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Two-stage evolution of mammalian
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Brown adipose tissue (BAT) is a heater organ that expresses thermogenic uncoupling protein 1
(UCP1) to maintain high body temperatures during cold stress. BAT thermogenesis is considered an
overarching mammalian trait, but its evolutionary origin is unknown. We show that adipose tissue of
marsupials, which diverged from eutherian mammals ~150 million years ago, expresses a nonthermogenic
UCP1 variant governed by a partial transcriptomic BAT signature similar to that found in eutherian beige
adipose tissue. We found that the reconstructed UCP1 sequence of the common eutherian ancestor displayed
typical thermogenic activity, whereas therian ancestor UCP1 is nonthermogenic. Thus, mammalian adipose
tissue thermogenesis may have evolved in two distinct stages, with a prethermogenic stage in the common
therian ancestor linking UCP1 expression to adipose tissue and thermal stress. We propose that in a
second stage, UCP1 acquired its thermogenic function specifically in eutherians, such that the onset of
mammalian BAT thermogenesis occurred only after the divergence from marsupials.

T
he evolution of thermogenesis in mam-
mals supported the maintenance of high
body temperatures, which camewith the
benefits of climate-independent motility
and reproduction, increased brain size,

and regulation of growth and body weight.
In particular, brown adipose tissue (BAT), the
main organ for nonshivering thermogenesis
in mammals, enables newborns, small-sized
species, and hibernators to increase heat
output to overcome cold stress. Critical for BAT
thermogenesis is the expression of uncoupling
protein 1 (UCP1), which resides in the inner
mitochondrial membrane. Free fatty acids,
liberated by cold- or diet-stimulated lipolysis,
induce proton transport by UCP1 to uncouple
the respiratory chain from adenosine triphos-
phate (ATP) production to accelerate metabo-
lism and releasemore chemical energy as heat
(1). Although BAT has been labeled a “mam-
malian prerogative” (2), experimental studies
on BAT and UCP1 function are limited to only
a few eutherian species, mostly rodents and

humans. Specifically, investigations in humans
have been fostered by the identification of
functional BAT in adults (3–5), which repre-
sents a promising therapeutic target to com-
bat metabolic diseases such as obesity and
cardiovascular complications by increasing
energymetabolism (6). In white adipose tissue
(WAT) of mice and humans, cells with partial
BAT features, called beige adipocytes, can emerge
under stress conditions, but their physiological
role is still a matter of debate (7, 8). Pharma-
cologic and genetic manipulations in mice
have been used to understand how BAT
thermogenesis can be activated, brown adipo-
cytes recruited, or white adipocytes transformed
into beige cells. The structure of human UCP1
has been determined (9, 10), but themechanism
of proton transport, which is pivotal for thermo-
genesis, has remained enigmatic.
As revealed by comparative genomics, the

Ucp1 gene is ancient, dating back to the di-
vergence of teleosts (ray-finned fish) and sar-
copterygians (lobe-finned fish) about 420million
years ago (11). In fish, Ucp1 is expressed in liver
and brain tissues but not in adipocytes, raising
questions surrounding the evolutionary timing
of targeted Ucp1 expression in adipocyte-like
cells, as in mice and humans. Furthermore, the
protein function of the fish UCP1 ortholog is
unknown, and phylogenetic inference shows
its sequence to be quite similar to that of its
paralogs UCP2 and UCP3. Apart from mam-
malian UCP1 variants, all other members of
the mitochondrial solute carrier family SLC25
are metabolite transporters (12, 13). Even UCP2
and UCP3, previously thought to be alternative
thermogenic protonophores, have no physio-
logical role in thermogenesis (14) but appear
to transport smallmetabolites (12). The demon-
stration of BAT thermogenesis in an afrotherian

species, the lesser hedgehog tenrec (Echinops
telfairi), revealed that UCP1 acquired its heat-
producing role before the divergence of afro-
therian and boreoeutherian mammals, about
80 million years ago (15). The role of UCP1 in
marsupials, which diverged from eutherians
about 120million to 180million years ago, is less
clear. Marsupials possess aUcp1 ortholog (16),
but in vivo evidence for adaptive nonshivering
thermogenesis has remained equivocal (17).
We discovered a gene expression signature

ofUcp1-expressing adipose tissue (AT) in mar-
supials using global transcriptomic methods
that is reminiscent of eutherian beige adipose
tissue. We then assessed the thermogenic ca-
pacity of marsupial UCP1 and resurrected the
reconstructed Ucp1 sequence of the common
eutherian and therian ancestors for func-
tional analyses to pinpoint the origin of UCP1-
dependent thermogenesis.

Results
Development of endothermy and Ucp1
expression in the opossum

To compare the transcriptomesofmarsupial and
eutherian AT, we scrutinized the short-tailed
opossum, Monodelphis domestica, a marsupial
model organism with high genomic sequenc-
ing coverage. Offspring of M. domestica de-
velop predominantly ex utero and are hairless
and initially ectothermic, receiving body heat
from the mother (Fig. 1A). The young were in-
vestigated during and shortly after weaning at
ages of 6 to 13 weeks, at which point they ex-
perience thermal stress, and during adulthood
at 33 weeks (Fig. 1B). Body weight, length, blood
markers, and the appearance of AT were re-
corded during development (Fig. 1, C and D,
and fig. S1). Infrared thermography of eye tem-
peratures revealed that 6-week-old juveniles
separated from their mothers were unable to
maintain the nursing temperature of about
32°C, in contrast to the sustained endothermic
homeothermy of ≥8-week-old individuals (Fig.
1E). Body temperatures were confirmed by
rectal probing (Fig. 1F) and were consistent
with reports on the development of thermo-
regulatory competence in marsupials (18, 19).
Ucp1 mRNA expression was exclusively found
in AT depots (Fig. 1G), with amounts tran-
siently increasing from age 6weeks to 10weeks
(Fig. 1H), coincidingwith the onset of sustained
endothermy. Ucp1mRNA expression was lower
in the interscapular AT, the canonical location of
eutherianBAT, than in the inguinal AT,which is
a prominent site for the occurrence of beige
adipocytes in eutherianmammals. In the anterior
subcutaneous AT,Ucp1mRNAwas barely detect-
able throughout juvenile development (Fig. 1H).

Comparative transcriptomics reveals a partial
browning signature in the opossum

We attempted to understand the underlying
molecular network governing marsupialUCP1
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expression by determining the global transcrip-
tomic changes of 6-week-old (low UCP1) versus
10-week-old (high UCP1) opossums. Compara-
tive analyses to cold-induced changes inmouse
BAT served to identify common or divergent
features betweenmarsupial and eutherian AT.
Plotting the whole cold-induced mouse BAT
transcriptome (y axis) against the marsupial
transcriptome (x axis) depicted common sig-
nificant gene expression changes (Fig. 2A,
purple dots). The overlap or enrichment of
these regulated genes (squares) was signifi-
cantly higher than expected in all intersections
betweenmouse BAT and opossum inguinal AT
(all P < 0.001) but not betweenmouse BAT and
interscapular AT or anterior subcutaneous
AT. Thus, opossum inguinal AT displayed a
gene regulation network similar to that in
cold-activatedmouse BAT. Expression of beta-3
adrenergic receptor (Adrb3) mRNA, which

predominantly mediates the thermogenic re-
sponse in eutherian BAT, was increased spe-
cifically in opossum inguinal AT, whereas
abundance of the beta-1 adrenergic receptor
(Adrb1) mRNAwas increased in all adipose de-
pots (Fig. 2B). Of the potentialUCP1-independent
thermogenic pathways, the opossum shows
increased expression only of creatine kinase B
(Ckb) (fig. S2A), implicated in anATP-dependent
thermogenic futile creatine cycle (20), but no
alterations in Alpl, Serca2b, or any ATP-
synthase subunits (fig. S2B). Differentially ex-
pressed genes (DEGs) of marsupial inguinal AT
between 6-week-old and 10-week-old animals
were compared with those of interscapular AT
and anterior subcutaneous AT and withmouse
BAT and WAT. The heatmap indicates that
expression patterns in all AT depots of 6-week-
old opossums resemble those in mouse WAT
(Fig. 2C). A molecular network was observed

in marsupial inguinal AT at 10 weeks of age
that resembled that of mouse BAT. Themouse
BAT–like expression pattern of these genes is
less pronounced in interscapular AT and absent
in the anterior subcutaneous depot (Fig. 2C). A
stringent BAT signature derived from mouse
and human transcriptomes was used to ap-
proximate the degree of browning from white
to beige to brown AT (21). The referencemouse
transcriptome of BAT exhibited full browning
irrespective of acclimation temperature (Fig.
2D), whereas mouse inguinal AT showed a
partial browning signature in the cold, char-
acteristic of beige adipocytes with induced
Ucp1 expression (7, 22). The opossum ATs
enhance the browning probability alongside
increased Ucp1 expression from 6 to 10 weeks
of age, particularly in inguinalAT.However, none
of the individuals displayed a pure BAT-specific
molecular signature, which is represented by

Fig. 1. Development of sustained endothermy and Ucp1 expression in the
juvenile opossum (M. domestica). (A) Juveniles are born immature and
attach to the teats. (B) Overview of age and tissue sampling. (C) Body weights.
(D) Body length. (E) Infrared imaging of eye temperatures shown after
separation from the mother. FLIR, forward-looking infrared. (F) Rectal body
temperatures measured immediately postmortem. (G) Detection of Ucp1 mRNA

with quantitative polymerase chain reaction in multiple tissues. ingAT, inguinal
adipose tissue. (H) Longitudinal analysis of Ucp1 mRNA in adipose tissue depots.
iscAT, interscapular adipose tissue; asAT, anterior subcutaneous adipose tissue.
Data are mean ± SEM; n = 4 to 9 animals. Statistical significance between
groups is denoted by *P < 0.05, **P < 0.01, ****P < 0.0001. One-way analysis
of variance (ANOVA; Tukey’s post hoc test).
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a probability of 1.0, depicted as a fully brown
bar in Fig. 2D. Thus, marsupial AT appears
to regulate Ucp1 in a molecular network that
is reminiscent of that proposed to occur in
eutherian beige adipose tissue.

Comparative respirometry demonstrates lack of
thermogenic function of marsupial UCP1

We investigated marsupial UCP1 function by
overexpressing mouse and opossum UCP1 in
human embryonic kidney (HEK) 293 cells, an
established mammalian test system (23, 24)
(Fig. 3A). Ucp1 mRNA expression was similar

betweenmouse (MmUCP1) and opossumUCP1
(MdUCP1) (fig. S3A). Among commercially
available mouse UCP1 antibodies, only one
detected opossumUCP1 weakly, prompting us
to generate a strong, specific opossum UCP1
antibody and protein standards of mouse and
opossum UCP1 for the immunoblot quantifica-
tion as described previously (15) (fig. S3, B and
C). Protein standards and the specific anti-
bodies enabled us to quantify the UCP1 protein
levels of low and high mouse UCP1–expressing
clones (Fig. 3B and fig. S3, D, F, and H) and
opossum UCP1–expressing clones (Fig. 3C and

fig. S3, E, G, and H). We applied plate-based
respirometry of intactHEK293 cells tomeasure
UCP1-dependent proton leak upon stimulation
with naturally occurring activators, such as the
long-chain fatty acid palmitate and the short-
chain fatty acid nonanoic acid, as well as the
more recently identified artificial activator
arotinoid acid, a retinoic acid analog (commonly
referred to as TTNPB) (25) (Fig. 3D). Palmitate,
TTNPB, and nonanoic acids activated proton
leak specifically in cells expressing low or high
levels ofmouseUCP1 but not in cells expressing
high levels of opossum UCP1 or empty vector

Fig. 2. Comparative analysis of the opossum adipose transcriptome
reveals a rudimentary browning signature. (A) To show commonly regulated
genes in adipose tissue, the directed P value of mouse BAT mRNAs (cold
versus warm) was plotted against the P value of opossum adipose mRNAs
(6 weeks old versus 10 weeks old). Interspecies similarities are found in
particular in the inguinal AT mRNAs. Significant overlap between mouse and
opossum regulated genes passing false discovery rate correction (squares) was
estimated using a hypergeometric distribution test. A significant overlap
(P < 0.001) is indicated in red. (B) Regulation of adrenergic receptors in

opossum adipose tissue from 6 to 10 weeks of age. Box plots showing the
distribution of log gene expression level. The central mark indicates the median,
and the bottom and top edges of the box indicate the 25th and 75th percentiles,
respectively. The whiskers extend to the most extreme data points. (C) Heatmap
of cross-species and tissue comparisons of inguinal AT DEGs. (D) Browning
probability using the ProFAT tool. Data are mean ± SEM; n = 4 or 5 animals. (B)
Statistical significance between groups is denoted by *P < 0.05, **P < 0.01,
****P < 0.0001. Two-way ANOVA (Sidak). Opossum and mouse images in (C)
were created with BioRender.com.
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Fig. 3. Comparative respirometry demonstrates lack of thermogenic function
of marsupial UCP1. (A) Cartoon of reductionist approach expressing UCP1 variants
in mammalian cell culture. (B) Western blotting of 20 mg of protein lysate from
low and high mouse UCP1–expressing HEK293 cells (MmUCP1) and various amounts
of mouse UCP1 standard, using the anti-mouse UCP1 antibody. (C) Western
blotting of 20 mg of protein lysate from opossum UCP1–expressing HEK293 cells
(MdUCP1) and various amounts of opossum UCP1 standard, using the anti-
opossum UCP1 antibody. (D) Scheme of UCP1 regulation and time-lapse respiration
measurement to obtain the oxygen consumption rate (OCR). Arrows indicate the
injections of oligomycin (OLIGO), UCP1 activator [nonanoic acid (NNA)] or vehicle
control, dinitrophenol (DNP), and rotenone and antimycin A (ROT/AA). ETC, electron
transport chain; GDP, guanosine diphosphate. (E to H) Aggregated respiration

traces using NNA, palmitate, or TTNPB as specific UCP1 activators. The red
arrow indicates the injection of activator or vehicle in wells with empty vector
control, mouse (MmUCP1) low or high, and opossum (MdUCP1) expressing HEK293
cells. (I) Bar chart of OCR upon activator or vehicle treatment. (J) Measurement
of mitochondrial membrane potential in isolated mitochondria using safranin O
quenching. FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone. (K) UCP1
structural model based on threading into the adenine translocase structural model.
Identical amino acids in white, similar in light blue, and dissimilar in dark blue. Data are
shown as mean ± SEM; (E) to (I): n = 7 to 15 measurements on three independent
days; (J): n = 3 independent experiments. Statistical significance between groups
is denoted by **P < 0.01, ****P < 0.0001. (I) Two-way ANOVA (Tukey’s post hoc test).
(A) and (D) were partially created with BioRender.com.
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Fig. 4. Construction and functional analysis of stem eutherian and therian
ancestor UCP1. (A) Phylogenetic tree of UCP1 depicting stem eutherian
reconstruction. (B) OCR of HEK293 cells expressing the empty vector control,
mouse (Mm) UCP1, and reconstructed stem eutherian ancestor (Anc) UCP1.
Red arrow indicates the injection of activator (TTNPB) or vehicle. (C) Bar chart
of OCR upon activator or vehicle treatment. (D) Alignment summarizing
differences of the stem eutherian ancestor UCP1 (Anc) to mouse UCP1 (Mm),
opossum UCP1 (Md), and stem therian ancestor UCP1 (Th). (E) Western blotting of
20 mg of protein lysate from transiently transfected HEK293 cells expressing opossum

UCP1 (MdUCP1), stem therian ancestor UCP1 (ThUCP1), and various amounts of
opossum UCP1 standard, using the anti-opossum UCP1 antibody. (F) OCR of HEK293
cells expressing Md or ThUCP1. (G) Key mitochondrial carrier structural features
[Protein Data Bank ID 6GCI (30)]. (H) The cytoplasmic bonding network predicted in
eutherian UCP1, differing from marsupial UCP1, reconstructed therian UCP1, and
mammalian UCP2 and UCP3, which are all identical. Data are shown as mean ± SEM.
(B) and (C): n = 3 to 5 measurements per group; (F): n = 8 to 12 measurements
per group. Statistical significance between groups is denoted by **P < 0.01,
****P < 0.0001. (C) Two-way ANOVA (Tukey’s post hoc test).
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controls (Fig. 3, E to I). Additionally, no proton
transport activity was found in a nonclonal
mixture of transiently transfected opossum
UCP1 cells (fig. S3, H and I). In isolated mito-
chondria, mouse UCP1 was activatable with
nonanoic acids and fully inhibitable with its
canonical inhibitor, guanosine diphosphate, as
judged by decreases in mitochondrial mem-
brane potential measured with the fluoromet-
ric indicator safranin O. By contrast, neither
basal protonophoric activity nor activation or
inhibition was observed for opossum UCP1
(Fig. 3J and fig. S3J). Thus, opossum UCP1 is
not thermogenic, and typical thermogenic fea-
tures must have been either introduced at
later evolutionary stages or lost in the opossum
lineage. Opossum UCP1 displays 65 dissimilar
(dark blue) and 46 similar (light blue) amino
acids as compared with mouse UCP1 (Fig. 3K),
which may reflect changes during the course
of evolution that introduced strictly regulated
activation and inhibition ofUCP1 for regulation
of adaptive thermogenic function.

Reconstruction and functional analysis of the
stem eutherian and therian ancestor UCP1

To pinpoint the phylogenetic origin of thermo-
genic UCP1, we collected and verified 237 intact
mammalian UCP1 sequences (table S2), exclud-
ing the inactive versions (26). We applied a
maximum likelihood andphylogenetic approach
to reconstruct the predicted ancestral UCP1
sequences of the major nodes of the mamma-
lian phylogenetic tree (fig. S4 and tables S2
and S3), such asUCP1 from the stem eutherian
ancestor (Fig. 4A).Next,we synthetized the stem
eutherianUcp1 coding sequence (fig. S4, node 6),
controlled for mRNA expression and protein
levels (fig. S5, A and B), and tested its function
(Fig. 4B and fig. S5C). Proton transport activity
of the reconstructed ancient eutherian UCP1
protein was activatable with TTNPB (Fig. 4,
B and C) and nonanoic acids (fig. S5C), as is
eutherian UCP1 of extant species. Thus, we
proposed that the thermogenic function of
eutherian UCP1 may have originated before
the radiation of eutherian mammals, which
occurred around 65million to 100million years
ago (27, 28). To exclude that marsupials have
specifically lost thermogenic UCP1 function,
we transiently transfected the reconstructed
stem therian Ucp1 coding sequence (fig. S4,
node 8), which appeared to sharemore similar
amino acid residues with opossum than with
the stemeutherianUCP1 (Fig. 4D). Protein levels
of opossum and therian UCP1 were similar
(Fig. 4E) and comparable to previous experi-
ments (fig. S3H). The therian version was not
activatable by palmitate or TTNPB (Fig. 4F),
similar to opossum UCP1. Thus, good argu-
ments can be put forward that the acquisition
of thermogenic function occurred after the
divergence of marsupials. The acquired thermo-
genic features of eutherian UCP1 appear to

reside within amino acid residues that are
distinct from themarsupial and reconstructed
stem therian UCP1 sequence (Fig. 4D). UCPs
are members of the mitochondrial carrier
family of solute transporters and conserve key
structural features to support function (29, 30)
(Fig. 4G and fig. S6). Notably, we identified
that the predicted cytoplasmic bonding net-
work of UCP1 that gates access to the central
cavity from the cytoplasmic side in all euthe-
rian UCP1 variants is distinct from the stronger
network found in UCP1 of all marsupials and
monotremes (fig. S7), the reconstructed stem
therianUCP1 andmammalianUCP2 andUCP3
(29, 30) (Fig. 4H).

Discussion

The evolutionary origin of thermogenic euthe-
rian BAT has been debated, and molecular
clues on the evolutionary events incorporating
thermogenesis into adipose tissue have been
lacking. Our data demonstrate that thermo-
genic AT appears to have evolved in two stages,
with an initial prethermogenic stage in which
Ucp1 expression occurred in AT and coincided
with weaning when juveniles experience cold
stress, with pathways under adrenergic stim-
ulation, possibly enabling mobilization of fat
stores and other metabolic pathways. In a
second stage, we propose that gain of thermo-
genic function of a mitochondrial transporter,
UCP1, enabled the mitochondrial proton trans-
port that is required to convert energy to heat.
BAT-like transcriptional control of marsu-

pial Ucp1 existed before the divergence of
Marsupialia about 120 million to 180 million
years ago, given exclusive Ucp1mRNA expres-
sion in AT, with the highest amounts detected
during juvenile development of sustained endo-
thermy, identical to what is found in most
eutherians. The presence of a partial BAT
transcriptomic signature is more reminiscent
of that in eutherian beige than brown adipose
tissue. In contrast to eutherian BAT,marsupial
proto-BAT or beige adipose tissue appears not
to be thermogenic, as indicated by the lack of
protonophoric activity of marsupial UCP1.
Like those of many of the ~50 different mito-

chondrial carriers present in mammals, the
molecular function of prethermogenic marsu-
pial UCP1 is unknown. The key structural fea-
tures important for carrier function are well
conserved across theUCP subfamily. However,
the important cytoplasmic bonding network,
for instance, gating the central cavity from the
mitochondrial intermembrane space (9, 10, 31),
is identical between marsupial and therian
UCP1, and mammalian UCP2 and UCP3,
whereas eutherian UCP1 has distinctions that
potentially contribute to its protonophoric activ-
ity (Fig. 4H). Other conserved residues—the
eutherian UCP1–specific glutamate in position
134, for example—were implicated in proton
transport by some (32) but not by others (33).

Given the similarity of marsupial UCP1 to non-
thermogenic UCP2 and UCP3 (14), a conven-
tional metabolite transport function is the likely
function of UCP1 in noneutherians (12, 31).
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