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Abstract

With the advancement of liquid chromatography-mass spectrometry (LC-MS/MS), the quantification of
glycerophospholipid (PL) molecules has become more accessible, leading to the discovery of numerous enzymes
responsible for determining the acyl groups attached to these molecules. Metabolic tracer experiments using
radioisotopes and stable isotopes are powerful tools for defining the function of metabolic enzymes and
metabolic flux. We have established an ex vivo muscle experimental system using stable isotope-labeled fatty
acids to evaluate fatty acid incorporation into PL molecules. Here, we describe a method to incorporate fatty
acids with stable isotope labels into excised skeletal muscle and detect the PL molecules containing labeled acyl
chains by LC-MS/MS.

Key features

e Quantify the metabolism of fatty acids into phospholipid acyl chains.
e Enable measurements in excised muscle samples.

e Assess the effects of genetic recombination of acyltransferases.
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Background

Glycerophospholipids (PL) are major constituents of cellular membranes, containing two acyl chains and a polar
head. Numerous varieties of PL molecules exist depending on the combination of acyl-chain species and polar
heads. Various types of PLs, such as phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), phosphatidylinositol (PI), and phosphatidylglycerol (PG), are synthesized from
glycerol-3-phosphate (G3P) via the de novo pathway (Kennedy pathway) [1]. Acyl-chain species bound to PLs
produced in the Kennedy pathway are remodeled by phospholipases and lysophospholipid acyltransferases
(LPLATSs) [2]. This remodeling pathway, called the Lands’ cycle, is essential for generating PL species diversity
and asymmetric distribution of acyl chains [3].

Acyl chain species in PL molecules were traditionally quantified by the measurement of extracted fatty acids
using gas chromatography-mass spectrometry (GC-MS) after hydrolyzation of PLs. Thus, measuring individual
PL molecules one by one was challenging. In recent years, advancements in lipid molecule separation technology
by liquid chromatography (LC) and improved detection sensitivity of MS have made it possible to measure lipid
molecules exceeding 5,000 species [4,5]. Mass spectrometers can detect isotope peaks, enabling their use in
combination with stable isotopes such as deuterium (*H) and *C for tracking specific compounds in experiments.
Tracking PL remodeling using deuterium-labeled palmitic acid (16:0-Ds;,-FFA) and stearic acid (18:0-D;5-FFA)
has been reported in cultured cell experiments [6]. However, examples of in vivo or ex vivo PL metabolism
tracer experiments are limited, highlighting the need for the development of new methods. Typically, metabolic
tracers for carbohydrates and lipids in skeletal muscle are evaluated by incubating isolated skeletal muscle with
radiolabeled substrates and measuring the radioactivity of the extracted components [7,8]. However,
experiments using radiolabeled compounds cannot measure PL molecules with defined bound acyl group
molecular species, as is possible with LC-MS/MS measurements, even though thin-layer chromatography can
be used to measure the radioactivity of each PL class, such as PC and PE, with high sensitivity. Therefore, PLs
labeled with stable isotopes need to be quantified by mass spectrometry. In addition, ex vivo studies allow
organ-specific assessment and reduce the use of stable isotope compounds compared to in vivo studies. Satellite
cells isolated from mice differentiate into a mixture of fast and slow muscle fibers, making fast and slow muscle-
specific analysis difficult in an in vitro experimental system. An ex vivo experimental system using fast- and
slow-twitch muscle excised from mice allows the evaluation of skeletal muscle-specific phospholipid metabolism
and overcomes the above problems.

This article provides a detailed method for measuring the incorporation of stable isotope-labeled fatty acids into
PLs in isolated skeletal muscle. Although the remodeling of the acyl group in PL measured by this protocol has
been validated in a specific LPLAT (KO) model, a limitation of this protocol is that the contribution of Kennedy
pathway cannot be ignored. Although the methods described in this article are based on excised skeletal muscle,

direct injection of stable-isotope compounds into skeletal muscle may be applicable for in vivo evaluation.

Materials and reagents

Biological materials

1. C57BL/6J mice at 8-12 weeks old

Note: At least five mice are recommended.
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Reagents

. Stearic acid (D;s, 98%) (Cambridge Isotope Laboratories, catalog number: DLM-379-1)

. Fatty acid—free bovine serum albumin (BSA) (Wako, catalog number: 013-25773)

. Chloroform (Wako, catalog number: 038-02601)

. Methanol (Wako, catalog number: 134-14523)

. 1, 2-diheptadecanoyl-sn-glycero-3-phosphocholine (17:0-PC) (Avanti Polar Lipids, catalog number: 850360)

N U A W N

. 1, 2-dilauroyl-sn-glycero-3-phosphoethanolamine (12:0-PE) (Avanti Polar Lipids, catalog number: 850702)
Note: Dissolve 17:0-PC and 12:0-PE in a chloroform/methanol mixture (2:1) to a final concentration of 10 mg/mL.
After dissolution, store the solution at -30 °C or below to prevent volatilization of the organic solvents.

7. Butylhydroxytoluene (BHT) (Wako, catalog number: 029-07392)

8. 2-Propanol (Wako, catalog number: 164-25533)

9. Ultrapure water (Wako, catalog number: 210-01303)

10. Acetonitrile (Wako, catalog number: 018-19853)

11. Ammonium formate (Sigma-Aldrich, catalog number: 70221)

12. Formic acid (Wako, catalog number: 067-04531)

13. Sodium chloride (NaCl) (Wako, catalog number: 191-01665)

14. Potassium chloride (KCl) (Wako, catalog number: 163-03545)

15. Calcium chloride dihydrate (CaCl,,2H,0) (Wako, catalog number: 039-00431)

16. Potassium dihydrogen phosphate (KH,PO,) (Wako, catalog number: 169-04245)

17. Magnesium sulfate heptahydrate (MgSO,7H,0) (Wako, catalog number: 131-00405)

18. Glucose (Wako, catalog number: 049-31165)

19. Sodium hydrogen carbonate (NaHCO,) (Wako, catalog number: 191-01305)

Solutions

1. Krebs—-Henseleit buffer (KHB) (see Recipes)
2. Mobile phase A (see Recipes)

3. Mobile phase B (see Recipes)

Recipes

1. 1 L Krebs-Henseleit buffer (KHB)

Reagent Final concentration (mM) Quantity (g)
NaCl 125 7.283

KCl 5.3 0.395
CaCl,-2H,0 1.9 0.279
KH,PO, 1.3 0.171
MgSO,7H,0 1.3 0.309
Glucose 5 0.9

Note: A NaHCO; stock solution prepared to a final concentration of 1.3% and saturated with CO, gas (sealed with
liquefied CO, for 1 h) can be used for up to one month when stored at 4 °C in a sealed container.
Caution: As various organic solvents are used for lipid extraction and as LC-MS mobile phase, they should be

handled in a safety cabinet to prevent inhalation.
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Caution: The KHB buffer should be used within one week. KHB buffer containing NaHCO,, BSA, and stable

isotope-labeled stearic acid (D;s) should only be used on the day of preparation.

2. Mobile phase A
H,O/acetonitrile (60:40, v/v)
10 mM ammonium formate

0.1% formic acid

3. Mobile phase B
Isopropanol/acetonitrile (90:10, v/v)
10 mM ammonium formate

0.1% formic acid

Laboratory supplies

1. 20 mL glass reaction vial IWAKI, catalog number: 1890CV20)

2. Homogenizer pestle (BIO-BIK, catalog number: 1005-39)

3. Nanocep with 0.45 pm wwPTFE (PALL, catalog number: ODPTEF04C35)

4. SecurityGuard Guard Cartridge kit (Phenomenex, catalog number: KJ0-4282)

5. Accucore RP-MS column (2.6 pm, 2.1 mm X 50 mm) (Thermo Scientific™, catalog number: 17626-012105)

Equipment

. Anesthetic apparatus for small animals (Shinano, model: SN-487-0T AS1)
. Thermostatic water bath (Thermal Chemical, model: DB-42)

. Centrifugal evaporator (EYELA, model: CVE-3000)

. Ultrasonic bath (BRANSON, model: Yamato1510)

. Triple quadrupole mass spectrometer (Shimadzu, model: LCMS-8040)

. Binary pump (Shimadzu, model: LC-30AD)

. Auto sampler (Shimadzu, model: SIL-30AC)

. Column oven (Shimadzu, model: CTO-20AC)

. N, gas supplier (ANEST IWATA, model: 24FD)

10. EM oil-sealed rotary vane pumps (Edwards, model: E2M28)

O 00 N O U A W N =

Software

1. LabSolutions LCMS (Shimadzu, version 5.65)
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Procedure

A. Preparation of stable isotope-containing KHB

1. Dissolve stable isotope-labeled stearic acid (D;5) stock in 100% EtOH. (Stock fatty acid concentration =250
mM.)

2. Prepare KHB with 4% BSA and 1.25 mM stable isotope-labeled stearic acid (Dss).

3. Add 1.3% NaHCO; solution saturated with CO, gas to the KHB prepared in step A2. (Add 2 mL of 1.3%
NaHCO, solution to 10.5 mL of KHB.)

4. Dispense 2.5 mL of KHB into a 20 mL glass reaction vial (Figure 1A).

5. Keep the solution at 30 °C in a water bath while ventilating the vial with humidified 95% 0,/5% CO, gas for
at least 30 min (Figure 1B, C).

Two pieces of
EDL muscles

Figure 1. Photographs of experimental equipment. (A) Glass vial with rubber closure with gas inlet and
outlet. (B) Overview of the 95% 0,/5% CO, gas supply pathway. (C) Water bath and glass tube that can supply
humidified 95% 0O,/5% CO, gas into each glass reaction vial.

B. Incubation of muscle sample with KHB under 95% 0,/5% CO, gas

1. Anesthetize the mouse with 2%-5% isoflurane in oxygen.

Caution: When performing inhalation anesthesia, measures should be taken to prevent leakage to the
environment by using adsorption devices or draft chambers.

2. To minimize suffering, euthanize mice by cervical dislocation after rendering them comatose under anesthesia.
3. Excise the extensor digitorum longus (EDL) and soleus muscles and weigh them.

Critical: When skeletal muscle is dissected, the tendons are cut to avoid unnecessary incisions in the muscle
tissue. Two pieces of EDL and soleus muscle (approximately 20 mg each) are used for analysis.

4. After rinsing in 0.9% sodium chloride solution, place muscles in KHB filled with humidified 95% 0,/5% CO,
gas as prepared in section A (Figure 1A).

Critical: Place the skeletal muscle sample as quickly as possible in a vial that has been ventilated with

humidified 95% 0,/5% CO, gas (step A5) and immediately resume ventilation.
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5. Incubate muscles in KHB for 2 h at 30 °C (Figure 1C).

6. Take the muscles from the KHB and wash them in ice-cold 0.9% sodium chloride solution.

7. Place muscles in 1.5 mL centrifuge tubes.

8. To freeze skeletal muscles, place the 1.5 mL tubes containing the samples in liquid nitrogen until completely
frozen (freezing for approximately 1 min is sufficient).

Note: Frozen muscle samples can be stored at -80 °C until the next procedural step.

C. Lipid extraction from muscle

1. Powder frozen muscle using a homogenizer pestle.

Critical: Skeletal muscle is completely pulverized to ensure efficient lipid extraction. If grinding with a pestle
homogenizer is difficult, use a mortar and pestle to grind the frozen skeletal muscle.

Caution: Although it is possible to grind skeletal muscle in an organic solvent using a Polytron homogenizer,
the heat causes the organic solvent to evaporate, and the skeletal muscle may adhere to the shaft, resulting in
sample loss. Therefore, crushing frozen skeletal muscle is the recommended method.

2. To prepare the extraction solvent, mix chloroform and methanol (2:1, v/v) and add butylhydroxytoluene
(final concentration 0.2 mg/mL) and 17:0-PC and 12:0-PE (final concentration 0.5 pg/mL).

Note: 17:0-PC and 12:0-PE are used as internal standards to correct the measurement results.

3. Extract total lipid from the powdered muscles overnight with the extraction solvent (use 1 mL of extraction
solvent for each two pieces of EDL and soleus muscle sample).

4. Centrifuge at 10,000 x g for 10 min at room temperature (RT) to precipitate the skeletal muscle residue and
transfer the supernatant to a new 1.5 mL tube.

5. Evaporate the entire lipid extraction solvent to dryness under vacuum.

6. Redissolve with 200 uL of acetonitrile/isopropanol/H,0 (65:30:5, v/v/v) as the same volume of the lipid
extracted solvent used for evaporation.

7. Dissolve the lipid sample in an ultrasonic bath if necessary.

8. Filtrate reconstituted lipid sample by Nanocep with 0.45 um wwPTFE centrifuge filter (7,500 % g, 10 min,
RT).

9. Store filtrated lipid samples at -80 °C until analysis.

D. Quantification of PC- and PE-containing, stable isotope-labeled stearic acid by LC-
MS/MS

1. Perform the LC separation with an Accucore RP-MS column (2.6 ym, 2.1 mm X 50 mm) under the specific
conditions described below:

Sample injection: 40 pL.

Flow rate: 0.4 mL/min.

Gradient conditions: 10% mobile phase B (see Recipes for the composition of mobile phases A and B) at 0 min,
10% B at 2 min, 100% B at 15 min, 10% B at 15.01 min, and 10% B at 20 min (Table 1).

Column temperature: 40 °C.
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Table 1. Gradient run used for LC-MS/MS analyses

Time (min) Mobile phase A (%) Mobile phase B (%)
0 90 10

2 90 10

15 0 100

15.01 90 10

20 90 10

2. Set the MS equipment as described below:

Nebulizer gas flow: 3.0 L/min.

Drying gas flow: 15.0 L/min.

Desolvation line temperature: 250 °C.

Heat-block temperature: 400 °C.

Collision-induced dissociation (CID) gas: 230 kPa.

3. Analyze stable isotope-labeled PC and PE using multiple reaction monitoring (MRM) in negative ionization
mode. The precursor ion for PC and PE species containing stable isotope-labeled stearic acid (Ds;s) is set to Q1,

and the detection of fatty acid fragments is set to Q3. The MRM conditions are listed in Table 2.

Table 2. MRM transitions used for LC-MS/MS analyses for PC and PE species containing stable isotope-

labeled stearic acid (Dss5)

Species Qlm/z Q3 m/z Collision energy (CE)
PC (17:0/17:0) 806.6 269.2 35
PE (12:0/12:0) 578.4 199.2 35
PC (18:0-D;5-22:6) 913.6 318.3 35
PE (18:0-D4;5-22:6) 825.5 318.3 35

4. Quantify the peak area of PC (18:0-D;;-22:6) and PE (18:0-D35;-22:6) using the software LabSolutions LCMS.
5. Normalize the obtained peak area of PC (18:0-Ds;-22:6) and PE (18:0-D;5-22:6) against the peak area of the
internal standard (17:0-PC and 12:0-PE) and muscle weight (Figure 2).

Caution: Prepare a blank sample without incorporation of the stable isotope-labeled stearic acid (D3s) to confirm
the specificity of the results.

At MS1, [M+HCOO] ions for PC and [M-H] ions for PE were selected. At MS3, the m/z values of 318.3 were

selected for species containing stable isotope-labeled stearic acid (Dss).

Validation of protocol

The authors evaluated mice deficient in LPLAT7, which is responsible for incorporating stearoyl-CoA into

lysophospholipids in the remodeling pathway, and confirmed a reduction in PLs-containing isotope-labeled

stearic acid (D;s) in LPLAT7-deficient mice (Figure 3). This protocol was adapted from a previous study [9].

This protocol or parts of it has been used and validated in the following research article(s):

e Sato et al. [9] LPGAT1/LPLAT7 regulates acyl chain profiles at the sn-1 position of phospholipids in murine
skeletal muscles. J Biol Chem (Figure 5, panels E and F).
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A MRM transition to detect 18:0-D,5 as a product ion
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Figure 2. Multiple reaction monitoring (MRM) event of phospholipids containing stable isotope-labeled
stearic acid (D;;) and chromatograph. (A) Structural formula of phosphatidylcholine (PC) (18:0-Ds;-22:6). (B
and C) Mass chromatogram obtained using MRM (m/z 913.60>318.30) for PC (18:0-D;;-22:6) and MRM (m/z
825.50>318.30) for phosphatidylethanolamine (PE) (18:0-D;5/22:6).
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Figure 3. Quantification of phosphatidylcholine (PC) (18:0-D;;-22:6) and phosphatidylethanolamine (PE)
(18:0-D35-22:6). (A) Schematic representation of stearoyl-CoA incorporation into lysophospholipids by
lysophospholipid acyltransferase (LPLAT) 7. (B) Extensor digitorum longus (EDL) and soleus (SOL) were treated
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with 1.25 mM of stable isotope-labeled stearic acid (D;s). The levels of PC (18:0-D;5-22:6) and PE (18:0-D5;-22:6)
were measured using LC-MS/MS. fl/fl =LPLAT7%¥%* mice; cKO =LPLAT7 cKO mice.

General notes and troubleshooting

General notes

1. The detection sensitivity in LC-MS analysis is significantly reduced due to ion suppression, as the quantity of
PL molecules containing the stable isotope is extremely low compared to intravital PLs. Since the measurement
is performed in negative ion mode, the detection peak is notably weaker than in positive ion mode; however,
detection with high specificity is still achievable.

2. This method cannot distinguish between the remodeling pathway and the de novo pathway.

3. If you are using an instrument different from the mass spectrometer described here, you will need to optimize
settings such as nebulizer gas flow, drying gas flow, desolvation line temperature, heat-block temperature,

collision-induced dissociation (CID) gas, and collision energy for accurate measurements.

Troubleshooting

Problem 1: Low signal intensity of PC and PE containing stable isotope-labeled stearic acid (D;s) in MS/MS
analysis.

Possible cause: Insufficient volume of stable isotope-labeled stearic acid (D,s) during sample incubation.
Solution: Increase the amount of stable isotope-labeled stearic acid (Ds;) used for sample incubation. Detection
of PC and PE containing stable isotope-labeled stearic acid (D3;) was not achieved at a concentration of 1.25

mM. However, increasing the concentration to 2.5 mM was sufficient for successful detection.

Problem 2: Low efficiency in the uptake of stable isotope-labeled stearic acid (Ds;) into skeletal muscle during
incubation.

Possible cause: Damage to skeletal muscle during dissection and/or insufficient incubation time.

Solution: Handle skeletal muscle samples with care during dissection to avoid unnecessary damage and extend
the incubation time. Extending the incubation period by 1 h, compared to the original radioisotope tracer

protocol, improved uptake efficiency.
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