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A R T I C L E  I N F O   
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A B S T R A C T   

Human exposure to persistent organic pollutants (POPs) may contribute to obesogenic effects. We have previ-
ously shown that POP mixtures modelled on blood levels relevant to the Scandinavian population induces adi-
pogenic effects in the mouse 3T3-L1 cell line. Luteolin is a flavone that has shown anti-lipogenic and anti- 
adipogenic effects on adipogenesis in in vitro models. In this study, luteolin has been applied to inhibit adipo-
cyte formation and intracellular lipid content increase induced by a human relevant mixture of POPs. 

3T3-L1 cells were exposed to a POP mixture consisting of 29 chemicals, including amongst others poly-
chlorinated biphenyls (PCBs), organochlorine pesticides (OCPs), perfluoroalkylated acids (PFAAs), and poly-
brominated diphenyl ethers (PBDEs). Rosiglitazone was applied as a positive lipogenic control. Luteolin was 
tested between 0.5 and 10 μM. High content analysis was used to assess changes in adipocyte formation and 
intracellular lipid content in the 3T3-L1 cell line. 

Luteolin significantly reduced POP-induced adipocyte formation at 2, 5 and 10 μM, and lipid accumulation at 
10 μM. Interestingly, luteolin did not affect rosiglitazone induced adipo- and lipogenic effects, suggesting dif-
ferences in mechanisms of action. 

In conclusion, this in vitro study shows that dietary polyphenols such as luteolin may protect against POP 
induced adipo- and lipogenic effects.   

1. Introduction 

The global epidemic of obesity and diabetes is an increasing social 
burden (WHO, 2021). Increases in body weight and fat mass commonly 
result from increased energy intake through the diet and a decreased 
physical activity of modern lifestyles. However, these factors alone 
cannot account for the increase in obesity and diabetes rates in recent 
decades (Regnier and Sargis, 2014). 

Persistent organic pollutants (POPs) are ubiquitous organic com-
pounds which are highly resistant to environmental and biological 
degradation. Many POPs can interfere with the hormone system, acting 
as endocrine disrupting chemicals (EDCs) (Stockholm Convention, 
2019; WHO/UNEP, 2013). In recent decades, our exposure to the 
extensive manufacture and application of POPs in our society has been 

linked to effects on human health, including the global obesity epidemic 
(Heindel and Blumberg, 2019; Magueresse-Battistoni et al., 2017; Neel 
and Sargis, 2011). Daily exposure to POPs occurs through foodstuffs, 
water, air pollutants, house dust, medication, cosmetics, electrical 
products and furniture. Consequently, humans are exposed to mixtures 
of POPs from a range of different sources and exposure pathways rather 
than to individual chemicals (Braun et al., 2016). Thus, it is essential to 
explore the effects of POPs and their mixtures on adipose tissue. 

We have previously shown that a real-life human relevant POP 
mixture consisting of 29 synthetic POPs, modelled on blood levels 
relevant to the Scandinavian population, induced adipocyte formation 
and lipid accumulation promoting effects in 3T3-L1 cells (Xie et al., 
2021). This POP mixture consists of perfluoroalkylated acids (PFAAs), 
brominated compounds such as polybrominated diphenyl ethers 
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(PBDEs) and hexabromocyclododecane (HBCD), polychlorinated bi-
phenyls (PCBs) and organochlorine pesticides (OCPs) of which most are 
listed as regulated compounds in the Stockholm Convention on Persis-
tent Organic Pollutants (Stockholm Convention, 2019) (Table 1) 
(Berntsen et al., 2017). The 3T3-L1 murine preadipocyte cell line is a 
well-established in vitro model for assessing the potential obesogenic 
effects of chemicals on adipose tissue (Cave and Crowther, 2019). PPAR 
gamma (PPARγ) is the master regulator of adipogenesis, lipid accumu-
lation, and metabolic condition of the 3T3-L1 cell line, which has been 
linked to environmental obesogen induced 3T3-L1 adipogenesis (Li 
et al., 2011). Rosiglitazone (ROSI) is a well-established PPARγ agonist 
shown to increase in vivo adipogenesis to enhance insulin sensitivity. 
ROSI has previously been applied as a positive control to induce 
adipocyte formation and lipid accumulation in 3T3-L1 cells (Malli-
karjuna and Manjappara, 2021). 

Ubiquitous exposure to POPs is impossible to eliminate. Anti- 
obesogenic compounds may provide a new approach for the preven-
tion of POP induced metabolic disrupting effects. Epidemiological 
studies have reported flavonoids, a group of polyphenolic compounds 
that are abundant in fruit and vegetables, to be associated with lowering 
the risk of obesity and diabetes (Akhlaghi et al., 2018; Knekt et al., 2002; 
Tucci, 2010). Luteolin is a flavonoid which is abundantly found in cel-
ery, broccoli, green pepper, parsley, and chamomile. It has been shown 
to reverse an increase in body weight, body fat content, and adipocyte 
hypertrophy in mice fed a high fat diet (Xu et al., 2014). Dietary sup-
plementation with luteolin has also helped to ameliorate the high fat 
diet-induced increases in total cholesterol, glucose and triglycerides 
levels in mice (Gentile et al., 2018). A range of dietary polyphenols have 
been tested on 3T3-L1 cells for their ability to inhibit adipocyte forma-
tion and lipid accumulation (Hsu et al., 2006; Khalilpourfarshbafi et al., 
2019) but with contradictory findings. However, a concentration 
dependent inhibitory effect on lipid accumulation in 3T3-L1 cells has 

been reported for luteolin (Park et al., 2009; Puhl et al., 2012). To date, 
none of these studies have tested the potential anti-adipogenic and 
anti-lipogenic effects of polyphenols on human relevant POP mixtures. 

The current study is the first to investigate whether the dietary 
polyphenol luteolin can provide a protective effect against the known 
adipogenic and lipogenic effect of the POP mixture in the 3T3-L1 cell 
model. The effect of luteolin on POP induced adipogenesis and lipo-
genesis, was compared to that induced by the PPARγ agonist ROSI. High 
content analysis was used to explore:  

1. nuclear and mitochondrial cell health markers in exposed 3T3-L1 
cells to assess potential cytotoxic effects on preadipocytes;  

2. markers for adipocyte formation and intracellular lipid accumulation 
formation in the 3T3-L1 cell line exposed to POP mixture or ROSI, in 
combination with luteolin. 

2. Materials and methods 

2.1. Reagents 

All PBDEs, PCBs and other organochlorines were originally pur-
chased from Chiron AS (Trondheim, Norway). All PFAAs were obtained 
from Sigma-Aldrich (St. Louis, MO, USA), except per-
fluorohexanesulfonic acid (PFHxS) which was purchased from Santa 
Cruz (Dallas, US). Hexabromocyclododecane (HBCD), luteolin, phos-
phate buffered saline (PBS) and dimethyl sulfoxide (DMSO) were ob-
tained from Sigma–Aldrich (Dorset, UK). Cell culture reagents were 
supplied by Life Technologies (Paisley, UK) unless otherwise stated. The 
reference standard ROSI, lipid content dye Nile Red and MitoTracker 
Orange were obtained from Premier Scientific (Belfast, UK). The nuclear 
stain DAPI and Hoechst 33342 were supplied by Life Technologies 
(Paisley, UK). All other reagents were standard laboratory grade. 

2.2. Persistent organic pollutant (POP) mixture 

The POP mixture used in this study was designed and prepared by the 
Norwegian University of Life Sciences, Oslo and is based on relevant 
concentrations of POPs measured in the human blood of the Scandina-
vian population (Berntsen et al., 2017), thus representing real life 
exposure. The POP mixture contained 29 POPs of various chemical 
classes including chlorinated, brominated and perfluorinated com-
pounds (Table 1). These compounds were mixed in concentration ratios 
relevant to average human blood levels. The working stock of the POP 
mixture was prepared in DMSO at a concentration 1,000,000 times the 
estimated concentration in human blood. An extensive description and 
information of chemical composition and concentrations can be found in 
the content and supplementary materials of Berntsen et al. (2017). 

2.3. Cell culture 

The 3T3-L1 preadipocyte cell line, derived from mouse embryo, is 
able to differentiate into mature adipocytes under hormonal stimula-
tion. This cell line was supplied by Thermo Scientific (UK). The cells 
were grown in vented 75 cm2 tissue culture flasks (Nunc, Roskilde, 
Denmark) at 37 ◦C with 5% CO2 and 95% humidity. Preadipocyte me-
dium (PM) containing Dulbecco’s Modified Eagle Medium (DMEM) 
Glutamax™, 10% foetal bovine serum (FBS) and 1% penicillin and 
streptomycin (50 U/mL) was replaced every two days to ensure suffi-
cient nutrient supply. The cells were routinely subcultured when they 
reached 90% confluency by detachment through trypsinisation using 
TrypleExpress and used between passages 7 to 17. 

2.4. Cytotoxic assessment of luteolin in undifferentiated preadipocytes 
using nuclear and mitochondrial parameters 

Nuclear and mitochondrial parameters were assessed for cytotoxic 

Table 1 
Concentrations listed in this column are the individual compound concentra-
tions contained within the POP mixture based upon a Scandinavian population 
(adapted from Berntsen et al., 2017).   

Compounds × 1 blood level 
concentrations (pM) 

× 1 blood level 
concentrations (ng/mL) 

1 PCB 28 31.1 0.008 
2 PCB 52 20.5 0.006 
3 PCB 101 24.5 0.008 
4 PCB 118 137.9 0.045 
5 PCB 138 429.5 0.155 
6 PCB 153 698.3 0.252 
7 PCB 180 339 0.134 
8 p,p′-DDE 1065.9 0.339 
9 HCB 228.2 0.065 
10 α-Chlordane 23.7 0.01 
11 Oxychlordane 33 0.014 
12 Trans- 

Nonachlor 
99.1 0.044 

13 α-HCH 16.8 0.005 
14 β-HCH 75.6 0.022 
15 γ-HCH 

(Lindane) 
16.8 0.005 

16 Dieldrin 56.2 0.021 
17 PBDE 47 1.78 0.009 
18 PBDE 99 0.75 0.004 
19 PBDE 100 0.38 0.002 
20 PBDE 153 0.21 0.001 
21 PBDE 154 0.3 0.002 
22 PBDE 209 0.94 0.009 
23 HBCD 5.45 0.035 
24 PFHxS 780.92 3.422 
25 PFOS 4152.21 22.348 
26 PFOA 420.94 1.743 
27 PFNA 109.25 0.507 
28 PFDA 37.54 0.193 
29 PFUnDA 33.68 0.19  
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effects of luteolin to ensure the anti-adipogenic effects were valid. 
DMSO, (at 0.2% v:v) was used as a solvent control (SC), and valinomycin 
(at 2 μM) was used as a cytotoxic control (VC) to induce a cytotoxic 
effect on both nuclear and mitochondrial markers. ROSI (at 0.4 μg/mL) 
and the POP mixture at × 1 blood level (concentrations of chemicals 
shown in Table 1) were applied to check if these two adipogenic controls 
induce any cytotoxic effects. All chemicals were prepared in DMSO and 
added into media for treatment, with a final DMSO concentration of 
0.2% v:v. 

Briefly (see Fig. 1), the 3T3-L1 cells were seeded into 96-well black- 
wall plates at 2000 cells per well in 100 μL of preadipocyte medium. 
Cells were allowed to attach overnight and proliferate for 96h to reach 
100% confluence. The cells were then exposed to luteolin (0.5, 1, 2, 5, 
and 10 μM) for 24, 48, and 72 h after the cells reached 100% confluence. 
All treatments were made at a final DMSO concentration of 0.2% v: v in 
preadipocyte medium (PM, DMEM Glutamax™ that was supplemented 
with 10% FBS and 2% Pen/Strep). 

Following 24, 48, and 72 h exposure, high content analysis (HCA) 
was used to assess changes in nuclear and mitochondrial marker. Cell 
number (CN), nuclear area (NA) and nuclear intensity (NI) were 
measured in nuclei stained with Hoechst 33342 (which binds to the 
adenine-thymine-rich regions of the minor grove in DNA to indicate 
nuclear chromatin) to assess gross cell death and changes in nuclear 
morphology. MitoTracker ® Orange stained intracellular mitochondria 
to give a fluorescent signal and allow mitochondrial marker quantifi-
cation. Mitochondrial membrane potential (MMP) determines the up-
take and accumulation of MitoTracker ® Orange. Mitochondrial mass 
(MM) was quantified by measuring area of fluorescent mitochondria to 
assess changes in mitochondrial biogenesis. After exposure, wells were 
emptied and washed once with pre-warmed (at 37 ◦C) PBS. MitoTracker 
Orange working solution (100 μL at 100 nM), prepared in pre-warmed 
serum-free medium, was added to each well (100 μL per well). After 
30 min incubation at 37 ◦C, the MitoTracker Orange solution was dis-
carded, followed by a 5 min incubation in the serum reduced medium. 
The medium was removed and cells were fixed by adding pre-warmed 
fixing solution (10% neutral buffered formalin solution, approx. 4% 
formaldehyde) for 20 min at room temperature (RT). After the cells were 
fixed, the plates were washed twice with PBS before the addition of 
Hoechst 33342 dye at a final concentration of 1.6 μM in PBS in each well 
(100 μL per well). Plates were incubated for 10 min at RT followed by 
two PBS washes. Fresh PBS (100 μL) was added to all wells and the plates 
were sealed with black film. Samples and solutions were protected from 
exposure to light during the whole procedure until HCA reading. The 

plates were evaluated on a CellInsight™ NXT High Content Screening 
platform (Thermo Fisher Scientific, UK). Data were collected at ×20 
objective magnification and selected filters: Hoechst 33342 (Ex/Em 
350/461 nm) and MitoTracker Orange (Ex/Em 554/576 nm). 

2.5. Analysis of adipocyte differentiation following POP mixture and 
luteolin co-exposure 

To assess the anti-adipogenic effect of luteolin, 3T3-L1 cells were 
exposed to luteolin, and the co-treatments of luteolin in combination 
with the adipogenic control ROSI or the POP mixture. 

Briefly (see Fig. 1), the 3T3-L1 cells were seeded into 96-well black- 
wall plates at 2000 cells per well in 100 μL of PM (set as Day 0). Cells 
were allowed to attach overnight and proliferate for 96 h to reach 100% 
confluence. After 100% confluence (Day 5), cells were exposed to 
treatments in differentiation medium (DM) that consisted of PM and 
differentiation inducing mixture (DIM). The DIM consisted of 43 nM 
insulin, 100 nM dexamethasone, and 25 μM of 3-isobutyl-1-methylxan-
thine (IBMX). The solvent control (SC, DMSO at 0.2% v: v), ROSI (at 0.4 
μg/mL), the POP mixture at £ 1 blood level, and luteolin (at 0.5, 1, 2, 5, 
and 10 μM) were applied individually in DM. Two co-exposures were 
prepared: 1) ROSI and luteolin and 2) POP mixture and luteolin. All 
treatments were made with a final dimethyl sulfoxide (DMSO) concen-
tration of 0.2% v: v in media. After 48 h exposure in treatments con-
taining DM, the wells were emptied and 200 μL of insulin medium (IM) 
(PM with 43 nM insulin) was added and plates were incubated for 2 
days. On Day 9 the IM was replaced by PM and incubated for 48 h. 

2.6. Analysis of lipid content following POP mixture and luteolin co- 
exposure 

After differentiation, 3T3-L1 cells were stained by DAPI and Nile Red 
for HCA measurement on Day 11 (Fig. 1). The cell number and nuclear 
morphology were based on the DAPI stained nuclei. Plates were washed 
once with 200 μL of PBS, and fixed with 100 μL formalin (approximately 
4% formaldehyde) for 10 min at RT. Cells were washed twice with 200 
μL of PBS and stained with 100 μL of 300 nM DAPI solution for 10 min at 
RT. After DAPI staining, cells were again washed with 200 μL PBS. Nile 
red working solution (0.25 μg/mL in PBS) was added to each well for 20 
min. The Nile red solution was discarded and cells were washed twice 
with 200 μL PBS. Fresh PBS (100 μL) was added to the wells and the 
plates were sealed with black film. The plates were evaluated on a 
CellInsight™ NXT High Content Screening platform (Thermo Fisher 

Fig. 1. Cytotoxicity assay and adipogenesis assay. 
The cytotoxicity assay is depicted on the left (blue 
arrows), exposing undifferentiated preadipocytes to 
luteolin (at 0.5, 1, 2, 5, and 10 μM) and controls 
(DMSO, 0.2% v:v; valinomycin at 2 μM, rosiglitazone 
(ROSI) at 0.4 μg/mL and the POP mixture at £ 1 
blood level (concentrations of chemicals shown in 
Table 1)) for 24 h, 48 h, and 72 h; the nuclear 
(number, intensity and area) and mitochondrial 
(membrane mass and potential) markers were quan-
tified to assess cytotoxic effects. The adipogenesis 
assay is depicted on the right side (orange arrows), 
adipogenic differentiation was induced by a mixture 
of insulin, IBMX, and dexamethasone on Day 5 and 
Day 6, with the 48 h exposure to luteolin, and in the 
combinations of luteolin with ROSI, or luteolin with 
POP mixture; nuclear markers, adipocyte formation 
(number of adipocytes against number of cells per 
well), and intracellular lipid content were quantified 
to assess the anti-adipogenic effect of luteolin. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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Scientific, UK). Data was collected at ×20 objective magnification and 
selected filters: DAPI (Ex/Em 350/461 nm) and Nile Red (Ex/Em 554/ 
576 nm). 

2.7. Data analysis 

Exposures were carried out in triplicate and in three independent 
experiments (n = 3). Data collected from the HCA platform was pro-
cessed with Excel and Graphpad PRISM software version 9.0 (San Diego, 
CA). All values shown are expressed as mean ± standard error of mea-
surement (SEM) of three independent exposures for the compounds 
tested. Data is expressed as a percentage of the relevant solvent control 
(DMSO at 0.2% v:v) for each parameter. Data which passed a normality 
test (alpha = 0.05) were analysed by Ordinary one-way ANOVA with 
Dunnett’s test for multiple comparisons. Data which did not pass the 
normality and lognormality tests (alpha = 0.05) were analysed with 
Kruskal-Wallis test; the mean concentrations were tested for significant 
difference at the 95% confidence level. Significant effects are repre-
sented by P ≤ 0.05 (*), P ≤ 0.01 (**), and P ≤ 0.001 (***). 

3. Results 

3.1. Effect on cellular health by luteolin in undifferentiated 3T3-L1 
preadipocytes 

Cell number (CN), nuclear area (NA) and intensity (NI), as well as 
mitochondrial mass (MM) and membrane potential (MMP) were used as 
markers for cellular health. These were assessed first to determine the 
non-cytotoxic concentrations and exposure duration of luteolin in the 
3T3-L1 cell model. The cellular images obtained are shown in Fig. 2. All 
data with mean value, SEM, p-values are available in Supplemental 
Table 1. 

Nuclear and mitochondrial markers of 3T3-L1 preadipocytes after 
luteolin exposure confirmed it was not cytotoxic up to 5 μM after 48 h 
exposure, and not cytotoxic up to 2 μM after 72 h exposure. The treat-
ment duration was limited to 48 h in 3T3-L1 preadipocytes for the 
adipogenic differentiation assay. 

3.2. Cellular health effects of luteolin on differentiated 3T3-L1 adipocytes 
in combination with rosiglitazone or POP mixture 

After differentiation, the cellular health effects of exposure to 
luteolin, the POP mixture and ROSI, and co-exposures on the 3T3-L1 
cells at different concentrations was assessed via cellular health 
markers (CN, NA, and NI). 

In differentiated 3T3-L1 adipocytes, luteolin on its own did not 
induce any significant changes in nuclear markers but showed a con-
centration dependent trend with decreasing CN (Fig. 3A). ROSI con-
taining treatments gave lower NA (Fig. 3B). Neither the POP mixture, 
nor luteolin and POP mixture combinations induced significant nuclear 
marker changes at the tested concentrations (Fig. 3A, B, and 3C). Thus, 
luteolin on its own, or in combination with ROSI or POP mixture did not 
induce significant cellular health effects on differentiating 3T3-L1 cells. 
All data with mean value, SEM and p-values are available in Supple-
mental Table 2. 

3.3. Effect on adipocyte formation 

Fig. 4 presents the effects on adipocyte formation in 3T3-L1 cells 
following exposure to ROSI, luteolin, the POP mixture and their com-
binations. The POP mixture at × 1 blood level increased adipocyte 
formation by 79.15% compared to SC (P 0.001≤). When luteolin was 
combined with the POP mixture, the adipocyte formation promoted by 
the POP mixture alone was inhibited at 2, 5 and 10 μM luteolin by 
21.21% (P ≤ 0.05), 32.61% (P ≤ 0.01) and 56.75% (P ≤ 0.001), 
respectively. The differentiated adipocytes showed distinctive lipid 
droplet formation. The number of adipocytes in the population was 
calculated as a percentage of Nile Red stained cells from the total 
number of cells. Luteolin itself did not induce any significant change in 
adipocyte formation after differentiation. ROSI increased adipocyte 
formation by 221.0% compared to SC (P 0.001≤); and the luteolin did 
not affect ROSI induced adipocyte formation. All data, with mean value, 
SEM and p-values are available in Supplemental Table 2. 

3.4. Effect on intracellular lipid content 

Intracellular lipid content in differentiated 3T3-L1 cells was assessed. 
The POP mixture induced significant lipid accumulation compared to 
the SC (Fig. 5). Luteolin was applied on its own, and in combinations 
with ROSI and the POP mixture. Luteolin on its own did not change 
intracellular lipid content in 3T3-L1 cells compared to the SC at any 
tested concentration. 

However, when compared to lipid accumulation level in the POP 
mixture, luteolin significantly reversed the lipid content increase 
induced by the POP mixture at 10 μM by 71.97% (P ≤ 0.05) and showed 
a concentration dependent lipid accumulation inhibition effect (Fig. 5). 
All data with mean value, SEM, p-values are available in Supplemental 
Table 2. 

ROSI is a positive control which induces adipogenic differentiation 
and intracellular lipid content increase in 3T3-L1 cells. After differen-
tiation, a significant increase in intracellular lipid content in ROSI 
treated cells was observed (Fig. 5). Co-exposure with luteolin did not 
block the intracellular lipid content increase induced by ROSI (Fig. 5). 

4. Discussion 

In the present study, we have found that exposure to a human rele-
vant POP mixture induced a significant obesogenic effect at the cellular 

Fig. 2. High content image of confluent 3T3-L1 preadipocytes after 
exposure to luteolin. 
After 72 h exposure to A) solvent control (DMSO at 0.2% v: v), B) valinomycin 
(2 μM), C) luteolin at 1 μM, and D) luteolin at 10 μM. Typical HCA micrographs 
are shown with nuclei (stained by Hoechst 33342, shown in blue) and mito-
chondrial structure (stained by MitoTracker Orange, shown in orange), ×20 
objective magnification, scale bars = 200 μm. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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level characterized by an increase in intracellular lipid content and 
altered energy metabolic function. Flavonoids have been observed to 
ameliorate adiposity. We thus further investigated whether dietary 
polyphenols such as luteolin could protect 3T3-L1 adipocytes against the 

lipogenic effects induced by a human relevant POP mixture. Cellular 
health markers, adipocyte formation, and intracellular lipid content 
were assessed. No significant cellular damage was observed in 3T3-L1 
preadipocytes after 48 h exposure to luteolin up to 5 μM. In 

Fig. 3. Cellular health markers of differentiated 
3T3-L1 after individual luteolin exposure, and co- 
exposures of luteolin with rosiglitazone, or the 
POP mixture. 
Cells were stained by DAPI and read under ×20 
objective magnification. Graphs show HCA reading of 
A) cell number, B) nuclear area, and C) nuclear in-
tensity in differentiated 3T3-L1 cells (mean ± SEM, n 
= 3) after 48 h incubation with luteolin (0, 0.5, 1, 2, 
5, 10 μM), Rosiglitazone (ROSI) 0.4 μg/ml in combi-
nation with luteolin (0, 0.5, 1, 2, 5, 10 μM), and POP 
mixture at £ 1 blood level in combination with 
luteolin (0, 0.5, 1, 2, 5, 10 μM), following 4 days 
adipogenic development. All treatments were per-
formed with a final dimethyl sulfoxide (DMSO) con-
centration of 0.2% v: v in media. Data is expressed as 
a percentage of solvent control for each parameter, 
mean ± SEM, n = 3. P ≤ 0.05 (*), P ≤ 0.01 (**), P 
0.001≤ (***) represent significance.   
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differentiated 3T3-L1 cells, luteolin did not affect cellular health in a 
statistically significant way at concentrations up to 10 μM on its own, or 
in combination with the positive control ROSI or the POP mixture. This 
suggests that the effects of luteolin on adipocyte formation and lipid 
content changes in 3T3-L1 did not result from significant cellular 
damage. 

The blockage of the lipid accumulating effects is not general to all 
flavonoids. Some flavonoids may lead to cellular damage, whilst 
inhibiting intracellular lipid accumulation (Khalilpourfarshbafi et al., 
2019). This suggests that a lipid content reduction in 3T3-L1 models 
may not always be attributed to anti-adipogenic activity, but rather is 
due to reduced cellular health. Thus, the cellular health condition of 
both undifferentiated and differentiated 3T3-L1 cells was assessed to 
avoid false results due to cytotoxic effects. 

Exposure of 3T3-L1 cells to the POP mixture did not induce any 
significant cellular damage or CN changes, but did promote adipocyte 
formation, and showed a more potent effect on lipid accumulation in 

3T3-L1 cells than ROSI. POPs have in previous 3T3-L1 studies displayed 
lipid accumulation promoting effects and PPARγ activation (Sargis et al., 
2009; vom Saal et al., 2012; Watkins et al., 2015). The POP mixture used 
in this study consisted of 29 individual chemicals that have been cat-
egorised into three groups: perfluorinated compounds (PFAA), bromi-
nated compounds (Br), and chlorinated compounds (Cl). Individual 
PFAAs (PFHxS, PFOA, PFNA, and PFUnDA), BDE congeners (BDE-47, 
100, 153 and 209), polychlorinated biphenyls (PCB) − 118, PCB-138, 
PCB-153, and OCPs (p’p-DDE, oxy-chlordane, γ-hexa-
chlorocyclohexane (γ-HCH), and dieldrin) have previously shown lipid 
accumulation promoting effects in the 3T3-L1 cell model (Howell and 
Mangum, 2011; Kamstra et al., 2014; Kanayama et al., 2004; Kassotis 
et al., 2017; Kim et al. 2016a, 2016b; Mangum et al., 2015; Tung et al., 
2014; Xie et al., 2021). In our previous study of this POP mixture on 
differentiated 3T3-L1 cells, the PFAA sub-mixture significantly 
increased intracellular lipid accumulation whilst the Br and Cl 
sub-mixtures did not (Xie et al., 2021). In addition, the concentration of 

Fig. 4. Adipocyte formation of 3T3-L1 after indi-
vidual luteolin exposure, and co-exposures of 
luteolin with rosiglitazone, or the POP mixture. 
Cells were stained by DAPI and Nile Red and read 
under ×20 objective magnification. Graphs show 
HCA reading of adipocyte formation in differentiated 
3T3-L1 cells (mean ± SEM, n = 3) after 48 h incu-
bation with luteolin (0, 0.5, 1, 2, 5, 10 μM), rosigli-
tazone (ROSI) 0.4 μg/ml in combination with luteolin 
(0, 0.5, 1, 2, 5, 10 μM), and POP mixture at £ 1 blood 
level in combination with luteolin (0, 0.5, 1, 2, 5, 10 
μM), following 4 days adipogenic development. All 
treatments were made with a final dimethyl sulfoxide 
(DMSO) concentration of 0.2% v: v in media. Data is 
expressed as a percentage of solvent control for each 
parameter, mean ± SEM, n = 3. ROSI and POP 
mixture increased the number of adipocytes 
compared to the SC, P ≤ 0.05 (*), P ≤ 0.01 (**), P 
0.001≤ (***). Compared to the POP mixture alone, 
addition of luteolin significantly reduced adipocyte 
formation at higher concentrations, P ≤ 0.05 (#), P ≤
0.01 (##) and P ≤ 0.001 (###). (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 5. Intracellular lipid content of differentiated 
3T3-L1 after individual luteolin exposure, and co- 
exposures of luteolin with rosiglitazone, or the 
POP mixture. 
Cells were stained by DAPI and Nile Red and read 
under ×20 objective magnification. Graphs show 
HCA reading of intracellular lipid content in differ-
entiated 3T3-L1 cells (mean ± SEM, n = 3) after 48 h 
incubation with luteolin (0, 0.5, 1, 2, 5, 10 μM), 
Rosiglitazone (ROSI) 0.4 μg/ml in combination with 
luteolin (0, 0.5, 1, 2, 5, 10 μM), and POP mixture at £
1 blood level in combination with luteolin (0, 0.5, 1, 
2, 5, 10 μM), following 4 days adipogenic develop-
ment. All treatments were made with a final dimethyl 
sulfoxide (DMSO) concentration of 0.2% v: v in 
media. Data is expressed as a percentage of solvent 
control for each parameter, mean ± SEM, n = 3. ROSI 
and POP mixture increased the cellular lipid content 
compared to SC, P ≤ 0.05 (*), P ≤ 0.01 (**), P 0.001≤
(***). Compared to POP mixture alone, addition of 
luteolin significantly reduced cellular lipid content at 
higher concentrations, P ≤ 0.05 (#), P ≤ 0.01 (##) 
and P ≤ 0.001 (###). (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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PFAAs in the POP mixture are higher than the concentration of the Br 
and Cl compounds (Berntsen et al., 2017). Thus, the PFAA compounds 
are likely the main driver of the adipogenesis and lipogenesis effects 
induced by this POP mixture in the 3T3-L1 cells. 

ROSI is a positive control for adipogenesis. It promotes adipocyte 
formation and lipid accumulation in 3T3-L1 cells, mainly via PPARγ 
activation. As a selective PPARγ agonist, ROSI can induce mitotic clonal 
expansion, adipogenic differentiation and lipid accumulation in 3T3-L1 
cells efficiently (Lefterova et al., 2014). Luteolin has been shown to act 
as a PPARγ receptor agonist but does not inhibit ROSI (at 1 μM) induced 
PPARγ transactivation (Puhl et al. (2012). 

In this study, 48 h exposure to ROSI (at 0.4 μg/mL, equivalent to 
1.11915 μM) significantly increased adipocyte formation and lipid 
accumulation within differentiated 3T3-L1 cells. Co-exposure with 
luteolin (at 0.5, 1, 2, 5, and 10 μM) did not affect this ROSI induced 
adipocyte formation and lipid accumulation. In contrast, Park et al. 
(2009) showed that luteolin (at 25 μM) over a 36 h exposure inhibited 
ROSI (at 0.2 μM) induced lipid accumulation in differentiated 3T3-L1 
cells. Similarly, Puhl et al. (2012) observed that 72 h exposure of 
luteolin (from 5 to 20 μM) during early cell differentiation stages 
inhibited induction of lipid accumulation by ROSI in a 
concentration-dependent fashion (at 1 μM). Troglitazone is another se-
lective PPAR-γ agonist used as a lipogenic control in 3T3-L1 adipo-
genesis studies. Kwon et al. (2016) demonstrated that a 7 day exposure 
study of luteolin (at 5 μM) effectively suppressed troglitazone induced 
lipid accumulation in 3T3-L1 cells. 

The contradictory effects of luteolin as observed in different studies 
may be due to the varying concentrations used of ROSI, increased con-
centrations of luteolin, and stage of adipocyte cell differentiation. In 
addition, it has been demonstrated that the exposure duration may also 
impact the anti-adipogenic effect of luteolin in combination with ROSI 
(Nishina et al., 2015). 

Adipocyte formation and lipid content were measured to show anti- 
adipogenic and anti-lipogenic potential. Luteolin did not change the 
adipocyte formation or cellular lipid content in differentiated 3T3-L1 
cells. In previous studies, luteolin resulted in contradictory results in 
intracellular lipid accumulation (Ding, Jin and Chen, 2010; Mosque-
da-Solís et al., 2017; Park et al., 2009). Luteolin (from 10 μM) showed a 
lipid accumulation inhibiting effect on differentiated 3T3-L1 cells 
treated with IBMX, dexamethasone, and insulin at the early stage of 
differentiation (Park et al., 2009). Mosqueda-Solís et al. (2017) reported 
a significant decrease in 3T3-L1 intracellular triacylglycerol content 
after 8-days exposure to luteolin at 1 μM. The inhibitory effect of luteolin 
in the same study was also observed at 25 μM after early stage exposure 
(day 0–60 h), which did not occur after late stage exposure (60h to day 
8) (Mosqueda-Solís et al., 2017). Previous studies have shown that 
phenolic compounds during the early stages of differentiation were 
more effective in inhibiting lipid accumulation (Aranaz et al., 2019; 
Mosqueda-Solís et al., 2017). Extended exposure duration can lead to 
more potent inhibitory effects on lipid accumulation. Thus, concentra-
tions, exposure stage, and exposure duration can impact the 
anti-adipogenic effect of luteolin. In humans, obesogens have been 
shown to induce the most potent obesogenic effects during exposure 
stages such as the in utero period and during early childhood (Heindel 
et al., 2022). In addition, luteolin is a PPAR-γ agonist which has been 
applied in parallel with ROSI during adipogenesis study (Puhl et al., 
2012; Zhang et al., 2020). 

Although ROSI induced more adipocyte formation than the POP 
mixture, both exposures led to significant lipid accumulation at similar 
levels in differentiated 3T3-L1 cells. ROSI is used to treat type 2 diabetes 
due to its ability to enhance adipogenesis and lipid accumulation via 
activation of PPARγ (Mallikarjuna and Manjappara, 2021). POPs 
included in the POP mixture such as all six of the PFAAs have been re-
ported to have PPARγ activating effects (Zhang et al., 2014). Luteolin 
presented both agonism and antagonism effects on PPARγ in previous 
studies, inhibited POP mixture induced adipocyte formation and lipid 

accumulation, but did not reverse ROSI induced lipogenic and adipo-
genic effects in this study (Puhl et al., 2012). Thus, the effect of luteolin 
in co-exposure scenarios may be PPARγ independent. Further, ROSI and 
POPs may have different mechanisms of adipocyte promoting biology. It 
is known that ROSI can increase adenosine monophosphate-activated 
kinase (AMPK) phosphorylation which contributes to mitochondrial 
biogenesis in differentiated adipocytes, enhanced glucose uptake and 
induce the browning of adipose tissue (Ahmad et al., 2020; Fryer et al., 
2002; Rong et al., 2011). PFOS, PCB 101, PCB 153, and PCB 180 on the 
other hand inhibited AMPK activation and lipid accumulation in 
different in vitro models (Ferrante et al., 2014 . Ling et al., 2022). Mul-
tiple dietary polyphenols such as apigenin, esculetin, and cyclocarioside 
have shown anti-adipogenic effects via AMPK inhibition (Guru et al., 
2020). Luteolin showed AMPK activation effects that may attenuate the 
expression of PPARγ and C/EBPs to inhibit adipogenesis, but also can 
induce PPARγ activation (Ding et al., 2010; Zhang et al., 2016). The 
AMPK activating and the PPARγ partial agonism effects of luteolin may 
result in different adipogenic and lipogenic profiles when combined 
with ROSI and the POP mixture. Future studies assessing the expression 
of lipogenic factors such as PPARγ, AMPK, and C/EBPs would help to 
further elucidate the mechanisms involved. 

In addition to promoting glucose uptake and lipogenesis in adipose 
tissue, ROSI also improves mitochondrial biogenesis and fatty acid 
oxidation (Pardo et al., 2011; Rong et al., 2011). In vitro application of 
ROSI reduced pro-inflammatory properties in 3T3-L1 cells and isolated 
adipose tissues (McTernan et al., 2002; Siebert et al., 2016). The 
anti-inflammatory effect of ROSI has also been observed in type 2 dia-
betic patients (Gupta et al., 2012; Li and Shen, 2019). In contrast to 
ROSI, POPs have shown inflammatory inducing and adipokine dis-
rupting effects on adipose tissue (Hugo et al., 2008; Regnier and Sargis, 
2014). In the HepG2 cell line, sub-groups of the POP mixture, at higher 
concentrations, induced a significant increase in the production of 
reactive oxygen species (Wilson et al., 2016). An increase in reactive 
oxygen species may be exacerbated by the hypertrophic growth related 
adipose tissue hypoxia, which contributes to NF-κB mediated inflam-
mation (Myre and Imbeault, 2013). PCB-153 (at 0.5 and 1 μM) induced 
abnormal lipid accumulation in 3T3-L1 cells accompanied by elevated 
NF-κB expression (Wu et al., 2017). PCB-101 and PCB-180 also showed 
an activation effect on the NF-κB pathway (Arsenescu et al., 2008; Kim 
et al., 2004; Santoro et al., 2015). 

Thus, compared to the insulin sensitising and metabolic improving 
effects of ROSI, the POP mixture may lead to unfavourable adipose 
expansion and metabolic profile. PPARγ is a well-known marker for 
assessing the adipogenic and anti-adipogenic effects of chemicals (Grün 
and Blumberg, 2006). Luteolin has been shown to have a partial agonist 
effect on PPARγ during differentiation, but downregulated PPARγ acti-
vation was induced by PPARγ selective agonists (Aranaz et al., 2019; 
Park et al., 2009; Puhl et al., 2012). Besides impacts on PPARγ, luteolin 
and luteolin-7-O-glucoside have shown inhibitory effects on glucose 
uptake via the glucose transporter (GLUT) 4 (Nagai et al., 2016; Nishina 
et al., 2015). In differentiated 3T3-L1 cells, luteolin promoted PPARγ 
expression and PPARγ DNA binding activity, and enhanced glucose 
uptake via glucose transporter (GLUT) 4 (Ding et al., 2010). Recently, 
the adipogenic and lipogenic effects of selected plastic extracts were 
elucidated, and showed chemicals extracted from plastic products 
increased adipocyte formation and lipid accumulation without the 
activation of PPARγ or glucocorticoid receptor pathways (Völker et al., 
2022). Thus, the protective effect of luteolin on POP exposed 3T3-L1 
cells may act on transactivation of other adipogenic factors. The meta-
bolic disrupting effects and underlying mechanisms of POPs and other 
exogenous chemicals needs to be further investigated. 

Unbalanced energy intake and sedentary lifestyle are major con-
tributors to the current epidemic of metabolic disorders. Ubiquitous 
exposure to POPs exacerbates metabolic disruption by altering meta-
bolic homeostasis in gut, liver, muscles, and adipose tissue (Neel and 
Sargis, 2011). Heindel et al. (2022) reviewed a range of chemicals 
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including many of the POPs which are present in our POP mixture and in 
concurrence with our findings emphasises the contribution of POPs to 
the global obesity problem. In addition, different POP exposure sce-
narios result in differences within exposure profiles, which contributes 
to the complexity of mixture studies. Daily intake of fruit and vegetables 
provides dietary fibres, micronutrients, and various polyphenols. 
Although the link between metabolic diseases and dietary polyphenol 
intake are inconsistent in previous epidemiological studies, a recently 
published meta-analysis of prospective cohort studies showed the higher 
intake of total flavonoids was related to lower risk of metabolic diseases 
(Alkhalidy et al., 2018; Song et al., 2005; Xu et al., 2018). The health 
effects of luteolin on adipose tissue has been reviewed and highlighted 
that luteolin not only can inhibit adipocyte hypertrophy (enlargement of 
adipocytes via excessive lipid content accumulation), but also can 
improve glucose uptake, insulin sensitivity, and reduce inflammation 
(Wang et al., 2021). Bioavailability of polyphenols has been a concern 
that may limit the compatibility of in vitro health effects of polyphenols 
and in vivo responses. Pharmaceutical approaches have been developed 
to improve the plasma concentration and prolong the circulation period 
of these compounds (Dang et al., 2014; Zhou et al., 2008). In the current 
study, luteolin inhibited adipocyte formation and intracellular lipid 
content increase induced by a mixture of POPs, but did not reduce 
adipogenesis induced by ROSI. These findings may extend the under-
standing of beneficial metabolic effects of luteolin, and other poly-
phenols to counteract detrimental metabolic effects as a result of our 
exposure to POP mixtures in our everyday life. Although in vitro mea-
surement in the 3T3-L1 model shows the protective potential of luteolin 
against POP induced obesogenic effects, the confirmation of an 
anti-obesogenic effect in vivo of dietary luteolin requires further study 
for therapeutic application. 

5. Conclusion 

This is the first study to investigate the protective effects of a 
flavonoid on POP induced adipocyte formation and intracellular lipid 
accumulation in the 3T3-L1 in vitro model. Luteolin did not block the 
effects of the adipogenic control ROSI, but did block the adipogenic 
effects of a real life human exposure relevant mixture of POPs. This 
suggests different adipogenic mechanisms between ROSI and the POP 
mixture. Overall, this study demonstrates that luteolin may inhibit the 
hypertrophic growth of adipose tissue observed in the case of POP 
induced adipocyte disruption. Consequently, luteolin intake via the diet 
may be of benefit in preventing obesogenic effects posed by our ubiq-
uitous exposure to POP mixtures. 
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