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ARTICLE INFO ABSTRACT

Keywords: Purpose: This study aimed to quantitatively evaluate the whitening process of brown adipose
Brown adipose tissue tissue (BAT) in mice using synthetic magnetic resonance imaging (SyMRI) and analyzed the
Whitening

correlation between SyMRI quantitative measurements of BAT and serum lipid profiles.
Methods: Fifteen C57BL/6 mice were divided into three groups and fed different diets as follows:
normal chow diet for 12 weeks, NCD group; high-fat diet (HFD) for 12 weeks, HFD-12w group;
and HFD for 36 weeks, HFD-36w group. Mice were scanned using 3.0 T SyMRI. T1 and T2 values
of BAT and interscapular BAT (iBAT) volume were measured. After sacrifice, the body weight of
mice, lipid profiles, BAT morphology, and uncoupling protein 1 (UCP1) levels were determined.
Statistical analysis was performed using one-way analysis of variance or Kruskal-Wallis test
followed by Bonferroni correction for pairwise comparisons. Bonferroni-adjusted significance
level was set at P < 0.017 (alpha: 0.05/3 = 0.017).

Results: T2 values of BAT in the HFD-12w group were significantly higher than those in the NCD
group (P < 0.001), and those in the HFD-36w group were significantly higher than those in the
other two groups (both P < 0.001). The iBAT volume in the HFD-36w group was significantly
higher than that in the HFD-12w (P = 0.013) and NCD groups (P = 0.005). T2 values of BAT and
iBAT volume were significantly correlated with serum lipid profiles and mouse body weight.
Conclusions: SyMRI can noninvasively evaluate the whitening process of BAT using T2 values and
iBAT volume, thereby facilitating the visualization of the whitening process.

Synthetic magnetic resonance imaging
Transverse relaxation time
Longitudinal relaxation time
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1. Introduction

Obesity and its related disorders have been the top health challenges in the modern population, leading to increasing experimental
research on the functional mechanism of two major adipose tissues in mammals: white adipose tissue (WAT) and brown adipose tissue
(BAT). WATs are composed of white adipocytes and mainly store energy in the form of triglycerides in large lipid droplets. In contrast,
BATs are composed of brown adipocytes with numerous mitochondria and consume energy via uncoupling protein 1 (UCP1) by
utilizing free fatty acids to promote non-shivering thermogenesis [1,2]. High-fat diet (HFD) is a well-known obesity-inducing factor;
obese mice can gradually transform BAT into WAT through a process called BAT whitening. Different characteristic changes, such as
large lipid droplet accumulation, mitochondrial dysfunction or loss, decreased UCP1 expression and vascular endothelial growth factor
(VEGF), as well as tissue inflammation [3-5], can be induced by BAT whitening, resulting in excess ectopic fat accumulation, which is a
major risk factor for developing hyperlipidemia, type 2 diabetes, and cardiovascular diseases [6]. Moreover, BAT whitening may store
more triglycerides and reduce energy expenditure to induce or even aggravate obesity and associated metabolic disorders [1,2].
Therefore, BAT whitening is a potential therapeutic target for preventing and treating obesity and related metabolic diseases.

An increasing number of studies have directed drug development to increase energy expenditure to suppress BAT whitening [7,8].
Assessment of drug efficacy is required to measure the degree of changes in BAT whitening, which is mainly dependent on histopa-
thology [5,9]. However, detecting typical human brown adipocytes is challenging because of BAT whitening, in which most adipocytes
in the body are gradually replaced by unilocular adipocytes with a white-like appearance [1,2]. Furthermore, a repeated biopsy is an
invasive procedure that is not accepted by most patients, rendering brown adipocytes undetectable. Therefore, a noninvasive method
is urgently required for the quantitative assessment of BAT whitening. Recently, the BAT of mice has been revealed to be similar to that
of humans under certain physiological conditions, suggesting that mice are a good model for translational studies of BAT [9-11]. To
the best of our knowledge, no study has quantitatively assessed BAT whitening using noninvasive imaging methods yet.

Synthetic magnetic resonance imaging (SyMRI) is a novel technique that allows for obtain quantitative values for tissue-specific
properties, such as longitudinal relaxation time (T1), and transverse relaxation time (T2) within a single scan by simultaneously
generating T1-and T2-weighted images [12,13]. SyMRI can distinguish BAT from WAT via the differences between the relaxation
times of two adipose tissues, and interscapular BAT (iBAT) volume can be measured noninvasively through synthetic T2-weighted
images (sT2WI) [14]. The relaxation times of the tissues can reflect their various compositions. For adipose tissues, a pilot study
has demonstrated a disparity in T1 relaxation time between individuals with severe obesity and normal weight [15]. In general, BAT
whitening caused by chronic obesity could alter the cytoarchitecture of BAT, manifested as enlarged lipid droplets, cholesterol
crystallization, collagen fiber wrapping, and mitochondrial loss [1,7], which results in ultrastructural changes in BAT and affects its
relaxation time. Moreover, BAT plays an important role in regulating lipid metabolism, which can be disrupted by long-term HFD and
whitened BAT, leading to an increase in the serum levels of triglycerides (TG), total cholesterol (TC), and low-density lipoprotein
cholesterol (LDL-C) [16,17]. To the best of our knowledge, the correlation between SyMRI quantitative measurements of BAT and
serum lipid profiles, such as serum levels of TG, TC, LDL-C, and high-density lipoprotein cholesterol (HDL-C), has not yet been
reported.

Therefore, we aimed to investigate the whitening process of BAT with SyMRI and determine whether quantitative measurements of
BAT from SyMRI could reflect alterations in the serum lipid profiles.

2. Materials and methods
2.1. Animal care and group design

Fifteen C57BL/6J mice, aged 8-10 weeks, were obtained from the Nanjing Biomedical Research Institute of Nanjing University
(Nanjing, China). All animals were maintained in an environment with a relative humidity of 50-60%, temperature of 22 + 2 °C, and a
light/dark cycle (12-h light, 12-h dark) with free access to water and food before MRI scanning. All mice were acclimatized with a
normal chow diet and water for the first week and then randomly divided into three groups according to the following feed in-
structions: (1) the NCD group (n = 5) was fed a normal chow diet (10% kcal from fat, 20% kcal from protein, 70% kcal from car-
bohydrates) for 12 weeks; (2) the HFD-12w group (n = 5) was fed HFD (Dyets D-112252: 60% kcal from fat, 20% from protein, 20%
kcal from carbohydrates) for 12 weeks; and (3) the HFD-36w group (n = 5) was fed HFD for 36 weeks.

2.2. Measurement of body weight

Body weight was measured before the dietary intervention to ensure the lack of significant difference in the average body weight
among the three groups. The body weight of each mouse was measured thrice at the end of the experiment (before dissection) and
recorded as the average value.

2.3. SyMRI scanning and postprocessing

After the mice were anesthetized using pentobarbital sodium at a dose of 40 mg/kg body weight via intraperitoneal (i.p.) injection,
all MR examinations were performed using a 3.0 T scanner (SIGNA Pioneer, GE Healthcare, Milwaukee, WI) equipped with a 5-cm
diameter animal-suitable receive coil in the prone position, centered around the interscapular region of the mouse.

For SyMRI, the axial and sagittal sections were obtained using a two-dimensional multi-saturation delay, multi-echo fast spin-echo
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(MDME) sequence which contains two echo times and four automatically calculated saturation delays (inversion times, TI). As a result,
the raw data from the MDME sequence for each slice were composed of eight complex images [18,19]. The detailed parameters of the
MDME sequence were presented below: repetition time range, 4400 to 4517 ms; echo time, 24.3 and 121.4 ms; field of view, 9 x 9 cm?;
image matrix, 352 x 352; bandwidth, 27.78 kHz; slice thickness, 2 mm; slice spacing, 0 mm; slice number, 20; and echo train length,
16.

An offline post-processing software (synthetic MRI 8.0; Synthetic MR, Linkoping, Sweden) was used to simultaneously generate
synthetic T1-weighted images (sT1WI), sT2WI and quantitative maps (T1 and T2 maps) from the MDME raw data.

The T1 and T2 values of BAT and subcutaneous WAT (sWAT) were measured by a region-of-interest (ROI)-based method [19,20].
On axial sT2WI, the ROIs for iBAT were manually outlined along the edge of the iBAT slice-by-slice, avoiding the blood vessels as much
as possible. And ROIs for the dorsal sSWAT were also manually delineated on the slices showing iBAT ROIs. Finally, the T1 and T2 values
of BAT and sWAT were obtained by calculating the mean quantitative values of all pixels within the ROIs. The iBAT volume was
obtained by merging all the ROIs of the iBAT on contiguous slices of the axial sT2WI. The ROI outlines for iBAT and sWAT were
independently performed by a radiologist with 10 years of MRI experience, and the accuracy of the ROIs was checked by another
radiologist with 15 years of MRI experience and familiarity with mouse anatomy.

2.4. Measurement of serum lipid profiles

After MR scanning, the mice were anesthetized, and blood samples were collected by enucleation of mouse eyeballs after mice were
fasted overnight for 12 h. The serum was separated from the whole blood and preserved for further biochemical testing. TG, TC, LDL-C,
and HDL-C serum levels were analyzed using commercial assay kits (Jian Cheng Bioengineering Institute, Nanjing, China).

2.5. Dissection of iBAT and sWAT and histological analysis

After blood sample collection, a surgical incision was made in the interscapular region to excise the BAT depots and dorsal sSWAT.
The iBAT and sWAT samples were fixed in 10% formalin for 24 h, embedded in paraffin, serially sectioned to 4 pm, and stained with
hematoxylin and eosin (HE) according to standard procedures.

For axial anatomical reference, cryosection was performed using a separate adult mouse that did not belong to the imaging cohort.
The cadaver was peeled from base of skull to bottom of thoracic cavity, and separately severed at the horizontal cross-sections of the
upper and lower borders of the scapula. Subsequently, the specimen was embedded in OCT and frozen for 25 min at —25° for
preparation of cryosections. Finally, the specimen was sectioned layer by layer using a cryo-section machine, and photographed.

2.6. UCPI1 quantification

BAT sections were dewaxed and rehydrated before antigen retrieval, which involved heating the tissue sections in a microwave
with EDTA buffer (pH 9). The sections were incubated with 3% hydrogen peroxide for 25 min to block endogenous peroxidase, rinsed
with phosphate-buffered saline (PBS), incubated with 3% bovine serum albumin (BSA), followed by rabbit anti-UCP1 (1:500, ab
10983; Abcam, Cambridge, UK) primary antibody incubation overnight. Finally, the secondary antibody incubation was performed for
50 min with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (1:200, GB23303; Servicebio, Wuhan, China).

Three microscopic fields showing the highest immunopositivity for each positive section were selected for UCP1 quantitative
analysis, and photomicrographs were captured at a magnification (40 x ). UCP1 quantitative analysis was assessed using the means of
the immunopositive area fraction of UCP1 using ImageJ software (version 1.8.0). In the photomicrographs, the immunopositive area
fraction was automatically measured as the positive immunoreaction, which was defined by the immunopositive area as a percentage
of the total area of the microscopic field [21,22]. The mean immunopositive area fraction for each case was calculated.

2.7. Statistical analysis

Our study aimed to verify whether statistically significant differences existed among the three groups in T1 and T2 values of BAT
and SWAT, iBAT volume, body weight, lipid profiles, and UCP1. The results are expressed as mean + SD and tested for normality and
homogeneity of variances before statistical analysis. With satisfactory parametric test conditions, the differences among the three
groups were analyzed using one-way analysis of variance (ANOVA) followed by Bonferroni correction for multiple comparisons.
Otherwise, differences were analyzed using the Kruskal-Wallis test followed by Bonferroni correction for pairwise comparisons. The
Bonferroni-adjusted significance level was set at P < 0.017 (alpha: 0.05/3 = 0.017).

Pearson or Spearman analyses were performed to determine the correlation between quantitative variables. A P value < 0.05 was
considered statistically significant. Correlations with a coefficient >0.8 were considered strong, those with values from 0.8 to 0.5 were
considered moderate, those with values from 0.5 to 0.3 were considered weak, and those with values below 0.3 were considered nearly
nonexistent [23]. All statistical analyses were performed using SPSS Statistics (version 25.0; IBM Corp., Armonk, NY, USA).
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3. Results
3.1. BAT morphology and UCP1 quantitative analysis

Visual inspection after anatomical dissection revealed that the colour of iBAT were brown in NCD group (Fig. 1A and B), Sulzer’s
vein was clear visible (Fig. 1B), after feeding on HFD for 12 weeks, the colour of iBAT seems unchanged (Fig. 1C and D), however, after
feeding on HFD for 36 weeks, iBAT became white in appearance (Fig. 1E and F), indicating loss of BAT content. This visual change was
confirmed by HE staining of BAT. Fig. 2 shows the histological results of HE-stained BAT in the three groups, visually illustrating how
the HDF-induced progress of whitening altered the architecture of BAT. The NCD group showed a multilocular pattern of lipid storage
in a typical BAT form (Fig. 2A). The HFD-12w group exhibited a small number of large unilocular adipocytes accumulated in the brown
adipocytes compared with that in the NCD group, showing slight BAT whitening (Fig. 2B). Notably, compared with the other two
groups, the chronic intake of HFD in the HFD-36w group yielded progressive damage in the BAT multilocular cytoarchitecture,
resulting in a pronounced increase in large unilocular adipocyte accumulation. Moreover, the brown adipocytes of the HFD-36w group
had a complete disarrangement in structure and resembled the lipid storage pattern of white adipocytes, indicating more severe BAT
whitening (Fig. 2C). Adipocytes within the SWAT initially appeared to be unilocular but became larger during the whitening process
(Fig. 2D-F).

Fig. 3 shows immunohistochemical (IHC) staining for UCP1 expression and the quantitative UCP1 expression results of BAT in the
three groups. THC staining for UCP1 revealed positive immunoreactions in all groups (Fig. 3A-C); however, the UCP1-positive area
decreased in the HFD-36w group owing to numerous white-like adipocytes in BATs (Fig. 3C). No statistically significant differences
were detected between the NCD and HFD-36w groups in the immunopositive area fraction of UCP1 (P > 0.017). However, the
immunopositive area fraction of UCP1 showed significantly decreased UCP1 expression in the HFD-36w group compared with that in
the NCD and HFD-12w groups (P < 0.001, P = 0.001, respectively) (Fig. 3D).

3.2. Alterations in T1 and T2 values of BAT and sWAT, and iBAT volume during BAT whitening

Fig. 4 shows the representative SyMRI images of iBAT in the three groups and photograph of axial cryosection. The Kruskal-Wallis
test revealed no significant difference in the distribution of the T1 values of BAT and sSWAT among the three groups (P = 0.852, P =
0.171, respectively) (Fig. 5A and B), whereas one-way ANOVA revealed a statistically significant difference in the average T2 values of
BAT among the three groups (F = 73.557, P < 0.0001). Further analysis with the Bonferroni test indicated that the mean T2 values in
the HFD-12w group (71.91 + 4.07 ms) were significantly higher than those in the NCD group (66.14 + 4.98 ms, P < 0.001), and those
in the HFD-36w group (83.07 + 5.70 ms) were significantly higher than those in the other two groups (both P < 0.001) (Fig. 5C).

The Kruskal-Wallis test revealed a statistically significant difference in the distribution of T2 values of sSWAT and iBAT volume

NCD HFD-12w HFD-36w

Fig. 1. Anatomical images of iBAT of mice after feeding on NCD for 12 weeks and HFD for 12 weeks and 36 weeks. The black arrow indicates iBAT,
and the red arrow indicates SWAT. iBAT, interscapular brown adipose tissue; SWAT, subcutaneous white adipose tissue; NCD, normal chow diet;
HFD, high-fat diet. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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SWAT

Fig. 2. HFD affects BAT and sWAT architecture. Histological results of representative Hematoxylin and eosin-stained BAT and sWAT images in three
groups (scale bars = 200 pm). (A) BAT in the NCD group exhibited smaller multilocular adipocytes with a considerable volume of the cytoplasm. (B)
Small numbers of large unilocular adipocyte accumulation were observed in the HFD-12w group (black arrow), indicating that BAT has been slightly
whitened. (C) A large number of brown adipocytes in the HFD-36w group transformed from small multilocular to large unilocular adipocytes with a
white-like appearance, accompanied by a complete structural disarrangement, indicating more severe whitening in BAT. (D) sWAT in the NCD
group exhibited a single large unilocular lipid droplet with an intracellular eccentric nucleus. (E) Adipocytes within sWAT in the HFD-12w seems
similar to the NCD group. (F) Adipocytes within SWAT in the HFD-36w group became larger. BAT, brown adipose tissue; SWAT, subcutaneous white
adipose tissue; NCD, normal chow diet; HFD, high-fat diet. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 3. HFD affects UCP1 expression in BAT. (A-C) Representative images of UCP1 immunohistochemistry in BATs (scale bars = 50 pm) showing
positive immunoreactions in all groups (labeled in brown). (D) UCP1 quantification. Each column represents the mean + SD; n = 4 for each group, n
denotes biologically independent samples. Statistical significance was determined using one-way ANOVA with Bonferroni correction, where *P <
0.017 (alpha: 0.05/3), **P < 0.01, ***P < 0.001 indicates the degree of significance, and ns represents non-significant. BAT, brown adipose tissue;
UCP1, uncoupling protein 1; NCD, normal chow diet; HFD, high-fat diet. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)



M. Huo et al. Heliyon 10 (2024) e27314

A

NCD

HFD-12w

HFD-36w

Fig. 4. Representative SyMRI images of iBAT in the three groups and representative photograph of axial cryosection. (A) The axial sSTIWI, sT2WI,
T1 map and T2 map of iBAT in the three groups. (B) The representative photograph of axial cryosection as anatomical reference. The white arrow
indicates iBAT, and the red arrow indicates sWAT. iBAT, interscapular brown adipose tissue; SWAT, subcutaneous white adipose tissue; sTIWI,
synthetic T1-weighted image; sT2WI, synthetic T2-weighted image; NCD, normal chow diet; HFD, high-fat diet. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

among the three groups (P < 0.0001, P = 0.009, respectively). Further analysis with the Bonferroni test revealed that the T2 values of
SWAT and iBAT volume in the HFD-12w group (90.27 + 5.45 ms, 0.073 + 0.013 mL) was higher than that in NCD group (82.71 + 8.28
ms, P = 0.035; 0.072 + 0.01 mL, P = 0.723, respectively) but with no significant difference. In contrast, T2 values of SWAT and the
iBAT volume in the HFD-36w group (97.86 + 6.36 ms, 0.315 + 0.105 mL) was significantly higher than that in the HFD-12w (P =
0.001, P = 0.013, respectively) and NCD groups (P < 0.0001, P = 0.005, respectively) (Fig. 5D and E).

3.3. Alterations serum lipid profiles and body weight during BAT whitening

One-way ANOVA revealed there were statistically significant difference among the three groups in the average serum levels of TG,
TC, and HDL-C (F = 36.63, P < 0.001; F =11.053, P < 0.05; F = 15.442, P < 0.001, respectively), and the Kruskal-Wallis test revealed
a statistically significant difference among the three groups in the distribution of serum LDL-C level (P = 0.008). Further analysis with
the Bonferroni test indicated that the serum levels of TG, TC, and LDL-C were significantly higher in the HFD-12w (2.51 + 0.24 mmol/
L,P < 0.001; 5.66 + 0.39 mmol/L, P = 0.002; 3.39 + 0.53 mmol/L, P = 0.016, respectively) and HFD-36w groups (2.73 + 0.42 mmol/
L, P < 0.001; 5.74 + 0.40 mmol/L, P = 0.001; 4.00 & 1.11 mmol/L, P = 0.004, respectively) than in the NCD group (1.22 + 0.21
mmol/L, 4.44 £+ 0.64 mmol/L, 1.26 £+ 0.23 mmol/L, respectively), and the serum HDL-C level was significantly higher in the NCD
group (2.85 + 0.38 mmol/L) than in the HFD-12w (2.01 + 0.61 mmol/L, P = 0.011) and HFD-36w groups (1.31 + 0.25 mmol/L, P <
0.001), but no statistically significant differences were detected between the HFD-12w and HFD-36w group in serum levels of TG, TC,
LDL-C and HDL-C (P = 0.276, P = 0.806, P = 0.621, P = 0.027, respectively) (Fig. 6A-D).

One-way ANOVA revealed a statistically significant difference in the average body weight of the mice among the three groups (F =
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Fig. 5. T1 and T2 values of BAT and sWAT of mice and iBAT volume of the three groups measured by SyMRI. (A-D) T1 and T2 values of BAT and
SWAT of the three groups. (NCD, n = 21, HFD-12w, n = 22, HFD-36w, n = 29, n denotes the number of slices of BAT measured on the sT2WI). (E)
The iBAT volume of the three groups. (n = 5, n denotes biologically independent samples). Each column represents the mean + SD. Statistical
significance was determined using the Kruskal-Wallis test with Bonferroni correction for T1 values of BAT, T1 and T2 values of SWAT, and iBAT
volume, and one-way ANOVA with Bonferroni correction for T2 values of BAT, where *P < 0.017 (alpha: 0.05/3), **P < 0.01, ***P < 0.001 in-
dicates the degree of significance, and ns represents non-significant. iBAT, interscapular brown adipose tissue; SWAT, subcutaneous white adipose
tissue; NCD, normal chow diet; HFD, high-fat diet; sST2WI, synthetic T2-weighted image. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

116.707, P < 0.001). Further analysis with the Bonferroni test indicated that the average body weight of mice in the HFD-12w group
(33.32 + 2.32 g) was significantly higher than that in the NCD group (27.36 + 1.07 g, P = 0.01), whereas that in the HFD-36w group
(55.89 + 4.75 g) was significantly higher than that in the NCD and HFD-12w groups (both P < 0.001) (Fig. 6E).

3.4. Correlation between SyMRI quantitative values of BAT, serum lipid profiles, iBAT volume, and body weight

The T1 values of BAT showed no association with serum levels of TG, TC, LDL-C, and HDL-C (r = 0.218, P = 0.436; r = 0.324, P =
0.238; r = 0.380, P = 0.163; r = 0.059, P = 0.836, respectively) and body weight (r = 0.179, P = 0.524).

The correlation analysis results with T2 values are presented in Fig. 7. T2 values of BAT were moderately positively associated with
serum levels of TG, TC, and LDL-C, and iBAT volume (r = 0.636, P = 0.011; r = 0.586, P = 0.022; r = 0.550, P = 0.034; r = 0.708, P =
0.003, respectively) (Fig. 7A-C, 7E), moderately negatively associated with serum HDL-C level (r = —0.738, P = 0.002) (Fig. 7D), and
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Fig. 6. Serum levels of TG, TC, LDL-C, and HDL-C and body weight of mice in the three groups. Serum levels comparisons of (A) TG, (B) TC, (C) LDL-
C, and (D) HDL-C among the three groups. (E) Body weight comparison of mice among the three groups. Each column represents the mean + SD, n
= 5 for each group, n denotes biologically independent samples. Statistical significance was determined using one-way ANOVA with Bonferroni
correction for serum levels of TG, TC, and HDL-C and body weight of mice, and the Kruskal-Wallis test with Bonferroni correction for serum level of
LDL-C, where *P < 0.017 (alpha: 0.05/3), **P < 0.01, ***P < 0.001 indicates the degree of significance. TG, triglyceride; TC, total cholesterol; LDL-
C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; NCD, normal chow diet; HFD, high-fat diet.

strongly positively associated with body weight of mice (r = 0.833, P < 0.001) (Fig. 7F).

3.5. Correlation between iBAT volume, serum lipid profiles, body weight, and UCP1 quantitation

The correlation analysis results with iBAT volume are presented in Fig. 8. The iBAT volume measured by SyMRI was moderately
positively associated with body weight (r = 0.706, P = 0.003) (Fig. 8A), moderately negatively associated with serum HDL-C level (r =
—0.568, P = 0.027) (Fig. 8B), and highly negatively associated with the immunopositive area fraction of UCP1 (r = —0.846, P = 0.001)
(Fig. 8C). However, no significant association with serum levels of TG, TC, and LDL-C (r = 0.315, P = 0.253; r = 0.415,P = 0.124;r =
0.454, P = 0.089, respectively) was observed.

4. Discussion

In the present study, SyMRI, histological, and statistical analyses indicated that a chronic HFD could induce BAT in mice to pro-
gressively whiten, accompanied by a decrease in UCP1 expression, body weight gain, and the corresponding changes in T2 values of
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Fig. 7. Correlation between the T2 values of BAT with serum levels of TG, TC, LDL-C, and HDL-C, and mouse body weight. T2 values of BAT were
positively correlated with serum levels of (A) TG, (B) TC, and (C) LDL-C, (E) iBAT volume, and (F) mouse body weight and inversely correlated with
(D) serum level of HDL-C. iBAT, interscapular brown adipose tissue; TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein
cholesterol; HDL-C, high-density lipoprotein cholesterol. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

BAT and iBAT volume. Our results demonstrated that SyMRI is a quantitative technique that can noninvasively visualize the whitening
process of BAT. We demonstrated the importance of assessing changes in BAT whitening using quantitative methods, especially to
evaluate the therapeutic effects of drugs targeting these processes.

Adipose tissue is a highly plastic and dynamic tissue [24]. The plasticity of BAT and WAT determines whether an individual
phenotype is obese or thin [25]. The metabolism, structure, and phenotype of adipose tissue can have significant changes under
various physiological and pathological conditions [24,25]. WAT can acquire a brown-like phenotype by various stimuli, such as cold
exposure and B-adrenergic receptor agonists, this progress is called browning [24-27]. BAT whitening induced by various in-
terventions, such as HFD and chronic glucocorticoid exposure can lead to obesity and insulin resistance [1,4,9,28]. HFD-induced
obesity affected the morphology of BAT, which was confirmed by anatomical observations, and histological staining in this study.
BAT whitening caused reduced UCP1 expression, and impaired its main function, the non-shivering thermogenesis [9]. Of note, the
HFD12-w showed unchanged UCP1 expression similar to the NCD group. However, the HFD-36w showed a significant decline in UCP1
expression, suggesting a time-dependent effect of the HFD on BAT function, this is similar to the study of Camilla Rangel-Azevedo [9].

SyMRI is an ideal method for measuring the degree of BAT whitening owing to its high spatial resolution, excellent soft tissue
contrast, and noninvasive features. In this study, SyMRI analysis of mice fed an HFD from 12 to 36 weeks showed a progressive increase
in T2 values of BAT, accompanied by an increase in large unilocular lipid droplets, suggesting a progressive BAT whitening, which was
also observed in the histopathological analysis of BATs. In other words, the progress of BAT whitening was confirmed by T2 values and
histological staining in the present study. Previous studies in normal lean mice have shown that the T2 values of BAT were lower than
those of WAT, which is related to the fact that BAT contains rich vasculature and high iron content in the mitochondria [14,29]. We
speculate that the gradual increase in T2 values with the progress of BAT whitening could be attributed to the following reasons. First,
enlarged unilocular lipid droplet accumulation in BAT results in increased fat content and morphological changes. T2 values are
influenced by fat fluidity, more saturated fatty acid lowers the fluidity, and low fluidity shortens the T2 values [30,31]. Subtle changes
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of unsaturated fatty acid (UFA) content can affect fat fluidity(31). BAT has more saturated triglyceride and lower UFA content
compared to WAT [32,33]. We speculate that UFA content changed between the BAT and the whitened BAT, resulting in increased T2
values of the whitened BAT. However, further studies are needed to verify this conjecture. Second, the progress of BAT whitening,
corresponding to exhibits vascular rarefaction, blood flow reduction, the loss of mitochondria and reduced expression of UCP1, could
lead to a functional change [4,34]. Previous study had shown that chronic high fat diet caused BAT whitening, and Vegfa expression
was significantly down-regulated after mice were fed on HFD for 12, 16 and 20 weeks compared to that of mice on NCD, the interaction
of enlarged lipid droplets and decreased vascularization aggravates BAT whitening [9], which would result in an increase in T2 values
of BAT. Therefore, the morphological and functional changes in BAT during the whitening process could be quantitatively reflected by
the T2 values of a quick SyMRI scan. In addition, T2 values of sWAT increased after mice fed an HFD from 12 to 36 weeks, and
histologically, adipocytes within the sWAT initially appeared to be unilocular but became larger during the whitening process.

In the present study, the statistical analysis revealed that T2 values of BAT have a strong positive correlation with the body weight
of mice and a moderate correlation with the serum lipid profiles, which indicated that SyMRI could display the process of BAT
whitening in a noninvasive manner corresponding to the internal body alteration. The changes in the T2 values of BAT among the three
groups were consistent with the changes in the body weight of mice, suggesting that the T2 values of BAT could reflect the change in
body weight. As for the alteration of the serum liquid profiles, the T2 values of BAT of mice were moderately positively correlated with
the serum levels of TG, TC, and LDL-C and moderately negatively correlated with the serum level of HDL-C. Overall, these analyses
revealed that the real-time T2 values of mouse BAT could reflect the change in the serum lipid profile to a certain extent, which could
be used as an indicator to evaluate the change in serum levels of TG, TC, LDL-C, and HDL-C.

In the present study, the T1 values of BAT were slightly different within the two HFD groups. However, they showed no significant
difference among the three groups, indicating that BAT whitening had a limited effect on the T1 values of BAT. T1 values are usually
related to fat content [15]. In the present study, the histopathology of BAT in the HFD-36w group showed a large number of enlarged
lipid droplets in BAT cells, suggesting the increase of fat content. However, the T1 values of BAT did not significantly change as the fat
content increased. This effect might be because the change in T1 values occurs later than that in T2 values during the whitening process
of BAT.

In our study, the iBAT volume measured by SyMRI was positively correlated with the body weight of mice, which was consistent
with the results of previous studies [14,29,35]. Moreover, there was no significant difference in the iBAT volume between the
HFD-12w and NCD groups, suggesting that short-term HFD feeding which induced slight BAT whitening have little effect on the iBAT
volume. However, slight BAT whitening could cause an increase in T2 values of BAT. Therefore, the T2 values of BAT in mice were
more sensitive to changes of BAT whitening than the iBAT volume. Additionally, the iBAT volume of the HFD-36w group were
significantly higher than that of the other groups, suggesting the iBAT volume increased because of a lot of larger unilocular lipid
droplets full in BAT cells caused by long-term HFD feeding, therefore, the increase of iBAT volume reflected relatively severe whitening
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of BAT. In this study, the iBAT volume is inversely correlated with the immunopositive area fraction of UCP1. The immunopositive
area fraction of UCP1 reflect BAT activity to some extent. We speculate that iBAT volume is inversely correlated with BAT activity at
room temperature (20-24 °C), because HFD increases iBAT volume [36], in obese mice, BAT is swollen with fat, and UCP1 content is
considerably reduced in the BAT(34). BAT activity is related to age, environmental temperature and body fat content. BAT activity and
volume had been increased after acute cold exposure [37], so it is unclear whether iBAT volume correlates to BAT activity after cold
exposure. Therefore, the increase in the iBAT volume is another indicator of BAT whitening at room temperature.

The present study has certain limitations. The HFD-36w group lacked age-matched normal controls because our study focused on
the quantitative evaluation of BAT whitening processes using SyMRI. In addition, the BAT wet weight was not measured in this study
because it was challenging to identify and remove WAT around BAT in HFD-fed mice with the naked eye.

5. Conclusion

In conclusion, we confirmed that SyMRI could noninvasively evaluate the process of BAT whitening with derived T2 values and
iBAT volume. T2 values played an important role in visualizing the whitening process of BAT and were significantly correlated with the
serum lipid profiles and body weight. The results from SyMRI suggest its potential in objectively and noninvasively quantitatively
assessing the BAT whitening process and alteration in serum lipid profiles for the treatment of obesity and metabolic diseases in the
future.
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