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Surgical injury induces local and distant adipose tissue browning
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ABSTRACT
The adipose organ, which comprises brown, white and beige adipocytes, possesses remarkable
plasticity in response to feeding and cold exposure. The development of beige adipocytes in white
adipose tissue (WAT), a process called browning, represents a promising route to treat metabolic
disorders. While surgical procedures constantly traumatize adipose tissue, its impact on adipocyte
phenotype remains to be established. Herein, we studied the effect of trauma on adipocyte
phenotype one day after sham, incision control, or surgical injury to the left inguinal adipose
compartment. Caloric restriction was used to control for surgery-associated body temperature
changes and weight loss. We characterized the trauma-induced cellular and molecular changes in
subcutaneous, visceral, interscapular, and perivascular adipose tissue using histology,
immunohistochemistry, gene expression, and flow cytometry analysis. After one day, surgical
trauma stimulated adipose tissue browning at the site of injury and, importantly, in the contralateral
inguinal depot. Browning was not present after incision only, and was largely independent of
surgery-associated body temperature and weight loss. Adipose trauma rapidly recruited monocytes
to the injured site and promoted alternatively activated macrophages. Conversely, PDGF receptor-
positive beige progenitors were reduced. In this study, we identify adipose trauma as an
unexpected driver of selected local and remote adipose tissue browning, holding important
implications for the biologic response to surgical injury.

KEYWORDS
adipose; beige adipose;
browning; dietary restriction;
surgery; trauma

Introduction

Understanding beige and brown adipocytes morphol-
ogy and development has been a much-sought out
goal as activating BAT and stimulating browning
might reduce metabolic adverse effect of WAT in the
context of obesity.1-3 While WAT is the primary site
of energy storage and of release of hormones and
cytokines,4 brown adipose tissue (BAT) is composed
of multilocular brown adipocytes with high mitochon-
drial content and Uncoupling Protein-(UCP-)1, con-
tributing to heat production in small mammals and
humans in response to cold exposure.1,5-7 In prevail-
ing models of browning, the central nervous system
triggers pathways such as sympathetic discharge,
resulting in the release of norepinephrine (NE) and
b-adrenergic receptor activation in WAT and BAT.8

Beige adipocytes arise from both de novo adipogenesis

of a subgroup of precursor cells expressing platelet-
derived growth factor receptor a (PDGFRa), CD34,
and Sca-1 7,9,10,11,12 and pre-existing adipocytes
(transdifferentiation),13,14 depending on depot, diet
and temperature. During browning, replacement of
white adipocytes by de novo generated beige adipo-
cytes is facilitated by alternatively activated macro-
phages.10,15,16 In addition, alternatively activated
macrophages have been shown to produce norepi-
nephrine that is important for the induction of ther-
mogenic gene15,16 such as UCP1, PGC117, CD137,7

Tbx1 7 or Elovl3.18

Surgical procedures ubiquitously injure adipose tis-
sue. We recently reported that such injury dramati-
cally impacts adipose phenotype (increased
inflammation, decreased adipose-derived hormone
expression), and that a multitude of clinically relevant
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factors (age, nutritional status, concomitant innate
immunity activation) modulate this response.19-21

Moreover, surgery evokes an acute stress response
that activates sympathetic b-agonist adrenergic path-
ways both locally and systemically. It is possible that
mammals have evolved to include adipose browning
(induction of UCP-1 in WAT) as a component of
their response to trauma, though the actual benefits
of such an adaptation are unclear. We therefore used
a validated mouse model of surgical injury 21 to study
the role of adipose tissue repair in beige adipocyte
development. We examined inguinal, epididymal,
interscapular and perivascular adipose tissue before
and one day after sham, incision alone, or surgical
injury on the left inguinal adipose compartment to
determine if anesthesia and various levels of focal tis-
sue trauma associated with surgery led to any local
and/or distant adipose browning.

Methods

Animal studies

Male 26-weeks-old C57BL/6 J mice (Jackson Labora-
tories, Bar Harbor, ME, USA) were housed in cages
at 22�C and maintained on a 12-hour light-dark cycle
for �1 week pre- experiment and throughout the
experiment. They received standard Normal Chow
(NC) of 10 kcal% fat (Cat#D12450B, 3.85 kcal/gm,
Research Diet Inc.., New Brunswick, NJ), USA with
ad libitum access to chow unless otherwise noted.
Caloric restricted (CR) animals had free access to a
sugar water solution for 72 hours prior to operation.
This solution consisted of 12.3% sucrose (wt/vol, con-
tained 0.45 kcal/mL; purity D 99.5%, Cat# S9378,
Sigma-Aldrich, St. Louis, MO, USA).

A standardized, mouse model of surgical injury
was employed as previously described.21 Briefly, mice
were anesthetized by isoflurane inhalation (2% induc-
tion, 1.25–1.5% maintenance) and body temperature
maintained on a water-circulating heat pad, set at
42�C. Pre and post-operative blood glucose determi-
nations were performed on fresh blood with an Easy
Check Diabetes Meter Kit (Home Aide Diagnostics,
Deerfield Beach, FL, USA) according to the manufac-
turer’s instructions. The core body temperature was
continuously monitored during procedures and before
harvest with a rectal probe. In the surgical trauma
group, a 2 £ 1 cm2 L-shaped skin incision in left
flank area was first made. After retracting the skin,
»2 mm-thick subcutaneous inguinal adipose tissue
was harvested (control baseline adipose), one for for-
malin fixation and one snap frozen in liquid nitrogen.

The following standard surgical manipulations (sharp
dissection/spreading/cutting/electrocauterization) were
then applied to the remaining adipose tissue in the
inguinal surgical field. First, blunt dissection into the
fat was performed by spreading and closing a hemo-
stat instrument 10 times. This was followed by cau-
terizing a 4 mm length along the edge of the adipose
tissue using a handheld electrocautery instrument.
Mice we kept under general anesthesia for 15 min
total, then the skin was closed with 6–0 Vicryl
absorbable suture, and the mouse allowed to recover.

To determine the effect of the anesthetic agent and
potential peri-operative swings in body temperature,
sham mice were kept under anesthesia for 15 min (as
described above), then allowed to recover. Finally, to
determine the effect of incision alone, mice were sub-
jected to the same sized “L”-shaped incision, but no
further dissection. Mice we kept under general anes-
thesia for 15 min total then the skin was closed with
6–0 absorbable suture. The animals were given a sin-
gle dose of Buprenorphine (0.05–0.1 mg/kg) immedi-
ately after the surgery. One to 7 days following after
the procedure, the animals were euthanized by cervi-
cal dislocation. Adipose tissue from the left (ipsilateral
or local) and right (contralateral or distant) inguinal
(subcutaneous), epididymal (visceral), interscapular
(brown adipose positive control) and perivascular
adjacent to the thoracic aorta was harvested and
immediately fixed in formalin (one half) or snap fro-
zen in liquid nitrogen (the other half). For the ingui-
nal, epididymal and interscapular fat pad a third
fraction was collected in an ice-cold DMEM media
with 0.5% FBS for flow cytometry analysis. Mor-
phometry was assessed by histology from 6 mm sec-
tions from formalin fixed, paraffin-embedded samples
stained with hematoxylin and eosin (H&E).

All animal experiments were performed according to
protocols approved by our local Institutional Animal
Care and Use Committee and complied with the Guide
for the Care and Use of Laboratory Animals (National
Institutes of Health Publication No. 85–23, Revised
1996).

Plasma norepinephrine and triglyceride

Retro-orbital blood was collected under general anes-
thesia. Plasma was prepared from blood centrifuga-
tion at 2,000 g for 10 min at 4�C. Plasma levels of
NE were measured using the manufacturer protocol
(ELISA, BA E-5200, Rocky Mountain Diagnostics,
Inc. Colorado Springs, CO, USA). Plasma levels of
Triglyceride (TG) were measured using the
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manufacturer protocol (Triglyceride Quantification
Kit, ab65336, Abcam, Cambridge, MA, USA).

Immunohistochemistry

Paraffin sections of adipose tissue were immunos-
tained as previously described22,23using the following
primary antibody: rabbit anti-mouse UCP1 (10983,
abcam, Cambridge, MA, USA) at dilution 1:500 and
secondary goat-anti rabbit antibody diluted 1:200
(Vector Laboratories, Inc. Burlingame, CA, USA).
Negative controls were performed simultaneously.

Quantitative real-time PCR

Quantitative real-time PCR (Q-PCR) analysis was per-
formed on adipose RNA as previously described.24 Differ-
ences in total RNA or different efficiency of cDNA
synthesis among samples were normalized using mouse
Hprt1 expression and results expressed as ratio to baseline.

Adipose tissue isolation and flow cytometry

Harvested adipose tissues were prepared as previously
described.25 Adipose stromal-vascular fraction were
blocked with CD16/32 monoclonal antibody (mAb)
and stained for 30 min at 4�C in the dark with F4/80
APC, CD11b APC/Cy7, CD11c PeCy7, CD206 FITC,
CD301 PE, PDGFRa PE, CD34 FITC and Sca1 PE/
Cy7 (at 1:100) all from BioLegend (San Diego, CA,
USA). Cells were washed and acquired immediately
on an LSR II flow cytometer (BD Biosciences, San
Jose, CA, USA) and analyzed with FlowJo.

Statistical analysis

Results are expressed as mean § SEM. All statistical pro-
cedure we performed using Sigma Stat for Windows (ver-
sion 3.5; Systat Software, Chicago, IL, USA) or GraphPad
Prism 6.0 (GraphPad Software, San Diego, CA, USA).
Student’s t-test, one way/2 way/repeat measure ANOVA
were performed for 2 and multi- group comparisons. Sta-
tistical significance was defined as p< 0.05.

Results

Surgical trauma induces local and distant adipose
tissue browning

Mice were subjected to focal surgical trauma (sharp dis-
section/spreading/cutting/electro-cauterization including
adipose biopsy), an incision only (to evaluate the effect
pain and skin disruption), or sham (to evaluate the

effect of anesthesia alone). Macroscopic examination of
the inguinal fat pad showed evidence of browning with
trauma and, to a lesser extent, one day after incision
only (Fig. 1A). H&E staining revealed single lipid drop-
let cells delineated by layers of connective tissue (red)
in baseline and sham-treated inguinal depots (Fig. 1B).
In contrast, inguinal tissue sampled post-trauma, and to
a much lesser extent, inguinal depots from the incision
group, displayed multilocular adipocytes, consistent
with a beige adipose phenotype (Fig. 1B). Inguinal, epi-
didymal and interscapular adipose depots were exam-
ined for the expression of UCP1, a protein
characteristic of brown and beige adipocytes. There
were no significant alterations in UCP1 protein in the
interscapular adipose tissue (positive brown adipose
control) or in the epididymal adipose tissue in sham,
incision, and trauma mice (Fig. 1C). The subcutaneous
inguinal fat, however, had significantly increased levels
of UCP1 protein and formation of multilocular adipo-
cytes one day after the surgical injury confirming the
inguinal fat pad browning (Fig. 1C).

To investigate whether adipose phenotypic
changes were manifest locally or systemically, we
investigated distant depots. Surprisingly, H&E stained
sections from contralateral inguinal tissue featured
browning characteristics, with densely grouped multi-
locular adipocytes (Fig. 2A, upper panel). This find-
ing was confirmed using immunohistochemistry to
detect UCP1 protein, which was increased at both
the contralateral site as well as the trauma site
(Fig. 2A, lower panel). Similarly, in the inguinal
depot, brown and beige adipocytes markers UCP1,
UCP2 and PGC1a as well as the beige-specific
markers CD137 and TBX1 were increased on both
sides (Fig. 2B). In the interscapular adipose depot
(BAT; positive control), a 3- and 15-fold increase in
UCP1 and Elovl3 transcript respectively was
observed after trauma (Fig. 2C). No change was seen
in the epididymal fat pad (data not shown). Recent
reports suggest a thermogenic function for perivascu-
lar fat.26 Thus, UCP1, UCP2 and Elovl3 gene expres-
sion in the adipose tissue adjacent to the thoracic
aorta was interrogated. One day after left inguinal
trauma, UCP1 transcript levels significantly increased
in the perivascular fat. No difference was seen in
UCP2 and Elovl3 gene expression (Fig. 2D). We
next investigated the contribution of weight, temper-
ature and glucose. After one day, weight remained
similar in the 4 groups (baseline, sham, incision and
trauma, p > 0.05 versus day 0) (Fig. S1A). At har-
vest, compared to day 0, we observed a small
decrease in body temperature in the incision group
(0.45�C, p D 0.01) and in trauma group (0.37�C,
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p D 0.02) (Fig. S1B). Interestingly, blood glucose was
decreased at day 1 and day 3 following left inguinal
trauma, compared to the sham animals (Fig. S1C).
Moreover, plasma triglyceride levels were reduced
from day 1 and up to 7 days following surgery
(Fig. S1D). To examine the relevance of these acute
changes, we harvested inguinal adipose tissues at day
1, 3, and 7 following left inguinal trauma. Inguinal

depots (left traumatized and right contralateral) dis-
played multilocular adipocytes that were positive for
UCP1, consistent with a beige adipose phenotype
(Fig. 3) up to day 5. Browning was not detected at
day 7 following trauma (Fig. 3)

Under physiological conditions, cold exposure is
the most powerful stimulus for BAT activation.27 To
evaluate the contribution of weight loss and reduced

Figure 1. Surgical trauma induces adipose tissue browning. (A) Representative macroscopic morphology from paraffin embedded ingui-
nal adipose tissues. From the left to the right: baseline, sham, incision and trauma group. (B) Representative H&E-stained inguinal adi-
pose tissue sections which differentiated lipid droplets (white) from connective tissue (red). From the left to the right: baseline, sham,
incision and trauma group. (C) Representative characterization of brown/beige adipocyte marker UCP1 by immunohistochemistry in
inguinal (top), epididymal (middle), and interscapular (bottom) depots. Epididymal or white visceral and interscapular or brown fat rep-
resent negative and positive controls respectively. Data are representative of 10 independent animals per group. Bars represent
100 mm.
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body temperature associated with the observed
browning phenomenon, we subjected mice to a 3-
day glucose-water-only regimen (caloric restriction,
CR)28 before the procedure. Here, Mice on CR con-
sumed less calories (except on the post operative

day), lost weight, and had a lower body temperature
(Fig. 4A–C). There were modest differences in UCP1
mRNA (Fig. 4D) or protein (Fig. 4E) levels after sur-
gical trauma, compared to their respective NC con-
trol, likely related to their reduction in body

Figure 2. Trauma induces distant browning. (A, upper panel) Representative H&E stained inguinal fat from baseline and one day post
trauma (site and contralateral). Trauma site and contralateral showed reduce lipid droplets to form packed multilocular adipocytes.
(A, lower panel) Immunostaining using antibody against UCP1 showed protein expression in the traumatized (trauma Site) and contra-
lateral adipose tissue. (B-D) Q-PCR against UCP1, UCP2, PGC1a, CD137 and TBX1 gene in the inguinal adipose depot (B) and against
UCP1, UCP2 and Elovl3 gene in the interscapular (C) and perivascular fat depot (D) at baseline and one day after left inguinal trauma
(trauma site and contralateral). Expression values were normalized to their respective baseline. Data are mean§SEM of 5–6 independent
animals per group. Bars represent 20 mm. �p < 0.05, ��p < 0.01, ���p < 0.001 vs. baseline.
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Figure 4. Short-term caloric restriction minimally modulates adipose browning relative to surgical trauma. (A, B) Caloric intake (A) and
weight (B) were measured in animal fed with a NC or CR one day before diet randomization (Pre-CR, weight only), one, 2 and 3 days
after (CR1, 2 and 3) and at one day post-op (Post-op). Caloric intake is expressed as Kcal/mouse/day and weight as gram. (C) Body tem-
perature was continuously monitored during procedures (15 min) with a rectal probe. T1 (2 » 3 min after the rectal probe insertion), T2
(15 min after the rectal probe insertion), and T3 (the highest temperature during measurement) and is expressed in degrees Celsius
(�C). Data are mean§SEM of 6 independent animals per group. �p < 0.05 versus NC. (D, E) Animals were randomly exposed to a 3 day
CR or NC before the indicated procedure (sham or trauma). (D) Q-PCR analysis of UCP1 in inguinal adipose tissue, at baseline or at one
day (sham, trauma site and trauma contralateral). (E) Representative UCP1 immunohistochemistry in inguinal adipose tissue. Upper
panel: NC group at baseline, sham, trauma site and contralateral (from left to the right). Lower panel: CR group at baseline, sham,
trauma site and contralateral (from left to the right). Data are representative of 10 independent animals per group. Bars represent
100 mm. �p < 0.05 vs. baseline.

Figure 3. Trauma induces adipose browning up to day 5 following surgery. Representative H&E and UCP1-stained inguinal adipose tis-
sue sections at different time points after surgical trauma as indicated. Data are representative of 4 independent animals per group.
Bars represent 20 mm.
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temperature. However, the differential pales in com-
parison to the overall browning induction due to the
surgical trauma.

Trauma-induced browning is independent of
pdgfraC-beige precursor invasion

Beige adipocytes arise from both de novo precursors 10

and pre-existing adipocytes (transdifferentiation).13

Thus, expression of PDGFRaC, CD34C and Sca1C was
assessed in inguinal WAT at baseline and one day after
surgery (Fig. 5) to characterize putative newly recruited
beige precursors. One day after the procedure, both
PDGFRaCCD34C (Fig. 5A) and PDGFRaCSca1C

(Fig. 5B) cells were reduced in the left (trauma site) and
right (trauma contralateral) inguinal depot, arguing
against an involvement of these precursors.

Focal trauma is associated with monocyte
infiltration and alternatively activated macrophage
at the site of injury only, and not at remote
browning locations

The adipose remodeling toward browning is believed to
involve alternatively activated macrophage as well as
beige precursor recruitment.10 To investigate macro-
phage contribution to trauma-induced browning, flow
cytometry was conducted at baseline and on inguinal,
epididymal, and interscapular fat one day after left ingui-
nal fat pad trauma. At baseline (control), interscapular
tissue contained fewer macrophages than epidymal or
inguinal (Fig. S2A). One day after trauma a 4-fold
increase in F4/80CCD11bC macrophages at the site of
injury was observed (Fig. 6A). However, macrophages
were not increased in the contralateral inguinal fat
(Fig. 6A). In baseline inguinal fat (control), most macro-
phages were CD11cC (82%), CD206C (82%), and 73%
were CD301C. In contrast, one day after trauma, the

Figure 5. PDGFRaC cells decrease after surgical injury. (A, B) Cells were isolated from inguinal adipose tissue at baseline and one day
post left inguinal injury (trauma site) and analyzed for the expression of PDGFRa, CD34 (A) and Sca1 (B). The percentages of cells are
indicated on the flow profile. The graphs show percentage of cells in inguinal depot at baseline and one day after left inguinal trauma
(trauma site). Data are mean§SEM of 5–10 independent animals per group. �p < 0.05 versus baseline.
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Figure 6. Surgical trauma promotes local monocyte recruitment and alternatively activated macrophages, but the remote browning can
occur without increased macrophages in the browning adipose. (A-D) Cells were isolated from adipose tissue at baseline and one day
post left inguinal injury (trauma site) and labeled for flow cytometry. (A) FACS analysis on cell surface marker expression of F4/80 and
CD11b at baseline and one day after surgery. The graphs show percentage of F4/80CCD11bC macrophages in inguinal depot at baseline
and one day after left inguinal trauma (trauma site). (B-D) Macrophages were then assessed for the expression of CD11c (B), CD206 (C)
and CD301 (D). Data are mean§SEM of 10 independent animals per group. �p< 0.05, ��p< 0.01 vs. baseline. (E) Q-PCR against alterna-
tively activated Arg1, Ym1, Fizz1 and against classically activated iNOS, IL-10, TNF macrophages genes in inguinal depot at baseline and
one day after left inguinal trauma (trauma site and contralateral). Expression values were normalized to their respective baseline. Data
are mean§SEM of 6 independent animals per group. �p < 0.05, ��p < 0.01, ���p < 0.001 versus baseline.
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majority of infiltrating macrophages did not express
these surface markers (Fig. 6B–D and Fig. S2B–D),
which is typical of newly infiltrated monocytes that have
not yet upregulated these differentiation markers. In the
contralateral inguinal site, there was a slight reduction in
macrophage markers (CD11cC, CD206C and CD301C),
suggesting that there was some infiltration of monocytes,
although this was minimal (overall macrophage numbers
were not increased). One day after the procedure, gene
expression profiling revealed increased expression of the
alternatively activated macrophage markers Arginase
(Arg) 1 and Ym1 mRNA in the traumatized inguinal
depot only (Fig. 6E). In contrast, expression of classically
activated markers, inducible nitric oxide synthase
(iNOS), Interleukin-(IL-)10 and Tumor necrosis factor
(TNF) genes were unchanged, except for IL-10 reduced
in the contralateral depot (Fig. 6E). Together, these find-
ings suggest that blood-borne monocytes infiltrated the
site of trauma, displaying an alternatively activated phe-
notype. However, adipose can brown without local mac-
rophage infiltration under the conditions of this focal
trauma model.

Systemic NE levels are increased after trauma but
not after incision alone

Although adipose depot browning appears to related to
b-adrenergic activation by the nervous system, exposure
to cold has been reported to promote alternatively acti-
vated macrophages that produce NE.16 We reasoned that
the local increase in alternatively activated macrophages
after trauma may impact NE levels. Consequently,
plasma NE plasma was measured at one, 2, 8 hours and

one day after the procedure. In the surgical trauma
group, circulating NE plasma levels peaked after 8 hours
but remained unaffected after incision (Fig. 7A).

Discussion

Using a validated murine model of surgical injury, we
show that, after one day, surgical trauma induces WAT
browning. Perhaps most striking are our findings that
browning also occurs in the distant contralateral inguinal
and perivascular adipose depots, suggesting a systemic
physiologic adaption in response to focal adipose
trauma.

In adult humans, in addition to its role in non-shiver-
ing thermogenesis, the amount of BAT is inversely corre-
lated with body-mass index.4,27 In mice, both activation
and transplantation of BAT were shown to improve
whole body metabolism and insulin sensitivity.1,29 Fur-
thermore, human white adipocytes can be manipulated
in vitro to develop “brown” characteristics (UCP1
expression) by forced adenoviral overexpression of PGC-
1a.30,31 As a result, promotion of BAT (through an
increase in BAT mass or turning WAT into BAT) is
increasingly acknowledged as a potential therapeutic
strategy for obesity and obesity related diseases.4,6,27,29,32

Importantly, these data evidence remarkably rapid
(one day) adipose tissue browning. Surgical injury leads
to a 12-fold induction of UCP1 transcript after one day,
which can be compared to the 9-fold induction in the
same strain mice acclimated to 5�C cold for 4 weeks 33

or the 2.5 fold induction after 2 weeks of treadmill exer-
cise in BALB/C mice.18 Of note, this acute browning per-
sisted up to day 5 following the trauma. Moreover,

Figure 7. Surgical trauma increases plasma norepinephrine levels. Left panel: Physiological modulation of the sympathetic system in
mice one, 2, 8 hours and one day after surgery or incision. NE circulating plasma levels peaked after 8 hours in the surgical trauma group
but remained unaltered after incision compared to baseline (0 hour). Right panel: Quantitative assessment of plasma NE expressed as
the area under the curve (A.U.C.). Data are mean§SEM of 5 independent animals per group and time point. �p < 0.05 vs. incision.
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plasma triglyceride were reduced up to day 7 following
surgery, which could be linked to the adipose browning,
although more definitive studies are required. In the
interscapular adipose depot there was a 3-fold increase
in UCP1 transcript after trauma. Though this tissue has
baseline high UCP1 expression, this upregulation by
remote surgical trauma may have substantial impact on
whole body UCP1 content. Beige cells that are induced
by cold exposure or b3 agonist treatment arise through
transdifferentiation 13 of existing white adipocytes or by
de novo adipogenesis from a subgroup of precursor
cells.7,11,12 Here, adipose tissue injury resulted in loss of
precursor PDGFRaCCD34C and PDGFRaCSca1C cells,
suggesting that those precursors are likely not responsi-
ble for surgery-induced browning, as suggested by previ-
ous reports.13,14

Surprisingly, surgical trauma not only induces brown-
ing locally, but also in the contralateral inguinal and
perivascular adipose depots, suggesting that surgical
injury triggers systemic pathway(s). Cold exposure is the
most powerful and physiological stimulus for BAT acti-
vation 27 and changes in body temperature may modu-
late adaptive thermogenesis. At harvest, compared to day
0, a small decrease in the incision group (mean 0.45�C)
and in trauma group (mean 0.37�C) core temperatures
were measured. However, as browning was not widely
induced after incision, it is unlikely that these fluctuation
in body temperature are causally involved in the distant
browning in inguinal and perivascular adipose depots.
Furthermore, CR modestly modulated adipocyte pheno-
type despite weight loss and mild hypothermia, thus vali-
dating the direct influence of adipose trauma on
browning.

Macrophages are instrumental in facilitating healing
and are invariably recruited to sites of injury and inflam-
mation. In addition to clear dying white adipocytes, and
recruit new beige adipocytes from progenitors,7,10-12

alternatively activated macrophages have been impli-
cated in the browning process, acting as an alternative
catecholamine source.16 In the current study, after one
day, the injured inguinal depot displayed a 4-fold
increase in F4/80CCD11bC monocytes/macrophages.
Despite adipose browning, macrophages were not
increased in the contralateral inguinal fat. The physio-
logic stimulation of b-adrenergic receptors on adipocytes
activates PGC1a to induce the expression of UCP1.18

We found that trauma specifically led to transiently
increased plasma NE levels, peaking 8 hours after surgi-
cal injury but remained unchanged after incision only. If
systemic catecholamines drive browning, then one would
expect all WAT to brown, and this clearly is not the case.
Thus, if NE is mechanistically tied to browning then
there are likely compartmental effects that are beyond

the resolution of the current experiments. Interestingly,
in the inguinal adipose depot, this correlated with the
apparition of multilocular adipocytes, consistent with a
beige adipocyte phenotype and suggesting a b-adrener-
gic-dependent mechanism. In light of increased alterna-
tively activated macrophages at the site of trauma it is
possible that the local production of these cells led to
increased systemic NE levels, and thus, distant browning
in the contralateral inguinal and perivascular adipose
depots. Thus, a limitation of our report is that we mea-
sured systemic NE, though differential local compart-
ment signaling levels of NE may be more relevant for the
tissue specific browning findings.

A limitation to the current report is that we examine
only one type of focal surgical trauma, and other injuries
(e.g. laparotomy) and aspects of browning (functional
endpoints beyond simple browning markers) may yield
additional insights. Only a single age and sex mouse was
studied, and largely just the early 24 hour time point
(strategy based on our prior report 34). Full examination
of cellular dynamics regarding cell recruitment, matura-
tion, and death is limited at a single time point, but the
single snapshot does give some insights into the underly-
ing cellular dynamics. Additionally, examination of
browning in other dietary settings (diet induced obesity,
diabetic mouse models, etc.) would inform on clinically
relevant potential variations in the browning response.

In summary, we provide evidence that adipose tissue
injury leads to local and, importantly, distant adipose tis-
sue browning as early as one day after the procedure.
Such browning may influence local metabolism, tissue
repair, and/or resistance to infection. Strategies to
manipulate adipose remodeling after trauma may
enhance the biologic response to interventions such as
surgery. Moreover, identifying the molecular relationship
between adipose trauma and browning provides oppor-
tunities for the understanding and treatment of meta-
bolic diseases.
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