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Abstract

Environmental chemical exposure could be a contributor to the increasing obesity epidemic. 

Diazinon, an organophosphate insecticide, has been widely used in the agriculture, and exposure 

of the general population to diazinon has been reported. Diazinon has been known to induce 

neurotoxic effects mainly through the inhibition of acetylcholinesterase (AChE). However, its 

association with dysregulation of adipogenesis has been poorly investigated. The current study 

aimed to examine the mechanism of diazinon’s effect on adipogenesis using the 3T3-L1 

preadipocytes combined with a single-cell-based high-content analysis. The results showed that 

diazinon induced lipid droplet accumulation in a dose-dependent manner. The dynamic changes of 

adipogenic regulatory proteins and genes were examined at the three stages of adipogenesis 

(induction, differentiation, and maturation) in 3T3-L1 cells treated with various doses of diazinon 

(0, 1, 10, 100 μM) using real-time quantitative RT-PCR and Western Blot respectively. Diazinon 

significantly induced protein expression of transcriptional factors CCAAT-enhancer-binding 

proteins α (C/EBPα) and peroxisome proliferator-activated receptor γ (PPARγ), their 

downstream proteins, fatty acid synthase (FASN), acetyl CoA carboxylase (ACC), fatty acid-

binding protein 4 (FABP4), lipoprotein lipase (LPL), adiponectin and perilipin in dose and time-

dependent manners. Similarly, the adipogenic genes were significantly induced in a dose and time-

dependent manner compared to the relative controls. The current study demonstrates that diazinon 

promotes lipid accumulation and activates the adipogenic signaling pathway in the in vitro model.
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1. Introduction

More than 36.5% of adults and 17% of children in the US have obesity or overweight [1], 

and obesity has become a growing health problem and closely associated with a far-ranging 

adverse effect on health, contributing to morbidity and mortality [2-7]. Obesity is a 

multifactorial disorder, and a susceptible genetic background indeed predisposes to obesity. 

However, the current rapid rise in the prevalence of obesity appears to be related to gene-

environmental interaction [8, 9]. Accumulating evidence suggests that environmental 

chemicals, such as endocrine-disrupting chemicals (EDCs), could be contributing to the 

development of obesity and associated metabolic disorders [10-18]. EDCs are exogenous 

compounds that modulate the endogenous hormonal action through disrupting a variety of 

metabolic signaling pathways. Prenatal exposure to hexachlorobenzene (DDE, metabolites 

of pesticide DDT), and polychlorinated biphenyls (PCBs) were found to be associated with 

increased BMI and weight gain at an early age of children [19, 20]. Epidemiologic studies 

have shown that exposures to PCBs, dioxins, and phthalates were closely associated with the 

prevalence of diabetes [21, 22]. Occupational exposure to organochlorine and 

organophosphate (OP) insecticides have been shown to be associated with diabetes [23].

Diazinon is a widely applied OP insecticide in the US and the worldwide [24], 

approximately 13 million pounds of the active ingredient diazinon are used annually on 

agricultural sites [25]. The wide usage of diazinon in agriculture is likely to pose an adverse 

effect to human from exposure, through multiple pathways in both agricultural and non-

agricultural communities. Although diazinon’s residential uses were banned in the US in 

2004, diazinon residue has still been detected in the agricultural worker, general populations, 

and ecological risks, due to its wild usage in fruit and vegetable production [25, 26]. For 

example, diazinon residue has frequently been found in surface waters or drinking water 

[27], and transported from the site of application by precipitation, fog, and wind to other 

areas, and has the potential to migrate through the soil and into groundwater [28]. In 

addition, the metabolite of diazinon, 2-isopropyl-4-methyl-6-hydroxypyrimidine, has been 

detected in urine from 82% of American adults [29, 30]. Although the metabolites of 

diazinon in urine were below the limit of detection in adults, it was detected in 95% of 

children aged 6–11 years and the non-Hispanic community at 1.45 and 1.49 μg/L, 

respectively, in the NHANES 2001–2002 [31]. Diazinon can be transferred to the developing 

fetus if the pregnant women used OP containing products [32]. In addition, Occupational 

workers, farmworkers and their children had up to 10 fold higher of urinary metabolites than 

that of the NHANES survey during agricultural seasons [33]. Importantly, pesticides were 

found to be tracked into homes of farmworkers where children were highly exposed through 

take-home pesticide pathway [34]. Diazinon can be oxidatively degenerated to diaxozon, 

much more toxic than diazinon. Diazinon exposure can lead to various adverse health 

outcomes, not only limit to developmental neurotoxicity through acetylcholinesterase 

inhibition [35-37], but also induction of genotoxicity [38, 39] and DNA damage [40]. 

Recently, more studies have raised concerns regarding a multitude of toxic effects of OPs at 

the sub-toxic dose [41-43]. Interestingly, exposure to diazinon has been shown to cause the 

rise of incidence of acute pancreatitis [44-46], and reproductive disorder [47, 48], which is 

associated with endocrine and metabolic-related diseases [49, 50]. In addition, Ear-tags 
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impregnated with diazinon have been widely used to effectively control ectoparasites on 

livestock. The cattle that wearing these ear tags gained significant weight, a net increase of 

60% over 5 months as opposed to only a 28% weight gain in cattle without treating ear tags 

[51, 52]. An animal study also suggested that subclinical doses and repeated exposure of 

diazinon promoted weight gain predominately [53]. The further results showed that neonatal 

rats with low-dose of diazinon not only produced developmental neurotoxicity, but also have 

lasting effects on metabolism, and these metabolic defects were exacerbated when diazinon 

exposure occurred at a critical developmental stage [54-56]. This phenomenon was further 

reinforced by the impaired energy metabolism of the gut microbiome in mice treated with 

Diazinon [57].

To date, a few studies have investigated the mechanisms of insecticides on lipid and glucose 

metabolism, which ultimately contribute to weight gain, development of obesity, and related 

chronic metabolic diseases [58, 59]. Given the significance of adverse health effects and 

widespread use of diazinon, it is of great interest to understand the interplay between 

adipogenesis and diazinon at a subtoxic dose. In our previous study, we have established the 

impact of environmental exposure Benzyl butyl phthalate on adipogenesis using an in vitro 

model combined with high-content analysis. A cell-based high-content analysis emerges as a 

highly informative approach to analyze the regulation and dynamic changes at a single-cell 

level [60]. In the current study, we investigated whether diazinon regulates adipogenic 

signaling pathway and promotes adipogenesis using a multiparametric high-content analysis, 

suggesting an essential role of diazinon in adipogenesis.

2. Materials and Methods

2.1. Chemicals and reagents

Dulbecco’s modified Eagle’s medium (DMEM), antibiotics (penicillin and streptomycin), 

fetal bovine serum (FBS), and 0.25% trypsin were purchased from GE Healthcare Life 

Sciences (Logan, Utah). Insulin, dexamethasone (DEX),3-isobutyl-1- methylxanthine 

(IBMX), protease inhibitor cocktail, and dimethyl sulfoxide (DMSO) were purchased from 

Sigma-Aldrich (St. Louis, MO). Diazinon (Cas: 33–41-5,) was purchased from Chem 

Service with a purity of 99.2% (West Chester, PA). The name of International Union of Pure 

and Applied Chemistry (IUPAC) is O,O-Diethyl O-[4-methyl-6-(propan-2-yl)pyrimidin-2-

yl] phosphorothioate.

2.2. 3T3-L1 cell culture

3T3-L1 mouse preadipocytes were kindly gifted from Dr. Clifton Bailey’s laboratory at the 

University of Georgia. Cells were maintained in DMEM composed of high glucose, 10% 

FBS and 100 U/mL penicillin and streptomycin in a 37°C, 5% CO2 humidified environment. 

The cultured cells were maintained in a sub-confluent condition and change of media every 

2–3 days.

2.3. 3T3-L1 differentiation and treatments

3T3-L1 cells were cultured to 100% confluence (M1 medium: DMEM containing 10% FBS) 

in a 12-well plate, 35 mm dish, or 96 well-plate, for RNA, protein, or high-content analysis, 
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respectively. This time point is denoted as day 0. After post-confluence, cells were then 

incubated in adipogenic induction medium (M2 medium: DMEM containing 1 μM DEX, 0.5 

mM IBMX, 167 nM insulin and 10% FBS) for two days, and then cultured in adipogenic 

differentiation medium (M3 medium: DMEM containing 167 nM insulin and 10% FBS) for 

another two days, followed by DMEM with 10% FBS (M1) for another four days. The cells 

cultured with DEX in the M2 medium were used as a positive control, in order to ensure the 

cell’s ability to differentiate into the adipocyte. To examine the effects of diazinon on 

adipogenesis of 3T3-L1 cells, diazinon was added to M1, M2 without DEX, and M3 media 

as indicated doses for a total 8 days. Cells in the vehicle (DMSO 0.05%) in M1, M2, and M3 

media were set as the untreated control (CTL). Figure 1 illustrates the stages and treatment 

protocol.

2.4. Oil Red O staining and quantification of lipid droplets and cellular triglyceride levels 
in cell lysates

3T3-L1 cells were seeded in a 12-well plate and treated with diazinon of various 

concentrations or a vehicle control from day 0 to day 8. On day 8, cells were fixed in fresh 

4% paraformaldehyde, and the intracellular lipid droplets were stained with a filtered 

solution of 60% Oil Red O in 100% 2-isopropanol. Stained cells were observed with an 

Olympus IX71 (TH4–100) imaging system with 20X phase contrast objectives. Oil Red O 

was extracted from cells with isopropanol, and optical density (OD) was then measured at a 

wavelength of 510 nm (Gen5, BioTek). The cells were also stained with Nile Red using 

AdipoRed Assay according to the manufacturer’s instructions (Lonza, MD), the 

fluorescence intensity was measured at 572 nm (Gen5, BioTek). In order to determine 

triglyceride levels more specifically, the triglyceride levels from the cell lysates were 

quantified using Infinity Triglycerides Reagent (Thermo Scientific, MA) and Triglyceride 

Standard (Pointe Scientific, Canton, MI). The 3T3-L1 cells were cultured in the 6-well plate, 

and treated with various doses of Diazinon, DEX as a positive control (pos), and vehicle 

(DMSO 0.05%) as the negative control (Ctl). After treatment for 10 days, the cells were 

washed with cold PBS twice, and the cell lysates were re-suspended and homogenized in 5% 

NP-40 solution. The cell lysates were then harvested, and heated for 5 mins in the 95ºC 

water bath, and vortexed for 30 seconds. This step was repeated twice, and then cool 

samples to room temperature. The Triglyceride levels, then were assayed with Infinity 

Triglyceride Reagent according to the manufacturer’s instructions. The protein content of 

the cell lysates was also measured by the Bradford protein assay following the 

manufacturer’s instruction (BioRad, Hercules, CA). The final triglyceride level was 

normalized with the protein content. The experiment was performed with three technical 

replicates, repeated three times.

2.5. A single-cell based high-content analysis (HCA)

3T3-L1 cells were seeded in a black frame 96-well plate (Corning, NY), and treated with 

diazinon as indicated concentrations from day 0 to day 8. Cells were then fixed with 4% 

paraformaldehyde and then washed with PBS twice. A staining solution containing Hoechst 

33342 (1 μM) for nuclear staining, and LipidTOX for neutral lipid staining (Life 

Technologies, NY) was added to each well and incubated at room temperature for 30 min. 

Image acquisition and image-based quantification were performed using ArrayScan® VTI 
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HCS Reader with HCS Studio™ 2.0 Cell Analysis Software (Thermo Scientific, MA). 

Images were acquired with high resolution (1024 × 1024), and 49 fields for each well were 

extracted. After feature extraction, the cell-based data were exported to JMP (SAS) or 

GraphPad Prism (San Diego, CA) for further statistical analyses. Lipid droplets were 

detected with the SpotDetector® algorithm of BioApplication. The method was based on a 

two-channel acquisition assay, which uses a 20 × objective (NA 0.5), a Hamamatsu ORCA-

ER digital camera in combination with a 0.63 × coupler, and Carl Zeiss microscope optics 

for automatic image acquisition. Channel one applies BGRFR 386–23 for Hoechst 33342 

(nuclei), and the objects were identified. This nuclear identification was used as a measure 

of cell number, and the nuclear area was determined by the staining Hoechst 33342. The 

spots (lipid droplets) were detected in channel two (BGRFR 549–15 filter). The average 

fluorescence intensity of spot, spot totally intensity per spot count, spot average area and 

average intensity of FABP4 were reported. The setting of the SpotDetector algorithm 

(version 4.1) was optimized for LipidTox analysis in channel two, and the thresholds were 

set to ensure that only lipid droplets of certain size and intensity were selected for analysis. 

Lipid counts, the intensity of the spot and intensity of FABP4 was normalized to the number 

of the nucleus. The experiment was performed with 8 technical replicates and repeated 

twice.

2.6. RNA isolation and quantitative real-time RT-PCR (qRT-PCR)

3T3-L1 cells were seeded in a 12-well plate and treated with diazinon of various 

concentrations or vehicle control media from day 0 to day 8. Total RNAs were isolated at the 

end of each stage as indicated in Figure 1. The quality and quantity of total RNA were 

measured on a Nanodrop (Thermo Scientific, MA). cDNA was reverse transcribed from 2 μg 

total RNA using iScript Reverse Transcription (BioRad, Hercules, CA). Using an aliquot of 

the synthesized cDNA, qRT-PCR was conducted with SsoAdvanced Universal SYBR Green 

Supermix (BioRad, CA). The amplification conditions were initially denatured at 95°C for 

10 min, followed by 40 cycles of denaturation at 95°C for 30s, annealing at 55–57°C for 30s 

and elongation at 72°C for 30s. Melt-curve analysis was performed to confirm that the signal 

was not of possible primer-dimers but of the expected amplification product. 

Oligonucleotide primers were designed using Primer 3.0 software and UCSC Genome 

Bioinformatics (https://genome.ucsc.edu/) or according to the published sequences [61]. The 

level of glyceraldehydes-3-phosphate dehydrogenase (GAPDH) transcript was used to 

normalize each sample. Results are expressed as relative fold change of treatment over 

control. Two independent experiments were performed, and each test condition was 

conducted in triplicates.

2.7. Protein isolation and western blot analysis

3T3-L1 cells were seeded in 35 mm dishes and treated with diazinon of various 

concentrations or control media from day 0 to day 8. At the end of each stage, cells were 

harvested and lysed with ice-cold cell lysis buffer (Cell Signaling, Boston, MA). The cell 

lysates were sonicated on ice, and the soluble materials were collected from the supernatants 

after centrifugation at 13,000 rpm for 15 min at 4°C. The protein concentration was 

determined according to the manufacturer’s instructions (BioRad, CA). 10 μg of total 

protein were resolved by 4–12% Bis-Tris polyacrylamide gel electrophoresis and transferred 
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to a polyvinylidene difluoride (PVDF) membrane (Millipore, MA). The specific protein 

expression was detected with monoclonal rabbit antibodies against Peroxisome proliferator-

activated receptor gamma (PPARγ), CCAAT/enhancer binding protein α (C/EBPα), fatty 

acid synthase (FASN), Acetyl CoA (ACC), adiponectin, perilipin, and mouse antibody 

against housekeeping proteins β-actin for overnight at 4 °C. The blots were washed five 

times with Tris-buffered saline containing 0.05% Tween 20 (TBS-T), and then incubated 

with a horseradish peroxidase-conjugated secondary anti-rabbit or anti-mouse IgG 

antibodies (Jackson Immuno Research, PA) for 1.5 h at room temperature. Immunoreactivity 

bands were visualized by enhanced chemiluminescence (BioRad, CA). The intensity of 

individual bands was quantified using Image J densitometry software (NIH, 1.49), and 

results are expressed as relative fold change of treatment over control after normalization 

with housekeeping protein.

2.8. Statistical analysis

The data are shown as the mean ± standard deviation from multiple experiments. Statistical 

significance was determined using one-way analysis of variances, and Tukey's multiple 

comparison test, with statistically significant at the cutoff level of p < 0.05 or p<0.01 

(GraphPad, Prism5, CA).

3. Results

3.1. Effect of Diazinon on cell number and nuclear area in 3T3-L1 cells

In order to select a sub-toxic dose of diazinon for a subsequent adipogenesis study in 3T3-

L1 cells, the cell number was determined using an Arrayscan VTI HCS reader with HCS 

Studio 2.0 Target Activation BioApplication module (Thermo Scientific, MA). The nuclei 

were stained with Hoechst 33342, and fluorescence intensities of the nuclei were examined 

and compared in 3T3-L1 treated with Diazinon at concentrations of 1, 10, 25, 50 and 100 

μM. It was found that diazinon treatments decreased the cell number slightly at 25 and 50 

μM, but significantly decreased at 100 μM as illustrated in Figure 2. Therefore, the 

concentrations below 100 μM of diazinon were selected in the following experiments to 

examine the effect of diazinon on the adipogenesis without obvious cytotoxicity. To clarify 

whether nuclear condensation that occurs alongside the differentiation, we also found that 

the nucleus size was reduced by approximately 10% during adipocyte differentiation after 

diazinon treatment, which likely is associated with alteration of the chromosome [62].

3.2. Diazinon increases lipid droplet accumulation and triglyceride levels in cell lysates of 
3T3-L1 cells

In order to visualize diazinon’s adipogenic characteristics, Oil Red O staining was used to 

observe lipid accumulation in 3T3-L1 cells. DEX treatment, a positive control, shows 

approximately 90% Oil Red O staining cells in each field, indicating a high degree of lipid 

droplet accumulation (Figure 3). Diazinon treatment significantly increases lipid droplet 

accumulation in a dose-dependent manner as compared with the untreated control. During 

the differentiation process for 8 days, the 3T3-L1 preadipocytes underwent morphological 

changes from spindle-like to round, and accumulated intracellular lipids in both a positive 

control and diazinon treated conditions (Figure 3). Quantitative measurement of intracellular 
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lipid droplets shows diazinon treatments above 50 μM significantly increase lipid staining as 

compared to control (p < 0.01) (Figure 3F). The triglyceride was stained with another dye-

based Nile Red (AdipoRed), the content of triglyceride was increased starting at 10 μM of 

diazinon (Figure 3G). In order to distinguish stored triglyceride inside of the cells from the 

accumulated fat-soluble diazinon, the triglyceride levels in cell lysates were further 

quantified based on lipase enzyme-based assay using Infinity Triglycerides Reagent 

(Thermo Scientific, MA). The cellular triglyceride levels were determined by comparison to 

a triglyceride standard curve. Diazinon treatment increased the cellular triglycerides in a 

dose-dependent manner, and significantly increased cellular triglycerides at 50 μM (Figure 

4). This result further confirmed that diazinon promotes the cellular triglycerides, not fat-

soluble compound diazinon itself in the cells.

3.3. Multiparametric high-content analysis (HCA) of concentration-dependent effects of 
diazinon

To further quantification of adipocyte differentiation at a single-cell level, a single-cell-based 

HCA was used to characterize multiparametric features in 3T3-L1 cell treated with diazinon. 

Lipid accumulation has been used as the primary indicator for the differentiation of 

preadipocytes into mature adipocytes. We applied a neutral lipid staining, LipidTOX, to 

investigate the adipogenic effects of diazinon treatment in a high-throughput and high-

content format. We evaluated the effects of diazinon on the lipid droplet accumulation in a 

wide range of concentrations (1, 10, 25 50 and 100 μM). A single-cell-based HCA for the 

nuclear, lipid droplets and lipid-associated fatty acid binding protein 4 (FABP4) were 

quantified. Figure 5A (LipidTOX) and 5B (FABP4) show representative fluorescence images 

of the lipid droplets or FABP4 staining, respectively, after the treatments. As shown in 

Figure 4A, the cells in control show evenly distributed nuclei with barely detectable green 

fluorescent lipid. In the treated conditions, we observed a dose-dependent increase of 

LipiTOX (Figure 5A) or FABP4 fluorescence (Figure 5B), suggesting diazinon-induced 

adipogenic effect in 3T3-L1 cells as compared to relative control. Similar morphological 

changes were observed with increasing lipid accumulation with increasing dose of diazinon, 

while nuclei count did not decrease. Quantification of lipid droplet accumulation, as 

measured by the Spot Detector Algorithm, increases significantly, whereas the average 

intensity of FABP4 shows some parallel increases at the end of differentiation, but less 

extent (Figure 6D). Lipid droplets are the lipid storage organelles, and the size of lipid 

droplets is associated with the capacity of fat storage. The parameters for lipid droplet size, 

including Spot Total Intensity Per Spot Count and Spot Average Area, were determined 

(Figure 6C). As shown in Figure 5, the droplet size in 3T3-L1 cells treated with 1 (B), 25 

(C), and 50 μM (D) significantly increased as compared with the relative controls. Many 

other parameters derived from the lipid droplet images also increased in a similar manner, 

including Spot Total Intensity Per Spot Count and Average Intensity of Spot. Overall, these 

data demonstrated that Diazinon induced the lipid droplets and its associated protein FABP4 

(Figure E-H) with multiple adipogenesis specific endpoints.

3.4. Diazinon increased adipogenic protein expression.

In order to further examine diazinon’s adipogenic efficacy during the differentiation process, 

adipogenic protein expression was examined in 3T3-L1 cells treated with diazinon (1 μM, 
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10 μM, 100 μM). The adipogenesis associated proteins, including Fatty acid synthase 

(FASN), PPARγ, C/EBPα, acetyl-CoA carboxylase (ACC), perilipin and adiponectin, were 

investigated at the end of each stage of differentiation process (Figure 1, including induction, 

differentiation, and maturation). As shown in Figure 7A, all the positive controls of each 

stage show adipogenic proteins, except Perilipin and adiponectin, and exceptionally high 

abundance of expression levels at the end of the stage (Day 8, maturation). Adipogenic 

proteins significantly increased with increasing dose and exposure time in 3T3-L1 cells 

treated with diazinon (Figure 7B-H). Specifically, the protein expression of PPARγ and C/

EBPα, two major transcriptional factors for adipogenensis, were increased with diazinon at 

a low dose of 10 μM starting from the second stage (day 4). As indicated in Figure 7B, 

PPARγ expression was significantly induced as early as the first stage at 100 μM treatment, 

and at the lowest dose of 1 μM at the third stage. C/EBPα protein expression was 

significantly increased in all stages after treatment with 10 μM and 100 μM of diazinon. All 

examined proteins had a statistically significant increase in expression of the third stage with 

treatment 10 and 100 μM diazinon.

3.5. Diazinon induced dynamic changes in adipogenic regulatory genes

In order to examine the adipogenic signaling pathway, we measured the adipogentic 

regulatory genes at the end of each stage of adipogenesis: induction (day 2), differentiation 

(day 4) and maturation (day 8). As shown in Figure 8, all tested gene expression in the 

positive control were significantly increased with dramatic 10 to 1000-fold increases in a 

time-dependent manner (only show the third stage). Diazinon treatment significantly 

induced all tested gene expression at 10 μM in the third stage (Day 8) as compared with the 

control. Adiponectin, adipocyte differentiation marker, was significantly induced at the early 

stage (day 2), with dramatic induction at both the differentiation (30 fold) and maturation 

stage (1000 fold). The enzyme that regulates adipogenesis, fatty acid synthase (FASN), was 

also significantly induced at 10 μM of diazinon during the maturation (day 8).

4. Discussion

The cellular basis of obesity is increased lipid droplets within the adipocyte. As cytoplasmic 

lipid droplet accumulation is a hallmark of adipogenesis, a compound capable of inducing 

lipid accumulation is considered as a potential obesogen. In the present study, we have 

applied a neutral lipid staining combined with a high-content analysis, and have shown that 

this novel approach provided much sensitive and robust measurement as compared with the 

conventional approach. Besides, the current study demonstrated that diazinon significantly 

promotes adipogenesis through the up-regulation of adipogenic transcription factors, C/

EBPα and PPARγ, and multiple adipogenic specific genes and proteins in a dose-dependent 

and stage-specific manner. These results may provide valuable implication in understanding 

adipogenesis induced by organophosphate pesticide and other toxicants.

Diazinon has been widely used in agriculture in the USA and worldwide, in spite of the 

cancellation of residential use products by USEPA in 2004. Due to the pesticides’ mitigation 

and take-home exposure, general populations and ecological risks are still above the levels 

of health concerns [25]. Regulatory standards for human exposure of OPs are determined 
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based on their inhibitory effects on cholinesterase activity. However, recent studies have 

raised more concerns regarding a multitude of toxic mechanisms of OPs at the sub-toxic 

dose [41-43]. High-content analysis has been shown to be highly sensitive and specific to 

examine subtle changes of toxicity within the cell using sub-lethal doses [63]. A single-cell-

based HCA with LipidTOX staining showed significant induction of morphological change 

of lipid droplets at the lowest dose of 1 μM, and elevation of the size of lipid droplet at 25 

μM. These results are approximately 10 times more sensitive than Oil Red O staining. 

Moreover, HCA provided multiple cellular parameters, including the number of the nucleus, 

the area of the nucleus, the average intensity of lipid droplet, size of lipid droplet, and 

associated protein expression FABP4, where the conventional toxicity assays showed none. 

The dose for adipogenic effects of diazinon was far less than those doses causing cytotoxic 

effects. Interestingly, the low dose of diazinon (1 μM) could significantly affect PPARγ, one 

of the main transcriptional factors for adipogenesis, while the higher dose of diazinon may 

have adverse health effects on other organ systems, such as the neurological system. Also, 

previous findings suggest that the size and number of the lipid droplets within adipocytes 

could affect the secretion of free fatty acids, which is associated with the development of 

insulin resistance [64]. In the current study, we have found that diazinon significantly 

induced greater in size of lipid droplet, suggesting another aspect of the mechanism involved 

in diazinon-induced adipogenesis. Therefore, it is apparent advantages using HCA as a high-

throughput screen platform for environmental obesogen screening.

It has been reported that urine levels of diazinon ranged from 1.45 and 1.49 μg/L 

(metabolites), in the National Health and Nutrition Examination Survey (NHANES) 2001–

2002 [31]. The NHANES is a program of studies designed to evaluate the health and 

nutritional status of the population in the United States. Besides, diazinon has been detected 

in rain and groundwater at the concentration up to 76 ug/L, and freshwater fish with LD50 

values ranging from 90 to 7800 μg/L [65], which estimated to be 0.3–25 μM. Since 

organophosphate insecticides are highly lipophilic and are known to bioaccumulate in the 

body fat tissue, fish and milk. Human exposure to organophosphates may occur either during 

manufacture or use in agriculture, gardening, or even food-chain ([66-69]. According to EPA 

[70], the no-observed-adverse-effect-level (NOAEL) of acute dietary is 0.25 mg/kg/day, the 

lowest-observed-adverse-effect level (LOAEL) of acute dietary is 2.5 mg/kg/day, and the 

NOAEL of chronic dietary is 0.02 mg/kg/day based on the endpoint of plasma 

cholinesterase inhibition. To date, most animal studies that have examined the toxic effects 

of diazinon have used doses in the range of 0.06–100 mg/kg, and the dose range for most in 
vitro studies is 50–600 μM [70-74]. The National Institute for Occupational Safety and 

Health (NIOSH) recommended exposure limit (REL) is 0.1 mg/m3 [75]. The concentrations 

of diazinon used in this study (1, 10, 25, 50 and 100 μM) fall within the range of 

concentrations discussed above and have biological or ecotoxicology relevance.

3T3-L1 cells have been extensively used as an in vitro model for assessing adipogenesis and 

applied to screen environmental obesogens as an alternative in vitro model [76-78]. 

Differentiation of adipocyte involves multiple steps and several signaling pathways, a 

dynamic examination of the process of differentiation will be very crucial to accurately 

decipher the molecular mechanisms for the identification of potential obesogen. Combing 
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with HCA platform, our previous and the current study have provided a more in-depth 

assessment by simultaneously imaging and correlating multiple parameters [61, 79].

Two major transcriptional factors PPARγ and C/EBPα are found to be involved in the 

regulation adipogenesis, and both these transcriptional factors induce the expression of 

genes that are involved in insulin sensitivity, lipogenesis, and lipolysis, including lipogenic 

gene: fatty acid synthase (FASN), the adipocyte-derived factor adiponectin, lipoprotein 

lipase (LPL), and the lipid droplet-associated protein, perilipin [80-83]. Diazinon, in the 

current study, induced differential dynamic changes of these two transcriptional factors, with 

a significantly higher expression of both C/EBPα and PPARγ. Our finding strongly supports 

that diazinon treatment increased lipid droplet in adipocyte due to increasing of both 

adiponectin and perilipin at both mRNA and protein expression levels. Perilipin was found 

exclusively on the outer surface of lipid droplets, but not for any other subcellular 

compartment of cells [84]. Adiponectin is exclusively expressed in the differentiated 

adipocyte [85], and an increase in adiponectin expression is one of the main criteria for lipid 

accumulation in the adipocyte. Adiponectin modulates some metabolic processes, such as 

glucose regulation and fatty acid oxidation[86]. Transgenic mice with increased adiponectin 

show impaired adipocyte differentiation and increased energy expenditure associated with 

protein uncoupling [87]. Similarly, p,p′-dichlorodiphenyldichloroethylene (DDE), a 

lipophilic insecticide, has found to promote adipogenesis and increase adiponectin 

expression in the in vitro using 3T3-L1 [88]. Interestedly, although adiponectin is secreted 

from adipose tissue, many studies have found that circulating adiponectin is inversely 

correlated with body mass index in obese individuals, in particular, those with visceral 

obesity [89, 90]. Adiponectin expression is regulated at the transcriptional, translational, and 

post-translational levels, and its post-translational modification by glycosylation and 

hydroxylation can result in a low molecular weight trimer, a middle molecular weight 

hexamer, and a high molecular weight multimer (38). The observed increase in adiponectin 

expression following Diazinon treatment in vitro might be due to an increase of high 

molecular weight isoform. The in vivo animal study will be needed to examine the effect of 

Diazinon treatment on the adiponectin level.

So far, a few studies investigated the interplay between pesticide exposure and adipogenesis 

[79, 91]. Rats chronically exposed to chlorpyrifos, another organophosphate, at a sub-toxic 

dose (5 mg/kg/day) was found to gain weight and fat accumulation [92]. Organophosphate 

insecticides are known as inhibitors of AChE, the enzyme responsible for the degradation of 

acetylcholine. Thus, exposure to sufficient levels of organophosphate insecticides would be 

expected to increase the accumulation of acetylcholine, potentially leading to 

overstimulation and consequent downregulation of its receptors. The involvement of 

acetylcholine binding to muscarinic receptors in pancreatic cells ultimately leads to impaired 

homeostasis of glucose and insulin resistance [23, 93]. This group of pesticides has shown to 

share similar molecular mechanism to induce adipogenesis, and varying degrees of response 

may be dependent on exposure level duration and chemical structure. Another category of 

insecticides, organochlorines, such as DDT and DDE, have been shown to induce 

adipogenesis, and disrupt lipid metabolism [94]. Although these in vitro data offer valuable 

information that correlated with in vivo, the integrated approach, such as innovative high-

content analysis, provides qualitative and quantitative measurement, which might attempt to 
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extrapolate to the in vivo. Our findings indicate the classification of diazinon as an obesogen 

using 3T3-L1 in vitro model. However, more studies are needed to fully understand the 

molecular pathway and in vivo assessment.

In summary, this study has found that diazinon induced lipid droplet accumulation and 

altered adipogenesis signaling pathway through changes of multiple adipogenic regulated 

genes and proteins. To better understand an escalating global epidemic of obesity, the 

current study may help identify the fundamental underlying interplay between insecticide 

exposure and the development of obesity. However, further in vivo study of as well as human 

population study, are necessary to reveal the role of environmental obesogen in the 

development of obesity.
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Highlights

Diazinon is an organophosphate insecticide and widely used in the agriculture.

Effects and mechanisms of diazinon on adipogenesis was examined in the 3T3-L1.

Diazinon induced lipid droplet accumulation in a dose-dependent manner.

The dynamic changes of adipogenic regulatory proteins and genes were observed.

Diazinon promotes lipid accumulation and activates the adipogenic pathway.
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Figure 1. Illustration of the treatment schedule and maturation stages of 3T3-L1 preadipocytes.
3T3-L1 cells were cultured to 100% confluence in 10% FBS DMEM (M1 medium), denoted 

as day 0. To differentiate the pre-adipocyte 3T3-L1 cells as a positive control (Pos), cells 

were incubated with 1 μM DEX in adipogenic induction medium (M2 medium: DMEM 

containing, 0.5 mM IBMX, 167 nM insulin and 10% FBS) for 2 days (day 2). To examine 

the effect of a compound on the adipogenesis, diazinon was added to the M2 medium for 

two days, M3 medium for two days, and M1 medium for another four days. Cells cultured in 

the vehicle (DMSO 0.1%) in all medium was set as the untreated control (CTL). The cellular 

differentiation was processed into three stages: induction (day 0–2), differentiation (day 2–4) 

and maturation (day 4–8).
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Figure 2. Effect of diazinon treatment on cell count and nuclear area.
The cell counts (A: the treated versus control) and nuclear area (B) were determined by 

Cellomics reader with TargetActivation Application using High Content Analysis 

(ArrayScan, Thermo Scientific). 3T3-L1 cells were treated with diazinon for whole stages of 

differentiation at indicated doses. On day 8 of maturation, the nuclei were stained with 

Hoechst 33342 (Thermo Scientific, MA), and the fluorescence intensities and area of the 

nuclei were measured. The data show the means ± SD (N=4). The data were represented as 

three independent experiments. Statistical analysis was conducted by one-way ANOVA 

followed by Tukey's multiple comparison tests. Asterisks * and ** represent statistical 

significance at p < 0.05, or p < 0.01, respectively, versus the control.
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Figure 3. Effects of diazinon on the lipid droplets accumulation using Oil Red O staining in 3T3-
L1 cells.
3T3-L1 preadipocytes were exposed to diazinon in the M2 medium for two days, M3 

medium for two days and M1 medium for maturation for four days. On day 8 of maturation, 

the cells were stained with Oil Red O. Each experiment was repeated twice with two 

replicates. A: vehicle control, B: 1 μM, C: 10 μM, D: 100 μM, E: positive control (Pos, 

treated with DEX). F: Quantification of Oil Red O staining cells. Oil Red O was extracted 

from cells with isopropanol, and optical density (OD) of Oil Red O in the extract was 

measured at a wavelength of 510 nm. G: The triglyceride content was quantified using 

AdipoRed Assay Reagent. Data are expressed as a relative fold change from the treatment 

versus control. Asterisks ** represent statistical significance at p < 0.01, respectively, versus 

the control. Scale bar: 50 μm.

Smith et al. Page 20

Pestic Biochem Physiol. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Quantification of Triglyceride levels in cell lysates
The 3T3-L1 cells were cultured in the 6-well plate, and treated with various doses of 

Diazinon, Dex as a positive control, and vehicle (DMSO, 0.05%) as the negative control 

(Ctl). After the treatment 10 days, the cell were re-suspended and homogenized in 5% 

NP-40 solution. The triglyceride levels were quantified and expressed relative to total 

protein levels. Asterisks * represents statistical significance at p < 0.05, and ** represents 

statistical significance at p < 0.01,
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Figure5. A single cell-based high-content analysis (HCA) of concentration-dependent effects of 
diazinon on the neutral lipid droplets accumulation (A-D) and FABP4 expression (E-H)
The 3T3-L1 were inoculated in a 96-well plate and treated with diazinon at the doses as 

indicated. On maturation stage of 8 days, the cells were stained with LipidTOX for neutral 

lipid (green) and Hoechst 33327 for nuclei (blue). The images were acquired with a 20 × 

objective and representative image from 49 fields/well were shown. A: vehicle control, B: 1 

μM, C: 10 μM, D: 25 μM. Cells were also probed with a specific primary antibody of 

FABP4 (Cell Signaling), followed by DyLight 650 conjugated secondary antibodies(red). 

Nuclei were stained with Hoechst 33327 (blue). E: vehicle control, F: 1 μM, G: 10 μM, H: 

25 μM. Scale bar is 50 μm
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Figure 6. Quantification of lipid droplets including the average intensity of spot (A), Spot total 
intensity per spot count (B), Spot average area (C) and the average intensity of FABP4 (D) in 
3T3-L1 cells treated with diazinon.
The pixel intensity of the target was evaluated using TargetActivation BioApplication with 

HCS Studio™ 2.0 Cell Analysis Software (Thermo Scientific, MA). These intensity levels 

were normalized to the number of the nucleus. Each bar represents the mean ± SE (n = 4 

replicates), and the experiments were repeated for three times. Statistical analysis was 

conducted by one-way ANOVA followed by Tukey's multiple comparison tests. Asterisks 

*and ** represent statistical significance at p < 0.05 or p < 0.01, respectively, versus the 

relative control.
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Figure 7. Diazinon induced adipogenic protein expressions in 3T3-L1 cells using Western blot 
analysis.
A: Cells were treated with diazinon for 8 days and 1 mM DEX treatment in the M1 media 

was served as the positive control. Cells were harvested at each stage of differentiation 

process on day 2, day 4, and day 8, respectively. The proteins were extracted and measured 

with Western blot analysis using the primary antibodies including PPAR-γ, C/EBP-α, 

acetyl-CoA Carboxylase (ACC), adiponectin, FABP4, fatty acid synthase (FASN), and 

perilipin. β-actin was used as an internal standard for the protein loading (A). The protein 

expression including PPAR-γ (B), C/EBP-α (C), fatty acid synthase (FASN, D), 

adiponectin (E), acetyl-CoA Carboxylase (ACC, F) and perilipin (G) were quantified using 
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densitometric program Image J ( NIH, V1.49), and quantitative data are expressed as relative 

protein expression compared with the control after normalization with β-actin (Figure 7B). 

The data are shown as the mean ± SE of replicates (N=3). Pos indicates positive control. 

Statistical analysis was conducted by one-way ANOVA followed by Tukey's multiple 

comparison tests. Asterisks *and ** represent statistical significance at p < 0.05 or p < 0.01, 

respectively, versus the relative control.
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Figure 8. Diazinon induced adipogenic regulatory gene expressions in 3T3-L1 cells using 
quantitative real-time RT-PCR (QRT-PCR).
The 3T3-L1 preadipocytes were treated with diazinon. Total RNA was isolated during 

induction on the day 2, differentiation on the day 4 and maturation on the day 8. The vehicle 

control at day 2 was served as controls (CTL). Changes in mRNA expression including 

PPAR-γ (A), C/EBP-α (B), fatty acid synthase (FASN, C), adiponectin (D), were evaluated 

using qRT-PCR and results were expressed as fold change of gene expression compared with 

the control after normalization with glyceraldehydes-3-phosphate dehydrogenase (GAPDH). 

Data are shown as the mean ± SE of triplicate (n = 3) from three independent experiments. 

Statistical analysis was conducted by one-way ANOVA followed by Tukey's multiple 

comparison tests. PC indicates positive control. Asterisks * represents statistical significance 

at p < 0.05, versus the control.
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