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Abstract

In this work, the metabolic charac-

teristics of adipose tissues in live

mouse model were investigated

using a multiphoton redox ratio

and fluorescence lifetime imaging

technology. By analyzing the

intrinsic fluorescence of metabolic

coenzymes, we measured the opti-

cal redox ratios of adipocytes in vivo and studied their responses to thermogen-

esis. The fluorescence lifetime imaging further revealed changes in protein

bindings of metabolic coenzymes in the adipocytes during thermogenesis. Our

study uncovered significant heterogeneity in the cellular structures and meta-

bolic characteristics of thermogenic adipocytes in brown and beige fat. Sub-

groups of brown and beige adipocytes were identified based on the distinct

lipid size distributions, redox ratios, fluorescence lifetimes and thermogenic

capacities. The results of our study show that this label-free imaging technique

can shed new light on in vivo study of metabolic dynamics and heterogeneity

of adipose tissues in live organisms.
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1 | INTRODUCTION

Brown adipose tissue (BAT) and white adipose tissue
(WAT) are two main types of fat in mammals. BAT is a
thermoregulatory organ that can dissipate energy as
heat through nonshivering thermogenesis. It plays a fun-
damental role in regulating whole-body glucose homeo-
stasis and insulin sensitivity [1]. In contrast, WAT
exhibits opposing functions and is mainly responsible for
storing excess energy. Recently, a new type of thermo-
genic adipocyte was uncovered in specific WAT depots,
namely, beige/brite (brown-in-white) adipocyte [2–4].
Beige adipocytes can be generated in WAT by cold expo-
sure or by other approaches, such as β3-adrenergic recep-
tor (ADRB3) agonists stimulation [5, 6]. Similar to BAT,
beige fat is also competent for thermogenesis under the
mediation of a specialized mitochondrial protein,
uncoupled protein 1 (UCP1) [7, 8]. With the discovery of
thermogenic adipocytes in adult humans, therapeutic
interest has been focused on the stimulation of brown
and/or beige fat biogenesis and enhancement of thermo-
genesis to combat obesity and insulin resistance [9, 10].

In vivo metabolic monitoring of brown and beige adi-
pocytes in mouse model is of great significance for under-
standing the mechanisms underlying thermogenesis.
However, the traditional metabolic measurement tools
are not able to specifically assess the thermogenic charac-
teristics of brown and beige fat. The Seahorse Extracellu-
lar Flux Analyzer is a prevalent approach to measuring
the oxygen consumption rate (OCR) of isolated adipo-
cytes [11, 12], and it has been reported that the OCR of
brown adipocytes increases after the activation of ther-
mogenesis by norepinephrine (NE) treatment [13]. The
major limitation of Seahorse instrument is unable to
measure the fat metabolism in live animal. Thermal
imaging allows noninvasive measurement of the temper-
ature change in BAT during thermogenesis. However, it
is inaccurate for metabolic characterization of beige fat,
because the heat locally produced in interscapular BAT
can quickly redistribute throughout the animal body via
blood circulation and raise the temperature of beige fat in
the inguinal region [14]. Positron emission tomography
and optoacoustic detection have been used for real-time
measurement of BAT metabolic activity in mouse and
human [15–17], but they cannot achieve cellular resolu-
tion, preventing rigorous study on metabolic heterogene-
ity in adipocytes [18]. Other measurements such as blood
flow, food intake and locomotor activity [19–21] are all
short of specificity and are incapable of distinguishing
the metabolism of brown and beige fat from that of the
entire organism.

The mitochondrial metabolic coenzymes, reduced
nicotinamide adenine dinucleotide (NADH) and flavin

adenine dinucleotide (FAD), are two major endogenous
fluorophores in cells and play crucial roles in metabolic
and transcriptional regulation [22–24]. They are inten-
sively involved in two critical biochemical processes in
mitochondria (Figure S1). The first process is β-oxidation
of fatty acid, in which fatty acid molecules are broken
down to produce acetyl-CoA, while NAD+ and FAD are
reduced to form NADH and FADH2. In the second pro-
cess, NADH and FADH2 are oxidized to generate NAD+

and FAD via the electron transport chain (ETC) [8, 25].
Therefore, the optical redox ratio (ORR) was defined as
the relative fluorescence intensity of NADH and FAD,
and the oxidation-reduction ratio in mitochondria can be
evaluated by the ORR using label-free fluorescence
microscopy. Over the past decades, the ORR has been
widely used as an intrinsic indicator of redox states in
cells and tissues [26–28]. In our recent work, the ORR
was used to monitor the thermogenesis of BAT in vivo
[14]. We found that the ORR of BAT increases signifi-
cantly after NE injection in mice, which is correlated
with the temperature rise in BAT induced by thermogen-
esis [14]. The result suggests that redox ratio imaging
could probe the accelerated β-oxidation and enhanced
metabolic activity in thermogenic adipocytes. This may
provide opportunities to investigate the metabolic charac-
teristics of beige fat at subcellular resolution in vivo,
which has not been conducted in live animal model. In
addition to redox ratio imaging, fluorescence lifetime
imaging microscopy (FLIM) has also been used for map-
ping of cellular metabolism [29–31] and detection of
pathogens [32]. NADH and FAD exhibit distinct fluores-
cence lifetimes (FLTs) in free and protein-bound forms,
and the free-to-bound ratios of NADH or FAD can be
used to discriminate different cellular metabolic states
[33–36]. It was recently documented that the brown and
white fat exhibit distinctive FLT signatures [37]. Hence,
FLIM may provide complementary insights into the
unique metabolic characteristics of thermogenic
adipocytes.

In this study, we simultaneously image subcellular
morphology and quantify the cellular metabolism in adi-
pose tissues in vivo. Using a multiphoton redox ratio and
FLT imaging system, we study the significant changes in
ORRs and free-to-bound ratios of NADH (FLTs: 335 ± 18
and 2160 ± 83 ps in free and protein-bound forms,
respectively) and FAD (FLTs: 209 ± 21 and 1981
± 174 ps in protein-bound and free forms, respectively)
in brown and beige fat during NE-induced thermogene-
sis. In addition, the heterogeneity of cellular structures
and metabolic states in brown and beige fat are investi-
gated. Our findings provide clear evidences that adipo-
cytes with unique lipid size distributions, ORRs and FLTs
exhibit distinct thermogenic competence. We
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demonstrate that the ORR and FLT of mitochondrial
coenzymes can be used as label-free biomarkers to study
the thermogenesis of brown and beige fat.

2 | METHODS AND MATERIALS

2.1 | Animals

The C57BL/6J mouse model was used in this study. Mice
were housed in a 12:12 light:dark cycle, and were ran-
domized to respective groups without restrictions. To
induce beige fat in the inguinal WAT, the mice were
administered one dose of CL-316,243 (1 mg/Kg/day) for
seven consecutive days through interperitoneal injection.
For in vivo imaging experiments, mice were anesthetized
by intraperitoneal injection of ketamine (0.133 mg/g of

body weight) in combination with xylazine (0.013 mg/g
of body weight). Mouse skin around the interscapular
and inguinal region was removed for BAT and
WAT/beige fat imaging, respectively. The mice were
given an intraperitoneal injection of NE (A7257, Sigma-
Aldrich, 1 μg/g of body weight) to activate thermogenesis.
After the experiments, the mice were sacrificed by cervi-
cal dislocation. The study was approved by the Animal
Ethics Committee of the Hong Kong University of Sci-
ence and Technology.

2.2 | Multiphoton fluorescence
microscope system with FLIM capability

The optical layout of the multiphoton fluorescence
microscope system is shown in Figure 1A. A femtosecond

FIGURE 1 In vivo ORR imaging of beige and white fat. A, Optical layout and block diagram of the multiphoton redox ratio and FLIM

system. DM, dichroic mirror; Fs, filter set; PC, personal computer; PMT, photomultiplier tube; TCSPC, time-correlated single photon counting. The

embedded figure shows the inguinal region of mouse for in vivo beige/white fat imaging. B, Schematic illustration of experiment design for in vivo

fluorescence imaging of beige and white fat. One group of C57BL/6J mice was treated with the ADRB3 agonist CL-316,243 at 1 mg/kg for seven

consecutive days to generate beige fat. The other group was treated with saline for 7 days. in vivo two-photon imaging was performed on the eighth

day, and all the mice were injected with NE to activate thermogenesis. C, H&E staining and UCP1 immunostaining with Alexa Fluor 594 show

that UCP1-abundant beige adipocytes containing small lipid droplets were found in the inguinal WAT of the mice treated with CL-316,243. Typical

WAT phenotype was observed in the control group treated with saline. DAPI is used as a nuclear counterstain to visualize the adipocyte

distributions. D, Western blotting results reveal the high UCP1 expression level in the inguinal fat of CL-316,243-treated mice. Tubulin was used as

an internal control for protein loading. E, Pseudocolor TPEF images of the inguinal fat of mice treated with saline/CL-316,243. Fluorescence signals

in NADH and FAD channels were coded in cyan and red, respectively. The saline-treated mice (left) contain white adipocytes with unilocular

morphology only, while the CL-316,243-treated mice (right) show beige adipocytes embedded in the WAT. Arrowheads: the thin cytoplasm in

white adipocytes. Asterisks: autofluorescence in the extracellular matrix of WAT detected in the FAD channel. Arrows: beige adipocytes containing

multilocular lipids. F, Dynamic change in the cytoplasmic ORRs of beige and white fat during NE treatment in vivo. Each statistical curve is shown

in terms of its average with its SD over the measurements from four mice
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Ti:sapphire laser (Mira900-S, Coherent) with 140 fs pulse
duration was tuned at 810 nm to excite the NADH and
FAD fluorescence signals simultaneously [14, 38]. A
water immersion objective (XLPLN25XWMP2, 1.05 NA,
Olympus) was used to focus the excitation laser beam to
the sample. The backward two-photon excited fluores-
cence (TPEF) signals were collected by the same laser-
focusing objective and reflected to a fluorescence detec-
tion system by a dichroic mirror (FF665-Di02, Semrock).
In the detection system, two hybrid detectors (HPM-
100-40, Becker & Hickl) equipped with a time-correlated
single photon counting (TCSPC) module (SPC-150,
Becker & Hickl) were used to record time-resolved
NADH (band-pass filter: FF02-447/60, Semrock) and
FAD (band-pass filter: FF03-525/50, Semrock) signals
simultaneously. A pair of galvanometer scanners was
used to scan the laser beams to generate TPEF and FLIM
images. The linearity of the hybrid detectors was vali-
dated by measuring the power-squared dependence of
TPEF in the Rhodamine 6G solution (Figure S2) [39, 40].
In addition, the fluorescence anisotropy is insignificant
in adipose tissues (Figure S3), so the fluorescence over all
polarization orientations was collected for analysis [41].
The excitation laser power at the sample was 15 mW,
and no apparent phototoxicity effect was observed
(Figure S4).

2.3 | Analysis on ORR and FLT

First of all, the lipid droplets (LDs) in the adipocytes were
validated with a stimulated Raman scattering (SRS)
microscope [14], which enables label-free chemical imag-
ing in adipose tissues (Figure S5). The SRS images and
spectra suggest that the vacuoles structures in the fluores-
cence images of adipocytes were LDs enriched with
triacylglycerol [14]. Before ORR and FLT analysis, image
masks were generated by algorithms to extract the fluo-
rescence signals in cytoplasm. Since the lipids and cyto-
plasm of adipocytes have distinct fluorescence spectra
[14], the lipid fluorescence can be excluded using dual-
channel ratiometric image masks (Figure S6). Addition-
ally, the weak autofluorescence in the extracellular
matrix of adipose tissues was also removed by setting an
intensity threshold for image masks. To study the sub-
types of adipocytes with unique phenotypes, the masks
were then manually processed to select the target adipo-
cytes. After the pixels of the cytoplasm were extracted by
the image masks, the ORRs were calculated by dividing
the total cytoplasmic signals recorded in the NADH
channel by signals in the FAD channel. Because NADH
and FAD fluorescence signals cannot be completely sepa-
rated by the two detection channels (Figure S7), the

signal intensity in each channel did not strictly reflect the
concentrations of each coenzyme. Since the minor
crosstalk occurs mainly in the FAD channel, the changes
in the ORR would be underestimated. Nevertheless, the
ORR is still an effective biomarker to quantify the alter-
ations of coenzyme concentrations, and can be used to
characterize the NE-induced thermogenesis. SPCImage
software (Becker and Hickl) was used to fit the FLT
curves with a biexponential decay model (F tð Þ=
a1e− t=τ1 + a2e− t=τ2 ) [42]. The free parameters include the
short- (τ1) and long- (τ2) FLT components, and their rela-
tive contributions (a1 and a2, where a1 + a2 = 100%). To
generate FLIM images, the FLT in each pixel was calcu-
lated by biexponential fitting with pixel binning set as
3, and the total number of photons in the trace is around
2000. This pixel-wise fitting was used to visualize the FLT
distributions in FLIM images. For more accurate assess-
ment and statistics of the FLTs in each type of adipose
tissues, all the cytoplasmic signals of the target adipocytes
in each detection channel were extracted by
corresponding image masks (Figure S6), and were
summed to produce a single decay curve for
biexponential fitting to obtain τ1, τ2, a1 and a2 [42]. This
image-guided FLT analysis can achieve high signal-to-
noise ratio fitting with more than 20 000 photons in the
trace. To characterize the responses of NADH and FAD
FLTs to NE, the time-resolved fluorescence images at the
same site were captured before and at 30min after NE
injection, and then, the species fractions ratios (a1/a2) in
each image were analyzed. The error bars were calcu-
lated as the SEM values of all images obtained from
four mice.

2.4 | Histology

Fat specimens were fixed in 0.5% paraformaldehyde
(Electron Microscopy Sciences, RT15714) for 24 hours
and processed following a standard paraffin embedding
protocol. The paraffin-embedded adipose tissues were
sectioned into 10 μm, deparaffinized in 100% xylene and
hydrated in 100% ethanol, 95% ethanol and 70% ethanol
sequentially. For hematoxylin-eosin (H&E) staining, sec-
tions were stained with H&E followed by dehydration in
70% ethanol, 95% ethanol, 100% ethanol, 50% xylene with
50% ethanol and 100% xylene.

2.5 | Immunofluorescence staining

Fat specimens were sectioned into 6 μm. The slides were
blocked with 4% bovine serum albumin at PBS-T
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(phosphate-buffered saline with 0.3% Triton) for 1 hour
at room temperature and incubated with rabbit poly-
clonal UCP1 antibody (ab10983, Abcam, 1:200) at PBS-T
overnight at 4�C. The slides were then washed with PBS-
T and incubated with 1:1000 Alexa Fluor 594 donkey
antirabbit antibody for 1 hour. DAPI (100 ng/mL
40,6-diamidino-2-phenylindole) was used as a counter-
stain. Immunofluorescence staining was observed using a
Nikon upright fluorescence microscope.

2.6 | Western blotting

Dissected fat depots were homogenized in lysis buffer
(50 mM Tris at pH 7.4, 10% glycerol, 1% Triton X-100,
150 mM NaCl, 1 mM EGTA, 1.5 mM MgCl2, 100 mM
NaF, 20 mM PNPP, 20 mM β-glycerol phosphate, 50 μM
sodium vanadate, 0.5 mM phenylmethylsulfonyl fluoride,
2 μg/mL aprotinin, 0.5 μg/mL leupeptin, 0.7 μg/mL
pepstatin) by the homogenizer. The lysate was subjected
to sodium dodecyl sulfate-polyacrylamide gel electropho-
resis followed by transferring to a polyvinylidene
difluoride membrane. The membrane was blocked with
10% nonfat milk in Tris-buffered saline with 1% Tween-
20 for 1 hour and incubated with a primary antibody for
3 hours as well as in 5% nonfat milk containing a peroxi-
dase conjugated secondary antibody (1:10000) for 1 hour.
The primary antibodies and the dilution factors were
listed below: anti-UCP1 (ab10983, Abcam, 1:10000) and
anti-Tubulin (T4026, Sigma, 1:5000).

3 | RESULTS

3.1 | In vivo redox ratio imaging of
beige fat

Our previous study showed that the thermogenesis in
BAT could be detected based on the ORR measured with
a spectroscope system [14]. However, this nonimaging
approach cannot be directly used for metabolic monitor-
ing of beige fat, because it cannot differentiate the beige
adipocytes from the neighboring white adipocytes. In this
study, we applied high-resolution multiphoton imaging
to visualize the morphology of beige adipocytes in live
mice and then accurately measured their ORRs using the
image-guided metabolic analysis [31].

In the experiments, the mice were divided into two
groups, as shown in Figure 1B. One group of mice was
administered one dose of CL-316,243, an ADRB3 agonist
to trigger the browning/beiging response in WAT, for
seven consecutive days. In the other group, mice were
treated with an equivalent volume of saline for the same

period. The H&E histology (Figure 1C) shows that beige
adipocytes with multilocular structures were produced in
the inguinal WAT depots after ADRB3 agonist adminis-
tration for 1 week. Immunohistochemistry (Figure 1C)
and western blotting (Figure 1D) also exhibit the genera-
tion of UCP1-abundant beige fat in the CL-316,
243-treated mice. For in vivo TPEF imaging, the mouse
skin around the inguinal region was removed to expose
the adipose tissues. As shown in Figure 1A, the endoge-
nous fluorescence signals of NADH and FAD in adipo-
cytes were excited by an 810-nm femtosecond laser and
were simultaneously collected by two separate detectors.
The intensities of NADH and FAD fluorescence signals
were used to calculate the ORR of the adipocytes. Mean-
while, the TCSPC module recorded the FLT and enables
metabolic analysis in the time domain, which will be dis-
cussed in the following section. Figure 1E shows the rep-
resentative pseudocolor TPEF images of inguinal fat of
both CL-316,243 and saline-treated mice. The fluores-
cence signals in the NADH and FAD detection channels
are coded in cyan and red, respectively. The LDs in the
adipocytes can also be visualized by their intrinsic fluo-
rescence, which exhibits a similar spectrum to NADH
fluorescence [14]. The TPEF images show that the adipo-
cytes in the saline-treated mice exhibit typical morpho-
logical features of WAT, which contain a single large LD
surrounded by a thin layer of cytoplasm. On the other
hand, multilocular beige adipocytes were observed in the
inguinal fat of mice administrated with the ADRB3 ago-
nist. The beige adipocytes are enriched with NADH and
FAD fluorescence emitted from a large number of mito-
chondria in the cytoplasm, and the sizes of the LDs in
the beige adipocytes are significantly smaller than those
of the surrounding white adipocytes.

Next, we investigated the effect of thermogenesis on
the redox ratio of beige adipocytes. Mice were injected
with NE to activate thermogenic activity (Figure 1B). The
time-lapse TPEF imaging recorded the changes of ORRs
in the adipocytes over the whole course of NE-induced
thermogenesis. Based on the TPEF images, the fluores-
cence signals in the cytoplasm of adipocytes were
extracted for ORR analysis, while the lipid fluorescence
was excluded using ratiometric image masks (Figure S6)
[14]. It was found that the ORR of beige adipocytes
increases by 14.5% in half an hour after NE injection
(Figure 1F). The ORR rise during thermogenesis is associ-
ated with the biochemical transformation in the fatty
acid β-oxidation, in which NADH is produced and FAD
is consumed (Figure S1). It may also be correlated with
the enhanced level of glycolysis, a metabolic pathway
which is essential for thermogenesis in adipocytes and
can elicit NADH production [43, 44]. Since ORR increase
was also observed in BAT of mice after NE injection [14],
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it indicates that the metabolic rate of brown and beige
adipocytes during thermogenesis can be characterized by
ORR measurement. In contrast, the ORR of white adipo-
cytes remains stable over the same period. The results
show that in vivo TPEF imaging provides a powerful
means to resolve the morphological features of beige adi-
pocytes embedded in WAT and to measure their meta-
bolic dynamics during thermogenesis.

3.2 | In vivo FLIM imaging of adipose
tissues

FLIM produces an image based on the exponential decay
rate of fluorescence in the specimen, and it provides
another angle to investigate cellular metabolism and its
microenvironment. Taking advantage of the FLIM

system, we recorded time-resolved NADH and FAD fluo-
rescence images of BAT, WAT and beige fat. It is well
known that the free NADH signal exhibits a short FLT at
300 to 400 ps, while its FLT becomes much longer when
binding to proteins [45]. In contrast, FAD signal pos-
sesses either a short or long FLT component depending
on whether it is in a protein bound or free state, respec-
tively [46]. The relative amplitudes of the free and
protein-bound NADH and FAD have been found to be
sensitive to the metabolic states of cells and tissues [33,
47]. Thus, we measured the free-to-bound ratios of
NADH and FAD in adipose tissues in vivo and investi-
gated their responses to thermogenesis.

The in vivo TPEF images of brown, beige and white
fat are shown in the first column of Figure 2A. The
corresponding NADH and FAD FLIM images are shown
in the second and third column, respectively. To

FIGURE 2 In vivo FLT imaging of brown, beige and white fat. A, The FLT imaging of adipose tissues. First column, pseudocolor TPEF

images of brown, beige and white fat, respectively; second column, NADH FLIM images of brown, beige and white fat, respectively; third

column, FAD FLIM images of brown, beige and white fat, respectively. The color bars at the bottom of the FLIM images indicate the color

coding of the FLT signals. B, The a1/a2 values of NADH fluorescence of brown, beige and white fat before and after NE treatment. a1 and a2
are the amplitude coefficients of short- and long-FLT components in the biexponential decay fitting (F tð Þ= a1e− t=τ1 + a2e− t=τ2 ). C, The a1/a2
values of FAD fluorescence of brown, beige and white fat before and after NE treatment. Each statistical bar in (B,C) is shown in terms of

the average with the SEM over the measurements from four mice
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accurately analyze the free-to-bound NADH and FAD in
each type of fat, the fluorescence signals from all adipo-
cytes in corresponding TPEF images were summed for
biexponential fitting of FLT decay [42, 48]. Because beige
adipocytes are heterogeneously distributed in the ingui-
nal WAT depot, an image-guided FLT analysis was con-
ducted to separate the newly generated thermogenic cells
from the white adipocytes. The beige adipocytes were dis-
tinguished from white adipocytes based on their multi-
locular morphologies, and then their cytoplasmic
autofluorescence signals were extracted for FLT fitting.
The fluorescence of LDs in all adipocytes was excluded
for FLT analysis using image masks (Figure S6).
Figure 2B,C shows the ratios of short- and long-FLT com-
ponents of NADH and FAD fluorescence in each type of
adipocyte, respectively. Each mouse was injected with
NE to activate thermogenesis, and the FLT at 30 min
after NE injection was analyzed to compare with those
before NE treatment. As shown in Figure 2B and
Table S1, the a1/a2 values of the NADH FLT in the brown
and beige fat increase by 42.4% and 46.3%, respectively,
after NE administration. It indicates that the relative con-
tribution of the free NADH in these adipocytes rises sig-
nificantly during thermogenesis. On the other hand, the
free-to-bound NADH ratio in WAT remains stable after
NE treatment. The rise in free NADH fraction in brown
and beige fat may be attributed to the thermogenesis-
elevated glycolysis which produces cytosolic NADH pri-
marily in the free form (Figure S1) [36]. Meanwhile, the
high β-oxidation levels and accumulated NADH in ther-
mogenic adipocytes may promote a feedback pathway
which transfers mitochondrial NADH to cytosol through
the reversed malate-aspartate shuttle function to balance
NADH/NAD+ ratios [49]. Since the fluorescence quan-
tum yield of NADH increase upon binding to proteins
[50], the mitochondrial NADH generated in β-oxidation,
which is mainly in protein-bound forms [36], has stron-
ger fluorescence and would also contribute to the ORR
increase in thermogenic adipocytes. As shown in
Figure 2C and Table S2, the a1/a2 values of the FAD FLT
represent the bound-to-free FAD. It shows that the rela-
tive contribution of protein-bound FAD increases by
41.2% and 24.5% after NE treatment in brown and beige
fat, respectively, while the FAD FLT components in
WAT are not sensitive to NE. The increased contribution
of bound FAD in thermogenic adipocytes may be due to
the involvement of flavoproteins that bind to FAD, such
as Acetyl-CoA-dehydrogenases, in the pathway of fatty
acid β-oxidation [51]. Because protein-bound FAD usu-
ally has weaker fluorescence than the free forms [50, 52],
the increased bound-to-free ratios of FAD would also
lead to enhanced ORRs during thermogenesis. These
results exhibit that NE-stimulated thermogenesis

enhances the relative contributions of free NADH and
protein-bound FAD in the brown and beige fat,
suggesting an association between thermogenesis and
molecular changes in metabolic coenzymes in mitochon-
dria. The results demonstrate that multiphoton FLIM is
also capable for label-free characterization and detection
of thermogenic activity in brown and beige fat in vivo. It
provides additional information to redox ratio imaging in
unraveling of metabolic dynamics in brown and beige fat.

3.3 | Heterogeneity in brown and
beige fat

Beige and white adipocytes can undergo bidirectional
interconversion under external stimulations [18, 53].
During the browning process, the unilocular white adipo-
cytes with a single large LD will gradually
transdifferentiate into multilocular phenotypes and
acquire molecular characteristics of beige adipocytes. The
in vivo multiphoton redox ratio and FLT imaging pro-
vided us the opportunity to investigate the diversity in
morphology and metabolic capacity of beige adipocytes.
As shown in Figure 3A, typical beige adipocytes with dis-
tinct structures of numerous small LDs can be observed
in the inguinal fat of mice administrated with ADRB3
agonist. However, adipocytes with fewer and larger LDs
are also present in the figure. The heterogeneity in mor-
phology indicates that the cells could be at different
transdifferentiation stages [18]. Interestingly, we found
that brown adipocytes also exhibit heterogeneous mor-
phology when performing in vivo TPEF imaging at inter-
scapular BAT. As shown in Figure 3B, a group of cells
display the classic appearance of brown adipocytes,
which are enriched with cytoplasmic fluorescence emit-
ted from densely packed mitochondria and contain large
numbers of small LDs. In contrast, another group of
brown adipocytes contain much larger LDs.

To study the metabolic heterogeneity in adipocytes,
we classified the brown and beige adipocytes into four
subgroups based on their morphologies, specifically the
largest LD size in cell. Based on the analysis of LD size
distribution, the thresholds of the largest LD size for cell
classification were set as 10 and 25 μm for the brown and
beige adipocytes, respectively. The distributions of LD
sizes in the four subgroups of adipocytes are shown in
Figure 3C and Table S3, indicating that the thresholds
could separate subgroups of cells sufficiently. We ana-
lyzed the ORR and FLT to assess the metabolic states of
the adipocytes in each subgroup. It was found that brown
adipocytes with larger LDs exhibit greater ORR values
(Figure 3D and Table S3), which results from the domi-
nant NADH fluorescence in the cytoplasm (Figure 3B).
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On the other hand, the brown adipocytes with numerous
small LDs contain stronger FAD fluorescence and thus
show lower ORR values. Similar to BAT, the ORRs of
large-LD beige adipocytes are significantly higher than
those of small LDs (Figure 3D).

Next, we analyzed the FLT of NADH and FAD fluo-
rescence in each group of adipocyte. The results show
that there is a significant difference in the free-to-bound
NADH ratio between large-LD and small-LD adipocytes
(Figure 3E and Table S3). The mean a1/a2 values of the
NADH FLT are 0.60 and 1.31 for large- and small-LD
brown adipocytes, respectively. Similarly, the free-to-
bound NADH ratio of the small-LD beige adipocytes is
significantly higher than that of the large-LD cells. This
indicates that the relative contributions of free NADH in
small-LD brown and beige adipocytes are greater. As for
the FAD fluorescence, the mean a1/a2 values are 1.33 and
1.51 for large- and small-LD brown adipocytes,

respectively (Figure 3F and Table S3), suggesting a higher
contribution of protein-bound FAD in small-LD brown
adipocytes. In contrast, the relative amounts of free and
bound FAD in the two groups of beige adipocytes show
no significant difference. Our findings show significant
heterogeneity in LD size distributions, ORRs and FLTs
for thermogenic adipocytes in brown and beige fat.

The linear discriminant analysis exhibits that the sub-
groups of brown and beige adipocytes can be well distin-
guished based on their morphologies, ORRs and FLTs, as
shown in Figure 4A-F. To investigate whether the diverse
subgroups of adipocytes have distinct thermogenic capac-
ities, we measured their metabolic responses to NE-
stimulated thermogenesis using in vivo TPEF image-
guided analysis. Specifically, large- and small-LD brown
and beige adipocytes were identified in the TPEF images
based on their morphologies. Then, the ORRs and FLTs
of NADH and FAD were used as metabolic biomarkers to

FIGURE 3 In vivo TPEF imaging reveals heterogeneity in morphologies and metabolic states of brown and beige fat. A, The

pseudocolor TPEF image of beige fat. The fluorescence signals in the NADH and FAD channels are coded in cyan and red, respectively.

Adipocytes with distinct LD sizes are heterogeneously distributed in beige fat. Arrows: beige adipocytes with large LDs. Asterisks: beige

adipocytes with small LDs. B, The pseudocolor TPEF image of brown fat. The fluorescence signals in the NADH and FAD channels are

coded in cyan and red, respectively. Heterogeneity in LD size of adipocytes is also observed in BAT. Arrows: brown adipocytes with large

LDs. Asterisks: brown adipocytes with small LDs. C, The statistics of LD diameters in each subgroup of brown and beige adipocytes. L-

Brown: large-LD brown adipocytes; S-Brown: small-LD brown adipocytes; L-Beige: large-LD beige adipocytes; S-Beige: small-LD beige

adipocytes. The subgroups of brown and beige adipocytes can be finely differentiated based on LD diameters. D, The ORRs of each subgroup

of adipocyte. E, The a1/a2 values of NADH FLT of each subgroup of adipocyte. F, The a1/a2 values of FAD FLT of each subgroup of

adipocyte. Each statistical bar in D-F is shown in terms of the average with the SEM over measurements from four mice.

***P < .001; **P < .01
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evaluate the NE-induced thermogenesis of adipocytes. As
shown in Figure 4G and Table S4, the ORR of large-LD
beige adipocytes increases by 5.5% after NE treatment,
while the small-LD beige adipocytes exhibit a 17.4% rise
in ORR over the same period. In BAT, the ORRs of
small- and large-LD brown adipocytes rise by 12.4% and
8.3%, respectively, after NE treatment. These results sug-
gest that the small-LD brown and beige adipocytes have
higher thermogenic capacities than those with large LDs.

In addition to ORR, we measured the free-to-bound
NADH and FAD ratios in each subgroup of adipocyte
before and after NE treatment. It was uncovered that the
increases in free-to-bound NADH ratio of large-LD beige
and brown adipocytes are higher than those in small-LD
ones (Figure 4H and Table S4). Meanwhile, although the
relative contribution of protein-bound FAD increases in
all four subgroups of adipocytes after NE injection, the
difference in free-to-bound FAD ratio between the large-

FIGURE 4 Discrimination and metabolic characterization of brown and beige adipocytes. A, Scatterplot of lipid diameter and ORR for

large- and small-LD brown adipocytes. B, Scatterplot of lipid diameter and NADH FLT for large- and small-LD brown adipocytes. C,

Scatterplot of lipid diameter and FAD FLT for large- and small-LD brown adipocytes. D, Scatterplot of lipid diameter and ORR for large- and

small-LD beige adipocytes. E, Scatterplot of lipid diameter and NADH FLT for large- and small-LD beige adipocytes. F, Scatterplot of lipid

diameter and FAD FLT for large- and small-LD beige adipocytes. The discriminant lines in A-F distributed the two groups in two separate

directions, indicating that the two subgroups of brown and beige adipocytes can be discriminated well based on the lipid diameters, ORRs

and FLTs of NADH and FAD. G, ORR response to NE treatment in different types of adipocytes. H, NADH FLT (a1/a2) response to NE

treatment in different types of adipocytes. I, FAD FLT (a1/a2) response to NE treatment in different types of adipocytes. Each statistical bar

in G-I is shown in terms of the average with the SEM over the measurements from four mice
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and small-LD groups is not as significant as that in
NADH fluorescence (Figure 4I and Table S4). It is also
noticed that these metabolic biomarkers in white adipo-
cytes have little response to thermogenesis, indicating
that WAT is metabolically inactive.

4 | DISCUSSION

Although the metabolism of adipocytes has been exten-
sively studied ex vivo, there is a lack of effective technolo-
gies enabling in vivo monitoring of the metabolic
dynamics and heterogeneity in thermogenic adipocytes in
live mouse model. Our recent work revealed a correlation
between the browning level of WAT and its ORR response
to NE-induced thermogenesis using a spectroscope system
[14]. However, the heterogeneously produced beige adipo-
cytes make it impossible to precisely differentiate the redox
states of the beige fat from the surrounding white fat. In
this study, we used the label-free TPEF imaging for direct
metabolic monitoring of beige adipocytes. To our knowl-
edge, this is the first time that the thermogenesis of beige
fat has been monitored in vivo at subcellular resolution.
The fine morphological features of adipocytes resolved by
TPEF imaging provide an indispensable guidance to iden-
tify the heterogeneously distributed beige adipocytes in
inguinal fat and to precisely analyze their metabolic states.
Compared to other techniques using exogenous fluorescent
agents to measure the concentrations of coenzymes [54,
55], this label-free quantification approach can character-
ize the fluorescence intensity and FLT of molecules in a
minimal invasive way, thus enabling accurate functional
analysis in biological tissues.

The high-resolution TPEF imaging reveals subgroups
of brown and beige adipocytes with distinct morphologi-
cal and metabolic characteristics. It was found that the
small-LD brown and beige adipocytes exhibit higher NE-
induced ORR increases, suggesting their greater thermo-
genic capacities. On the other hand, the large-LD brown
and beige adipocytes may have relatively lower ETC utili-
zation, resulting in accumulation of NADH and higher
base ORRs [56]. In addition, it is noticed that although
the large-LD brown and beige adipocytes make less con-
tribution to thermogenesis, they exhibit significant
changes in NADH and FAD FLTs after NE treatment.
This indicates that thermogenesis also regulates their
intracellular metabolism and may induce considerable
variations in the microenvironment of these cells, such as
oxygen concentration, temperature and/or pH [47, 50,
57–59]. The possible reason for the heterogeneity in beige
fat is that the large-LD beige adipocytes may correspond
to those at early stages of transdifferentiation, which have
similar properties to white adipocytes and thus show

weak thermogenic capacity. On the other hand, the
small-LD beige adipocytes would be mature cells with
strong thermogenic competence similar to brown adipo-
cytes [18]. However, the mechanisms underlying the het-
erogeneity in BAT are still not clear. To completely
unveil the reasons behind the correlations of LD size and
thermogenesis, future studies combining the TPEF imag-
ing and biomolecular analysis should be conducted to
identify the gene signatures and molecular characteristics
in each subgroup of adipocytes.

In sum, in vivo multiphoton redox ratio and FLT imag-
ing produced structural and functional information to
unravel the diverse metabolic characteristics of adipocytes.
This technique provides a label-free and minimally invasive
approach to evaluating the metabolic states and thermo-
genic capacities of adipose tissues in vivo. The subgroups of
brown and beige adipocytes discovered by the high-
resolution metabolic imaging could facilitate the under-
standing of heterogeneity in thermogenic competence and
differentiation stages of adipocytes. By applying this meta-
bolic monitoring technique to appropriate mouse models,
novel therapeutic approaches to combat obesity and its
related metabolic disorders by activating the thermogenic
adipose tissues can be developed and assessed. Furthermore,
it has been reported that adipose tissues also play crucial
roles in inflammation and cancer [60], so the comprehensive
study of the physiological and pathological characteristics of
adipose tissues would completely decipher the contributions
of adipocytes to systemic homeostasis and immune system.
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