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Abstract

Brown adipose tissue (BAT) dissipates energy for thermogenesis which reduces or prevents
obesity and metabolic dysfunction. AMP-activated protein kinase (AMPK) is a master regulator of
energy metabolism and its activity is inhibited in the developing BAT due to obesity. We
previously found that AMPK is required for brown fat development and thermogenic function, but
the non-brown adipogenic differentiation of progenitor cells due to AMPKal deficiency has not
been defined. We found that, /n vivo, the thermogenic capacity and morphology of BAT were
compromised due to AMPK deficiency, which was correlated with decreased progenitor density in
BAT. In addition, the expression of fibrogenic markers was higher in AMPK deficient compared to
wild-type mice. Furthermore, we transplanted AMPKa1 wild-type (WT) and floxed BAT into the
same recipient mice; following tamoxifen induced AMPKal knockout in floxed BAT, the
fibrogenesis was enhanced compared to WT mice. Taken together, our data demonstrated that
AMPKal deficiency suppressed brown adipogenesis in favor of fibrogenesis during BAT
development.
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1. Introduction

Brown adipose tissue (BAT) is originated from precursors in the dermomyotome that express
Engrailed-1 (Enl) and myogenic factor 5 (Myf5) [1]. BAT dissipates energy for
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thermogenesis, and its content gradually decreases with aging [2]. BAT sizes in people with
obesity are smaller [3], and lower metabolic activity of BAT is associated with insulin
resistance and type 2 diabetes [4, 5]. Thus, activation of BAT function provides a feasible
approach against T2D and obesity [6]. However, despite intense interest, the molecular
mechanisms contributing to reduced BAT activity that occurs with obesity and diabetes are
not fully understood.

The AMP-activated protein kinase (AMPK) is a conserved Serine/Threonine protein kinase
that contains a catalytic subunit a and two regulatory subunits g and -y, and the a subunit
has two isoforms a1l and a2 [7]. AMPK is a key mediator in cellular and whole-body energy
balance by phosphorylating key enzymes, transcriptional activators and inhibitors [8].
Obesity, chronic inflammation and insulin resistance reduce AMPK activity [9], which
correlates with incidences of metabolic diseases [10].

Recently, AMPK is proposed to regulate BAT thermogenic function indirectly via altering
adrenergic nervous system in adults [11, 12]. Moreover, in the absence of AMPK activity,
white adipose tissue becomes resistant to B-adrenergic-stimulated browning and
thermogenesis [13]. Recently, our study shows that AMPK stimulates brown adipogenesis
via facilitating DNA demethylation in the Prdm16 promoter and its expression, and AMPK
deficiency dramatically reduces neonatal BAT size and thermogenesis [14]. However, the
non-brown adipogenic differentiation of progenitor cells due to AMPK deficiency has not
been defined. Because AMPK a1 isoform is predominant in BAT [15], we hypothesized that
AMPKal stimulates brown adipogenic differentiation of progenitor cells, and in the absence
of AMPK activity, progenitor cells develop into fibrogenic cells instead of brown adipocytes.

2. Material and Methods

2.1 Care and use of animals

Animal studies were conducted according to the protocol approved by the Institute of
Animal Use and Care Committees (IAUCC) at Washington State University. The
constitutive Prkaaland Prkaal knockout (KO), and PrkaallloX/flox mice were prepared as
previously described [14]. To achieve Prkaal conditional KO, Rosa26-Cre mice (Stock No:
004847, Jackson Lab, Bar Harbor, Maine, US) were crossed with Prkaalf1oX/flox mice (Stock
no: 014141) to obtain Rosa26°"®/ Prkaal mice [16], and AMPK KO was induced by
tamoxifen injection (75 pg/g body weight). For cold stimulation, mice were housed at either
4 °C or 22 °C with12-h light/12-h dark cycles.

2.2 Histochemical, immunohistochemical and Masson Trichrome Staining

Brown adipose tissues fixed by 4% PFA (pH 7.4) were serially dehydrated in ethanol and
xylene, and embedded in paraffin. Embedded samples were sectioned at 5 pm by microtome
(Leica, German). Then, sections were dewaxed and rehydrated serially by incubation with
xylene and different concentrations of ethanol. After that, sections were subjected to either
hematoxylin & eosin staining, immunohistochemical staining or trichrome staining for
histological examination. For immunofluorescence staining, antigen retrieval was performed
by submerging in 0.01 M sodium citrate (pH 6.0) and boiled for 20 min in a microwave
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oven. Then, BAT sections were subjected to immunofluorescence staining (UCP1, 1:200,
Santa Cruz, CA, sc-28766). For Masson Trichrome staining of collagen, rehydrated tissue
sections were stained as described in the kit instruction (HT15-1KT, Sigma-Aldrich, St
louis, MO). Images were taken under EVOS® Cell Imaging Systems (Mill Creek, WA, US).

2.3 Real-time Quantitative PCR (RT-gPCR)

Total RNA was extracted using Trizol reagent (Sigma, Saint Louis, MO, USA) followed by
DNase I (#M0303s, New England Biolabs, Ipswich, MA) digestion. Concentration and the
integrity of RNA samples were determined by both NanoDrop ND-2000 instrument
(Nanodrop Instruments, Delaware, USA) and by electrophoresis using 2% agarose gel. Total
1 ug RNA was used for cDNA synthesis using a reverse transcription kit (Bio-Rad,
Hercules, CA, US), with RT-gPCR performed using the CFX RT-PCR detection system
(Bio-Rad, Hercules, California, US) and a SYBR Green RT-PCR kit (Bio-Rad, Hercules,
CA, US). Relative mRNA content was normalized to the 78S rRNA gene. Primer sets used
are listed in Table 1.

2.4 Flow Cytometry

Mouse primary brown fat vascular stromal fraction cells (BSVs) were freshly prepared [14],
blocked using anti-mouse CD16/CD32 antibody (101320, Biolegend, SanDiego, CA, US)
and then stained with anti-mouse CD45 (103111, Biolegend) and anti-mouse Sca-1
(45-5981, eBioscience, SanDiego, CA, US) antibodies. Brown Sca-1*/CD457/Lin~
progenitor cells were sorted on FACSaria (BD Biosciences, San Jose, CA) and analyzed by
FlowJo software (Treestar Inc., San Carlos, CA).

2.5 Oxygen consumption assays

BATs were isolated from either WT or AMPKa1l KO mice, and 20 mg of tissue slice was
placed in a respiration buffer (2% BSA, 1.1 mM Sodium pyruvate and 25 mM glucose in
PBS). Oxygen consumption was measured using an Orion Dissolved Oxygen platform
(Thermo Scientific, Waltham, MA, US) for approximately 25 min [17].

2.6 Brown fat transplantation

3-week-old C57BL/6 recipient mice were anesthetized by isoflurane inhalation. BAT was
removed from the interscapular region of neonatal mice (both Prkaazflox/flox. Cre~/= mice
and Prkaal flox/flox: cret/=)  and about 10 mg donor BATS were transplanted into the left and
right subcutaneous region, adjacent to the endogenous interscapular fat pads of recipient
mice, respectively. Three days after transplantation, recipient mice were injected with
tamoxifen daily for four days to induce Prkaal KO in transplanted Prkaa1flox/flox. cretl=
BAT [14].

2.7 Thermal imagining

Thermo-images were taken using an E6 Thermal Imaging Infrared Camera (FLIR Systems,
Boston, MA).
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2.8 Transmission electron microscope (TEM) and Scanned electron microscope (SEM)

The protocols were conducted as previously described [14].

2.9 Statistical analyses

Statistical analysis was performed using the Graphpad Prism 7 software package (Monrovia,
CA, USA). The data are expressed as the mean £ SEM and analyzed using Student’s #test
or one way ANOVA (for multiple comparison) where appropriate. Z< 0.05 was considered
statistically significant and £ < 0.10 was considered as a trend.

3. Results

3.1 AMPKal ablation impairs brown adipogenesis

The BAT mass was smaller in Prkaal constitutive knockout (KO) mice than wild-type (WT)
mice (Fig. 1A). The dorsal interscapular temperature (DIT) of Prkaal KO mice was
convincingly lower than that of WT mice (P< 0.001, Fig. 1B and 1C). Supportively, the
same phenomenon was observed in conditional KO mice induced by tamoxifen after birth
(Fig. 1D and 1E). The AMPKa1™~ BAT had a lower rate of oxygen consumption at
weaning (Fig. 1F). Histologically, from E18.5 to postnatal 6 months of age, AMPKa.l
deficient BAT had denser staining, suggesting less lipid accumulation (Fig. 1G), which was
confirmed by scanning electron microscopic examination. The lipid droplets appeared
smaller and uneven in AMPKa1~/~ mice (Fig. 1H). Consistently, less UCP1 was detected by
immunohistochemical staining (Fig. 11). These data suggest that AMPKa1 deficiency leads
to long-term impairment on the structure and thermogenic function of BAT.

3.2 AMPKa1 ablation inhibits brown adipogenesis but facilitates fibrogenesis in BAT

A subpopulation of cells (Sca-1*/CD457) residing in brown fat was identified as brown
progenitor cells [18]. Unexpectedly, the frequency of Sca-1*/CD45~ progenitor cells from
neonatal BAT was higher in Prkaal KO compared to WT BAT at birth, which could be due
to weakened Prdmi6 expression in BAT progenitor cells resulting in blocked brown
adipogenesis and accumulation of progenitor cells (Fig. 2A and 2B). However, the
population of progenitor cells became similar between WT and KO BAT at P4 (Fig. 2C and
2D). Supportively, transmission electron microscopic (TEM) observation confirmed
impaired differentiation of progenitor cells in AMPKa.1~/~ BAT; many progenitor cells
could not be differentiated into brown adipocytes possessing multilocular lipid droplets (Fig.
2E). Moreover, AMPKal ablation had negative effect on the formation of cristae of
mitochondria and density of mitochondria (Fig. 2F). On the other hand, the mRNA
expression of fibrogenic markers, including P4HA, fibronectin and collagenia, was higher in
BAT due to Prkaal KO (Fig. 2G), showing enhanced fibrogenesis.

In addition, we examined BAT at P10, and similar impairment in lipid droplets and
mitochondrial cristae were observed in AMPKa.1~/~ BAT (Fig. 3A). To further demonstrate
whether there was enhanced fibrogenesis, we used trichrome staining to identify collagen.
Higher amount of collagen was present in AMPKa1~/~ BAT, confirming enhanced
fibrogenesis (Fig. 3B). Such difference maintained in the BAT of 6-month-old mice, where
the expression of fibrogenic markers was higher in AMPKa.1~/~ BAT (Fig. 3C). In addition,
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we induced brown adipogenic differentiation of BSVs, and found that the expression of
brown adipogenic markers was reduced in AMPKa 17/~ deficient BSVs but the expression of
fibrogenic markers was enhanced (Fig. 3D). In aggregate, these data show that AMPKa1
absence attenuates brown adipogenesis in favor of fibrogenesis in developing BAT.

3.3 AMPKa17/~ BAT has attenuated thermogenic functionality during cold stimulation

The primary function of BAT is to generate heat to maintain core temperature when exposed
to cold [19]. When exposed to cold, the body surface temperature of Prkaal KO mice was
notably lower than that of WT mice (Fig. 4A), showing impaired thermogenesis.
Furthermore, when treated with CL316,243, a B3-adreceptor agonist which specifically
activates BAT thermogenesis, the body temperature of WT (Prkaal*) mice was
substantially increased, which was not observed in Prkaal KO mice, clearly showing the
impairment of BAT function due to absence of AMPKal (Fig. 4B).

To conclusively establish the role of AMPK in BAT development, we conducted a BAT
transplantation study, where neonatal BATs from both Rosa26°"¢/AMPKa.1 floxed and
Rosa26C"¢/WT mice were transplanted into the interscapular areas of the same recipient
mice and, then, AMPKa1 KO was induced by tamoxifen. We found that AMPKa1 acute
KO following transplantation decreased expression of brown adipogenic markers.
Metformin administration increased both UCPI and Cidea mRNA expression in transplanted
WT BAT, and such changes were not observed in AMPKa1~/~ BAT (Fig. 4C). Consistently,
the expression of fibrogenic markers, including PAHA and collagenla was higher due to
AMPK deficiency (Fig. 4D), further confirming that AMPK absence facilitated fibrogenesis
in BAT.

4. Discussion

Brown adipose tissue is one of the most efficient organs to absorb glucose and clean lipids
[20], and the attenuation of BAT thermogenic function not only compromises peripheral
tissue insulin sensitivity but also has persistent negative impact on the whole body
metabolism [21]. Obesity and type 2 diabetes are associated with impaired BAT functions
[22] and decreased AMPK activity [23]. Thus, enhancing BAT development is a promising
therapeutic strategy for preventing obesity and improving metabolic health [24-27].

Our recent study reveals that AMPKa1 is required for brown adipogenesis via regulation of
Prdm16 expression, and AMPK deficiency blocks brown adipogenic differentiation of
progenitor cells [14], which raises an interesting question: what is the alternative destination
of these progenitor cells which cannot undergo brown adipogenesis? Therefore, we traced
the density and their differentiation of progenitor cells. Interestingly, the population of
progenitor cells in BAT from neonatal mice was higher in AMPK KO compared to WT
mice. One plausible explanation is that AMPK deficiency blocked brown adipogenesis
leading to the accumulation of progenitor cells in neonatal BAT. To confirm, we examined
ultramicroscopic structure of BAT, and the results showed presence of undifferentiated cells
in BAT due to AMPK deficiency, consistent with the higher density of progenitor cells based
on cell sorting. However, the population of progenitor cells became similar between WT and
KO BAT at postnatal day 4, and at postnatal day 21 the density was higher in WT compared
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to KO[14], showing the accelerated depletion of progenitor cells in the developing BAT due
to AMPK deficiency. These data prompted us to further examine the non-brown adipogenic
commitment of progenitor cells due to AMPK deficiency. Consistently, we found that,
accompanying attenuated brown adipogenesis, fibrogenesis was enhanced. The expression
of fibrogenic markers was higher in BAT with AMPK ablation, while that of thermogenic
genes was reduced. These data are in agreement with our previous observations that obesity
during early development enhances fibrogenesis in fetal skeletal muscle [28-30].

To rule out the systemic effects of AMPKal ablation, E18.5 fetal BAT was obtained from
both Rosa26C"¢/AMPKa 1 floxed and Rosa26"¢/AMPK WT mice and transplanted into the
same recipient mice. After transplantation, the AMPKa1 ablation was induced in
transplanted Rosa26°"¢/AMPKa 1 floxed BAT by tamoxifen, which did not affect AMPK in
WT BAT. In alignment, the expression of UCPI, Cox7aand Cideawas dramatically
suppressed in transplanted AMPKa1l KO BAT when compared to WT BAT. Metformin
administration enhanced the expression of UCPIZ and Cideain WT BAT but not in KO BAT.
Our findings are consistent with accumulating evidences showing the promotional effects of
AMPK activation on brown and beige adipogenesis [17, 31-34]. On the other side, the
expression of fibrogenic markers was higher in transplanted BAT with AMPK deficiency.
Because the transplanted WT and KO BAT developed under the same physiological
condition (the same recipient mice) and AMPK KO was induced after transplantation, the
difference in gene expression and fibrogenesis of transplanted BAT clearly showed that
AMPKal deficiency enhances fibrogenesis but reduces brown adipogenesis of progenitor
cells during BAT development. To the knowledge of authors, this is the first report showing
enhanced fibrogenesis during BAT development due to AMPK deficiency.

In summary, AMPK deficiency reduces progenitor density and suppresses brown
adipogenesis in favor of fibrogenesis. Thus, AMPK is an important target for promoting
BAT development.
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Highlight
1. The brown adipogenesis were compromised due to AMPK deficiency.

2. AMPK deficiency was correlated with decreased progenitor cell density in

BAT.

3. The expression of fibrogenic markers was higher in AMPK deficient
condition.

4, AMPK deficiency drives progenitor cells to fibrogenesis.
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Figure 1.
AMPKal ablation impairs brown adipogenesis. (A) Interscapular BAT of wild-type (WT)

and Prkaal knockout (KO) at postnatal day 1 (P1) and P10. (B and C) Dorsal interscapular
surface temperature of WT mice and Prkaal KO mice at P4. (D and E) Infrared (up) and
photographic (down) images of tamoxifen-induced conditional WT and Prkaal KO mice at
P7 (D), and quantification of skin surface temperature (E). (F) Relative oxygen consumption
of BAT in WT and Prkaal KO mice at P21. (G) Hematoxylin and eosin (H&E) staining of
sections from the interscapular regions of WT and KO mice at E18.5, P10, P21 and 6
months of age. (H) Scanning electron microscopic images of BAT at P10 (2,000 x). (I)
Immunofluorescence staining for UCP1 of WT and KO BAT at P10. (*£< 0.05; **P<
0.01).
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Figure 2.
Prkaal KO suppresses BAT development through reducing proliferation of brown

preadipocytes and exhaustion of stem cell pool. (A-D) Flow cytometry plots of brown
progenitor cells from interscapular BAT of WT and KO mice at P1 and P4, with black cycles
denoting the population of Lin™/Scal*/CD45 brown adipogenic progenitors (A and C) and
quantification of progenitor cells (B and D). (E) Transmission electron microscopic
examination at postnatal day P1. (F) Ratio of mitochondrial DNA levels in BAT from P1
WT and KO mice (Calculated based on the ratio of mitochondrial gene MT7-COZ1 and nuclear
gene Ndufvi by PCR). (G) mRNA expression of fibrogenic markers. (*/~< 0.05).
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Figure 3.
Prkaal KO facilitates fibrosis in BAT. (A) Transmission electron microscopic examination at

P10. (B) Masson’s trichrome staining was conducted between WT and KO mice at P10, data
showed that AMPKa 1 KO induced collagen deposition. (C) Expression of brown fibrogenic
markers in BAT of WT and Prkaal KO mice at 6 months of age. (D) Expression of
adipogenic and fibrogenic markers after 7 days of differentiation of WT and KO brown
stromal vascular fibroblasts (BSVs). (*P< 0.05; **P< 0.01).
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Figure 4.

AI%/IPKal‘/‘ mice impairs BAT function during cold stimulation. (A) Thermostasis (skin
temperature) of Prkaal KO mice (2 months old) was impaired due to cold exposure at 5°C
for 2, 6, and 24 h. (B) Tracing interscapular region thermogenesis of anesthetized WT and
Prkaal KO mice at different check points after injection with saline or CL-316243 as
previously described [35]. (C) mRNA expression in transplanted BATSs. Data shows that
metformin only enhances the expression of brown adipogenic markers in WT BAT, not in
AMPKal ablated BAT. (D) mRNA expression of fibrosis markers in transplanted BATs. (*P
<0.05; **P<0.01).
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Primer sequences for Real-time PCR

Name

Sequence (5'-3")

UCF1

Cidea

Fabp4

Coxra

PGC-1a

Fibronectin

P4HA

Collagen | a

Naufvi

MT-CO1

185

ACTGCCACACCTCCAGTCATT
CTTTGCCTCACTCAGGATTGG
ATCACAACTGGCCTGGTTACG
TACTACCCGGTGTCCATTTCT
CGACAGGAAGGTGAAGAGCATCATA
CATAAACTCTTGTGGAAGTCACGCCT
CAGCGTCATGGTCAGTCTGT
AGAAAACCGTGTGGCAGAGA
AAGTGGTGTAGCGACCAATCG
AATGAGGGCAATCCGTCTTCA
CACTGCAGAACCAGAGGAGG
TGAGCTTAAAGCCAGCGTCA
TCAAGGACATGTCGGATGGC
TTCAGGATCTGGAAGATTCCCC
TTCTCCTGGCAAAGACGGAC
CGGCCACCATCTTGAGACTT
CTTCCCCACTGGCCTCAAG
CCAAAACCCAGTGATCCAGC
TGCTAGCCGCAGGCATTAC
GGGTGCCCAAAGAATCAGAAC
GTAACCCGTTGAACCCCATT
CCATCCAATCGGTAGTAGCG
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