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We recently exploited a transgenic approach to coerce macrophage anti-inflammatory M2 polarization in vivo by
lowering Receptor Interacting Protein 140 (RIP140) level in macrophages (mwRIP140KD), which induced browning of
white adipose tissue (WAT). In vitro, conditioned medium from cultured adipose tissue macrophages (ATMs) of
mwRIP140KD mice could trigger preadipocytes’ differentiation into beige cells. Here we describe a cell therapy for
treating high fat diet (HFD)-induced insulin resistance (IR). Injecting M2 ATMs retrieved from the WAT of mwRIP140KD
mice into HFD-fed obese adult wild-type mice effectively triggers their WAT browning, reduces their pro-inflammatory
responses, and improves their insulin sensitivity. These data provide a proof-of-concept that delivering engineered anti-
inflammatory macrophages can trigger white fat browning, stimulate whole-body thermogenesis, and reduce obesity-
associated IR.

Introduction

Adipose tissue in mammals consists of 2 major types—white
adipose tissue (WAT) and brown adipose tissue (BAT), each hav-
ing a unique physiological role.1-3 WAT is the main energy stor-
age site, whereas BAT provides the major energy source via non-
shivering thermogenesis. BAT is located in the interscapular
region, and detected mainly in infants and small mammals. It
has a high mitochondria content and expresses mitochondrial
UCP1, which dissipates energy to generate heat. In contrast,
WAT typically expands under an obese condition and becomes
inflammatory, which triggers insulin resistance (IR).4 Recently, a
third type of fat has been identified within the WAT depots of
mouse and human, called “beige fat.” 5-8 Because beige fat can
also engage in thermogenesis, increasing beige fat is generally
considered beneficial. The activity of beige cells can be increased
in response to cold exposure or certain stimuli such as IL4 treat-
ment, which enhances thermogenesis. This leads to an interesting
phenomenon called “browning” of WAT.9-11 Despite beige cells
seeming similar to BAT cells in terms of thermogenesis, evidence

indicates that brown vs. beige adipocytes have distinct gene
expression profiles and are likely to have tissue-specific actions.12

In light of the potential benefit of turning WAT into beige fat,
there is increasing interest in understanding how BAT is activated
and how WAT cells may be turned into beige cells. This could
provide a new therapeutic strategy for treating obesity and its
related metabolic disorders.8,12

Two groups have recently provided evidence that enhancing
the anti-inflammatory M2 ATM population can positively
affect WAT browning under cold exposure and IL4 treat-
ment.10,11 We previously reported a positive regulatory mole-
cule for inflammatory M1 macrophages, Receptor Interacting
Protein 140 (RIP140),13,14 which is a coactivator of NF-kB in
the process of M1 activation.15 Based on the notion that
RIP140 activates M1 ATMs,15 we engineered a mouse model
where M1 activation is reduced by specific knockdown of
RIP140 only in the monocyte-macrophage lineage, called
mwRIP140KD. As expected, the mwRIP140KD mice indeed
are protected against acute inflammation such as sepsis,16 but
more interestingly these mice are also protected against diet-
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induced metabolic diseases including insulin resistance (IR).17

Upon careful dissection of their WAT depots, especially fol-
lowing a long-term high fat diet (HFD) that in wild-type ani-
mals induces adipose inflammation and systemic IR, we found
significant “browning” in the WAT depots of mwRIP140KD,
consistent with their increased thermogenesis and energy
expenditure as well as improved insulin sensitivity.17 In addi-
tion, we found that mwRIP140KD mice not only have
reduced M1 ATM numbers, but in fact they have increased
M2 ATMs numbers when compared to the wild-type animals,
especially after HFD induction.17

The browning phenotype of these mwRIP140KD animals is
associated with reduced RIP140 level in macrophages (including
ATMs), which lowers WAT inflammation under HFD feeding.
However, the chronic dampening of monocyte-macrophage
inflammatory potential in these mice is system-wide; all their
macrophages’ RIP140 level is lowered from birth, which could
compromise immunity. We therefore conjectured that it might
be possible to reduce inflammatory potential only in adults, and
only in restricted locales, just sufficient to trigger local WAT
browning while preventing unwanted chronic systemic effects.
Indeed several studies have shown that injection of macrophages
in animal models as therapeutic methods, such as for wound
healing,18,19 tumor therapy,20 sepsis and colitis.21 Specifically,
we asked whether one could locally inhibit adult-stage adipose
inflammation via local delivery of engineered anti-inflammatory
macrophages, to trigger “browning” of WAT—and whether it
would work even under HFD feeding.

This report describes cell therapy experiments in animals to
test this concept, and provides a proof-of-concept that direct
injection of RIP140KD-ATM into adult animals under HFD

feeding indeed can cause visceral WAT (vWAT) browning and
therapeutically protect against the development of diet-induced
IR in normal mice receiving this macrophage cell therapy.

Results

To test the therapeutic potential of M2 ATMs, we first
examined ATMs collected from WT and those from
mwRIP140KD (mostly polarized into M2) using in vitro con-
ditioned medium culture experiments where preadipocytes are
differentiated into mature adipocytes, provided with condi-
tioned medium of various ATM preparations. In this experi-
ment, we monitored the efficiency of differentiating
preadipocytes into beige cells (markers Ucp-1, Pgc-1a,
Tmem26 and Cd137). The result (Fig. 1) shows that beige
markers in those cultures using conditioned medium from
WT-ATM (gray bar) and RIP140KD-ATM (black bar) are
significantly elevated as compared to the control (Ctrl, white
bar). More importantly, condition medium from RIP140KD
ATM is much more effective, as compared to the wild type
ATM, in differentiating preadipocytes into beige cells accord-
ing to the expression of these markers. This result shows that
ATM from mwRIP140KD mice can be much more efficient
as a therapeutic ATM. We then moved on to test a cell ther-
apy strategy using in vivo injection of ATM collected from
mwRIP140KD mice as described in the following.

Our experimental cell therapy design is shown in Figure 2A.
Wild type (WT) C57/BL6 male mice were fed with a HFD for
42 d to cause obesity. To these obese WT mice, PBS (phosphate-
buffered saline, as a negative control) or RIP140KD-ATM iso-
lated from the WAT depots of MwRIP140KD mice was injected
into the peritoneum, every 4 d injections were conducted for a
total of 6 times. Six days after the final injection of engineered
macrophages, multiple tests were conducted to profile the recipi-
ent mice’s metabolic phenotype. Figure 2B-J shows the collected
data including: B) Histological examination; C) Immunological
staining; D) Adipocyte gene markers; E) M1 vs. M2 ATM
markers; F) GTT; G) ITT; H) Serum insulin, glucose, choles-
terol, TG and FFA; I) Body weight; and J) Energy expenditure.

As shown in Figure 2B, recipient obese mice’s vWAT histol-
ogy clearly demonstrated indicators of browning, such as multi-
locular morphology, in response to RIP140KD-ATM cell
injections (right). We have confirmed that PKH26-labeled ATM
indeed incorporates into the recipient animals’ WAT as shown in
Figure 3. Figure 2C confirms that browning markers (such as
UCP1 and TMEM26) are present in the vWAT sections of
RIP140KD-ATM injected mice (right panel). Consistently,
mRNA levels of such browning markers (Ucp-1, Pgc-1a
Tmem26 and Cd137 and Tbx1) are prominently elevated in the
vWAT of RIP140KD-ATM injected mice (Fig. 2D). We have
also observed that the injected macrophages do not seem to
incorporate into other organs such as liver, spleen or kidney, at
least based upon our results using PKH-26 detection, and that
injecting engineered macrophages has little effect on interscapular
BAT and subcutaneous WAT (Data not shown). Figure 2E

Figure 1. Conditioned medium from RIP140KD macrophage more effec-
tively induces pre-adipocyte differentiation into beige cells. qPCR detec-
tion of mRNA levels of beige markers in cells differentiated from primary
preadipocytes cultured with conditioned medium of ATMs isolated from
WT or mwRIP140KD mice. Statistical significance was determined by Stu-
dent’s t-test, with data presented as mean § SD, *P < 0.05; **P < 0.01;
***P < 0.001.
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Figure 2. For figure legend, see page 126.
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shows that gene expression associated with inflammatory M1
ATM polarization (Il1b, Tnfa and Cd11c) indeed is decreased,
whereas that associated with anti-inflammatory M2 ATM polari-
zation (Arg1, Pparg, Mrc1 and Il10) is increased in the stromal
vascular fraction (SVF) of vWAT in RIP140KD-ATM injected
mice. Significant improvement in glucose tolerance (Fig. 2F) and
insulin sensitivity (Fig. 2G) was seen in RIP140KD-ATM
injected mice. Other metabolic profiles, such as glucose level,
insulin level, cholesterol level, triglyceride and free fatty acid level
all show improvement in the RIP140KD-ATM injected mice as
compared to PBS-injected mice (Fig. 2H). A time-dependent
trend toward mean body weight reduction was also observed in
the RIP140KD-ATM injected obese mice (Fig. 2I), but the trend
did not achieve significance within the duration of our study.
However, as shown in Figure 2J, RIP140KD-ATM injected
mice indeed have a significantly higher level of energy

expenditure (O2 consumption) in both the
dark and light phases. Accordingly, we con-
clude that local injection of anti-inflamma-
tory RIP140KD-ATM cells into adult mice
even under a HFD feeding can trigger
vWAT browning and improve metabolic
parameters. As a result, HFD-induced
vWAT inflammation is reduced, whole
body energy expenditure is supercharged,
and metabolic syndrome is alleviated.

Discussion

Inducing BAT activation and/or the dif-
ferentiation of WAT into beige cells could
provide new strategies for treating obesity,
IR and diseases associated with impaired
glucose/lipid homeostasis.6,8 Here, we
report that local, visceral injections of engi-
neered (from MwRIP140KD mice) anti-
inflammatory ATMs into obese adult mice
under chronic HFD feeding can trigger
browning and heightened metabolism in
their vWAT. This phenomena is consistent
with our previous in vitro study that treat-
ment of primary preadipocyte cell cultures
with conditioned medium from macro-
phage cultures derived from
MwRIP140KD mice could induce cultured
preadipocytes to differentiate into beige

cells.17 It is possible that RIP140KD ATMs release factors pro-
moting preadipocyte differentiation into beige cells, mimicking
“browning.” It is known that cold exposure and IL4 treatment
trigger M2 ATM activation and cause WAT browning in ani-
mals, and that production of catecholamines by M2 ATMs may
play a role,9,11 but how or whether catecholamines act on beige
cell progenitors or mature white adipocytes remains to be deter-
mined. Our current report provides in vivo support for the medi-
cal potential of cell-therapy based induction of beige fat in
preventing/treating diet-induced IR,17 although what factors
may be secreted from the anti-inflammatory, engineered ATMs
that trigger WAT browning awaits further study. Nevertheless,
based upon our animal data, a protective and/or therapeutic strat-
egy to reduce local tissue inflammation based upon “injection of
engineered therapeutic macrophages” in adults seems feasible.

Figure 2 (See previous page). Experimental design and results of ATM cell therapy. (A) Control PBS or experimental ATMs isolated from minced WAT of
mwRIP140KD mice and labeled with live-dye PKH26 were intraperitoneally (i.p.) injected into HFD-fed WT mice 6 times, at 4 day intervals. After the 6
injections, these mice were assayed for functional GTT, ITT and energy metabolism measurements, then were sacrificed and samples were analyzed. (B)
Histological staining of vWAT. (C) Sections of vWAT were analyzed by immunological staining of UCP-1 (green), TMEM26 (green), and co-stained with
DAPI (blue). (D) qPCR results of mRNA levels in brown markers in vWAT. (E) qPCR determined mRNA levels of M1 and M2 markers in the SVF of vWAT.
(F)-(G) Glucose tolerance test (GTT) and Insulin tolerance test (ITT). (H) Serum insulin, glucose, cholesterol, triglyceride and free fatty acid levels in PBS- or
mwRIP140KD-ATM- (RIP140KD-ATM-) injected wild type (WT) mice. (I) Average body weight of WT mice injected with PBS or RIP140KD-ATM (J) Analyses
of energy expenditure of PBS- or RIP140KD-ATM- injected mice, with vO2 consumption measured in both dark and light circadian phases. Statistical sig-
nificance was determined by Student’s t-test, with data presented as mean § SD, *P< 0.05; **P < 0.01; ***P < 0.001.

Figure 3. FACS analyses of PKH-26-labeled ATMs incorporation into WAT of injected mice. Left 2
panels show FACS analyses of ATMs collected from animals injected with either control (injection
with PBS) or RIP140KD ATMs labeled with PKH-26 label, by gating macrophage specific markers
CD11b and F4/80. Right panel shows PKH-26 label in the gated CD11bCF4/80C ATMs.
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While in this report we only demonstrated beneficial “browning”
of inflammatory WAT as a proof-of-concept, it may also be pos-
sible to counteract inflammation in other tissues by delivering
therapeutic macrophages to different target areas.

RIP140 is a master coregulator for a variety of transcription
factors, including the inflammatory master regulator NF-kB.
Our previous study found HFD to be an important trigger that
elevates macrophages’ RIP140 level.16 Apparently, the level of
RIP140 is crucial to the homeostasis of macrophage polarization
and controls inflammation vs. anti-inflammation. While lower-
ing the level of RIP140 might seem generally beneficial to ani-
mals’ wellbeing, it nevertheless could compromise their immune
system by tipping the balance toward anti-inflammation, which
could cause other diseases such as cancer progression. Therefore,
transgenic approaches to systemically inhibit RIP140 in vivo
would not seem to be a viable solution for inflammatory diseases.
However, the non-systemic ex vivo cellular strategy described in
this report – locally injecting engineered therapeutic macro-
phages into adult subjects – might provide a more feasible
alternative.

In summary, our report describes a new strategy that exploits
engineered ATMs to temporarily inhibit diet-induced local
WAT inflammatory status and induce adult-stage vWAT brown-
ing, delivering a protective/therapeutic effect against diet-induced
metabolic diseases. This strategy could also be adapted to alleviate
other inflammatory diseases in various tissues/organs.

Materials and Methods

Animals
All studies were carried out using male C57Bl/6J mice as wild

type (WT) mice, purchased from The Jackson Laboratory and
maintained in the animal facility of University of Minnesota.
The University of Minnesota Institutional Animal Care and Use
Committee approved all animal studies. MwRIP140KD trans-
genic mice were generated as previously described.15 Eight-week-
old male C56BL/6J mice were fed a HFD containing 60% calo-
ries from fat and 345 mg cholesterol/kg (F3282; Bio-Serv, West
Chester, PA, USA).

Isolation and injection of RIP140KD-ATM
WAT from MwRIP140KD mice was minced and digested for

30 min at 37�C with type II collagenase (Sigma-Aldrich-C0130)
in PBS C 2% BSA (pH 7.4). The cell suspension was filtered
through a 100 mM nylon sieve and centrifuged at 500g for
15 min, separating the floating adipocyte fraction from the stro-
mal vascular fraction (SVF) pellet. The SVF was collected,
treated with an RBC lysis buffer (Sigma-R7757) and washed
with PBS with 2% FBS. F4/80CCd11bC cells as ATM were col-
lected by using FACSAria II (BSL2). Isolated RIP140KD-ATMs

(3 £ 106 cells) were labeled with PKH26 (Sigma-PKH26PCL)
for 12 min and then intraperitoneally (i.p.) injected into HFD-
fed WT mice.

ITT and GTT
Insulin tolerance test (ITT) or glucose tolerance test (GTT)

was performed after overnight fasting. After baseline blood col-
lection, D-glucose (2 g/kg; sigma-G8270) or insulin (0.75 units/
kg; sigma-91077) were i.p. injected into animals. A standard
glucometer was used to measure blood glucose levels at indicated
time points.

Metabolic measurement
Indirect calorimetric assessment was performed on mice to

measure volumetric oxygen consumption (vO2). Before measure-
ment, animals were habituated to metabolic cages for 3 d Ani-
mals were maintained in a 12 hr light/dark cycle in individual
chambers, with free access to chow and water. vO2 was recorded
every 4 minutes for 2 d and normalized to body mass using Oxy-
max (Columbus Instrument, Columbus OH.)

RNA isolation and gene expression analyses
Total RNA was isolated using TRIzol (Invitrogen;

15596–026). Reverse transcription (RT) of RNA was performed
with a High-Capacity cDNA Reverse Transcription Kit contain-
ing RNase Inhibitor (Applied Biosystems; N8080119). Quanti-
tative real-time PCR (qPCR) was performed as described
previously.15 Each gene expression experiment was performed in
triplicate. The primer sequence information for qPCR is avail-
able upon request. Expression levels were normalized to b-actin
level, with the wild-type HFD treatment set as value 1.

Immunohistochemistry
Tissues samples were fixed with 10% formalin, embedded in

paraffin and sectioned. A morphometric study of adipocyte size
was performed in vWAT sections with hematoxylin-eosin stain-
ing. Rabbit anti-TMEM26 (IMGENEX; IMG6633A) and rab-
bit anti-UCP-1 (Abcam; ab10983) were used for
immunofluorescence.
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