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Blocking Adipocyte YY1 Decouples Thermogenesis
From Beneficial Metabolism by Promoting Spermidine

Production
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The accumulation of mitochondria in thermogenic adipose
tissue (i.e., brown and beige fat) increases energy expendi-
ture, which can aid in alleviating obesity and metabolic dis-
orders. However, recent studies have shown that knocking
out key proteins required to maintain mitochondrial function
inhibits the energy expenditure in thermogenic fat, and yet
the knockout (KO) mice are unexpectedly protected from
developing obesity or metabolic disorders when fed a high-
fat diet (HFD). In the current study, nonbiased sequencing-
based screening revealed the importance of Yin Yang 1
(YY1) in the transcription of electron transport chain genes
and the enhancement of mitochondrial function in thermo-
genic adipose tissue. Specifically, YY1 adipocyte-null (YAKO)
mice showed lower energy expenditure and were intoler-
ant to cold stress. Interestingly, YAKO mice showed alle-
viation of HFD-induced metabolic disorders, which can be
attributed to a suppression of adipose tissue inflamma-
tion. Metabolomic analysis revealed that blocking YY1 di-
rected glucose metabolism toward lactate, enhanced the
uptake of glutamine, and promoted the production of anti-
inflammatory spermidine. Conversely, blocking spermi-
dine production in YAKO mice reversed their resistance to
HFD-induced disorders. Thus, although blocking adipo-
cyte YY1 impairs the thermogenesis, it promotes spermi-
dine production, alleviates adipose tissue inflammation,

ARTICLE HIGHLIGHTS

e Chromatin open atlas profiling in white, beige, and
brown adipocytes identified Yin Yang 1 (YY1) as a key
transcription factor governing electron transport chain
gene expression and mitochondrial function in thermo-
genic adipocytes.

¢ Knocking out adipocyte YY1 leads to impaired thermo-
genesis under cold stress while protecting the mice
from diet-induced obesity and metabolic disorders.

o YY1-null adipocytes undergo metabolic reprogramming,
with increased glutamine use and spermidine generation
that combat adipose tissue inflammation and insulin re-
sistance, resulting in an uncoupling of thermogenic ca-
pacity and metabolic benefits.

and therefore leads to an uncoupling of adipose tissue en-
ergy expenditure from HFD-induced metabolic disorders.

Brown and beige adipose tissues are considered thermo-
genic fats because they possess a unique ability to increase
heat production by separating mitochondrial respiration
from ATP synthesis. Consequently, a general consensus is
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that because thermogenic adipose tissues accumulate in
mitochondria and enhance global energy expenditure (EE),
they can protect the body from obesity and metabolic dis-
orders caused by excessive energy intake (1-4). However,
several recent investigations have revealed that under meta-
bolic stresses, such as high-fat diet (HFD) feeding, the body
may exhibit advantageous metabolism even in the presence
of severe thermogenic adipose tissue dysfunction.

For example, knockout (KO) of Lkbl and Tfam expres-
sion, which promote mtDNA transcription in brown adipo-
cytes (5), or elimination of Mfn2 expression, which governs
mitochondrial fusion (6), can block mitochondrial respira-
tion and adipose thermogenesis in mice, and yet the KO an-
imals show improved systemic metabolism when fed a HFD
that would normally cause metabolic disorders. Similarly,
knocking out thioredoxin-2 (Trx2), a key member of the mi-
tochondrial thioredoxin system that neutralizes mitochon-
drial reactive oxygen species (mtROS), impairs adaptive
thermogenesis in mice but improves their glucose and insu-
lin sensitivity after HFD feeding (7). Collectively, these
studies point to specific signals that inhibit the activation
of thermogenic fat and yet somehow protect the mice from
HFD-induced metabolic disorders. Whether this uncoupling
of thermogenesis and metabolic benefits is just a coinci-
dence or whether these processes have commonalities in their
mechanisms of action remains unclear. However, all of the
results seem to point to the involvement of mitochondria.

In the current study, we performed multiple sequencing-
based assays and identified Yin Yang 1 (YY1) as an essential
transcription factor that maintains the proper functioning
of the mitochondrial electron transport chain (ETC) during
adipose thermogenesis. Importantly, adipocyte YY1-null
mice also demonstrated an uncoupling of thermogenic capac-
ity and beneficial metabolism. We found that knocking out
YY1 blocked the mitochondrial tricarboxylic acid (TCA) cycle
and enhanced compensatory glutamine usage. Glutamine de-
amination generated spermidine (Spd), an anti-inflammatory
metabolite, which reduced adipose tissue inflammation and
insulin resistance caused by HED feeding. Our results identi-
fied a specific mechanism centered on mitochondrial loss and
metabolic reprogramming that is uncoupled from thermo-
genic capacity in adipose tissue and results in a beneficial me-
tabolism phenotype.

RESEARCH DESIGN AND METHODS

Animal Models

YY18o¥/o% 1ice were a gift from Prof. Xiaoying Li (8). Af-
ter crossing the flox mice with adipog-cre mice (Jackson
Laboratory), the male YY1 adipocyte KO mice (YY 1 flox/flox
adipog-cre, abbreviated YAKO) were compared with control
male littermates (YY17°f°*  abbreviated Ycon). Male
C57BL/6 J mice were purchased from the Animal Core Facil-
ity of Nanjing Medical University. Male db/db mice were pur-
chased from the Model Animal Research Center of Nanjing
University (Nanjing, China).
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For adeno-associated virus (AAV)-induced gene knock-
down, we purchased AAV viruses (YY1 shRNA-AAV8 and
Odcl 4inl shRNA-AAVS) from Vigene Biobioscience (Shan-
dong, China). The AAVs were injected into the inguinal
white adipose tissue (i(WAT) of male C57BL/6 J mice at
three different sites (5 pL per site, 1 x 10" viral genomes/mL).
A nonsense shRNA-AAVS8 was used as a control. At 6 weeks af-
ter injection, the mice were imaged using the IVIS Spectrum
in vivo imaging system (PerkinElmer, Waltham, MA).

For cold stress (CS)-induced thermogenesis, age-matched
male littermates were subjected to cold stimulation (10°C
for 6 h, then 4°C for 7 days) in a well-ventilated refrigerator.
For the diet-induced obesity model, 4- to 5-week-old male
YAKO mice and their Ycon counterparts were fed an HFD
(60% kCal from fat; D12492, Research Diets) for 14 weeks.
The mice were kept in a specific pathogen-free level facility
at Nanjing Medical University and were provided with ade-
quate food and water under normal light, temperature, and
humidity conditions (12 h light/dark cycle, 60-70% humid-
ity). All animal testing activities were conducted under the
guidance of the Nanjing Medical University Institutional An-
imal Care and Use Committee (permit no. [ACUC-1911030).

Statistical Analysis

The data are expressed as mean + SEM. Significant differ-
ences were assessed using a two-tailed Student ¢t test or
one-way ANOVA for multiple group comparisons. All data
analysis was performed using GraphPad Prism 8 (GraphPad
Software). A value of P < 0.05 was considered statistically
significant.

Data and Resource Availability

The generated raw data sets, together with the analyzed
bigwig and narrowpeak files generated during the current
study, are available in the Gene Expression Omnibus re-
pository as GSE234879 and GSE272637. An analysis was
also performed using the existing public sequencing data
GSE83764 from the Gene Expression Omnibus database.
Other data sets generated and/or analyzed during the cur-
rent study are available upon request. Other detailed
method information is available in the Supplementary
Material.

RESULTS

Adipocyte Open Chromatin Atlas

Thermogenic adipocytes respond to stimuli, such as cold
exposure, by retaining mitochondria, making these cells
ideal models for studying mitochondrial biogenesis. We
conducted a high-throughput sequencing (seq) assay for
transposase-accessible chromatin (ATAC-seq) in brown,
beige, and white adipocytes derived from a stromal vascu-
lar fraction (SVF) to search for key proteins that govern
the structure and function of mitochondria during ther-
mogenesis (Fig. 1A). The sequencing data showed peak sig-
nals enriched at transcriptionally active DNA regions, such
as exons, introns, and promoters (Supplementary Fig. 14).
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Figure 1—YY1 governs the transcription of mitochondria coding genes in thermogenic adipose. A-C: SVFs derived from the BAT and
iWAT were collected and cultured in vitro, then induced differentiation into brown (Brn), beige (Beg), and white (Wht) adipocytes, followed
by nuclear extraction and ATAC-seq. A: Model pattern of the ATAC-seq sample treatment. B: The Integrative Genomics Viewer (IGV) tool
visualization of the open peaks on the promoter region of adipocyte marker genes. ATAC-seq peaks represent an average of two biologi-
cal replicates. A published FAIRE-seq data set of BAT, iWAT, and eWAT fat pad (GSE83764) were together analyzed and treated as the
control. C: De novo motif analysis of the open peaks identified YY1 as a thermogenic adipose-specific DNA binding protein. For each
group, an average of two biological replicates were calculated before analysis. D-G: Mature adipocytes were separated from iWAT of
wild-type C57 mice pretreated with/without 7 days of CS, followed by YY1 ChlIP-seq library building and sequencing. D: Model pattern of
the ChIP-seq sample treatment. E: Normalized read count (average of reads signals across all genes) across gene body. F: Venn diagram
of peaks. G: The IGV tool was used to visualize the binding peaks of YY1 on the promoter region of mitochondrial complex coding genes.

H: Heat map showing the expression of mitochondria coding genes that contains YY1 binding peaks (n

with their Ycon control littermates (YY171o¢flox)

sent mean + SEM.

= 4). YAKO mice (YY11**adipog-cre)

were treated with/without a 4°C CS for 7 days, followed by quantitative PCR analysis. Values repre-

A comparison with a published Formaldehyde-Assisted
Isolation of Regulatory Elements (FAIRE)-seq data set
(GSE83764) (9) revealed that our ATAC-seq had more
reliable sequencing signals and a lower background (Fig.
1B), thereby providing a useful atlas of open chromatin
landscapes for all three types of adipocytes (Supplementary
Fig. 1B).

Interestingly, a common adipocyte marker (adipoq)
and a white adipocyte marker (Nnat, Retn) had compara-
ble chromatin open states across all three adipocyte types.
The observation that the peak signals on the promoters
of Ucpl and peroxisome proliferator—activated receptor-a
(PPARa) were much higher in thermogenic adipocytes
than in white adipocytes (Fig. 1B) prompted further analysis
of these thermogenic-specific open regions. Both the Dis-
criminative Regular Expression Motif Elicitation (DREME)

and the Multiple Em for Motif Elicitation (MEME) analysis
identified one candidate, YY1, as a bioactive DNA-binding
protein specific to thermogenic adipocytes (Fig. 10). YY1 is a
known transcription factor (10) that was recently found to
bind directly to chromatin and promote DNA loop forma-
tion (11,12). YY1 was highly enriched in the thermogenic
adipocyte open chromatin regions (Supplementary Fig. 1C).

YY1 Promotes the Transcription of ETC Genes During
Thermogenesis

YY1 reportedly promotes the transcription of mitochondria-
related genes in C2C12 cells (13), B-cells (14), and mesangial
cells (15). Chromatin immunoprecipitation assays conducted
with high-throughput sequencing (ChIP-seq) for YY1 in adi-
pocytes separated from mice raised at room temperature
(RT) or under 4°C cold stress (CS) (Fig. 1D) revealed
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enrichment of the binding peak at the + 1-kB promoter
region of the target genes (Fig. 1E). However, CS en-
hanced those binding peaks (162 at RT, 1,225 under CS)
(Supplementary Fig. 1D), consistent with a pronounced enrich-
ment of YY1 in the thermogenic-open chromatin regions re-
vealed by the ATAC-seq experiments. Kyoto Encyclopedia of
Genes and Genomes pathway analysis of the genes near the
1,074 peaks (Fig. 1F) that appeared only in the CS group
showed that potential targets involved many mitochondrial
coding genes. These could be subcategorized into “oxidative
phosphorylation,” “Parkinson disease,” “Huntington dis-
ease,” and “Alzheimer disease” (Supplementary Fig. 1E).

Surprisingly, genes coding for all five mitochondria
complexes that form the ETC were targets of YY1 (Fig.
1G). In the CS group, the YY1 binding peak on the pro-
moters of these genes was much higher (Fig. 1G), indicat-
ing that YY1 may be responsible for the transcriptional
regulation of mitochondrial ETC complexes. Indeed, YAKO
mice (Supplementary Fig. 1F) showed reduced expression
of these ETC coding genes in both iWAT and BAT under
both normal and thermogenic conditions (Fig. 1H).

YY1 Is Required for In Vitro Thermogenic
Adipogenesis

YY1 also showed in vitro effects on thermogenic adipo-
genesis. Blocking YY1 decreased the differentiation capac-
ity of beige adipocytes, as reflected by the reduction in
lipid droplets stained with Oil Red O (Fig. 24), as well as
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by the lower expression of the thermogenic marker genes
(Fig. 2B and (). Seahorse assays showed that YY1-null
adipocytes exhibited severe electron transfer disorders, as
reflected by reductions in both basal and maximal respira-
tion (Fig. 2D). In brown adipocytes, blocking YY1 led to
similar phenotypes (Fig. 2E-H).

Adipocyte YAKO Mice Showed Impaired
Thermogenesis Under CS

The YAKO mice were then challenged with CS. No effect on
thermogenesis was observed in the YAKO mice at RT
(Supplementary Fig. 2A-E); however, when exposed to CS,
the YAKO mice showed decreased body temperature (Fig.
3A and B), lower EE (Fig. 3C and D), and reduced Vo, (Fig.
3E). The CS did not change the food intake (Supplementary
Fig. 2F) or respiratory exchange ratio (Supplementary Fig.
2G) in the YAKO mice. The weight of iWAT and epididymal
WAT (eWAT) dropped in the YAKO mice in both the CS
(Fig. 3F) and the RT (Supplementary Fig. 2H) conditions,
indicating that YY1 might also contribute to the differentia-
tion or expansion of adipose tissue. The iWAT and brown
adipose tissue (BAT) were also lighter in color after CS in
the YAKO mice than in the Ycon littermates (Fig. 3G). His-
tological staining revealed numerous multilocular lipid drop-
lets in the beige adipocytes of the Ycon mice, whereas the
lipid droplets in the YAKO mice remained large and uniloc-
ular (Fig. 3H). Consistent reductions were observed in the
expression of thermogenic marker genes (Fig. 3-J) in both
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Figure 2—YY1 is necessary for thermogenic adipogenesis and cellular respiration in vitro. SVFs separated from iWAT (A-D) or BAT (E-H)
of Ycon or YAKO were differentiated into beige and brown adipocytes, respectively. A and E: Oil Red O staining of lipid droplets (n = 2).
Scale bar: 200 um. B and F: Western blot assay testing the protein levels of YY1, Pgc1a, and Ucp1 (n = 2). C and G: Quantitative PCR ana-
lyzing the expression of YY1 and thermogenic marker genes (n = 6). D and H: Oxygen consumption rate (OCR) measured by Seahorse
assay (n = 8). Values represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3—Adipocyte YY1 governs mitochondria function and is necessary for thermogenic activation. A-K: YAKO and Ycon mice were
treated with a 4°C CS for 7 days. A: Rectal temperature during CS assay (n = 5 for each group). B: Infrared image showing the body tem-
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weight of fat pads. G: General morphology of BAT and iWAT of the mice. H: Hematoxylin and eosin staining of iWAT and BAT. Scale
bar: 100 pm. I: Quantitative PCR testing YY1, and thermogenic fat marker genes. J: Immunoblot testing Ucp1, Pgc1a, and mitochondria
complex. K: Transmission electron microscopy showing the structure of mitochondria. L and M: SVF cells separated from iWAT of
Ycon or YAKO mice were differentiated into beige adipocytes, followed by JC-1-mediated mitochondrial membrane potential (MMP)
analysis. L: Image of JC-1 fluorescence. Red fluorescence represents the mitochondrial aggregate JC-1, and green fluorescence indi-
cates the monomeric JC-1. M: Graph represents the ratio of aggregated and monomeric JC-1, measured by dual-emission florescence
microplate reader (n = 8 for each group). Values represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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the iWAT and the BAT of the YAKO mice, indicating ther-
mogenic impairment.

Local Blockage of YY1 in Subcutaneous Fat Impairs,
Rather Than Enhances, the Beiging Process

A previous study showed that Ucpl-cre-mediated YY1 dele-
tion impairs BAT function but somehow promotes beige adi-
pogenesis (16). To darify the precise regulatory effect of YY1
on the beiging of subcutaneous adipose tissue and excude
the potential impact of continuous YY1 KO on the differentia-
tion and enlargement of the fat pad (Fig. 3F and Sup-
plementary Fig. 2H), local AAV8-mediated YY1 knockdown
was performed in iWAT (Supplementary Fig. 2I). As was seen
in YAKO mice, this local blocking of YY1 in iWAT obstructed
CS-induced beige activation (Supplementary Fig. 2J and K),
while also reducing the expression of thermogenic markers af-
ter CS (Supplementary Fig. 2L and M). As expected, subcuta-
neous AAV injection did not affect the expression of YY1 in
BAT or alter the thermogenic activation of brown adipocytes
subjected to CS (Supplementary Fig. 2J-M).

YY1 Is Required for the Maintenance of ETC Function
and Mitochondrial Membrane Potential in
Thermogenic Adipocytes

Because YY1 was found to govern the transcription of ETC
genes, we investigated whether the loss of YY1 affected mi-
tochondrial morphology and function. Transmission electron
microscopy analysis of the mitochondrial ultrastructure re-
vealed that YAKO adipocytes had a significant reduction in
cristae, the site at which the ETC complex is assembled (Fig.
3K). The YAKO adipocytes also showed a consistently re-
duced expression of mitochondrial complexes I-IV (Fig. 3J),
as well as a lower mitochondrial membrane potential (Fig.
3L and M), which is generated by the proton pump activity
of complexes I, Ill, and IV. The importance of YY1 in the
maintenance of mitochondrial function was further con-
firmed in AAV-induced YAKO mice (Supplementary Fig. 2F).

YY1 Deficiency Protects Mice From Diet-Induced
Obesity and Metabolic Syndrome

Challenging the YAKO mice with diet-induced obesity re-
vealed the interesting observation that despite decreased
expression of thermogenic marker and ETC complex pro-
teins (Supplementary Fig. 3A4), the YAKO mice were resis-
tant to diet-induced obesity (Fig. 4A and Supplementary
Fig. 3B), consistent with a previous study (16). The YAKO
mice also showed reduced blood glucose levels (Fig. 4B),
together with enhanced glucose and insulin tolerance
(Fig. 4C and D). Metabolic cage assay results suggested that
although the food intake was comparable (Supplementary
Fig. 3C), the YAKO mice had a higher EE at night
(Supplementary Fig. 3D and E) and locomotor activity
(Supplementary Fig. 3F), which could combat obesity. Analy-
sis of the fat pad revealed a sharp decrease in adipose tissue
weight in the YAKO mice (Fig. 4F and Supplementary Fig.
3G). Although BAT whitening was enhanced, the iWAT and
eWAT in YAKO mice showed far fewer inflammatory cells
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and crown-like structures (CLS) compared with the Ycon
mice (Fig. 4F and G), suggesting a reduction in adipose tis-
sue inflammation in the YAKO mice. No alleviation was
observed in liver steatosis (Supplementary Fig. 3H and I)
or insulin resistance (Supplementary Fig. 3J).

The adipose tissue macrophages (ATMs) are regarded
as the primary contributors to adipose tissue inflamma-
tion and insulin resistance (17,18). Macrophage infiltra-
tion and inflammatory responses in the iWAT and eWAT
were reduced in YAKO mice, and the insulin sensitivity of
the fat pads was significantly increased (Fig. 4H). Interest-
ingly, the insulin sensitivity of BAT did not improve (Fig.
4H). The differences in the distribution of ATMs in the
fat pad, with more ATMs in eWAT and iWAT than in BAT
(19), correlated with the observed changes in insulin sen-
sitivity, suggesting that macrophages may mediate the
metabolic improvement seen in YAKO mice.

YAKO Mice Show Promotion of ATM M2 Polarization
Flow cytometry (Supplementary Fig. 4) analysis revealed
that, compared with Ycon mice, YAKO mice had ~88%
fewer macrophages in iWAT and ~73% fewer in eWAT, but
a comparable number in BAT (Fig. 5A-C). These findings
were consistent with the F4/80 staining results (Fig. 4G).
The YAKO mice also showed lower numbers of proinflam-
matory M1-like macrophages (Fig. 5D and E) and higher
numbers of alternative M2-like macrophages (Fig. 5G and H),
whereas the ATM numbers in BAT were unchanged (Fig. 5F
and I). Taken together, these data suggested that HFD-
induced ATM M1 polarization was ameliorated in the white
fat pad of the YAKO mice.

YY1-Deficient Adipocytes Undergo Metabolic
Reprogramming

As key endocrine cells, adipocytes reportedly affect the ac-
tivities of nearby ATMs by secreting signaling molecules,
including metabolites (20,21). Metabolomics analysis re-
vealed that YY1 deficiency rewired adipocyte metabolism,
leading to increased levels of lactate, succinate, fumarate,
and malate (Fig. 6A). Interestingly, despite the impair-
ment of the ETC in YY1-null adipocytes, the cells had sim-
ilar adenylate energy charges (Fig. 6A). This could reflect
enhanced glycolysis activity in the YY1-null cells, as indi-
cated by the increased lactate level (Fig. 64). The NAD " -to-
NADH ratio was also higher in the YY1-null adipocytes than
in the control cells (Fig. 6B), indicating a decrease in the hy-
drogen supply from TCA mediators.

The activation of glycolysis and the inhibition of the
TCA cycle in YY1-deficient adipocytes were confirmed us-
ing stable isotopic tracer-based metabolic flux analysis
(Fig. 6C). The [U—13C]glucose tracer assay showed that
blocking YY1 in adipocytes raised the m +3 lactate con-
tent and reduced the m +2 citrate, m +2 o-ketoglutarate
(@KG), m +2 succinate, and m +2 fumarate contents
(Fig. 6D), suggesting a rewiring of glucose metabolism in
YAKO adipocytes toward lactate and away from the TCA
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cycle. However, the intermediate TCA cycle metabolites
did not decrease in YAKO adipocytes (Fig. 64), indicating
that YAKO adipocytes use metabolites other than glucose
to replenish the TCA cycle.

Further assessment revealed that YY1-deficient adipo-
cytes showed enhanced glutamine use, as confirmed by
[13C5]glutamine metabolism assays. The increased m +5
oKG content in YAKO adipocytes indicated that a large
amount of glutamine underwent deamination, while the
increase in m +4 succinate, m +4 fumarate, and m +4
citrate content indicated that the glutamine carbon skele-
ton entered the TCA cycle (Fig. 6E). Interestingly, an in-
crease in m +5 citrate also occurred, indicating that

blocking YY1 may enhance the reductive carboxylation
pathway in adipocytes (Fig. 6E). In summary, YY1-deficient
adipocytes showed enhanced glutamine fluxes in both the
forward and reverse directions, suggesting that glutamine
functions as an anaplerotic source for the TCA cycle.

YY1-Null Adipocytes Generate Spd and Promote
Macrophage M2 Polarization

For glutamine to serve as an anaplerotic source for the TCA
cycle, it must first participate in deamination or transami-
nation reactions (22). Consistent with the enhanced gluta-
mine use observed in YY1-null adipocytes, we also noted
an increase in arginine-succinate and ornithine content,
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indicating activation of the urea cycle (Fig. 64). In addition
to citrulline, ornithine can be converted into putrescine to
generate anti-inflammatory polyamines, such as Spd (23).
Accordingly, knocking out YY1 in adipocytes increased the
expression of ornithine decarboxylase 1 (Odcl), the rate-
limiting enzyme that governs the decarboxylation of orni-
thine to form putrescine (Fig. 74).

Spd can be imported into macrophages (24), where it
modulates the activation of M2 macrophages (25). This
macrophage activation, in turn, reduces adipose tissue in-
flammation and lowers the fat mass in HFD-induced
obese mice (26). Blocking Odcl expression by in situ in-
jection of sh-AAV into the iWAT of YAKO mice reduced
the Spd content (Fig. 7B). Local blocking of Odcl showed
no effect on blood glucose levels (Fig. 7C), yet slightly

reversed the protective effect of YAKO on body weight
(Fig. 7D and E), glucose clearance capacity (Fig. 7F), and
insulin sensitivity (Fig. 7G). In iWAT, blocking Odc1 sig-
nificantly reversed the protective effect of YAKO on the
iWAT tissue weight (Fig. 7H), inflammation (Fig. 7I-J),
and insulin signaling transduction (Fig. 7K), as well as
macrophage M2 polarization (Fig. 7L).

The adipocyte-macrophage communication mediated by
Odc1-Spd was also confirmed using conditioned medium
(CDM) culture. CDM from YY1-null adipocytes blocked the
inflammatory activation of macrophages and activated an
alternative M2 polarization (Fig. 7M). Blocking the Odcl
enzyme activity in adipocytes with eflornithine, an irrevers-
ible inhibitor, reversed this effect (Fig. 7M). Blocking the
organic cation transporters (OCT 1/2/3; also known as
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SLC22A1/2/3 [27]) required for the entry of positively
charged Spd into cells with an OCT inhibitor can also re-
verse the protective effect of YAKO (Fig. 7M). Taken to-
gether, these findings revealed that YY1-null adipocytes
activate the Odcl-Spd axis to communicate with macro-
phages and promote M2 polarization.

DISCUSSION

Thermogenic adipose tissue is believed to protect the body
from obesity and metabolic disorders, and an enduring
consensus has been that reductions in mitochondrial mass
and/or function in thermogenic adipose tissues sabotage
this protective function. However, recent studies have sug-
gested that the metabolic benefits provided by thermo-
genic adipose tissue do not depend solely on an increase
in mitochondrial numbers. Several rodent-based studies
have unexpectedly revealed that blocking specific signals
that play key roles in maintaining mitochondrial function
can reduce the thermogenic function of adipose tissues,
and yet the rodents remain protected from HFD-induced
metabolic disorders (5-7). Several hypotheses have been
proposed to explain the mechanism of how the body may
benefit from HFD feeding, even in the presence of ther-
mogenic adipose tissue dysfunction, such as ETC proteome
imbalance triggering mitochondrial unfolded protein re-
sponse and inducing metabolic fitness (5), promoting the
clearance of peripheral lipids by activating lipoprotein li-
pase and CD36 (6) or the mtDNA/NLRP3 inflammasome
pathway (7). At present, however, the precise mechanism
and functional impact of the uncoupling of thermogenic
capacity and metabolic benefits remain unexplored.

Our profiling of the open chromatin atlas of white, beige,
and brown adipocytes identified YY1 as a key governor of
mitochondrial function. Interestingly, the disconnection be-
tween thermogenic capacity and beneficial metabolic changes
in YAKO mice appeared to be a result of reduced inflam-
mation (Fig. 7N). In the absence of YY1, adipocytes with
impaired mitochondrial function underwent metabolic re-
programming to generate Spd, which inhibited the proin-
flammatory M1 polarization of macrophages and thereby
alleviated HFD-related adipose tissue inflammation. This
result, consistent with the findings of previous studies
(5-7,28), suggests that a distinction should be made regarding
thermogenic activation and the metabolic benefits currently at-
tributed to adipose tissue. Moreover, the coordinating role of
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mitochondria as mediators of thermogenesis and beneficial
metabolism should also be carefully evaluated.

Many studies have identified that a key function of YY1
is to maintain proper mitochondrial function. Consistently,
our data suggest that YY1 KO alters the morphology and
function of mitochondria and reduces thermogenesis. How-
ever, another study reported that YY1 KO mediated by
Ucpl-cre enhanced iWAT browning (16). Our AAV-mediated
blockage of YY1 in vivo assays, as well as primary adipocyte-
based in vitro assays, clearly illustrated the inhibitory effect
of blocking YY1 on the differentiation and thermogenic ca-
pacity of beige fat. Interestingly, we did find some consis-
tency between our results and those of the previous study
(16); that is, although YAKO mice showed suppressed brown
fat activity, the metabolic disorders in subcutaneous fat
were alleviated.

Interestingly, the YAKO mice showed a decrease in EE
under CS, but their EE increased under HFD feeding,
which could explain their antiobesity phenotype. While
the food intake was comparable, we noticed that the EE
was much higher in the YAKO mice after HFD feeding.
Notably, regression-based analysis of the EE data using
ANCOVA (29) to eliminate the potential influence of
body size variation in the group comparisons showed that
the EE was still higher in the YAKO mice. Consistent with
this, the changes in EE of YAKO mice were already evi-
dent as soon as 2 weeks after the HFD was initiated,
when the body weights between the control and mutant
mice were still comparable (16). The YAKO mice showed
a more severe whitening of BAT after HFD feeding, sug-
gesting that the thermogenic effect contributed relatively
little to the increased EE. An interesting point worth men-
tioning is that YAKO mice have a higher EE during the
night (the normal active state for mice). The higher loco-
motory activity of the YAKO mice suggests the possibility
that they expend more energy in physical activity. In addi-
tion, the upregulation of the Odc1-Spd pathway in YAKO
mice may also be involved in combating obesity, as hetero-
zygous KO of Odcl in Drosophila (homozygous lethal)
leads to fat accumulation and weight gain (30), whereas
supplementation with Spd activates mitochondrial respira-
tion (31) and raises EE.

As key endocrine cells, adipocytes reportedly affect the
nearby ATM activity by secreting signaling molecules,
such as metabolites (20,21), cytokines (32,33), extracellular

I: Hematoxylin and eosin (H&E) staining of adipose tissue sections. J: F4/80 immunohistochemical staining of adipose tissue sections (left).
In each group, the CLS were calculated from 12 photographs obtained from 6 mice (right). K: Left: Western blot assays testing insulin sensi-
tivity in iWAT of Ycon and YAKO mice. After a 4-h fasting, mice were injected i.p. with 5 units/kg insulin and sacrificed 10 min later. Right:
Calculated arbitrary unit of phosphorylated (p) insulin receptor (p-IR)/IR, and p-AKT/AKT. L: Quantitative PCR analyses of the mRNA abun-
dance of the indicated genes. M: Bone marrow—derived macrophages were treated with 50% adipocyte conditional medium (CDM) for
24 h before gPCR testing the expression of M1 (left) and M2 (right) marker genes. SVF-derived control or YY1-null white adipocytes (4 days
after differentiation) were cultured to collect CDM. For Odc1 blockage, 250 pmol/L eflornithine was added into adipocyte during differentia-
tion (before CDM collection). For organic cation transporters blockage, 20 wmol/L prazosin hydrochloride (P.H.) was added directly into
CDM. N: Graphic abstract. Values represent mean + SEM. For Ycon vs. YAKO, Ycon-shOdc1 vs. YAKO -shOdc1, and Ycon CDM vs. YAKO
CDM: *P < 0.05, **P < 0.01, ***P < 0.001. For YAKOshOdc1 vs. YAKO+shOdc1, YAKO CDM vs. YAKO+eflornithine, and YAKO CDM vs.

YAKO CDM+P.H.: #P < 0.05, ##P < 0.01, ###P < 0.001.
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vesicles (34,35), or even cellular organelles (36,37). Our
metabolomics analysis revealed that YY1 knockdown acti-
vates glycolysis, glutamine uptake, and the generation of
anti-inflammatory Spd. Another question arises from our
metabolic flux and the NAD " -to-NADH ratio data, which
suggest that the TCA cycle is blocked in YAKO adipocytes.
Therefore, where do the increased succinate, fumarate, and
malate come from? We speculate that two sources are
available: 1) YAKO adipocytes ingest more glutamine,
which is deaminated into aKG and then converted into
succinate, or 2) YAKO adipocytes have higher urea cycle ac-
tivity that breaks down argininosuccinic acid to produce fu-
marate for the TCA. Notably, increasing evidence suggests
that adipocytes, and especially thermogenic adipocytes, can
consume large amounts of amino acids, such as branched
chain amino acids (28,38). One possibility is that thermo-
genic adipocytes have a high capacity for amino acid catab-
olism, similar to that occurring in the liver. This idea is
supported by recent studies that have identified an intact
urea cycle in thermogenic adipocytes (39,40).

Collectively, the findings of this study represent a ma-
jor step toward understanding the uncoupling of thermo-
genic capacity and beneficial metabolism. Our study has
identified an essential mediator, Spd, as a link between
mitochondrial dysfunction and the alleviation of inflam-
mation in thermogenic adipose tissue.
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