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One Sentence Summary: Deficiency of IL10 and
systemic inflammation promote severe struc-
tural and functional damage to brown adipose
tissue mitochondria.
Background: Inflammation is themost relevantmechanism linking obesity with insulin-resistance andmetabolic
disease. It impacts the structure and function of tissues and organs involved in metabolism, such as the liver,
pancreatic islets and the hypothalamus. Brown adipose tissue has emerged as an important component of
whole body energy homeostasis, controlling caloric expenditure through the regulation of non-shivering ther-
mogenesis. However, little is known about the impact of systemic inflammation on the structure and function
of brown adipose tissue.
Methods: The relations between IL10 and mitochondria structure/function and also with thermogenesis were
evaluated by bioinformatics using human and rodent data. Real-time PCR, immunoblot, fluorescence and trans-
mission electron microscopy were employed to determine the effect of IL10 in the brown adipose tissue of wild
type and IL10 knockout mice.
Findings: IL10 knockout mice, a model of systemic inflammation, present severe structural abnormalities of
brown adipose tissue mitochondria, which are round-shaped with loss of cristae structure and increased
fragmentation. IL10 deficiency leads to newborn cold intolerance and impaired UCP1-dependent brown adipose
tissue mitochondrial respiration. The reduction of systemic inflammation with an anti-TNFα monoclonal anti-
body partially rescued the structural but not the functional abnormalities of brown adipose tissue mitochondria.
Using bioinformatics analyses we show that in both humans andmice, IL10 transcripts correlate with mitochon-
drial lipid metabolism and caspase gene expression.
Interpretation: IL10 and systemic inflammation play a central role in the regulation of brown adipose tissue by
controlling mitochondrial structure and function.
Fund: Sao Paulo Research Foundation grant 2013/07607-8.
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1. Introduction

Brown adipose tissue (BAT) is regarded as a potential target for
approaches aimed at treating obesity and some of its comorbidities,
particularly type 2 diabetes (T2D) [39,59,65]. Upon stimulation by
cold or β-adrenergic drugs, for example, the mitochondria-rich BAT
increases the uptake of distinct substrates, which are employed to
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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conduct thermogenesis by either uncoupling protein-1 (UCP1) - de-
pendent uncoupled respiration [40,50] or by ATP-linked mecha-
nisms, such as creatine-dependent thermogenesis or lipid futile
cycling [33,60], thus increasing whole body energy expenditure.
Employing [18F]-fluorodeoxyglucose (FDG) uptake as determined
by positron emission tomography combined with X-ray computed
tomography (FDG-PET/CT), studies have identified a number of fac-
tors that are physiologically related to increased BAT activity, such
as cold-exposure, leanness, youth, physical activity and the female
gender [13,67,72]. Conversely, in pathological conditions such as
obesity and T2D not only is baseline BAT glucose uptake low, but
the capacity of inducing its activity by different approaches is im-
paired [48,54].

Currently, there are 50 ongoing clinical trials aimed at developing
new strategies to stimulate BAT activity in obesity (Suppl. Table 1).
Among the studies evaluating drugs that are expected to increase BAT
activity, there are β-adrenergic, GLP1, PPARγ and thyroid hormone
agonists. Surprisingly, none of the clinical trials aim to dampen inflam-
mation as an approach to stimulate BAT.

Here, we tested the hypothesis that systemic inflammation
could impair BAT activity. This hypothesis was tested using dis-
tinct approaches and models. Interleukin-10 (IL10) knockout
mice (IL10 KO) were employed as a model of systemic inflamma-
tion. These mice present a deregulated control of interferon-
gamma (IFNγ) producing CD4-T lymphocytes leading to exacer-
bated Th1 activity [53]. We also evaluated markers of thermogen-
esis in two patients with mutation of the IL10 receptor (IL10RA);
these patients present chronic systemic inflammation. In addition,
we used bioinformatics to analyze large human and rodent
public dataset asking if IL10 was correlated with markers
of mitochondria function and structure and also with markers of
thermogenesis.
2. Results

2.1. IL10 is associated with BAT function and oxygen consumption in
humans

In order to explore the hypothesis that systemic IL10 levels corre-
late with BAT function, we employed transcriptome-based bioinfor-
matics analysis to examine the correlation between IL10 and blood
transcripts using a human dataset that included 175 subjects [12].
IL10 correlated positively with mitochondrial and lipid metabolism
genes (Fig. 1A), as well as genes involved in mitochondrial dynamics
(Fig. 1B–C). In adipose tissue, IL10 transcripts correlated positively
with mitochondria, lipid metabolism and caspase pathway related
transcripts (Fig. 1D). Adipose tissue IL10 also correlated with some
mitochondrial dynamics genes, particularly Opa1 and Mfn2
(Fig. 1E–F). Next, we evaluated a group of subjects with metaboli-
cally controlled T2D (Suppl. Table 2). Blood IL10 was not correlated
with BAT volume (Fig. 1G); however, it was directly correlated
with standardized uptake value (SUV) (Fig. 1H–J). In addition,
there was neither correlation with basal metabolic rate (Fig. 1K)
nor with non-shivering thermogenesis (Fig. 1L). In another cohort
of obese, non-diabetic subjects submitted to bariatric surgery
(Suppl. Fig. 1 and Suppl. Table 3), BAT volume was increased
(Suppl. Fig. 2A), whereas SUV was not modified following body
mass reduction eight months after surgery (Suppl. Fig. 2B–D).
Blood IL10 was not modified (Suppl. Fig. 2E), whereas energy expen-
diture (Suppl. Fig. 2F) and respiratory quotient (Suppl. Fig. 2G) re-
duced and glucose infusion rate during a hyperinsulinemic-
euglycemic clamp increased (Suppl. Fig. 2H). Both before and after
surgery there were direct correlations between IL10 and basal meta-
bolic rate (Suppl. Fig. 2I and K), whereas no correlation was found for
IL10 and SUV (Suppl. Fig. 2J and L).
2.2. IL10 correlates with BAT metabolism and mitochondria related tran-
scripts in mice

Next, we performed bioinformatics analysis employing a dataset of
BAT transcripts from distinct mice families [1]. There were direct corre-
lations between BAT IL10 and mitochondrial-NAD replenishers, lipid
metabolism and caspase/ubiquitin related transcripts (Fig. 2A). In addi-
tion, using a public gene expression dataset from C57/BL6 mice, we
demonstrate that adipose tissue IL10 and STAT3 expressions were stim-
ulated shortly after treatment with the β3-adrenergic agonist
CL-316,243 [24] (Fig. 2B). However, acute treatment of mice with IL10
increased neither BAT temperature nor O2 consumption (Suppl.
Fig. 3A–E). In addition, in an immortalized BAT adipocyte cell line,
acute treatment with IL10 did not modify PKA substrate phosphoryla-
tion (Suppl. Fig. 3F–G).

2.3. Reduced whole body IL10 leads to cold intolerance

At baseline (room temperature 22 ± 1 °C), IL10 KO mice presented
lower BAT temperature (Fig. 2C–D) and similar whole-body energy ex-
penditure per lean-mass as comparedwithwild-typemice (Fig. 2E) and
this was accompanied by reduced BAT weight (Suppl. Fig. 4A). How-
ever, BAT total protein, BAT protein density, and BAT total UCP1 and
UCP1 adjusted for total BAT protein were similar to control (Suppl.
Fig. 4B–E). In addition, there were no differences in CL-316,243-stimu-
lated changes in BAT temperature and whole body O2 consumption
(Suppl. Fig. 4F–G). Upon cold exposure (4 °C), adult IL10 KO mice pre-
sented 50% mortality after 6 h (Fig. 2F). This was not accompanied by
changes in BAT or tail temperature (Fig. 2G–H). In newborn wild-type
C57/BL6 mice, the immunoneutralization of IL10 resulted in 100% mor-
tality after 5 h of cold-exposure (Fig. 2I), whichwas accompanied by re-
duced BAT and tail temperatures (Fig. 2J–K). In order to determine if
IL10 deficiency could affect diet-induced thermogenesis, we fed mice
on a high-fat diet for four weeks and evaluated parameters related to
energy-expenditure; as shown in Suppl. Fig. 5A–B, the consumption of
a high-fat diet promoted similar changes in O2 consumption in WT
and IL10 KO mice. In addition, there were no genotype differences in
BAT Pgc1 and Ucp1 transcripts (Supp. Fig. 5C–D) either in mice fed
chow or a high-fat diet.

2.4. Impaired baseline and UCP1-dependent BAT mitochondrial respiration
in IL10 KO mice

In order to determine in vivo thermogenic responses, mice were ex-
posed to cold (4 °C) for 2 h and then submitted to a PET/CT scan. There
was no difference in [18F]-FDG uptake by BAT betweenWT and IL10 KO
mice (Suppl. Fig. 6A–B). In addition, using in vivo three-dimensional
multiphoton image stacks, we showed that mean lifetime of FAD and
NADH were longer in IL10 KO BAT, which resulted in no difference in
the redox potential of NADH (Suppl. Fig. 6C–E). In order to further ex-
plore the potential impact of IL10 deficiency on mitochondrial function
in BAT, we determined oxygen consumption in isolated mitochondria.
As shown in Fig. 3A–B, complex I-driven respiration (pyruvate + ma-
alate), under state 2 as well as under state 3u, and UCP1-dependent
respiration (Fig. 3A–B) were impaired in IL10 KO mice. Conversely,
there were no changes in phosphorylative respiration, either coupled
to maximal ATP synthesis (state 3ADP) or after inhibition of ATP
synthase (state 4oligo). The expression of TFAM and OXPHOS complex
proteins were similar between IL10 KO and wild-type mice (Suppl.
Fig. 7A–D). Respiration was not affected in mitochondria isolated from
the liver of IL10 KOmice (Suppl. Fig. 7E). Because IL10 KOmice present
a baseline inflammatory phenotype with elevated blood TNFα
[18], which could potentially affect BAT mitochondria function, we
treated mice for two weeks with an anti-TNFα monoclonal antibody
(Infliximab) and evaluated mitochondrial function. As depicted in
Fig. 3C, the immunoneutralization of TNFα did not modify basal,
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maximal or UCP1-dependentmitochondrial respiration in IL10 KOmice.
Together, these data show that IL10 KO mice present reduced UCP1-
dependent and maximal respiratory capacity in BAT mitochondria that
is not modified by the inhibition of TNFα.

2.5. Changes in transcript expression of mitochondrial genes in rodent and
human IL10 related genetic defects

A transcriptome analysis (RNAseq) was performed using samples
obtained from BAT of IL10 KO and respective control mice (Fig. 3D–G).
As shown in Fig. 3D, there was a major impact of IL10 deficiency on
the whole transcriptome of mice BAT. In functional cluster analysis, or-
ganelle membrane andmitochondria inner membrane transcripts were
among themost important groups of BAT genes undergoing differential
regulation related to IL10 deficiency (Fig. 3E–G). In order to provide a
clinical proof-of-concept for the experimental evidence of IL10/
inflammation-dependent abnormalities of BAT mitochondria, we per-
formed awhole-blood transcriptome analysis using two female siblings
that were homozygous for a synonymous mutation located at the last
base pair of exon 4 of the IL10RA gene (homozygous: c537G N A:
p.T197 T splicing). This pathogenic mutation (9) alters the splice
donor site, resulting in two different mRNA splice products: i, an
18 bp deletion of the 3′ end of exon 4; ii, a product lacking exon 4
(170 bp). The girls had a genetic diagnosis made early in life because
of a severe intestinal inflammatory condition diagnosed as Crohn's dis-
ease. The parents were also evaluated as controls. Similar to the finding
in BAT of IL10 KO mice, IL10 signaling defect in humans was accompa-
nied by a major change in blood transcript expression (Fig. 3H). Mito-
chondrial outer membrane transcripts were among the most
significantly changed cluster of genes modified by the IL10RA defect
(Fig. 3I–K). A number of mitochondria dynamics related transcripts
were similarly regulated in BAT of IL10 KO mice and blood of humans
with mutation of the IL10RA gene (Fig. 3L).

2.6. IL10 KO mice have abnormal mitochondrial structural organization
and dynamics shifted toward fission

Analysis of mitochondria ultrastructure under transmission electron
microscopy showed that BAT mitochondria of IL10 KO mice presented
an aberrant structure with a round shape and complete disorganization
of cristae (Fig. 4A). This was not observed in skeletalmuscle, which pre-
sented mitochondria with normal shape and cristae in IL10 KO mice
(not shown). Again, because of the potential involvement of systemic
inflammation in the abnormalities of BAT mitochondria in IL10 KO
mice, we treated mice with Infliximab and evaluated BATmitochondria
morphology; in this case, despite the fact that most mitochondria
remainedwith a round shape, cristae organizationwasmostly corrected
(Fig. 4A). Counting under transmission electronmicroscopy determined
there were no changes in mitochondrial number (Fig. 4B); however
there were reductions of total cristae length per mitochondria
(Fig. 4C), reductions of cristae number per mitochondria (Fig. 4D), re-
ductions of ratio between longest and shortest mitochondria axis
(Fig. 1E) and no changes in mitochondria circularity (Fig. 1F). All these
mitochondrial defects were at least partially rescued by the inhibition
of TNFα (Fig. 4C–F). Since IL10 loss was accompanied by an apparent
fragmentation of BAT mitochondria, we evaluated the effects of
immunoneutralization of IL10 on OPA1, which is a protein involved in
cristae ultrastructure integrity; as shown in Fig. 4G–I there were no
changes in the total protein amounts of MFN2 or the long or short
formof OPA1. To further explore the role of IL10 in the regulation of pro-
teins involved in BAT mitochondrial dynamics, we acutely treated
an immortalized BAT adipocyte cell line with either IL10 or an
immunoneutralizing IL10 antibody; as shown in Fig. 4J-K, IL10
immunoneutralization resulted in no change in the proportion of the
fusion-deficient short form of OPA1. Finally, MEFs expressing dsRed-
Mito were treated with either an immunoneutralizing IL10 antibody
or rotenone and the mitochondrial network was evaluated; as show in
Fig. 4L–Q, the immunoneutralization of IL10 led to increased mitochon-
dria fragmentation (Fig. 4L–O) and reductions in the aspect ratio
(Fig. 4P) and the form factor (degree of branching) (Fig. 4Q).

3. Discussion

Systemic low-grade inflammation is a hallmark of obesity and is
regarded as the most important mechanism linking obesity and insulin
resistance [28,68]. Studies have provided strong experimental and clin-
ical evidence to support a role for inflammation in the dysfunction of
most tissues/organs with important involvement in metabolism,
which are structurally and functionally affected during the course of
obesity [27]. This can be exemplified and illustrated by changes in struc-
ture (steatosis/fibrosis/cirrhosis) and function (abnormal lipid and glu-
cose metabolism) in the liver [6,41], as well as changes in structure
(gliosis/loss of blood-brain barrier integrity) and function (abnormal
control of food intake) in the hypothalamus in obesity [9,31,49]. BAT
has emerged as a promising target for the treatment of obesity because
of its involvement in thermal regulation of endothermic organisms, pro-
ducing heat at the expense of energy [56]. However, the role of inflam-
mation in the putative structural and functional abnormalities of BAT in
obesity is still a matter of investigation.

Here, we employed an animal model of chronic systemic inflamma-
tion to evaluate potential changes in BAT structure and function. IL10
KO mice are widely used in studies aimed at evaluating the impact of
inflammation on distinct organs and systems [44,53]. They present
increased circulating levels of inflammatory cytokines and abnormal
regulation of both innate and adaptive immune responses [52,53]. The
potential involvement of anomalous systemic immune regulation
caused by abnormalities in the IL10 system in insulin resistance and
obesity has been previously evaluated in experimental and clinical/epi-
demiological studies [11,66]. In humans, this was convincingly shown
by the demonstration that a decreased capacity to produce IL10 is asso-
ciated with insulin resistance and metabolic syndrome [66]. In rodents,
the beneficial effects of IL10 to protect against insulin resistance has
been demonstrated by different approaches that, taken together, sug-
gest IL10 can act directly to improve insulin action, and indirectly by
controlling inflammation and, consequently, attenuating insulin resis-
tance [11,26,34,45].

Before evaluating the structural and functional aspects of BAT in IL10
KO mice, we used bioinformatics to evaluate whether IL10 transcript
levelswould correlatewith the transcripts of proteins intimately related
to BAT function and/or thermogenic activity. For that, we took advan-
tage of large public transcript databases that have been previously
used to study other metabolic questions ([1]; Schughart and consor-
tium, 2010). In both humans and mice, we found direct correlation of
IL10 with mitochondrial function, mitochondrial dynamics and lipid
metabolism, which strongly supported our working hypothesis. This
was further supported by the transcriptome analysis of IL10 KO mice
BAT, which displayed a similar spectrum of abnormalities to the one de-
tected in thewhole blood transcriptome analysis of two girls with amu-
tation of the IL10RA gene. In order to seek further clinical support for
our hypothesis, we evaluated two cohorts of obese patients. One cohort
was evaluated in cross-section analysis and the other was evaluated
before and after undergoing bariatric surgery. Obesity is one of the
main factors contributing to low BAT glucose uptake in humans
[23,48,70,71]. Upon reduction of body mass, BAT glucose uptake in-
creases in association with both the attenuation of insulin resistance
and reduction of systemic inflammation [48,54,70]. It is currently
unknown if the changes in BAT glucose uptake detected in obese and di-
abetic subjects reflect a functional abnormality of the tissue or simply a
change inmetabolismwith preferential use of fatty acids, instead of glu-
cose in order to maintain thermogenic activity, as previously suggested
[7]. Nevertheless, here, we showed that in the cohort evaluated at base-
line and in the cohort evaluated before surgery there was a correlation
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Fig. 2. IL10 deficiency promotes cold intolerance inmice. A, Heatmap of correlation between IL10 transcripts andmitochondrial, NAD replenisher, lipid metabolism and caspase/ubiquitin
pathways related transcripts in brown adipose tissue ofmice. B,Heatmapof the expression levels of Il10, Il10ra, Il10rb and Stat3 in the subcutaneous adipose tissue ofmice after short-term
treatment with a beta 3-adrenergic agonist CL-316,243 during 1, 3 or 6 days (CL1–CL6); CTL, control. C–D, Basal surface infrared thermography analysis of iBAT temperature in wild-type
(WT) and IL10KO mice housed at 22 °C. E, Energy expenditure (EE) per animal is plotted against lean body mass (measured by dual energy X-ray absorptiometry). F, Percent survival of
10-week-oldmale mice challengedwith cold (n=6 per genotype). G–H, Infrared thermography analysis; surface iBAT temperature of 10-week-oldmale mice challenged with cold (G);
and tail temperatures obtained 0.5 cm from the tail base (H). I, Percent survival of 4-week-oldmalemice treated during 2weekswith serum (40 ng permice) or anti-IL10 antibody (40 ng
per mice) challengedwith cold (n= 6). J–K, Infrared thermography analysis; surface iBAT temperature of 4-week-oldmale mice treated during 2 weeks with serum (40 ng per mice) or
anti-IL10 (40 ng permice) challengedwith cold, and tail temperatures obtained 0.5 cm from the tail base from 4-week-oldmalemice treated during 2weeks with serum (40 ng permice)
or anti-IL10 (40 ng per mice) challenged with cold.
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between IL10 and BAT activity, asmeasured by glucose uptake;whereas
after body mass reduction this association was lost. This finding further
suggests that both IL10 and systemic inflammation play combined roles
in the control of BAT in humans.

In IL10 KO mice, the most remarkable finding was that virtually
all mitochondria visualized under transmission electron microscopy
Fig. 1. IL10 is associated with mitochondrial genes and energy expenditure. A, Heatmap of the
genes. B, Heatmap of the correlation between whole-blood transcripts of mitochondrial dyna
and IL10 mRNA in whole-blood; in the right-hand bottom corner of C, the same data is ex
between whole-blood IL10 mRNA and mitochondrial dynamic-related genes. D, Heatmap of
adipose tissue. E, Heatmap of the correlation between IL10 mRNA and mitochondrial dynam
(blue) correlations between IL10 mRNA and mitochondrial dynamics-related genes in adipo
volume (G), standardized uptake value (SUV) lean/maximal (H), SUV lean/mean (I), SUV lean
A–F, data of 175 healthy humans was obtained from a public database [12]; in G–L, data was f
presented a round shape with severe damage of the cristae. This as-
pect suggests mitochondrial swelling, which is an abnormality
known to occur in conditions such as cancer [3], chronic liver dis-
ease [25], exposure to certain pharmacological agents [14] and poi-
soning [46]; and, the causes could be changes in transition
permeability [51] and Ca2+ overload [22]. Mitochondrial volume
correlation between whole-blood IL10 mRNA levels and mitochondrial/lipid metabolism
mics-related genes. C, Correlation graphs between mitochondrial dynamic-related genes
pressed using a corrgram showing the positive (red) and negative (blue) correlations
the correlation between mitochondrial, lipid and caspase genes and IL10 mRNA levels in
ics-related genes in adipose tissue. F, Corrgram showing the positive (red) and negative
se tissue. In G–L, correlation plots of serum IL10 levels and brown adipose tissue (BAT)
/peak (J), basal metabolic rate (BMR) (K), and non-shivering thermogenesis (NST) (L). In
rom 15 middle-aged patients with type 2 diabetes.
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homeostasis is essential for preserving the structural integrity of the
organelle, and depending on the magnitude and persistence of stim-
uli leading to this alteration, it can be accompanied by changes in
mitochondrial function [32].

We performed a number of experiments to evaluate different aspects
of BAT mitochondrial function in IL10 KO mice. First, we demonstrated
that genetic disruption of IL10 resulted in lower BAT temperature
whenmicewere maintained at room temperature and reduced thermo-
genic capacitywhenmicewere exposed to cold. This phenotypewas, to a
certain degree, similar to the one described for UCP1 deficient mice [19].
Despite the fact that UCP1 expression was not affected, BAT mitochon-
dria from IL10 KO mice presented defects in baseline and UCP1-
dependent respiration. Abnormal mitochondrial cristae structure and
defective respiration associated with thermogenic instability have been
reported in mice lacking components of the mitochondria fusion/fission
machinery, particularly affecting OPA1 [47]. Despite the fact that OPA1
protein levels were not altered in IL10 KO mice, human bioinformatics
analysis showed that the expression of IL10 in adipose tissue was corre-
lated with OPA1, further suggesting that the IL10 system controls, either
directly or indirectly, mitochondrial dynamics.

OPA1 is a GTPase that plays an important role in the control of
mtDNA stability, mitochondrial fusion and cristae integrity [5,69]. It
has been shown that the balance between short and long forms of
OPA1 is essential for the coordinated maintenance of both structure
and function of mitochondria [16]. The complete deletion of OPA1
leads to severe functional and structural abnormalities of mitochondria,
and the expression of either long or short isoforms can rescue the
energetic defect independent of the structural abnormality [16,73].
However, in order to obtain a completely normal mitochondrial pheno-
type, both at the structural and functional levels, balance between short
and long forms must be achieved [16]. However, it is currently un-
known to what degree inflammation and abnormal IL10 function can
impact OPA1.

In the context of our experimental model, we asked if the structural
and functional abnormalities of BAT mitochondria were due to the lack
of IL10 activity, systemic inflammation or a combination of both. For
that, we employed three distinct strategies; i, immunoneutralization
of TNFα using a monoclonal antibody (Infliximab) that is approved
for clinical use in inflammatory diseases, such as rheumatoid
arthritis and Crohn's disease [61,64]; ii, treatment of mice and cells
with exogenous IL10; and iii, immunoneutralization of IL10 in wild-
type mice and cells. As a whole, our experiments showed that the
immunoneutralization of TNFα had a significant effect on BAT mito-
chondrial morphology, partially rescuing the cristae defect phenotype;
however, it resulted in no change in mitochondrial respiration.
Immunoneutralization of IL10 resulted in thermogenic instability, and
mitochondrial fragmentation. The thermogenic instability was particu-
larly evident in newborn mice suggesting that in adult life other mech-
anisms operate to protect against hypothermia in the absence of IL10. It
is noteworthy that in cell culture experiments using MEF, which are
mice embryonic fibroblasts, the immunonutralization of IL10 was capa-
ble of recapitulating some of the findings in BAT of IL10 KO mice, sug-
gesting that the mitochondria protective effect provided by IL10, is not
restricted to brown adipocytes and, at least in part, can occur in cells
with a low degree of differentiation. However, the treatment with
Fig. 3. IL10 deficiency promotes impaired UCP1-dependent respiration and changes in transcr
assays performed with brown adipose tissue isolated mitochondria from wild-type (WT) and
plus 3 mM malate) oxygen consumption rates (OCR) in brown-fat isolated mitochondria from
respiration is depicted in the inset. C, Quantification of complex I-driven (pyruvate-malate) ox
and IL10 KO mice treated with saline or infliximab during 2 weeks under different respirato
(BAT) expression profile of control and IL10 KO mice. E, Volcano plot of differentially expresse
enriched components from DEGs. G, Heatmap showing DEGs from mitochondrial inner mem
of control (WT) and patients with mutation of IL10RA. I, Volcano plot of DEGs, adjusted p-v
DEGs. K, Heatmap showingDEGs frommitochondrial outermembrane. L, Heatmap showing log
mechanisms involving IL10 and heat production from BAT and blood samples (versus respecti
group).
IL10 alone was not capable of changing either the function or the struc-
ture of mitochondria. Taken together, these findings reinforce the role
of combined actions of IL10 and inflammation in the development of
BAT mitochondrial abnormalities.

In summary, this study shows that BAT mitochondria are severally
damaged at the structural and functional levels in IL10 deficiency.
Both IL10 deficiency, per se, and systemic inflammation, which origi-
nated as a result of the immune imbalance resulting from the lack of
IL10, act in combination to damage mitochondria. We propose that
abnormal activity of the IL10 systemmay contribute to defects in energy
metabolism in medical conditions in which systemic inflammation is
present.

4. Materials and methods

4.1. Overview of the experimental procedure with humans

Subjects (n=41) (Supplementary Fig. 1) were recruited at the Uni-
versity of Campinas Clinics Hospital (Ethics Committee approval
#CAAE: 31865314.2.0000.5404) and underwent screening to evaluate
eligibility. Subjects were then submitted to nutritional evaluation,
body composition, and psychological evaluation. Once included, sub-
jects were submitted to (18F)-FDG-PET/CT-scan, hyperinsulinemic-
euglycemic clamp, indirect calorimetry and blood collection. Roux en-
Y Gastric Bypass (RYGB) was performed by the same surgeon (JCP)
always, according to a method previously described [15]. An open-
field biopsy was performed during the RYGB in the supraclavicular
region in order to obtain a sample of adipose tissue located below
the superficial cervical fascia. One year after RYGB, the patients were
submitted to new cervical biopsy in the same site. The middle-aged
diabetic subjects (n = 16) were also recruited at the University of
Campinas Clinics Hospital (Ethics Committee approval #CAAE:
55952516.6.0000.5404) and underwent screening to evaluate eligibil-
ity. Once included, subjects were submitted to (18F)-FDG-PET/CT-scan,
indirect calorimetry and blood collection.

4.2. Cold exposure protocol

Patients and controls were admitted to a preparatory exam room
wearing light clothing (0.49 clo) and exposed to 19 °C until shivering oc-
curred. When presenting clinically detectable shivering, the room tem-
peraturewas stepwise increased by 1 °C until shivering ceased, up to 22
°C. During the cold exposure, subjects were instructed to refrain from
talking or performing any physical activity.

4.3. PET/CT scanning protocol

Images were acquired and processed using a Siemens PET/CT
Biograph mCT 40 (Siemens Medical Solutions, Chicago, IL) and Syngo
Multimodality VB10BWinNT 4.0 station, also from Siemens. An intrave-
nous injection of 4.0 MBq/kg of (18F)-FDG was given and the patients
remained in the preparatory exam room for an additional 1-h before
images were acquired. (18F)-FDG was obtained from the Nuclear and
Energy Research Institute (IPEN, Sao Paulo, Brazil). The CT part of the
PET/CT study was performed as a low-dose acquisition with 130 kV,
ipt expression of mitochondrial genes. A, Mitochondrial respiration traces obtained from
IL10 KO mice. B, Quantification of complex I-driven (in the presence of 5 mM pyruvate
wild type (WT) and IL10 KO mice under different respiratory states; UCP1-dependent

ygen consumption rates (OCR) in brown-fat isolated mitochondria from wild type (WT)
ry states; UCP1-dependent respiration is depicted in the inset. D, Brown adipose tissue
d genes (DEGs), adjusted p-values b .05. F, Gene Ontology analysis showing some of the
brane and organelle membrane. H, Human blood serum expression profile from samples
alues b .05. J, Gene Ontology analysis showing some of the enriched components from
2 fold change of genes involved in thermogenesis according to the literature and suggested
ve controls). Bar graphs show average ± SEM per experiment (n = 3 - pool of 3 mice per
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50–80 mA, 0.8 s per CT rotation, pitch 4.0–5.0 mm, field of view of
500 mm and a scan speed of 24.6 mm/s. The PET scan was performed
immediately after the CT scan without changing the position of the
patient, always in the craniocaudal direction from head to proximal
thighs. Images were acquired in five to seven bed positions,
4.0 min/bed position. The voxel size of reconstructed PET and CT
image sets were 2.500 × 2.500 × 5.000 mm3 and 0.977 × 0.977
× 5.000 mm3, respectively.

4.4. PET/CT image analyses

The scans were analyzed using Fiji software and the PET/CT Viewer
Plug-in following the instruction on petctviewer.org. The free PET/CT
plug-in was developed for BAT evaluation by Beth Israel Deaconess
Medical Center [37]. Three researchers (JCLJ, BJA and CDR) evaluated
the PET/CT images independently; BJA and CDR are experienced nuclear
medicine physicians. The PET images with a resolution of 5-mm were
imported into ImageJ for image processing, along with low-dose CT
images. Specific CT and PET ranges were set up to localize fat (−300
to −10 HU) and active brown fat (SUV lean(g/mL) N 1.2). For BAT
SUV normalized to LBM, the activity was measured using SUVlean =
1.2 g/mL corrected for BOD-POD-measured LBM (in middle-aged dia-
betic sample) [37] or using sex-specific Janmahasatian formulation,
which is expected to be accurate for very obese subjects (in RYGB indi-
viduals) [63].We draw one ROI on each axial slice according to 3D-axial
method, avoiding overlapping or false-positive depots, from C3
vertebra-to-vertebra T3 identifying cervical and supraclavicular depots
[42]. Next, we draw new segmented (cervical and supraclavicular)
ROIs only in the BAT mask containing voxels confirmed as BAT [37].
We used BARCIST 1.0 criteria to define SUVlean/mean, SUVlean/max,
SUVlean/peak and BAT volume [10].

4.5. Indirect calorimetry in humans

Indirect calorimetry was performed using a Vmax (Yorba Linda, CA,
USA) automated gas analysis system. After an equilibration period of
10 min, the average gas exchange rates recorded over two 30 min
steady-state periods (90–120) were used to calculate rates of glucose
oxidation, lipid oxidation and respiratory exchange ratio (RER) and
resting energy expenditure (REE) as previously described [21].

4.6. Body composition

Fat mass (FM) and fat-free mass (FFM) were measured using air-
displacement plethysmography (Bod Pod) [17]. Lean body mass
(LBM) was measured using sex-specific Janmahasatian formulation
[63].

4.7. Bioinformatics analysis

Correlation analyses were performed from data on BAT and pheno-
types (BXD Published Phenotypes) from families of BXD inbred mice
as previously published [1], as well as data on adipose tissue mRNA of
human individuals (GTEXv5 Human adipose tissue RefSeq (Sep15)
RPKM log2) or whole-blood mRNA of human individuals (INIA whole
blood Affy MoGene 1.0 ST (Nov10)), generated as part of the
Fig. 4. IL10 deficiency impairs ultrastructural mitochondria organization and shifts dynamics to
of wild-type (WT) and IL10 knockoutmice treatedwith saline or infliximab (100 μg in 100 μl sa
were determined: mitochondrial number (B), total cristae length per mitochondria area (C)
mitochondria (E) and mitochondria circularity (F). G, Representative Western blot measuring
After stripping, the membrane was used to blot against UCP1 in the Supp. Fig. 3E, TFAM and O
determination of the ratio short/long forms of Opa1 (N = 5 per group). J, Representative We
treated with either recombinant IL10 or an immunoneutralizing IL10 antibody. K, Densitometr
pDsRed2-Mito and imaged after treatment with DMSO, anti-IL10 (10 μg/mL) or rotenone (5
image L. P–Q, Means ± SEM of aspect ratio (P) and form factor (Q) obtained from the data
ordinary one-way ANOVA.
Genotype-Tissue Expression (GTEx) project (www.genenetwork.org)
[12]. All are accessible on GeneNetwork. Heatmaps were created using
GENE-E (The Broad Institute, www.broadinstitute.org/cancer/
software/GENE-E/).

4.8. RNA sequencing (RNAseq)

Libraries were prepared using TruSeq Stranded mRNA Library Prep
Kit (Illumina). Sequencing was performed at the Life Sciences Core Fa-
cility, University of Campinas, using the HiSeq. 2500 (Illumina), which
resulted in ~20 million reads per sample. Reads were analyzed for qual-
ity, filtered and trimmed using FASTQC, available at: https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ [2] and Trimmomatic
[8]. Reads were aligned using Bowtie2 software for human and mouse
genomes [36]. Differentially expressed genes (DEGs) were identified
using RSEM software [38]. Gene Ontology analysis was performed
using DAVID 6.8 Beta [29]. Heatmaps were created using GENE-E soft-
ware (http://www.broadinstitute.org/cancer/ software/GENE-E/index.
html).

4.9. Mice

C57/BL6J mice were obtained from Experimental Animal Facility,
University of Campinas. B6.129P2-IL10tm1Cgn/J mice, IL10 KO, were
obtained from Experimental Animal Facility, University of São Paulo,
and were originally imported from Jackson Laboratories. The mice
were fed and acclimated according to the regulations of the Institutional
Animal Care and Use Committee (IACUC). In the study, only 8–12 week
male mice acclimatized at 22 °C were used in a light cycle of 12 h and a
dark cycle of 12 h with free access to water and food. All animal proce-
dures were approved by the University of Campinas Ethics Committee.
Animals were sacrificed by cervical dislocation after intraperitoneal an-
esthesia with xylazine (10 mg/kg) and ketamine (120mg/kg) to obtain
interscapular BAT.

4.10. Reagents and antibodies

The following reagents were used: oligomycin, FCCP, rotenone,
antimycin A, ADP, GDP, isoproterenol, CL 316,243 (Tocris Bioscience),
isobutylmethylxanthine, dexamethasone, insulin, rosiglitazone, T3, re-
combinant mouse IL10 (Calbiochem, Cat# 407700), RNeasy (Qiagen),
Lipofectamine 3000 (Life Technologies). DNA vectors: pDsRed2-Mito
Vector (Clonetech). Antibodies as follows: anti-UCP-1 (Abcam,
ab10983), anti- Phospho-(Ser/Thr) PKA Substrate (Cell Signaling
#9621), anti-OPA1 (Abcam, ab42364), anti-mitofusin-2 (Abcam, ab
50843), anti-alpha-tubulin (Abcam, ab4074), anti- mtTFA ((A-17): sc-
23588), anti-IL10 (Santa Cruz, sc-8438) and anti-OXPHOS cocktail
(Abcam, ab110413).

4.11. Cell culture

Brown immortalized preadipocytes were developed as previously
described [43]. The preadipocytes were differentiated after grown adi-
pocytes to 95–97% confluence in complete medium following standard
protocol (DMEM containing 10% FBS, 0.5 mM isobutylmethylxanthine,
1 mM dexamethasone, 20 nM insulin, rosiglitazone 0.5 μM and
ward fission. A, Transmission electron microscopy (TEM) imaging of brown adipose tissue
line/dose, i.p., twice a day, during twoweeks). Using TEM images the following parameters
, cristae number per mitochondria area (D), ratio between the major and minor axis of
Opa1 and Mfn2 in total lysates from BAT-IL10-KO (KO) male mice and wild type (WT).
XPHOS (Suppl. Fig. 6 A). H, determination of Mfn2 protein expression in immunoblot; I,
stern blot measuring Opa1 in total lysates from immortalized brown adipocyte cell line
y quantification of Opa1 short form to longer form (N = 3 per group). L, MEF expressing
00 nM) during 12 h. M–O, Plots of aspect ratio against form factor calculated from the
in L quantified in (M–O). N = 70 cells in total. Statistical analysis was performed using

http://petctviewer.org
http://www.genenetwork.org
http://www.broadinstitute.org/cancer/software/GENE-E/)
http://www.broadinstitute.org/cancer/software/GENE-E/)
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.broadinstitute.org/cancer/
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1 nMT3 for 2 days, then followed by 5–7 days of incubationwithDMEM
containing 10% FBS, 20 nM insulin, rosiglitazone 1 μM and 1 nM T3) [4].

4.12. IL10 pharmacological studies

Previously, male C57BL/6J mice (8-10wk) were acclimated to the
metabolic chamber five days before start the experiment. Indirect calo-
rimetry was taken for 24 h to obtain basal values before injections (last
120min). To assess CL 316,243-induced thermogenesis and the effect of
IL10 on energy expenditure, the mice were removed from the chamber
and treated acutely through subcutaneous administration of saline
(0.9% saline), or recombinant IL10 (10 μg/kg/dose) or the β3-agonist
CL 316,243 (1 mg/kg). Then, the mice were returned to the chamber
and we measured brown adipose tissue thermal release and O2 con-
sumption for another 120 min [20].

4.13. BAT mitochondria isolation

Interscapular brown adipose tissue (BAT) depots were dissected
from 3 mice and placed in ice-cold medium 1 with 250 mM sucrose,
10 mM Hepes and 1 mM EGTA. Preparations from wild-type and IL10
KO mice were made and run in parallel. The brown adipose tissue was
finely minced with scissors after free of white fat and homogenized in
a Potter homogenizer. Throughout the isolation process, tissues were
kept in ice. Mitochondria were isolated by differential centrifugation.
Brown adipose tissue homogenates were centrifuged at 8500 g for
10 min at 4 °C. The resulting supernatant, containing floating fat, was
discarded. The pellet was resuspended in ice-coldmedium1. The resus-
pended homogenate was centrifuged at 800 g for 10 min, and the
resulting supernatant was centrifuged at 8500 g for 10 min. The
resulting mitochondrial pellet was resuspended in ice-cold medium 2,
containing 100 mM KCl, 20 mM Hepes (pH 7.2), 1 mM EDTA, 0.6%
fatty-acid-free BSA and centrifuged at 8500 g for 10min. The final mito-
chondrial pellets were resuspended in the same medium. The concen-
tration of mitochondrial protein was measured using the Bradford
method with BSA as a standard. Adapted from [58].

4.14. Oxygen consumption

Oxygen consumption rates were monitored using a Clark-type oxy-
gen electrode coupled to a high-resolution Oroboros respirometry sys-
tem at 37 °C [30]. Brown-fat mitochondria (0.0625 mg protein/mL)
were incubated in a medium consisting of 125 mM sucrose, 20 mM
Hepes (pH 7.2), 2 mM MgCl2, 1 mM EDTA, 4 mM KP, 0.1% fatty-acid-
free BSA. Respiratory activity of mitochondria was measured using
5 mM pyruvate plus 3 mM malate. UCP1-linked respiration was mea-
sured as the difference between the initial respiration rate and the re-
sidual respiration following addition of 1 mM GDP. State 4oligo was
obtained after oligomycin treatment. Maximal oxygen consumption
rates were obtained by addition of CCCP to a final concentration of
4 μM–5 μM.

4.15. In vitro cell stimulation

To stimulate brown immortalized preadipocytes, cells were incu-
bated with DMSO, IL10 (100 ng/mL), anti-IL10 (10 μg/mL) and isopro-
terenol (10 μM) for 12 h.

4.16. Mitochondrial dynamics in MEF cells

Mouse embryonic fibroblast cells (MEFs) at density of 7 × 104 cells
were plated and cultivated in DMEMmedium supplemented with pen-
icillin/streptomycin and fetal bovine serum (10%). MEF cells were
transfected at 70% confluence in OPTIMEM medium using 1 μg of the
plasmid pDsRed2-Mito using Lipofectamine 3000 reagent according to
the manufacturer (Life Technologies, USA). Mitochondrial morphology
was analyzed from transfected MEFs with pDsRed-Mito using at least
70 mitochondria per cell following 12 h treatment with DMSO, anti-
IL10 (10 μg/mL) or rotenone (500 nM). Aspect ratio (ratio between
the major and minor axis) and form factor (degree of branching) were
obtained using Fiji [55] after optimizing the contrast and applying a
“top-hat” filter as previously demonstrated [35].

4.17. Protein extraction and immunoblotting

Mouse brown adipose tissue or adipocytes were prepared in RIPA
lysis buffer [150 mM NaCl, 50 mM Tris, 5 mM EGTA, 1% Triton X-100,
0.5% sodium deoxycholate (DOC), 0.1% sodium dodecyl sulphate
(SDS), supplemented with protease inhibitors]. The homogenate was
then centrifuged at 16,100 ×g for 15 min, and the supernatant was
stored at −80 °C for use. Protein concentration was determined using
biuret reagent protein assay. The samples were denatured in Laemmli
buffer (0.5 M Tris, 30% glycerol, 10% SDS, 0.6 M DTT, 0.012%
bromophenol blue) and were heated for 5 min at 95 °C. Empirically de-
termined quantity of protein were loaded onto the gel and were re-
solved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), using
4%–15% gels. Then, proteins were transferred electrophoretically to ni-
trocellulose membranes. Thereafter, the membranes were blocked for
1 h at room temperature in Tris-buffered saline (137 mM NaCl,
20 mM Tris-HCl, pH 7.6) containing 0.1% Tween-20 (TBS-T) and 5%
low-fat milk, followed by incubation with the primary antibody over-
night at 4 °C. After washing for 1 h in TBS-T with 0.5% low-fat milk,
the membranes were incubated for 2 h at room temperature with the
respective horseradish peroxidase (HRP)-linked secondary antibody
(1:5000; GE Healthcare, Buckinghamshire, UK), prepared in TBS-T
with 1% low-fat milk. For protein detection, the membranes were proc-
essed using the Claritywestern ECL Substrate (ECL; BioRad), and images
were acquired in Image Quant LAS4000 (GE Healthcare, Life Sciences).
Additionally, after stripped the membranes were reprobed and tested
for alpha-tubulin as a loading control. Image J 1.48v (National Health)
or Uniscan (Lab Systems, Espoo, Finland) were used for digital quantifi-
cation of band intensity.

4.18. Electron microscopy

For ultrastructural analysis of mitochondria, fragments of the adi-
pose tissue obtained from wild type and IL10 mice were dissected,
fixed with 2.5% glutaraldehyde in cacodilate buffer 0.1M (pH 7.2) and
stored 2 h in the same fixative at −4 °C. The specimens were post
fixed with osmium in imidazole buffer 0.2 M (pH. 75), and then
dehydrated and embedded in Durcupan ACS (Fluka, Steinheim,
Switzerland). Ultrathin cross sections were collected on formvar coated
copper grids, contrastedwith uranyl acetate and lead citrate, and exam-
ined in a Tecnai G2 Spirit Twin (FEI, Hillsboro, OR) transmission electron
microscopeoperatedat80kV. Imageswere acquiredusingaGatanOrius
SC1000B camera (Pleasanton, CA, USA). Mitochondria density, size and
morphology were analyzed using ImageJ as previously described [62].

4.19. Statistical analyses

Data is expressed as mean± standard error of themean (SEM). The
number of subjects, mice or experimental repeats (in cell culture and
isolated mitochondria experiments) is presented in respective figures.
Statistical significance was calculated based on two-tailed unpaired
student's t-test for two-group comparisons. Two-way ANOVA was
used for multiple-group comparisons (Sidak's multiple comparison
test). Kendall rank correlation was used for non-parametric human
data. Analysis of covariance (ANCOVA) was used for comparison of en-
ergy expenditure/lean mass in mice and for determination of correla-
tion between IL10 and basal metabolic rate in humans. A P-value b .05
was considered significant in the study. The sample size of mice and
cells experiments were settled based on our experience. The sample
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size of human protocol was determined based on previous results from
our group and also by a statistical power of 0.8. We excluded cervical
brown adipose tissue biopsies from humans for poor quality of planned
western blots exploring IL10 pathway. The graphs were performed
using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA).

5. Study approval

All animal studies were performed after approved by University of
Campinas Ethics Committee, Campinas, São Paulo. All experimental
procedures were conducted in accordance with guides of the Brazilian
College of Animal Experimentation and the National Council of Animal
Experimentation. The translational approach was conducted under an
approved local ethic committee at Hospital de Clínicas da Unicamp,
Campinas, São Paulo, Brazil, CAAE: 31865314.2.0000.5404. All volun-
teers consented previously to (18F)-FDG-PET/CT-scan imaging,
hyperinsulinemic-euglycemic clamp, indirect calorimetry, blood collec-
tion and Roux en-Y Gastric Bypass (RYGB).
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