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Background: Thioesterase superfamily member 2 (Them?2) is a long chain fatty acyl-CoA thioesterase that is enriched in

brown adipose tissue (BAT).

Results: Them2 '~ mice exhibit enhanced adaptive thermogenesis and increased fatty acid oxidation in BAT.
Conclusion: Them?2 suppresses adaptive increases in energy expenditure by reducing BAT activity.
Significance: Them2 could represent an attractive target in the management of obesity.

Members of the acyl-CoA thioesterase (Acot) gene family
hydrolyze fatty acyl-CoAs, but their biological functions remain
incompletely understood. Thioesterase superfamily member 2
(Them?2; synonym Acot13) is enriched in oxidative tissues, associ-
ated with mitochondria, and relatively specific for long chain fatty
acyl-CoA substrates. Using Them2 '~ mice, we have demon-
strated key roles for Them?2 in regulating hepatic glucose and lipid
metabolism. However, reduced body weights and decreased adi-
posity in Them2™'~ mice observed despite increased food con-
sumption were not well explained. To explore a role in thermogen-
esis, mice were exposed to ambient temperatures ranging from
thermoneutrality (30 °C) to cold (4 °C). In response to short term
(24-h) exposures to decreasing ambient temperatures, Them2™'~
mice exhibited increased adaptive responses in physical activity,
food consumption, and energy expenditure when compared
with Them2*'* mice. By contrast, genotype-dependent differ-
ences were not observed in mice that were equilibrated (96 h) at
each ambient temperature. In brown adipose tissue, the absence
of Them2 was associated with reduced lipid droplets, alterations
in the ultrastructure of mitochondria, and increased expression
of thermogenic genes. Indicative of a direct regulatory role for
Them?2 in heat production, cultured primary brown adipocytes
from Them2~'~ mice exhibited increased norepinephrine-me-
diated triglyceride hydrolysis and increased rates of O, con-
sumption, together with elevated expression of thermogenic
genes. Atleast in part by regulating intracellular fatty acid chan-
neling, Them2 functions in brown adipose tissue to suppress
adaptive increases in energy expenditure.
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The hydrolysis of intracellular triglycerides and oxidation of
fatty acids are essential to non-shivering thermogenesis medi-
ated by brown adipose tissue (BAT).* In BAT of cold-exposed
mice, free fatty acids are released by the action of hormone
sensitive lipase in response to norepinephrine signaling, con-
verted to fatty acyl-CoAs, and directed toward mitochondrial
B-oxidation by long chain acyl-CoA synthetase (ACSL) 1 (1).
Acyl-CoA thioesterases (Acots) are enzymes that catalyze the
reverse reaction: hydrolysis of fatty acyl-CoA molecules into
free fatty acids plus CoASH. Two distinct types of protein struc-
ture lead to similar enzymatic activities of 14 different Acots (2,
3). Type 1 enzymes (Acots 1-6) contain N-terminal B-sand-
wich and C-terminal «/f hydrolase domains and exhibit con-
siderable amino acid sequence identity, whereas Type 2
enzymes (Acots 7—13, 15) utilize N-terminal hotdog fold thio-
esterase domains and are related principally by structure rather
than sequence (2, 3). Four genes that were originally catego-
rized as thioesterase superfamily members (Them) 1, 2,4,and 5,
(corresponding to Acot 11, 13, 14, and 15, respectively) each
appear to function in nutrient metabolism and energy homeo-
stasis (4). Them1, which is enriched in BAT and markedly
induced by cold ambient temperatures, functions to reduce
energy expenditure (5). This supports the concept that the bal-
ance between synthesis and hydrolysis of fatty acyl-CoAs in
BAT is important in the regulation of thermogenesis (6, 7).

We initially identified Them2 (synonym: Acotl3) as an
interacting partner for phosphatidylcholine transfer protein
(PC-TP, synonym: StarD?2 (steroidogenic acute regulatory pro-
tein-related lipid transfer domain 2)) (8), which is a highly spe-

“The abbreviations used are: BAT, brown adipose tissue; Acot, acyl-CoA thio-
esterase; CLAMS, Comprehensive Laboratory Animal Monitoring System;
FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; microCT,
micro-computed tomography; OCR, O, consumption rate; PC-TP, phos-
phatidylcholine transfer protein; PGC1a, peroxisome proliferator-acti-
vated receptor-y coactivator 1a; PPARq, peroxisome proliferator-acti-
vated receptor «; RER, respiratory exchange ratio(s); Them, thioesterase
superfamily member; UCP1, uncoupling protein 1; VCO,, rate of CO, pro-
duction; VO,, rate of O, consumption.
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cific intracellular lipid-binding protein. Them?2 is enriched in
liver and oxidative tissues, including BAT, and is primarily
associated with mitochondria (9). Purified recombinant Them?2
exhibits substrate specificity for long chain fatty acyl-CoAs in
vitro (9, 10). To gain insights into the biological function of
Them?2, we created Them2 '~ mice (11), which revealed key
contributions to the regulation of fatty acid and glucose metab-
olism in the liver.

In this prior study, Them2~'~ mice also exhibited reduced
body weights and decreased adiposity despite increased food
consumption (11). Notwithstanding a very modest reduction in
lipid absorption, these changes were not well explained. The
present study was designed to systematically explore a regula-
tory role for Them?2 in energy homeostasis. As functions of
decreasing ambient temperature from thermoneutrality (30 °C)
to cold (4 °C), Them2 '~ mice exhibited adaptive increases in
energy expenditure that were not observed when mice were
equilibrated for more prolonged periods at each temperature.
Within BAT, the absence of Them?2 led to decreased lipid drop-
let sizes, ultrastructural changes consistent with increased fatty
acid uptake into mitochondria, and up-regulation of thermo-
genic genes. In cultured brown adipocytes from Them2™'~
mice, more rapid norepinephrine-mediated hydrolysis of tri-
glycerides and fatty acid oxidation was also accompanied by
increased thermogenic gene expression. When taken together,
these findings indicate a key role for Them?2 in the control of
adaptive thermogenesis.

EXPERIMENTAL PROCEDURES

Animals and Diets—Male 9 —12-week-old Them2 '~ and lit-
termate Them2"'* mice were as described previously (11).
Mice were housed in an animal barrier facility with a standard
chow diet (PicoLab Rodent Diet 20, 5053, LabDiets, St. Louis,
MO) with a 12-h light/dark cycle (light cycle, 6 a.m. to 6 p.m,;
dark cycle, 6 p.m. to 6 a.m.) at 22 = 1°C. In experiments to
measure core body temperature, mice were implanted with
small intraperitoneal temperature transponders (Mini Mitter,
Bend, OR). Briefly, mice were anesthetized using 1-2% isoflu-
rane vapor, the abdomen was shaved and cleaned with betadine
and alcohol, and the abdominal cavity was entered by way of a
2-cm midline abdominal skin incision positioned 1 cm below
the diaphragm along the linea alba. The temperature transpon-
der was positioned in the posterior aspect of abdominal cavity
underneath the intestines and then sutured to the peritoneum.
The abdominal cavity was then closed using an absorbable
suture in a continuous interlocking running stitch. The skin
was closed with monofilament non-reactive sutures using
interrupted mattress stitches. Mice were kept on a warm water
blanket (Gaymar Industries, Orchard Park, NY) during the sur-
gery and recovery. Mice were returned to their cages and
allowed to fully recover for 1 week prior to experiments. Upon
completion of experiments, mice were euthanized using CO, to
harvest BAT, which was snap-frozen in liquid N, and kept at
—80 °C. Protocols for animal use and euthanasia were approved
by the institutional committee of Harvard Medical School.

Core Body Temperature, Indirect Calorimetry, Physical
Activity, and Food Consumption—Mice were transferred to
individual metabolic cages without bedding, which were placed
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in a temperature-controlled Comprehensive Laboratory Ani-
mal Monitoring System (CLAMS: Columbus Instruments,
Columbus, OH) with free access to diet and tap water in a 12-h
light/dark cycle. Mice were subjected to non-invasive monitor-
ing of gas exchange, physical activity, food intake, and core body
temperature. Core body temperature and rates (ml/kg/h) of O,
consumption (VO,) and CO, production (VCO,) were deter-
mined at 11-min intervals. Values were normalized to lean body
mass, which was derived by multiplying total body weight by
the percentage of lean body weight for mice housed at room
temperature (~22 °C) as quantified ix situ by micro-computed
tomography (microCT) at the Longwood Small Animal Imag-
ing Facility (Beth Israel Deaconess Medical Center) (11). Respi-
ratory exchange ratios (RER) were calculated as the ratio of
VCO, to VO,. Rates of energy expenditure (kJ/h) were calcu-
lated from gas exchange (12). Cumulative values of energy
expenditure (kJ) (13) were adjusted for differences in lean
body weight and compared by analysis of covariance (14)
using VassarStats.

Physical activity was determined according to beam breaks
within a grid of photosensors built into the cages. Total activity
was defined as the total number of beam breaks, whereas ambu-
latory activity was determined as successive beam breaks within
the grid. Food consumption was determined by measuring the
cumulative amount of food eaten using a balance connected to
each cage in the CLAMS apparatus. For experiments designed
to assess adaptive thermogenesis, mice were acclimated first at
30 °C for 24 h. The ambient temperature was then reduced
every 24-h. Each mouse was weighed prior to being placed in the
CLAMS and again immediately following its removal. Because
preliminary analysis did not reveal appreciable differences in
values of energy expenditure when adjusted to weights of mice
before or after housing in the CLAMS, we used the initial
weight for the data analysis at each temperature. To evaluate
energy balance closer to steady state conditions, mice were
equilibrated for 48 h at each temperature and then studied for
48 h prior to reducing the ambient temperature. In these exper-
iments, each mouse was weighed at the beginning and end of
exposure to each ambient temperature. The weight of the mice
during the data recording period for each temperature was
estimated by averaging the initial and final body weights at
that temperature and then averaging this value with final
body weight at the same temperature. In selected experi-
ments designed to examine the effects of light cycle and
access to food, mice were acclimated for 24 h at 22 °C and
then studied at the same temperature. Because we could only
measure body composition of mice at room temperature
(~22°C), calculations of lean body mass for the analysis of
calorimetry data did not account for potential variations in
body composition due to changes in ambient temperatures.
The response of energy expenditure to changes in ambient
temperature (kJ/°C) was quantified for individual mice by
calculating the slope of the linear regression line, Aenergy
expenditure/Aambient temperature.

BAT Mass, Histology, and Ultrastructure—BAT mass was
quantified in situ by microCT as described above. Upon har-
vesting, BAT was stored in Bouin’s fixative solution. Hematox-
ylin and eosin staining was performed by the Rodent Histopa-
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thology Core Facility of the Dana-Farber/Harvard Cancer
Center. Ultrastructural analysis was performed using electron
microscopy as described previously (15). Briefly, freshly har-
vested BAT from 13-week-old mice was fixed, dehydrated, and
embedded in LX112 resin (Ladd Research Industries, Burling-
ton, VT). Ultrathin sections were cut using a Leica Ultracut E
ultramicrotome (Leica Microsystems, Inc., Deerfield, IL) and
then imaged with a JEOL 1400 electron microscope (JEOL
USA, Inc., Peabody, MA). Images were taken with a Gatan CCD
camera (Gatan, Warrendale, PA).

Fatty Acyl-CoA Concentrations, Rates of Fatty Acid Oxida-
tion, and Acyl-CoA Thioesterase Activities in BAT—Long chain
fatty acyl-CoA esters in BAT were analyzed by electrospray
ionization-MS/MS in the Mouse Metabolic Phenotype Center
at Yale University School of Medicine (New Haven, CT). Rates
of fatty acid oxidation were measured in BAT homogenates as
described previously using [1-'*C]palmitic acid (specific activ-
ity 55 mCi/mmol, American Radiolabeled Chemicals, St. Louis,
MO) to determine the formation of acid-soluble metabolites
(11). To measure fatty acyl-CoA thioesterase activity, BAT was
homogenized and then centrifuged at 12,000 X g for 1 min. The
top layer containing fat was removed. Enzyme activity was then
determined in BAT homogenates, as well as isolated mitochon-
dria as described previously (11). Briefly, enzymatic activity was
determined by measuring the time-dependent reaction of 5,5'-
dithiobis (nitrobenzoic acid) with CoASH that was cleaved
from fatty acyl-CoAs. Reactions were initiated with 50 ug of
protein in a 200-ul reaction buffer containing 50 mm KCl, 10
mM Hepes (pH 7.5), 0.3 mMm 5,5'-dithiobis (nitrobenzoic acid),
and myristoyl-CoA (Avanti Polar Lipids Inc., Alabaster, AL) as
an exogenous substrate. Values of initial velocity (V,) were
determined from spectrophotometric readings, which were
taken every min for 60 min at 412 nm and 37 °C using a Spec-
traMax M5 microplate reader (Molecular Devices, Sunnyvale,
CA). Values of K, and V, ,, were calculated according to the
Michaelis-Menten equation (9).

Mitochondrial DNA and Citrate Synthase Activity in BAT—
DNA was extracted from BAT using the DNeasy blood and
tissue kit (Qiagen, Valencia, CA) according to the manufactur-
er’s protocol. Ten ng of total DNA was used as template for PCR
to determine the relative copy number of mitochondrial DNA
normalized to B-globin DNA (16). Citrate synthase activity was
measured in BAT as described previously (15).

Primary Culture and Differentiation of Brown Preadipocytes—
Primary brown preadipocytes were isolated from interscapular
BAT of 4—5-week-old mice (n = 8/group), cultured, and differ-
entiated as described previously (15).

Rates of Lipolysis—Norepinephrine-induced lipolysis was
measured in fully differentiated primary brown adipocytes by
measuring glycerol released into culture media using a free
glycerol determination kit (Sigma-Aldrich) as described (17).
Briefly, fully differentiated primary brown adipocytes were
incubated for 1 h in phenol red-free DMEM containing 2% fatty
acid-free bovine serum albumin. The media were then
replaced by the same media plus 1 um L-(—)-norepineph-
rine-(+) bitartrate (Calbiochem). The media were then sam-
pled periodically during a 3-h incubation period to deter-
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mine glycerol concentrations. The data were normalized to
cellular protein concentrations.

Cellular O, Consumption Rate (OCR)—Primary brown prea-
dipocytes collected from BAT of mice were seeded at a density
of 17,500 cells/cm? in customized Seahorse 24-well plates (Sea-
horse Bioscience, North Billerica, MA) and differentiated as
described previously (15). Mature brown adipocytes were incu-
bated in the absence of CO, for 1 h at 37 °C in unbuffered
DMEM containing 25 mm glucose, 10 mm sodium pyruvate, but
no sodium carbonate (pH 7.4). Plates were then loaded into an
XF24 extracellular flux analyzer (Seahorse Bioscience) and
exposed to either 1 uM norepinephrine or sequentially to 1 um
oligomycin, 0.5 um carbonyl cyanide-p-trifluoromethoxyphe-
nyl-hydrazone (FCCP), and 1 uMm rotenone (16). OCR values
were determined using eight replicates per genotype from O,
concentrations measured for 2 min at 8-min intervals, which
included a 3-min mixing period and a 3-min waiting period
(16). OCR values are represented either as pmol/min/mg of
protein or as the percentage of change when compared with
basal OCR values.

Quantitative Real-time PCR—Total RNA was extracted from
BAT or cultured brown adipocytes using TRIzol reagent, and
c¢DNA was synthesized using a SuperScript III cDNA synthesis
kit (both from Invitrogen). Measurements were performed
using a Roche 480 LightCycler (Roche Applied Sciences). Ribo-
somal protein L32 (RPL32) was used as an invariant gene. To
examine the influence of ambient temperature on gene expres-
sion, mice were housed at fixed ambient temperature for 24 h,
after which interscapular BAT was immediately excised, snap-
frozen in liquid N,, and stored at —80 °C.

Statistics—Data are reported as mean * S.E. Differences
were evaluated using a two-tailed unpaired Student’s ¢ test
(Prism 5, GraphPad Software Inc., La Jolla, CA). Differences
were considered significant for p < 0.05.

RESULTS

Them?2 Regulates the Adaptive Thermogenesis but Not Energy
Balance near Steady State—Fig. 1 demonstrates the influence
of Them2 expression on the adaptive response to ambient tem-
perature of core body temperature, physical activity, and food
consumption. When maintained at 30 °C, Them2 '~ mice
exhibited similar core body temperatures to Them2"’* mice
during the light phase (Fig. 1A). There were slight elevations in
the core body temperatures of Them2 '~ mice in excess
of those observed for Them2*'™ mice early during the dark
phase. This pattern became more pronounced at 22 °C because
Them2~'~ mice exhibited the same elevations in core body
temperature as observed at 30 °C, whereas the core body tem-
perature of Them2"'* mice decreased. At 4 °C, genotype-spe-
cific differences were eliminated and diurnal variations in core
body temperatures were also lost.

Mean core body temperatures decreased linearly as func-
tions of decreasing ambient temperatures, but did not differ
significantly between genotypes (Fig. 1B) over the 24-h period
or during the 12-h dark and light phases. Although food con-
sumption was reduced during the light phase in Them2 '~
mice at 30 °C, it was increased when compared with Them2*'*
mice during the dark phase (Fig. 1C). When mice were housed
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FIGURE 1. Influence of Them2 expression on the adaptation of core body
temperature and food consumption to changes ambient temperature.
Mice were housed individually in the CLAMS. After an initial 24-h equilibration
period at 30 °C in the CLAMS, data were recorded for 24 h at each ambient
temperature. CLAMS data were recorded for each mouse at 11-min intervals,
but for clarity are presented as average hourly values in this and subsequent
figures. A, core body temperatures were measured by transmitters implanted
into the abdominal cavity (n = 9/group). Band C, linear dependence on ambi-
ent temperature of mean core body temperature (B) and food consumption
(n = 12/group) (C) during the 24-h period, as well as the 12-h light and dark
phases. bw, body weight. D and E, the responses of core body temperature
(ACore body temperature/AAmbient temperature) (D) and food intake
(AFood consumption/AAmbient temperature) (E) were determined by calcu-
lating slopes of linear regression lines for individual mice in panels B and C,
respectively. *, p < 0.05, Them2*/* versus Them2™'~.

at22 °C, Them2~'~ mice consumed more food than Them2™*'™
mice. This increase was slight during the light phase. During the
dark phase, food consumption increased for both genotypes,
but was higher in Them2 '~ when compared with Them2*'"
mice. When the ambient temperature was reduced to 4 °C, food
intake was greater in Them2 '~ mice during both the light and
the dark phases. Response to ambient temperature was calcu-
lated as the mean of slope values of linear regression lines for
each mouse. Although the response of core body temperature
did not differ between genotypes either over the 24-h period or
during the dark and light phases (Fig. 1D), the response of food
intake to ambient temperature was greater in Them2 '~ mice
during the 24-h period due to effects observed in both the light
and the dark phases (Fig. 1E).

Fig. 2 shows the influence of ambient temperature on adap-
tive changes in mouse physical activities. Changes in total (Fig.
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FIGURE 2. Influence of Them2 expression on the adaptation of physical
activity to ambient temperature. A and B, total (A) and ambulatory (B) activ-
ities were monitored (n = 12/group) in the CLAMS experiment described in
the legend for Fig. 1. C and D, total (C) and ambulatory (D) activities were
determined for the 24-h period, as well as the 12-h light and dark phases
indicated in panels A and B, respectively. Eand F, the responses of total activity
(ATotal activity/AAmbient temperature) (E) and ambulatory activity
(AAmbulatory activity/AAmbient temperature) (F) activity were determined
by calculating slopes of linear regression lines for individual mice in panels C
and D, respectively. *, p < 0.05, Them2*’* versus Them2™/~.

2A) and ambulatory (Fig. 2B) activity largely mirrored the
changes in core body temperature. Them2 '~ mice were more
active over 24 h and during the dark phase at both 30 °C and
22 °C, as reflected by increased total (Fig. 2C) and ambulatory
(Fig. 2D) activity. The responses of total (Fig. 2E) and ambula-
tory (Fig. 2F) activity were greater in Them2~'~ mice for the
24-h period because of the effects of Them2 expression on the
dark phase.

Consistent with prior observations (11), Them mice
were initially heavier (g) than Them2™'~ mice (Them2*',
28.0 = 0.6; Them2 ' ~, 25.7 = 0.5), but lost more weight over
the course of the experiment, so that there were no differences
in body weight after 24 h at 4°C (Them2*'", 263 = 0.7;
Them2™ '™, 25.4 + 0.5). At 22 °C, the percentage of lean body
mass was higher in Them2 '~ (97.3 + 0.6) than Them2*'"
(92.7 = 0.4) mice.

Fig. 3 demonstrates the influence of Them2 expression on
gas exchange under the same conditions. At 30 °C, Them2™*'"

2+/+
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FIGURE 3. Influence of Them2 expression on the adaptation of energy
expenditure to ambient temperature. A-C, VO, (A) and RER (B) were mon-
itored (n = 9/group) in the CLAMS experiment described in the legend for Fig.
1 and used to calculate the rate of energy expenditure (C). D, cumulative
values of energy expenditure for the 24-h period, as well as the 12-h light and
dark phases indicated in panel A, were calculated and adjusted for lean body
mass by analysis of covariance as described under “Experimental Proce-
dures.” E, the responses of energy expenditure (AEnergy expenditure/
AAmbient temperature) were determined by calculating slopes of linear
regression lines for individual mice in panel C. *, p < 0.05, Them2*’* versus
Them2™/~.

and Them2 '~ mice exhibited similar values of VO, (Fig. 34).
At the beginning of the dark phase, VO, values increased
slightly for both genotypes, but this increase was greater in
Them2 ™'~ mice. When the ambient temperature was reduced
to 22 °C, VO, values increased during both the dark and the
light phases. There was a transient increase observed at the
beginning of dark phase, and this was again accentuated for
Them2~'~ mice. Upon reducing the ambient temperature to
4. °C, there was a sharp rise in VO, values for both genotypes,
with Them2 '~ mice exhibiting higher values of VO, during
both the light and the dark phases. There were no significant
differences in RER values between two genotypes at either 30 °C
or 22 °C (Fig. 3B). Exposure to an ambient temperature of 4 °C
resulted in a decline in RER values for both genotypes, which
gradually increased during the light phase and then decreased
during the dark phase. Following the initial period of adaptation

33380 JOURNAL OF BIOLOGICAL CHEMISTRY

Ambient temperature

A 30°C 22°C ) 4°C .
o 38 Light Dark Light Dark :Light Dark Light Dark :Light Dark Light Dark
05 H .
::: 37
©
o 36
o
5 s
>
B 34
Q
L 33
S

32 L L . H L L A i L . . )

0 12 24 36 48 60 72 84 96 108 120 132 144
Time, h
B
O 37 . 24h  Light Dark
:; Them2*# --O= --O= O~
E Them2: —@— —@— —@—
5 | FE.----
[0
g- 36
2 o
T ~e
©
8
o 35
8 ;
§ P=005
2 gy L R A )
24h Light Dark

(¢}

05 B 0.0
2 .
204 5520
2 5805
§os E8% 40
g 259
302t §e 260
S - 22
8 822
- 01 F £ E>s80
8 <44
w

0 ’ -100 *

30 20 10
Ambient temperature (°C)

FIGURE 4. Influence of Them2 expression on core body temperature and
food consumption in ambient temperature-equilibrated mice. A and B,
core body temperatures (Them2™/*, n = 8; Them2~'~, n = 9) (A) and mean
core body temperatures (B) were determined for the 48-h period, as well as
the two 12-h light and dark phases indicated. Vertical dashed lines denote
intervening 48-h equilibration periods. C, linear dependence of food con-
sumption on ambient temperature (n = 12/group). bw, body weight. D,
responses of food intake to changes in ambient temperature (AFood con-
sumption/AAmbient temperature) were determined by calculating slopes of
linear regression lines for individual mice in panel B. ¥, p < 0.05, Them2™/*
versus Them2™/~.

to 4°C, RER values for Them2™’'~ mice remained slightly
higher than for Them2"’" mice. Rates of energy expenditure
(Fig. 3C) largely paralleled VO, values (Fig. 34). Cumulative
values of energy expenditure were higher in Them2™ '~ mice
over the 24-h period, as well as during both the light and
the dark phases at 22 and 4 °C, but only during the dark phase at
30 °C (Fig. 3D). For both genotypes, energy expenditure varied
linearly as functions of decreasing ambient temperature. How-
ever, a greater response (i.e. Aenergy expenditure/Aambient
temperature) was observed in Them2 '~ mice, and this was
attributable to the effect of Them2 expression on energy
expenditure in the light phase (Fig. 3E).

A separate experimental design explored the effects of
Them?2 expression nearer to steady state, by more prolonged
equilibration and monitoring of mice at each of the three
ambient temperatures. Fig. 44 shows the influence of Them2
expression on core body temperature in mice equilibrated at
each ambient temperature for 48 h and then monitored for 48 h.
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At 30°C, Them2™ '~ mice exhibited similar core body temper-
atures to Them2"'* mice during the light phase. There were
modest decreases in the core body temperatures of Them2 '~
mice when compared with those of Them2"/'* mice early dur-
ing the first light phase at 22 °C, but this was diminished in the
second. At 4 °C, diurnal variations in core body temperatures
were largely lost, but core body temperatures were appreciably
lower in Them2~'~ mice. Under ambient temperature-equili-
brated conditions, mean core body temperatures no longer
decreased linearly as functions of temperature (Fig. 4B). Instead
values in Them2"'" mice increased from 30 to 22 °C and then
decreased at 4 °C, whereas values in Them2~ '~ mice decreased
modestly from 30 to 22 °C and more steeply at 4 °C. When com-
pared with Them2"'" mice, mean core body temperatures
were decreased in Them2 '~ mice during the light phase at
22 °C and throughout the diurnal cycle at 4 °C. Food consump-
tion was increased in Them2 '~ mice at 30 °C, due mainly to
increases during the light phase (Fig. 4C). Although food intake
was linear as a function of decreasing ambient temperature
under these experimental conditions, there were no significant
differences in the response of food intake due to genotype in
these temperature-equilibrated mice (Fig. 4D).

Fig. 5 shows the influence of Them2 expression on mouse
physical activity following more prolonged equilibration at
each ambient temperature. Genotype-dependent effects on
total (Fig. 54) and ambulatory (Fig. 5B) activity paralleled those
observed under adaptive conditions (Fig. 2), but became less
pronounced at 22 °C prior to disappearing at 4 °C. Them2 '~
mice were again more active over 24 h and during the dark
phase at 30 °C, as reflected by increased total (Fig. 5C) and
ambulatory activity (Fig. 5D). There were also significant
increases in ambulatory activity during the light phase in
Them2™'~ mice. As was observed for mean core body temper-
atures (Fig. 4B), values of total and ambulatory activity in
Them2™*'™ mice increased from 30 to 22 °C and then decreased
at 4°C, whereas corresponding values in Them2 '~ mice
decreased at 22 °C and again at 4 °C, particularly during the
dark phase. Body weights (g) of Them2*/* mice equilibrated at
30 °C were lower than Them2 ™'~ mice (Them2*'™,22.6 + 0.6;
Them2 ', 254 = 0.6), but no differences were observed at
either 22 °C (Them2*'*, 23.5 + 0.6; Them2™'~, 24.8 * 0.5) or
4°C (Them2"'",23.4 + 0.6; Them2™'~,23.3 * 0.4).

Fig. 6 demonstrates the influence of Them2 expression on
gas exchange under ambient temperature-equilibrated condi-
tions. At 30°C, VO, values were again increased for both
genotypes at the beginning of the dark phase, with greater
increases in Them2~ '~ mice (Fig. 6A). However, these differ-
ences were no longer apparent as the ambient temperature was
decreased. RER values were modestly increased in Them2 '~
mice at 30 °C during both the light and the dark phases (Fig. 6B).
At 22 °C, values of RER were higher in Them2"’" mice only
during the light phases. Exposure to an ambient temperature of
4 °C again resulted in a decline in RER values, but there was no
appreciable difference attributable to genotype. Rates of
energy expenditure (Fig. 6C) mirrored VO, values (Fig. 6A4),
but there were no differences in cumulative energy expen-
diture apart from a non-significant increase in Them2 '~
mice over 24 h at 30 °C (Fig. 6D). Under ambient tempera-
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FIGURE 5. Influence of Them2 expression on physical activity of ambient
temperature-equilibrated mice. A and B, total (A) and ambulatory (B) activ-
ities were monitored in the CLAMS experiment described in the legend for
Fig. 4. Vertical dashed lines denote intervening 48-h equilibration periods. C
and D, total (C) and ambulatory (D) activities were determined for the 48-h
period, as well as the two 12-h light and dark phases indicated in panel A.
Values were divided by 2 to facilitate comparisons with the respective adapt-
ive resp(;nses (Fig. 2, Cand D) over a 24-h period. *, p < 0.05, Them2 ™" versus
Them2 /™.

ture-equilibrated conditions, energy expenditure again var-
ied linearly as functions of decreasing ambient temperature
in both genotypes. However, there were no longer any dif-
ferences in response based upon genotype (Fig. 6E).
Influence of Food and Light Exposure on Core Body Temper-
ature and Energy Expenditure—We next investigated whether
the genotype-dependent effects observed at 22 °C during the
beginning of dark phase was influenced by food availability (Fig.
7, A-E) or light exposure (Fig. 7, F-J). Although the smaller
numbers of mice (1 = 3/group) used in these experiments were
associated with more data dispersion when compared with
those in Figs. 1— 6, they nevertheless permitted the detection of
substantial changes. When food was removed at the beginning
of the dark phase, both genotypes still exhibited increased core
body temperatures at the inception of the dark phase, with
higher temperatures observed for Them2 '~ mice (Fig. 7A).
Refeeding during the light phase led to a brisk increase in body
temperature for both genotypes, but this increase was again
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FIGURE 6. Influence of Them2 expression on energy expenditure of ambi-
ent temperature-equilibrated mice. A-C, VO, (A) and RER (B) were moni-
tored in the CLAMS experiment described in the legend for Fig. 4 and used to
calculate rates of energy expenditure (C). Vertical dashed lines denote inter-
vening 48-h equilibration periods. D, values of energy expenditure for the
48-h period, as well as the two 12-h light and dark phases indicated in panel A,
were adjusted for lean body weight and compared by analysis of covariance
as described under “Experimental Procedures.” Values were divided by 2 to
facilitate comparisons with the respective adaptive responses (Fig. 3, Cand D)
over a 24-h period. E, responses of energy expenditure to changes in ambient
temperature (AEnergy expenditure/AAmbient temperature) were deter-
mined by calculating slopes of linear regression lines for individual mice in
panel C.*,p < 0.05, Them2™'* versus Them2™/~.

higher in Them2™'~ mice. After reaching a peak and declining,
the difference in core body temperature persisted for the
remainder of the experiment. Similarly, food withdrawal did
not abrogate the increase in total (Fig. 7B) or ambulatory (Fig.
7C) activity observed at the beginning of the dark phase.
However, the magnitude of the increase was similar in both
Them2"'" and Them2 '~ mice under these conditions.
Refeeding did not influence physical activity for either geno-
type, but there was no longer a spike in physical activity at
the transition to the next dark phase. Food withdrawal elim-
inated the increases in VO, values, as well as the difference
observed between genotypes (Fig. 7D), and produced an
expected decline in RER values (Fig. 7E). Refeeding led to
rapid increases in both values and tended to restore the
higher values previously observed for Them2 '~ mice.
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FIGURE 7. Influence of feeding and light cycle on body temperature,
physical activity and gas exchange. Mice were subjected to CLAMS at 22 °C
over a 24-h period. A-E, as indicated by the arrows, food access was restricted
(Fast) at the beginning time of a dark cycle and then reintroduced (Refeed)
following a 16-h fast (n = 3/group). F-J, the same mice were allowed to
recover for 1 week and then subjected to a variation in light/dark cycle sched-
ule in which the dark cycle was shifted to 2 h earlier. A and F, core body
temperature; Band G, total activity; Cand H, ambulatory activity; D and /, VO;
Eand J, RER.

When the beginning of the dark phase was shifted to 2 h
ahead of the regular schedule, the time at which core body tem-
perature increased did not change for either genotype (Fig. 7F),
although the magnitude of the increase appeared somewhat
attenuated for Them2 '~ mice. Similarly, the pattern of phys-
ical activity was largely unchanged by the acute change in light
exposure (Fig. 7, G and H). By contrast, there were no apparent
increases in VO, values in response to earlier exposure of mice
to the dark (Fig. 7I), although values or RER began to rise in
both genotypes (Fig. 7)).

Influence of Them?2 Expression on Structure and Function of
BAT—To gain further insights into Them2-mediated regula-
tion of energy homeostasis, we examined the influence of
Them?2 expression on BAT. As assessed by microCT, total BAT
was reduced by 50% in Them2 '~ mice (Fig. 84). However,
mitochondrial DNA contents and citrate synthase activities
were unchanged (Fig. 8B). A histopathologic analysis of BAT
revealed a decrease in lipid droplet size in the absence of Them?2
expression (Fig. 8C). We also observed ultrastructural changes
by electron microscopy; BAT cells from Them2"'" mice con-
tained discrete mitochondria that were clearly demarcated
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FIGURE 8. Influence of Them2 expression on BAT. A, the percentage of BAT
was quantified by microCT. B, mitochondrial contents of BAT quantified
according to DNA content and citrate synthase activity. C, BAT structure was
assessed by hematoxylin and eosin staining (top panels) and electron micros-
copy (bottom panels). Abbreviations: LD, lipid droplet; M, mitochondria. The
bar in each panel denotes 1T um. Arrows denote areas of increased electron
density in between lipid droplets and mitochondria in Them2~/~ mice. D,
acyl-CoA thioesterase activities in BAT were determined using homogenates
(n = 3/group) and purified mitochondria (Them2*/*,n = 4; Them2~/~,n = 5).
E, tissue concentrations of total fatty acyl-CoAs and individual fatty acyl-CoA
molecular species were quantified in BAT of mice housed at room tempera-
ture (n = 3/group). F, fatty acid oxidation rates quantified according to acid-
soluble metabolites (ASM) as described under “Experimental Procedures.” G,
mRNA expression of Acot genes in BAT (n = 5/group). In each experiment,
mice were housed at room temperature. *, p < 0.05, Them2*’* versus
Them2™~/~.

from adjacent lipid droplets (Fig. 8C). By contrast in BAT from
Them2 '~ mice, mitochondria that were adjacent to lipid
droplets exhibited electron-dense interfaces between the mito-
chondrion and the adjacent lipid droplet (Fig. 8C, arrows). Loss
of Them?2 expression did not alter fatty acyl-CoA thioesterase
activity in BAT homogenates or isolated mitochondria (Fig.
8D). In keeping with this observation, total and individual fatty
acyl-CoAs concentrations were not different in BAT from
Them2"'* and Them2 '~ mice (Fig. 8E). Rates of fatty acid
oxidation in BAT homogenates were also unchanged (Fig. 8F).
To assess whether the absence of Them?2 expression might lead
to compensatory increases in expression of another Acot, we
compared mRNA levels of the other mammalian Acot genes.
Apart from a 38% reduction in Acot9/10 expression, there was
no effect of Them?2 expression on Acots in BAT (Fig. 8G).
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To gain additional insights into metabolic changes observed
in response to changes in ambient temperature, BAT was har-
vested following 24 h of exposure to each temperature for
measurements of mRNA expression levels for selected genes
that participate in thermogenesis (Fig. 9). At 30 °C, mRNAs for
UCP1, PPAR7y, mtTFA (mitochondrial transcription factor A),
and perilipin were decreased in BAT of Them2 '~ relative to
Them2™*'* mice. At 22 °C, there was induction of expression for
all of the genes in both genotypes. However, the absence of
Them?2 led to relatively higher mRNA levels of PGCIla and
UCPI and to relatively lower levels of PC-TP and mtTFA. When
the ambient temperature was decreased to 4 °C, mRNA expres-
sion levels tended to level off or decrease for all genes except
PGCla.

Increased Norepinephrine Sensitivity and Thermogenic Gene
Expression in Them2™"~ Brown Adipocytes—We utilized pri-
mary cultured brown adipocytes to examine evidence for a role
of Them?2 cellular norepinephrine-mediated lipolysis and fatty
acid oxidation. Primary brown preadipocytes from Them2 '~
were readily cultured and differentiated, exhibiting normal
lipid droplet formation (data not shown). Indicative of higher
rates of lipolysis, norepinephrine-stimulated increases in glyc-
erol concentrations in culture media increased more rapidly in
Them2 '~ when compared with Them2"'" brown adipocytes
(Fig. 10A). Although Them?2 expression did not influence basal
values of OCR, after remaining unchanged for ~30 min follow-
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FIGURE 10. Increased norepinephrine responsiveness in Them2-deficient primary brown adipocytes. Primary brown preadipocytes isolated from BAT of
mice housed at room temperature were cultured and then differentiated into mature brown adipocytes. A, lipolysis was determined by measuring glycerol
concentrations (n = 3/group) from culture media following the addition of norepinephrine (1 um). B, O, consumption rates (OCR) values were determined
during an initial equilibration period and following norepinephrine (1 um) addition to the media, as indicated by the arrow. C, OCR values were measured in
primary brown adipocytes following the addition of ATP synthase inhibitor, oligomycin (1 um), mitochondrial uncoupler, FCCP (0.5 um), and electron transfer
inhibitor, rotenone (1 um), as indicated by the arrows. Because protein and mitochondrial DNA contents were identical in cultures of brown adipocytes from
Them2~’~ and Them2*’* mice (data not shown), OCR are represented as pmol/min. D, mRNA expression of selected genes was measured in differentiated

primary brown adipocytes (n = 3/group). *, p < 0.05, Them2™/*

ing the addition of norepinephrine, OCR values increased more
rapidly in Them2 '~ brown adipocytes (Fig. 10B).

To further examine the impact of Them2 expression on cel-
lular mitochondrial function, primary brown adipocytes were
sequentially exposed to oligomycin, FCCP, and rotenone,
which assess ATP-linked O, consumption, maximum OCR,
and non-mitochondrial OCR, respectively (18). There were no
differences in basal OCR values due to Them?2 loss of expres-
sion, nor were there any other apparent changes in cellular
bioenergetic parameters (Fig. 10C). Mature brown adipocytes
lacking Them?2 expression exhibited increases in mRNA levels
of PGCla, PPAR«, and PPARy and a trend toward increased
UCPI (Fig. 10D). The absence of Them?2 also led to an increase
in PC-TP mRNA levels.

DISCUSSION

This study was designed to investigate the contribution of
Them? to the regulation of thermogenesis. Consistent with a
role for Them?2 in suppressing heat production in response to
thermal stress, Them2 '~ mice exhibited increased measures
of adaptive energy expenditure that were most pronounced just
following the transition from the light to dark phases of the
diurnal cycle in mice housed at thermoneutrality (30 °C) (6) and
at room temperature (22 °C), whereas in the cold (4 °C), this
increase was persistent throughout the diurnal cycle. With the
exception of modest increases at thermoneutrality, mice equil-
ibrated for longer periods did not exhibit genotype-dependent
differences in measures of energy expenditure. This suggests
that Them2 does not play a central role in regulating steady
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versus Them2™/~.

state energy expenditure or that compensatory mechanisms are
engaged that largely negate its effects.

In our initial study describing Them2™'~ mice, we observed
reductions in body weight when compared with Them2*'*
mice despite increased rates of food consumption (11). Based
on our inability to appreciate significant increases in energy
expenditure under these experimental conditions, we attrib-
uted the findings primarily to a modest decrease in intestinal
lipid absorption (11). Considering that the prior experiments
were conducted essentially at the steady state ambient room
temperature of 22 °C, we failed to appreciate the potential con-
tribution of increased adaptive thermogenesis in Them2 '~
mice that was revealed in the current study. Presumably, mice
housed under standard conditions are subjected to intermittent
thermal stress related to housing density and ambient temper-
ature fluctuations (15, 19). The more robust response of adapt-
ive energy expenditure to ambient temperature in the absence
of Them?2 expression likely contributed the reductions in body
weight and adiposity observed in these mice over time.

Under adaptive conditions, the current analysis also demon-
strated that increases in food consumption in Them2™/'* mice
were closely associated with several measures of higher energy
expenditure (i.e. increased core body temperatures, physical
activities, and cumulative energy expenditure). Greater food
consumption in the absence of Them?2 expression most likely
occurred in response to the metabolic demands of increased
energy expenditure (20) and suggests that the modest changes
in intestinal lipid absorption observed previously (11) made
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only minor contributions to differences in body weight. Appre-
ciating the complex relationships between circadian and meta-
bolic oscillations (21), we nevertheless attempted to discern
whether Them?2 expression might have influenced food intake
or the amplitude of a circadian rhythm. Withholding of food
tended to diminish differences in energy expenditure between
Them2 '~ and Them2"'" mice that occurred early in the dark
phase. This implied that regulation of adaptive energy expend-
iture was a primary effect of Them2 expression, a function that
was generally supported by experiments in which differences in
core body temperature and activity between Them2™’~ and
Them2*'™ mice fed ad libitum were preserved in the setting of
varied light/dark cycles.

Considering that Them?2 is robustly expressed in BAT (9), we
explored evidence for a primary role for Them?2 in regulating
thermogenesis. The reduction in BAT quantified by microCT
was most likely attributable to the reduced lipid droplet sizes,
which had been observed histologically. When taken together
with ultrastructural evidence consistent with increased mito-
chondrial fatty acid uptake, these findings were suggestive of
increased BAT activity in Them2~ '~ mice. This possibility was
in keeping with up-regulation of expression of the thermogenic
genes PGCIla and UCPI at 22 °C, the ambient temperature at
which the effect of Them2 expression was most pronounced.
Presumably because glucose uptake and oxidation follow the
activation of thermogenesis in BAT (22), we did not observe
marked changes in RER values for Them2™ '~ mice.

Them?2 exhibits Acot activity for long chain acyl-CoAs (9),
and we have demonstrated reductions in Acot activity in
liver homogenates and isolated mitochondria from livers of
Them2™'~ mice, along with increases in tissue concentrations
of fatty acyl-CoAs (11) when compared with samples from
Them2™'" mice. In BAT from Them2 '~ mice, however, we
were unable to detect a difference in enzymatic activity when
compared with BAT from Them2*’" mice. This most likely
reflects concurrent expression of other Acot genes, which
would have been expected to contribute to the activity that we
measured and presumably made it impossible to detect the
selective absence of Them2. The presence of other Acots could
explain the absence of increases in fatty acyl-CoA concentra-
tions and rates of fatty acid oxidation in BAT homogenates
from Them2 '~ mice. It is also possible that the biochemical
consequences of Them?2 expression would only be detected in
ex vivo assays of BAT if mice were sacrificed in the early hours of
the dark phase, which was not the case in these studies.

More likely, the absence of increased rates of fatty acid oxi-
dation in BAT tissue of Them2~ '~ mice ex vivo was because the
use of homogenized tissue in the assay did not replicate the
necessary cellular structures and architecture required to
detect increased fatty acid channeling from lipid droplets to
mitochondria in vivo. This possibility is supported by the elec-
tron-dense interfaces between mitochondria and smaller lipid
dropletsin BAT of Them2~'~ mice, as well as by experiments in
primary brown adipocytes, which suggest a direct role for
Them2 in thermogenesis. Increased norepinephrine-stimu-
lated glycerol release was consistent with enhanced rates of
lipolysis. Although this occurred in the absence of an increase
in expression of perilipin mRNA, perilipin-mediated control of
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lipolysis is regulated primarily by phosphorylation (23), which
was not explored in our study. Although we did not observe
increases in basal OCR values or differences in mitochondrial
respiratory capacity, Them2 '~ brown adipocytes did exhibit
an increase in norepinephrine-stimulated OCR values. This
response was in keeping with increased rates of lipolysis in the
absence of Them2 expression. As observed in cells lacking
Them1, thermogenic genes were induced in Them2~'~ brown
adipocytes. Future studies of the role of Them?2 in the release of
fatty acids from triglyceride droplets and their delivery to mito-
chondria should shed additional light on the molecular mech-
anism by which Them?2 suppresses energy expenditure.

Although both in vivo and in vitro evidence suggest that
Them?2 expression in BAT was primarily responsible for alter-
ations in energy homeostasis, Them2 '~ mice were globally
deficient in Them?2. Because Them?2 is also expressed in a vari-
ety of tissues, including the brain (24), which plays a critical role
in regulating thermogenesis (25), we cannot exclude indirect
contributions of Them?2 to this regulation, such as CNS-medi-
ated control. In this connection, a recent study using targeted
deletion in neurons revealed that Acot7 accounts for most of
the thioesterase activity in brain (26). Among the phenotypes
attributable to loss of neuronal Acot7 were increased physical
activity and energy expenditure during fasting and increased
thermogenesis during cold exposure. These data were accom-
panied by evidence that a hyperactive neural response to phys-
iological challenges was the mechanism, and that this was due
to alterations in either the adrenergic input to BAT or the tissue
response.

Although the detailed molecular mechanisms are not yet
understood, observations in mice with disruption of Theml
and Them?2 suggest that the dynamic interconversion of long
chain fatty acyl-CoAs and free fatty acids within BAT plays an
important role in the regulation of adaptive thermogenesis.
This would be in keeping with the demonstration that ACSL1,
which catalyzes the conversion of free fatty acids to long acyl-
CoAs, promotes fatty acid oxidation and energy expenditure in
BAT (1). For Them2~'~ mice, this occurred in the absence of
intrinsic changes in mitochondrial function, suggesting that
metabolic control is due at least in part to the control of fatty
acid channeling.
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