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Abstract There are two types of fat tissues, white adipose
tissue (WAT) and brown adipose tissue (BAT), which essen-
tially perform opposite functions in whole body energy me-
tabolism. There is a large interest in identifying novel
biophysical properties of WAT and BAT by a quantitative and
easy-to-run technique. In this work, we used high-resolution
pulsed field gradient diffusion NMR spectroscopy to study
the apparent diffusion coefficient (ADC) of fat molecules in
rat BAT and WAT samples. The ADC of fat in BAT and WAT
from rats fed with a chow diet was compared with that of rats
fed with a high-fat diet to monitor how the diffusion proper-
ties change due to obesity-associated parameters such as
lipid droplet size, fatty acid chain length, and saturation.
Feeding a high-fat diet resulted in increased saturation, in-
creased chain lengths, and reduced ADC of fat in WAT. The
ADC of fat was lower in BAT relative to WAT in rats fed both
chow and high-fat diets. Diffusion of fat was restricted in
BAT due to the presence of small multilocular lipid drop-
lets.Hll Our findings indicate that in vivo diffusion might be a
potential way for better delineation of BAT and WAT in both
lean and obese states.—Verma, S. K., K. Nagashima, J. Yaligar,
N. Michael, S. S. Lee, T. Xianfeng, V. Gopalan, S. A. Sadan-
anthan, R. Anantharaj, and S. S. Velan. Differentiating brown
and white adipose tissues by high-resolution diffusion NMR
spectroscopy. J. Lipid Res. 2017. 58: 289-298.

Supplementary key words adipose tissue ® lipid droplet o diffusion
spectroscopy ® brown adipose tissue ® white adipose tissue ® magnetic
resonance ® fat ® high-fat diet

Obesity is a global health issue, resulting in cardiovascu-
lar diseases, diabetes, hypertension, stroke, and musculo-
skeletal disorders (1, 2). Atleast two types of fat tissues exist
in mammals, white adipose tissue (WAT) and brown adi-
pose tissue (BAT), and they have different colors, cell
structures, and functional roles (3-5). WAT comprises the
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majority of body fat, which is utilized for energy storage,
whereas BAT is a minor portion that is involved in thermo-
genesis, due to the presence of uncoupling protein 1
(UCP1) in the mitochondria. In addition to the differences
in energy storage and expenditure, BAT is a highly hetero-
geneous, densely vascularized tissue with abundant oxy-
gen, blood supply, and iron-rich mitochondria (6, 7). WAT
is composed of unilocular lipid droplets, whereas BAT is
composed of multilocular lipid droplets scattered through-
out the cytoplasm and surrounded by mitochondria.
Positron emission tomography (PET) has been the gold
standard for imaging BAT (8, 9) because of a selective im-
age contrast of activated BAT by the increased uptake of
18F—deoxyglucose. However, PET is not suitable for longitu-
dinal studies because it requires injection of exogenous
radioactive tracers. Magnetic resonance (MR)-based meth-
ods are more promising for real-time and long-term obser-
vation of fataccumulation and consumption (10). Traditional
MR-based approaches exploit the differences in the water
content in WAT and BAT using chemical shift imaging or
the Dixon technique (11-13). Imaging of water and fat
permits quantitative assessment of the fat fraction. Addi-
tionally, the differences in iron content, perfusion, and vas-
culature have been exploited by 7, and 7,* relaxation
techniques (14, 15). However, although WAT and BAT are
manually separable by color and texture, they cannot be
easily distinguished by MR because of the similarity in their
magnetic and chemical characteristics (14, 15).
Applications of nontraditional MR methodologies for
selectively detecting BAT have been attempted. Branca
and Warren (16, 17) have studied focusing on intermo-
lecular multiple-quantum coherences through dipolar

Abbreviations: ADC, apparent diffusion coefficient; BAT, brown
adipose tissue; MR, magnetic resonance; PFG, pulsed field gradient;
ULPl uncoupling protein 1; WAT, white adipose tissue.
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interactions between water and fat methyl protons. A quan-
titative cross-peak originating from a flip-flip or flip-flop
transition can be observed in the two-dimensional MR
spectra. Furthermore, a combination of intermolecular
double-quantum coherence with a chemical shift encoded
Dixon method has recently been reported by Bao et al.
(18). The feasibility of intermolecular methodologies has
apparently been verified, but the low sensitivity issue has
yet to be resolved, especially for human imaging (16).

Measurement of molecular diffusion using pulsed field
gradient (PFG) NMR is a way to extract the microstruc-
tural information (19). Diffusion of large molecules, such
as lipids or triglycerides, in adipose tissue is influenced by
several factors, including molecular weight, temperature,
lipid droplet size, and chemical composition (20-24). Re-
cently, the diffusion properties of intramyocellular (IMCL)
and extramyocellular lipids in the skeletal muscle of ro-
dents (25) and humans (26) have been investigated, and
restricted diffusion has been observed in IMCL. Modeling
the restricted diffusion provides a way to quantitate the
lipid droplet size by using diffusion NMR with a theory for
emulsions (27, 28). This approach has been utilized in
vivo (25) and also in other studies involving oil-in-water
emulsions (29, 30). Because of the dependence of diffu-
sion on droplet size, WAT, with large unilocular lipid
droplets, can be expected to have different diffusion prop-
erties compared with BAT, with smaller multilocular lipid
droplets.

The fat composition of the adipose tissues depends on
several factors, including dietary intake. The type of diet
(e.g., high-fat diet) can alter the metabolism of adipose tis-
sue, leading to metabolic diseases such as obesity and dia-
betes (31). Lipids are mainly triglycerides with a small
amount of cholesterol and degradation products of triglyc-
erides. Saturated, monounsaturated, and polyunsaturated
triglycerides are formed through the combination of glyc-
erol with three fatty acid molecules. The composition of
saturated and unsaturated fat can play an important role in
obesity and diabetes (31). It has been shown that the BAT
and WAT in mice differ in the amount of saturated and
unsaturated fatty acids (6). Lipid droplets are also impor-
tant organelles involved in diverse functions, including en-
ergy metabolism and cell homeostasis. High-fat diets result
in excessive accumulation of lipid droplets and have been
associated with metabolic dysfunction leading to obesity
and type 2 diabetes (32). Large lipid droplets in cardiac
myocytes are also responsible for cardiac dysfunction (33).
In this context, biophysical properties and the size of the
lipid droplets in relation to adipose tissue expansion is es-
sential for understanding obesity and the associated health
issues.

In this report, we demonstrate and characterize the bio-
physical properties of BAT and WAT through quantitative
translational diffusion measurements by high-resolution
diffusion NMR spectroscopy at two different temperatures,
25°C and 36°C. Furthermore, the effect of high-fat diet on
diffusion properties of WAT and BAT and the restricted
diffusion in BAT were investigated. The droplet size distri-
bution in BAT was estimated by modeling the restriction.
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MATERIALS AND METHODS

Animals and tissue preparation

All the animal experiments and procedures were conducted
according to the animal protocols approved by the local Institu-
tional Animal Care and Use Committee. Twelve male Wistar rats
(InVivos, Singapore) at 7 weeks of age were randomized into two
groups: chow diet and high-fat diet. The high-fat diet was com-
posed of 32% saturated, 36% monounsaturated, and 32% polyun-
saturated fat. The normal chow diet (Altromin no. 1324 mod,
Altromin, Lage, Germany) had 18% protein and 6% fat. Tissue
samples were obtained from both chow and high-fat diet-fed rats
at 15 weeks of age by postmortem dissection. A BAT depot was
excised from the interscapular region, whereas WAT was from the
gonadal fat pad. Contamination of BAT by WAT was minimized
by removing the surrounding WAT that could be distinguished by
the naked eye. Approximately 150-200 mg of WAT or BAT tissue
was weighed after trimming with scissors and placed between
Ultem (amorphous polyetherimide) susceptibility-matching
plugs (SP-U-5; Doty Scientific, Columbia, SC) (34, 35) in a thin-
walled NMR tube (S-5-600-7; Norell Inc., Landisville, NJ) by using
a positioning rod. The sample region, which was approximately 2
mm thick, was carefully positioned to the center of the detection
coil by using a sample-height gauge. Fresh BAT and WAT samples
were examined within 5 h after surgery by keeping them at 4°C
before runs.

NMR data acquisition and analysis

Ex vivo NMR experiments were performed on an AVANCE III
NMR spectrometer, and the data were processed by using Top-
spin 3.2 software (Bruker Biospin GmBH, Rheinstetten, Ger-
many). A standard 5 mm indirect detection broadband probe
head with an actively shielded z-gradient coil (Bruker) was set in
a 54 mm vertical bore 9.4 T superconducting magnet. The static
field shim coil settings were manually adjusted using the sample
itself by observing the Fourier-transformed 'H NMR spectrum
with repetition of data acquisitions using a short relaxation delay
and a small pulse flip angle. The maximum attainable field gradi-
ent was 53.9 Gauss/(cm rad) at 10 A of coil current, which was
the maximum output of a driver unit. The 90° pulse width was 9.6
ws at 10 W of the transmitter power setting. The signal detection
region was thermostated at 25.0 + 0.1°C and 36.0 + 0.1°C with
dried air and a heater. The deuterium field lock was turned off
during the whole measurement processes, and the lock ampli-
tude and sweep settings were minimized to prevent undue field
drifts. A total of 1,024 data points were acquired for a free induc-
tion decay to cover a spectral width of 20 parts per million (ppm)
with an acquisition time of 0.064 s. The relaxation delay (d;) was
set to 15 s, which ensured a magnetization recovery time of 10 x
7. The transmitter offset was set near the center of the whole
spectral width with an arbitrary, easy-to-remember offset setting
value (400.13 MHz + 1,300 Hz). All resonances were assigned
with reference to the water signal at 4.70 ppm. The one-dimen-
sional spectra were acquired with a 90° pulse. The translational
diffusion was measured with a bipolar-stimulated echo sequence
(36). The signal decay is given by the Stejskal-Tanner equation
(37):

(Eq. 1)

where v is the gyromagnetic ratio of nuclei observed (rad/T/s),
G is the gradient strength (T/m), 8 is the field gradient pulse
width (s), and 7 is the interval for switching the polarization of
the field gradient pulse (s). For bipolar gradient diffusion pulse



sequences, the reduced diffusion time is defined by A, = A — 3/3 —
7/2 (36). D is the translational diffusion coefficient that corre-
sponds to the slope of a semilogarithmic intensity decay plot
against b values. A total of 16 spectra were acquired with expo-
nentially increasing gradient strength (2% to 96%), while keep-
ing A = 500 ms, 8 = 6 ms, and T = 0.5 ms, which resulted in
minimum and max1mum b values of 0.0149 x 10* G/mm and
35.88 x 10" s/rnm respectively. The ﬁmng was Performed with
14 spectra (maximum b values ~12.7 x 10* s/mm? ) to obtain the
sufficient goodness of fit R - 0.95 and optimal diffusion coeffi-
cient. Additional sets of experiments were performed on the
same tissue samples with a longer diffusion time (A =0.25, 0.5, 1,
and 2 s) with gradient pulse width (8 = 10 ms) and gradient po-
larization switching interval (7 = 0.5 ms) to investigate the re-
stricted diffusion. Appropriate logarithmically spaced gradient
strength was used for the mlnlmum and maximum b values of
~0.08 x 10* and 48.9 x 10" s/mm®, respectively. The gradient
strength was calibrated with a trace amount of HDO in DyO at
25°C (38, 39). To calibrate the gradient, a total of 10 spectra were
acquired with A =100 ms, 8 = 3 ms, and 7 = 0.5 ms with increasing
gradient strength (2% to 30%) which corresponded to the maxi-
mum bvalues of ~1,668 s/mm”. A rectangular gradient pulse was
used for the encoding and decoding throughout all diffusion
measurements. All NMR experiments were performed both at
room temperature (25°C) and at physiological temperature
(36°C).

The spectral area under the most prominent fat (-CHy-) peak
at ~~1.3 ppm was integrated by using Topspin software. The ap-
parent diffusion coefficient (ADC) was calculated by fitting the
experimental data to equation 1 by using the Levenberg-Mar-
quardt least-square curve fitting function Iscurvefit of MATLAB®
R2010b (The MathWorks, Inc., Natick, MA). A custom Leven-
berg-Marquardt nonlinear least-squares algorithm-based fitting
routine was developed to compute the peak areas by modeling
the water and lipid peaks in the 'H spectrum as a sum of Gaussian
peaks. Mean chain length, saturation, and unsaturation indices
were computed by using the equations as reported in the litera-
ture (40).

Histopathologic assessment of interscapular tissues

The BAT samples from the interscapular area were dissected
from the rats, as described by Lim et al. (41). The gonadal WAT
from the abdominal area and the rhomboideus muscle around the
interscapular area were also collected. All tissue samples were fixed
in 10% neutral buffered formalin for 24 h and dehydrated before
embedding in paraffin wax. Tissue sections were sliced at 5 pm and
mounted on positively charged glass slides and then stained with
hematoxylin and eosin (H and E). Brightfield whole-slide images
were captured at x20 optical magnification with an Aperio Scan-
Scope CS instrument (Leica Biosystems, Nussloch, Germany).

mRNA analysis

RNA was extracted from the BAT, WAT, and muscle samples by
using the RNeasy Lipid Tissue Mini Kit (Qiagen 74804) and
treated with DNase I prior to cDNA conversion by using a rever-
tAid H minus first-strand ¢cDNA synthesis kit (Thermo Scientific
k1632) with oligo d(T) 18 primer according to the manufactur-
er’s instructions. For real-time quantitative PCR, cDNA samples
were analyzed in triplicate by using the SYBR Green PCR Master
Mix reagent kit (Applied Biosystems 4367659) on a StepOnePlus
Real-Time PCR System (Applied Biosystems). Relative mRNA lev-
els were calculated and normalized to B-actin (primer sequences:
CCGCGAGTACAACCTTCTTGC and TCGTCATCCATGGCGA-
ACTGG), which was used as an endogenous control gene. The
primer sequences used for the UCP1 measurements were ATC-
TTCTCAGCCGGCGTTTC and CTTGGATCTGAAGGCGGAC-
TTT. The UCPI expressions in BAT and WAT from chow and
high-fat diet tissues were normalized with respect to the expres-
sion in muscle.

Droplet size distribution

The lipid droplet size distribution can be assessed by modeling
the restricted diffusion behavior, as described by Murday and
Cotts (27). Assuming the rapid convergence of the Bessel func-
tion, a simplified expression shown in equation 2 was derived by
Garasanin et al. (29) and utilized for various applications (25, 30):
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where S(R) and Sy(R) are the signals obtained with and without 3 Ry 3
diffusion gradient from the droplet size of radius R, respectively, fS(R)R P(R)dR ZR,WS(R)R P(R)
and Dis free lipid diffusion coefficient. Considering the heteroge- Sobs = 3 ~ w3 (Eq- 4)
neity of the lipid droplets in BAT, the size distribution is assumed f R°P (R) Z R R (R)

to be log-normal as:
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(Eq. 3)

where o is the standard deviation of In(2R). The observed signal
(S,4) in PFG diffusion experiments is the volume-weighted aver-
age signal over all the droplets in whole sample and is described
by the probability distribution function expressed as:

where the denominator is a normalization constant, and R,,;,
and R,,, are the minimum and maximum droplet radii, re-
spectively. The NMR signal attenuation at diffusion time of 2 s
was fitted to equation 4 with a nonlinear least-squares fit
(MATLAB® R2010b) to obtain the mean radius, R, and the
polydispersity or variance of the BAT droplet, o. Automated
analysis of H-and-E-stained slides of WAT sections was per-
formed by using Adiposoft, a fully automated open-source plu-
gin of Fiji software (42, 43), to quantify the number and size of
droplets.
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Fig. 1. 'H spectra of BAT and WAT at 25°C. The
proton NMR spectra were acquired from chow
diet BAT and WAT. The fat resonances include
-CH(CHy)n (A), -(CHy)1+- (B), -CH,O-COCH,CH,- (O),
-CH,-CH,-CH=CH- (D), -CH,-O-CO-CHy-CH,- (E),
—CH=CH-CH,-CH=CH- (F), -CH,-O-C(O)-CHy-CH,-
(G), -CHy-O-C(O)-CHy-CHo- (H), and -CH=CH- (I)
groups at ~0.9, ~1.3, ~1.6, ~2.03, ~2.25, ~2.76,
~4.1, ~4.9, and ~5.3 ppm, respectively.

BAT

Statistical analysis

The Mann-Whitney U test was used to analyze the statistical
significance between the chow and high-fat data using a statistical
package for social sciences (SPSS, version 23.0; SPSS, Inc., Chi-
cago, IL). All data were expressed as the mean + standard devia-

tion (SD) unless stated, and significance was accepted at P< 0.05
(*) and P< 0.01 (**).

T
1.0 0.5 ppm

RESULTS

Representative '"H NMR spectra of BAT and WAT of
chow diet are shown in Fig. 1. Even with a tissue sample
that is magnetically and structurally inhomogeneous, one
can obtain a reasonably high resolution with the use of
commercial plastic plugs. Only a small amount of tissue,
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Fig. 2. Signal attenuation and ADC of BAT and WAT in the chow and high-fat groups. Semilogarithmic plots of the signal decay for various
bvalues and ADC are shown for the chow and high-fat cases. Diffusional decays of the fat signal in the WAT and BAT spectra (A = 500 ms;
8 =3 ms; 7= 0.5 ms) for chow (A) and high-fat diet (B) are shown. The ADCs are shown for 25°C and 36°C for chow (C) and high-fat diet
(D). Data are presented as the mean + SD. * P< 0.05.
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which is approximately 2 mm high in a 5 mm NMR tube, is with the large unilocular droplets in WAT. By high-fat diet,
necessary for the signal observation. A much better spectral a significant reduction in the fat ADC values was observed
resolution can typically be achieved with a WAT sample in WAT, but there was essentially no change in BAT. As a
than a BAT sample, probably because of the more homoge- result, the difference in the ADC values between BAT and
neous tissue structure of WAT and the higher iron content WAT became smaller for the high-fat diet cohort than for
in BAT. The water peak (~4.7 ppm) is dominant in the the chow diet cohort.
BAT spectrum, indicating that the water content was sig- The data shown in Fig. 2 are reorganized in Fig. 3A, B to
nificantly higher in BAT than WAT. The n-methylene highlight the effect of high-fat diet on the ADC in BAT and
-(CH,) - signal is dominant in the WAT spectra compared =~ WAT. The ADC values in WAT are significantly reduced in
with BAT, reflecting the increased fat fraction. Other the high-fat group compared with the chow group. There
prominent resonances include methyl signal -CH; (~0.9  were no significant changes in the ADC values in BAT. Fig.
ppm), a-methylene -CHy-COO (~2.10 ppm), allylic methy- 3 demonstrates the saturation index (Fig. 3C), unsatura-
lene -CHy-CH=CH- (~~2.03 ppm), and olefinic -CH=CH- tion index (Fig. 3D), and mean chain length (Fig. 3E) com-
(~5.3 ppm) groups. puted from the "H NMR spectra of BAT and WAT for the
The comparison of ADC is shown within chow and high- ~ chow and high-fat dietfed cohorts. The WAT tissues from
fat diet for BAT and WAT in Fig. 2. The semilogarithmic ~ high-fat diet rats exhibited significantly lower unsaturation
diffusion signal decays acquired at 25°C in the chow and  and higher saturation indices (P < 0.01). A similar trend
high-fat dietfed BAT and WAT as a function of bvalues are was also observed in case of BAT, but it was not significant.
shown in Fig. 2A, B. Figure 2C, D shows the ADC of WAT An increasing trend of mean chain length was observed in
and BAT at 25°C and 36°C for both chow and high-fat diet. WAT for the high-fat diet group.
An increase in the ADC values for both chow and high-fat Figure 4A, B shows the signal decays as a function of the
diet tissues was observed with increase in temperature. bvalue for the chow and high-fed groups observed at differ-
There was a significant difference in ADC between BAT ent diffusion times (A = 0.25 ~2 s) at 25°C. When A was in-
and WAT in the both high-fat and chow groups. In both creased, BAT fat in both the chow and high-fat groups
groups, the ADC of fat in BAT is significantly (P < 0.05) demonstrated a clear upward drift of the decay curves. An
lower than WAT. This significant reduction in diffusion is upward drift was observed in the presence of restricted dif-
due to the smaller multilocular droplets in BAT compared fusion (44, 45), whereas a downward drift was observed in a
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Fig. 3. Effect of high-fat diet on fat diffusion, saturation, unsaturation index, and mean chain length. A: The BAT sample did not show any
significant change in ADC for chow and high-fat tissues. B: The high-fat diet resulted in a significant reduction of the fat ADC in WAT. The
high-fat diet WAT exhibited a significantly (P< 0.05) increased saturation index (C) and a reduced unsaturation index (D). A similar trend
was observed in BAT, but not as significant as in WAT. E: The mean chain length did not essentially change in BAT, whereas it increased in
WAT. Data are presented as the mean = SD. ** P<0.01.
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ADC measurements with increasing diffusion times to investigate restriction. A and B: Diffusional signal decays in WAT and BAT with

different diffusion times (A) are shown. The field gradient pulse width (8/2) and the polarization changing delay () were fixed to 5 and 0.5 ms,
respectively. As the diffusion time was increased, a clear upward drift in the signal decay curves was seen, in the case of BAT only, and the WAT
data nearly overlap, by contrast. A similar trend was observed at 36°C (data not shown). ADC corresponding to variable diffusion times was calcu-
lated with equation 1. C and D: Reduction of fat ADC with increasing diffusion time was much more significant for BAT compared with WAT.

system involving a two-site exchange (46, 47). A clear drift
was not observed with WAT samples, and the data points at
different A nearly overlapped. The high-fat BAT demon-
strated a smaller upward drift compared with the chow-diet
BAT, indicating relatively freer diffusion of fat molecules in
high-fat BAT than in chow BAT. A similar trend was ob-
served at 36°C in both groups (data not shown). The ADC
values for these diffusion times are shown in Fig. 4C, D.
WAT did not show significant changes in ADCwith a change
in diffusion time from 0.5 to 2 s, whereas BAT demonstrated
a significant reduction in ADC. These findings indicate that
the diffusion of fat molecules was restricted in BAT, whereas
it was relatively free in WAT. Additionally, the high-fat diet
could lead to the formation of large droplets in BAT.
Figure 5 demonstrates the H-and-E-stained section of
BAT and WAT of the chow (Fig. 5A, C) and high-fat (Fig.
5B, D) diet groups. BAT exhibited smaller-sized adipocytes
with a considerable volume of cytoplasm. Adipocytes of the
WAT had a scant ring of cytoplasm surrounding a single
large lipid droplet with an eccentric nucleus within the
cell. The increase in the size of the lipid droplets in WAT of

294 Journal of Lipid Research Volume 58, 2017

the high-fat diet was significant compared with the chow
diet because of large lipid accumulation within the cell.
The increase in lipid droplet size of BAT was not as signifi-
cant as WAT, probably reflecting the active metabolic char-
acteristics of BAT that utilizes the lipids as metabolic
precursors. Figure S5E demonstrates the real-time PCR
mRNA expression analysis of the UCP1 gene in BAT, WAT,
and muscle tissues of the chow diet group. UCP1 expres-
sion was significantly higher in BAT compared with WAT
in both chow and high-fat diet tissues.

Figure 6 demonstrates the fitting of signal decays and the
determination of the droplet size in chow and high-fat diet
BAT. Figure 6A demonstrates the fitting of diffusion attenua-
tion of fat signal in BAT with diffusion time A = 2 s by the
model described using equations 2—4. Figure 6B demon-
strates the log-normal distribution of the fat droplet size in
BAT estimated from the optimized fitting parameters of
chow and high-fat tissues at diffusion time A = 2 s. The distribu-
tion curve was discretized to 64 intervals within the radius
range of 0.1 to 5 wm. An increase in the mean of distribu-
tions was observed for high-fat diet BAT, which is consistent
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Fig. 5. H-and-E-stained optical images of BAT and WAT of chow and high-fat diet and UCP1 expression in chow diet. H-and-E staining
delineates the adipocyte contours in chow diet (A) and high-fat diet (B) BAT. High-fat diet resulted in a slight increase in adipocyte sizes.
Alternatively, a large size increase was observed in WAT adipocytes for high-fat diet tissues (D) compared with the chow diet (C). E: mRNA
expression of the UCP1 gene was significantly higher in BAT compared with WAT.

with the histological data shown in Fig. 5. The diameter and
the polydispersity of the log-normal distribution of chow and
high-fat diet BAT are shown in Table 1. At diffusion time A =
2's, the droplet diameter (polydispersity) was estimated to be
4.04 + 0.70 (0.40 + 0.28) pm for chow diet BAT and 4.62 +
0.10 (0.26 + 0.10) pm for high-fat diet BAT, respectively.

Figure 7 demonstrates the results of the automatic drop-
let size analysis of WAT. Figure 7A, B shows the boundaries
of segmented droplets overlaid on the histological sec-
tions of chow and high-fat tissues shown in Fig. 5C, D. A
total of 436 WAT droplets from the chow tissues and 217
droplets from the high-fat tissues estimated from five his-
tological sections were identified after the automatic seg-
mentation. Fig. 7C, D show the histograms of chow and
high-fat tissues plotted with a 10 pm bin size. The mean
droplet size of WAT was 27.8 + 11.8 pm for the chow diet
and 34.6 + 16.9 pm for the high-fat diet.

DISCUSSION

The adipose tissues are the major storage sites for fat in
the form of triglycerides. BAT (fat-burning tissues) and

A i

z 0.64

w

g

c 0.32

= ~ Chow

[:] S

c ~e

o

w 0.16 High Fat
0.08

0 10 20

b Value (x 10* s/mm?)

30

WAT (fat-storing tissues) are the two broad types of adi-
pose tissues that play important roles in obesity. From the
important role of BAT metabolism in obesity, there is a
large interest in understanding the biophysical and meta-
bolic properties by noninvasive-imaging approaches. Sev-
eral groups have made ongoing efforts in investigating
BAT metabolism by multimodal imaging approaches (48,
49). In the present study, BAT and WAT obtained from
chow and high-fat diet-fed rats were characterized by diffu-
sion NMR spectroscopy. Further analysis was performed to
investigate restricted diffusion behavior and droplet size
distribution.

The 'H spectra of BAT demonstrated a stronger water
resonance compared with WAT, due to the abundant intra-
cellular and extracellular water (Fig. 1). Conversely, WAT
demonstrated increased strength of fat resonances com-
pared with BAT. Earlier MRI and MR spectroscopy studies
of BAT and WAT demonstrated a decrease in the fat frac-
tion of BAT compared with WAT (15, 50-52). The various
resonances of fatty acyl chains of tissue triglycerides from
BAT and WAT in the spectra permit the estimation of satu-
ration, unsaturation, and mean chain lengths (40, 52). As
shown in Fig. 3, these parameters, that is, the molecular

1.5

High Fat

Radius (pm)

Fig. 6. Fitting of the diffusional decays of the BAT signals with the Murday-Cotts equation and calculated
droplet size distribution. A: The dotted lines (chow) and full lines (high-fat) show the nonlinear least square
fitted signal decay for A = 2 s. B: The calculated log-normal distributions of the droplet size estimated from
the corresponding best parameters in chow and high-fat tissues are displayed. The distribution curves were

discretized to 64 intervals within the radius range of 0.
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TABLE 1. Lipid droplet diameter for chow and high-fat diet BAT

Diet Diameter (pum) Variance
Chow 4.04 (0.70) 0.40 (0.28)
High-fat 4.62 (0.10) 0.26 (0.10)

Diffusion time A = 2 5. Values in parentheses represent the SD.

structure of fat molecules in BAT, were apparently not sig-
nificantly influenced by high-fat diet as much as in WAT.
The changes for BAT (WAT) were 13.2% (27.5%) for the
saturation index, 14.4% (22.3%) for the unsaturation in-
dex, and 0.4% (10.5%) for the mean chain length, respec-
tively. These changes may be due to the changes in activity
of adipocytes in WAT (40).

The overall trend of fat diffusion observed in this study
was not influenced by temperature (Fig. 2), although the
ADC increased due to thermal energy (20). The high-fat
diet did not influence the ADC of fat molecules in BAT at
both ambient and physiological temperatures, whereas it
reduced the ADC in WAT significantly. This is probably
due to increased saturation, decreased unsaturation (P <
0.01), and increased mean chain length (Fig. 3C, E). The
diffusion coefficient of fat molecules decreased with in-
creases in mean chain length (53). Lipids with reduced un-
saturation are stiffer and viscous, and are very likely to
exhibit slower diffusion (54).

The differences in the intracellular and extracellular en-
vironment, including cellular and subcellular barriers, al-
ter the diffusion properties, in terms of restriction. Earlier
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work using a Monte Carlo simulation has shown that the
apparent diffusion of lipid molecules becomes fast when
the droplet size increases and slows down when a long dif-
fusion time is set (24, 25). Diffusion of fat molecules in
WAT is relatively free, whereas it is restricted in BAT (Fig.
4C). This restricted behavior in BAT might be due in part
to the heterogeneity of the complex multilocular droplet
distribution. The microscopic geometric differences be-
tween BAT and WAT result in the significant difference of
ADC values for both chow and high-fat groups (Fig. 2). The
decline in ADC with a longer diffusion time became less
significant in the high-fat diet BAT than in the chow diet,
possibly indicating freer diffusion in the former, due to
changes in cellular and subcellular barriers (Fig. 4D).
A rough estimate of the diffusion length of fat molecules
is possible by assuming a simple one-dimensional path (20),
I =+/2DA (Eq. 5)
From Fig. 4C, the diffusion coefficient in WAT at 25°C is
~1.03x107° mmg/s, so A = 2 s yields the diffusion length
of 6.4 wm. Because the longitudinal relaxation time of fat
molecules in BAT was approximately 650 ms (data not
shown), the experimentally accessible longest diffusion
time was A = 2 s, and a further increase, say, A =5 or 10 s,
was experimentally counterproductive. We assume here
that almost all of the fat molecules within a droplet in BAT
hit the boundary during 2 s at least once, and the experi-
mental decay curve at A = 2 s represents the asymptotic
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Fig. 7. Droplet size quantitation of WAT. Automatic droplet size quantification of chow and high-fat WAT
using the Adiposoft plugin are shown. The boundaries of segmented droplets are overlaid on the histological
section of chow (A) and high-fat (B) images. A total of 436 chow (24.8 + 11.8 wm) and 217 high-fat (34.6 +
16.9 pm) droplets from five histological sections of different animals were analyzed. The histograms with a
bin size of 10 wm of chow (C) and high-fat (D) cases are shown. A significant (< 0.001) increase in the drop-

let size was observed in high-fat WAT.
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values obtained at a very long diffusion time. Table 1 dem-
onstrates the droplet diameter estimation for BAT by fit-
ting the NMR diffusion data based on the Murday-Cotts
model (Fig. 6). The calculated distribution was relatively
narrow and close to a Gaussian shape, rather than a log-
normal shape, within the 0 to 5 um range. The calculated
apparent diameter is approximately 4 wm and found that,
retrospectively, our previous assumption that A = 2 s was
sufficient to nearly cover up the diffusion distance. This
verifies our use of the Murday-Cotts equation. In any case,
different from hard-shelled industrial oil-in-water emul-
sions, some leakage of fat molecules from the droplets
should exist within BAT, because they are designed to be
consumed quickly during adaptive thermogenesis. This
would be reasonable because, otherwise, fat molecules
would not be transferred and burned in swift energy gen-
eration. Table 1 demonstrates that the apparent droplet
diameter increased approximately 15% by high-fat diet.
The presence of small brown droplets and large “white-like
droplets” within BAT was confirmed by the histology re-
sults (Fig. 5B). The NMR diffusion-based size data are
therefore consistent with the histological data. Within an
experimentally feasible diffusion time (i.e., less than 5 s
due to spin relaxation) restricted behavior could be ob-
served only in BAT, not in WAT. The modeling of the re-
stricted behavior to estimate droplet size distribution
requires a large curvature in the diffusion NMR intensity
profiles and a long diffusion time, enough to allow fat mol-
ecules to hit the droplet boundary.

Conversely, the size of droplet in WAT (Fig. 7) increased
in the high-fat diet due to increased fat storage, which was
also observed in the histological sections of WAT (Fig. 5D).
Adipocyte hypertrophy because of a high-fat diet is associ-
ated with insulin resistance (55). Noninvasive measurement
of lipid-droplet size distribution is a potential way to investi-
gate hyperplastic and hypertrophic expansion of adipose
tissues. PFG NMR diffusion methods can also be extended
to investigate dynamic lipid droplet remodeling during
BAT activation with metabolic interventions. Indeed, the
triglycerides in adipose tissues have high molecular masses,
so that their diffusion study requires large b values to cope
with the slow diffusion. However, apart from the hardware
and technical issues, a higher MR signal may be observed
from BAT than from WAT by use of diffusion weighting
because the signal of the latter dwindles faster as gradient
strength and diffusion time increase. These advantages can-
not be realized by use of spin relaxation because the spin
relaxation of fat and water is faster in BAT than in WAT and
the differences in 7T, T, or 1y* are not large.

CONCLUSIONS

In summary, we have demonstrated the differences in the
biophysical properties of BAT and WAT by diffusion NMR
spectroscopic techniques and studied the effect of high-fat
diet on the diffusion in these two major adipose tissues. The
diffusion properties of WAT were also mediated by the
changes due to saturation, unsaturation, and mean chain

lengths. The PFG method can be easily implemented on all
NMR systems with the field gradient capability and can be
used for evaluating brown or even other colored adipose
tissues with metabolic alterations. This study envisages fu-
ture projects involving animal and human fat research in
vivo. The requirement of large b values for achieving reli-
able signal attenuation might be a limitation for clinical sys-
tems with the currently available gradient strengths.

The authors thank Drs. Bhanu Prakash and Krishnarao
Doddapuneni for their support and discussion.
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