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Obesity is a metabolic disorder that is characterized by an increase in adipocyte 

number and size. The increase in lipid accumulation is due to an increase in glucose 

uptake and an imbalance between lipogenesis and lipolysis. Many factors regulate 

lipogenesis and lipolysis to coordinate lipid metabolism. The estrogen related receptor 

alpha (ERRα) and naringenin have been identified as potent regulators of glucose and 

lipid metabolism. To determine if naringenin affects lipid accumulation, adipocytes were 

treated with naringenin for 1, 4, or 16 days, and stained with Oil Red O and lipid droplet 

size was quantified. Our studies reveal that naringenin decreases the number of large lipid 

droplets, resulting in a decrease in lipid accumulation overtime. We also observed that 

naringenin does not have cytotoxic effects on adipocytes. To determine the mechanism 

by which lipid accumulation decreased we measured the metabolic pathways involved in 

glucose and lipid metabolism. Our results show a 7.8 fold increase in lactate levels and 

no effect on acetyl-CoA carboxylase levels, indicating naringenin may cause an increase 

in the use of glucose for the production of lactate. Finally, we show that the levels of 

ERRα, a potential binding partner of naringenin and regulator of LDH were elevated in 

the presence of naringenin. Our findings suggest naringenin may regulate ERRα and thus 

regulate both glucose and lipid metabolism by funneling glucose towards the production 

of lactate and away from lipid production. Making naringenin a potentially effective 

treatment option for obesity. 
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CHAPTER I 

INTRODUCTION 
 

 
Obesity 
 

Obesity is a metabolic disorder characterized by an excess in adipose tissue. In 

2016 an estimated 93.3 million adults in the United States suffered from obesity and 

nearly one in five school age children and young people ages 6-19 suffered from obesity 

1. With a high fat Western diet being adopted by developing countries, the prevalence of 

obesity has increased, and is now the most common metabolic disorder worldwide 2. 

Obesity presents many health problems3. A number of diseases have been associated with 

obesity, including type 2 diabetes, atherosclerosis, and some cancers 3 4. Some of the 

current treatment options for obesity include, amphetamines, and sympathomimetic 

adrenergic agents but, these treatments have the potential for high rate of abuse and can 

lead to undesirable side effects 5. Finding alternative treatment options for obesity that are 

safe and effective has become critical.  

 

Adipocyte Metabolism 

Adipocytes are important regulators of whole-body metabolism and thus regulate 

the health and survival of an individual 6. The increase in adipose tissue observed in 

obesity results from a significant increase in adipocyte number and size 7. The increase in 

adipocyte size and number results in greater lipid accumulation (Fig. 1)8.  
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Figure 1. Progression of Lipid Accumulation in 3T3-L1 Adipocytes 
 
 

An ordered set of events controls the differentiation of preadipocytes to adipocytes, and 

these are stimulated by the activation of numerous signaling pathways. Adipocytes have 

many functions, one of the most critical is the ability to store lipid 9. In the presence of 

high blood glucose levels, adipocytes take up glucose and convert it to pyruvate via 

glycolysis (Fig. 2). Pyruvate can then be converted to lactate by the enzyme lactate 

dehydrogenase (LDH) or oxidized by the enzyme pyruvate dehydrogenase (PDH) to form 

acetyl-CoA which can be used to make triacylglycerol (Fig. 2). The process by which 

acetyl-CoA is used to make fatty acids is called lipogenesis and is catalyzed by the 

enzyme acetyl-CoA carboxylase (ACC) (Fig. 2). Adipocytes store lipids as 

triacylglycerol for use in times of need10 11. For example, during prolonged fasting, 

adipocytes undergo lipolysis, a process in which triacylglycerol is reduced to free fatty 

acids and glycerol that can be used for energy (Fig. 3).
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Figure 2. Glucose Metabolism in Adipocytes and the Enzymes Involved. 
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Figure 3. Schematic of Glucose and Lipid Metabolism in Adipocytes 
 
 

A balance between lipogenesis and lipolysis is critical for an individual’s health 

and survival. Many factors regulate lipolysis and lipogenesis to coordinate metabolism. 

Recent studies have identified the Estrogen Related Receptor alpha (ERRα) and 

naringenin as potent regulators of both glucose and lipid metabolism 12–19 . 

 

Estrogen Related Receptor Alpha (ERRα) 

Estrogen Related Receptor alpha (ERRα) is a nuclear orphan receptor with no 

known endogenous ligands. ERRα binds to the ERR response element (ERRE) in the 

promoter region of genes involved in the regulation of lipid and carbohydrate metabolism 

12. ERRα interacts with members of the peroxisome proliferator-activated receptor-γ 

coactivator 1(PGC-1) family of transcriptional coactivators, PGC-1α and PGC-1β, to 
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regulate energy metabolism by regulating the oxidation of lipids and glucose 12 13. PGC-

1α is considered the most potent activator of ERRα 20. Some downstream targets of 

ERRα include enzymes involved in glucose and lipid metabolism, such as the pyruvate 

dehydrogenase complex (PDC), lactate dehydrogenase (LDH) and acetyl-CoA 

carboxylase (ACC). ERRα has been shown to be a positive regulator of triacylglycerol 

production 14 15. Furthermore, downregulation of ERRα selectively reduced the 

expression level of PGC-1β, but not PGC-1α 14 21. These results highlight ERRα’s role in 

glucose and lipid metabolism in adipocytes and suggest that ERRα may be a potential 

target for treating obesity. 

 

Naringenin 

Naringenin is a flavanone that is found in tomatoes and citrus fruits such as 

grapefruits and sour oranges 22. Naringenin is a natural compound that has recently been 

recognized for its ability to regulate glucose and lipid metabolism 16–19. In a previous 

study, mice fed a high fat diet in conjunction with naringenin showed a decrease in 

hepatic lipid accumulation and a reduction in the expression of genes that encode 

enzymes involved in lipogenesis 16. In studies using 3T3-L1 adipocytes and MCF-7 

breast cancer cells, naringenin inhibited insulin stimulated glucose uptake 23 18. 

Furthermore, diabetic mice treated with naringenin had increased glucokinase activity 19. 

These results highlight the role of naringenin in lipid and glucose metabolism.  
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In our lab we identified ERRα as a potential binding target of naringenin using a 

phage display library (personal communication with Dr. Patel). Given that both ERRα 

and naringenin play a role in the regulation of glucose and lipid metabolism, and that 

ERRα is a target of naringenin raises the question of whether naringenin exerts its effects 

via ERRα, and what effect this interaction might have on adipocyte metabolism. 

Understanding the interaction between naringenin and ERRα can shed light on possible 

molecular targets that can regulate glucose and lipid metabolism. 

Since naringenin regulates metabolism and binds to ERRα, determining the effect 

naringenin has on ERRα may provide insight into how naringenin regulates metabolism 

and may provide valuable information that can lead to new therapeutic options for people 

suffering from obesity. The goal of this study is to determine whether naringenin affects 

glucose and lipid metabolism by affecting the expression of ERRα, and ERRα metabolic 

target genes.
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CHAPTER II 

MATERIALS AND METHODS 
 

 
Materials  

3T3-L1 preadipocytes (CL-173) were purchased from the ATCC (Manassas, VA). 

Dulbecco’s Modified Eagle Medium (DMEM) (30-2002) was from Gibco (Peisley, UK). 

pAB PGC-1α (GR240713-17), mAb to PGC-1β (GR246054-21) were obtained from 

Abcam (Cambridge, United Kingdom). ERRα rabbit mAb (13826S), P-acetyl-CoA 

carboxylase (S79) rabbit Ab (3661S), and acetyl-CoA carboxylase rabbit pAb (3662S) 

were from Cell Signaling Technology (Danvers, MA). Anti-Mouse IgG Peroxidase 

antibody (SLBW4917), anti-rabbit IgG peroxidase antibody (SLBV9141), Insulin 

(i5500), Lactate Assay Kit (MAK064-1KT), Naringenin (N5893), 3-Isobutyl-1-

methylxanthine (228420010), Dimethyl sulfoxide (DMSO) (RNBF6886) and Oil Red O 

(0-0625) were purchased from Sigma Aldrich (St. Louis, MO). The Guava nexin reagent 

(4500-0450) was obtained from Millipore (Billerica, MA). WesternBright ECL (K-

12045-D20) was from Advansta (San Jose, CA). Protease and phosphatase inhibitor 

cocktail (78440) was purchased from Thermo Scientific (Rockford, IL). 

 

Cell Culture 

3T3-L1 preadipocytes were cultured in Dulbecco’s modified Eagles medium 

(DMEM) containing 10% calf serum (CS) and Penicillin Streptomycin (pen strep) at 
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5CO2 and 37˚C. Two days post confluent preadipocytes were induced to differentiate 

(Day 0) by adding (.872 μM) insulin, (0.52 mM) 3-isobutyl-1-methylxanthine, and (1 

μM) dexamethasone in 10% fetal bovine serum/DMEM for 3 days. After 3 days cells 

were treated with 10% FBS DMEM plus insulin (.872 μM) for another 2 days. After 2 

days, cells were treated as follows: control (untreated), 0.1% DMSO (DMSO), or 

Naringenin (200µM) (Nar) for 1, 4, or 16 days. 

 

 Oil Red O Staining 

After experimental treatment, 10cm plates containing 100% confluent cells were 

washed twice with 1X PBS and then fixed with 3.7% paraformaldehyde for 5 min. Plates 

were then washed with deionized water, stained with Oil Red O for one hour and then 

washed twice with deionized water. Cells were then stored in deionized water at 4 C˚.  

 

Microscopy 

Brightfield microscopy was used to capture the images of Oil Red O stained cells 

treated for 1, 4, or 16 days at 40x magnification. Five fields of view from each plate were 

imaged.  

 

Quantification of Lipid Droplet Size  

 Brightfield microscopy images of Oil Red O stained cells treated for 1, 4, or 16 

days with naringenin were quantified. Five representative cells from 5 fields of view (25 

cells) were imaged from 3 trials performed. The diameter of the lipid droplets within each 
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cell was measured. The following diameter ranges were used to characterize lipid droplet 

size; <6μm, 6-12μm, 12-25μm, >25μm.  

 

Flow Cytometry 

Following 1, 4, or 16 days of treatment with naringenin, 3T3-L1 cells were 

trypsinized and centrifuged for 5 min. Pelleted cells were then resuspended in 1x PBS in 

order to reach the target cell concentration (2x104 – 1x 105) and incubated with the Guava 

Nexin Reagent in the dark at room temperature for 20 min. Cell viability for each 

samplewas analyzed using the Guava® easyCyte Flow Cytometer. Cells are divided in 

the following quadrants: Annexin (-) 7-AAD (-) viable cells, Annexin (+) 7-AAD (-) 

early apoptotic, and Annexin (+) 7-AAD (+) late apoptotic. 

 

Lactate Assay  

Culture medium from 3T3-L1 adipocytes treated with naringenin for 4 days was 

used to conduct a lactate assay. Culture medium was filtered through a 10 kDa cut-off 

spin filter and assayed in duplicate on a 96 well plate with a master reaction mix 

containing; lactate assay buffer, lactate enzyme mix, and a lactate probe. Samples were 

incubated in the dark for 30 min at room temperature. Absorbance was measured at 

570nm and results were presented as ug/ml. Values were normalized to the control to 

determine fold change.



10 
 

Total Protein Extraction  

Fully differentiated adipocytes were either left untreated (Control) or treated with 

a vehicle control (DMSO), (200μM) naringenin (Nar) for 1, 4, or 16 days. After 1, 4, or 

16 days of treatment, cells were washed twice with 1X PBS, and lysed in a buffer 

containing 5.68 mM NaF, 28.4 mM HEPES, 114 mM NaCL, 1.14 mM EDTA, 1.62% 

NP-40, 1.14 mM NaPPi, 2.27% Glycerol, H2O, and a protease and phosphatase inhibitor 

cocktail. Samples were rocked for 20 min at 4˚C and then centrifuged for 20 min at 6000 

rpm at 4˚C. Protein samples were stored at -20˚C.  

 

Western Blot Analysis 

Protein extracts from cells treated as previously described were subjected to 10% 

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE), transferred to an immobilon 

filter and then incubated with specific primary and secondary antibodies as indicated. 

Enhanced chemiluminescent (ECL) was used to visualize protein. Protein levels were 

determined by densiometric analysis using ImageJ software and normalized to the 

untreated control. 

 

Statistical Analysis 

Results are stated as means ±SEM.  Statistical significance was assessed by two-

way analysis of Student’s t-test, values P<0.05 were considered significant (Microsoft 

Excel).
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CHAPTER III 

RESULTS 
 

 
Naringenin Impairs Lipid Accumulation in Adipocytes 

Naringenin has demonstrated an ability to induce metabolic changes in glucose 

and lipid metabolism 16 17 24–27. Mice fed naringenin showed a decrease in lipid 

accumulation in liver and muscle 24. However, what is not known is the effect of 

naringenin on lipid accumulation in adipocytes 

To determine the effect of naringenin on lipid accumulation, day 5 differentiated 

3T3-L1 adipocytes were treated with (200μM) naringenin or left untreated (Control) or 

treated with a vehicle (DMSO) for 1, 4, or 16 days. Cells were then stained for lipids 

using Oil Red O. Cells from all 3 treatments after 1, 4, or 16 days were imaged to observe 

total lipid accumulation (Fig. 4). Brightfield microscopy was used to capture images at 

40x magnification from all 3 treatments at the various time points to observe lipid droplet 

size (Fig. 5).  

Our results show, naringenin had little effect on lipid droplet size after 1 and 4 

days of treatment (Fig. 6). However, after 16 days of treatment with naringenin, we 

observed a decrease in large lipid droplet formation (Fig. 6). Quantification of lipid 

droplet size confirmed a decrease in the formation of large lipid droplets after 16 days of 

treatment when comparing controls and naringenin treated cells (Fig. 6). After 16 days of 

treatment with naringenin, 58% of the lipid droplets in the naringenin treatment were 
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>6μm compared to 17% in the control and 25% in the vehicle treatment (Fig. 6). We also 

observed that in adipocytes treated with naringenin we observed no lipid droplets over 25 

μm in diameter, and only 24% fell within 12-25 μm in diameter and 43% fell within 6-12 

μm in diameter compared to the untreated control (Fig. 6). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Effect of Naringenin Exposure on Lipid Accumulation in 3T3-L1 
Adipocytes. Day 5 adipocytes were left untreated (Control), or treated with vehicle 
(DMSO), or Naringenin (200μM) for 1, 4, or 16 days. Adipocytes (100% confluent) in 10 
cm plates were stained for lipids using Oil Red O. Images are representative of 3 
independent experiments.   
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Figure 5. Naringenin Treatment Results in Decreased Lipid Accumulation in 3T3-
L1 Adipocytes. 3T3-L1 adipocytes were either left untreated, Control, treated with 
DMSO, or Naringenin (200μM) for 1, 4, and 16 days. Oil Red O staining of neutral lipid 
content was performed after 1, 4, and 16 days of treatment. Brightfield microscopy was 
used to capture images of cells at 40x magnification from all 3 treatments. Images are 
representative of 3 independent experiments.  
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Figure 6. Naringenin Altered the Lipid Droplet Size Distribution in 3T3-L1 
Adipocytes. Oil Red O staining of neutral lipid content was performed on day 1, 4, or 16 
of treatment. Brightfield microscopy was used to capture the images from all 3 treatments 
and the following diameter ranges were used to quantify lipid droplet size; <6μm, 6-
12μm, 12-25μm, >25μm. The data are from 3 independent experiments. 
 
 
Naringenin Does Not Affect 3T3-L1 Adipocyte Viability 
 

To determine whether the decrease in lipid accumulation we observed in 

naringenin treated cells was due to a decrease in cell viability, we assayed cell viability in 

3T3-L1 adipocytes exposed to naringenin. We assayed cells for viability that were either 

left untreated (Control), or treated with the vehicle (DMSO), or Naringenin (200μM) for 

1, 4, or 16 days by Guava easy-Cyte Flow Cytometry. Flow cytometry analysis 

demonstrated that Naringenin did not affect cell viability in 3T3-L1 adipocytes after 1, 4, 

or 16 days of treatment (Fig. 7A). Naringenin did not cause necrotic or apoptotic cell 

death in 3T3-L1 adipocytes, as demonstrated by the majority of cells not staining positive 

for either Annexin (-) 7-AAD (-) quadrant. Quantification of data normalized to the 
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control also confirmed no significant effect (Fig. 7B) when compared to the control and 

vehicle control (DMSO). 
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Figure 7. Naringenin does not Impair Viability of Adipocytes. (A.) Viable cell 
number was determined by Flow cytometry analysis of 3T3-L1 adipocytes that were 
either untreated (Control), or treated with vehicle (DMSO), or Naringenin (200μM) for 1, 
4, or 16 days. (B.) Quantified data are a measure of viable cells (Annexin (-) 7-AAD (-)) 
out of 2,000 total cells within each treatment normalized to the control. Results are the 
means ±SEM of 3 independent experiments. 
 
 
Naringenin Increases Lactate Levels in 3T3-L1 Adipocytes  
 

High levels of lactate have been associated with obesity 28. Previous animal 

studies demonstrated that naringenin had the ability to reduce lactate dehydrogenase 

(LDH) levels, resulting in less lactate production 29 25 30. To determine the effect of 

naringenin on lactate levels, adipocytes were either untreated (Control), or treated with 

vehicle (DMSO), or Naringenin (200μM) for 4 days. A lactate assay using the culture 

medium from treated cells was performed and lactate levels were determined. 

Surprisingly, adipocytes treated with Naringenin for 4 days had significantly higher 

levels of lactate (794.1 ng/all) in the media when compared to the control (101.8 ng/μL) 

and vehicle (191.6 ng/μL) treated cells (Fig. 8). When normalized to the control we 
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observed a 7.8 fold change in lactate in the medium of adipocytes treated with 

naringenin.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
Figure 8. Naringenin Increases Lactate Levels in 3T3-L1 Adipocytes. 3T3-L1 
adipocytes were either untreated (Control), treated with vehicle (DMSO), or Naringenin 
(200μM) for 4 days. Culture medium from each treatment was filtered and assayed in 
duplicate with a master reaction mix containing; lactate assay buffer, lactate enzyme mix, 
and a lactate probe. Samples were incubated in the dark for 30 min and absorbance was 
measured at 570nm. Results measured ng of lactate per μL and are the means ±SEM of 4 
independent experiments.  
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Naringenin Does Not Affect Phosphorylation of ACC in 3T3-L1 Adipocytes 

Since we observed a decrease in lipid accumulation in 3T3-L1 adipocytes treated 

with naringenin, we wanted to determine whether naringenin was affecting enzymes 

involved in fatty acid synthesis. Acetyl-CoA carboxylase (ACC) is an enzyme involved 

in the regulation of fatty acid synthesis 31. ACC is inhibited via phosphorylation (P-

ACC). Previous studies have found that organisms treated with an ACC inhibitor or ACC 

2 knockout mice resulted in reduced fat storage and higher fatty acid oxidation rates 31–35. 

To assess ACC activity, we looked at both the active form ACC and the inactive form P-

ACC. To determine the effect of naringenin on ACC and P-ACC levels, 3T3-L1 

adipocytes were either treated with naringenin (200μM), or with vehicle (DMSO), or left 

untreated (Control) for 4 days. After 4 days, total cellular protein was extracted, and 

protein samples were subjected to SDS-PAGE and immunoblotted with antibodies 

against P-ACC, ACC, and actin. Representative western blot analysis of P-ACC, ACC, 

and actin are shown in Fig. 9A and B. Quantification of P-ACC to actin/ACC to actin 

was analyzed using an ImageJ processing program (Fig. 9C). Our results showed 

naringenin does not have a significant effect on the phosphorylation of ACC in 3T3-L1 

adipocytes. We did observe that DMSO had significant effect on the phosphorylation of 

ACC in cells treated for 4 days (Fig. 9C).  
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Figure 9. Naringenin does not Affect P-ACC/ACC Levels in 3T3-L1 Adipocytes. 
3T3-L1 adipocytes were either untreated (Control), treated with vehicle control (DMSO), 
or Naringenin (200μM) for 4 days. Total cellular protein was extracted following 4-days 
of treatment. Protein was collected, and protein samples were subjected to SDS-PAGE 
and immunoblotted using antibodies against P-ACC, ACC, and actin. (A.) Western blot 
of P-ACC and actin. (B.) Western blot of ACC and actin. (C.) Quantification of P-
ACC/Actin to ACC/Actin. Images were analyzed using an ImageJ processing program. 
Results are the means ±SEM of 3 independent experiments. Statistical significance was 
assessed by two-way analysis of Student’s t-test, values P<0.05 (*) were considered 
significant.
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Naringenin Increases ERRα Protein Levels in 3T3-L1 Adipocytes but Does Not Affect 

PGC-1β Protein Levels  

Since lactate levels increased and LDH has been known to be regulated by ERR 

we wanted to determine the effect of naringenin on the protein expression of ERRα and 

PGC-1β in 3T3-L1 adipocytes, cells were either treated with naringenin (200μM), or with 

vehicle (DMSO), or left untreated (Control) for 4 days, then total cellular protein was 

extracted. Protein samples were subjected to SDS-PAGE and immunoblotted using 

antibodies against ERRα, PGC-1β, and actin. Western blot analysis of ERRα and actin 

(Fig. 10A) and quantification of ERRα and actin (Fig. 10B) were analyzed using an 

ImageJ image processing program. The results show a significant increase in ERRα 

protein expression in adipocytes treated with naringenin compared to the control. ERRα 

protein expression increased 75.5% of control (Fig. 10B). Western blot analysis of PGC-

1β and actin (Fig. 11A) and quantification of PGC-1β to actin (Fig. 11B) were also 

analyzed using ImageJ image processing program. Naringenin did not have a significant 

effect on PGC-1β protein expression in 3T3-L1 adipocytes.
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Figure 10. Naringenin Increases ERRα Protein Levels in 3T3-L1 Adipocytes. 3T3-L1 
adipocytes were either untreated (Control), treated with vehicle control (DMSO), or 
Naringenin (200μM) for 4 days. Total cellular protein was extracted following treatment. 
(A.) Protein samples were subjected to SDS-PAGE and immunoblotted using antibodies 
against ERRα and actin. (B.) Quantification of ERRα to actin was analyzed using ImageJ 
image processing program. Results are stated as means ±SEM of 3 independent 
experiments. Statistical significance was assessed by two-way analysis of Student’s t-test, 
values P<0.05 (*) were considered significant.  
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Figure 11. Naringenin does not Affect PGC-1β Protein Levels. 3T3-L1 adipocytes that 
were either untreated (Control), treated with vehicle control (DMSO), or Naringenin 
(200μM) for 4 days. Protein was extracted following treatment. (A.) Protein samples 

were subjected to SDS-PAGE and immunoblotted, antibodies against PGC-1β and actin 
were used. (B.) Quantification of PGC-1β to actin was analyzed using ImageJ image 

processing program. Results are stated as means ±SEM of 3 independent experiments. 
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CHAPTER IV 

DISCUSSION 
 
 

Dysregulation of lipid metabolism has been linked to many diseases including 

obesity. Obesity is characterized by a significant increase in adipocyte number and size. 

Lipid accumulation in adipocytes is a result of an imbalance between lipogenesis and 

lipolysis 36. Specifically, an increased level of lipogenesis has been associated with 

obesity 37. Many factors regulate lipolysis and lipogenesis to coordinate lipid metabolism 

such as, naringenin 26. Studies examining the effects of naringenin in different cell types 

have demonstrated naringenin’s lipid lowering properties 27 24 25 38 16. What is not well 

known is the effect of naringenin of lipid accumulation in 3T3-L1 adipocytes.   

Our findings show that naringenin decreased lipid accumulation in 3T3-L1 

adipocytes. Naringenin had little effect on lipid droplet size after 1 and 4 days of 

treatment. However, after 16 days of treatment with naringenin there was a significant 

decrease in lipid droplet accumulation and size (Fig. 6). Since the 3T3-L1 adipocytes 

were treated after they had differentiated, we conclude that the changes in lipid droplet 

size observed are due to a decrease in lipid accumulation as measured by the presence of 

smaller lipid droplets and, not a lack of differentiation.  

Since we observed a decrease in lipid accumulation after treating with naringenin, 

we wanted to ensure that this was not due to an issue in cell viability. We investigated the 
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effect of naringenin on the cell viability of differentiated 3T3-L1 adipocytes. Previous 

studies have documented cytotoxic effects in cancer cell lines treated with naringenin 39 

40. A study comparing U-118 MG glioblastoma cells with normal fibroblasts treated with 

naringenin showed that naringenin had a higher cytotoxic effect in glioblastoma cells 

when compared to normal fibroblasts 40. These studies suggest that naringenin may have 

varying cytotoxic effects on different cell types.  

Our results indicate that naringenin did not inhibit cell viability of 3T3-L1 

adipocytes treated for 1, 4, or 16 days when compared to control cells (Fig. 7). These 

studies suggest that the decrease in lipid droplet size observed in cells treated with 

naringenin was not due to cell viability (Fig. 7). These findings provide supporting 

evidence that the decrease in lipid accumulation observed in cells treated with naringenin 

was due to naringenin’s lipid-lowering effects. These findings also suggest naringenin 

does not have the same cytotoxic effects on non-cancerous cells as seen in cancer cell 

lines 40.  

Since we observed a decrease in lipid accumulation and no effect on viability in 

3T3-L1 adipocytes following naringenin treatment, we wanted to determine whether 

glucose was being used to produce lactate instead of lipid. An increase in lactate 

production has been associated with an increase in adipocyte size observed in obesity 41 

28.  Lactate is transported out of adipocytes by a monocarboxylate/ H+ co‐transporter 

(MCT1) which is localized at the plasma membrane 42. The increase in lactate production 

observed in obese individuals leads to elevated blood lactate levels, many studies have 

found that naringenin has the ability to reduce lactate dehydrogenase (LDH) levels in 
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animals 25,28–30,43. However, our results show a significant increase in lactate levels in 

adipocytes treated with naringenin (Fig. 8). Our findings suggest that naringenin 

promotes an increase in the amount of glucose converted to lactate, thus leaving less 

substrate available for the production of lipid. 

 Since lactate levels increased and lipid accumulation decreased after treatment 

with naringenin we measured the phosphorylation status of the rate limiting enzyme 

ACC. The enzyme that regulates lipogenesis is ACC and is regulated by phosphorylation.  

Surprisingly, there was no significant effect on the phosphorylation of ACC following 

naringenin treatment (Fig. 9). This suggests that naringenin does not decrease lipid 

accumulation by phosphorylating and rendering ACC inactive.     

 

Since naringenin altered lactate levels and lipid accumulation, we wanted to 

examine the mechanism of this altered metabolism. ERRα regulates the oxidation of 

lipids and glucose via its interaction with transcriptional co-activators PGC-1α and PGC-

1β  44. In a previous study using 3T3-L1 adipocytes downregulation of ERRα selectively 

reduced expression levels of PGC-1β, but not PGC-1α. These findings suggest PGC-1β 

requires ERRα 21. We investigated ERRα and PGC-1β protein expression in 3T3-L1 

adipocytes treated with naringenin to determine if naringenin affected their expression 

thus altering glucose and lipid metabolism.  

Our studies showed a significant increase in ERRα protein expression (Fig. 10) 

and no significant effect on PGC-1β protein expression (Fig. 11). Many studies 

investigating adipocytes and cancer cell lines have associated a decrease of ERRα 
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expression to; (1) resistance to high fat diet induced obesity, (2) a decrease in lipogenesis, 

(3) an increase in glucose uptake, and (4) a decrease in lactate oxidation (the conversion 

of lactate to pyruvate) 21 45 46. Upon treating 3T3-L1 adipocytes with naringenin we 

observed the opposite, an increase in ERRα protein expression. A previous study 

investigating the effects of flavonoids on proteasomal activity found that flavonoids have 

the ability to inhibit proteasomal activity 47. In a previous study in our lab we identified 

ERRα as a potential binding target of naringenin. Since naringenin has the potential to 

bind to ERRα it may be able to inhibit the proteasome from degrading ERRα, accounting 

for the increase in ERRα protein expression. Since naringenin has not been shown to bind 

to PGC-1β, degradation could occur at normal levels thus PGC-1β protein expression 

would not change when compared to the control values.  

Our studies suggest naringenin may be able to regulate lipid and glucose 

metabolism by altering ERRα expression. This study showed that naringenin decreased 

lipid accumulation and resulted in a decrease in lipid droplet size in adipocytes (Fig. 6). 

Based on our results naringenin seems to favor the production of lactate possibly by 

limiting the substrate availability for fatty acid synthesis.  Lastly, naringenin increased 

the levels of ERRα, a major regulator of glucose and lipid metabolism. The increased 

levels of ERRα may drive the production of lactate observed in naringenin treated cells. 

A previous study using breast cancer cells demonstrated that ERRα can regulate genes 

involved in lactate utilization 45. These findings suggest that naringenin has the potential 

to be an effective treatment option for obesity.
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