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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 amitochondrial
matrix protein that chelates iron.We sought to determine
whether perturbation of adipocyte mitochondria influ-
ences energy metabolism during obesity. We used an
adipocyte-specific 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, reflecting a beneficial mitochondria-induced
fat-to-pancreas interorgan signaling axis. This identifies
the unique and critical impact that adipocyte mito-
chondrial dysfunction has on increasing b-cell mass
during obesity-related insulin resistance.

Obesity-related type 2 diabetes is characterized by insulin
resistance and b-cell dysfunction. Mitochondrial dysfunc-
tion, specifically in white adipose tissue (WAT), is an
unappreciated yet significant contributor to the develop-
ment of insulin resistance (1). Therefore, identifying mech-
anisms that maintain adequate mitochondrial function

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 homeostasis exclusively in adipose
tissue. Induction of mitoNEET in adipocytes compro-
mises mitochondrial function and paradoxically, pro-
motes metabolically healthy WAT expansion. This resulted
in the heaviest Mus musculus ever 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 a “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 ferroxidase activity by chelating
and storing surplus redox-active 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
was not to characterize the endogenous function of FtMT
per se; rather, we take advantage of its unique properties,
which entail its ability to shuttle and sequester iron in the
mitochondrial matrix (i.e., we use FtMT as an “in vivo tool”
to create an environment of adipocyte mitochondrial dys-
function). This allows us to examine the local and system-wide
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mechanisms by which a dysregulation in adipocyte mito-
chondrial function alters adipose tissue expansion, spe-
cifically during the progression of diet-induced obesity
(DIO) and insulin resistance. We hypothesize that 1)
adipocyte-specific induction of FtMT impacts mitochon-
drial function in a similar manner to mitoNEET, such that
the adipocyte unleashes positive compensatory mecha-
nisms that produce an “obese yet metabolically favorable”
mouse and that 2) an FtMT-driven alteration in adipocyte
mitochondrial function preserves whole-body insulin sen-
sitivity during DIO.

RESEARCH DESIGN AND METHODS

Mice
All animal experimental protocols were approved by the
Institutional Animal Care and Use Committee of the
University of Texas Southwestern Medical Center at Dal-
las. We generated a doxycycline (Dox)-inducible mouse
model of FtMT overexpression (TRE-FtMTmouse). Transgene-
positive TRE-FtMT offspring were genotyped using PCR
with the primer set 59-GACAAGCACACGCTTGGAAG and
59-ATGAGGGTCCATGGTGATAC. Adiponectin-rtTA mice
were generated as previously described (6). Adiponectin-rtTA
offspring were genotyped using PCR with the primer set
59- AGTCATTCCGCTGTGCTCTC and 59-GCTCCTGTTCCTC
CAATACG. All experiments were conducted using littermate
male mice as the control. Mice were fed a standard chow diet
(#5058; LabDiet, St. Louis, MO), a Dox-chow diet (600mg/kg
Dox) (Bio-Serv, Frenchtown, NJ), or a Dox–high-fat diet
(Dox-HFD; 600 or 10 mg/kg Dox) (Bio-Serv). All experi-
ments were initiated at ;6–12 weeks of age.

Systemic Tests and Treatments
For oral glucose tolerance tests (OGTTs), mice were fasted
for 3 h before the administration of glucose (2.5 g/kg body
wt by gastric gavage). At the indicated times, venous blood
samples were collected in heparin-coated capillary tubes
from the tail vein. Glucose levels were measured using an
oxidase-peroxidase assay (Sigma-Aldrich). For triglyceride
(TG) clearance, mice were fasted (;14–16 h), then gavaged
20% Intralipid (15 mL/g body wt) (Fresenius Kabi Clayton,
L.P., Clayton, NC). Insulin and adiponectin levels were
measured using commercially available ELISA kits (Milli-
pore Linco Research, St. Charles, MO). GDF15 was mea-
sured using an ELISA kit (R&D Systems, Minneapolis,
MN). Cytoplasmic and mitochondrial total iron levels
were measured using a commercially available kit (Bio-
Assay Systems).

Immunoblotting
Frozen tissues were processed, and blotting and imaging
were performed as previously described (2). An anti-rabbit
polyclonal antibody for FtMT was used (1:1,000) (Uscn
Life Sciences). A monoclonal MitoProfile Total OXPHOS
Rodent Antibody Cocktail was used (1:1,000) (MitoSciences,
Cambridge, MA). A monoclonal prohibitin antibody was
also used (1:1,000) (Abcam, Cambridge, MA). Bound

F2-isoprostane levels (ROS damage by lipid peroxidation)
and hepatic TG content were measured as previously
detailed (2).

Quantitative Real-time PCR and Illumina Microarray
Total RNA was isolated, and cDNA was prepared from
frozen tissues as previously described (2). Supplementary
Table 6 details the primer sequences that were used for
quantitative real-time (q)PCR. Results were calculated
using the threshold cycle method (7), with b-actin used
for normalization. For Illumina microarray, total cDNA
was synthesized from subcutaneous WAT (sWAT) and
spotted onto a mouse BeadArray platform (Illumina).
Fold-changes and significance were calculated based on
three independent replicates. For statistical analyses,
a Student t test was used for comparison between two
independent groups. Significance was accepted at a P value
of ,0.05.

Histology and Immunohistochemical and
Immunofluorescence Staining
The relevant fat pads (sWAT, gonadal WAT [gWAT], and
brown adipose tissue [BAT]), liver and pancreas tissues
were excised and fixed in 10% PBS-buffered formalin for
24 h. After paraffin embedding and sectioning (5 mm),
tissues were stained with hematoxylin and eosin (H&E) or
a Masson trichrome stain. For immunohistochemistry
(IHC), paraffin-embedded sections were stained using
monoclonal anti-Mac2 antibodies (1:1,000) (#CL8942AP;
CEDARLANE Laboratories USA). For immunofluores-
cence (IF), paraffin-embedded sections were stained using
monoclonal anti-perilipin antibodies (1:250) (Fitzgerald),
polyclonal anti–4-hydroxy-2-noneal (4-HNE) antibodies
(1:200) (Alpha Diagnostic International), a guinea pig
anti-swine insulin antibody (1:500) (Dako, Carpinteria,
CA), or a rabbit anti-glucagon antibody (1:250) (Zymed,
Grand Island, NY).

Hyperinsulinemic-Euglycemic Clamps and
Hyperglycemic Clamps
Hyperinsulinemic-euglycemic clamps and hyperglycemic
clamps were performed, as previously described (2,8).

Lysophosphatidic Acid, Phosphatidic Acid, Ceramides,
and Sphingolipid Measurements
Lysophosphatidic acid (LPA), phosphatidic acid, cer-
amides, and sphingolipids were quantified by liquid
chromatography-electrospray ionization–tandemmass spec-
trometry, using a Nexera ultra-high-performance liquid
chromatograph coupled to an LCMS-8050 (Shimadzu
Scientific Instruments, Columbia, MD), as previously de-
scribed (9). Data were processed using the LabSolutions
5.82 and LabSolutions Insight 2.0 program packages
(Shimadzu Scientific Instruments).

Statistical Analyses
Results are provided as means 6 SEM. Statistical analysis
was performed using GraphPad Prism (GraphPad Prism
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Software, San Diego, CA). Differences between the two
groups over time (as indicated in the relevant figure
legends) were determined by a two-way ANOVA for re-
peated measures, followed by a Bonferroni posttest to
compare replicate means in each time point. For compar-
ison between two independent groups, a Student t test
was used. The box-and-whisker analysis was performed to
exclude any potential outliers accordingly. Significance was
accepted at a P value of,0.05. All statistical information is
provided in Supplementary Table 7.

Data and Resource Availability
The data sets generated during and/or analyzed during
the current study are available in the National Center for
Biotechnology Information repository (Gene Expression
Omnibus [GEO] accession number GSE125900) at https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc5GSE125900.
The data sets generated and/or analyzed during the current
study are available from the corresponding author upon
reasonable request.

RESULTS

Inducible Overexpression of FtMT Specifically in
Adipose Tissue
To trigger FtMT-induced mitochondrial dysfunction in
WAT, we generated a mouse in which the expression
of FtMT is driven by a tetracycline-inducible promoter
element (a tet-responsive element, or TRE); that is, a
“TRE-FtMT mouse.” For this promoter element to be op-
erational, the “Tet-on” transcription factor, rtTA is re-
quired. We provide this factor in a fat-specific manner
through a mouse that harbors rtTA under the control of
the adiponectin promoter (6). Upon crossing TRE-FtMT
mice with adiponectin-rtTA mice (FtMT-Adip mice) and
with the administration of Dox, we achieve induction of
FtMT specifically within adipose tissue (Fig. 1A). Our in
vivo system of inducible FtMT is highly specific and titrat-
able. After 1 week of Dox-chow (600 mg/kg Dox) feeding,
FtMT mRNA (Fig. 1B) and protein (Fig. 1C) are markedly
increased in transgenic sWAT. Consistent with FtMT lo-
calization to the mitochondrial matrix (10), FtMT protein
levels are markedly enhanced in mitochondria isolated
from transgenic fat (Fig. 1D). Given its iron-sequestering
properties (10), FtMT increases total iron levels in adi-
pose mitochondria, with no differences apparent in cy-
toplasmic total iron (Fig. 1E).

FtMT-Adip mice fed Dox-chow gain significantly less
body weight (data not shown) and display a significant
reduction in circulating and intracellular levels of adipo-
nectin (Fig. 1F). As adiponectin is tightly associated with
enhanced insulin sensitivity (11,12), this suggests a met-
abolically unfavorable phenotype in FtMT-Adip mice. In-
deed, transgenic adipose mitochondria have less dense
cristae (Fig. 1G), significantly lower oxygen-consumption
rates (Fig. 1H), and exhibit reduced expression of electron
transport chain complexes (Fig. 1I). Combined, this points
to mitochondrial dysfunction in transgenic fat.

FtMT-Adip Mice Are Resistant to DIO but Are Glucose-
Intolerant and Have Reduced Adiponectin With Local
Oxidative Stress
FtMT-Adip mice exhibit a large reduction in body weight
(;20 g) during Dox-HFD feeding (Fig. 2A), which is
reflected by a significant decrease in circulating leptin
levels (Fig. 2B) and reduced fat-pad mass (Fig. 2C). Despite
being leaner, transgenic mice display glucose intolerance,
even after 1 week of the Dox-HFD (Fig. 2D), which persists
over several weeks (Fig. 2D and Supplementary Fig. 1A).
FtMT-Adip mice also exhibit significantly higher levels of
glucose and insulin during ad libitum feeding (Supplemen-
tary Table 1). Given that body weights do not diverge
between genotypes after 3 weeks of the Dox-HFD (yet we
observe glucose intolerance), we chose this 3-week time
point for subsequent experiments.

Hyperinsulinemic-euglycemic clamps show transgenic
mice have enhanced basal glucose and insulin production
and require a significantly lower glucose infusion rate than
wild-type (WT) littermates (Fig. 2E) (reflecting impaired
whole-body insulin sensitivity). Hepatic insulin sensitivity
is worsened in transgenic mice (as shown by significantly
higher hepatic glucose output) (Fig. 2E). Transgenic sWAT,
gWAT, and liver display impaired insulin signaling (re-
duced insulin-stimulated phosphorylated-Akt levels) (Fig.
2F). Consistent with glucose intolerance, 2-deoxyglucose
(2-DG)-uptake experiments reveal significantly reduced
whole-body glucose disposal rate (Rds), with reduced
glucose uptake in transgenic sWAT, soleus and gastrocnemius
muscle, and heart (Fig. 2G).

Metabolic cage studies (performed before body weights
diverged, as no difference in body fat was evident) (Sup-
plementary Fig. 1B) showed that transgenic mice have
increased lean body mass (Fig. 2H) but no marked differ-
ences in oxygen-consumption rates (Supplementary Fig.
1B) or food intake (data not shown). Interestingly, FtMT-
Adip mice exhibit a moderate increase in total heat con-
sumption (Fig. 2H), suggesting their surplus calories are
excreted and lost, possibly due to a malabsorption defect.
This is paralleled with moderate increases in certain
sphingolipid and ceramide species (Supplementary Fig.
1C), suggesting some contribution of toxic lipid species to
this phenotype. Transgenic mice have a significantly lower
respiratory exchange ratio (Fig. 2H), indicating a prefer-
ential fuel utilization toward free fatty acids (FFAs) as
a primary energy source. Consistent with this, transgenic
mice have significantly improved TG clearance rates (Fig.
2I). Lipoprotein lipase (LPL) is a rate-limiting enzyme that
hydrolyzes TGs in circulating lipoproteins. Increased ad-
ipose LPL levels are typically associated with enhanced TG
uptake (13). During fasting, induction of angiopoietin-3
(ANGPTL-3) and ANGPTL-4 inhibit LPL activity in WAT
(14). The significant downregulation of Angptl-3 and
Angptl-4 expression in transgenic sWAT (Fig. 2J) reaffirms
their enhanced TG clearance rate. However, 3H-triolein
tracer experiments reveal no marked differences in tissue
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 specifically in fat. Adipose tissue–specific 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 to b-actin) in sWAT, gWAT,mesentericWAT (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 FtMT (;22 kDa) and prohibitin (;30 kDa) in sWAT 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 sWAT 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 600mg/kg Dox (n5 3–4). F: Circulating adiponectin levels in WT and FtMT-Adip
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liver (Supplementary Fig. 1D). This suggests that these
tissues are not primarily responsible for enhanced lipid
uptake in the transgenic mice at that given time point.

Elevated adiponectin levels correlate with improved
insulin sensitivity (11,15). FtMT-Adip mice have signif-
icantly lower circulating levels of adiponectin in the fed
and fasted state (24 h), with minimal levels expressed in
WAT (Fig. 2K). Acute induction of FtMT in adipose tissue
during Dox-HFD feeding further shows the significant
gradual decline in circulating adiponectin levels (Fig. 2L).
Fat-specific adiponectin-overexpressing mice are highly
sensitive to b3-adrenergic receptor (AR) agonist treat-
ment (16). Consistent with this, transgenic mice are less
sensitive to adrenergic stimuli, as evident by low FFA and
glycerol levels after b3-AR agonist treatment (Fig. 2M).
FtMT-Adip mice also exhibit extremely low circulating
levels of glycerol (Supplementary Table 1). Glycerol clear-
ance tests reveal that transgenic mice clear exogenous
glycerol from the circulation at a significantly higher rate
than WT littermates (Fig. 2N), suggesting an additional
preferential utilization of glycerol as an energy source.

Morphologically, transgenic mice have dysfunctional
sWAT and gWAT, with enhanced infiltration of adipose
tissue macrophages (inflammation) and fibrosis (Fig. 2O
and Supplementary Fig. 2A). Whereas transgenic mice have
reduced fat-pad mass (Fig. 2C), this is not due to adipose
tissue apoptosis, as perilipin IF shows whole adipocyte
staining in sWAT and BAT (Supplementary Fig. 2B). Strik-
ingly, FtMT-Adip mice have a massive 21-fold increase
in ROS damage (lipid peroxidation adducts) in sWAT
(Fig. 2P), which is confirmed by 4-HNE IF staining (lipid
peroxide levels) (Fig. 2Q). Combined, induction of FtMT
in fat (as a unique tool to elicit mitochondrial dysfunc-
tion via disruption of mitochondrial iron homeostasis)
yields a profoundly metabolically unhealthy phenotype.

FtMT Induction in Fat Exacerbates the Metabolically
Unhealthy Phenotype of the ob/ob Mouse, Despite
Lowering Body Weight During DIO
Given transgenic mice are protected fromDIO (Fig. 2A), we
crossed FtMT-Adip mice into a leptin-deficient diabetic ob/ob
background to provide a prolonged metabolic challenge.
During Dox-chow feeding, no differences in body weight or
glucose tolerance were apparent between FtMT-Adip-ob/ob
mice and their nontransgenic ob/ob counterparts (Supple-
mentary Fig. 3A and B). Furthermore, no systemic phenotype

was evident during feeding or fasting (Supplementary
Table 2). Histologically, FtMT-Adip-ob/ob mice still ex-
hibit dysfunctional fat (Supplementary Fig. 3C) and more
pronounced hepatic steatosis with increased hepatic TG
content (Supplementary Fig. 3D and E). Combined, this
suggests a lack in systemic phenotype in transgenic-ob/ob
under baseline conditions but a worsened fat and liver
phenotype.

We subsequently added an extra metabolic challenge
using Dox-HFD feeding. Interestingly, with the added
dietary lipid component, a systemic phenotype was now
apparent in FtMT-Adip-ob/ob mice, as they gained less
bodyweight than their ob/ob littermates (Fig. 3A). Transgenic-
ob/ob mice also exhibit profound glucose intolerance, with
extremely hyperglycemic baseline glucose values of
;400 mg/dL (Fig. 3B) during feeding and fasting (Sup-
plementary Table 3). This was concomitant with impaired
insulin secretion (Fig. 3B) and lower circulating levels of
adiponectin (Supplementary Table 3). Finally, FtMT-Adip-
ob/ob mice harbor highly dysfunctional, fibrotic, and
inflamed fat (Fig. 3C) with chronic hepatic steatosis (Fig.
3D). Taken together, fat-specific induction of FtMT wors-
ens the already metabolically unhealthy phenotype of the
ob/ob mouse; however, the added component of dietary
lipid is required for this detrimental phenotype to fully
unravel.

Enhancing the Antioxidant System Does Not Rescue
the Detrimental Phenotype of Transgenic Mice
To examine whether high ROS damage in transgenic fat
drives their detrimental systemic phenotype, we used an
in vivo antioxidant approach. We crossed FtMT-Adip mice
with mice that overexpress catalase targeted to mitochon-
dria to achieve fat-specific induction of FtMT simultaneously
with a constitutive overexpression of the antioxidant en-
zyme mitochondrial catalase (mCAT). After the Dox-HFD,
constitutive overexpression of mCAT failed to improve
glucose tolerance in FtMT-Adip mice (data not shown) or
prevent the reduction in adiponectin levels (Fig. 4A). This
suggests that mCAT, as an in vivo approach to alleviate an
ROS-driven impairment in glucose tolerance, is not suffi-
cient to rescue the detrimental metabolic phenotype of
FtMT-Adip mice.

While chronic ROS generation contributes to insulin
resistance, recent in vivo studies show that mild ROS
production paradoxically enhances insulin signaling and

mice after the Dox-chowdiet (n5 4) (left). RepresentativeWestern blots of adiponectin (;30 kDa) and a-tubulin (;55 kDa) in sWAT fromDox-
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 (5 mg) isolated from WT and FtMT-Adip BAT in
response to sequential additions of DMEM (basal measurements with DMEMmedia containing FCCP [carbonyl cyanide 4-[trifluoromethoxy]
phenylhydrazone], pyruvate, malate, and the complex I inhibitor rotenone), succinate (complex II substrate), antimycin-A (complex III
inhibitor), and ascorbate and TMPD (N,N,N9,N9-tetramethyl-p-phenylenediamine) (cytochrome c substrate) (n5 4–5). I: Western blot showing
complex I (subunit NDUFB8), complex II, complex III (core 2), complex IV (subunit I), and ATP synthase a 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 mean 6 SEM. **P , 0.01; ***P , 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 (n5 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) (n 5 5). E: Basal glucose (n 5 9) and insulin
production (n 5 5), glucose infusion rates (n 5 9), and hepatic glucose output (n 5 7–8) during hyperinsulinemic-euglycemic clamps
performed on conscious unrestrained 16-week-oldmaleWT and FtMT-Adipmice. F: RepresentativeWestern blots of phosphorylated (p)-Akt
and total-Akt expression (;60 kDa) in sWAT, gWAT, and liver tissues fromWT vs. FtMT-Adipmice before and after insulin injection (0-, 5- and
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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 fromWT and FtMT-Adip mice after 3 weeks of Dox-HFD feeding (n5 7–9; n5 4–5 for sWAT 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

Figure 2—Continued
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sensitivity (17). We next took advantage of the titratable
nature of our system by using FtMT as a tool to acutely
induce ROS in fat and address whether mild ROS preserves
insulin sensitivity during DIO. Given that mild ROS levels
are associated with enhanced insulin sensitivity (17) and
that transgenic mice have increased basal insulin levels
(Fig. 2E), we assessed insulin as an indirect indicator of
ROS induction in fat. Figure 4B shows that transgenic mice
maintain normoinsulinemia for up to 12 h of Dox-HFD
feeding, whereas WT mice significantly elevate their in-
sulin levels in response to the acute dietary challenge.
Surprisingly, at the 12-h time point of Dox-HFD feeding,
FtMT-Adip mice displayed improved glucose tolerance and
enhanced glucose-stimulated insulin secretion (Fig. 4C).

This suggests that mild ROS signaling may exert a benefi-
cial role. Interestingly, ROS damage, as measured by
mitochondrial hydrogen peroxide levels (Fig. 4D) and lipid
peroxide adducts (Supplementary Fig. 4A), is significantly
reduced in transgenic sWAT after 12 h of the Dox-HFD,
indicating that transgenic mice may unleash a highly pro-
tective antioxidant response to the acute dietary challenge.
Consistent with this, antioxidant enzymes that detoxify
ROS are significantly increased in transgenic sWAT;
namely, superoxide dismutases, glutathione peroxidases,
and glutathione-S-transferases (Fig. 4E). Collectively, an
efficient and protective antioxidant system is activated in
transgenic fat, but only in an acute setting of dietary
challenge, which is overridden in a chronic setting.

Figure 2—Continued

mice after 3 weeks of Dox-HFD feeding (n5 4–7). I: TG clearance test onWT and FtMT-Adipmice. 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 (n 5 3–4). K:
Circulating adiponectin levels (left) under fed and fasted (24 h) conditions inWT and FtMT-Adip mice (n5 5). Representative Western blots of
adiponectin and a-tubulin (right) in sWAT from Dox-HFD–fed WT and FtMT mice, with the graph showing average adiponectin levels
normalized to a-tubulin (n5 4). L: Circulating adiponectin levels during a Dox-HFD time course (every 3 days for up to 12 days) (n5 9).M: FFA
(left) and glycerol levels (right) during a b3-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; n5 7).O: Representative images of H&E staining
(top), Mac2 IHC staining (middle), and trichrome staining (bottom) ofWT and FtMT-Adip sWAT after Dox-HFD feeding. Scale bars5 32mm.P:
ROS damage (bound F2-isoprostane [ng/g] levels reflecting lipid peroxide adducts) in WT and FtMT-Adip sWAT (n5 4–5).Q: Representative
images of 4-HNE (amarker of ROS damage; lipid peroxide levels) IF staining ofWT and FtMT-Adip sWAT. Scale bar5 50mm. Data are shown
as mean 6 SEM *P , 0.05; **P , 0.01; ***P , 0.001.
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An Interorgan Cross Talk Signaling Axis Originating
From Transgenic Fat Targets the Pancreas and Heart
to Elicit Massive b-Cell Proliferation and Cardiac
ROS Damage
The induction of FtMT in fat produces a major impact on
the whole-body signaling communication axis, which sig-
nals from fat to the pancreas, liver, and heart. With chronic
Dox-HFD feeding, FtMT-Adip mice exhibit massive pan-
creatic b-cell hyperplasia (Fig. 5A) (more so than most
genetic mouse models). Hyperglycemic clamps show highly
significant glucose-stimulated hypersecretion of insulin
from transgenic b-cells (Fig. 5B). Transgenic livers are also
severely affected. FtMT-Adip mice exhibit increased liver
mass (Fig. 5C), elevated hepatic TG content (Fig. 5D), and
larger hepatic lipid droplets (Fig. 5E), collectively suggest-
ing hepatic steatosis. Paradoxically, despite hepatic steatosis,
FtMT-Adip mice exhibit lower ROS damage in the liver
(Fig. 5F), and conversely, higher ROS damage in the heart
(Fig. 5G). Cardiac tissue in fat-specific FtMT-Adip mice is
highly susceptible to oxidative damage even though FtMT
is induced exclusively in adipose tissue, with no over-
expression evident in the heart (Fig. 1B).

FtMT-Adip mice also exhibit significantly reduced BAT
mass (Fig. 5H), which is fibrotic and contains enlarged
lipid-laden disarrayed adipocytes (Fig. 5I). Transgenic BAT
also has a marked reduction in classical BAT markers (Fig.
5J), suggesting a “whitened” depot. Indeed, 3H-triolein
tracer experiments show significantly impaired lipid up-
take and lipid oxidation in transgenic BAT (Fig. 5K), in-
dicating that BAT whitening elicits negative metabolic
consequences on lipid homeostasis.

FtMT-Adip Fat Harbors High Ceramide and LPA Levels,
With Large Increases in GDF15 and FGF21
We performed transcriptional analyses to gain more mech-
anistic insight about how FtMT causes such a profound
metabolically unhealthy phenotype. Supplementary Table
4 lists the top significantly upregulated genes in transgenic
sWAT. Real-time qPCR confirmation shows significant
increases in growth differentiation factor 15 (Gdf15) (88-
fold) in sWAT and BAT (Fig. 6A and Supplementary Fig.
5A), Fgf21 (18-fold), Trib3 (15-fold), Atf3 (10-fold), and
S1pl (3-fold) (Fig. 6A). GDF15 is a recently identified
biomarker for insulin resistance and obesity (18–20).
Administration of recombinant or transgenic overexpres-
sion of GDF15 reduces DIO and enhances insulin sensi-
tivity (21–23). Here, transgenic mice exhibit significant
increases in adipose Gdf15mRNA (Fig. 6A) and circulating
levels of GDF15 protein (Fig. 6B). Consistent with rodent
studies of GDF15 induction, FtMT-Adip mice also gain less
body weight during DIO (Fig. 2A).

Fibroblast growth factor 21 (FGF21) is a hormone that
enhances insulin sensitivity (24). While FGF21 elicits
positive metabolic effects, certain intracellular mitochon-
drial disturbances also increase the protein, and as such,
FGF21 also serves as a stress-response hormone (25). For
instance, mitochondrial diseases that inhibit oxidative

phosphorylation display enhanced FGF21 levels (26). De-
spite having a metabolically unfavorable phenotype, FtMT-
Adip mice have significantly upregulated Fgf21 levels in
fat (Fig. 6A) and increased FGF21 protein in circulation
(Fig. 6C). Given the degree of mitochondrial dysfunction
in transgenic fat (Fig. 1G–I), it is likely that FGF21 is
a serological marker of an FtMT-induced mitochondrial
stress response.

The transcription factor Yin Yang 1 (YY1) suppresses
certain proteins that activate thermogenic and uncoupling
transcriptional programs: namely Fgf21, Gdf15, and
Angptl6 (27). WAT- and BAT-specific YY1-null mice are
protected from DIO and exhibit reduced fat-pad mass (27).
Here, FtMT-Adip mice harbor a significant downregulation
in adipose Yy1 levels (Fig. 6D). Given transgenic mice have
increased GDF15 (Fig. 6B), FGF21 (Fig. 6C), and Angptl-6
in fat (Supplementary Fig. 5B), this coincides with the
downregulation in YY1. To examine this connection, we
crossed FtMT-Adip mice with TRE-YY1 mice to overex-
press both FtMT and YY1 in fat. We hypothesized that the
restoration of YY1 in transgenic mice could normalize
GDF15 and adiponectin levels to preserve insulin sensi-
tivity. However, simultaneous induction of YY1 and FtMT
in fat did not prevent the drop in adiponectin, the increase
in GDF15 (Fig. 6E), or preserve glucose tolerance (data not
shown). Whereas Verdeguer et al. (27) showed YY1 to
suppress Gdf15 levels in BAT, conversely, we demonstrate
that fat-specific YY1 induction increases GDF15 (Fig. 6E).

We next hypothesized that the increase in GDF15 and
FGF21 in transgenic mice (mitochondrial stress markers)
triggers their metabolically unfavorable phenotype. We
crossed FtMT-Adip mice with global constitutive GDF15
knockout (GDF15-KO) mice or fat-specific FGF21-KOmice
(the latter confirmed to exhibit significantly reduced
circulating levels of FGF21) (Supplementary Fig. 5C).
We used circulating adiponectin and GDF15 as positive
and negative readouts, respectively (as indicators for
overall metabolic health). After DIO, the unhealthy phe-
notype of transgenic mice was not reversed by elimination
of GDF15 or FGF21, as adiponectin levels were still re-
duced and GDF15 levels still increased in GDF15-KO mice
(Fig. 6F) and FGF21-KO mice (Fig. 6G) (each crossed with
FtMT-Adip mice). Of note, while constitutive expression of
mCAT in FtMT-Adip mice did not prevent the decline in
adiponectin (Fig. 4B), mCAT also failed to counteract the
rise in GDF15 (Fig. 6H). Combined, the detrimental phe-
notype of FtMT-Adip mice is independent of GDF15,
FGF21, or mCAT.

Supplementary Table 5 provides the top down-
regulated genes in transgenic sWAT. qPCR confirmed
significant decreases in Grp120 (4-fold), Insig1 (4-fold),
Rbp4 (12-fold), SucnR1 (8-fold), Lrg1 (10-fold), Nnat
(15-fold), and Fsd2 (7-fold) (Supplementary Fig. 5D).
G-protein–coupled receptors play an important role in
glucose and lipid homeostasis. GPR120 exerts antidi-
abetic and anti-inflammatory actions that improve insu-
lin 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/obmice during Dox-HFD feeding (n5 3–6).B: Glucose (left)
and insulin (right) levels during an OGTT on male ob/ob and FtMT-Adip-ob/ob mice after 6 weeks of Dox-HFD feeding (n 5 3–5). C:
Representative images of H&E staining (top left), trichrome staining (top right), and Mac2 IHC (bottom) of sWAT and gWAT from ob/ob and
FtMT-Adip-ob/obmice after 12weeks of Dox-HFD feeding. Scale bars5 50mmand 32mm.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; ***P , 0.001.
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Here, FtMT-Adip mice have significantly lower Gpr120
levels (Supplementary Fig. 5D). Given the known insulin-
sensitization actions of GPR120, this is consistent with
transgenic mice displaying severe insulin resistance
(Fig. 2E).

LPA is a bioactive signaling lipid. Transgenic mice have
significantly increased levels of several LPA species

exclusively in fat (Fig. 6I), with no differences evident in
liver or heart (Supplementary Fig. 5E) or in circulation
(Supplementary Fig. 5F). Phosphatidic acid, which is gen-
erated from LPA by the enzyme AGPAT2 (30), is also
significantly increased in transgenic fat (Fig. 6J). Consis-
tent with an unhealthy phenotype, several sphingolipid
and ceramide species are elevated in transgenic fat

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-FtMTmice during 12 day time course of
Dox-HFD feeding (n5 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-
Adipmice (n5 8).C: Glucose (left) and insulin (right) levels during anOGTTonWTandFtMT-Adipmice after 12 h of Dox-HFD feeding (n5 6–7).D:
ROS damage (mitochondrial hydrogen peroxide), asmeasured by the peak area ratio of MitoP toMitoB, in sWAT, liver, and heart tissues from
WT and FtMT-Adip mice after12 h of Dox-HFD feeding (n5 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 mean 6 SEM. *P , 0.05; **P , 0.01; ***P , 0.001.
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Figure 5—FtMT-Adipmice exhibit massive b-cell hyperplasia, ROS damage in the heart, hepatic steatosis, and BATwhitening.A: Insulin and
glucagon IF staining of pancreata (left) and H&E staining of whole pancreas (center) fromWT and FtMT-Adip mice after 16 weeks of Dox-HFD
feeding. Scale bars5 129 mm. Right: Total pancreatic islet area (mm2). B: A hyperglycemic clamp: circulating insulin levels were measured at
the indicated times during glucose infusion in WT and FtMT-Adip mice after 3 weeks of Dox-HFD (n 5 3). Liver weights (mg), normalized to
total body-weights (g) (C), and liver TG content (D) in WT and FtMT-Adip mice (n5 4–5). E: Representative images of H&E staining of WT and
FtMT-Adip livers. Scale bars5 32 mm. ROS damage, as measured by the peak area ratio of MitoP to MitoB, in liver (F) and heart tissues (G)
fromWT and FtMT-Adipmice (n5 3–5).H: Tissuemass of BAT fromWT and FtMT-Adipmice (n5 5–6). I: Representative images of H&E (top)
and trichrome staining (bottom) of BAT from WT and FtMT-Adip mice after Dox-HFD feeding. Scale bars 5 32 mm. J: BAT-marker gene
expression levels (Ucp1,Cidea,Otop1,Dio2, andCox7a1) inWT and FtMT-Adip BAT (n5 4–5).K: 3H-triolein lipid uptake and lipid oxidation in
BAT from WT and FtMT-Adip mice (n 5 4–6). Data are shown as mean 6 SEM. *P , 0.05; **P , 0.01; ***P , 0.001.
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Figure 6—Dysfunctional transgenic fat harbors high toxic lipid species and LPA acid levels with enhanced production of GDF15 and FGF21.
A: Real-time qPCR data of several of the top upregulated gene targets (as identified by Illumina microarray) (Gdf15, Fgf21, Trib3, Atf3, and
S1pl) in sWAT fromWT and FtMT-Adipmice after 3 weeks of Dox-HFD feeding (n5 4).B: Circulating GDF15 levels after a 3-h fast (left) (n5 5)
and GDF15 levels during a Dox-HFD time course (every 3 days for up to 12 days) (right) in WT and FtMT-Adip mice (n 5 9). C: Circulating
FGF21 levels after a 3-h fast (n5 4–6). D: YY1 expression levels in WT and FtMT-Adip sWAT (n5 3–4). E: Circulating adiponectin levels (left)
and GDF15 levels (right) in WT, FtMT-Adip, and TRE-YY1 mice crossed with FtMT-Adip mice (YY1-FtMT) during a 12-day Dox-HFD time
course (n5 6–8). F: Circulating adiponectin levels (left) and GDF15 levels (right) in WT, FtMT-Adip, and global GDF15-KO mice crossed with
FtMT-Adipmice (GDF15-KO-FtMT) (n5 6–8).G: Circulating adiponectin (left), GDF15 (center), and FGF21 (right) levels inWT, FtMT-Adip, and
fat-specific FGF21-KO mice crossed with FtMT-Adip mice (FGF21-KO-FtMT) (n 5 5–8). H: Circulating GDF15 levels in WT, FtMT-Adip, and
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Figure 6—Continued

mCAT-FtMTmice during 12-day time course of Dox-HFD feeding (n5 6–7). I: LPA levels in WT and FtMT-Adip sWAT (n5 6). J: Phosphatidic
acid levels in WT and transgenic mice sWAT (n5 5–6). K: Sphingolipid (sphingosine, sphingosine-1–phopshate, sphinganine, sphinganine-
phosphate, and deoxysphinganine), lactosyl-ceramide (lactosyl-16, -18,- 20, -22, -24:1, and -C24), dihydro-ceramide (dihydro-16, -18, -20,
-22, -24:1, and -24), hexosyl-ceramide (hexosyl-16, -18,-20, -22, -21:4, and -C240), and ceramide (ceramide-14, -16, -18:1, -18, -20, -22,
-24:1, and -24) levels in WT and FtMT-Adip mice after 3 weeks of Dox-HFD feeding (n 5 3–5). Data are shown as mean 6 SEM. *P , 0.05;
**P , 0.01; ***P , 0.001.
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(Fig. 6K). Specifically, lactosyl- and hexosyl-ceramide lev-
els are massively increased, more so than ever reported to
date (6- to 37-fold, respectively) (Fig. 6K).

DISCUSSION

Here, we take advantage of the unique properties of FtMT
as an in vivo tool to elicit adipocyte mitochondrial dys-
function. This allows us to examine how a dysregulation
in adipocyte mitochondrial homeostasis influences WAT
expansion during obesity. While we hypothesized that gen-
eral adipocyte mitochondrial dysfunction (caused by a fat-
specific induction of FtMT) would elicit a positive “obese
yet metabolically favorable” phenotype, we in fact ob-
served the opposite: a “lean yet metabolically unhealthy”
phenotype. The distinct phenotypic outcome is likely
explained by the different mitochondrial perturbations
that FtMT and mitoNEET trigger in the adipocyte. This
is based on their differential effect on mitochondrial
iron homeostasis. FtMT induction in the mitochondrial
matrix increases mitochondrial iron, whereas mitoNEET
overexpression in the outer mitochondrial membrane
reduces mitochondrial iron. It is rather remarkable that
such highly specific mitochondrial insults can trigger
either a metabolically positive (mitoNEET) or negative
(FtMT) compensatory mechanism.

Despite our unexpected outcome, fat-specific induction
of FtMT in its own right generated a unique and extreme
phenotype. Adipocyte mitochondrial impairment gener-
ated dysfunctional fat, with increases in local and circu-
lating levels of two established beneficial factors, GDF15
and FGF21. Albeit here, they likely serve as mitochondrial
stress markers. Our new model system also identifies how
metabolically unhealthy fat expansion has both negative
and positive effects on target tissues by signaling through
a whole-body interorgan communication axis. Adipocyte
mitochondrial dysfunction, while causing a local negative
milieu, paradoxically triggers massive pancreatic b-cell
proliferation and protects the liver from oxidative damage
(the latter likely due to enhanced mitochondrial uncou-
pling). Conversely, this dysfunctional fat promotes ROS
damage in the heart. The FtMT-induced b-cell hyperplasia
is extreme; much more pronounced than typically seen in
other mouse models of insulin resistance (31,32). This
raises interesting questions about how the pancreas
responds in such a positive manner to compensate for
severely dysfunctional fat.

Locally, FtMT-induced adipocyte mitochondrial impair-
ment yields all the classical hallmarks of highly dysfunc-
tional fat (33). After DIO, transgenic fat becomes inflamed
and fibrotic and exhibits reduced insulin sensitivity, mi-
tochondrial dysfunction, enhanced ROS damage, high
levels of LPA, and increased levels of toxic lipid species
(ceramides, lactosyl- and hexosyl-ceramides), with the
latter further promoting insulin resistance (34). LPA is
a bioactive lipid and a key extracellular signaling molecule.
Administration of LPA to obese glucose-intolerant mice

diminishes insulin secretion to further promote hypergly-
cemia (35). LPA administration generates ROS through
NADPH oxidase 4 (36), protein kinase C (37), mitogen-
activated protein kinase (38), and epidermal growth factor
receptor–mediated mechanisms (39), and vice versa, ROS
is a second messenger for LPA-mediated signaling (40).
Here, transgenic mice exhibit large increases in several
LPA species exclusively in fat, suggesting that these sig-
naling lipids contribute to their metabolically unfavorable
phenotype.

GDF15 is a recently discovered biomarker for insulin
resistance, obesity, and cardiovascular disease (20). In
humans, increased circulating levels of GDF15 correlate
with weight loss (41). In rodents, administration of
recombinant GDF15 or transgenic overexpression reduces
body weight and fat mass to enhance insulin sensitivity
(21,22). While GDF15 is associated with a positive met-
abolic milieu, the protein is also secreted as amitochondrial
stress-responsive cytokine after mitochondrial dysfunc-
tion (42). Here, transcriptional analyses reveals GDF15
and the metabolic hormone FGF21 as two of the top most
upregulated genes in transgenic fat. This also translates
systemically, with increased levels of both in circulation,
and also suggests that fat-derived FGF21 leads to an
upregulation of circulating FGF21 levels, a notion unrec-
ognized to date. FGF21 is also a factor that promotes
weight loss and insulin sensitivity (24). Similar to GDF15,
intracellular disturbances enhance FGF21 levels. Here,
mitochondria-induced fat dysfunction produces ametabol-
ically unfavorable phenotype in mice that exhibit increased
levels of FGF21 and GDF15, which act as serological
markers of a mitochondrial stress response.

Adipose tissue health and insulin responsiveness are
critical for the metabolic flexibility of other organs. Here,
transgenic mice exhibit highly dysfunctional fat that trig-
gers system-wide insulin resistance, which has detrimental
effects on the heart and BAT. Paradoxically, beneficial
effects are apparent for the pancreas and liver; the latter in
context of reduced oxidative damage, which could be a re-
sult of enhanced mitochondrial uncoupling. The pancreas
harbors one of the most striking phenotypes in the FtMT-
Adip mouse: massive b-cell hyperproliferation. This b-cell
hyperplasia is much more pronounced than typically ob-
served for other mouse models of insulin resistance
(31,32). Accompanying this, transgenic mice exhibit
massive insulin secretion during a hyperglycemic clamp,
suggesting a profound compensatory response from the
b-cell rather than insufficient production of insulin or
defective insulin secretion. Combined, this points to a fat-
to-pancreas signaling axis that initiates massive expansion
of b-cell mass. One hypothesis of how this may occur is
through the adipokine adipsin, which signals from the
adipocyte to the pancreas to positively impact b-cell function
(43). However, as transgenic fat displays a reduction in adipsin
expression (data not shown), it is unlikely that adipsin is the
primary mediator here. Alternatively, the high degree of ROS
damage in transgenic fat may modify lipid intermediates or
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proteins that are released in exosomal vesicles. These vesicles
(containing ROS-modified material) could potentially travel in
circulation from the fat to the pancreas.

Type 2 diabetes is associated with reduced b-cell mass
and function, resulting in inadequate insulin production.
Conversely, in diet-induced (32,44) and genetic mouse
models (45) of nondiabetic obesity, particularly in the
C57BL/6 ob/ob mouse, an expansion of b-cell mass (partly
due to b-cell proliferation) occurs before insulin resistance
(44). Human autopsy studies show that obese individuals
who are not diabetic have a 50% greater b-cell mass
compared with lean individuals (46). As such, the ability to
expand functional b-cell mass in response to insulin re-
sistance is crucial in the prevention of diabetes. Here, the
induction of mitochondrial dysfunction in fat produces
a lean insulin-resistant mouse that exhibits massive b-cell
hyperplasia. Given that b-cell expansion typically occurs as
a compensatory response to nondiabetic obesity (47), this
suggests the FtMT-Adip mouse is a unique model that
promotes b-cell proliferation in a lean setting.

When excessively produced, ROS disrupts cellular sig-
naling and inflicts damage to DNA, lipids, and proteins.
The heart is extremely susceptible to oxidative damage
from intraorgan ROS or circulating ROS-inducing factors
(48); as such, oxidative stress contributes to the develop-
ment of cardiovascular disease (48). Here, fat-specific

FtMT-Adip mice exhibit ROS damage in the heart, despite
FtMT only being induced exclusively in fat, with no over-
expression in the heart. This suggests that an external
source of ROS (likely originating from dysfunctional fat)
has detrimental effects on the heart and is thus respon-
sible for the oxidative stress inflicted on cardiac tissue.

In conclusion, Fig. 7 highlights the proposed mecha-
nism by which mitochondrial dysfunction in the adipocyte,
in this particular case, alters local WAT function to elicit
unique system-wide negative and positive effects on other
organs. Specifically, FtMT induction in the adipocyte pro-
motes local ROS damage, with an increase in LPA and
ceramide production. This activates a mitochondrial stress
response from the adipocyte, which increases GDF15 and
FGF21. Such local effects exert a profound impact globally,
as fat-specific FtMT-Adip mice harbor a lean phenotype
yet are metabolically unhealthy. While the heart exhibits
the negative effects of oxidative damage, the pancreas
responds in a positive manner through massive b-cell
proliferation.
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