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Supplemental Table 1 Summarization of the methods used for delivery of fatty acids. 

Methods/Solvents Brief strategies or Examples Limitations References 

(1) Adding FAs in aqueous solution directly 

Method 1: Adding FAs in aqueous 

solution without extra treatment 

Add FAs into medium or other aqueous solution directly 

prior to use. 

⚫ Low solubility, especially for 

long-chain FAs. 
[1-3] 

Method 2: Dissolving FAs in 

aqueous solution by coating FA on 

particulate materials and then 

complexing FA with albumin 

 

Use particulate materials to increase the contact surface 

areas between FAs and aqueous solution. 

Example: “Celite Method” 

1) Coat the FA in hexane on a particulate material (such 

as celite); 

2) Evaporate the organic solvent under nitrogen; 

3) Incubate the FA-coated celite with albumin solution to 

form a complex with the FAs and albumin, then remove 

the celite; 

4) Dilute the FA-albumin solution with fatty acid-free 

albumin solution. 

⚫ The precise concentration of 

FA remains uncertain. 

⚫ The particles could 

potentially bind to and 

consequently extract FA from 

the aqueous solution. 

⚫ Albumin is required for the 

preparation of the FA 

solution. 

⚫ The process is intricate and 

time-consuming. 

[4] 

Method 3: Dissolving FAs in 

aqueous solution facilitated by 

alkalization and then complexing 

FA with albumin 

1) Dissolve FA sodium salts in a solution of NaOH, or 

incubate FAs with NaOH to convert them to sodium salts 

through gentle warming with NaOH solution; 

2) Combine the resulting solution with albumin to form a 

complex between the FAs and albumin. 

⚫ Low solubility in NaOH 

solution.  

⚫ Alkalization of FAs 

introduces uncertainty 

regarding the precise 

concentration, and also 

excessive heat or exposure to 

air can induce oxidative 

damage. 

⚫ Albumin is indispensable for 

the preparation of the FA 

solution. 

⚫ The process is intricate and 

[5-7] 
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time-consuming. 

Method 4: Heating to promote the 

solubility of the FAs and then 

complexing FA with albumin 

1) The heating temperatures range from 37°C to 70°C 

across different protocols.  

2) Combine the resulting solution with albumin to form a 

complex of fatty acids with albumin. 

⚫ Low solubility in solution 

persists even with heating.  

⚫ Albumin is indispensable for 

the preparation of the FA 

solution. 

[8-10] 

(2) Using organic solvents to prepare FA stock solution 

Ethanol/DMSO 

The protocols usually contain two steps: 

1) Dissolve FAs in ethanol or DMSO directly or by 

heating to prepare stock solution; 

2) Add stock solution into albumin solution/media, 

sometimes in combination with heating, vortexing, 

sonicating or shaking. 

⚫ Albumin is indispensable for 

the preparation of the FA 

solution. 

⚫ Achieving a high 

concentration in ethanol is 

challenging, often requiring 

heating, which could 

potentially damage FAs. 

[3, 5, 11-

23] 

Isopropanol Dissolve FAs in isopropanol directly. 

⚫ The stock solution of FA is 

consistently below 40 mM 

due to its low solubility in 

isopropanol.  

⚫ For use, additional albumin 

in culture media is always 

required. 

[24, 25] 

(3) Using organic solvents to facilitate the dissolution of FAs and subsequently eliminating the organic solvents at the conclusion of the 

process 

Ethanol 

1) Dissolve sodium palmitate in 95% ethanol at 60°C to 

yield stock solution; 

2) Remove ethanol in palmitate stock solution by 

nitrogen gas; 

3) Conjugate palmitate with FA-free BSA. 

⚫ Albumin is indispensable for 

the preparation of the FA 

solution. 

⚫ The process is intricate and 

time-consuming. 

[26] 
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n-heptane 

1) Incubate albumin solution with an n-heptane solution 

containing FA; 

2) Remove the hydrocarbon phase in the end. 

⚫ Fully removing all of the 

organic solvent presents a 

challenge. 

[27] 

Hexane 

1) Dissolve FA in hexane and place in a beaker; 

2) Add NaOH/KOH/NH4OH; 

3) Evaporate the solvent under N2; 

4) Dissolve the FA salt in water (often producing a soap 

film at the surface); 

5) Add dropwise to the albumin solution; 

6) Adjust pH and dilute with water; 

7) Measure FFA concentration; 

8) Dilute with FA-free albumin solution. 

 

[4] 

(4) Enzymatic method 

 
Incubate materials containing FAs (such as fat pad, 

serum, TAG) with lipase or hormone in albumin solution. 

⚫ Final solutions of FAs 

typically constitute a 

mixture, dependent on the 

materials utilized, making it 

challenging to control the 

types and ratios of the FAs 

obtained. 

⚫ The precise concentration of 

FA remains uncertain. 

⚫ The process is intricate and 

time-consuming. 

[27] 

(5) Sonication FAs in ethanol (our protocol) 

 Sonicate the FA salt in ethanol.  [28-39] 



5 

 

 

Supplemental Figure 1 Effects of albumin on the incorporation of radio-labeled 

OA into cells. 

In brief, cells were initially grown in standard DMEM medium with 10% FBS until 

they reached 100% confluence. Following this, the cells were exposed to different 

DMEM culture media: one with 10% FBS, another with 0.4% BSA, and one with no 

albumin. Subsequently, the cells were exposed to a 100 µM oleate solution containing 

2 µCi/mL of [3H]-oleate for varying time intervals. At specified time points, the 

culture medium was collected, and the cells were harvested after two washes with 

PBS. The cell lysates were prepared using saline containing 1% SDS. The 

radioactivities in media and cell lysates were measured using a PeckinElmer 

scintillation counter. 
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Supplemental Figure 2 The prepared saturated, monounsaturated and 

polyunsaturated fatty acids affect insulin signaling in a dose- and time-

dependent manner.  

A. L6 myotubes were exposed to 300 µM PA for the specified durations, and p-Akt 

was assessed using Western blotting. (B-E). L6 myoblasts were exposed to different 

FAs, namely linoleic acid (LA) (B), oleic acid (OA) (C), stearic acid (SA) (D), and a 

combination of PA, LA, OA, and SA (at a ratio of 2.77:2.56:1.77:1, representing a 

mimic of FA composition akin to that in rat plasma, MA) (E), each at the specified 

concentrations for 30 minutes, and cell lysates were collected and subjected to 

Western blotting. Figures are modified with permission from reference [33]. 

 

 

Supplemental Video 1-FA into DMEM containing FBS 

Supplemental Video 2-FA into water 
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Detailed protocol and critical procedures step-by-step for preparing FA solutions 

and their applications 

Reagents 

Sodium oleate (Sigma-Aldrich, cat. no. O7501) 

Sodium palmitate (Sigma-Aldrich, cat. no. P9767) 

Ethanol (Sinopharm, cat. no. 10009218) 

Chloroform (Sinopharm, cat. no. 10006818) ! CAUTION Highly toxic and 

carcinogenic, chloroform can harm the liver, and induce dizziness, headaches, and 

nausea. Use it only in a fume hood, protect yourself with gloves, lab coat, and safety 

glasses. 

Diethyl ether (Sinopharm, cat. no. 10009318) ! CAUTION Highly flammable and 

capable of causing dizziness, headaches, and nausea, diethyl ether demands careful 

handling in a fume hood while wearing gloves, lab coat, and safety glasses. 

Acetic acid (Sinopharm, cat. no. 10000218) ! CAUTION This corrosive substance 

can cause skin burns and eye damage. Employ gloves, lab coat, and safety glasses for 

protection. 

Hexane (Sinopharm, cat. no. 80068662) ! CAUTION This flammable and irritant 

liquid can irritate skin and eyes. Wear gloves, lab coat, and safety glasses, and work in 

a well-ventilated area. 

Methanol (Sinopharm, cat. no. 80080418) ! CAUTION This flammable and toxic 

liquid can lead to blindness and damage the central nervous system. Use it only in a 

fume hood while wearing gloves, lab coat, and safety glasses. 

Acetone (Sinopharm, cat. no. 1000418) ! CAUTION Acetone is highly flammable 

and can be explosive under certain conditions. Avoid flames and handle it in a fume 
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hood.  

Free fatty acid-free BSA  (Sigma-Aldrich, cat. no. SRE0098) 

LipidTOX Red (Thermo Fisher Scientific, cat. no. H34476) 

Hoechst 33342 (Thermo Fisher Scientific, cat. no. 62249) 

Paraformaldehyde (Electron Microscopy Sciences, cat. no. 1578) ! CAUTION This 

carcinogenic and irritant substance can irritate the respiratory system and skin. Use it 

in a fume hood while wearing gloves, lab coat, and safety glasses. 

Percoll (Sigma-Aldrich, cat. no. 17-0891-01) 

LR White resin (Electron Microscopy Sciences, cat. no. 14380) 

Uranyl acetate (Electron Microscopy Sciences, cat. no. 22400) ! CAUTION This 

radioactive and toxic substance can cause kidney damage. Handle it with extreme care, 

dispose of it properly, and follow all safety guidelines for radioactive materials. 

KRBH buffer (see ‘Reagent setup’) 

Buffer A (see ‘Reagent setup’) 

Buffer B (see ‘Reagent setup’) 

2 × SDS sample buffer (see ‘Reagent setup’) 

ATP (Sigma-Aldrich, cat. no. A7699) ! CAUTION Prepare freshly 

CoA (Sigma-Aldrich, cat. no. C4282) 

 [3H] Oleic acid (PerkinElmer Life Sciences, cat. no. NET289005MC) ! CAUTION 

This radioactive material can lead to internal radiation exposure. Handle it with 

extreme care, dispose of it properly, and adhere to all safety guidelines for radioactive 

materials. 

[3H] Palmitic acid (PerkinElmer Life Sciences, cat. no. NET043001MC) ! CAUTION 

This radioactive material can lead to internal radiation exposure. Handle it with 

extreme care, dispose of it properly, and adhere to all safety guidelines for radioactive 
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materials. 

Equipment 

Analytical balance (Sartorius, model no. BS124S) 

Ultrasonic homogenizer (Cole Palmer, model no. CPX 600; Scientz-IID, Tip, 2, 2 

mm)  

GC-MS (Shimadzu, model no. GCMS-QP2010)  

Confocal microscope (Olympus, model no. FV1200) 

Centrifuge (Eppendorf, model no. 5424R) 

Centrifuge (Beckman Coulter, model no. Ti70) 

CO2 incubator (Thermo Scientific, model no. 371) 

Transmission electron microscope (FEI, model no. Tecnai Spirit) 

Scintillation counter (PerkinElmer, model no. 1450 MicroBeta TriLux) 

Reagent setup 

KRBH buffer: Krebs-Ringer HEPES buffer, 120 mM NaCl, 25 mM HEPES, 4.6 mM 

KCl, 1 mM MgSO4 , 1.2 mM KH2PO4 , and 1.9 mM CaCl2 , pH 7.4) 

Buffer A (25 mM tricine, 250 mM sucrose, pH 7.8) 

Buffer B (20 mM HEPES, 100 mM KCl, and 2 mM MgCl2, pH 7.4) 

2 × SDS sample buffer: 100 mM Tris-HCl (pH 6.8), 4% SDS (m/v), 20% glycerol 

(v/v), 4% 2-mercaptoethanol (v/v, added freshly before use) 

 

Procedure 

Before starting  TIMING ~ 4 min 

CRITICAL Selecting the sodium salt of a FA over the FA itself is preferable 

because the sodium salt can more readily form micelles. Additionally, ethanol 

should be used in the preparation process as it enhances the formation of micelles 
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and has lower toxicity. 

1) To prepare 1 mL of 100 mM stock solution of FA, place 0.030 g sodium oleate or 

0.028 g sodium palmitate into a 1.5 mL Eppendorf tube. 

2) Add around 1 mL of ethanol into the tube. 

3) Place the Eppendorf tube on ice for 1 min. 

Ultrasonication  TIMING ~ 5 min 

4) Sonicate the aforementioned mixture on ice at 70 W, with 10-second intervals on 

and 3-second intervals off, repeated six times. During this process, gently move 

the tube up and down to ensure that all visible FA precipitates are sonicated. 

Continue sonication until the solution becomes milky and homogeneous (Fig. 2A). 

CRITICAL STEP Sonication should always be conducted on ice. It is 

essential to carefully adjust and monitor both the intensity and duration of 

sonication to prevent the generation of heat, which can potentially damage the 

FAs.  

? TROUBLESHOOTING 

5) Examine the prepared stock solution under light to ensure that all precipitation has 

disappeared, which is a critical indicator of successful preparation. 

CRITICAL STEP The milky solution should be free of any visible particles at 

the end of the process.  

? TROUBLESHOOTING 

Assessment of the quality  TIMING Variable 

6) Analyze the composition of the prepared FA stock solution using both TLC (Fig. 

2B) and GC-MS (Fig. 2C).  

(A) TLC analysis  TIMING ~ 1 h 

(i) Dissolve the powders of FA salt in chloroform as a control.  
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(ii) Apply the prepared stock solution and the control sample onto a silica gel 

plate.  

(iii) Develop the plate in a solvent system of hexane/diethyl ether/acetic acid 

(80:20:1, v/v/v).  

(iv) Visualize the plate by exposing it to iodine vapor for unsaturated FAs or 

sulfuric acid for saturated FAs.  

(B) GC-MS analysis  TIMING ~ Variable 

(i) Dissolve the powders of FA salt or dilute the prepared FA stock solution 

in deionized water using a water bath set at 60°C.  

(ii) Acidify the sample to pH 2 by adding 3 M sulfuric acid. Upon cooling to 

room temperature, the fatty acid will float on the surface.  

(iii) Collect the fatty acid onto an organic membrane filter using vacuum 

filtration, and rinse the filter three times with deionized water.  

(iv) Wash the organic membrane filter with hexane and collect the hexane, 

then evaporate the hexane under a steam of N2.  

(v) Dissolve the resulting sample in 200 μL of hexane.  

(vi) Prepare the esterification reagent by mixing 1 mL of a solution containing 

methanol and concentrated sulfuric acid in a 39:1 (v/v) ratio.  

(vii) Add 10 μL sample in step (v) into the esterification reagent and keep the 

reaction in 70°C water bath for 1~2 h. Then cool the reaction at room 

temperature for 5~10 min.  

(viii) Introduce 1.5 mL of deionized water and 200 μL of hexane into the 

reaction system and vortex the tube vigorously.  

(ix) Centrifuge the tube at 3,000g for 2 min and collect the upper layer of the 

solution for GC-MS analysis.  
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! CAUTION Adhere to the worksheet and follow safety instructions diligently 

when working with toxic and organic solvents. 

Storage  TIMING Variable 

7) Securely seal and encase the tube containing the prepared FA stock solution at 4°C. 

! CAUTION Shield the FA stock solution from light exposure to prevent 

oxidation. 

Usage  TIMING Variable 

8) Properly stored FA stock solutions remain viable for more than six months. 

CRITICAL STEP In practice, if the OA and PA solutions are stored at 4°C, 

shielded from light, and tightly sealed, they can actually remain viable for more 

than six months. Additionally, our methodology is applicable to 

polyunsaturated FAs. To prolong shelf life, especially for polyunsaturated FAs, 

it is advisable to flush the tube with nitrogen after each use to prevent oxidation. 

9)  Before usage, warm the tube to room temperature and gently vortex the solution.  

CRITICAL STEP Under 4°C, the FA solution may stratify into different 

concentration layers. Therefore, it is important to allow the tube to equilibrate 

to room temperature and gently vortex the solution before use to ensure 

homogeneity. Filtration of the solution before use is unnecessary, as the stock 

solution is prepared with pure ethanol, ensuring sterility. It is recommended 

that handling of the stock solutions be conducted within a clean bench to 

maintain sterility, especially for cell culture experiments. 

10)  Introduce the desired volume of stock solution directly into experimental solution 

with or without serum/albumin. 

CRITICAL STEP After withdrawing the FA solution from the tube, it is 

crucial to remove any excess solution clinging to the external surface of the 

   

   

   



13 

 

pipette tip by employing a Kimwipe or lint-free wipe. This is important to 

ensure the precise loading of FAs.  

CRITICAL As described above, we measure a specific amount of FA salt and 

then subject it to sonication in ethanol. This process results in a homogenous 

milky solution, with no residual FA salt left behind, thereby producing a FA stock 

solution with a known concentration. Furthermore, to verify whether the prepared 

FAs can be delivered accurately at the desired concentration, we thoroughly 

documented the dispersion process of the prepared FAs in working systems 

(Supplemental Video 1, standard medium: DMEM+10% FBS; Supplemental 

Video 2, water; Fig. 2D). The video recording clearly demonstrates that the loaded 

FAs disperse immediately into aqueous phase without forming any clots, 

flocculants, or precipitants. After releasing the FA solution from the pipette, any 

remaining solution adhering to the pipette tip's walls can be easily pipetted out by 

repeating the pipetting process several times. Importantly, the solution remains as 

clear as it was originally. Therefore, our method offers a dependable approach to 

guaranteeing the accurate delivery of FAs at the desired concentration, even 

within a system lacking albumin. 

 

Downstream applications and detailed protocols 

CRITICAL The FA solutions can be applied in a wide range of studies, 

particularly for investigating signaling, metabolism, and LDs both in vivo and in 

vitro. Given that free FA concentrations in the plasma typically range in the 

hundreds of micromolar range, concentrations of 100 to 500 μM FAs have been 

employed. Besides, the studies are conducted using the two primary FAs in serum, 

PA and OA.  
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Fatty acid treatment protocol for cell culture  TIMING Variable  

11) Prior to use, heat the cell culture medium to 60°C for both the FA treatment 

solution and the control solution. 

12) Add the FA stock solution to the preheated cell culture medium containing 10% 

FBS to achieve the desired final concentration of FA. 

? TROUBLESHOOTING 

13) For the control group, add an equivalent amount of ethanol to the preheated cell 

culture medium containing 10% FBS. 

14) Allow both the FA treatment solution and the control solution to cool to 37°C 

before using them for cell culture. 

15) Incubate the cells in the respective FA-containing medium or control medium for 

the desired duration. 

CRITICAL STEP When utilizing OA for cell treatment, there is no need to 

heat the medium to 60°C. OA treatment solution can be prepared at 37°C and 

room temperature. However, when working with PA, it is essential to add the 

stock solution to medium at 60°C to prepare the PA treatment solution and 

ensure that the solution is cooled to 37°C before adding it to the cells. 

Moreover, as is well-known, the solubility of FAs in water decreases with 

longer hydrocarbon chains and fewer double bonds. In this protocol, we 

employed PA, a saturated FA, and OA, a monounsaturated FA, as examples to 

illustrate the conditions for using the prepared FA. Typically, a temperature of 

37°C is recommended for unsaturated FAs and 55-60°C for saturated FAs 

when incubating the prepared FAs with culture media, followed by cooling 

down to 37°C. In fact, adhering to these treatment conditions, the method can 

successfully prepare not only PA and OA but also LA and SA for studying 
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insulin signaling, as demonstrated in Supplemental Figure 2. 

CRITICAL In a physiological context, FA concentrations typically range in the 

hundreds of micromolar, which serves as a reference for determining the 

appropriate amount of FA loading. The duration of FA incubation with cells 

varies according to specific experimental objectives. In general, excessively 

prolonged treatment times and/or overly high FA concentrations can lead to 

cellular toxicity.  

We have included the treatment durations and FA concentrations in the 

following sections to investigate the impact of FAs on insulin signaling in skeletal 

muscle cells. In all, it is critical to explore the appropriate timing and dosage of 

FA treatment according to the specific goals of the experiment. Furthermore, it is 

essential to consider the distinct effects of saturated and unsaturated FAs on 

signaling, LDs, and lipid distribution in cells when selecting and loading FAs. 

Influence of fatty acids on insulin signaling in skeletal muscle cells  TIMING 

Variable 

16) Incubate C2C12 cells in the presence or absence of FAs at the specified 

concentrations and incubation times. 

17) After the FA treatment, stimulate the cells with insulin at a concentration of 200 

nM for 10 min at 37°C. This step activates the insulin signaling pathway. 

18) Following insulin stimulation, immediately lyse the cells directly in 2 × SDS 

sample buffer to ensure thorough cell lysis. 

19) Subject the cell lysate to sonication for breaking down nucleic acids. 

CRITICAL STEP To prepare protein samples for subsequent analysis, 

whether obtained from cells or tissues, we recommend adhering to our recently 

published protocol[40]. The protocol yields high-quality protein samples from 
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various cell types and nearly all tissue types, addressing concerns related to 

protein degradation, modification during sample preparation, and potential 

interference from cellular components like neutral lipids and glycogen. Briefly, 

the procedure involves sonicating the collected tissue or cells in 2 × SDS 

sample buffer until complete homogenization is achieved. Subsequently, the 

protein lysate is subjected to TCA precipitation to eliminate other components 

such as glycogen, lipids, and nucleic acids. 

? TROUBLESHOOTING 

20) Conduct Western blotting to analyze the proteins of interest related to insulin 

signaling, such as p-Akt et al. 

Here, following a 12-h incubation with 500 μM PA, skeletal muscle cells 

exhibited a complete loss of Akt phosphorylation in response to insulin. However, a 

12-h incubation with 200 μM OA could not affect insulin-induced Akt 

phosphorylation in skeletal muscle cells. When incubating skeletal muscle cells with 

both FAs, it is demonstrated that 200 µM OA can restore the Akt phosphorylation 

response to insulin induced by 500 µM PA (Supplemental Fig. 3A).  

Also, acute impact of FAs on insulin signaling in skeletal muscle cells can be 

studied using the prepared PA solution. Akt activation in L6 myoblasts, induced by 

300 μM PA, is observed at 10 min, reaches its peak at 45 min, and becomes 

undetectable after 3 h ( Supplemental Fig. 3C). 

Impact of fatty acids on insulin signaling in rat skeletal muscle following infusion 

21) Ensure that the rats have undergone jugular vein catheter placement surgery and 

have had at least 4 days to recover. 

22) Randomly divide the rats into four treatment groups: BSA, PA, OA, and PA plus 

OA. 
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23) Adapt the rats to 30-min slow saline infusions at a rate of 5 µL/min to keep the 

infusion lines open. 

24) Dissolve PA and OA separately or together in 1% FA-free BSA at 60ºC to achieve 

final concentrations of 2.5 mM for PA and 1 mM for OA. Cool the solutions to 

37°C before use. 

25) Infuse the rats continuously with these four treatments for 12 h at a rate of 2 mL/h, 

followed by a subsequent 12-h period during which they have free access to food 

and water, and engage in normal activity. This constitutes one complete infusion 

cycle. 

26) Repeat the above infusion cycle for 7 days. 

27) Half an hour after the 7-day lipid infusion period, perform insulin infusion at a 

rate of 2 U/kg body weight over a 10-min period. 

28) After anesthesia, promptly extract the soleus muscles and rapidly freeze them 

using liquid nitrogen. 

29) Store the frozen soleus muscles at -80°C until further analysis. 

Similar to cell experiments, insulin-stimulated Akt phosphorylation in rat soleus 

muscle significantly decreased after 1 week of PA infusion, while OA infusion had no 

significant effect. Simultaneous infusion of both PA and OA completely blocked the 

inhibitory effect of PA on insulin-stimulated Akt phosphorylation in the soleus 

muscle (Supplemental Fig. 3B). 

Investigation of the impact of cell surface-bound PA on insulin signaling 

30) Incubate C2C12 cells with 300 μM PA at 4°C for 1 h, to prevent PA 

internalization and achieve PA binding to cell surface. 
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31) Following PA treatment, wash the cells three times with either ice-cold KRBH 

buffer to eliminate unbound PA or a 0.4% FA-free BSA-containing KRBH to 

remove bound PA.  

32) After washing, add 2 × SDS sample buffer to the cells for cell lysis or incubate the 

cells in pre-warmed KRBH buffer at 37°C to initiate signal transduction, and 

culture the cells for the specified durations. 

33) As a positive control, treat a separate set of cells with 100 nM insulin in pre-

warmed KRBH buffer at 37°C for 20 min. 

34) Following the respective treatments, immediately lyse the cells directly in 2 × 

SDS sample and subject the cell lysate to sonication to further break down cellular 

components. 

35) Perform Western blotting to detect phosphorylated Akt.  

Cell surface-bound PA stimulates Akt phosphorylation starts after 5 min, peaks 

at 10 min, and subsequently declines (Supplemental Fig. 3D).  
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Supplemental Figure 3 Integration on the effects of fatty acids on insulin 

signaling of skeletal muscle cells.  

Consistent effects of the prepared FAs on the insulin signaling of skeletal muscle cells 

have been observed across independent studies using the prepared FA solutions. (A) 

Insulin sensitivity of C2C12 myoblasts after treatment presence or abcence of 500 μM 

PA, with or without 100 μM, or 200 μM OA for 12 h before insulin stimulation. (B) 

Insulin sensitivity of rat soleus muscle after treatment with FAs for one week. Sprague 

Dawley rats were treated with continuous venous infusions with 1% BSA, 2.5 mM PA 

(in 1% BSA), 1 mM OA (in 1% BSA), and 2.5 mM PA plus 1 mM OA (in 1% BSA) 

respectively for 1 week. The soleus muscle was collected 10 minutes after insulin 

injection for analysis. (C) L6 myoblasts were exposed to 300 μM PA for brief periods, 

as indicated and Akt phosphorylation was analyzed using Western blotting. (D) 

Assessment of the impact of cell surface-bound PA on insulin signaling in C2C12 
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cells. K, KRBH; B, BSA; ins, insulin. (A) and (B) are modified with permission from 

reference [29]. (C) and (D) are modified with permission from reference [33]. 

 

Effects of fatty acids on subcellular lipid distribution in skeletal muscle cells  

TIMING ~ 6 days 

36) Culture C2C12 to confluence in 100-mm dishes. 

37) Treat cells with a mixture of 500 µM PA and 0.5 µCi/mL [3H]-labeled PA in the 

presence or absence of 200 µM OA for 12 h. 

38) Rinse cells with cold PBS twice and harvest cells using a cell scraper. After 

harvesting, centrifuge the cells at 300g for 5 min. Homogenize them using a 

douncer in 2 mL of Buffer A. Collect the supernatant as homogenate after 

centirfugation at 800g for 5 min.  

39) Load the homogenate onto a 30% Percoll gradient (10 mL, prepared in Buffer A) 

in a Beckman Ti70 centrifuge tube. 

40) Centrifuge at 80,000g for 1 h at 4°C. 

41) Carefully collect 1 mL fractions from top to bottom of the gradient into individual 

1.5-mL tubes. 

42) Perform either Western blotting or total lipid analysis: 

(A) Western blotting: Analyze specific proteins according to standard protocols. 

(B) Total lipid analysis by TLC 

(i) Mix 1 mL lipid extraction reagent (chloroform/methanol/acetic acid, 

50:50:1, v/v/v) with 0.5 mL of each fraction and mix thoroughly. 

Centrifuge the mixture at 10,000g for 10 min at 4°C and  retrieve the 

lower portion, which contains the extracted lipids.  

(ii) Separate the extracted lipids by TLC using a developing solvent for 
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neutral lipids (N-hexane/diethyl ether/acetic acid, 80:20:1, v/v/v),. 

(iii) Collect the separated lipid fractions from TLC plates. 

43) Analyze the collected fractions for radioactivity using a PerkinElmer scintillation 

counter. 

Under the given conditions, OA resulted in the formation of larger LDs 

compared to PA. PA treatment causes phospholipid accumulation in the ER (with ER 

expansion), while OA drives lipid conversion to TAG in LDs (Supplemental Fig. 4). 

 

Supplemental Figure 4 The effects of the prepared fatty acid stock solution on 

LD size and lipid distribution.  

(A) The size of LDs, revealed by LipidTOX Red staining and viewed by confocal 

microscopy, in C2C12 myoblasts after treated with a, no FA; b, 500 μM PA; c, 200 
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μM OA; d, 500 μM PA + 200 μM OA for 12 h. (B) ER expansion revealed by 

transmission electron microscopy after treatment of C2C12 myoblasts with different 

FAs: no FA, 500 μM PA, 200 μM OA, and 500 μM PA + 200 μM OA for 12 h, 

respectively. Arrows indicate representative ER structures. N, Nucleus; M, 

mitochondria; LD, lipid droplets. (C) Subcellular distribution of ADRP in C2C12 

cells treated with PA and a combination of PA and OA for 12 h. PA, 500 μM PA and 

0.5 μCi/mL [3H] PA; OA, 200 μM OA. Subcellular distribution of radiolabeled TAG 

(D) and phospholipids (E) in PA and PA plus OA-treated C2C12 cells. (A-E) are 

modified with permission from reference [29]. 

 

Analysis of altered proteins on lipid droplets after fatty acid treatment  

TIMING Variable 

44) Treat cells or experimental animals with the prepared FA. 

45) Isolate LDs of high quality.  

CRITICAL We strongly recommend following our established and validated 

protocol, which has been published[41]. Briefly, samples containing LDs are 

washed and homogenized in a buffer containing 250 mM sucrose to protect 

intracellular organelles. Then subject the homogenate to ultracentrifugation to 

separate the LDs from other cellular fractions.  

? TROUBLESHOOTING 

46) Collect the LD fraction obtained from the ultracentrifugation. Wash the LD 

fraction several times to eliminate any contaminants.  

47) Precipitate the proteins from LD samples using 1 mL of chloroform/acetone (1:1, 

v/v). Dispose of the organic phase, allow the resulting pellet to air-dry, and 

subsequently dissolve it in 2 × SDS sample buffer. 
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48) Separate the LD proteins using SDS-PAGE. In an alternative way, the collected 

LD proteins in each treatment group can be directly analyzed using proteomics to 

identify any protein alterations.  

49) Visualize protein bands using Colloidal blue staining or silver staining. 

50) Identify unique protein bands that appear or disappear, or bands that undergo 

significant changes following treatment (Supplemental Fig. 5A).  

51) Subject the protein bands of interest to proteomic analysis. 

52) After selecting proteins of interest from the proteomic data, confirm the changes 

in protein expression through Western blotting. 

CRITICAL STEP To discover any changes in proteins after FA treatment, it 

is essential to ensure that the LD protein profiles remain consistent across 

various biological experimental replicates.  

CRITICAL A novel LD-associated protein may be discovered following FA 

treatment as LDs are active organelles regulating lipid metabolism. When 

investigating the LD localization of a protein, FA treatment is not mandatory. 

However, if LDs are too small for detection or isolation, we recommend treating 

cells with OA rather than PA at an appropriate concentration and duration to 

enlarge LDs. Additionally, it should be noted that the localization of a protein may 

vary when FAs are present or absent. For example, Rab18 translocates from the 

endoplasmic reticulum (ER) to LDs after OA treatment[38]. 

Localization analysis of a potential LD-associated protein  

53) Protein localization and confirmation of its association with lipid droplets should 

be investigated through multiple experimental approaches. 

(A) Fluorescent microscopy.  TIMING ~ 1 day 

(i) Cultivate cells expressing the GFP-tagged protein on glass cover slips in 
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the presence of 100 µM OA for 10 h. 

(ii) Rinse cells with cold PBS three times and stain them with LipidTOX Red 

(1:1,000) for 30 min for lipid droplets, and Hoechst 33342 (1:1,000) for 

10 min for nuclei.  

(iii) Utilize a confocal microscope to visualize the cells and observe the 

localization of the GFP-tagged protein. Alternatively, if the protein is not 

tagged with a fluorescent protein, immunofluorescence staining of the 

protein should be performed. 

The presence of distinct GFP fluorescence in ring-shaped structures surrounding 

LipidTOX Red-stained LDs indicates its co-localization with the LDs (Supplemental 

Fig. 5B). 

(B) Immuno-gold electron microscopy for more precise localization of the protein. 

 TIMING ~ 10 days   

(i) Collect the cells by trypsin digestion and fix the cells in 4% (m/v) 

paraformaldehyde overnight at 4°C. 

(ii) Dehydrate the cells in an ascending ethanol concentration series at room 

temperature: 50%, 70%, and 80%, for 15 min each. 

(iii) Incubate the samples in a 2:1 mixture of LR White resin to 70% ethanol 

for 1 h. 

(iv) Perform three changes of 100% LR White resin, with incubation times of 

1 h, 12 h, and 1 h, respectively. 

(v) Place the cells in LR White resin within a gelatin capsule and polymerize 

at 50°C for 24 h. 

(vi) Prepare 70 nm ultrathin sections of the resin block and mount the ultrathin 

sections onto a formvar-coated copper grid. 
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(vii) Incubate the sections on a drop of PBS with 1% BSA and 0.15% glycine 

for 10 min. 

(viii) Transfer the sections to a drop of GFP polyclonal antibody (TaKaRa, Cat. 

No. 632592) at a 1:50 dilution for 1 h. 

(ix) Subsequently, incubate the sections in a second antibody conjugated with 

18-nm gold particles (Jackson, Cat. No. 111-215-144) at a 1:100 dilution 

for 1 h. 

(x) Stain the sections with 1% uranyl acetate for 10 min. 

(xi) Observe the sections under a transmission electron microscope.  

Colloidal gold particles (black dots) surrounding LDs indicates the LD 

localization of the protein (Supplemental Fig. 5B). Alternatively, other established 

procedures can also be utilized for immuno-gold labeling, in addition to the method 

above. 

(C) Cell fractionation for biochemical analysis  TIMING ~ 6 days 

(i) Harvest the cells for subsequent cell fractionation. 

(ii) Fractionate the cells into distinct fractions, including LD, cytosol, total 

membrane, and post-nuclear supernatant, as detailed in our established LD 

isolation protocol[41]. 

(iii) Separate proteins present in various cellular fractions via SDS-PAGE. 

(iv) Analyze the separated proteins using Western blotting, employing specific 

antibodies representing various organelles such as mitochondria and the 

ER et al. 

An LD-associated protein should exhibit significant enrichment in the LD 

fraction compared to the membrane, cytosol, and other fractions. Conversely, marker 

proteins for other fractions should primarily be detected in their respective fractions 
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and not in isolated LDs when equal amounts of proteins are loaded (Supplemental Fig. 

5B). Protein amounts loaded can be assessed through Colloidal blue staining or silver 

staining. 

CRITICAL STEP When assessing the distribution of a protein across cellular 

fractions, the quality of the LD fraction is crucial. 

 

Supplemental Figure 5 The prepared fatty acid solution can be employed to 

uncover essential proteins involved in LD dynamics and new LD-associated 

proteins. 

(A) CGI-58 is revealed to be increased on LDs in the presence of OA. The arrow 

indicates the band identified as CGI-58 by mass spectrometry. (B) and (C) The first 

and second LD-associated noncoding RNA-encoded proteins, LDANP1 and LDANP2, 

have been discovered after the proteomic analysis of LDs isolated from C2C12 cells 

treated with the prepared OA. (A), (B) and (C) are modified with permission from 

references [28], [34] and [35], respectively. 
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In vitro analysis of fatty acid incorporation into phospholipids and TAG on lipid 

droplets  TIMING ~ 3 days 

54) Mix 2 µL of [3H] OA (10 µCi) and 1 µL of 100 mM OA thoroughly in a 

microcentrifuge tube. 

55) Dry the mixture under a flow of N2 gas at room temperature. 

56) Add around 200 µL LD fractions (approximately 100 µg LD proteins) to the dried 

mixture in the tube. 

CRITICAL STEP Studying lipid synthesis on LDs requires a subpopulation 

of LDs with minimal contamination from other cellular organelles. The specific 

methodology for isolating this subpopulation can be found in our previous 

work[36]. 

? TROUBLESHOOTING 

57) Incubate the sample at 4°C for 6 h to allow for the recruitment of OA by LDs 

from the surface of the tube.. 

58) Aliquot the above OA-associated LDs into five tubes. 

59) Add 2 mM ATP and 2 mM CoA to the tube. 

60) Incubate the tubes at 37°C for 0, 10, 30, 60, and 120 min respectively. 

61) After the incubation, terminate the reaction immediately on ice and then re-isolate 

the LDs by centrifugation at 20,000g for 3 min. 

62) Wash the isolated LDs with Buffer B three times. 

63) Extract the total lipids from the LDs using 1 mL acetone/chloroform (2:1, v/v). 

64) Centrifuge at 20,000g for 10 min to precipitate proteins and collect the organic 

supernatant. 

65) Dry the supernatant under N2 and dissolve the lipids in chloroform. 
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66) Analyze the extracted lipids by TLC using the following developing solvents, 

chloroform/acetone/methanol/acetic acid/water (80:40:30:20:10, v/v/v/v/v) for 

phospholipids and hexane/diethyl ether/acetic acid (80:20:1, v/v/v) for neutral 

lipids. 

CRITICAL STEP Additionally, less than 10 µL of lipids were loaded onto the 

plate at a time to minimize adsorption onto the tube wall. 

67) After TLC separation, place the plates in an iodine vapor chamber for staining. 

68) Once the TLC plates are dry at room temperature, scrape and collect the bands 

corresponding to the lipid standards that are separated on the same plate. 

CRITICAL STEP To avoid cross-contamination between different lipids, the 

blade should be cleaned with ethanol before scraping each band from the TLC 

plate. 

69) Measure the radioactivity of the collected bands using a PerkinElmer scintillation 

counter. 

LDs isolated from CHO K2 cells with minimal contamination from other 

organelles are found to actively incorporate [3H] OA, demonstrating their intrinsic 

lipid synthesis capacity. This incorporation displays biphasic kinetics, suggesting an 

initial rapid phase utilizing pre-existing lipid intermediates followed by a slower 

phase limited by new synthesis. The fact that only ATP and CoA are required further 

supports LDs as sites for lipid synthesis (Supplemental Fig. 6). These findings 

highlight the role of LD as an active organelle, equipped with the necessary enzymes 

and substrates to contribute directly to cellular lipid metabolism. 
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Supplemental Figure 6 The prepared OA solution is utilized for in vitro 

investigations into lipid synthesis mediated by ER-reduced lipid droplets.  

The detailed procedure is described in the main text. Briefly, the LD subpopulation 

nearly depleted of ER, [3H] OA and the prepared OA solution were used to investigate 

PC, PE, and TAG synthesis mediated by ER-depleted LDs in vitro in the presence of 

ATP and CoA (A, B, and C, respectively). The reactions exhibited saturation kinetics, 

which indicates the assay is effective. PC, phosphatidylcholine; PE, 

phosphatidylethanolamine; TAG, triacylglycerol. The figure is modified with 

permission from reference[36]. 
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? TROUBLESHOOTING 

Troubleshooting tips can be found in Supplemental Table 2. 

Supplemental Table 2 Troubleshooting table. 

Step Problem Possible reasons Solution 

4,5 

Agglomerates form 

during sonication or white 

particles observed during 

loading into the working 

system 

Sonication leads to 

an uneven or 

insufficient 

distribution of its 

effects  

Use an ultrasonic 

homogenizer equipped 

with a thin probe (Fig. 1A)  

Prolong sonication time 

Move the tube up and 

down during sonication 

 

12 

The introduction of the 

FA solution results in the 

medium appearing cloudy 

The medium has not 

reached a 

temperature of 60°C 

FA is not sonicated 

thoroughly 

Extend the duration for 

warming the medium 

Repeat the sonication 

process for the FA, as 

described in Step 4 

 

19 

Phosphorylation of a 

protein can not be 

detected 

The protein is 

highly dynamic or 

has low stability 

Refer to our established 

protocol for preparing 

protein samples from both 

cells and tissues[40] 

 

45 

LDs with significant 

contaminations from other 

organelles are obtained 

LDs may be broken 

during isolation 

Subpopulation of 

LDs may be 

necessary 

Refer to our established 

protocol and methodology 

for the LD purification and 

subpopulation[36, 41] 

 

TIMING 

Steps 1-3, before starting: ~ 4 min 

Steps 4-5, ultrasonication: ~ 5 min 

Step 6, assessment of the quality: variable 

Step 7, storage: variable 

Steps 8-10, usage: variable 

Steps 11-69, downstream applications: variable 
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