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SUMMARY: 18 
This protocol is intended to be a tool to study steatosis and the molecular, biochemical, cellular 19 
changes produced by the over exposure of hepatocytes to lipids in vitro. 20 
 21 
ABSTRACT: 22 
Metabolic dysfunction-associated fatty liver disease (MAFLD), previously known as non-23 
alcoholic fatty liver disease (NAFLD), is the most prevalent liver disease worldwide due to its 24 
relationship with obesity, diabetes type 2, and dyslipidemia. Hepatic steatosis, the 25 
accumulation of lipid droplets in the liver parenchyma, is a key feature of the disease preceding 26 
the inflammation observed in steatohepatitis, fibrosis, and end-stage liver disease. Lipid 27 
accumulation in hepatocytes might interfere with proper metabolism of xenobiotics and 28 
endogenous molecules, as well as to induce cellular processes leading to the advance of the 29 
disease. Although the experimental study of steatosis can be performed in vivo, in vitro 30 
approaches to the study of steatosis are complementary tools with different advantages. 31 
Hepatocyte culture in lipid overload-conditioned medium is an excellent reproducible option 32 
for the study of hepatic steatosis allowing the identification of cellular processes related to lipid 33 
accumulation, such as oxidative and reticular stresses, autophagia, proliferation, cell death, 34 
etcetera, as well as other testing including drug effectiveness, and toxicological testing, among 35 
many other possible applications. Here, it was aimed to describe the methodology of 36 
hepatocyte cell culture in lipid overload-conditioned medium. HepG2 cells were cultured in 37 
RMPI 1640 medium conditioned with sodium palmitate and sodium oleate. Importantly, the 38 
ratio of these two lipids is crucial to favor lipid droplet accumulation, while maintaining cell 39 
proliferation and a moderate mortality rate, as occurs in the liver during the disease. The 40 
methodology, from the preparation of the lipid solution stocks, mixture, addition to the 41 
medium, and hepatocyte culture is shown. With this approach, it is possible to identify lipid 42 
droplets in the hepatocytes that are readily observable by Oil-red O staining, as well as curves 43 
of proliferation/mortality rates. 44 
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 45 
INTRODUCTION: 46 
Fatty liver associated with metabolic dysfunction is highly prevalent worldwide1,2; it is 47 
estimated that up to 25% of the population is affected3. This disease previously known as non-48 
alcoholic fatty liver disease (NAFLD), has updated its nomenclature to metabolic dysfunction 49 
associated fatty liver disease (MAFLD) to accurately reflect the pathogenesis related with 50 
obesity, insulin resistance, diabetes type 2, and dyslipidemia, as well as the possible 51 
managements of the disease3,4. 52 
 53 
Regardless of the name, the disease includes a wide spectrum of histopathological changes 54 
characterized by abnormally high accumulation of lipids in the liver (>5% of fat in the 55 
hepatocytes5) and might progress through the lipid accumulation typically found in simple 56 
steatosis to steatohepatitis, which in turn might lead to the development of fibrosis, cirrhosis, 57 
hepatocellular carcinoma, and liver failure5–8. Due to its increasing prevalence, MAFLD is 58 
expected to become the first indication of liver transplantation and the leading cause of 59 
hepatocellular carcinoma9. 60 
 61 
Although it has been considered as a benign or mild form of fatty liver disease, hepatic steatosis 62 
is in fact the metabolic key in MAFLD10. Different metabolic pathways are affected by lipid 63 
accumulation in the liver, including but not limited to lipid synthesis, exportation, and 64 
metabolism10. Insulin resistance, oxidative stress, reticular stress, and cellular dysfunction are 65 
strongly associated to hepatic lipotoxicity11,12. On the other hand, fatty hepatocytes are the 66 
target of reactive oxygen species, rendering metabolites as lipid peroxides, protein carbonyls, 67 
and adducts of nucleic acids13. At the cellular level, fatty hepatocytes might undergo 68 
mitochondrial damage14, cellular senescence15, apoptosis16, pyroptosis12, and autophagia17, 69 
among other events. 70 
 71 
Hepatocytes are highly responsible for metabolism, detoxification, and synthesis of a wide 72 
range of molecules. Many of these functions might be compromised by the lipid accumulation 73 
observed in steatosis. Therefore, it is of great importance to have reproducible tools that allow 74 
an accurate evaluation of steatosis. In this sense, in vitro models are readily applicable and 75 
highly reproducible. Steatosis in vitro has been used with different goals16,18,19. The HepG2 cells 76 
are widely used as hepatocyte cell line. It has advantages such as being easy to culture and well 77 
characterized. Perhaps, the only disadvantage of HepG2 cells is the fact that it is a carcinogenic 78 
cell line, so this must be considered when analyzing the outcomes. Here, the application of a 79 
mixture of fatty acids widely used in cell culture: palmitic acid (PA) and oleic acid (OA) is shown. 80 
Both PA and OA offer different outcomes in culture20. PA (C 16:0) is the most common 81 
saturated fatty acid obtained from the diet16. PA is considered as a biomarker of de-novo 82 
lipogenesis, a crucial step in the development of NAFLD21. PA is shown to be highly toxic22; 83 
therefore, it might not be recommended to induce steatosis in vitro. OA (C 18:1) is a 84 
monounsaturated fatty acid. In contrast to PA, OA has been suggested to possess anti-85 
inflammatory and anti-oxidant properties, being able to counteract PA12. Both PA and OA are 86 
the main fatty acids present in the triglycerides, regardless of the condition of health or 87 
disease16. Table 1 provides examples of the hepatocyte culture with PA, OA, and their mixture, 88 



 

as well as the outcomes reported12,23–27. Other fatty acids have also been used in hepatocyte 89 
culture, including stearic acid (C 18:0)28–30, linoleic acid (C 18:1)28,30,31 and its conjugates 90 
(CLA)28,32, palmitoleic acid (C 16:1)29. However, their use is least frequently reported in the 91 
literature, perhaps because their hepatic abundance is lower than PA and OA16. 92 
 93 
In conjunction, both fatty acids resemble steatosis in vitro, providing proliferating cells, with 94 
increased cell death and lower viability compared with control conditions. It is worth 95 
mentioning that the respective salts of these fatty acids are available and can be used as well. 96 
One of the main problems when assessing lipid overload in hepatocyte cell culture is given in 97 
the differentiation between toxicological models and a model that best represent steatosis. 98 
Many models can be accounted in the first case. In fact, the use of PA alone might be 99 
considered among them, and the high mortality is the most evident outcome12,16,23–27. The use 100 
of high doses even in the case of OA can also be considered as a toxicologic model. The protocol 101 
shown here is in higher accordance with steatosis development since it shows low mortality 102 
compared with that observed in other models and allows it to be followed during several days 103 
with progressive lipid accumulation as it occurs in NAFLD. The possibility to assess mild and 104 
severe steatosis through experimental conditions is considered another advantage. 105 
 106 
[Place Table 1 here] 107 
 108 
Finally, this model is applicable not only to the study of steatosis and fatty liver, but also to the 109 
hepatic metabolic, synthetic, and detoxification pathways in the context of steatosis. Also, in 110 
vitro induced steatosis might provide evidence for the identification of potential markers of the 111 
disease as well as therapeutic targets. 112 
 113 
PROTOCOL: 114 
 115 
1. Standard and conditioned medium preparation 116 

 117 
1.1. To prepare standard RPMI 1640 supplement, mix  RPMI 1640 culture medium with 10% 118 
(v/v) of fetal bovine serum (FBS, previously heat inactivated) and 1% (v/v) of Penicillin-119 
Streptomycin solution. Store the supplement  at 4 °C. 120 
 121 
1.2. To prepare palmitate stock solution, prepare a 50 mM solution of palmitate in the 122 
standard RPMI 1640 previously supplemented with 1% of bovine serum albumin (lipid free). A 123 
volume of 5-10 mL of this stock will be sufficient. Sterilize the stock solution by using 0.22 µm 124 
filters. Store at 4 °C protected from light for up to 1 month. 125 
 126 
1.3. To prepare oleate stock solution, prepare a 50 mM solution of oleate in the standard 127 
RPMI 1640 previously supplemented with 1% of bovine serum albumin (lipid free). A volume of 128 
10 mL will be sufficient. Sterilize the stock solution by using 0.22 µm filters. Store at -20 °C 129 
protected from light for up to 1 month. 130 
 131 



 

1.4. To prepare steatogenic medium from the previously prepared stocks, prepare a 1-part 132 
palmitate: 2-part oleate steatogenic medium at two possible levels: mild and severe steatosis. 133 

 134 
1.4.1. Mild Steatosis: Prepare 100 mL of a 1-part palmitate: 2-part oleate (50 µM) mix in 135 
standard RPMI 1640. Sterilize by using 0.22 µm filters. Store at 4 °C for up to 1 week. 136 

 137 
1.4.2. Severe Steatosis: Prepare 100 mL of a 1-part palmitate: 2-part oleate (500 µM) mix in 138 
standard RPMI 1640. Sterilize by using 0.22 µm filters. Store at 4 °C for up to 1 week. 139 
 140 
1.4.3. Alternative preparation for the stock solutions. 141 
 142 
1.4.3.1. Prepare both stock solutions using the respective fatty acids by using free lipid 143 
albumin as indicated above. 144 
 145 
1.4.3.2. When lacking free lipid albumin, use palmitate and oleate salts. 146 
 147 
1.4.3.2.1. Dissolve either palmitate or oleate in 2 mL of absolute ethanol and then mix in 148 
the final volume of standard RPMI 1640 (5–10 mL). Dissolve oleate directly by stirring in 149 
standard RPMI 1640 culture medium. 150 
 151 
1.4.3.2.2. Allow evaporation of ethanol by incubating in a water bath at 70 °C; mix 152 
thoroughly. 153 
 154 
1.4.3.3. In every case, sterilize both stock solutions using 0.22 µm filters. Store palmitate 155 
stock solution at 4 °C and oleate stock solution at - 20 °C. Protect both solutions from light. 156 
These solutions are stable for 1 month. 157 
 158 
2. Pre-culture 159 
 160 
2.1. Seed 100,000 HepG2 cells per well in a 24-well plate. Add 1 mL of standard RPMI 1640. 161 
 162 
2.2. Pre-incubate at 37 °C and 5% CO2 for 24 h, allowing cell attachment and confluency of 163 
approximately 75%. 164 
 165 
3. Steatogenic culture 166 
 167 
3.1. After pre-culture, discard the standard RPMI 1640 medium and add the steatogenic 168 
medium accordingly. 169 
 170 
3.2. Discard the supernatant and add fresh steatogenic medium every 24 h. 171 
 172 
4. Viability and mortality assessment 173 
 174 



 

4.1. Seed 100,000 HepG2 cells per well in a 24-well plate. Add 1 mL of standard RPMI 1640. 175 
 176 
4.2. Pre-incubate for 24 h at 37 °C and 5% CO2. 177 
 178 
4.3. Change standard RPMI 1640 medium for the steatogenic medium. 179 
 180 
4.4. Incubate for 24 h, 2 days, 3 days, and 4 days refreshing the steatogenic medium every 181 
24 h. 182 
 183 
4.5. After the appropriate time, discard the supernatant. 184 
 185 
4.6. Detach cells from the well by adding 500 µL of 0.05% of Trypsin-EDTA. Incubate for 5 186 
min at 37 °C and 5% CO2. 187 
 188 
4.7. Collect the resuspended cells in a microtube. 189 
 190 
4.8. Centrifuge at 300 x g and discard the supernatant. 191 
 192 
4.9. Add 200 µL of standard RPMI 1640 and resuspend the cells. 193 
 194 
4.10. Add 15 µL of 0.4% solution of Trypan blue in a fresh microtube. Mix with 15 µL of the 195 
previous cell suspension. 196 
 197 
4.11. Count the stained and non-stained cells in a hemocytometer. 198 
 199 
4.12. Calculate the viability and mortality rates accordingly. 200 
 201 

% Viability = (
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓𝐿𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 + 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐷𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠
) x 100 202 

 203 

% Mortality = (
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐷𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 + 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐷𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠
) x 100 204 

 205 
5. Lipid staining with Oil-Red O 206 
 207 
5.1. Put a cell culture coverslip in every well in a 24-well plate. 208 
 209 
5.2. Seed 100,000 HepG2 cells per well. Add 1 mL of standard RPMI 1640. 210 
 211 
5.3. Pre-incubate at 37 °C and 5% CO2 for 24 h. 212 
 213 
5.4. Change standard RPMI 1640 medium for the steatogenic medium. 214 
 215 



 

5.5. Incubate for 24 h, 2 days, 3 days, and 4 days, refreshing the steatogenic medium every 216 
24 h. 217 
 218 
5.6. After the appropriate time, discard the supernatant. 219 
 220 
5.7. Wash with 1 mL of phosphate buffered saline (PBS). Discard the supernatant. 221 
 222 
5.8. Fix with 1 mL of 4% paraformaldehyde in PBS. 223 
 224 
5.9. Incubate for 1 h at room temperature. 225 
 226 
5.10. Discard the excess of paraformaldehyde. 227 
 228 
5.11. Rinse the cells with 1 mL of distilled water. 229 
 230 
5.12. Add 1 mL of 70% isopropanol and incubate for 5 min. 231 
 232 
5.13. Discard the excess of isopropanol. A PBS wash is not needed at this point. 233 
 234 
5.14. Add 1 mL of Oil-red O solution and incubate for 30 min. 235 
 236 
5.15. Discard the excess of the Oil-red O solution. 237 

 238 
5.16. Rinse with 1 mL of distilled water. 239 
 240 
5.17. Add 500 µL of hematoxylin solution. Incubate for 3 min. 241 
 242 
5.18. Discard the excess of hematoxylin solution. 243 

 244 
5.19. Rinse with 1 mL of distilled water. 245 
 246 
5.20. Observe under the microscope at a magnification of 400x (Objective 40x, Ocular 10x). 247 
 248 
6. Morphometric assessment of lipid contents 249 
 250 
6.1. Randomly select and capture photographs of 10 optical fields from the complete area of 251 
the well. Repeat for every well. 252 
 253 
6.2. Assess the percentage of red stained area using the Color Threshold tool in the ImageJ 254 
software according to Ferreira and Rasband33. 255 
 256 
6.3. Compare the stained area with the complete area of the optical field using the Analyze 257 
Particles tool in the ImageJ software according to Ferreira and Rasband33. 258 



 

 259 
6.4. Calculate the average percentage of every well. 260 
 261 
REPRESENTATIVE RESULTS: 262 
Hepatocytes cultured in the steatogenic medium display growth all over the surface of the well; 263 
however, fatty hepatocytes show lower growth rate compared with cells cultured in control 264 
medium. The proposed ratio and concentration of OA and PA, guarantee cell survival during 265 
culture. Seeding 1 x 105 cells per well in 24-well plates provides optimum confluence as shown 266 
in Figure 1. 267 
 268 
Viability in cultured cells was lower in the steatogenic groups, Mild and Severe, compared with 269 
the control conditions. In fact, viability progressively diminished as time of the culture 270 
increased, reaching the lowest of 60% at 4 days in severe steatosis (Figure 2A). Accordingly, the 271 
mortality rate was higher in hepatocytes cultured in the steatogenic conditions, and it 272 
progressively increased with the time of exposure to lipids (Figure 2B). Cell numbers 273 
progressively increased as a result of proliferation (Figure 2C). However, proliferation rate was 274 
lower in Mild steatosis at 3 days and 4 days. In contrast, Severe steatosis was associated with 275 
lower proliferation from 24 h. 276 
 277 
HepG2 cells cultured in the proposed protocol show the most important feature of steatosis, 278 
intracellular lipid accumulation. Staining cells with Oil Red O allowed to observe at least a two-279 
fold increase of lipid droplets in cells cultured under steatogenic conditions as shown in Figure 280 
3 and Figure 4. Intracellular fat increased according to the time of exposure of culture in the 281 
steatogenic medium (Figure 3). In Mild steatosis, lipid contents were increased from day 2, 282 
whereas in Severe steatosis, they were significantly high from 24 h. 283 
 284 
FIGURE AND TABLE LEGENDS: 285 
Table 1. Hepatocyte culture in steatogenic conditions. The table presents the type of fatty acid 286 
used, the conditions maintained, and the observed outcomes in hepatocyte culture. PA: 287 
Palmitic acid. OA: Oleic acid. 288 
 289 
Figure 1: Cell growth. HepG2 hepatocytes culture in control (Figure 1A–D) and mild steatogenic 290 
conditions (Figure 1E–H). Photographs show growth from 1–4 days of culture. Scale bar = 500 291 
µm. 292 
 293 
Figure 2: Viability and mortality rates. (A) Viability. (B) Mortality. (C) Cell number. HepG2 294 
hepatocytes culture in control and steatogenic conditions were assessed for viability and 295 
mortality rates by trypan blue staining. Mean ± SD. Two independent experiments in triplicate 296 
per time of culture. Circles: control conditions; Squares: mild steatosis; Triangles: severe 297 
steatosis. One-way ANOVA was used to compare among conditions and time of culture for the 298 
same condition. p < 0.05 was considered significant: “*”- control vs severe steatosis; “§”- 299 
control vs mild steatosis; “¶”- mild vs severe steatosis. 300 
 301 
Figure 3: Lipid accumulation. HepG2 hepatocytes culture in control and steatogenic conditions 302 



 

were assessed for lipid contents by oil red O staining followed by a morphometric analysis using 303 
ImageJ software (NIH, USA). Percentage of lipids refers to the percentage of area stained by Oil-304 
Red O (lipids) considering 100% as the complete area of each optical field analyzed. Mean ± SD. 305 
Two independent experiments in triplicate per time of culture. Circles: control conditions; 306 
Squares: mild steatosis; Triangles: severe steatosis. One-way ANOVA was used to compare 307 
among conditions and time of culture for the same condition. p < 0.05 was considered 308 
significant: “*”- control vs severe steatosis; “§”- control vs mild steatosis; “¶”- mild vs severe 309 
steatosis. 310 
 311 
Figure 4: Steatosis in vitro. HepG2 hepatocytes culture in control (Figure 4A–D), mild 312 
steatogenic (Figure 4E–H), and severe steatogenic (Figure 4I–L) conditions were assessed for 313 
lipid contents by oil red O staining. Photographs show hepatocyte lipid droplets from 24 h to 4 314 
days. Scale bar = 50 µm. 315 
 316 
DISCUSSION: 317 
This protocol is intended to provide a strategy to study steatosis in vitro. Cell culture is a 318 
powerful tool to study cellular, molecular, biochemical, and toxicological aspects of the cells 319 
exposed to different conditions. With this approach, steatosis can be visualized not only as a 320 
stage of the complex disease that is MAFLD, but also as the hepatocyte overexposure to lipids 321 
and the possible outcomes resulting from such exposure. Therefore, its application is not 322 
restricted to the physiopathology of MAFLD, but to the fact that patients with fatty liver are 323 
exposed to therapeutic drugs, contaminants, among other conditions that might be affected by 324 
steatosis. Thus, this protocol has potential applications in toxicology, pharmacology, and the 325 
identification of therapeutic targets for treatment of the disease. 326 
 327 
On development of this protocol, one of the most critical steps is the preparation of the 328 
steatogenic mix: 1 part of palmitate: 2 parts of oleate, which induces steatosis from the day 2 329 
(Figure 3, Figure 4), allowing hepatocytes to proliferate—despite a modest decrease in viability 330 
rate and increased mortality rate (Figure 2). However, decreased viability should not exceed 331 
30%–40%, since that might represent a toxic effect rather than one that might be followed in 332 
the long-term. Hepatic steatosis is the result of a long-term overexposure to lipids. In this 333 
sense, lipids accumulate, at first, with mild affections on the hepatocytes, as observed in this 334 
model. Another feature is the lipid droplet profile. In mild steatosis, an increased size in lipid 335 
droplets is observed during the progression of the culture (Figure 4E–H). In severe steatosis, 336 
droplet size is considerably higher compared to mild steatosis (Figure 4I–L), whereas controls 337 
do not show changes in lipid droplet size (Figure 4A–D). 338 
 339 
It is preferable to store both the mild and severe steatogenic media at 4 °C for up to a week. 340 
Afterward, it is recommended to prepare fresh steatogenic medium. However, the OA stock 341 
can be preserved at -20 °C for up to a month, whereas the PA stock can be stored at 4 °C for up 342 
to a month. Using these stock solutions after the suggested time might represent a risk of 343 
degradation of the fatty acids. To ensure the proper concentration of the solutions before every 344 
use, it is recommended to measure fatty acid concentrations by a non-esterified fatty acids 345 
(NEFA) assay kit. 346 



 

 347 
PA and OA, as well as their respective salts, have been used separately to induce lipid 348 
accumulation; however, differences are observed for every fatty acid16,20. On one hand, 349 
palmitate used alone is a good inductor of steatosis. It induces cell death, hepatic insulin 350 
resistance, mitochondrial dysfunction, reticular stress16,34–36. However, palmitate is highly 351 
toxic16,34, and the outcomes expected of using it alone in culture include lower viability and 352 
higher mortality compared with the mixture of PA and OA16,20. On the other hand, oleate also 353 
induces steatosis. It induces de novo lipogenesis, insulin resistance37,38, and 354 
hyperproliferation38. However, the outcomes observed with oleate are often milder compared 355 
with palmitate and the mixture16,20. This might be related to its protective role. Oleate is the 356 
major component in olive oil, a key ingredient in the Mediterranean diet, one of the well-357 
known successful strategies against MAFLD39. 358 
 359 
This protocol might be considered as a nice tool to study steatosis due to its reproducibility and 360 
the short time it takes to obtain results. This is in comparison with using experimental models 361 
of MAFLD, adding the fact that it does not imply the ethical issues inherent to using rodent 362 
models. This protocol allows being followed for several days, provided that steatogenic medium 363 
is refreshed every 24 h. This model is also cost-effective and possesses a wide range of 364 
applications. It can also be adjusted to other cell lines, not only hepatocytes, but a wide range 365 
of cells affected by lipid overexposure during obesity. One of the limitations of this protocol is 366 
the use of HepG2 cells. Since this is a carcinogenic cell line, it might conceal or increase some 367 
outcomes. However, the application of HepG2 cells in these types of studies is widely accepted 368 
due to its resemblance in lipid metabolism to healthy hepatocytes40. The use of the mixture 369 
PA:2OA might also prove to be controversial since it does not fully resemble the profiles of 370 
NEFA observed in the blood of NAFLD/MAFLD patients41. Other fatty acids, including linolenic or 371 
stearic acids, might be included in further modifications and improvements of this protocol. 372 
Another limitation is the fact that only one cell type, hepatocytes, is studied, lacking the 373 
interaction with other hepatic cells present in the liver, including sinusoidal endothelial, 374 
Kupffer, hepatic stellate cells, etc., that are engaged in the progression of MAFLD. Moreover, 375 
this is a model to induce steatosis exclusively, with no progression to steatohepatitis and 376 
fibrosis. 377 
 378 
In conclusion, the study provides an in vitro protocol of hepatocyte steatosis that is easy to 379 
implement, reproducible, and with a wide range of applications in the study of steatosis as well 380 
as the hepatocyte function in the context of fatty liver. 381 
 382 
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Fatty acids  Conditions 

Concentration: 200 μM 

Time exposition: 24 h 

Concentration: 50, 100 and 200 μM  

Time exposition: 24 h 

Concentration: 250 μM , 500 μM , 750 

μM  and 1,000 μM 

Time exposition: 24 h 

Concentration: 1 mM  

Time exposition: 24 h 

Rate: 2OA:1PA 

First stimulation with 200 μM  and 400 μM 

of PA and then second stimulation 

with 200 μM of OA 

Concentration:400 μM PA: 200 μM OA 

Rate: 2PA:1OA  

Time exposition: 24 h  

Concentration: 400 μM PA: 200 μM OA 

Rate: 2PA:1OA 

Time exposition: 24 h 

Concentration :50 and 500 μM 

Rate: 2PA:1OA 

Time exposition: 24 h, 2 days,3 days and 

4 days. 

PA 

Table 1. Hepatocyte culture in steatogenic conditions

PA 

PA 

Mix of OA/PA 

Mix of OA/PA   

Mix of OA/PA 

Mix of OA/PA 
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Outcomes  Reference 

Lipid accumulation  

Hepatocyte damage

Transaminases elevation

Lipid accumulation  

Progressive reduction of cell viability

Lipid accumulation   

Does not report lipotoxicity

Lipid accumulation. 

Evidence of lipotoxicity induced by PA 

was reduced by stimulation of OA.

Generation of two types 

of steatosis: mild steatosis and severe s

teatosis. 

Simulates chronic exposition of lipid 

overload 

Wang et al, 2020
26

.

Table 1. Hepatocyte culture in steatogenic conditions

Yan et al, 2019
25

.

Lipid accumulation Xing et al, 2019
24

. 

Campos and Guzmán 

2021 

Xiao et al, 2020
27

.

Zeng et al, 2020
12

. 

Lipid accumulation    Chen et al, 2018
23

.



Name of Material/ Equipment Company Catalog Number

Biosafety cabinet ESCO Airstream AC2-452+C2:C26

Bottle top filter Corning, US 430513

Bovine serum albimun (BSA) Gold Biotechnology, US A-421-10

Culture media RPMI 1640 ThermoFisher-Gibco, US 31800-022

Fetal Bovine Serum (FBS) ThermoFisher-Gibco, US A4766801

Hemocytometer Marienfeld, DE 640010

HepG2 cell line ATCC, US HB-8065

Humidified incubator Thermo Electronic Corporation,USModel: 3110

Inverted microscope Eclipse NIKON, JPN Model: TE2000-S

Isopropanol Sigma-Aldrich, US I9030-4L

Oil Red O Kit Abcam, US ab150678

Paraformaldehyde Sigma-Aldrich, US P6148-500G

Penicillin/streptomycin ThermoFisher-Gibco, US 15140-122

pH meter Beckman, US Model: 360 PH/Temp/MV Meter

Phosphate buffered saline ThermoFisher-Gibco, US 10010-023

Serological Pipettes Sarstedt, AUS 86.1253.001

Serological Pipettes Sarstedt, AUS  86.1254.001

Sodium bicarbonate Sigma-Aldrich, US S5761-1KG

Sodium oleate Santa Cruz Biotechnology, US sc-215879A

Sodium palmitate Santa Cruz Biotechnology, US sc-215881

Syring filter Corning, US 431219

Trypan Blue Sigma-Aldrich, US T6146-25G

Trypsin 0.05% /EDTA 0.53 mM Corning, US 25-052-Cl

24 well cell culture cluster Corning, US 3524

96 well cell culture cluster Corning, US 3599
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Comments/Description

Class II Type A2 Biological Safety Cabinet 

 Non-pyrogenic, polystyrene, sterile. 1 filter/Bag. 0.22 μm, 500 mL.

BSA Fatty Acid Free for cell culture

-

-

-

Hepatocellular carcinoma human cells.

Temperature (37 °C ± 1 °C), humidity (90% ± 5%) , CO2 (5% ± 1%) 

-

-

Kit for histological visualization of neutral fat.

-

Antibiotics 10,000 U/mL Penicillin, 10,000 μg/mL Streptomycin

-

-

 Non-pyrogenic, sterile, 5 mL

 Non-pyrogenic, sterile, 10 mL

Preparation of culture media

-

-

 Non-pyrogenic, sterile, 28 mm, 0.2 μm.

-

-

Flat bottom with lid. Tissue culture treated. Nonpyrogenic, polystyrene, sterile. 1/Pack.

Flat bottom with lid. Tissue culture treated. Nonpyrogenic, polystyrene, sterile. 1/Pack.



Dear Dr. Amit Krishnan, 

 

We would like to take this opportunity to thank you and the Reviewers for your kind consideration 
and contributions to the improvement of our manuscript. Please find the answers to every comment 

below. 

Best regards, 

Carolina Guzmán, PhD. 

Editorial comments: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

We have proofread the manuscript and corrected the spelling and grammar issues 

detected. 

 
2. Line 224-226: Please specify whether there is a PBS wash before adding Oil red solution. 

There is no need for a PBS wash, now it has been included in line 231 

 
3. Line 226-228: Please specify if the oil-red solution is discarded before rinsing with 1 mL of 

distilled water. 

In fact, excess of oil-red O must be discarded. Now it is included in line 235 

 
4. Line 230-232: Please specify if the hematoxylin solution is discarded before rinsing with 1 mL of 

distilled water. 

Excess of hematoxylin needs to be discarded before rising, it has been specified in line 

241 

 
5. Line 234: Please include the details of magnification. 

In this case is recommended to observe at 400 magnification: Objective 40x, Ocular 
10x. These details have been included in line 245 

 

6. Line 241-242: Please include more details to the step. How is the assessment performed? A 

citation would suffice. 

We have referred to the Ferreira T, and Rasband W, ImageJ user guide in the text.  

Please find this reference in line 252-253 and in the reference list number 33. 
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7. Line 244-246: How is the comparison done. Is it compared using ImageJ software or manually 

using some other application? 

 

This comparison is performed by using ImageJ, it is now specified in the protocol and 
referred to the ImageJ user guide. Please see line 255-256, reference 33. 

8. Line 322-324: Please ensure that the sentence is correct. Consider breaking it into two 
sentences. 

We split the sentence into two and rearrange the resulting second sentence. Please see 
line 338-341 

 

9. Table 1: Please include a Table Legend for Table 1 in the Figure and Table Legend Section 

 

The Table Legend for Table 1 has been included in line 283-284 

10. Figure 2: The legend for Figure 2 discusses only 2A and 2B. Please include a description for 2C. 

 

We apologize for this. Now we include the description of Figure 2C (line 290) 

11. Figure 2/3: Please include the description for the symbols “¶” and “§” in the Figure and Table 

Legends of the respective figures. 
 

We have included the descriptions por symbols “¶” and “§”. Please find them in lines 
295-296 and 305 

 
____________________________________ 

Reviewers' comments: 
Reviewer #1: 

Manuscript Summary: 

The revised manuscript by Campos-Espinonsa and Guzmán utilised a lipid loading protocol to 
provide an easily accessible cellular model to investigate hepatic steatosis. The authors optimised a 

lipid medium containing 2:1 oleate:palmitate to induce steatosis, which was measured using 
intracellular lipid content via Oil-Red-O and viability in HepG2 cells. In the revised version, authors 

have added an additional level of steatosis to now have 1) mild and 2) severe steatosis. The 

authors have also commented on changes in lipid droplet profile which is important for phenotyping 
NAFLD. The overall changes made are satisfactory and there are no major concerns. Minor 

concerns outlined below are ways to improve the manuscript to be more reflective of the emerging 
lipid community. 

We thank the reviewer for the kind comments and contributions to the improvement of our 

manuscript. 

Minor Concerns: 
Technical 

1. There is currently no table legend for Table 1. 



We have included the table legend. Please find it in line 283-284 

 

2. Change 'n' statements to reflect n number. Right now it says n = 3 wells in 2 independent 

experiments which is misleading as it is n = 2 not n =3 (i.e. n = 2 independent experiments with 3 
wells each or in triplicate). 

We have replaced the n statements as suggested (line 292-293 and 302) 

 

3. As another level of steatosis has been added, Figure 1 label should read 'mild steatosis' for better 
clarity and this should be reflected in the figure legend as well. 

We have corrected both Figure 1 and its Figure Legend to indicate Mild steatosis. 

 
4. For table 1, since data from individual papers are outlined, it is better to write out the author 

references (e.g. Author et al 2009+ref number) instead of just the ref number 

We have included the Authors in Table 1 

 

Text 
1. When discussing Table 1, need to be clear that this is only a table of selected studies where 

specifically oleate, palmitate or both were used. It is worth mentioning in the text that other fatty 

acids/FA mixtures have also been used in in vitro studies, but that this table reflects studies that 
use the 2 most abundant fatty acids in hepatocytes. 

We have included information regarding other fatty acids used in in vitro studies as 

suggested. Please referred to lines 86-91 

 

2. I'm still not convinced that 2:1 oleate:palmitate is completely reflective of human plasma NEFAs. 
The authors mentioned that palmitate (SFA) and oleate (MUFA) make up ~1/3 each (which is true - 

28.3% palmitate, 32.7% oleate from Hodson et al 2008 Prog Lip Res), but the reasoning that 

oleate is a suitable stand-in for the last 1/3 of FAs in human plasma is debatable. This is particularly 
clear when considering that 13.5% of human plasma NEFA is linoleic acid alone (a PUFA). I do not 

think this detracts from the value of the protocol, but it should be listed as part of the limitations to 
consider. 

 

We have now acknowledged this limitation in the discussion (line 364-367) 
 

Reviewer #2: 

Manuscript Summary: 

Authors presented a protocol of culturing hepatocytes in high lipid condition, which can be useful in 
steatosis research. 

We thank the reviewer for the kind comments and contributions to the improvement of our 

manuscript. 


