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SUMMARY

Adipose tissue browning and systemic energy expenditure provide a defense mechanism against
obesity and associated metabolic diseases. In high-cholesterol Western diet-fed mice, mast cell
(MC) inactivation ameliorates obesity and insulin resistance and improves the metabolic rate, but a
direct role of adipose tissue MCs in thermogenesis and browning remains unproven. Here, we
report that adrenoceptor agonist norepinephrine-stimulated metabolic rate and subcutaneous
adipose tissue (SAT) browning are enhanced in MC-deficient Ki#?-5"/"-5 mice and MC-stabilized
wild-type mice on a chow diet. MC reconstitution to SAT in Kit#¥-5"w-5 mice blocks these
changes. Mechanistic studies demonstrate that MC inactivation elevates SAT platelet-derived
growth factor receptor A (PDGFRa*) adipocyte precursor proliferation and accelerates beige
adipocyte differentiation. Using the tryptophan hydroxylase 1 (TPH1) inhibitor and TPH1-
deficient MCs, we show that MC-derived serotonin inhibits SAT browning and systemic energy
expenditure. Functional inactivation of MCs or inhibition of MC serotonin synthesis in SAT
promotes adipocyte browning and systemic energy metabolism in mice.
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Zhang et al. report that mast cell deficiency or pharmacological inhibition in mice increases
subcutaneous adipose tissue (SAT) adipocyte browning and metabolic rate by increasing SAT
PDGFRa™* adipocyte precursor proliferation and beige adipocyte differentiation. Mechanistic
analysis demonstrates that MC-derived serotonin inhibits SAT browning and systemic energy
expenditure.

INTRODUCTION

Adipose tissue is a dynamic and plastic organ with profound effects on energy metabolism
and nutritional homeostasis. Environmental, pharmacological, and nutritional stimuli affect
adipose tissue metabolic phenotype and cellular composition (Rosen and Spiegelman, 2014).
In humans and mice, adipocytes are grouped into unilocular white adipocytes and
multilocular brown adipocytes (Cypess et al., 2009; Harms and Seale, 2013; Rosen and
Spiegelman, 2014; Virtanen et al., 2009). White adipocytes are specialized to store chemical
energy in the form of triglyceride, whereas brown adipocytes transform stored chemical
energy into heat (Kajimura et al., 2015; Rosen and Spiegelman, 2014). Therapeutic targeting
of brown adipocyte-mediated thermogenesis to increase energy expenditure may offer a
viable approach to combat obesity and metabolic diseases (Harms and Seale, 2013;
Kajimura and Saito, 2014).
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Multiple lines of evidence indicate that there are two distinct types of UCP1 (uncoupled
protein-1)-positive brown-like adipocytes: myogenic Myf5* cellular lineage-derived
classical brown adipocytes primarily in interscapular brown adipose tissue (BAT) deposits
and Myf5~ PDGFRa* precursor-derived interspersed beige or brite cells within white
adipose tissue (WAT) (Harms and Seale, 2013; Kajimura and Saito, 2014; Kajimura et al.,
2015; Lee et al., 2012; Seale et al., 2008; Wu et al., 2012). Although external stimuli induce
beige cell UCP1 expression, brown adipocytes are fat cell-autonomous for expression of
high levels of UCP1 under non-stimulated conditions (Kajimura et al., 2015; Lee et al.,
2012; Ohno et al., 2012; Wu et al., 2012). WAT bioenergetic analysis suggests that beige
cells are bifunctionally suited for energy storage under basal conditions but fully capable of
initiating heat production after receiving thermogenic stimuli or under loss of function of
classic brown fat (Fisher et al., 2012; Wu et al., 2012). The bi-potential of PDGFRa*
precursor differentiation into either the beige or white adipocyte lineage also depends on
environmental signals (Lee et al., 2012). Secondary brown adipose tissue-mediated
physiological networks, such as cross-talk between adipose tissue and skeletal muscle, liver,
and immune cells, also control systemic energy homeostasis, which is independent of
primary sympathetic nervous system control (Kajimura and Saito, 2014; Kajimura et al.,
2015). This may explain how rapid thermogenic remodeling in poorly adrenergic nerve-
innervated subcutaneous adipose tissue (SAT) is induced after exposure to peripheral
stimuli. For instance, several endocrine factors from peripheral tissue, such as fibroblast
growth factor 21 (FGF21) (Fisher et al., 2012) and bile acid (Watanabe et al., 2006) from
liver, irisin (Bostrom et al., 2012), meteorin-like (Rao et al., 2014), and transforming growth
factor p (TGF-B) (Yadav et al., 2011) from skeletal muscle regulate brown or beige fat
development and thermogenesis and mediate interorgan communication with the central and
peripheral tissues. In addition, ILC2 (type 2 innate lymphoid cells)- and eosinophil-derived
interleukin-4 (IL-4) and 1L-13 stimulate proliferation of PDGFRa.* precursors and induce
catecholamine production from alternatively activated macrophages to promote beige fat
biogenesis (Lee et al., 2015; Qiu et al., 2014). Our previous study showed that genetic
deficiency and pharmacological stabilization of mast cells (MCs) increased the metabolic
rate and UCP1 expression in brown adipocytes in Western diet-fed mice in concert with
obesity and insulin resistance improvement (Liu et al., 2009). However, it remains unknown
whether MCs play a direct role in energy homeostasis or whether the aforementioned
changes in energy expenditure are merely secondary to mouse body weight reduction.

Here we report that genetic deficiency and stabilization of MCs activate a thermogenic
program and stimulate beige fat biogenesis in SAT and that adoptive transfer of MCs to
recipient mouse SAT reverses these changes. We also show that MCs decrease SAT
PDGFRa* beige precursor cells and inhibit SAT adipocyte browning differentiation. This
activity of MCs depends on MC-derived serotonin, providing fundamental insights into how
MCs affect WAT beige adipocyte commitment and thermogenesis.
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RESULTS

MC Functional Inactivation Activated Systemic Energy Expenditure and SAT
Thermogenesis and Browning in Mice

To assess direct participation of MCs in energy homeostasis, we compared metabolic
differences between wild-type (WT) and MC-deficient Kit¥-5"W-5" mice. In the context of
mice on a chow diet, there were no differences in their body weight (Figure S1A) and energy
intake (Figure S1B). However, administration of an adrenoceptor agonist, norepinephrine
(NE) (Lim et al., 2012), endued Kit"-""W-sh mice with higher oxygen consumption (Figure
1A), carbon dioxide production (Figure 1B), and body temperature (Figure 1C) than WT
mice. Similarly, WT mice receiving daily treatment with an MC stabilizer, disodium
cromoglycate (DSCG) (Liu et al., 2009), also showed an increased metabolic rate (Figures
1A-1C), although their body weight and food intake were comparable with those of saline-
treated WT mice (Figures S1A and S1B). These observations suggest an association
between MCs and energy expenditure.

Because brown and beige adipocytes are specialized in energy expenditure through
thermogenesis (Kajimura and Saito, 2014; Kajimura et al., 2015; Rosen and Spiegelman,
2014; Wu et al., 2012), we examined the expression of thermogenic marker UCP1 in adipose
tissues in these mice. H&E (Figure S2A) and UCP1 immunohistochemical (Figure 1D)
staining revealed more multilocular UCP1* beige cells in SAT from Kit"-5/w-sh mice and
DSCG-treated WT mice compared with control mice, although such a difference did not
appear in either BAT or epididymal adipose tissue (EAT) from the same groups of mice
(Figures S2A and S2B). A western blot with a polyclonal antibody against UCP1 supported
these histological results (Figure 1E; Figures S3A and S3B), although BAT expressed
significantly more UCP1 than EAT and SAT (Figure S3B). SAT (Figure 1F) from
Kitv-sh'w-sh mice and DSCG-treated WT mice also contained much higher mRNA levels of
Ucpl and other thermogenic and mitochondrial genes, including Pgcla, Prdmi16, Cidea,
Elovi3, NdufvZ, and Ndufb5, compared with SAT from the corresponding control mice.
However, MC deficiency or inhibition with DSCG did not affect most of these genes in EAT
(Figure S3C) or BAT (Figure S3D). DSCG only increased EAT expression of Cidea (cell
death-inducing DNA fragmentation factor alpha-like effector A), which controls adipose
tissue macrophage accumulation and insulin sensitivity (Abreu-Vieira et al., 2015), and MC
deficiency increased the expression of Pgcla (peroxisome proliferator-activated receptor -y
coactivator 1a), which regulates BAT thermogenesis (Wu et al., 1999; Uldry et al., 2006).
These changes in EAT and BAT may also contribute to the enhanced metabolic rate in
Kit"-s"W-sh mice and DSCG-treated WT mice (Figures 1A—1C). Therefore, functional
inactivation of MCs, including genetic deficiency and pharmacological stabilization, may
increase systemic energy expenditure by inducing SAT browning and thermogenesis.

MC Reconstitution in SAT Reversed the Systemic Energy Metabolism and SAT Browning in
Kitw-sh/w-sh Mmice

To further evaluate the effects of MCs on adipose tissue thermogenesis, we performed
toluidine blue staining to detect MC numbers in various adipose tissues. In WT mice, SAT
contained many more MCs than EAT or BAT (Figures S4A and S4B), which was supported
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by higher mRNA levels of the MC markers (Caughey, 2011) mMecp-4 (Figure S4C) and
mMecp-6 (Figure S4D) in SAT compared with those in EAT or BAT. Consistent with our
prior report (Liu et al., 2009), DSCG as an MC stabilizer reduced MC degranulation but did
not change MC numbers in adipose tissues (Figures S4E and S4F). Fluorescence-activated
cell sorting (FACS) analysis quantified the number of FceR1*CD117* MCs in different
adipose tissues and also showed that MCs were enriched in SAT compared with EAT and
BAT (Figure S4G). DSCG treatment also did not change their numbers in any of these
adipose tissues. To test for a role of MCs in suppressing the thermogenic program in SAT
and in reducing the mouse metabolic rate, we prepared bone marrow-derived MCs
(BMMCs) from WT mice and transferred these cells into K7#V-S"W-sh mice using three
injection approaches, including intravenous (i.v.), intraperitoneal (i.p.), and subcutaneous
(s.c.) injections, respectively. 6 weeks after BMMC adoptive transfer, only the s.c. injection
approach (Figures 2A and 2B), but not the i.v. (Figures 2C and 2D) or i.p. (Figures 2E and
2F) injection approaches, significantly decreased the NE-stimulated metabolic rate in
Kitv-sh"w-sh recipient mice. Kit"5""W=s mice receiving BMMCs by s.c. injection also
showed a lower body temperature than saline-treated controls (Figure 2G).
Immunohistochemistry (Figure 2H) and immunoblot (Figure 21) for UCP1 and real-time
PCR analysis for thermogenic and mitochondrion-related genes (Figure 2J) supported the
conclusion that s.c. BMMC reconstitution reversed the MC deficiency-induced
enhancements of SAT browning and thermogenesis. Such changes diminished in Kifv-sw-sh
mice receiving i.v. or i.p. BMMC reconstitution (Figures 2H, 21, S5A, and S5B). These
observations suggested that s.c. injection of BMMCs was a better approach than the i.v. or
i.p. approach to reconstitute MCs into SAT and to reverse the thermogenic program in
Kitv-sh"w-sh mice. Toluidine blue staining of MCs supported this conclusion. Kifv-sw-sh
mice receiving s.c. BMMC injections had many more MCs in SAT than those that received
i.v. or i.p. BMMC injections (Figures 2K and 2L). FACS analysis demonstrated that these
donor BMMCs from s.c. injections went to the SAT but negligibly to the EAT (Figure S5C).
Together, these results support the hypothesis that SAT MCs suppress local adipocyte
browning and thermogenesis and reduce systemic energy expenditure.

MCs Inhibited SAT PDGFRa.* Beige Progenitor Cell Proliferation and Browning

PDGFRa* cells are bipotential adipocyte progenitors and capable to differentiate into either
white or beige adipocytes (Lee et al., 2012). We investigated the cellular origins of nascent
SAT beige adipocytes induced by MC functional inactivation. Real-time PCR analysis of
SAT revealed that both KitV-S"w-sh and DSCG-treated mice had higher expression of the
beige cell markers CD137, TmemZ26, Tbx1, Citedl, and Shox2and the beige progenitor
marker Pdgfra as well as the pre-adipocyte markers AEBPI and GATAZ (Chlon and
Crispino, 2012; He et al., 1995) than their corresponding controls (Figure 3A). FACS
analysis also demonstrated that MC deficiency or inhibition significantly elevated the
percentage of CD34*PDGFRa™ cells in the SAT stromal vascular faction (SVF) (Figure
3B). Immunofluorescence analysis revealed many more PDGFRa* cells in SAT from
Kitv-sh'w-sh gnd DSCG-treated mice compared with control mice, and many of these
PDGFRa*cells also expressed UCP1 (Figure 3C). Ki67 and PDGFRa immunofluorescent
double staining showed that the numbers of Ki67*PDGFRa* proliferating progenitors in
SAT from KitV-S"w-sh and DSCG-treated mice were increased compared with control mice

Cell Rep. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 6

(Figure 3D). Therefore, functional inactivation of MCs stimulated beige fat biogenesis in
SAT by enhancing browning differentiation and PDGFRa* adipocyte progenitor
proliferation.

To assess a direct role of MCs in interfering SAT adipocyte beiging or PDGFRa™ adipocyte
progenitor browning, we isolated fresh SVF from SAT from WT mice and incubated it with
live BMMCs or a BMMC lysate preparation for 6 days without the browning differentiation
cocktail. Live BMMCs or the BMMC lysate preparation inhibited expression of the SVF
beige progenitor marker Pdgfra from these SVF preadipocytes (Figure 4A). In an
independent study, SVF was induced for browning differentiation for 8 days. The presence
of live BMMCs or the BMMC lysate preparation suppressed the expression of thermogenic
genes in these differentiated SVF adipocytes (Figure 4B), although neither live BMMCs nor
the BMMC lysate affected SAT SVF preadipocyte adipogenesis (Figure S6). We made the
same observations in cultured SAT explants. Live BMMCs or the BMMC lysate preparation
also reduced expression of the same set of thermogenic genes from the SAT explants (Figure
4C). Adipose tissue is a major site for cholesterol storage (Krause and Hartman, 1984;
Kovanen et al., 1975), which activates MCs much more potently than immunoglobulin E
(IgE) (Zhang et al., 2019). Cell culture medium from low-density lipoprotein (LDL)-
activated BMMCs, but not that from non-activated BMMCs, acted the same as live BMMCs
or BMMC lysate in suppressing thermogenic gene expression in /n vitro browning-
differentiated SVF adipocytes (Figure 4B). These findings demonstrate direct participation
of MCs in inhibiting the thermogenic program in SAT SVF. This inhibitory effect of
BMMC:s is induced after BMMC activation and independent of cell-cell contact.

MC-Derived Serotonin Inhibited Systemic Energy Expenditure and the SAT Thermogenic

Program

Serotonin, an important regulator of energy balance (Berglund et al., 2013; Crane et al.,
2015; Oh et al., 2015; Tecott, 2007), is synthesized and released from central or peripheral
cells, such as raphe neurons, pinealocytes, MCs, and intestinal and pancreatic
enterochromaffin cells (Gershon and Raoss, 1966). Peripheral serotonin is synthesized from
tryptophan by tryptophan hydroxylase 1 (TPH1) and can directly suppress UcpI expression
in BAT and in brown and beige adipocytes (Crane et al., 2015). To identify the mediator
from MCs that regulated adipocyte browning and thermogenesis in SAT, we assessed the
expression of TPH1 in SAT from different groups of mice by real-time PCR. TPH1
expression was greatly suppressed in SAT from KitV5"w=s mice and those receiving DSCG
treatment but partially reversed in KitV-5""w-sh mice after receiving BMMC s.c.
reconstitution (Figure 5A). Ultra-fast liquid chromatography and tandem mass spectrometry
(UPLC-MS/MS) allowed detection of SAT serotonin levels. In WT mice, the SAT serotonin
level was 18.5 * 6 ng/g, comparable with that from a previous report (Stock and
Westermann, 1963). However, serotonin was unde-tectable in SAT from Kit?-s"W-sh mice
and significantly reduced in SAT from DSCG-treated WT mice (Figure 5B). Kjtv-si/w-sh
mice receiving s.c. injections of BMMCs had SAT serotonin levels similar to those from WT
mice (Figure 5B). To identify the sources of SAT serotonin production, we isolated
adipocytes, SVF, MCs, and MC-free SVF from SAT from WT mice. TPH1 expression in the
SVF or purified MCs was significantly higher than in adipocytes, and it was sharply reduced

Cell Rep. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 7

after MCs were removed from the SVF (Figure 5C). Immunofluorescent double staining
colocalized TPH1 expression to CD117* MCs in SAT (Figure 5D). Immunoblot and real-
time PCR detected TPH1 expression in cultured BMMCs but negligible expression in 3T3-
L1 preadipocytes or differentiated 3T3-L1 adipocytes (Figures 5E and 5F). MC activation
with LDL induced BMMC TPH1 expression that was blunted by the TPH1 inhibitor
LX1031 (Figure 5G).

An adipocyte differentiation cocktail promotes SVF preadipocyte differentiation into
adipocytes (Shan et al., 2013). ELISA detected negligible serotonin in the culture medium
from SVF preadipocytes or adipocytes compared with that from BMMCs. After 48 h of
treatment, the MC activator LDL increased BMMC serotonin release but did not affect SVF
adipocyte serotonin production. The TPH1 inhibitor LX1031 dose-dependently reduced
LDL-induced BMMC serotonin secretion (Figure 5H). Real-time PCR revealed the same
patterns of TPH1 expression in SVF preadipocytes, adipocytes, and BMMCs treated with or
without LDL or LX1032 (Figure 5I). All of these observations from different approaches,
including immunoblot, immunofluorescent staining, and real-time PCR, proved that SAT
MCs, but not adipo-cytes or pre-adipocytes, are the major source of TPH1 and serotonin in
SAT.

To further investigate a role of MC TPH1 in SAT serotonin production and systemic energy
expenditure, we gave KitV-S"W-sh mice that received s.c. adoptive transfer of WT BMMCs a
peripheral TPH1 inhibitor, LX1031, that should not affect central serotonin synthesis
(Camilleri, 2011). As expected, LX1031 treatment lowered TPH1 expression (Figure 5A)
and serotonin release (Figure 5B) in SAT from BMMC-reconstituted K7fV-S"w-s mice, as
determined by real-time PCR and UPLC-MS/MS, respectively. Although LX1031 treatment
did not affect MC repopulation in recipient mouse SAT (Figures S7A and S7B), this TPH1
inhibitor greatly increased mouse NE-induced oxygen consumption (Figure 6A) and carbon
dioxide production (Figure 6B). LX1031 also increased the numbers of UCP1* beige
adipocytes (Figure 6C) and UCP1*PDGFRa* beige progenitors (Figure 6D) in SAT from
s.c. BMMC-reconstituted K7t mice. Congruently, immunoblotting and real-time
PCR demonstrated that TPH1 inhibition by LX1031 increased the UCP1 protein (Figure 6E)
and mRNA levels of the thermogenic genes Ucpl, Cidea, and ElovI3 (Figure 6F); the beige
adipocyte markers CD137, TmemZ26, and Cited1 (Figure 6G); and the beige progenitor
marker Pdgfra. (Figure 6H) in SAT from s.c. BMMC-reconstituted K7#V-5"w-s"mice.

Adoptive transfer of BMMCs from TPH1-deficient 7pA1~~ mice to KitV-5"w-s recipient
mice yielded the same results. Relative to those receiving adoptive transfer of WT BMMCs
by s.c. injection, KitV-s"w-sh recipient mice receiving BMMCs from 7ph1~~mice
demonstrated significant recovery of UPC1 protein or mRNA levels, as determined by
immunostaining (Figure S8A), immunoblot analysis (Figure S8B), and real-time PCR
(Figure S8C). SAT from KitV-Sw-s mice receiving 7ph1~~ BMMCs also showed
significantly higher mRNA levels of thermogenic genes (Figure S8C), beige cell markers,
and the beige progenitor marker Pdgfra (Figure S8D) than those receiving WT BMMCs.
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DISCUSSION

Brown and beige adipose tissues take in glucose and lipids from the circulation and act as
important metabolically active organs (Loyd and Obici, 2014). Brown and beige adipocytes
play important roles in glucose homeostasis, insulin sensitivity, lipid metabolism, and energy
expenditure, all of which are key elements in the pathogenesis of obesity and diabetes
(Ghorbani et al., 1997; Harms and Seale, 2013; Stanford et al., 2013). Adipocyte beiging
helps to control body weight gain and maintain glucose and lipid homeostasis (Kaisanlahti
and Glumoff, 2019; Mdssenbdck et al., 2014). We reported previously that adipose tissue
MCs play a pathogenic role in western diet-induced obesity and diabetes by releasing pro-
inflammatory cytokines (Liu et al., 2009). This study revealed a previously untested
inhibitory function of MCs in SAT browning in mice fed a chow diet. MCs in SAT from
these mice suppressed local adipocyte browning, thermogenesis, and population expansion
of PDGFR™* beige progenitors, an important source of beiging cells in mouse SAT or in SAT
SVF ex vivo. Using the THP1 inhibitor LX1031 and MCs from 7pA1~~mice, we
demonstrated that MC serotonin was responsible for these MC activities. Functional
inactivation of MCs, including genetic deficiency and pharmacological stabilization,
increased systemic energy expenditure by enhancing SAT adipocyte browning and
thermogenesis. Therefore, targeting MC serotonin to increase SAT beige adipocyte
formation may become a potential therapeutic strategy to treat obesity and type 2 diabetes.

Physiological stimuli such as cold exposure or caloric restriction may promote adipocyte
browning through type 2 immune signaling (Fabbiano et al., 2016; Qiu et al., 2014). Several
immune signaling-regulated beige fat thermogenic circuits have been established in adipose
tissues, including type 2 immune signaling from ILC2s and eosinophils and their type 2
cytokines IL-4 and IL-13 (Brestoff et al., 2015; Fabbiano et al., 2016; Lee et al., 2015; Qiu
et al., 2014); the IL-4-stimulated, alternatively activated macrophage axis (Nguyen et al.,
2011); adipose-resident invariant natural killer T (iNKT) cell-induced FGF21 (Lynch et al.,
2016); T cell-specific Stat6/Pten axis-linked Foxp3* regulatory T (Treg) cell induction
(Kalin et al., 2017); and y& T cell-derived IL-17A suppressing age-dependent ST2* Treg
and IL-33 abundance (Kohlgruber et al., 2018). Therefore, not only MCs, but also other
immune cells affect the thermogenic program in SAT. It is possible that MCs may interact
with these inflammatory cells and indirectly affect the immune signals in SAT
thermogenesis regulation, although this study did not test this hypothesis. The interactions
between MCs and macrophages (Liu et al., 2009; Zhou et al., 2015), Treg cells (Gri et al.,
2008; Piconese et al., 2009), and ILC2s (Burton et al., 2018) suggest the possibility of such
crosstalk when considering MC effects on thermogenesis.

MCs are commonly activated by IgE-antigen cross-linking, which results in release of
preformed molecules, including histamine, serotonin, tryptase, chymase, and lipid-derived
mediators, from the granules as well as by IgE-independent non-allergic responses that
release both preformed and newly synthesized MC mediators, including cytokines and
chemokines (Kalesnikoff and Galli, 2008). Adipose tissue is the major organ of cholesterol
storage (Krause and Hartman, 1984; Kovanen et al., 1975). In SAT from chow diet-fed mice,
there is about 150 g of cholesterol per gram of SAT. LDL at 1 mg/mL showed a similar
potency of MC activation as 50 umg/mL of IgE antibody (Zhang et al., 2019). Although we
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did not quantitate the IgE content in SAT, plasma IgE levels from chow diet-fed mice
reached about 100 ng/mL (Wang et al., 2011). Therefore, it is possible that cholesterol may
be the majorMCactivator in SAT. Here we showed that activation of BMMCs with 1 mg/mL
of LDL increased TPH1 mRNA levels by ~10-fold and the TPH1 protein level and serotonin
level by ~2-fold. In addition to serotonin, histamine, prostaglandin, and IL-6 have been
implicated in energy expenditure regulation (Garcia-Alonso et al., 2016; Karlstedt et al.,
2003; Knudsen et al., 2014; Sakata et al., 1995). MCs in adipose tissues may also release
these mediators to act similarly as serotonin. Therefore, targeting MC serotonin, and
possibly histamine, prostaglandin, IL-6, or other untested mediators, in adipose tissue may
help boost the fat tissue-specific adipocyte browning mechanism and energy expenditure
without affecting MC activities in other organs.

Results from Kit-dependent, MC-deficient K7tV-S"w-5" mice may be confounded by changes
in other immune cells (Nigrovic et al., 2008). It is essential to use the MC reconstitution
approach to verify the role of MCs in studies using these mice (Liu et al., 2009). Use of MC
inhibitors would provide another line of evidence to support MC function (Liu et al., 2009).
It has also been commented that donor MCs, after adoptive transfer, may show potential
differences in number recovery and anatomical distribution in recipient mice. Therefore,
donor MCs may never act the same as native endogenous MCs (Rodewald and Feyerabend,
2012; Gutierrez et al., 2015). In this study. however, we used several approaches to prove a
role of MCs in dysregulating SAT adipocyte browning and systemic energy expenditure,
including use of the MC inhibitor DSCG, adoptive transfer of MCs from WT and 7ph1~~
mice, treatment of MC chimeric mice with and without the TPH1 inhibitor LX1031, and the
s.c. injection approach to deliver donor MCs to SAT. Nevertheless, the effect of altered
immune cells in KitV-s"w-s mice may still present. Therefore, use of kit-independent MC-
deficient mice without affecting other immune cells (Gutierrez et al., 2015) may further
support our conclusion.

FACS analysis allowed quantification of SAT MC content. We detected about 1,000 MCs
per gram of SAT from WT mice, but there were only about 160 MCs per gram of SAT from
Kitv-s"w-sh mice after receiving s.c. adoptive transfer of 3 3 10° donor BMMCs. However,
decreases in metabolic rate, body temperature, SAT expression of UCP1, and thermogenic
genes all reached statistical significance. Although we cannot explain why such a low
number of donor MCs in SAT nearly completely reversed these metabolic parameters to the
levels in WT mice, our prior study of Western diet-induced obesity and diabetes revealed
similar changes. About 50% re-population of WAT MCs in Kit?s"W-sh mice receiving 1 3
107 donor BMMCs by i.v. adoptive transfer yielded levels of obesity and diabetes
comparable with those of WT control mice (Liu et al., 2009), supporting the importance of
WAT MCs in the thermogenic program and systemic energy expenditure. It also remains
unexplained why MC stabilization with DSCG did not affect MC numbers in SAT, EAT, or
BAT but reduced the expression of TPH1 and consequent production of serotonin. It is
possible that blockage of MC degranulation led to intracellular accumulation of serotonin,
which may suppress its synthesis as a feedback mechanism, although we did not test this
hypothesis in this study.
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Our earlier study used the same Kit¥5"W=5 mice and the MC inhibitor DSCG and
demonstrated a role of MCs in Western diet-induced obesity and diabetes. MC deficiency or
inhibition with DSCG reduced UCP1 expression in BAT when mice were on a Western diet
(Liu et al., 2009). In SAT from KitV-5"w=s mice, however, we detected significantly higher
levels of the thermogenic and mitochondrial genes Pgcla, Prdmi16, Cidea, Elovi3, and
Ndufv2and the beige cell markers CD137and TmemZ26 compared with SAT from WT mice
when mice were on a chow diet or a Western diet (data not shown). When mice were
induced to develop obesity and diabetes, MC distribution in adipose tissue may differ from
that in mice on a chow diet. Therefore, MC activity and distribution may change depending
on the types of environmental, pharmacological, and nutritional stimuli. Together, the
observations from this study suggest that MCs in SAT maintain thermogenesis at the basal
level when mice consume a chow diet. Functional inactivation of MCs by genetic deficiency
or pharmacological inhibition (e.g., DSCG) increases SAT adipocyte browning and
thermogenesis and enhances systemic energy expenditure.

STAR*METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to the Lead
Contact Guo-Ping Shi, DSc. (gshi@bwh.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Wild-type (C57BL/6J) were from Vital River Laboratory Animal Technology Co.
Ltd. (Beijing, China) and Kitv-S"w-sh (C57BL/6J) mice were from the Jackson Laboratories
(Bar Harbor, ME, USA). 7ph1~~mice were reported previously (Laporta et al., 2014). All
animal procedures were approved by the Hefei University of Technology Standing
Committee on Animals. To stimulate thermogenesis, 12-week-old mice were injected with
norepinephrine (Sigma-Aldrich, St. Louis, MO) as previously reported (Lim et al., 2012).

Experimental animals and indirect calorimetry—Mice were housed and bred in
ventilated cages within a pathogen-free barrier facility. Only male mice were used in this
study. To stabilize MCs, 8-week-old WT mice were injected daily with DSCG (25 mg kg2
bodyweight, Sigma-Aldrich) for 4 weeks as previously described (Liu et al., 2009). For
BMMLC reconstitutions, 6-week-old Ki#?-5"/"-s mice were subcutaneously injected with
3x10% WT or 7ph1/BMMCs (Thevenot et al., 2011), intraperitoneally injected with 1x10°
WT BMMCs (Mallen-St Clair et al., 2004; Wolters et al.,2005) or injected via tail vein with
1x107 WT BMMCs (Liu et al., 2009) for 6 weeks. To inhibit serotonin synthesis, 6-week-
old Kitv-s"w-sh mice received subcutaneous BMMC reconstitution were given a daily
subcutaneous injection of the TPH1 inhibitor LX1031 (10 mg kg~ bodyweight, Medchem
Express, Monmouth Junction, NJ) for 6 weeks (Camilleri, 2011). At the end of each course
of treatment, mouse bodyweight, core body temperature, and indirect calorimetry were
measured and then mice were euthanized by CO» narcosis.

Norepinephrine (NE)-induced metabolic parameters, including whole body oxygen
consumption rates and carbon dioxide production rates, were continuously monitored using
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a combined indirect calorimetry system (TSE Systems, Inc., Chesterfield, MO). In brief,
mice were anesthetized by intraperitoneal injection of 40-60 mg/kg pentobarbital, and
transfer each mouse into a single metabolic chamber to measure the basic metabolic rate for
30 min without interruption. Then, open the metabolic chamber to inject 1 mg/kg NE into
each mouse subcutaneous dorsal, and continue to measure metabolic rate for another 1 hour.
Core body temperatures were measured rectally using a themocoupler (Physitemp
Instruments, Inc., Clifton, NJ).

Cell culture—SVF and adipocytes were fractioned from SAT in WT or Kit?5"W-sh mice
as described (Zhang et al., 2016). To detect beige progenitors in SVF, SVF was separated on
the basis of cell-surface markers using a flow cytometer MoFlo XDP (Beckman Coulter,
Brea, CA). To remove MC from SVF from SAT, MCs were stained and sorted with MC-
specific antibodies.

BMMCs and BMMC lysates were prepared from bone marrow cells in WT mice as
previously reported (Liu et al., 2009). To assess the direct effect of MCs on Pdgfra
expression in SVF, SVF was co-cultured in DMEM medium together with live BMMCs (1 x
10° per well for 24-well plate) or BMMC lysates (equivalent to the live cell numbers) for 6
days. To induce SVF browning differentiation, SVF was cultured in browning differentiation
medium for 8 days and the differentiated adipocytes were stained by Oil-red O (Sigma-
Aldrich) as previously reported (Zhang et al., 2014). During the 8 days of browning
differentiation, live BMMCs, BMMC lysates, or culture media from non-activated or LDL-
activated BMMCs were added to examine the effect of MCs on SVF browning
differentiation. SAT explants were harvested from Kit?5"W-sI mice and co-cultured with
BMMC:s or lysates for 24 hr as previously described (Du et al., 2011).

WAT SVF and adipocyte fractionation—Primary stromal vascular fraction (SVF) and
adipocytes were fractioned from SAT from 8-16 weeks old WT or KitV-"W=sh mice. Briefly,
adipose tissues were minced and digested with type 1l collagenase (2 mg/ml) in Krebs-
Ringer bicarbonate buffer containing 10 mM HEPES (pH7.4) and 5% FBS for 30 min at 37
C. After removing non-digested tissues, suspended adipocytes and SVF were separated by
passing through a 200 mesh strainer. SVF was incubated in red blood cell lysis buffer for 5
min at room temperature, and then, the cells were collected by centrifugation at 200 g for 10
min. Adipocytes were used for real time-PCR (RT-PCR) and SVF was prepared for RT-PCR,
flow cytometry, and browning differentiation.

Cell and organ cultures—BMMCs were induced from bone marrow from 8-week-old
mice. Bone marrow single cell preparations were cultured in RPMI 1640 medium containing
10 ng/ml murine recombinant IL-3 for 2 weeks and then in IL-3 and 50 ng/mL murine
recombinant stem cell factor (PeproTech, New Jersey, USA) for another 3 weeks. After 5
weeks, cell purity was confirmed by FACS to show the cell surface expression of FceRI and
CD117 (> 98%). To activate BMMCs, BMMCs were treated with 1 mg/mL LDL (Lee
Biosolutions, Inc, Mary-land Heights, MO) for 48 hr as previously described (Zhang et al.,
2019) with or without 1 pM, 10 mM or 50 pM of LX1031.
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Primary SVF from SAT was cultured in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin and murine preadipocytes 3T3-L1 (ATCC, Mananssas, VA) were
cultured in DMEM containing 10% calf serum and 1% penicillin/streptomycin.

For SVF browning differentiation, confluent cells were cultured in DMEM medium
supplemented with 850 nM insulin, 0.5 mM isobutylmethylxanthine, 1 pM dexamethasone,
125 nM indomethacin, 1 nM 3,3",5-triiodo-L-thyronine (T3) and 1 pM rosiglitazone (all
from Sigma-Aldrich) for 2 days. Cells were then cultured in DMEM medium supplemented
with insulin, T3, and rosiglitazone for another 6 days. SVF preparations on 24-well plate
were also treated with 1x10° per well BMMC lysates, 1x10° per well live BMMCs, or
culture media from LDL-activated or non-activated equivalent BMMC:s at the beginning of
brown adipocyte differentiation.

For SAT SVF and 3T3-L1 adipocyte differentiation, confluent cells were cultured in DMEM
supplemented with 10% FBS, 850 nM insulin, 0.5 mM isobutylmethylxanthine, and 1 uM
dexamethasone (all from Sigma-Aldrich) for 2 days, and then in DMEM supplemented with
10% FBS and insulin for another 6 days. After differentiation, 1 mg/mL LDL was also
added to fully differentiated adipocytes for 48 hr.

For adipocyte Oil-red O staining, after 8 days of browning differentiation, SVF was washed
once with PBS and fixed with 4% paraformaldehyde for 1 hour, followed by incubation with
Oil-red O (Sigma-Aldrich) for 4 hours.

To culture SAT tissue explants with BMMCs, SAT from 12-week-old K7tV-S"W-sh mice was
isolated and cut into ~10 mg size pieces, then rinsed three times with PBS. Two pieces of
SAT tissue in each well on a 24-well plate were co-cultured with or without 1x10° live
BMMCs or equivalent lysates for 24 hr in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin.

METHOD DETAILS

Real-time PCR, western blot, and histological study—For real-time PCR analysis,
total RNA was extracted from adipose tissues or cells as described (Zhang et al., 2016). All
primer sequences used in this study were listed in Table S1. Adipose tissue proteins were
extracted and used for immunoblot analysis as previous reported (Liu et al., 2009). Adipose
tissues were harvested and paraffin sections prepared for histological analysis.

Serotonin measurement—The level of serotonin in SAT was determined by UPLC-
MS/MS (Thermo Fisher Scientific, Accela 600pump UPLC system equipped with LTQ
Orbitrap XL mass spectrometer) as described previously with some modifications (He et al.,
2013). Briefly, SAT were weighed and homogenized in a 20-fold (w/v) volume of 0.2%
formic acid (v/v) in methanol. After centrifugation at 12,000 g for 30 min at 4 C, the
supernatants were stored at 80 C until detection. Serotonin levels in cell culture medium
were detected using mouse ELISA kits according to manufacturer protocols (LDN,
Nordhorn, Germany).
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Flow Cytometry—Primary SVF from EAT, SAT, BAT was resuspended in PBS with 2%
FBS, and incubated with FACS antibodies for 30 min on ice. Cells were initially selected by
size on the basis of forward scatter (FSC) and side scatter (SSC), following separated on the
basis of cell-surface markers using a flow cytometer MoFlo XDP (Beckman Coulter, Brea,
CA). To detect beige progenitors in SVF, primary SVF was separated on the basis of cell-
surface markers including anti-PDGFRa (CD140a)-APC (1:50, BioLegend, San Diego, CA)
and anti-CD34-FITC (1:100, eBioscience, San Diego, CA). To quantify MCs in adipose
tissues, to isolate MCs from SVF, and to remove MCs from SVF, we stained and sorted MCs
with anti-CD34-FITC (1:100, eBioscience), anti-CD45-PE (1:500, eBioscience) and MC
markers anti-CD117-APC (1:200, eBioscience) and anti-FCeR1-PE-CY7 (1:200,
eBioscience). The MC-removed SVF and MCs (1x10°) were collected for TPH1 mRNA
expressional analysis.

Histology and immunohistochemistry—Adipose tissues were fixed in 4% formalin,
embedded in paraffin and serially sliced into 7 mm thickness. To detect adipocyte
morphology, MCs, and UCP1™ cells, adipose tissue paraffin sections were stained with
hematoxylin-eosin (Sigma-Aldrich), toluidine blue (Sigma-Aldrich), or rabbit anti-UCP1
antibody (1:500, Abcam, Cambridge, MA) according to the standard protocols, respectively.
For Immunofluorescence analysis, goat anti-PDGFRa (1:500, R&D Systems, Inc.,
Minneapolis, MN), rabbit anti-UCP1 (1:500, Abcam), rabbit anti-TPH1 (1:50, Millipore,
Bedford, MA); rat anti-CD117 (1:50, ebioscience) and rabbit anti-Ki67 (1:100, Novus,
Centennial, CO) antibodies were used as primary antibodies. For Immunofluorescence co-
localization analysis, adipose tissues paraffin sections were sequentially stained with goat
anti-PDGFRa and rabbit anti-UCP1; anti-PDGFRa and rabbit anti-Ki67, or rabbit anti-
TPH1 and rat anti-CD117 antibodies according to the standard protocols (Kumar et al.,
1999; Wirden and Homberg, 1993). Slides were counterstained with DAPI (1:100, Sangon
Biotech Co. Ltd., Shanghai, China).

Total RNA isolation and quantitative real-time PCR—Total RNA was extracted from
adipose tissues using RNAiso Plus reagent (TAKARA, Dalian, China), and then reverse
transcribed to cDNA using oligo d(T),g (TAKARA) and M-MLYV reverse transcriptase
(Invitrogen, Carlsbad, CA) according to manufacturer’s protocol. Real-time PCR was
analyzed using SYBR green dye (TAKARA) in a Bio-Rad MyiQ2 Real-time PCR System.
Data were processed using the DDCT method when B-actin was used as the reference gene.

Immunoblot analysis—Tissue or cell proteins were extracted using the RIPA lysis buffer
(50 mM Tris HCI, pH 7.4, 150 mM NaCl, 1%NP-40, 0.5% sodium deoxycholate, 0.1%SDS)
containing protease and phosphatase inhibitors (Sangon, Shanghai, China). Protein
concentration was measured using the Bradford method. Equal amounts protein lysates were
separated on SDS-PAGE and transferred to polyvinylidene difluoride membranes
(Millipore). The membranes were blocked and incubated with primary antibodies against
UCP1 (1:1000, Abcam), TPH1 (1:1000; Millipore), p-actin (Sigma-Aldrich) or GAPDH
(1:1000; Cell Signaling Technology; Danvers, MA), followed by incubation with HRP-
labeled goat anti-rabbit IgG as secondary antibody (1:5000, BOSTER, Wuhan, China). The
protein bands were detected by ECL kit (Thermo Fisher Scientific, Rockford, IL) in
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ImageQuant LAS 4000 mini (GE Healthcare, Chicago, IL) and quantified using ImageQuant
TL 7.0 software (GE Healthcare). Data were showed as the ratio of specific protein to -
actin.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were presented as means = SEM. Because of relatively small sample sizes and often
skewed data distribution, we selected the non-parametric Mann-Whitney Utest for paired
datasets and one-way ANOVA with post hoc Bonferroni test was used for comparison
among three or more groups to examine statistical significance. p < 0.05 was considered as
statistically significant. Replicate information is included in the figure legends. In each
figure legend, n represents the number of mice used in each indicated group.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Mast cell inactivation increases mouse systemic thermogenesis and energy
expenditure

Mast cell inactivation enhances SAT thermogenic gene expression and
adipocyte browning

Mast cell inactivation increases SAT PDGFRa™* adipocyte precursor
proliferation

Mast cell serotonin blocks adipocyte browning and energy expenditure
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Figure 1. MCs Controlled Systemic Energy Expenditure and SAT Thermogenesis and Browning
in Mice on a Chow Diet

(A and B) NE-stimulated mouse metabolic rate, including oxygen consumption (VO,; A)
and carbon dioxide production (VCO,; B) in WT mice (n = 13), Kit?s"w-hmice (n = 13),
WT mice receiving saline (WT+Saline, n = 13) or DSCG (WT+DSCG, n = 16)
intraperitoneal (i.p.) injections.

(C) Core body temperatures for the indicated groups of mice.

(D) UCP1 immunostaining of representative SAT sections (n = 8 per group); scale bars, 100

pm.
(E) Immunoblot analysis and quantification of UCP1 relative to p-actin in SAT (n = 6 per
group).

(F) Real-time PCR analysis of thermogenic and mitochondrial genes in SAT (n = 8~13 per
group).

Data are mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. MC Reconstitution into SAT Reduced Systemic Energy Metabolism and SAT Browning
(A-F) NE-stimulated VO, (A, C, and E) and VCO, (B, D, and F) in Kit¥s"w-s mice 6
weeks after receiving subcutaneous (s.c.) (A and B), intravenous (i.v.) (C and D), or i.p. (E
and F) injections of saline or BMMCs from WT mice. n = 8-14 per cohort.

(G) Core body temperature of K7#V-S""-hmice receiving s.c. injections of saline or BMMCs
(n = 8-12 per group).

(H) UCP1 immunostaining (n = 8 per group).

(1) UCP1 immunoblot and quantification relative to p-actin in SAT after different approaches
of BMMC adoptive transfer (n = 6 per group).

(J) Real-time PCR analysis of thermogenic and mitochondrial genes in SAT from mice
receiving s.c. injection of saline or BMMCs (n = 12 per group).

(K) Toluidine blue staining for MCs (arrows) in representative SAT sections after BMMC
adoptive transfer (n = 8 per group).

(L) MC number quantification in SAT and EAT from KitV-5/w-s mice receiving s.c., i.v.,
and i.p. BMMC adoptive transfers (n = 8-14 per group). Scale bars, 100 um; inset scale
bars, 50 pm.

Data are mean £ SEM. *p < 0.05, **p < 0.01.
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Figure 3. MCs Inhibited SAT PDGFRa.* Beige Progenitor Cell Proliferation and Browning
(A) Real-time PCR analysis of beige cell markers, beige progenitor marker Pdgfra, and pre-

adipocyte markers in SAT from the indicated groups of mice (n = 8-13 per group).

(B) FACS analysis of PDGFRa* cells in SAT (as defined by CD34* PDGFRa*). n = 8~10
per group.

(C) Immunofluorescent double staining of PDGFRa* (red) and UCP1* (green) double-
positive cells.

(D) Immunofluorescent double staining of PDGFRa* (red) and Ki67* (green) double-
positive cells in SAT, with nuclei counterstained with DAPI (blue) (n = 8 per group).

Scale bars, 100 pm; inset scale bars, 25 um. Representative images in (B)—(D) are shown on
the left.

Data are mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. MCs Inhibited SAT PDGFRa Expression and Browning Differentiation in SAT SVF
(A-C) Real-time PCR determined relative mRNA levels of (A) Pgdfra in SVF

preadipocytes from WT mouse SAT after 6 days of culture without or with live BMMCs or
BMMC lysates (n = 4 per group); (B) the thermogenic and mitochondrial genes in the SVF
from WT mouse SAT after 8 days of culture in browning differentiation cocktail without or
with live BMMCs, BMMC lysates, and culture medium from non-activated or LDL-
activated BMMCs (n = 4 per group); and (C) thermogenic genes in MC-deficient
Kit"-s"w-sh mouse SAT explants after 24 h of culture without or with live BMMCs or

BMMC lysates (n = 4 per group).
Data are mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. MCs Were the Primary Source of Serotonin in SAT
(A and B) Real-time PCR analysis of TPH1 (A) and UPLC-MS/MS detection of serotonin

levels (B) in SAT from different groups of mice as indicated (n = 8-18).

(C) Real-time PCR analysis of TPH1 mRNA levels in adipocytes (n = 7), fresh SVF (n =
13), MC-removed fresh SVF (n = 8), and MCs (n = 3) from WT SAT.

(D) TPH1* (green) and CD117* (red) immunofluorescent double staining in WT SAT.

(E and F) Immunoblot (E) and real-time PCR analysis (n = 4) (F) of TPH1 in BMMCs, 1
mg/mL LDL-activated BMMCs, non-differentiated 3T3-L1 preadipocytes, and differentiated
3T3-L1 adipocytes.

(G) Immunoblot analysis of TPH1 in BMMCs activated without or with 1 mg/mL LDL and
50 uM LX1031.

(H and 1) Serotonin ELISA analysis (H) and TPH1 real-time PCR analysis (I) in SAT SVF
preadipocytes, differentiated SVF adipocytes treated without or with LDL, and BMMCs
treated without or with LDL and different doses of LX1031 as indicated.

Scale bars, 100 pm; inset scale bars, 25 um.

Data are mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. MC-Derived Serotonin Inhibited Systemic Energy Expenditure and the SAT
Thermogenic Program

(A—H) NE-stimulated VO, (A) and VCO> (B); H&E staining and UCP1 immunostaining
(C); PDGFRa. (red) and UCP1 (green) immunofluorescent double staining (D); immunoblot
analysis of UCP1 and quantification relative to p-actin (E); and real-time PCR analysis of
thermogenic and mitochondrial genes (F), beige cell markers (G), the beige progenitor
marker Pdgfra, and pre-adipocyte markers (H) in SAT from KitV-5"w-sh mice receiving WT
BMMC:s s.c. and daily s.c. injections of saline or LX1031 for 6 weeks (n = 8 per group).
Scale bars, 100 mm.

Data are mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse PDGFRa (CD140a)-APC BioLegend Cat# 135907; RRID:AB_2043969
Anti-CD34-FITC eBioscience Cat# 11-0341-85; RRID:AB_465022
Anti-CD45-PE eBioscience Cat# 12-0451-83; RRID:AB_465669
Anti-CD117-APC eBioscience Cat# 17-1171-82; RRID:AB_469430
Anti-FCeR1-PE-CY7 eBioscience Cat# 25-5898-82; RRID:AB_2573493
Anti-mouse PDGFRa R&D Cat# AF1062; RRID:AB_2236897
Anti-mouse CD117 ebioscience Cat# 14-1171-85; RRID:AB_467434
Anti-mouse UCP1 Abcam Cat# 10983; RRID:AB_2241462
Anti-TPH1 Millipore Cat# AB15570; RRID:AB_877305
Anti-Ki67 Novus Cat# NB600-1209; RRID:AB_10001641
Anti-B-actin Sigma-Aldrich Cat# A1978; RRID:AB_476692
Anti-GAPDH Cell Signaling Technology Cat# 2118; RRID:AB_561053

Chemicals, Peptides, and Recombinant Proteins

High-fat diet
Control chow diet
Norepinephrine
Oil-red O

LDL-c

Type Il collagenas!
RPMI 1640
DMEM

LX1031

Recombinant I1L-3

e

Recombinant stem cell factor

3,3’ 5-triiodo-L-thyronine (T3)

Isobutylmethylxanthine

Dexamethasone
Indomethacin
Rosiglitazone
Insulin
Haematoxylin
Eosin

Toluidine blue
DAPI

SYBR green dye

Research Diets
Research Diets
Sigma-Aldrich
Sigma

Lee Biosolutions
Worthington
GIBCO
GIBCO
Medchem Express
PeproTech
PeproTech
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sangon Biotech

TAKARA

Cat# D12492
Cat# D12450B
Cat# A7257
Cat# 00625
Cat# 360-10
Cat# LS004177
Cat# 61870036
Cat# 10566-016
Cat# HY-13041
Cat# 213-13
Cat# 250-03
Cat# T2877
Cat# 17018
Cat# D4902
Cat# 17378
Cat# R2408
Cat# 91077C
Cat# GHS316
Cat# HT110116
Cat# 89640
Cat# E607303
Cat# DRRO81A

Critical Commercial Assays
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REAGENT or RESOURCE SOURCE IDENTIFIER
Serotonin LDN Cat# BA E-8900
Experimental Models: Cell Lines
3T3-L1 ATCC Cat# CL-173
Experimental Models: Organisms/Strains
Wild-type (C57BL/6J) Vital River Laboratory Animal Cat# 213

Technology Co. Ltd. (Beijing,
China)
Kitv-shw-sh (C57BL/6J) B6.Cg-KitW-sh/HNihrJaeBsmJ  Jackson Laboratory (purchased Cat# 030764
during last 7 years and bred at
Hefei)
Tph1~-mice (C57BL/6J) University of Wisconsin-Madison ~ N/A

Software and Algorithms

Image-Pro plus 6.0

Kaluza Analysis

Media Cybernetics, Inc.

Beckman Coulter

http://www.mediacy.com/imageproplus

https://en.freedownloadmanager.org/Windows-PC/Kaluza-Analysis.html
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