N
N

N

HAL

open science

Imaging of intracellular fatty acids by scanning X-ray

fluorescence microscopy
M. Shimura, H. Shindou, L. Szyrwiel, S. M. Tokuoka, F. Hamano, S.
Matsuyama, M. Okamoto, A. Matsunaga, Y. Kita, Y. Ishizaka, et al.

» To cite this version:

M. Shimura, H. Shindou, L. Szyrwiel, S. M. Tokuoka, F. Hamano, et al.. Imaging of intracellular
fatty acids by scanning X-ray fluorescence microscopy. FASEB Journal, 2016, 30 (12), pp.4149-4158.

10.1096/£j.201600569R . hal-01500053

HAL Id: hal-01500053
https://hal.science/hal-01500053v1
Submitted on 8 Feb 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01500053v1
https://hal.archives-ouvertes.fr

THE

EASEBJOURNAL e RESEARCH e www.fasebj.org

Imaging of intracellular fatty acids by scanning X-ray
fluorescence microscopy
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ABSTRACT: Fatty acids are taken up by cells and incorporated into complex lipids such as neutral lipids and glycero-
phospholipids. Glycerophospholipids are major constituents of cellular membranes. More than 1000 molecular
species of glycerophospholipids differ in their polar head groups and fatty acid compositions. They are related to
cellular functions and diseases and have been well analyzed by mass spectrometry. However, intracellular imaging of
fatty acids and glycerophospholipids has not been successful due to insufficient resolution using conventional
methods. Here, we developed a method for labeling fatty acids with bromine (Br) and applied scanning X-ray fluo-
rescence microscopy (SXFM) to obtain intracellular Br mapping data with submicrometer resolution. Mass spectrom-
etry showed that cells took up Br-labeled fatty acids and metabolized them mainly into glycerophospholipids in CHO
cells. Most Br signals observed by SXFM were in the perinuclear region. Higher resolution revealed a spot-like
distribution of Brin the cytoplasm. The current method enabled successful visualization of intracellular Br-labeled fatty
acids. Single-element labeling combined with SXFM technology facilitates the intracellular imaging of fatty acids,
which provides anew tool to determine dynamic changes in fatty acids and their derivatives at the single-cell level.—
Shimura, M., Shindou, H., Szyrwiel, L., Tokuoka, S. M., Hamano, F., Matsuyama, S., Okamoto, M., Matsunaga,
A., Kita, Y., Ishizaka, Y., Yamauchi, K., Kohmura, Y., Lobinski, R., Shimizu, 1., Shimizu, T. Imaging of in-
tracellular fatty acids by scanning X-ray fluorescence microscopy. FASEB J. 30, 4149-4158 (2016). www.fasebj.org
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When fatty acids are taken up by cells, they move glycerol or glycerol 3-phosphate, for the biosynthesis of tri-
around in the cytosol with fatty acid binding proteins  acylglycerol or glycerophospholipids (3-9). Thus, fatty acids
and are then converted to acyl-CoAs (1, 2). Acyl-CoAs are efficient energy sources by themselves or are compo-
are common intermediates for further metabolism, such as  nents of lipid droplets or cellular membranes (6, 10, 11). Such
B-oxidation, elongation, desaturation, or esterification with  versatile functions of fatty acids are essential for cell survival,

ABBREVIATIONS: ER, endoplasmic reticulum; EtOAc, ethyl acetate; HRMS, high-resolution mass spectrometry; ICP-MS, inductively coupled plasma mass
spectrometry; IR, infrared; LC-MS, liquid chromatography mass spectrometry; MVE, multivesicular endosome; NMR, nuclear magnetic resonance; PA,
palmitic acid; PC, phosphatidylcholine; PET, positron emission tomography; SA, stearic acid; SXFM, scanning X-ray fluorescence microscopy; TMAH,
tetramethylammonium hydroxide
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growth, and movement (10, 11). Although the metabolic
tracing of fatty acids and their derivatives by biochemical
approaches has been widely performed, little information
is available on the intracellular localization and dynamic
movement of fatty acids within cells. Chromophore labeling
is often used, but labeling with large molecules may interfere
with metabolism by steric hindrance (12). Isotope labeling of
fatty acids in combination with positron emission tomog-
raphy (PET) is a promising approach (13). Matrix-assisted
laser desorption ionization or desorption electrospray ioni-
zation mass spectrometry is an effective procedure that does
not require labeling (14). However, both technologies are
inadequate to determine the intracellular localization of fatty
acids due to their low resolution (>5 pum).

To overcome this issue, we used scanning X-ray fluo-
rescence microscopy (SXFM), which enables the imaging
of multiple intracellular elements at the suborganelle level
by the combination of a synchrotron radiation source and
a sub-100-nm X-ray beam focusing system (15, 16). Using
this approach, we have observed intracellular trace ele-
ments, including multiple elements that are essential for
cellular maintenance and nonessential elements such as
platinum from anticancer drugs (17, 18). In this study, we
applied SXEM for the imaging of intracellular fatty acids
and their derivatives. Single-element labeling combined
with SXEM technology facilitates the process, which may
provide new clues for determining dynamic changes in
fatty acids at the single-cell level. Here, we aimed to vi-
sualize the incorporation and localization of palmitic acid
(PA, C16:0) and stearic acid (SA, C18:0) by Br labeling.

MATERIALS AND METHODS
Chemical synthesis

All reagents and solvents were purchased commercially and used
as received. 'H nuclear magnetic resonance (NMR) and 13C NMR
spectra were recorded on a spectrometer (AL-400; Jeol, Akishima,
Japan) using CDCl; as the solvent and tetramethylsilane as an
internal standard. Multiplicities are indicated as br (broadened),
s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet).
Infrared (IR) spectra were recorded on a JIR-WINSPECK 50 FT-IR
spectrometer (Jeol), and V.« Values are presented in reciprocal
centimeters. Bands were characterized as br (broad), s (strong),
m (medium), or w (weak). High-resolution mass spectrometry
(HRMS) spectra were recorded (JMS-5X102A; Jeol). The purity of
all isolated materials was demonstrated by NMR (free of obvious
impurities) and thin-layer chromatography (homogeneous ma-
terial). For 12-bromopalmitic acid, a stirred solution of 12-
hydroxyhexadecanoic acid (0.127 g, 0.47 mmol), PPh; (0.260 g,
0.99 mmol), and imidazole (0.068 g, 1.0 mmol) in CH,Cl, (6.5 ml)
was added slowly to a solution of CBr, (0.329 g, 0.99 mmol) in
CH,CI, (1 ml) at 0°C. The mixture was stirred at 0°C to room
temperature for 4 h and quenched with 1 N aqueous HCl. The
aqueous solution was extracted with ethyl acetate (EtOAc), and
the combined organic phase was washed with brine and dried
over anhydrous Na,SO,. After removal of the solution in vacuo, the
residue was purified by silica gel column chromatography using
EtOAc/hexane (5:95) to give 12-bromopalmitic acid (0.055 g, 35%)
as a white solid. The following results were obtained: "H NMR
(400 MHz, CDCls): 80.92 (t, 3H, ] = 7.3 Hz), 1.28 to 1.63 (brs,
20H, 1.80 (m, 4H), 2.35 (t, 2H, ] = 7.3 Hz), 4.03 (m, 1H); *C NMR
(100 MHz, CDCl5): 813.9,22.1,24.6,27.5,29.0,29.1,29.3,29.4,
29.7, 34.0, 38.8, 39.1, 58.9, and 180.1; IR (neat, ATR): 2914,

4150  Vol. 30 December 2016

The FASEB Journal - www.fasebj.org

2851, 1697, 1471, 1428, 1408, 1270, 1210, 918, and 717 cm ™ };
and HRMS (ESI) m/z calculated for C;cHzBrO.Na[M + Na]:
357.1405, found [M + Nal: 357.1397. For 12-bromostearic acid, a
stirred solution of 12-hydroxyoctadecanoic acid (0.150 g, 0.50 mmol),
PPh; (0.526 g, 2.0 mmol), and imidazole (0.136 g, 2.0 mmol)
in CH,Cl, (3.0 ml) was added slowly to a solution of CBr,4 (0.664 g,
2.0 mmol) in CH,Cl, (2 ml) at 0°C. Then, the mixture was stirred
at 0°C to room temperature for 21 h and quenched with 1 N
aqueous HCI. The aqueous solution was extracted with EtOAc,
and the combined organic phase was washed with brine and
dried over anhydrous Na,SO,. After removal of the solution in
vacuo, the residue was purified by silica gel column chromatog-
raphy using EtOAc/hexane (5:95) to give 12-bromostearic acid
(0.129 g, 71%) as a white solid. The following results were
obtained: "H NMR (400 MHz, CDCl,): 30.89 (t, 3H, | = 7.3 Hz),
1.28t0 1.63 (brs, 25H), 1.80 (m, 4H),2.35 (t,2H, ] =7.3Hz),4.03 (m,
1H); 3C NMR (100 MHz, CDCly): 814.0, 22.5, 24.6, 27.5,28.7,29.0,
29.1,29.3,29.4,31.6,33.9,39.1,59.0,and 179.3; IR (neat, ATR): 2952,
2914, 2851, 1697, 1471, 1428, 1408, 1270, 1210, 918, and 717 cm ™ ;
and HRMS (ESI) m/z calculated for C;gHzsBrO,Na[M + Nal:
385.1718, found [M + Na]: 385.1712.

Each amount of synthesized Br-PA and Br-SA was de-
termined by gas chromatography with a flame ionization de-
tector (GC-2010Plus AF; Shimadzu, Kyoto, Japan) using PA and
SA as standards, respectively.

Cell treatment

The RBRC-RCB02859 CHO-K1 cell line was obtained from the
Riken Cell Bank of Japan (Tsukuba, Japan). Cells were maintained
in Ham’s F-12 medium (Nakalai Tasque, Kyoto, Japan) supple-
mented with 10% heat-inactivated fetal calf serum (104387; Gibco,
Grand Island, NY, USA). Cells (2 X 10° per 6-cm dish) were plated
21 h before treatment. Br-labeled fatty acids (3.2 uM Br-PA or
2.1 uM Br-SA) were incubated at 37°C. After treatment, the cells
were washed twice with PBS(—) (P-4417; Sigma-Aldrich, St. Louis,
MO, USA) containing 10% FBS and then once with PBS(—). For
inductively coupled plasma mass spectrometry (ICP-MS) and lig-
uid chromatography mass spectrometry (LC-MS) analyses, cells
were collected using a scraper (3008; Corning, Corning, NY, USA)
or extracted using MeOH. The cell pellet and extract were collected
by centrifugation at 800 and 10,000 g at 5°C, respectively.

SXFM

Cells were plated on a 200-nm-thick SiN membrane (NTT Ad-
vanced Technology, Atsugi, Japan) 21 h before treatment. After
treatment, the cells were washed twice with PBS(—) containing
10% FBS and then once with PBS(—). The cells were fixed with 2%
paraformaldehyde (18814, ultra-pure EM grade; Polysciences,
Inc., Warrington, PA, USA) in PBS(—) for 10 min. The plates were
washed with PBS(—) once and Milli-Q water 3 times, air-dried,
and stored in clean tubes. Differential interference contrast im-
ages were obtained by an Olympus BX51 microscope (Melville,
NY, USA) equipped with a Plan Apochromat objective lens. TIFF
images acquired using SPOT Advanced (Diagnostic Instruments,
Inc.). SXEM was performed using the undulator beamline
BL29XU of the SPring-8 synchrotron radiation facility by com-
bining a Kirkpatrick-Baez type X-ray focusing system, an xy-
scanning stage for scanning the sample mounting, and an energy
dispersive X-ray detector (Vortex-90EX; Hitachi High-
Technologies Science America, Inc., Northridge, CA, USA).
Monochromatic X-rays at 15 keV were focused down to 500 X
500 nm? for a large area scan and to 250 X 250 nm? for a high-
resolution scan. The typical photon flux for the 500-nm beam is
approximately 2 X 10" photons/s. The X-ray fluorescence
spectrum was recorded using a 1 s exposure for each pixel. The
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fluorescence signals of each element of interest were extracted
and normalized based on the incident beam intensity. After
scanning the whole area, elemental distributions were visual-
ized digitally. SXFM produced superimposed signals from the
samples in the vertical direction. In addition to the mapping
images, the element concentration per area (nm?”) was analyzed
quantitatively using thin nickel and platinum films, the thick-
ness and density of which were decided in advance. The Br
signal intensities per cellular area in the TIFF images and their
surface plot images were acquired using Image] software
(National Institutes of Health, Bethesda, MD, USA). For fluo-
rescence dye application combined with SXFM, the mito-
chondria marker MitoTracker green (1:10,000, M7512;
Invitrogen) was applied to living cells for 20 min at 37°C after
the Br-labeled fatty acids treatment. The cells were fixed with
2% paraformaldehyde (18814, ultra-pure EM grade; Poly-
sciences, Inc., Warrington, PA, USA) in PBS(—) for 10 min. To
observe the endoplasmic reticulum (ER), 4.3 nM of DiOC6 (3)
(Thermo Fisher Scientific, Waltham, MA, USA) was applied to
the cells for 15 min at room temperature after the Br-labeled
fatty acids treatment and the fixation. The plates were replaced
with fresh PBS(—). Cells were observed under a microscope
(IX70; Olympus, Melville, NY, USA) equipped with a LCPlanFI
microscope objective lens and a SPOT Pursuit CCD camera
(Diagnostic Instrument Inc., Sterling Heights, MI, USA). After
the fluorescence observation, cells were washed with Milli-Q water
3 times and air-dried for SXFM measurement. TIFF images ac-
quired using Spot Advanced (Diagnostic Instruments, Inc.) were
imported into Photoshop (Adobe Systems, San Jose, CA, USA).

Separation of lipid classes

Cellular lipids extracted using MeOH were evaporated and dis-
solved in 1 ml of chloroform and then applied to aminopropyl
cartridges (200 mg, InertSep NH2; GL Sciences Inc., Tokyo, Japan)
preconditioned with hexane. Neutral lipid, free fatty acid, and
phospholipid (mainly PC and PE) fractions were obtained by se-
quential elution using 10 ml of chloroform/isopropanol (2:1, v/v),
2% acetic acid in diethyl ether, and methanol, respectively. Flow-
through fractions were combined with the chloroform/isopropanol
(2:1) eluent as the neutral lipid fraction. The fractionated samples
were evaporated and used for the detection of Br signals by ICP-MS.

ICP-MS

The concentrations of "’Br were measured using an Agilent 7500
or 7700 ICP-MS instrument fitted with Pt cones and a MicroMist
nebulizer and optimized for "*Br sensitivity. The measured "’Br/
81Br isotope ratio corresponded to the natural value. Standards
and washing solutions were prepared in 0.5% tetramethy-
lammonium hydroxide (TMAH) (TraceSelect; Sigma-Aldrich).
Samples containing 2 X 10° to 3 X 10° cells were placed in
Eppendorf tubes as described in the preceding section. Then,
79 ul of 25% TMAH were added, and the tube was closed tightly
and heated for 3 h at 60°C. No difference in mass before and after
heating was observed. After cooling, the sample was transferred
to a 5 ml tube. The tube was rinsed with 0.5 ml of water, and the
original and wash liquids were combined and brought up to a
4 ml volume with water. A blank was prepared with the samples.
The detection limit was calculated as 5 standard deviations of the
blank (0.3 pg/L). The average relative standard deviation was
2.1% (range, 1.7-5%). A quality-control sample, prepared by
mixing the standard with 0.5% TMAH, was analyzed after every
10 samples. Quantification was performed using a 5- to 100-ppb
standard curve, which covered the range of Br concentrations
observed in the samples (samples containing higher Br concen-
trations were diluted). The method was validated by the de-
termination of Br in Seronorm Trace Element Serum. Analyses of
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a second series of cells and their insoluble fractions (fatty acid,
neutral lipids, and glycerophospholipids) were performed using
the Agilent 7700 instrument optimized for “’Br. The measured
7°Br/®'Br isotope ratio corresponded to the natural value. The
preparation of fractions from MeOH extracts is described in the
preceding section. TMAH (79 pl) was added to Eppendorf
tubes containing dry samples, followed by heating for 3h at 60°C.
The samples were transferred to 5-ml tubes by washing the
Eppendorf tubes 3 times with 0.5 ml of 90% methanol/water
(Chromasolv; Sigma-Aldrich). Water-soluble fractions were
prepared as previously described.

Liquid chromatography-selected reaction
monitoring-mass spectrometry

Liquid chromatography-selected reaction monitoring-mass
spectrometry was performed using the Nexera Ultra-High Per-
formance Liquid Chromatography (UHPLC) system and LC-
MS-8040 triple quadrupole mass spectrometer (Shimadzu Corp.,
Kyoto, Japan) (19). A reverse-phase Acquity UPLC BEH C8 col-
umn (1.7 pm, 2.1 X 100 mm) (Waters, Milford, MA, USA) was
used with a ternary mobile phase system. For mobile phases A, B,
and C, 5 mM NH,HCO;/water, acetonitrile, and isopropanol
were used, respectively, with the following linear gradient [time
(%A/%B/%C)]: 0 min (75/20/5) to 20 min (20/75/5) to 40 min
(20/5/75) to 45 min (5/5/90) to 50 min (5/5/90) to 55 min (75/
20/5). The flow rate was 0.35 ml/min. The oven temperature
was set at 47°C. The injection volume was 5 pl. The following
transitions were monitored: [M + H]* — 184 for unlabeled PC,
[M + 81]* — 184 for ®'Br-labeled PC, and [M + 79]* — 184
for 7Br-labeled PC. The chromatogram peaks of ®'Br-labeled
PC and "’Br-labeled PC exhibited similar signal intensities at
the same chromatogram retention time, which corresponded
to the natural abundances of ®'Br and "’Br. Major Br-labeled
PC species detected in Br-PA- or Br-SA-treated cells were
PC30:0, 32:0, 32:1, 34:0, 34:1, 36:0, 36:1, and 36:2 (Supple-
mental Table 1). Accordingly, ®'Br-labeled PC peak areas
among the PC species in Supplemental Table 1 are shown as
representative Br-labeled PC.

Gas chromatography with electron impact
mass spectrometry

Gas chromatography with electron impact mass spectrometry
was carried out using a GCMS-QP2010 Ultra (Shimadzu, Kyoto,
Japan). A FAMEWAX capillary column (30 m X 0.25 mm LD. X
0.25 pm) (Restek; Shimadzu) was used for fatty acid methyl ester
analysis. The injection port temperature was set at 250°C. A 1-ul
aliquot was injected in splitless mode. The column temperature
was programmed as follows: the initial temperature was held at
40°C for 2 min; increased at 20 to 140°C/min, 11 to 200°C /min,
and 3°C to 240°C /min; and then maintained at 240°C for 10 min.
Helium was used as the carrier gas with a linear velocity of
45 cm/s. Methyl esters of Br-fatty acids were detected in the se-
lected ion monitoring mode of the characteristic fragments (171/z 269
for Br-PA and m/z 297 for Br-SA). Quantification was done by the
internal standard method using n-tricosanoic acid (C23:0, Sigma-
Aldrich; selected ion monitoring m/z 368) as an internal standard.
The concentrations of the unknown samples were determined
using calibration curves prepared by analyzing known concen-
trations of methyl esters for Br-PA, Br-SA, and n-tricosanoic acid.

RESULTS
We first prepared Br-PA and Br-SA, which possess Br at

position A12 (see Materials and Methods) (Fig. 1A). Cells
were treated with different concentrations of Br-SA for
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Figure 1. X-ray fluorescence
images of Br-labeled fatty acids.
A) Schematic structure of the
Br-labeled fatty acids. B) Zn- and
Br-mapping images of Br-SA-, Br-
PA-, and EtOH-treated CHO-K1
cells. Cells were treated with 2.1
uM Br-SA and 3.2 uM Br-PA for
24 h. Arrows indicate the Br signals,
which tended to be clustered. Zn,
zinc; BrKa and Brkp, bromine
X-ray emission lines; DIC, differ-
ential interference contrast image.
Br-SA, cells treated with Br-labeled
stearic acid; Br-PA, cells treated
with Br-labeled palmitic acid. A
brighter color indicates higher signal
intensity. Color bar, femtograms per
square micrometer; scale bar, 10 pm.

w
N
S

Br-SA EtOH

Br-PA

0.2231 0.0690

24 h and subjected to SXFM. The Br-SA SXFM spectrum of
cells showed that the Br X-ray fluorescence lines with
different electron shells (Br-Ka and Br-KB) increased in a
manner dependent on the Br-SA concentration, whereas
for the rest of the elements, including zinc (Zn), X-ray
fluorescence energy (Zn-Ka and Zn-K@ signals) was rel-
atively stable (Supplemental Fig. 1). Whereas untreated
control cells showed background Br signals due to the use
of serum-containing culture medium, Br-SA-treated cells
exhibited more than 10-fold higher Br contents, which
enabled mapping images ready for SXFM. Spectra of
Br-Ka and Zn-Ko were mainly used for mapping images
(Supplemental Fig. 1, arrows). We next treated cells with
the same volume of Br-SA and Br-PA at concentrations of
2.1 and 3.2 uM, respectively, as estimated by gas chro-
matography (see Materials and Methods) and subjected
them to SXFM. Br-Ka and Br-K@ signals were similarly
found in cells treated with Br-fatty acids, whereas the
signals did not exceed the background levels in ethanol
(EtOH)-treated cells (Fig. 1B). In both Br-SA- and Br-PA-
treated cells, Br signals were detected mostly in the peri-
nuclear region of the cytoplasm and to a lesser extent in the
nuclear region. The Br signals tended to be clustered on
one side of the nucleus (Fig. 1B, arrows). In contrast, Zn
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1.9280 0.0690 1.9280 fg/um?

signals were observed in the entire cellular region but were
mainly enriched in the nucleus, similar to previous find-
ings (18). The signals were analyzed semiquantitatively
using a standard curve, and the intensities were illustrated
as a color bar (see Materials and Methods). The signals of
Br-PA were approximately 2-fold greater than those of Br-
SA (Fig. 1B), due at least in part to the different concen-
trations of Br-fatty acids added to the culture medium.
We then measured the intracellular Br levels using ICP-
MS. The intensity of the Br signal from Br-PA-treated cells
in the soluble methanol (MeOH) fraction was higher than
that from Br-SA-treated cells (Fig. 2A), whereas the Br
signal did not exceed the background levels in EtOH-
treated cells, in agreement with our imaging findings (Fig.
1B). On the other hand, the level of Br was lower than the
limit of quantitation in the MeOH-insoluble pellets (Fig.
2A). These findings suggest that the major Br-labeled fatty
acids were present in the lipid fraction (soluble MeOH) but
not in the protein fraction (insoluble pellets). We next ex-
amined the distribution of Br-labeled fatty acids in lipids.
MeOH extracts from cells were separated using amino-
propyl cartridges (see Materials and Methods) and
processed for ICP-MS (Fig. 2B). Glycerophospholipids
were the major components detected, whereas lower
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Figure 2. ICP-MS measurement and LC-MS analyses of the cells under the same conditions as in Fig. 1. A) The Br contents of
MeOH-soluble extracts and insoluble pellet fractions were measured by ICP-MS. Data in the insoluble pellet fractions were all
lower than the limit of quantitation. B) The Br contents in the lipids. MeOH extracts were separated into glycerophospholipids
(PLs), fatty acids (FAs), and neutral lipids (NLs). “Total” indicates the cell extracts before separation. Three independent
experiments were performed and are presented as I-3. The values after extraction from EtOH-treated cells were determined,
and all values in FAs were lower than the limit of quantitation. C) Distribution of the proportions of unlabeled or Br-labeled PC
species; the 8 major PC species indicated were measured by LC-MS. Stacked bar graphs displaying the distribution of PC species
with unlabeled and Br-labeled fatty acids; 100% on the y axis indicates the sum of each PC peak area. The data were normalized
to the number of cells. Data are given as means + SEM (7 = 4). Br, bromine Br-PA, cells treated with Br-labeled palmitic acid; Br-

SA, cells treated with Br-labeled stearic acid; EtOH, EtOH-treated cells; PC, phosphatidylcholine.

levels of neutral lipids were found; the levels of free fatty
acids were lower than the limit of quantitation for both
Br-PA and Br-SA. We next analyzed the composition of
phosphatidylcholine (PC), one of the major components
of glycerophospholipids, with LC-MS (Fig. 2C). The ratio
of the PC composition using unlabeled fatty acids was
unaffected by the addition of Br-labeled fatty acids (Fig.
2C, left). Several species of Br-labeled PCs (Br-PCs) were
detected by the addition of Br-PA and Br-SA to the cul-
ture medium (Fig. 2C, right). Br-PC32:0 and Br-PC34:1
were the major Br-PCs detected upon the addition of Br-
PA and Br-SA, respectively (Fig. 2C, right). To determine
the fate of Br-labeled fatty acids after incubation, cells
treated with Br-labeled fatty acids were subjected to gas
chromatography. From the analysis, it is notable that
Br-SA was detected as Br-PA and Br-SA in the cells, al-
though most Br-PA was present mainly as Br-PA (Sup-
plemental Fig. 2). These findings suggest that Br-PA and
Br-SA were metabolized differently.

Wenext pulse-labeled cells with Br-PA (3.2 uM) and Br-
SA (2.1 pM) for 4 h, followed by washing. Br signals were
abundant in the perinuclear region 4 h after pulse labeling
with Br-PA; they then decreased at 8 and 24 h, although the
strongest signals remained in the perinuclear region (Fig.

IMAGING OF BR-LABELED FATTY ACIDS IN MAMMALIAN CELLS

3A). The Br contents of MeOH extracts from cells pulse-
labeled with Br-PA or Br-SA decreased, especially after
24 h (Fig. 3B), when cells underwent contact inhibition
(Supplemental Fig. 3). We observed that the fraction of
PC36:1 increased during a 72-h incubation in Br-PA-
treated cells, whereas the fraction of PC34:0 decreased and
that of PC34:1 increased in Br-SA-treated cells (Fig. 3C).
These MS data show that Br-PA and Br-SA were metab-
olized over time.

These findings encouraged us to obtain higher-
resolution images to assess the Br distribution in cells.
Strong Br signals were detected in the perinuclear region
(Fig. 4A). On the other hand, Zn signals were localized
mainly in the nuclei, suggesting the distinctiveness of the
Br localization signals (Fig. 44, bottom and surface plots).
Interestingly, some cells showed spot-like Br signals in the
cytoplasm, which were distinct from the Zn signals (Fig.
4B, arrows and surface plots). Eleven percent of Br-SA-and
45% of Br-PA-treated cells showed spot-like Br signals for
24 h (Supplemental Fig. 4A, B). A spot-like distribution
was also observed 24 h after pulse labeling (Fig. 3A). Nu-
merous smaller multiple spots were revealed rather than
continuous labeling, which was confirmed by an inde-
pendent experiment (Supplemental Fig. 4C).
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Figure 3. X-ray fluorescence images of cells with pulse labeling of Br-labeled fatty acids. A) Zn- and BrKa-mapping images of
CHO-KI1 cells pulse labeled for 4 h with 3.2 uM Br-PA followed by washing. BrKa, a bromine X-ray emission line; DIC, differential
interference contrast image; Zn, zinc. A brighter color indicates higher signal intensity. Color bar, femtograms per square
micrometer; scale bar, 10 pm. B) ICP-MS measurement analyses of cells pulse labeled with Br-labeled fatty acids. CHO-K1 cells
pulse-labeled for 4 h with 3.2 uM Br-PA or 2.1 pM Br-SA followed by washing. Br contents of MeOH extracts according to
incubation time after 4 h of pulse labeling with Br-labeled fatty acids. C) Percent ratios of Br-PC; the 8 major PC species indicated
were measured by LC-MS; 100% on the y axis indicates the sum of each PC peak area. Data were obtained from 3 independent
experiments. Data are given as means + SEM (n = 3). Br-PA, cells treated with Br-labeled palmitic acid; Br-SA, cells treated with
Br-labeled stearic acid; EtOH, EtOH-treated cells; PC, phosphatidylcholine.

We next imaged cells stained with a mitochondrial
marker (Mitotracker) and an ER marker (DiOC6) (3) dyes
before SXFM imaging (Fig. 5). Because these dyes did not
affect the X-ray energy spectrum, with the exception of a
small increase in copper (data not shown), we compared
the dye and bromine images using SXFM. The data sug-
gest that Br signals were similar to those of DiOC6 (3),
particularly in the perinuclear region (Fig. 54, B), but did
not always label mitochondria (Fig. 5C).

DISCUSSION

In this study, intracellular Br-labeled fatty acids were
successfully visualized at the single-cell level. Our findings
suggest that single-element labeling of small molecules
combined with SXFM technology facilitates the intra-
cellular imaging of fatty acids and their derivatives, in-
cluding phospholipids.
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SXFM measurements on Br-lipids

The SXFM shows high resolution and high sensitivity for
imaging the elemental distribution compared with that of
Raman microscopy and mass spectrometry imaging (20,
21). On the other hand, Raman microscopy is promising
for imaging living cells with labels or unlabeled fatty acids
(20). Raman microscopy and mass spectrometry imaging
are commercially available, whereas SXFM is limited due
to the need for a synchrotron beam. Therefore, comple-
mentary use of these methods will enable us to overcome
practical issues. The SXFM resolution was 48 X 36 nm,
which depended on the X-ray focusing technology. A 250-
nm beam-sized image was more informative than 500 nm,
which showed a spot-like distribution in this study. A
smaller beam size, such as 70 nm, has been used to image
mitochondria (18). We also produced a 7- X 7-nm focused
beam with a multilayer mirror (22), which will be used to
test biologic samples in a future study. The dynamic range

SHIMURA ET AL.


http://www.fasebj.org

0.0608 0.8521 0.0104

Zn

0.0626 fg/um?

0.0978 fg/um?

Figure 4. Higher-resolution X-ray fluorescence images. A) Top: Br-SA. Bottom: a surface plot generated based on the red area in
the top images. B) Top: Br-PA. Bottom: a surface plot generated based on the red area in the top images. The yellow-framed area
was measured at a higher resolution. Red arrows indicate the direction presented in the surface plots; white arrows indicate the
spot-like Br distribution. BrKa, a bromine X-ray emission line; Br-SA, cells treated with Br-labeled stearic acid; Br-PA, cells treated
with Br-labeled palmitic acid; DIC, differential interference contrast image; Zn, zinc. A brighter color indicates higher signal
intensity. Color bar, femtograms per sqare micrometer; scale bar, 10 wm.

of bromine by SXFM in this study was 0.0013 to 10 fg/ um?.
The lower limit was due to Br background from the culture
medium. Because the maximum bromine signals of cells
were about 1 fg/ um?in this study, our measurements were
within the linear range and suitable for semiquantitative
evaluation.

The Br signals were mainly
from glycerophospholipids

The Br signals were obtained without any major cytotox-
icity and ER stress (data not shown). The Br signals de-
tected by SXFM were mainly from glycerophospholipids,
based on the column separation analysis. Br signals from
Br-PA and Br-SA were located in the perinuclear region,
suggesting a possible relationship with the ER and Golgi
apparatus because the ER and Golgi are reportedly en-
riched with glycerophospholipid-related enzymes and
related proteins (6, 10, 11, 23, 24). Staining with a mito-
chondrial or ER marker dye combined with SXFM mea-
surements suggested that Br-PA colocalized with the ER in
the perinuclear region more than in mitochondria, al-
though we might not have determined the exact colocali-
zation because dry and wet samples were compared.
Using marker dyes containing unique metals or flash
freezing and developing a cryoSXFM system would solve
this issue.

We found a spot-like distribution at 24 h and in the
high-resolution Br-PA images. A spot-like distribution
wasnot always detected in Br-SA- and Br-PA-treated cells,
suggesting that it might be related to cellular status (e.g.,

IMAGING OF BR-LABELED FATTY ACIDS IN MAMMALIAN CELLS

cell cycle, metabolism, efc.). Interestingly, a pulse-labeling
study revealed numerous smaller spot-like distributions
rather than continuous labeling. The high lipid content in
the perinuclear region after continuous labeling may have
hidden the smaller spot-like distribution. This may have
reflected glycerophospholipids in the membranes of or-
ganelles such as mitochondria, peroxisomes, and lyso-
somes. Recently, multivesicular endosome (MVE) fusion
with the plasma membrane and exosome release have
been reported (25). The lipid content of MVEs is unclear,
although glycerophospholipids and cholesterol are pre-
sent (10, 25). The spot-like distribution of Br-labeled fatty
acids also suggests the possibility of the presence of MVE-
like structures in the cytosol. Additional studies using a
larger number of samples under various culture condi-
tions and stimuli would provide us with biologic in-
formation about the distribution of Br signals.

Br-PA and Br-SA metabolism into PC

Br-labeled fatty acids can be activated to form acyl-CoA as
a substrate for lysophospholipid acyltransferases, which
biosynthesize glycerophospholipids using acyl-CoA (6),
because Br-PA and Br-SA are converted mainly to
glycerophospholipids. Several PC species containing
Br-labeled fatty acids were detected by LC-MS. The
addition of Br-PA resulted in Br-PC32:0 as the major
product, possibly by the action of LPCAT1, as we dem-
onstrated recently (26), and the level of Br-PC36:1 in-
creased gradually. Br-SA affected mainly Br-PC34:0 but
also increased the level of Br-PC34:1 in a time-dependent
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Figure 5. Colocalization of Br
signals and DiOC6(3) and Mito-
Tracker. A, B) Comparison be-
tween DiOC6(3) fluorescence
image and Br signals from SXFM
(500 nm/pixel). B) The area
framed in yellow in the top
image was observed using higher-
resolution SXFM (250 nm/pixel)
(bottom). C) Comparison be-
tween MitoTracker green fluo-
rescence image and Br signals
from SXFM. Yellow-framed area
in the top image (C-1, G-2) was
observed by higher resolution
SXFM (250 nm/pixel) (bottom). c
DIC, differential interference con-
trast images; DiOC6(3) or Mito-
Tracker fluorescence dye signals;
Br-PA, SXFM bromine signals
from BrKa; phase-contrast,
phase-contrast images. Merged
image, red, DIOC6(3) or Mito-
Tracker; green, bromine; scale bar,
10 pm; bar in bromine, femto-
grams per square micrometer.

DiOC6(3

manner. These results suggest 2 possibilities: 1) alterations
occur in the fatty acid counterparts of Br-PA and Br-SA in PC,
and 2) the metabolism of Br-PA and Br-SA occurs by elon-
gation, B-oxidation, or desaturation. These Br-labeled fatty
acids should facilitate biochemical studies on lipid metabo-
lism and enable visualization of their localization. Br-labeled
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fatty acid was also observed in phosphatidylethanolamine
fractions (data not shown). Further studies are needed
to precisely examine the distribution of each glycer-
ophospholipid. Pulse-labeled Br-glycerophospholipids
were likely divided into daughter cells via mitosis, and
the strongest Br signals remained in the perinuclear
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region in daughter cells. The findings suggest that Br-
glycerophospholipids function in daughter cells as well as
mother cells. After cell division was halted due to con-
tact inhibition, more Br appeared to be released from
the cells. This suggested that cells either require Br-
glycerophospholipids for cell proliferation or release
Br-glycerophospholipids or digested one during
metabolism, as seen by the changes in Br-PC and as
suggested previously (25, 27).

Limitation of the new method

Our results suggest that single-element labeling of
fatty acids facilitated imaging and was more effective
than labeling large molecules, such as fluorescent
markers or proteins (12, 28). However, this system had
a limitation. We measured the background level of Br
in cells, which originated mostly from culture me-
dium, as detected by SXFM (Supplemental Fig. 1), but
Br was also measured in MeOH extractions using ICP-
MS (Figs. 2A and 3B) and empty culture dishes. Based
on additional experiments, we speculated that MeOH
absorbed Br from the culture dishes. Br-free or low-Br
culture dishes and media would thus be beneficial for
reducing background levels; however, it is difficult to
source Br-free equipment and media. Therefore, we
recommend using the same equipment, culture media,
and solutions throughout experiments to minimize
and stabilize background levels, which is important
for high-resolution imaging and quantitative analyses
such as ICP-MS. We also need to consider the stability
of Br-fatty acids in cells. We could not exclude the
possibility that the Br-labeled compounds were diges-
ted or dehalogenated during cellular metabolism in
vivo. However, bromine labeling has the advantages of
direct binding to small molecules without the need for
an additional binding motif (e.g., metal chelator do-
main), binding under mild conditions to retain biologic
activity (29), and detecting less background distin-
guishable from endogenous unlabeled molecules by
various measurement technologies, including SXFM.
Considering these advantages, Br-labeled compounds
were applied to PET imaging studies using animals,
and PET images were successfully obtained (29, 30). The
stability of cultured cells might be similar to PET, and
the labeled fatty acids in the cells seemed sufficiently
stable for imaging.

Future applications of single-element labeling
of fatty acids

Despite the above limitations, we established a novel
procedure for imaging of intracellular fatty acids by single-
element labeling combined with SXFM technology. Br
signals observed by SXFM were validated as Br-fatty acids
(Br-glycerophospholipids) using ICP-MS and LC-MS.
Various applications, such as gene regulation of en-
zymes related to fatty acids, will reveal the details of
their localization in cells, which would correspond to
their functions. The visualization of special and temporal

IMAGING OF BR-LABELED FATTY ACIDS IN MAMMALIAN CELLS

changes in microdomain or vesicular trafficking is an-
other challenge. The application of this new technology to
unsaturated fatty acids will enhance our understanding of
the movement of eicosanoids or other polyunsaturated
fatty acid-derived lipid mediators in various physiology
or pathology (e.g., inflammation, neurodegenerative dis-
eases, and cardiovascular diseases) (9, 31). SXFM can now
be used to image mitochondria at the organelle level (18).
Moreover, greater sensitivity due to the use of higher
numbers of photons produced by a synchrotron facility
and higher resolution due to modification of the X-ray
focusing system are expected in the near future (22,32, 33).
Single-element labeling of fatty acids combined with
X-ray fluorescence microscopy, in addition to chemical
and biochemical procedures, should facilitate investigation
of the intracellular dynamics of lipids.
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