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Abstract

Aim: Valuable studies have tested the role of UCP1 on body temperature maintenance in
mice, and we sought to knockout Ucp? in rats (Ucp2™'") to provide insight into thermogenic
mechanisms in larger mammals.

Methods: We used CRISPR/Cas9 technology to create Ucp ™'~ rats. Body weight and adiposity
were measured, and rats were subjected to indirect calorimetry. Rats were maintained at room
temperature or exposed to 4°C for either 24 h or 14 days. Analyses of brown and white adipose
tissue and skeletal muscle were conducted via histology, western blot comparison of oxidative
phosphorylation proteins, and gPCR to compare mitochondrial DNA levels and mRNA expression
profiles. RNA-seq was performed in skeletal muscle.

Results: UcpI™~ rats withstood 4°C for 14 days, but core temperature steadily declined. All

rats lost body weight after 14 days at 4°C, but controls increased food intake more robustly

than UcpI™'~ rats. Brown adipose tissue showed signs of decreased activity in Ucpl ™" rats,

while mitochondrial lipid metabolism markers in white adipose tissue and skeletal muscle were
increased. Ugp1~/~ rats displayed more visible shivering and energy expenditure than controls at
4°C. Skeletal muscle transcriptomics showed more differences between genotypes at 23°C than at
4°C.
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Conclusion: Room temperature presented sufficient cold stress to rats lacking UCP1 to activate
compensatory thermogenic mechanisms in skeletal muscle, which were only activated in control
rats following exposure to 4°C. These results provide novel insight into thermogenic responses to
UCP1 deficiency; and highlight Ucpl ™" rats as an attractive translational model for the study of
thermogenesis.
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11 INTRODUCTION

Mammals respond to cold by increasing their heat production through both shivering

and non-shivering thermogenesis (NST).1-3 Major uncoupling protein 1 (UCP1)-dependent
centers of NST in adult humans are brown adipose tissue (BAT) and beige adipocytes
induced in white adipose tissue (WAT).2 Although important in promoting heat production
during cold exposure,® UCP1 is expendable in mammals, as UcpI knockout mice (UcpI ™)
can adapt to cold through activation of WAT oxidative capacity and alternative calcium
cycling pathways in skeletal muscle.”-® Similarly, adult humans have very little BAT, and
thus rely more on skeletal muscle to generate heat, potentially independent of Ugp1.52

The above mentioned UcpZ™~ mouse model has proven invaluable as a tool for the study

of thermogenesis.10:11 However, heat loss decreases proportionally with increased body
surface area,? making knockout models in larger mammals an attractive tool for providing
additional translational application to humans. Mice and rats share a similar thermoneutral
temperature (~29°C)13.14 and both expend considerable energy on thermogenesis when
housed at 23°C1516, However, mice are likely to rely more heavily on UCP1-mediated
thermogenesis in BAT in response to cold than rats. In addition, due to their larger size
relative to mice, as well as the high number of parallels that exist between rats and
humans,17:18 we predicted Ucp™'~ rats would be an attractive translational model to provide
insight into human thermogenic processes.

We used CRISPR/Cas technology to create Ucpl ™" rats on a Sprague Dawley background
with the purpose of testing thermogenic adaptations in BAT, WAT, and skeletal muscle. A
similar model was recently reported in a study assessing the role of UCP1 in myocardial
ischemia.1® Herein we sought to characterize several aspects of UcpZ~/~ rats with and
without exposure to cold. While Ucp1™/~ rats exhibited cold sensitivity, they appeared to rely
heavily on compensatory thermogenic adaptations in inguinal white adipose tissue (iWAT)
and skeletal muscle, and thereby maintained body temperature longer than mice.11:20 This
phenotype provides insights beyond those from UcpZ™/~ mouse models, making the Ucp1™/~
rat an attractive translational model of thermoregulatory adaptations.
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21 RESULTS
2.11 Phenotypic characterization of CRISPR Ucp1 knockout rats at 23°C

As described in Methods, Ucp1~/~ rats were generated utilizing CRISPR/Cas9 technology
to target exon 2 of the UcpI gene of Sprague Dawley rats (Figure S1A). After initial
screening, three founders were chosen and deletion mutations in exon 2 in the UcpI gene
were confirmed by DNA sequencing (Figure S1B). A 99% reduction in UcpZ mRNA was
observed in interscapular BAT of UcpZ™'~ rats from all three lines compared to control rats
(Figure 1A). All three founders produced viable offspring at 23°C and pups were born with
the expected Mendelian inheritance ratio. Male offspring from these three founders were
used in all subsequent studies.

Ucp17!= and control rats were fed a standard chow diet with 13% kcal from fat and were
housed at 23°C during the 21 weeks of the study. No difference in body weight was
observed between UcpZ™'~ and control rats throughout the study (Figure 1B). Fat mass and
lean mass at study completion were also not different (Figure 1C).

Indirect calorimetry measurements revealed few differences between UcpZ/~ males and
control animals housed at 23°C in terms of respiratory exchange ratio (RER) and locomotor
activity during both light and dark cycles (Figure 1D,E). Although UcpI™~ rats show
slightly elevated energy expenditure (EE) relative to controls at several time points (Figure
1F), these differences did not reach statistical significance. Collectively, these results
indicate that UcpZ~/~ rats did not exhibit a metabolic phenotype immediately distinct from
controls when housed at room temperature.

2.21 Thermogenic response of Ucpl™" rats to acute (24-h) and chronic (14-day) cold

exposure

UcpI™~ mice display relatively similar body composition measurements to control mice
when housed at 23°C but fail to maintain core body temperature above 28°C for more than
10 h of 4°C exposure.® We predicted that rats would not be as dependent on UCP1-mediated
NST as mice. To test this prediction, two separate weight-matched cohorts of rats were
placed in either an acute (24 h) or chronic (14 days) cold challenge.

Body and tissue masses from control and UcpZ~/~ rats at each temperature condition are
shown in Table 1. In addition to the significantly lower interscapular BAT mass observed

in UcpI™' rats at 23°C when compared to controls, we also observed significantly lower
gastrocnemius mass and significantly higher liver mass in these animals (Table 1). When rats
were exposed to 24 h of cold, both genotypes experienced small, non-significant decreases
in body weight along with significant decreases in interscapular BAT weight (Table 1).
Interestingly, a significant (~20%) decrease in liver weight that was unique to Ucp1™/~

males was observed after 24-h cold exposure; this trend persisted following the 14-day cold
exposure period (Table 1).

We assayed liver triglycerides to test the hypothesis that UcpZ ™'~ rats may be mobilizing
this energy source following cold exposure. Unlike control animals, triglyceride content
in UcpI™'~ rats was significantly diminished after 14 days of cold exposure relative to
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UcpI™' rats at room temperature (Figure S2). The higher liver weight in UcpZ™/~ rats at
room temperature cannot be entirely explained by differences in triglyceride content, as no
differences were found in liver triglyceride levels between Ucp2~/~ and control rats. Chronic
cold exposure for 14 days induced significant weight loss in rats of both genotypes, although
final body weights did not differ between the genotypes. Also similar between genotypes
was an apparent recovery of interscapular BAT mass during chronic cold exposure (Table 1).
Both Ucp1~'~ and control animals also showed statistically significant decreases in masses
of all WAT depots and skeletal muscle tissues after 14 days of cold exposure when compared
to rats of the same genotype housed at 23°C or 4°C for 24 h (Table 1).

UcpI™'~ rats began to decrease body temperature upon exposure to cold (Figure 2A).
Control rats maintained body temperature following the 24-h cold exposure, and this
persisted throughout a 14-days chronic challenge (Figure 2B). Conversely, UcpI™'~ rats
showed a steady decrease in body temperature throughout the study and had a final
temperature averaging 1.71°C below baseline (Figure 2B). Importantly, while studies using
Ucp1!= mice report removal of animals within a few hours after acute cold exposure due
to excess drops in core temperature,8 no rats of either genotype reached our critical removal
temperature of 32°C over the 14-days cold exposure period.

Prolonged cold exposure correlates with increased caloric intake, and this increase supports
BAT expansion.?! Food intake began to increase in both UcpZ~'~ and control rats within

a few days following the initiation of a cold challenge (Figure 2C). However, control rats
increased their food intake more rapidly, and begin to eat significantly more than Ucp1/~
rats by day 6 of 4°C exposure. There was a direct correlation between average daily food
intake and average body temperature throughout the study for all rats (Figure 2D). By the
14-day endpoint of the study, control rats increased their food intake by 103% from prior to
cold exposure, whereas UcpI™'~ rats only increased food intake by 66%.

Before cold exposure, interscapular BAT was initially 32% smaller in UcpZ™/~ rats than in
controls (Figure 2E). Both UcpZ™~ and control rats lost interscapular BAT mass following
24-h cold exposure, with interscapular BAT weight in Ucp1™~ rats remaining significantly
lower after the acute challenge. Interscapular BAT mass significantly increases in controls
after 14 days of cold exposure relative to acute cold exposure; and food intake at day 14 of
cold exposure shows a direct correlation with harvested interscapular BAT weight (Figure
2F). This result is consistent with hyperphagia-driven BAT expansion during prolonged cold
exposure.?! Regardless of the experimental conditions, interscapular BAT mass for Ucp1™/~
rats remained significantly lower than that of control, and no statistically significant increase
in interscapular BAT was present for UcpI™'~ rats after 14 days of cold exposure relative to
acute cold exposure.

The differences found in food intake and BAT expansion could relate to the amount of
energy necessary to drive BAT thermogenesis and prompted further investigations into
adaptive responses within UcpZ™'~ rats. Two hormones that are secreted from BAT in
response to cold challenge in mice are FGF21 and GDF15, both of which affect food intake
and EE.22-24 We found no changes in the serum levels of these batokines, either between
control and Ucp1~/~ rats or between treatment groups (Figure S3).
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White adipose tissue and skeletal muscle compensate for the loss of brown adipose

tissue thermogenic capability during cold challenge

While the cold-sensitivity phenotype is much more pronounced in mice,® our findings above
showing that UcpI™'~ rats did not maintain body temperature as well as controls during cold
exposure suggesting an insufficiency in activating thermogenic mechanisms. We therefore
characterized the three major centers of mammalian thermogenic regulation: BAT, iWAT,
and skeletal muscle.1-310.25 Microscopically, H&E-stained BAT from control rats at 23°C
contained the multilocular adipocytes typically observed in BAT, along with unilocular
adipocytes (Figure 3A, top left). Multilocular adipocytes were not apparent in UcpZ™/~ rats
(Figure 3A, top right). After acute cold exposure, BAT from control rats was almost entirely
devoid of lipid (Figure 3A, center left), while very little lipid was mobilized from the BAT
of Ucp1™!~ rats (Figure 3A, center right). After 14 days of cold exposure, multilocular
adipocytes are prominent in control BAT (Figure 3A, bottom left), with fewer of these cells
observed in UcpI™~ BAT (Figure 3A, bottom right). These results suggested an impairment
of lipid mobilization from BAT in UcpZ™'~ rats when cold-challenged.

In line with the above morphological observations, we also found that activation of the
browning-associated gene Dio228 was significantly decreased in BAT from Ucpl™/~ rats
relative to controls after 14 days of exposure (Figure 3B). Lipid oxidation is known to
extensively fuel NST,27:28 and several genes involved in lipid oxidation such as Pdk4, Cact,
Crat and Cptlbwere also less abundant in UcpZ™~ BAT than in control BAT during
prolonged cold exposure (Figure 3B). Additionally, Ppara was induced after 14 days of
cold exposure in control rats, while it was unchanged in UcpZ™'~ rats, further supporting a
decrease in the ability of Ugp1~/~ rats to activate lipid oxidation to promote thermogenesis
following cold exposure (Figure 3B).

To facilitate aerobic metabolism, BAT mitochondrial content increases during cold exposure
through activation of Pgcla.2® We determined levels of mitochondrial DNA as a measure
of mitochondrial copy number in all conditions tested. Both UgpZ~/~ and control rats show
a marked increase in the content of mitochondrial DNA following acute cold exposure,
which is maintained through the 14-day cold challenge (Figure 3C). However, Ucp1™'~
BAT content of mitochondrial DNA remains significantly lower than that of control animals
during each cold exposure treatment. Although no statistically significant differences were
found, Complex IV in the mitochondrial respiratory chain trended toward showing higher
protein levels in Ucp1~/~ BAT at room temperature (Figure 3D and Figure S4). The

marker of mitochondrial biogenesis, Pgcla showed a similar but non-significant increase

at room temperature3%:31 (Figure 3E). Little difference between groups was noted for

other markers of mitochondrial activity and thermogenic activity such as citrate synthase
(Cs), mitochondrial fusion proteins 1 and 2 (Mfn1 and Mfn2), and mitochondrial calcium
uniporter (Mcu).32 These results suggest that while UcpZ™~ BAT is responsive to exposure
to 4°C, activation of BAT metabolic processing and subsequent morphological changes is
less robust in Ucp2~/~ rats than controls.

White adipose tissue depot weight significantly decreased in both control and UcpZ ™ rats
following 14 days at 4°C (Table 1), and no morphological differences in iWAT were noted
between the genotypes within the 23°C or 24-h 4°C treatment conditions (Figure 4A).
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However, following 14 days of 4°C exposure, adipocytes within control animals appeared
slightly smaller on average than in UcpZ™/~ rats. By assaying a similar set of genes in iWAT
as those tested in BAT, we found that the lipid oxidation regulator Ppara was significantly
increased in UcpI™'~ iWAT relative to controls at room temperature, and genes under its
control such as Cratand AcoxI trend toward an increase, although not significantly (Figure
4B). In contrast to BAT, Apara and its responsive are increased after 24 h of cold exposure.
However, they are more robustly activated in control animals than in UcpZ™/~. Interestingly,
following 14 days of cold exposure these genes returned to or below baseline levels in both
genotypes. Despite higher expression of Pgcla in Ucgpl™'~ iWAT at 23°C (Figure 4E), no
greater mitochondrial content was seen as measured by mtDNA (Figure 4C) and respiratory
chain proteins (Figure 4D). Interestingly, both contents of mitochondrial DNA and levels of
various respiratory chain proteins were higher in UcpI™~ iWAT after 24 h of cold exposure
relative to room temperature (Figure 4C,D and Figure S4). However, these levels became
indistinguishable from controls after 14 days at 4°C. In line with these results, markers

of mitochondrial thermogenic activity such as Pgcla, Slc25a5, Cs, Mifn1, Mifn2, and Mcu
were generally activated in both genotypes after 24 h of cold exposure but returned to room
temperature levels after 14 days (Figure 4E).

Both Ucp1~/~ and control animals showed decreased skeletal muscle tissue mass after

14 days of cold exposure when compared to tissues from rats at earlier exposure time
points; however, there was no difference between genotypes (Table 1). In gastrocnemius
muscle, mitochondrial DNA levels were slightly, but significantly, lower for both genotypes
following both acute and chronic cold exposure (Figure 5A). No differences were noted
between genotypes in mitochondrial content (Figure 5A) or levels of respiratory chain
components (Figure 5B) at room temperature. However, after being exposed to a cold
environment UcpZ ™'~ rats had significant reductions in some components of the respiratory
chain in skeletal muscle, especially at complexes | and V (Figure 5B and Figure S4).
Decreased respiratory chain complexes after 14 days of cold exposure coincided with lower
core body temperature in these rats (Figure 2B). It is intriguing that in several of our blots,
complex Il migrates as two separate bands. This appears strongly in the 14-day cold exposed
Ucp1~!~ muscle (Figure 5B), and different migration patterns of such complexes have been
shown to be dependent on the presence of iron—sulfur clusters.33 The presence of multiple
bands may thus reflect a higher percentage of complex Il with decreased electron transport
function due to lack of an iron—sulfur cluster, but we have not confirmed this in the present
study.

Markers of fatty acid oxidation and mitochondrial activity such as Ppara, Crat, Acox1,

and c¢s showed significant increases in UcpZ~/~ skeletal muscle relative to controls at room
temperature (Figure 5C,D). Finally, several mitochondrial and thermogenic markers within
the skeletal muscle were expressed at or below control levels in UcpZ™'~ rats at room
temperature. Following exposure to cold these markers were then expressed at control levels
or higher (Figure 5D,E). Such mitochondrial markers included S/c25a25, Mifn1, MfnZ2, and
Mecu. The thermogenic markers which showed this trend encode such proteins as sarcolipin
(SIn), SERCA2 (Atp2a2), ryanodine receptor 1 (Ryr1), Ca2*/calmodulin-dependent protein
kinase Il (Camkii), and uncoupling proteins 2 and 3 (Ucp2and Ucp3); and are involved with
calcium signaling and thermogenesis.8-34 Collectively, the results from these three tissues
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show that deficiencies in driving sufficient thermogenic adaptations in BAT of Ucpl ™~
rats were at least partially compensated for by activating metabolic processes in iIWAT
and skeletal muscle. However, this response was not sufficient to fully maintain body
temperature during prolonged cold exposure.

Shivering assessment and transcriptomics analysis in skeletal muscle predicts

activation of thermogenesis pathways in Ucp1~/~ rat muscle, even at 23°C

Given our evidence that skeletal muscle heat generative processes may have been
compensating for the loss of UcpZ in rats during cold exposure, we assessed indicators

of bodily shivering using an adaptation of the Bedside Shivering Assessment Scale (BSAS)
during the 14-day cold exposure period3>; and by measuring resting energy expenditure
(REE) during a mild cold challenge of 10°C for 5 h. Throughout the 14-day cold exposure
study, we assigned higher BSAS scores to UcpI™/~ rats relative to controls at several time
points due to visibly higher presence of body tremors (Figure 6A), which indicates increased
shivering.37 Increases in REE are also commonly used as an indicator of bodily shivering,3®
and both Ucp™~ and control rats showed significant increases in REE during mild cold
challenge (Figure 6B). UcpI™'~ rats showed a statistically more robust increase in REE
during cold challenge relative to controls, further supporting an increased reliance upon
shivering for heat generation.

These observations, along with our findings indicating activation of thermogenic genes in
UcpI™'~ rat gastrocnemius (Figure 5), led us to conduct a genome-wide transcriptomic
analysis of gastrocnemius muscle from male control and Ugp2~/~ rats housed at 23°C

or 4°C for 14 days. Differentially expressed genes were sorted by adjusted p-value and

the top 50 most significantly differentially regulated genes in UcpI ™'~ rats compared to
controls at 23°C are shown in Figure 7A and Table S2. Many of these genes encode for
proteins involved in metabolic processing and mitochondrial function such as the coenzyme
A solute carrier protein (S/c25a42), NADH/ubiquinone oxidoreductase subunit B6 (Naufb6),
3-hydroxyisobutyrate dehydrogenase (Hibadlh), succinate dehydrogenase subunit D (Sdha),
acetyl-CoA acetyltransferase 1 (Acatl), and cytochrome C oxidase subunit 7C (Cox7c).
Interestingly, exposure to 4°C reduced the number of differentially expressed genes with a
nominal p<0.01 from 941 at 23°C to 253 at 4°C (Figure 6B) and the top 50 differentially
expressed genes at 4°C became a mixture of upregulated and downregulated genes in
UcpI™ rats (Figure 7A and Table S3). None of these genes display an adjusted p-value
below 0.1. Remarkably, these results suggest that cold exposure resulted in a more similar
transcriptome between genotypes rather than driving greater differences.

We further interrogated the top 20 genes displaying interaction effects, that is, with
significant differential expression in only 1 out of the 4 tested conditions (control at 23°C
vs. UcpI™!~ at 23°C vs. control at 4°C vs. Ucpl™/~ at 4°C). These results showed that

in all 20 genes, a significant upregulation of expression was seen in the UcpZ™'~ group
relative to controls only at room temperature. Two of the genes mentioned above as the
most significantly differentially expressed between controls and UcpZ~/~ rats were on this
list (Hibadh and Ndufbé) and are involved in metabolic processing. Additionally, several
mRNA-encoding proteins involved in thermogenic pathways including that of adenylate
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cyclase 6 (Adcyé), heat shock factor 1 (HsfZ), and nuclear factor A (Nfia) were on this
list. This is indicative of the activation of pathways consistent with exposure to cold in
UcpI™~ skeletal muscle at 23°C (Figure 8A). Additionally, Evinet analysis found many

of the differentially expressed genes between control and Ucp1~/~ rats at 23°C have
known interactions with thermogenesis pathway genes, and that 8 of the differentially
expressed genes are also members of the thermogenesis pathway (Figure 8B). Collectively,
the transcriptomics analyses predicted that at 23°C skeletal muscle in UcpZ ™'~ rats was
reprogrammed in a manner to activate thermoregulatory pathways, which are usually only
activated in control rats following cold exposure. Therefore, these results suggest that even
though Ucp1™/~ rats maintain normal core temperature at 23°C (Figure 2A,B), they likely
adapt to this mild cold stress by activating thermogenic mechanisms in skeletal muscle to
compensate for the loss of Ucpl.

DISCUSSION

Studies assessing the maintenance of body temperature have revealed that BAT, skeletal
muscle, and WAT are important tissues in regulating thermogenic processes.1-3:10.25
However, the extent to which each of these tissues contributes to thermogenesis within
mammalian systems remains unclear. It is well understood that exposure to cold can
stimulate WAT lipolysis to provide fuel for thermogenic activity in BAT and skeletal
muscle.11:2527 BAT thermogenesis is known to rely heavily on futile lipid cycling for

heat production via UCP1,%:38 and the removal of Ucp from mice results in compensatory
heat production in both WAT and skeletal muscle.*11 However, using only mice to study
thermogenic adaptations as they translate to human physiology is limiting, as nearly 60%
of the total EE of a mouse housed at room temperature (23°C) is due to BAT-mediated
thermogenesis3® which far exceeds the energetic capacity of BAT in humans. Given the
importance of the rat as a translational model,1” we used CRISPR-Cas technology to create
UcpI knockout rats (Ucp2™') to study UCP1-independent thermogenic mechanisms.

Like male UcpI™~ mice 811 Ugp1 rats do not exhibit notable differences from controls
in core temperature, body weight, or food intake when housed at room temperature.
Alternatively, the difference between species becomes more prominent as the temperature
is decreased. Firstly, to survive a cold environment, UcpZ™/~ mice must be acclimated

to 4°C by a gradual decrease of ambient temperature.4? Unlike UcpZ™~ mice, Ucp1/~
rats tolerated a direct transition from 23 to 4°C and no rats approached hypothermia.
Importantly, despite this proclivity of rats toward survival during cold exposure, UcpZ™'~ rats
do experience a gradual decrease in body temperature over 14 days when exposed to 4°C
resulting in an average body temperature of 1-2°C below controls. Second, both Ugp1~/~
micell and Ucp1™/~ rats lose similar amounts of body weight as their respective controls
after prolonged cold exposure; however, the dietary response to counter this negative
energy balance differs between species. Specifically, increases in food intake in response
to cold are similar between UcpZ™~ mice and controls,!! whereas control rats increase
food intake twofold while Ucp1~/~ rats only increase food intake by 66%. We did not see
differences in the batokines known to regulate food intake and EE, FGF21 and GDF15
between controls and Ucp1™/~ rats, 2224 and the mechanisms governing the decreased food
intake of UcpI™'~ rats relative to controls during prolonged cold exposure are thus unclear.
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Increasing food intake as a mechanism of regulating body temperature during cold exposure
is a known phenomenon in rats*!; and given that we found a direct correlation between
average body temperature and average daily food intake for the rats in our study, the
mechanisms governing this decrease in food intake are important to investigate in future
studies as a potential correlate of the inability of UcpZ™/~ to maintain body temperature
during prolonged cold exposure.

Another notable difference between species is that interscapular BAT mass is similar
between Ucp1~/~ mice and controls,® whereas interscapular BAT mass is ~30% lower in
Ucp1~!= rats than controls regardless of ambient temperature. Within the present study, a
physiological and tissue-level analysis suggests that adaptive mechanisms in BAT are not
activated in UcpI™'~ rats during cold exposure as potently as is seen in control rats. Firstly,
BAT hypertrophy has been suggested to be driven by an increased food intake, 2142 and there
was a direct correlation between daily food intake at day 14 of the cold exposure study

and BAT mass of cold-exposed rats. The decreased food intake in UcpZ™/~ rats relative to
controls over a 14-day cold exposure may thus correlate with limited expansion of BAT
mass. Collectively, results showing differences in food intake, BAT mass, and the ability to
withstand cold between Ucp1~/~ rats and Ucp2~/~ mice suggest that (1) while rats do exhibit
a need for UcpI-mediated thermogenesis over prolonged cold exposure, their dependence
on BAT to tolerate cold is far less pronounced than mice and (2) the differences between
species in caloric intake in response to cold suggest that there may be unique energetic
differences between the thermogenic responses that are invoked between mice and rats,
which is an area of investigation that is worthy of pursuit.

Histological analysis of BAT shows a rapid depletion of lipid content in BAT of control

rats after only 24 h, whereas the response was much more gradual and less robust in
Ucp17!- rats. Several additional molecular markers suggesting decreased BAT activation

in UcpI™'~ rats were also observed. Specifically, mitochondrial biogenesis/content,29:43
fusion,3244 lipid oxidation, and browning,28 are known to be upregulated in BAT during
cold exposure.#245 However, in the present study, cold-induced adaptations in these
pathways were less robust in UcpZ™/~ rats than in controls, suggesting a partial requirement
for Ucp function in rats to facilitate BAT remodeling in response to a cold environment.

It is important to note that several proteins within the electron transport chain have
decreased expression in UcpZ™'~ mice relative to controls following cold exposure.#8 We
find few differences between control and UcpZ ™'~ rats in BAT for ETC protein levels at any
temperature treatment, which may reflect a greater UCP1 dependent remodeling of BAT in
general for mice as compared to rats.

Although cold exposure activates most of these markers more robustly in controls than in
Ucp1!~ rats, it is of note that when housed at 23°C several of these markers are significantly
higher in BAT of UcpI™' rats relative to controls. Specifically, UcpI™'~ rats have greater
expression of the mitochondrial biogenesis gene Pgcla at room temperature. Ucp1™/~ rats
also display higher levels of the gene encoding the ATP-Mg?2*/P; shuttle, S/c25a25. This
protein is upregulated in the absence of UcpI and acts as a calcium-sensitive shuttle to
regulate body temperature.30 Overall, increases in these markers indicate that UcpI™'~ rats
sense mild cold stress at 23°C and activate heat generating mechanisms since this is below
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their thermoneutral temperature of 29°C.13 A similar phenomenon was recently reported
for Ucp2~'~ mice housed at 20°C, which showed higher expression than controls of the
metabolic markers Dgat2and Complex V in the respiratory chain.38

As an adaptation to the inability to sufficiently activate BAT thermogenesis in the absence
of Ucpl, rats in our study increase thermogenic markers in iWAT. We again observed
various markers of lipid oxidation increased in Ucp1™/~ rats relative to controls at 23°C,
potentially reflecting the activation of thermogenic mechanisms in WAT to meet the
higher energetic cost of UCP1-independent thermogenesis.3%47 Similar to our results in
rats showing that markers of mitochondrial activity are higher in iIWAT immediately
following cold exposure, reports from UcpI™~ mice show increased levels of Pgcla and
mitochondrial DNA relative to controls when adapted to a 4°C environment.1! That many
of the markers of mitochondrial activation and lipid oxidation remain elevated in iWAT of
UcpI™'~ rats relative to controls following 14 days of cold exposure is additional evidence
that adaptations in WAT promote thermogenesis independent of Ucpz, which is consistent
with previous reports.11:25.27

UCP1-independent thermogenesis, via both shivering and NST, has been described

in skeletal muscle, which is thought to be a major center of heat production in
humans.15:11.37:43.48.49 \yscle contraction during shivering correlates positively with
increased EE, and inversely with decreasing temperature.37%0 In the present study, we
observed several indications of thermogenic compensation in skeletal muscle following the
loss of Ucpl in rats, most notably in indicators of shivering. Visible tremors in Ugp1~/~
rats were initially higher than in controls after exposure to cold, but this activity tapered off
toward the end of the study as body temperatures dropped in UcpI ™'~ rats. Furthermore, we
observed a more robust increase in EE for Ugp1~/~ rats following a mild 10°C cold stress
relative to controls, which is an established indicator of increased shivering.36:37 Previous
studies have shown that EE as calculated from oxygen consumption (VO5) is an important
proxy for shivering, as it can reach 40% of VO, max, while <1% of cold-induced increases
in EE are due to BAT thermogenesis.3® This demonstrates the increased energetic cost

of skeletal muscle shivering relative to BAT NST, and further advocates for the necessity
to increase food intake if body temperatures are to be adequately maintained during cold
exposure in the absence of Ucpl. Future studies in cold-exposed UcpI™~ rats measuring
EMG activity, which increases as ambient temperatures fall,3”:>1 are imperative to most
efficiently quantify shivering in UcpZ ™' rats, as this may be an important mechanism
affording rats the ability to persist at 4°C far longer than mice in the absence of Ucpl.

Related to the potential for NST in skeletal muscle, the ryanodine receptor (RyrI) is an

ion channel known to release Ca%* from the endoplasmic reticulum,2 which can then be
taken back up by SERCA (Afp2a2).53 This process is inhibited by sarcolipin (S/r) binding
to SERCA,8 which can allow calcium ions to leak back through the ryanodine ion channel,3!
thus creating a futile cycle of heat production fueled by dysregulation of the sarcoplasmic
reticulum Ca?* ion gradient. RNA levels of both S/nand Ryr1 are increased in Ucp1/~

rat muscle relative to controls after 14 days of cold exposure. Additionally, markers of
similar futile cycles within mitochondria are increased, such as Ucp2and Mcu.325% Ucp2
expression has been shown to increase in models lacking Ucp1,%° and calcium cycling via
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proteins such as MCU is thought to enhance thermogenic respiration in BAT.%6 However,
both these proteins are expendable for body temperature maintenance in mice,®32 and our
data suggest that muscle shivering may be a more important mechanism of heat generation
in rat skeletal muscle than NST.

The impact of NST on skeletal muscle is still a subject of much debate within the
thermogenesis field. A single contraction relaxation cycle has been estimated to hydrolyze
up to 50-fold more ATP for the generation of heat than Ca?* leak via the ryanodine ion
channel.>” Secondly, muscle shivering is well-documented as an important mechanism

of heat generation in cold-exposed rats, especially at ambient temperatures as low as
-20°C, where BAT NST is not alone sufficient for temperature maintenance.®:59 Indeed,
muscle contractile activity requires calcium cycling during shivering,%° and it, thus, becomes
difficult to parse out whether increases in transcripts within the ryanodine receptor-SERCA
Ca?* cycling system reflect increased shivering or increased NST. Our data in Figure 6
suggest that Ucp1~~ rats may shiver earlier and more vigorously than controls during cold
exposure. This increase is likely an important mechanism for allowing UcpZ™'~ rats to
survive longer than mice during cold exposure, as UcpI™~ mice do not show increased
shivering relative to controls at 6°C.34 Additionally, UcpI™' rats were unable to maintain
body temperature at control levels after 14 days of 4°C exposure even with an mRNA
increase in markers of muscle NST, providing more evidence of the insufficiency of this
mechanism to produce enough heat to allow long term maintenance of body temperature.

Whether shivering or NST, mechanisms of heat generation in skeletal muscle are largely
supported by mitochondrial lipid metabolism in rodents and humans.204° Skeletal muscle
mitochondrial content is responsive to cold adaptation, and the directionality of the response
depends on muscle fiber type.#43 While slow-twitch, type | muscle fibers show decreased
mitochondrial number during cold exposure in mice,*3 type 11, fast-twitch fibers harbor an
increase in mitochondrial abundance driven by cold.# In our study, EDL, which is composed
primarily of type 11 fibers,61 shows a small and insignificant increase in the content of
mitochondrial DNA in both genotypes immediately following cold exposure (Figure S5A).
However, contrary to the characteristic decrease seen for mice in type | muscle, Ucp1™

~ rats show an increase in mitochondrial copy number in type | fibers following 24-h

cold exposure, as evidenced by our results from soleus muscle (Figure S5B).61 This again
implicates the importance of muscle activity for body temperature maintenance in UcpI™/

~ rats. Gastrocnemius muscle, which contains relatively equal amounts of type | and Il
fibers,51 showed a slight but significant decrease in mitochondrial content in both genotypes
following cold exposure relative to levels at 23°C. Although markers of mitochondrial
content (MtDNA and OxPHOS proteins) were inconsistent, the observed increase in Ucp1™/
~ muscle relative to controls in mRNA levels of Pgcla and Cs, as well as increases

in lipid oxidation markers, after 14 days of cold exposure are consistent with studies
showing increased lipid-fueled aerobic metabolism in skeletal muscle in the absence of
Ucp1.420 These data collectively suggest a role of muscle-derived thermogenesis in the
attempted regulation of body temperature in Ucp2~/~ rats. However, the degree to which this
mechanism is activated as a consequence of muscle contractile activity remains unclear, thus
making it difficult to determine whether it is tied to shivering or NST.>’
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Transcriptomics analyses from skeletal muscle revealed that more extensive differences
exist between UcpI™/~ and control rats at 23°C than after 14 days of 4°C exposure. It

is quite striking that many of the upregulated genes are related to mitochondrial function
and thermogenesis. Specifically, various NADH dehydrogenase complex subunits were
identified by our analyses as being upregulated in the skeletal muscle of UcpZ™~ rats at
room temperature, and several of the mRNA markers of lipid oxidation tested via g°PCR
are also more abundant in UgpZ ™'~ animals relative to controls at room temperature.

These results further support the assertion that UcpZ ™'~ rats may be oxidizing more lipid
than controls for heat generation at 23°C.3%47 Such increases in markers of fatty acid
oxidation and metabolic processing have been shown in hibernating rodent muscle, and
may facilitate an increased shivering activity for the maintenance of body temperature.52
Furthermore, although we found that the average EE between UcpZ~/~ rats and controls was
not significantly different, a close examination of Figures 1F and 6B reveals that EE for
Ucp17!= rats tends to be higher than controls at room temperature. This phenomenon could
reach statistical significance in future studies if sample sizes exceed 7-9, and may reveal
increased oxidative metabolism in UcpZ ™'~ rats at 23°C. Many of the metabolic processing
and thermogenic genes which we found upregulated at 23°C in UcpI™'~ gastrocnemius are
not stimulated in control rats until after 14 days of 4°C exposure. Our results thus predict a
modification to metabolic physiology in the absence of Ucp that results in compensatory
mechanisms of heat generation in skeletal muscle to maintain body temperature at 23°C or
below. These data may thus reflect increased reliance upon skeletal muscle and decreased
reliance upon BAT for heat generation in rats relative to mice, which leads to the ability of
these larger rodents to persist far longer during cold exposure in the absence of Ucpl.

CONCLUSION

Our results characterize for the first time the temperature sensitivity of rats lacking Ucp1.
Although these rats are unable to activate BAT thermogenesis as potently as control animals
in response to prolonged cold exposure, rats clearly are not as dependent as mice upon
UCP1-driven thermogenesis because UcpI ™'~ rats tolerate cold exposure much better than
UcpI™~ mice. Cold tolerance appears to be largely maintained in UcpZ™/~ rats in part
through upregulated thermogenic mechanisms in iWAT and skeletal muscle, and may be
related to an increased reliance on shivering, muscle-based NST, or both. However, these
mechanisms are insufficient for complete temperature maintenance during prolonged cold
exposure. Overall, the results of this study support the notion that UcpZ™/~ rats are a solid
translational model to study thermogenic responses and further studies are necessary to more
extensively characterize the relationship between UCP1-independent thermogenesis in rats
and humans.

MATERIALS AND METHODS

Animals

Animal studies were conducted at Pennington Biomedical Research Center's American
Association for the Accreditation of Laboratory Animal Care-approved facility. All rats were
fed a standard chow diet, composed of 29% (wt/wt) protein, 13% (wt/wt) fat, and 58%
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(wt/wt) carbohydrate (Purina LabDiet no. 5001; Purina Mills) and were doubly housed at
23°C unless used for cold exposure studies as described below. Rats were 16 weeks of age
at the time of sacrifice unless otherwise stated. All procedures were approved by the PBRC
Institutional Animal Care and Use Committee.

Preparation of pX459 with sgRNA

CRISPR/Cas9 vector pX459 was purchased from addgene, and development of

this plasmid has been described previously.53 As depicted in Figure S1A, the

gRNA was targeted to the second exon of the Rattus norvegicus Ucpl gene (5
CAGGATTGGCCTCTACGATA-3"). The sgRNA/pX459 expression vector was constructed
by ligating the annealed oligos (5'~-CACCGCAGGATTGGCCTCTACGATA-3’, and 5'—
AAACTATCGTAGAGGCCAATCCTGC-3") into pX459 following BBSL digestion. The
T7 promoter sequence was added to the 5" end of the gRNA to prepare the final template
using the primers (5'-TTAATACGACTCACTATAGGCAGGATTGGCCTCTACGATA-3’
and 5'~AAAAGCACCGACTCGGTGCC-3"). Following digestion with BBSL and PCR
amplification, the product was transformed into Escherichia coli (DH5a) cells for
amplification. Insertion of the UcpI gRNA coding sequence and the T7 promoter sequence
was confirmed by sequencing.

Generation of Ucpl knockout rats and genotyping

Following procedures previously described,®* the plasmid described above

was microinjected into Sprague Dawley rat zygotes by the UNITECH

Corporation. For validation of UcpI gene modification in offspring via

genotyping, genomic DNA was extracted from tail tips of rat pups and

PCR was run using primers (5'~-CACCGCAGGATTGGCCTCTACGATA-3’, and 5’
AAACTATCGTAGAGGCCAATCCTGC-3"). Of the eight pups that were screened, three
exhibited homozygous Ucp deletion (Figure 1B). These FO generation rat pups were
crossed with Sprague Dawley rats and germ-line transmission of UcpI knockout was
confirmed by sequencing.

Animal procedures

Body composition was measured using a Bruker NMR Minispec (Bruker Corporation).
Plasma extractions were performed following euthanasia from collected trunk blood.
Indirect calorimetry was conducted in a 16-chamber indirect calorimetry chamber system
(TSE Systems) as described previously.5® Briefly, rats were singly housed during metabolic
chamber experiments and allowed ad libitum access to food and water. Measurements were
taken every 30 min to assess VCO, output, VO, consumption, total activity via X and Y
coordinate beam breaks, and food intake via hopper weight sensor. At day 5 of metabolic
measurements, 5 h after the beginning of the light cycle, the temperature of the system

was dropped to the minimum allowable temperature of 10°C for 5 h for measurement of
EE during cold exposure. The Weir equation [(VO2 x 3.941)+(VCO, x 1.11)] was used to
calculate the average EE, and the average for the period of cold exposure was compared to
the average for 5 h preceding cold exposure.
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For cold exposure studies, rats were singly housed and placed acutely at 4°C for the
indicated duration of time in the results section above. These animals were not allowed
enrichment devices, which could be used to artificially maintain body temperature. Body
temperature was monitored twice daily using a rectal digital thermometer during the light
cycle only, and a critical body temperature of 32°C was established as the temperature

at which rats were to be promptly removed from the study and euthanized. However, as
discussed in the results above, this did not occur with any of the rats in our study. Tissue
collection immediately followed the conclusion of cold exposure studies. All BAT used for
these studies was from the interscapular region.

Quantitative RT-PCR

Total RNA was isolated from each tissue for later qRT-PCR using an RNeasy Mini Kit
supplemented with DNase digestion (Qiagen). cDNA was then synthesized with an iScript
cDNA synthesis kit and was used for gRT-PCR with the SYBR Green system (Bio-Rad).
Analysis was conducted using the Norma-gene macro as previously described.5¢ Rat
cyclophilin B transcript was included as an additional reference gene within the Norma-gene
macro as described previously.%6:68 Primer details are provided in Table S1.

RNA-sequencing (Seq)

Whole gastrocnemius muscle of male UcpZ™'~ and control rats (V= 8 per group) were used
for total RNA extraction as described in Section 2.5. RNA-Seq libraries were constructed
using lllumina's TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero. RNA was
sequenced on the Illumina NextSeq 500 using the High Output v2 Kit and paired-end
sequencing forward and reverse reads (2 x 75 bp) with 75 million reads/sample. Gene-level
aggregated raw counts were normalized via the TMM algorithm in edgeR% and subsequent
differential gene expression analysis was conducted via limma.’? Differentially expressed
genes (absolute fold-change >1.5-fold, adjusted p < 0.05, and log average signal >2) were
evaluated for topology-based biological pathway enrichment via the Evinet tool,”? using the
Funcoup LE network as the background interaction network for enrichment analysis.’?

Western blotting

Protein homogenates were prepared from gastrocnemius muscle, iWAT, and BAT tissue in
Cell Lysis Buffer (EMD Muillipore). Each sample (20 g protein) was mixed with cell lysis
buffer and Laemmli sample buffer to reach a final volume of 50 pl. Samples were loaded
onto 15% polyacrylamide gels (one gel per tissue type) and subjected to electrophoresis.
Proteins were then transferred to 0.2 um polyvinylidene difluoride membranes and stained
with Ponceau S to determine total protein content. After destaining, membranes were
blocked with 4% non-fat dry milk for 1 h at room temperature. Membranes were quickly
washed in TBST and then probed with total OXPHOS Rodent WB Cocktail (#ab110413,
Abcam), at a dilution of 1:250 in 5% BSA-TBST, overnight at 4°C. After washing in TBST,
membranes were incubated with anti-mouse secondary antibody (1:10 000 dilution) for 1 h
at room temperature. Membranes were washed again in TBST, incubated with SuperSignal
West Pico Plus Chemiluminescent Substrate (ThermoFisher) for detection, and imaged using
a Bio-Rad ChemiDoc XRS+ Imaging System. Band intensities were quantified using Image
J software and normalized to Ponceau S stain total protein intensity (Figure S4).
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5.81 Histology

BAT and iWAT depots from rats were harvested, fixed in 10% neutral-buffered formalin,
and embedded in paraffin. Samples were sectioned and stained with hematoxylin and eosin
stain (H&E) by the Cell Biology and Bioimaging Core Facility at PBRC as previously
described.”3

5.91 Mitochondrial DNA quantification

DNA was isolated using a DNA Mini Kit (Qiagen) and used for qRT-PCR with the SYBR
Green system (Bio-Rad). Analysis was conducted by determining the expression level via
the formula 27CT as described previously®’ and the ratio of mitochondrial MADH-5t0
genomic B-actinwas used to determine mitochondrial abundance.

5.101 Serum protein and liver triglyceride quantification

ELISA kits were used for the measurement of FGF21 (Abcam, ab223589) and GDF-15
(R&D Systems, MGD150) from serum in the fed state. The manufacturer's instructions were
closely followed and 50 pl of undiluted serum was used for each Kit. Liver triglycerides
were also measured using a commercial kit (Abcam, ab65336). The manufacturer's
instructions were again followed, and 50 pl of the sample was prepared from 100 mg of
liver tissue diluted in 1 ml of 0.5% NP-40 in ddH,O.

5.111 Statistical analysis

Data are expressed as mean £ SEM. For single treatment comparisons between control

and UcpI™~ rats, Microsoft Excel software was to determine significant differences with
paired two-tailed student's #tests where normality was established using GraphPad Prism
software and the D'Agostino-Pearson normality test. For multiple comparisons between
genotypes and treatment groups, GraphPad Prism software was used to determine significant
differences with two-way anova using Tukey post-hoc analysis. For either test, p < 0.05

was considered significant. GraphPad Prism software was also used for linear regression
analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Few differences are immediately observed between controls and rats lacking Ucpl at 23°C.
(A) Reverse transcriptase PCR results showing ablation of UcpZ mRNA expression in BAT
from control and Ucp1~/~ rats (7= 6 control; n=9 Ucp1"). (B) Body weight is shown for
control (black diamonds) and UcpI™'~ (red squares) rats (7= 21-30 per group). (C) 21-week
fat mass (FM) and lean mass (LM) are shown for control (black diamonds) and Ucp1~/~

(red squares) rats (7= 21-30 per group). (D—F) Respiratory exchange ratio (RER), total
locomotor activity (X + Y total beam breaks), and volume of oxygen consumed (VO,) are
plotted for control (black diamonds) and Ucp1~/~ (red squares) rats (7= 7-9 per group). All
data are presented as mean + SEM, *p < 0.05.
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Ucp1!~ rats cannot maintain body temperature at control levels during a 14-day exposure
to 4°C. (A) Body temperature is shown throughout the course of a 14-day 4°C cold
exposure for control (black diamonds) and UcpZ™~ (red squares) rats. (B) Body temperature
differences are shown at 0-, 1-, and 14-day time points of 4°C exposure for control

(black diamonds) and Ucp1~/~ (red squares) rats. (C) Average daily food intake is shown
throughout the course of a 14-day 4°C cold exposure for control (black diamonds) and
UcpI™~ (red squares) rats. (D) Linear regression analysis is shown for average daily food
intake versus average daily body temperature for all rats. (E) Changes in BAT weight are
shown at 0-, 1-, and 14-day time points of 4°C exposure for control (black diamonds) and
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UcpI™~ (red squares) rats. (F) Linear regression analysis is shown for food intake during
the final day of the 14-day 4°C cold exposure versus harvested BAT weight for all rats.
n=7-10 for all experiments. Asterisks indicate statistical significance with p< 0.05. “a”
indicates a statistically significant difference between genotypes within the same treatment.
“b” indicates a statistically significant difference between the respective cold-challenged
group and the 23°C group. “c” indicates a statistically significant difference between the
24-h cold-challenged group and the 14-day cold-challenged group. All data are presented as
mean £ SEM, *p < 0.05.
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FIGURE 3.

Analysis of interscapular brown adipose tissue (BAT) shows decreased activation during
cold exposure in rats lacking Ucpl. (A) H&E staining of BAT sections from control

and Ucp1™!~ rats at each temperature time point. (B) Gene expression of various genes
involved with lipid oxidation and BAT browning. (C) Fold change relative to controls

at room temperature is plotted for the ratio of mitochondrial NADH-5 DNA to genomic
B-actin DNA (controls-black diamonds; UgpI™~ — red squares). (D) Western blots and
guantification are shown for all components of the mitochondrial respiratory chain. Each
lane was quantified with all bands together and standardized to ponceau S. individual band
quantification is further shown in Figure S4. CI-CV abbreviations represent Complex |
through Complex V. (E) Gene expression of various genes involved with mitochondrial
function. For gene and protein plots: White bars — controls at 23°C, red bars — Ucp1™/~
at 23°C, blue and white striped bars — controls at 4°C for 24 h, red and gray striped bars
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— UcpI™~ at 4°C for 24 h, blue bars — controls at 4°C for 14 days, gray bars Ucp1™/~

at 4°C for 14 days. n= 6-9 for all expression experiments, /7= 3 for western blots. “a”
indicates a statistically significant difference between genotypes within the same treatment.
“b” indicates a statistically significant difference between the respective cold-challenged
group and the 23°C group. “c” indicates a statistically significant difference between the
24-h cold-challenged group and the 14-day cold-challenged group. Significance is set at p <
0.05. All data are presented as mean = SEM.

Acta Physiol (Oxf). Author manuscript; available in PMC 2024 August 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Warfel et al. Page 25
Ucp1#+ Ucpl”-
(A) el = (B) 1 2.4 12 20
r Y 2 o [y LLLLLL it
23°C = —
, A > 0 — -
259 ll"V| 250 gM w gg- Pa— 22222227725 b
e A ! 3 ; be
Y 250 uyM o —
4°C B v LA N 42 g 7z b
. \ 4 Crat ¥ ab
(24 Hours) , o 14 bc
; ; be /e
_250uM - 250uM E . st
e R - > P Ucp1** 24 Hours
e t;‘ﬁ'!- o ; p g Cpt1a s B Ucp1” 24 Hours
&d T x <t = e B Ucp1** 14 Days
4°C . - ‘ 1 : 4 o  — M Ucp1” 14 Days
(14 Days) ! : % 2 A » " ;,; ) ?i Pparq Yozib
L. _250uM . 250pM —— ne
(c) (D) UcpI** Ucpl”- Ucpl** Ucpl”/- Ucpl** Ucpl”-
o/ : e OV e e
2ol eP gt e 14+ 1]
< = Ucp1™ ! " = =
4 / : al icrr [ !
og . le M1
5215 it ) X
5 . "R <12
H ' >
P EF TS T :
oL . ; . [ <
= ¢ et ) 2
E 05 = e £ 4
. £
0.0 535G : 7°C : 7°C - Ucpt™ é/cpr"' Ucp1*’*o Ucpt” Ucp1*’*OUcp1"'
23°C 4°C 4°C
(24 Hour) (14 Day) (24 Hours) (14 Days)
(E)
c
o
w8010 Ucp1*/* 7 Ucpt** 24 Hours Bl Ucp1* 14 Days
S 40 B Ucp1” B Ucpy” 24 Hours B Ucp1”- 14Days {ab
g Bab 7
©15 Y ’ 2
2 b z / /
10 b v Y Zl ¢ Y ab
/ / % 4
£ ap ac 7 b, g g 7
S 5| B? 2 9 % 7 9
10 z z h.: .
[+
E 0 — g‘ . -] z c o 2 bc - é . = é < = 2 4
Pgc1o.  Slc25a25 Cs Mfn1 Mfn2 Mcu
FIGURE 4.

Analysis of iWAT shows that UCP1-independent thermogenesis may be more active during
cold exposure in the absence of Ucpl. (A) H&E staining of iWAT sections from control and
UcpI™' rats at each temperature time point. (B) Gene expression of various genes involved
with lipid oxidation. (C) Fold change relative to controls at room temperature is plotted

for the ratio of mitochondrial NADH-5 DNA to genomic p-actin DNA (controls-black
diamonds; UcpI™~ - red squares). (D) Western blots and quantification are shown for all
components of the mitochondrial respiratory chain. (E) Gene expression of various genes
involved with mitochondrial function. For gene and protein plots: White bars — controls at
23°C, red bars — Ucp1™~ at 23°C, blue and white striped bars — controls at 4°C for 24 h,
red and gray striped bars — Ucp2~/~ at 4°C for 24 h, blue bars — controls at 4°C for 14
days, gray bars Ucp1~/~ at 4°C for 14 days. 7= 6-9 for all expression experiments, /7=

3 for western blots. “a” indicates a statistically significant difference between genotypes
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within the same treatment. “b” indicates a statistically significant difference between the
respective cold-challenged group and the 23°C group. “c” indicates a statistically significant
difference between the 24-h cold-challenged group and the 14-days cold-challenged group.
Significance is set at p< 0.05. All data are presented as mean £ SEM.
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Analysis of skeletal muscle predicts higher markers of lipid oxidation and calcium cycling
following cold exposure in UcpI™~ rats. (A) Fold-change relative to controls at room
temperature is plotted for the ratio of mitochondrial NADH-5 DNA to genomic B-actin DNA
(controls-black diamonds; Ucp1™'~ - red squares). (B) Western blots and quantification are
shown for all components of the mitochondrial respiratory chain. Gene expression of various
genes involved with mitochondrial function (C), lipid oxidation (D), and muscle calcium
cycling/thermogenesis (E) are shown. For gene and protein plots: White bars — controls at
23°C, red bars — UcpI™'~ at 23°C, blue and white striped bars — controls at 4°C for 24 h,

red and gray striped bars — Ugp2~/~ at 4°C for 24 h, blue bars — controls at 4°C for 14

days, gray bars UcpI™~ at 4°C for 14 days. 7= 6-9 for all expression experiments, /7=

3 for western blots. “a” indicates a statistically significant difference between genotypes
within the same treatment. “b” indicates a statistically significant difference between the
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respective cold-challenged group and the 23°C group. “c” indicates a statistically significant
difference between the 24-h cold-challenged group and the 14-days cold-challenged group.
Significance is set at p< 0.05. All data are presented as mean + SEM.

Acta Physiol (Oxf). Author manuscript; available in PMC 2024 August 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Warfel et al.

Page 29
(A) 3 (B)
3 60001, yepr ab
3 c? < u Ucp1'/' -
4 Q = & am
o 29 £ 5000
) 5 g c °*
< 6 o @
® 7 =h g' £
o 8 » i 4000 u
> 9 > > o
15 .
a 10 S 2 ¢
1 = @ 3000{
i
13 - v -
14
Ucp1™  Ucept” 8 20005 To°c 23°C 10°C
FIGURE 6.

UcpI™'~ rats show indicators of increased shivering during cold exposure. (A) A modified
bedside shivering assessment scale (BSAS)36 was used to visually quantify shivering of rats
during a 14-day 4°C exposure from 0 (no shivering) to 3 (severe shivering). The average
number for rats within each genotype was used to generate the heatmap. (B) Average energy
expenditure is plotted for control (black diamonds) and UcpZ™'~ (red squares) rats at room
temperature for 5 h before and then at 10°C for 5 h. “a” indicates a statistically significant
difference between genotypes within the same treatment. “b” indicates a statistically
significant difference between the 10°C group and the 23°C group. 7= 7 Control; n=9
Ucpl~/~. Significance is set at p < 0.05. All data are presented as mean = SEM.
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FIGURE 7.
Transcriptomics analyses in skeletal muscle show more differences in gene expression

between Ucp1~/~ and control rats at 23°C than after 14 days at 4°C. (A) Genes were sorted
by their adjusted p-values, and the top 50 genes were plotted for comparison between groups
without cold exposure (left) and with 14 days of cold exposure (right). (B) Venn diagram
showing the number of differentially expressed genes with p< 0.01 between Control and
Ucp1'~ rats without cold exposure (left) and with 14 days of cold exposure (right).
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FIGURE 8.
Transcriptomics analyses predict activation of genes in UgpZ~/~ rat gastrocnemius not

activated in controls until cold exposure. (A) limma analysis showing the top 20 genes
differentially expressed in only one out of the four conditions tested (control at 23°C; Ucp1™
~ at 23°C; control at 4°C; UcpI™'~ at 4°C). Data are plotted as log, of the detected signal.
(B) Evinet analysis identifying the Kyoto Encyclopeida of Genes and Genomes (KEGG)
thermogenesis pathway as being enriched for connectivities in analysis of Control versus
UcpI™'~ rats without cold exposure. 8 genes shown at the top left are thermogenesis pathway
genes, and many of the remaining differentially expressed genes show interactions with
thermogenesis pathway genes. /7= 7 rats per group.
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