for transplant and meta-
bolic benefit. There are metabolic improvements with transplantation
into the visceral space and the limited data using human cells are
promising.

Any future human AT transplants are likely to be subcutaneous,
to decrease surgical risk, but we note that the subcutaneous graft site
tended to be less beneficial in the animal models. Fat transplantation
may be beneficial in lipodystrophy, but further studies, especially
using human tissue, are warranted to better understand the potential

metabolic therapeutic utility.O
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