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Mitochondrial Dysfunction Triggers Massive

Hyperplasia

b-Cell
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Obesity-associated type 2 diabetes mellitus (T2DM)
entails insulin resistance and loss of b-cell mass. Adi-
pose tissue mitochondrial dysfunction is emerging as

a key component in the etiology of T2DM. Identifying
approaches to preserve mitochondrial function, adipose
tissue integrity, and b-cell mass during obesity is a major
challenge. Mitochondrial ferritin (FtMT) is a mitochondrial
matrix protein that chelates iron. We sought to determine
whether perturbation of adipocyte mitochondria in u-
ences energy metabolism during obesity. We used an
adipocyte-speci ¢ doxycycline-inducible mouse model
of FtMT overexpression (FtMT-Adip mice). During a di-
etary challenge, FtMT-Adip mice are leaner but exhibit
glucose intolerance, low adiponectin levels, increased
reactive oxygen species damage, and elevated GDF15
and FGF21 levels, indicating metabolically dysfunctional
fat. Paradoxically, despite harboring highly dysfunc-
tional fat, transgenic mice display massive  b-cell hy-
perplasia, re ecting a bene cial mitochondria-induced
fat-to-pancreas interorgan signaling axis. This identi es
the unique and critical impact that adipocyte mito-
chondrial dysfunction has on increasing  b-cell mass
during obesity-relate d insulin resistance.

during a metabolic challenge that are associated with
the preservation of healthy WAT expansion and insulin
sensitivity, is a key challenge.

In our previous studies, we used the outer mitochon-
drial membrane protein mitoNEET as a tool to manipulate
mitochondrial iron homeosasis exclusively in adipose
tissue. Induction of mitoNET in adipocytes compro-
mises mitochondrial function and paradoxically, pro-
motes metabolically healthy WAT expansion. This resulted
in the heaviestMus musculusver reported to date (2). As
proof of concept, we next asked: Does induction of any
adipose tissue mitochondrial protein involved in iron ho-
meostasis yield &massively obese, yet metabolically
healthy’ mouse? To address this, we explored the prop-
erties of another key mitochondrial protein, mitochon-
drial ferritin (FtMT).

Unlike mitoNEET, which resides in the outer mitochon-
drial membrane, FtMT is located in the mitochondrial
matrix. FtMT displays ferroxdase activity by chelating
and storing surplus redoxive iron within the mito-
chondrial matrix (3). FtMT also contributes to the regula-
tion of oxidative stress (4). In vitro studies highlight that by
storing iron, FtMT prevents reactive oxygen species (ROS
generation through the Fenton reaction (3,5). Here, our aim

Obesity-related type 2 diabetes is characterized by insulimas not to characterize the endogenous function of FtMT
resistance andb-cell dysfunction. Mitochondrial dysfunc- per se; rather, we take advantage of its unique properties,
tion, speci cally in white adipose tissue (WAT), is arwhich entail its ability to shuttle and sequester iron in the
unappreciated yet signtant contributor to the develop- mitochondrial matrix (i.e., we use FtMT as &im vivo tool’
ment of insulin resistance (1). Therefore, identifying mechio create an environment of adipocyte mitochondrial dys-
anisms that maintain adequa mitochondrial function function). This allows us to examine the local and system-wide
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mechanisms by which a dysregulation in adipocyte mito-2-isoprostane levels (ROS damage by lipid peroxidation)
chondrial function alters adipose tissue expansion, spend hepatic TG content were measured as previously
ci cally during the progression of diet-induced obesitydetailed (2).

(DIO) and insulin resistance. We hypothesize thht

adipocyte-spect induction of FIMT impacts mitochon- Quantitative Real-time PCR and lllumina Microarray

drial function in a similar manner to mitoNEET, such that Total RNA was isolated, and cDNA was prepared from
the adipocyte unleashes positive compensatory mechfiozen tissues as previously described (2). Supplementary
nisms that produce arfobese yet metabolically favorable Table 6 details the primer sequences that were used for
mouse and tha®) an FtMT-driven alteration in adipocyte quantitative real-time (q)PCR. Results were calculated
mitochondrial function preserves whole-body insulin sentsing the threshold cycle method (7), with-actin used

sitivity during DIO. for normalization. For lllumina microarray, total cDNA
was synthesized from subcutaneous WAT (sWAT) and
RESEARCH DESIGN AND METHODS spotted onto a mouse BeadArray platform (lllumina).

Mice Fold-changes and signtance were calculated based on
All animal experimental protocols were approved by théhree independent replicates~or stat!stlcal analyses,
a Studentt test was used for comparison between two

Institutional Animal Care and Use Committee of the, d dent Signi ted aPaal
University of Texas Southwestern Medical Center at Dal'¢EPENAENT GTOUpS. Signeance was accepted ataalue

las. We generated a doxycycline (Dox)-inducible mou8&: 0.05.
model of FtMT overexpression (TRE-FtMT mouse). Transger]gi-stology and Immunohistochemical and
posmve TRE-FIMT Offspring were geno’[yped USing Pcﬁnmuno uorescence Staining

with the primer set QGACAAGCACAC,GCTTG_GAAG a'ﬂ]e relevant fat pads (SWAT, gonadal WAT [gWAT], and
S9ATGAGGGTCCATGGTGATAC. Adiponectin-rtTA mige,n adipose tissue [BAT]), liver and pancreas tissues

were generated as previously described (6). Adiponectin-rtifyre excised andxed in 10% PBS-buffered formalin for
offspring were genotyped using PCR with the primer seb, 1, after paraf n embedding and sectioning (5m),
59 AGTCATTCCGCTGTGCTCTC a@GTCCTGTTCCTGiggies were stained with hematoxylin and eosin (H&E) or

CAATACG. All experiments werenducted using littermate 5 passon trichrome stain. Foimmunohistochemistry

male mice as the control. Mice were fed a standard chow diﬁtHC), paraf n-embedded sections were stained using
(#5058; LabDiet, St. Louis, MO), a Dox-chow diet (600 mg/kghonoclonal anti-Mac2 antibodies (1:1,000) (#CL8942AP;
Dox) (Bio-Serv, Frenchtown, NJ), or a Déxgh-fatdiet cgpaRLANE Laboratories USA). For immunores-
(Dox-HFD; 600 or 10 mg/kg Dox) (Bio-Serv). All experizence (1F), parah-embedded sections were stained using
ments were initiated at 6-12 weeks of age. monoclonal anti-perilipin antibodies (1:250) (Fitzgerald),
polyclonal antH4-hydroxy-2-noneal (4-HNE) antibodies

Systemic Tests and Treatments . ; . . . .
. 1:200) (Alpha Diagnostic International), a guinea pig
For oral glucose tolerance tests (OGTTs), mice were fas%ﬂti-swine insulin antibody (1:500) (Dako, Carpinteria,

for 3 h before the administration of glucose (2.5 g/kg body- it anti-al i 1:2 2
wt by gastric gavage). At the indicated times, venous bIooér;}]grls?aranb,lwa;n -glucagon antibody (1:250) (Zymed,

samples were collected in heparin-coated capillary tubes
from the tail vein. Glucose levels were measured using aiy perinsulinemic-Euglycemic Clamps and
oxidase-peroxidase assay (Sigma-Aldrich). For triglyceridgperglycemic Clamps

(TG) clearance, mice were fastedl4-16 h), then gavaged Hyperinsulinemic-euglycemic clamps and hyperglycemic

20% Intralipid (15mL/g body wt) (Fresenius Kabi Clayton,clamps were performed, as previously described (2,8).
L.P., Clayton, NC). Insulin and adiponectin levels were

measured using commercially available ELISA kits (Millizysophosphatidic Acid, Phosphatidic Acid, Ceramides,

pore Linco Research, St. Charles, MO). GDF15 was mead Sphingolipid Measurements

sured using an ELISA kit (R&D Systems, Minneapolis,ysophosphatidic acid (LPA), phosphatidic acid, cer-
MN). Cytoplasmic and mitochondrial total iron levelsamides, and sphingolipids were quanéd by liquid
were measured using a commercially available kit (Bishromatography-electrospray ionizatisiandem mass spec-

Assay Systems). trometry, using a Nexera ultra-high-performance liquid
chromatograph coupled to an LCMS-8050 (Shimadzu
Immunoblotting Scienti ¢ Instruments, Columbia, MD), as previously de-

Frozen tissues were processed, and blotting and imagingribed (9). Data were processed using the LabSolutions
were performed as previously described (2). An anti-rabb§.82 and LabSolutions Inght 2.0 program packages
polyclonal antibody for FtIMT was used (1:1,000) (UsciiShimadzu Scientic Instruments).

Life Sciences). A monoclonal MitoPie Total OXPHOS

Rodent Antibody Cocktail was used (1:1,000) (MitoSciencestatistical Analyses

Cambridge, MA). A monoclonal prohibitin antibody wasResults are provided as meaBsSEM. Statistical analysis
also used (1:1,000) (Abcam, Cambridge, MA). Bourndas performed using GraphPad Prism (GraphPad Prism
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Software, San Diego, CA). Differences between the tvi®MT-Adip Mice Are Resistant to DIO but Are Glucose-

groups over time (as indicated in the relevangure Intolerant and Have Reduced Adiponectin With Local

legends) were determined by a two-way ANOVA for ré2xidative Stress

peated measures, followed by a Bonferroni posttest t5tMT-Adip mice exhibit a large reduction in body weight
compare replicate means in each time point. For compaf- 20 g) during Dox-HFD feeding (Fig.A}, which is
ison between two independent groups, a Studdntest e ected by a signicant decrease in circulating leptin
was used. The box-and-whisker analysis was performed!&yels (Fig. B) and reduced fat-pad mass (Figo2Despite
exclude any potential outliers accordingly. Sigrance was being leaner, transgenic mice display glucose intolerance,
accepted at ®value of, 0.05. All statistical informationis €ven after 1 week of the Dox-HFD (FigbZ which persists

provided in Supplementary Table 7. over several weeks (FigD2and Supplementary Fig.A).
FtMT-Adip mice also exhibit signcantly higher levels of
Data and Resource Availability glucose and insulin during ad libitum feeding (Supplemen-

The data sets generated during and/or analyzed durintpry Table 1). Given that body weights do not diverge
the current study are available in the National Center folbetween genotypes after 3 weeks of the Dox-HFD (yet we
Biotechnology Information repository (Gene Expressiombserve glucose intolerance), we chose this 3-week time
Omnibus [GEQ] accession number GSE125900) at https:point for subsequent experiments.
www.ncbi.nim.nih.gov/geo/query/acc.cgiZaeSE125900. Hyperinsulinemic-euglycemic clamps show transgenic
The data sets generated and/or analyzed during the curremiice have enhanced basal glucose and insulin production
study are available from the corresponding author uporand require a signicantly lower glucose infusion rate than

reasonable request. wild-type (WT) littermates (Fig. B) (re ecting impaired
whole-body insulin sensitivity). Hepatic insulin sensitivity
RESULTS is worsened in transgenic mice (as shown by sigantly
Inducible Overexpression of FtMT Speci  cally in higher hepatic glucose output) (FigeR Transgenic SWAT,
Adipose Tissue gWAT, and liver display impaired insulin signaling (re-

To trigger FtMT-induced mitochondrial dysfunction in duced insulin-stimulated phosphorylated-Akt levels) (Fig.
WAT, we generated a mouse in which the expressidf). Consistent with glucose intolerance, 2-deoxyglucose
of FtMT is driven by a tetracycline-inducible promoter(2-DG)-uptake experiments reveal signantly reduced
element (atet-responsive element, or TRE); that is, avhole-body glucose disposal rateq$R with reduced
“TRE-FtMT mousé.For this promoter element to be op- glucose uptake in transgenic SWAT, soleus and gastrocnemius
erational, the “Tet-or’ transcription factor, rtTA is re- muscle, and heart (Fig.Q.
quired. We provide this factor in a fat-spe@ manner Metabolic cage studies (performed before body weights
through a mouse that harbors rtTA under the control ofdiverged, as no difference in body fat was evident) (Sup-
the adiponectin promoter (6). Upon crossing TRE-FtMTplementary Fig. B) showed that transgenic mice have
mice with adiponectin-rtTA mice (FtMT-Adip mice) andincreased lean body mass (Fidgd)2ut no marked differ-
with the administration of Dox, we achieve induction of ences in oxygen-consumption rates (Supplementary Fig.
FtMT speci cally within adipose tissue (Fig.AL Our in  1B) or food intake (data not shown). Interestingly, FtMT-
vivo system of inducible FtMT is highly speciand titrat- Adip mice exhibit a moderate increase in total heat con-
able. After 1 week of Dox-chow (600 mg/kg Dox) feedingsumption (Fig. ), suggesting their surplus calories are
FtMT mRNA (Fig. B) and protein (Fig. ©) are markedly excreted and lost, possibly due to a malabsorption defect.
increased in transgenic sSWAT. Consistent with FtMT loThis is paralleled with moderate increases in certain
calization to the mitochondrial matrix (10), FtMT protein sphingolipid and ceramide species (Supplementary Fig.
levels are markedly enhanced in mitochondria isolatedC), suggesting some contribution of toxic lipid species to
from transgenic fat (Fig. D). Given its iron-sequestering this phenotype. Transgenic mice have a sigiaintly lower
properties (10), FtMT increases total iron levels in aditespiratory exchange ratio (FigH), indicating a prefer-
pose mitochondria, with no differences apparent in cyential fuel utilization toward free fatty acids (FFAs) as
toplasmic total iron (Fig. E). a primary energy source. Consistent with this, transgenic
FtMT-Adip mice fed Dox-chow gain sigmiantly less mice have signicantly improved TG clearance rates (Fig.
body weight (data not shown) and display a sigoant 2l). Lipoprotein lipase (LPL) is a rate-limiting enzyme that
reduction in circulating and intracellular levels of adipo-hydrolyzes TGs in circulating lipoproteins. Increased ad-
nectin (Fig. F). As adiponectin is tightly associated withipose LPL levels are typically associated with enhanced TG
enhanced insulin sensitivity (11,12), this suggests a metiptake (13). During fasting, induction of angiopoietin-3
abolically unfavorable phenotype in FtMT-Adip mice. IN{ANGPTL-3) and ANGPTL-4 inhibit LPL activity in WAT
deed, transgenic adipose tachondria have less dense(14). The signicant downregulation ofAngptl-3and
cristae (Fig. §), signi cantly lower oxygen-consumption Angptl-4expression in transgenic SWAT (Figl)2eaf rms
rates (Fig. H), and exhibit reduced expression of electrortheir enhanced TG clearance rate. Howev#;triolein
transport chain complexes (Figl)L Combined, this points tracer experiments reveal no marked differences in tissue
to mitochondrial dysfunction in transgenic fat. mass, lipid uptake, or lipid oxidation in SWAT, gWAT, or
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Figure 1 —Induction of FtMT in fat promotes mitochondrial dysfunction and reduces adiponectin. A: The breeding strategy to overexpress
FtMT speci cally in fat. Adipose tissue—speci ¢ adiponectin promoter (Adip)-rtTA mice were bred with TRE-FtMT mice. After Dox
administration, the resulting FtMT-Adip mice overexpress FtMT exclusively in fat. B: A representative tissue distribution of FtMT gene
expression levels (relative tob-actin) in SWAT, gWAT, mesenteric WAT (MWAT), BAT, liver, pancreas, heart, skeletal muscle (Sk-mus), kidney,
brain, and lung from a male C57/BL6 FtMT-Adip mouse fed a standard chow diet or after 1 week of the Dox-chow diet (600 mg/kg). C: A
representative Western blot of FtIMT (; 22 kDa) and prohibitin ( 30 kDa) in sSWAT and liver from WT mice and FtMT-Adip mice fed the Dox-
chow diet for 1 week. D: A representative Western blot of FtMT in mitochondria isolated from sSWAT of WT and FtMT-Adip mice that were fed
the Dox-chow diet containing 50, 100, 200, or 600 mg/kg Dox. E: Cytoplasmic (left) and mitochondrial (right) iron levels in BAT from WT and
FtMT-Adip mice that were fed the Dox-chow diet containing 600 mg/kg Dox ( n5 3-4).F: Circulating adiponectin levels in WT and FtMT-Adip
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liver (Supplementary Fig. ). This suggests that these was evident during feeding or fasting (Supplementary
tissues are not primarily responsible for enhanced lipidrable 2). Histologically, FtMT-Adipk ob mice still ex-
uptake in the transgenic mice at that given time point. hibit dysfunctional fat (Supplementary Fig 3 and more
Elevated adiponectin levels correlate with improvegronounced hepatic steateswith increased hepatic TG
insulin sensitivity (11,15). FtMT-Adip mice have signif-content (Supplementary Fig.3and E). Combined, this
icantly lower circulating levels of adiponectin in the fedsuggests a lack in systemic phenotype in transgeiob
and fasted state (24 h), with minimal levels expressed itinder baseline conditions but a worsened fat and liver
WAT (Fig. X). Acute induction of FtMT in adipose tissue phenotype.
during Dox-HFD feeding further shows the sigrdant We subsequently added an extra metabolic challenge
gradual decline in circulating adiponectin levels (Fig).2 using Dox-HFD feeding. Interestingly, with the added
Fat-specic adiponectin-overexpressing mice are highlglietary lipid component, a systemic phenotype was now
sensitive tobs-adrenergic receptor (AR) agonist treat-apparent in FtMT-Adipeldob mice, as they gained less
ment (16). Consistent with this, transgenic mice are les$ody weight than theilol oblittermates (Fig. 3. Transgenic-
sensitive to adrenergic stimuli, as evident by low FFA andliob mice also exhibit profound Igcose intolerance, with
glycerol levels aftebs-AR agonist treatment (Fig.M). extremely hyperglycemic baseline glucose values of
FtMT-Adip mice also exhibit extremely low circulating; 400 mg/dL (Fig. 8) during feeding and fasting (Sup-
levels of glycerol (Supplementary Table 1). Glycerol clegaementary Table 3). This was concomitant with impaired
ance tests reveal that transgenic mice clear exogenounsulin secretion (Fig. B) and lower circulating levels of
glycerol from the circulation at a signcantly higher rate adiponectin (Supplementary Table 3). Finally, FtMT-Adip-
than WT littermates (Fig. Rl), suggesting an additional ob/ob mice harbor highlydysfunctional, brotic, and
preferential utilization of glycerol as an energy source.in amed fat (Fig. &) with chronic hepatic steatosis (Fig.
Morphologically, transgenic mice have dysfunctionadD). Taken together, fat-speat induction of FtMT wors-
SWAT and gWAT, with enhanced iltration of adipose ens the already metabolically unhealthy phenotype of the
tissue macrophages (immmation) and brosis (Fig. ® oblob mouse; however, the added component of dietary
and Supplementary FigA). Whereas transgenic mice havdipid is required for this detrimental phenotype to fully
reduced fat-pad mass (FigCR this is not due to adipose unravel.
tissue apoptosis, as perilipin IF shows whole adipocyte
staining in SWAT and BAT (Supplementary Fig) 2Strik- Enhancing the Antioxidant System Does Not Rescue

ingly, FtMT-Adip mice have a massive 21-fold increadg® Detrimental Phenotype of Transgenic Mice ,
in ROS damage (lipid peroxidation adducts) in sWATO examine whether high ROS damage in transgenic fat

(Fig. 2°), which is con rmed by 4-HNE IF staining (lipid Qriv.es their d_etrimental systemic phenotype, we u_sed an
peroxide levels) (Fig.Q). Combined, induction of FtMT |n.V|volant|OX|dant approach. We crossed FtMT—Ale mice
in fat (as a unique tool to elicit mitochondrial dysfunc- With mice that overexpress catalase targeted to mitochon-
tion via disruption of mitochondrial iron homeostasis) dria to achieve fat-spect induction of FtMT simultaneously

yields a profoundly metaboladly unhealthy phenotype. with a constitutive overexpression of the antioxidant en-
zyme mitochondrial catalase (MCAT). After the Dox-HFD,

FtMT Induction in Fat Exacerbates the Metabolically constitutive overe).<pression Qf mQAT failed to improve
Unhealthy Phenotype of the ob/ob Mouse, Despite glucose tolerance in FtMT-Adip mice (data not shown) or
Lowering Body Weight During DIO prevent the reduction in adiponectin levels (FigA¥ This

Given transgenic mice are protected from DIO (Fi§) Ave suggests that mCAT, as an in vivo approach to alleviate an
crossed FtMT-Adip mice into a leptin-deient diabetimbiob ROS-driven impairment in glucose tolerance, is not suf
background to provide a prolonged metabolic challengeient to rescue the detrimental metabolic phenotype of
During Dox-chow feeding, no differences in body weight oFtMT-Adip mice.

glucose tolerance were apparent between FtMT-Adtifpb While chronic ROS generation contributes to insulin
mice and their nontransgeniob obcounterparts (Supple- resistance, recent in vivo studies show that mild ROS
mentary Fig. 2\ and B). Furthermore, no systemic phenotypeproduction paradoxically enhances insulin signaling and

mice after the Dox-chow diet (n 5 4) (left). Representative Western blots of adiponectin ( 30 kDa) anda-tubulin (; 55 kDa) in SWAT from Dox-
chow—fed WT and FtMT-Adip mice (right). The bar graph shows the average adiponectin levels normalized to a-tubulin (n 5 4-5). G:
Representative electron microscope images of WT sWAT (left) and FtMT-Adip sWAT (right) from mice fed the Dox-chow diet for 2 weeks.
Scale bars 5 1,000 nm. H: Oxygen-consumption rates (OCRs) (pmol/min) in mitochondria (5mg) isolated from WT and FtMT-Adip BAT in
response to sequential additions of DMEM (basal measurements with DMEM media containing FCCP [carbonyl cyanide 4-[tri uoromethoxy]
phenylhydrazone], pyruvate, malate, and the complex | inhibitor rotenone), succinate (complex Il substrate), antimycin-A (complex Il
inhibitor), and ascorbate and TMPD (N,N,N9N&tetramethyl- p-phenylenediamine) (cytochrome c substrate) 0 5 4-5).1: Western blot showing
complex | (subunit NDUFB8), complex II, complex Il (core 2), complex IV (subunit I), and ATP synthase of the mitochondrial electron

transport chain in WT and FtMT-Adip BAT. Identical amounts of total mitochondrial protein were loaded, as judged by the mitochondrial

loading marker prohibitin (; 30 kDa). Data are shown as mean6 SEM. **P , 0.01; **f , 0.001.
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Figure 2—FtMT-Adip mice exhibit reduced diet-induced body weight gain, glucose intolerance, low adiponectin levels, and ROS damage in

adipose tissue. A: Body weights (g) of WT vs. FtMT-Adip mice during Dox-HFD feeding (n 5 5).B: Circulating leptin levels in WT and FtMT-
Adip mice after Dox-HFD feeding (n 5 3-4).C: Fat-pad (SWAT and gWAT) tissue weights (mg) normalized to total body weights (g) in WT and
FtMT-Adip mice after 16 weeks of Dox-HFD feeding (n 5 5). D: Glucose and insulin levels during an OGTT of male WT and FtMT-Adip mice
after 1 week of the 10 mg/kg Dox-HFD (left) or 3 weeks of the 600 mg/kg Dox-HFD (right) @ 5 5). E: Basal glucose (n 5 9) and insulin
production (n 5 5), glucose infusion rates (@ 5 9), and hepatic glucose output (n 5 7-8) during hyperinsulinemic-euglycemic clamps

performed on conscious unrestrained 16-week-old male WT and FtMT-Adip mice. F: Representative Western blots of phosphorylated (p)-Akt
and total-Akt expression (; 60 kDa) in SWAT, gWAT, and liver tissues from WT vs. FtMT-Adip mice before and after insulin injection (0-, 5- and
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Figure 2—Continued

Time (min)

15-min time points) that were fed the Dox-HFD for 3 weeks. Mice were fasted overnight (; 14-16 h) before insulin injection (1 unit/kg body wt
insulin i.p.). G: Whole-body 2-DG disposal rate (left) and glucose uptake in SWAT, soleus muscle, gastrocnemius (gastro) muscle, and the
heart from WT and FtMT-Adip mice after 3 weeks of Dox-HFD feeding (n5 7-9; n5 4-5 for sSWAT and gastrocnemius muscle).H: Metabolic
cage analyses showing lean body mass (w%), respiratory exchange rate (RER), and total heat combustion (calories/g) of WT and FtMT-Adip
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Figure 2—Continued

sensitivity (17). We next took advantage of the titratableThis suggests that mild ROS signaling may exert a bene
nature of our system by using FIMT as a tool to acutelcial role. Interestingly, ROS damage, as measured by
induce ROS in fat and address whether mild ROS preservastochondrial hydrogen peroxide levels (Figo¥and lipid
insulin sensitivity during DIO. Given that mild ROS levelsperoxide adducts (Supplementary Figh)4is signi cantly

are associated with enhanced insulin sensitivity (17) andeduced in transgenic SWAT after 12 h of the Dox-HFD,
that transgenic mice have increased basal insulin levelsdicating that transgenic mice may unleash a highly pro-
(Fig. &), we assessed insulin as an indirect indicator ofective antioxidant response to the acute dietary challenge.
ROS induction in fat. FigureBshows that transgenic mice Consistent with this, antioxidant enzymes that detoxify
maintain normoinsulinemia for up to 12 h of Dox-HFD ROS are signicantly increased in transgenic sWAT,;
feeding, whereas WT mice sigoantly elevate their in- namely, superoxide dismutases, glutathione peroxidases,
sulin levels in response to the acute dietary challeng@nd glutathioneStransferases (Fig. B. Collectively, an
Surprisingly, at the 12-h time point of Dox-HFD feeding,ef cient and protective antioxidant system is activated in
FtMT-Adip mice displayed improved glucose tolerance artdansgenic fat, but only in a acute setting of dietary
enhanced glucose-stimulated insulin secretion (Fig).4 challenge, which is overridden in a chronic setting.

mice after 3 weeks of Dox-HFD feeding (n 5 4-7).1: TG clearance test on WT and FtMT-Adip mice. Mice were gavaged 20% Intralipid after an
overnight fast (; 14-16 h; n 5 5). J: Angptl-3 (left) and Angptl-4 (right) gene expression levels in WT and FtMT-Adip SWAT § 5 3-4).K:
Circulating adiponectin levels (left) under fed and fasted (24 h) conditions in WT and FtMT-Adip mice i 5 5). Representative Western blots of
adiponectin and a-tubulin (right) in sSWAT from Dox-HFD-fed WT and FtMT mice, with the graph showing average adiponectin levels
normalized to a-tubulin (n 5 4).L: Circulating adiponectin levels during a Dox-HFD time course (every 3 days forup to 12 days) @ 5 9).M: FFA
(left) and glycerol levels (right) during abz-AR agonist test on male WT and FtMT-Adip mice (n 5 6-7). N: Glycerol levels during a glycerol
tolerance test (TT; 20% glycerol i.p. at a dose of 2 mg/kg after an overnight fast of 14-16 h; n 5 7).O: Representative images of H&E staining
(top), Mac2 IHC staining (middle), and trichrome staining (bottom) of WT and FtMT-Adip SWAT after Dox-HFD feeding. Scale bars$s 32 mm. P:
ROS damage (bound F2-isoprostane [ng/g] levels re ecting lipid peroxide adducts) in WT and FtMT-Adip sWAT (n 5 4-5).Q: Representative
images of 4-HNE (a marker of ROS damage; lipid peroxide levels) IF staining of WT and FtMT-Adip SWAT. Scale bab 50 mm. Data are shown
as mean6 SEM *P, 0.05;*P, 0.01; **f, 0.001.
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An Interorgan Cross Talk Signaling Axis Originating phosphorylation display enhanced FGF21 levels (26). De-
From Transgenic Fat Targets the Pancreas and Heart spite having a metabolically unfavorable phenotype, FtMT-
to Elicit Massive b-Cell Proliferation and Cardiac Adip mice have signcantly upregulatedgf21levels in
ROS Damage fat (Fig. 6) and increased FGF21 protein in circulation

The induction of FtMT in fat produces a major impact On(rig gr). Given the degree of mitochondrial dysfunction
the whole-body signaling communication axis, which sigy transgenic fat (Fig. G-), it is likely that FGF21 is
nals from fat to the pancreas, liver, and heart. With chronic, serological marker of an FtMT-induced mitochondrial
Dox-HFD feeding, FtMT-Adip mice exhibit massive pansyess response.
creatic b-cell hyperplasia (Fig./g (more so than most e ranscription factor Yin Yang 1 (YY1) suppresses
genetic mouse models). Hyperglycemic clamps show highlyrtain proteins that activate thermogenic and uncoupling
signi cant glucose-stimulated hypersecretion of '”SUl”}ranscriptionaI programs: namel¥gf21, Gdf15 and
from transgenidb-cells (Fig. B). Transgenic livers are alsoAngpt|6(27). WAT- and BAT-sped YY1-null mice are
severely affected. FtMT-Adip mice exhibit increased livegygtected from DIO and exhibit reduced fat-pad mass (27).
mass (Fig. 6), elevated hepatic TG content (Figbp and - Here, FtMT-Adip mice harbor a sigriant downregulation
larger hepatic lipid droplets (Fig.B, collectively suggest- j, agiposevyilevels (Fig. B). Given transgenic mice have
ing hepatic steatosis. ParadoXigadespite hepatic steatosis, j,creased GDF15 (FigBB FGF21 (Fig. 6), and Angptl-6
FIMT-Adip mice exhibit lower ROS damage in the live[y far (Supplementary Fig. B), this coincides with the
(Fig. ), and conversely, higher ROS damage in the heago\ynregulation in YY1. To examine this connection, we
(Fig. 55). Cardiac tissue in fat-spea FIMT-Adip mice iS ¢rossed FtMT-Adip mice with TRE-YY1 mice to overex-
highly susceptible to oxidative damage even though FtM{ess hoth FtMT and YY1 in fat. We hypothesized that the
is induced exclusively in adipose tissue, with no OVelrstoration of YY1 in transgenic mice could normalize
expression evident in the heart (FigB) GDF15 and adiponectin levels to preserve insulin sensi-
FtMT-Adip mice also exhibit signcantly reduced BAT 4yity. However, simultaneous induction of YY1 and FtMT
mass (Fig. B), which is brotic and contains enlarged iy 5t did not prevent the drop in adiponectin, the increase
lipid-laden disarrayed adipocytes (Fid).STransgenic BAT i, GpF15 (Fig. &), or preserve glucose tolerance (data not
also has a marked reduction in classical BAT markers (F%own). Whereas Verdeguer et al. (27) showed YY1 to
5J), suggesting @whitened depot. Indeeq,3H-Fr|pIe|n suppressadfi5levels in BAT, conversely, we demonstrate
tracer experiments show signtantly impaired lipid Up-  that fat-speci ¢ YY1 induction increases GDF15 (Fig).6

take and lipid oxidation in transgenic BAT (FigKp in-  \ye next hypothesized that the increase in GDF15 and
dicating that BAT whitening elicits negative metaboliGegr21 in transgenic mice (mitochondrial stress markers)
consequences on lipid homeostasis. triggers their metabolically unfavorable phenotype. We
crossed FtMT-Adip mice with global constitutive GDF15
FtMT-Adip Fat Harbors High Ceramide and LPA Levels, knockout (GDF15-KO) mice or fat-speciFGF21-KO mice
With Large Increases in GDF15 and FGF21 (the latter con rmed to exhibit signi cantly reduced

We performed transcriptional analyses to gain more mecleirculating levels of FGFL) (Supplementary Fig.@.
anistic insight about how FtMT causes such a profoundVe used circulating adiponectin and GDF15 as positive
metabolically unhealthy phenotype. Supplementary Tabkend negative readouts, respectively (as indicators for
4 lists the top signi cantly upregulated genes in transgenicverall metabolic health). After DIO, the unhealthy phe-
SWAT. Real-time gPCR camation shows signicant notype of transgenic mice was not reversed by elimination
increases in growth differentiation factor 153df15 (88- of GDF15 or FGF21, as adiponectin levels were still re-
fold) in SWAT and BAT (Fig.Aand Supplementary Fig. duced and GDF15 levels still increased in GDF15-KO mice
5A), Fgf21(18-fold), Trib3 (15-fold), Atf3 (10-fold), and (Fig. &) and FGF21-KO mice (Fig@ (each crossed with
Sipl(3-fold) (Fig. &Y. GDF15 is a recently idented FtMT-Adip mice). Of note, while constitutive expression of
biomarker for insulin resistance and obesity (#80). mCAT in FtMT-Adip mice did not prevent the decline in
Administration of recombinant or transgenic overexpres-adiponectin (Fig. 8), mCAT also failed to counteract the
sion of GDF15 reduces DIO and enhances insulin sensise in GDF15 (Fig. B). Combined, the detrimental phe-
tivity (21-23). Here, transgenic mice exhibit sigmiant notype of FtMT-Adip mice is independent of GDF15,
increases in adipogB8df15mRNA (Fig. 8) and circulating FGF21, or mCAT.
levels of GDF15 protein (Fig.B). Consistent with rodent Supplementary Table 5 provides the top down-
studies of GDF15 induction, FtMT-Adip mice also gain lessegulated genes in transgenic SWAT. qPCR cored
body weight during DIO (Fig. &). signi cant decreases iGrp120(4-fold), Insigl (4-fold),
Fibroblast growth factor 21 (FGF21) is a hormone thatRbp4(12-fold), SucnR1(8-fold), Lrg1l (10-fold), Nnat
enhances insulin sensitivity (24). While FGF21 elicit§15-fold), andFsd2(7-fold) (Supplementary Fig. 3).
positive metabolic effects, certain intracellular mitochon-G-protein-coupled receptors play an important role in
drial disturbances also increase the protein, and as suchlucose and lipid homeostasis. GPR120 exerts antidi-
FGF21 also serves as a stress-response hormone (25). Bbetic and anti-inammatory actions that improve insu-
instance, mitochondrial diseases that inhibit oxidativelin sensitivity in obese (28) and diabetic rodents (29).
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Figure 3—Adipose tissue induction of FtMT further worsens the metabolically unhealthy phenotype of the ob/ob mouse, despite reduced
body weight during HFD feeding. A: Body weights (g) of ob/ob vs. FtMT-Adip-ob/ob mice during Dox-HFD feeding (n 5 3-6).B: Glucose (left)
and insulin (right) levels during an OGTT on maleob/ob and FtMT-Adip-ob/ob mice after 6 weeks of Dox-HFD feeding (h 5 3-5). C:
Representative images of H&E staining (top left), trichrome staining (top right), and Mac2 IHC (bottom) of SWAT and gWAT fromob/ob and
FtMT-Adip- ob/ob mice after 12 weeks of Dox-HFD feeding. Scale bars5 50 mm and 32 nm. D: Representative images of H&E staining of liver
tissues from ob/ob and FtMT-Adip-ob/ob mice after 12 weeks of Dox-HFD feeding. Scale bars5 50 mm. Data are shown as mean6 SEM.
*P, 0.05; P, 0.01;*f, 0.001.
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Figure 4—Acute Dox-HFD feeding initiates a compensatory antioxidant response in FtMT-Adip mice that prevents oxidative stress and

a diet-induced spike in insulin levels. A: Circulating adiponectin levels in WT, FtMT-Adip, and mCAT-FtMT mice during 12 day time course of
Dox-HFD feeding (h 5 6-7).B: Circulating ad libitum insulin levels during acute Dox-HFD feeding (0, 1, 2, 3, 6, 12, and 24 h) of WT and FtMT-
Adip mice (n5 8).C: Glucose (left) and insulin (right) levels duringan OGTT on WT and FtMT-Adip mice after 12 h of Dox-HFD feedingr(5 6-7).D:
ROS damage (mitochondrial hydrogen peroxide), as measured by the peak area ratio of MitoP to MitoB, in SWAT, liver, and heart tissues from
WT and FtMT-Adip mice after12 h of Dox-HFD feeding (n 5 5-7). E: Antioxidant gene expression levels in WT and transgenic SWAT after 12 h
of Dox-HFD (n 5 3-7). Data are shown as mean6 SEM. *P ,

0.05; *P,

0.01; **f, 0.001.

Here, FtMT-Adip mice have signiantly lowerGprl20 exclusively in fat (Fig. B, with no differences evident in
levels (Supplementary FigD}. Given the known insulin- liver or heart (Supplementary Fig.E» or in circulation
sensitization actions of GPR120, this is consistent witSupplementary Fig.F. Phosphatidic acid, which is gen-
transgenic mice displaying severe insulin resistancerated from LPA by the enzyme AGPAT2 (30), is also
signi cantly increased in transgenic fat (Figd)6 Consis-
LPA is a bioactive signaling lipid. Transgenic mice hatent with an unhealthy phenotype, several sphingolipid
signi cantly increased levels of several LPA speciasid ceramide species are elevated in transgenic fat

(Fig. ).
























