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Introduction 

 The Salton Sea is one of the largest lakes in California and is located in the Imperial 

Valley of Southern California. This 345 square-mile body of was created when the Colorado 

River flooded a salt bed in the early 1900’s. The communities surrounding the Salton Sea are 

primarily based in the agricultural industry with large amounts of farms. Agricultural runoff, 

irrigation waste, from these farm operations are the primary source of water for the Salton Sea 

(Johnston, Razafy, Lugo, & Farzan, 2019). Due to no natural sources of water combined with the 

desert climate and climate change the lake has begun to shrink.  It is expected that within the 

next 10 years that the Salton Sea will have shrunk by ~100 square miles. With the receding of 

the lakefront the dry salt playa that was previously covered by water which has now left behind 

any sediment. The remaining sediment at the bottom of the lakebed is now aerosolized into dust 

by winds and carried into the surrounding communities (Frie, Dingle, Ying, & Bahreini, 2017). 

 Currently the communities surrounding the Salton Sea have seen disproportionate 

incidence of pediatric asthma. Approximately 20% of the pediatric population has been 

diagnosed with asthma, a proportion higher than the national average of 8% (Marshall et al., 

2017). While research into microbial components found in the lake has been done, research 

regarding the dust from the Salton Sea, Salton Sea dust, and its impacts on airway epithelium has 

not been performed.(Ahmed et al., 2019). The purpose of this study is to investigate the 

inflammatory properties of Salton Sea dust extract, referred to as SSDE from here on, in airway 

epithelium. This study will examine the potential inflammatory responses caused by SSDE in 

vitro and in vivo by looking at dust content, cytokine release, and the influx of immune cells into 

the lungs. 
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Literature Review 

Exposure to Dimethyl Selenide (DMSe)-Derived Secondary Organic Aerosol Alters 

Transcriptomics Profiles in Human Airway Epithelial Cells. This paper described previous 

research into organic aerosols produced by microbes within the soil around the Salton Sea and 

how they can increase IL-6 release in airway epithelial cells. These findings establish what 

research has been done on aerosols in the Salton Sea, but only focuses on oxidized Selenium. 

The Effect of a Receding Saline Lake (The Salton Sea) on Airborne Particulate Matter 

Composition: This publication discusses the receding waterfront of the Salton Sea that leaves the 

lakebed underneath exposed. The sediment that has collected in the lake then contributes to 

airborne particulate matter when it is picked up by the wind. These findings establish where the 

Salton Sea dust extracts originate from. 

The disappearing Salton Sea: A critical reflection on the emerging environmental threat of 

disappearing saline lakes and potential impacts on children’s health: This publication serves to 

describe what the Salton Sea is and discusses possible sources of sediment in the form of 

agricultural runoff. Paper also discusses how the lake has begun to recede. 

The basics of epithelial-mesenchymal transition: This publication discusses what the epithelial-

mesenchymal transition is and how it is a process undergone by epithelial cells within the human 

body in order to heal and repair damaged tissue. Genes related to EMT are discussed as well. 

This relates primarily to analysis of NanoString data, where the expression of extracellular 

region genes was analyzed. 

Zymographic techniques for detection and characterization of microbial proteases: This 

publication discusses the methods for a gel zymography and its ability to detect and characterize 

proteases found in samples.  
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Why emergency physicians should care about the salton sea: This publication discusses and 

justifies the need for research into aerosolized particulate matter from the Salton Sea. Dr. John 

Marshall also notes the disproportionate amount of pediatric asthma in the region as a primary 

concern for study. 

The Omega-3 Fatty Acid Docosahexaenoic Acid Attenuates Organic Dust-Induced Airway 

Inflammation: This publication describes a previous study that looks at the ability of omega-3 

fatty acid DHA to attenuate dust-induced inflammation. The methods described in this study 

were used for growing and exposing BEAS-2B epithelial cells were used for analyzing the 

potential effects of SSDE. 

Establishment and characterization of a multi-purpose large animal exposure chamber for 

investigating health effects: This study describes the methods used to collect dust extracts for the 

Salton Sea dust. It goes in depth to discuss the collection machines were used and how the dust 

was stored and maintained until needed. 

Intranasal organic dust exposure-induced airway adaptation response marked by persistent lung 

inflammation and pathology in mice: This publication describes the methods used to expose 

mice lungs to organic dust extracts to induce inflammation. These methods were used for this 

study to examine the in vivo effects of SSDE in mice, as well as for the collection and analysis of 

BALF. 

Proteases in agricultural dust induce lung inflammation through PAR-1 and PAR-2 activation: 

This publication discusses how lung inflammation can be activated through PAR-1 and PAR-2 

signaling pathways. Proteases found in agricultural dusts were found to interact with PAR 

receptors in epithelial cells which then initiated immune responses by the epithelial cells.  
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Maresin 1 Inhibits Epithelial-to-Mesenchymal Transition in Vitro and Attenuates Bleomycin 

Induced Lung Fibrosis in Vivo: This publication looks at how Maresin-1, a macrophage-derived 

mediator of inflammation inhibits the ability of TGF- β to induce EMT. These findings serve to 

develop potential future studies into the hazardous effects of SSDE outside of the inflammation 

of airway epithelium tissues. 

 

Materials and Methods 

Mice:  

Mice used for in vivo experiments were C57BL/6. Mice were kept in cages of 5 in room 

temp conditions with standard day/night cycles. Mice used for experimentation were between 8-

12 weeks old and were handled and euthanized via protocols approved by the UCR IACUC. 

Protocols followed NIH guidelines, Animal Welfare Act, and Public Health Service Policy on 

Humane Care and Use of Laboratory Animals. 

Dust Sample Collection: 

Dust samples were collected from the Dos Palmas reserve in the Salton Sea. This reserve 

is found approximately 1 mile away from the sea, at coordinates (33○29’22.1”N 

115○50’06.3”W). The way in which airborne dust samples were collected was by using 

collectors. Collectors were comprised of Teflon-coated pans holding quartz marbles. The 

marbles were held above the bottom of the pan using Teflon mesh. These collectors were placed 

2.4 meters high in open areas. Doing so limited the amount, of particulates from outside sources 

being collected. Dust that settles in the collectors was then recovered by washing the marbles. 

Marbles were washed and suspended using 18.2 M Ωcm water. The suspended dust was then 
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collected in Teflon-coated pans and then transferred to sterile bottles and stored at -20°C until 

needed (Peng et al., 2019). 

Lyophilizing process: 

 Since aliquots of dust samples, were diluted in water, the dust’s protein concentration 

needed to be standardized across the various samples. In order to do this lyophilizing was used 

(Labconco, model 2.5, Kansas City, MO). SSD samples were aliquoted out into 50mL conical 

tubes, flash-frozen in liquid nitrogen, and inserted into the chamber. The vacuum for the 

chambers is set to 0.04 mbar and the temperature is set to -40°C. Samples were then allowed to 

freeze-dry overnight until all of the frozen liquid had evaporated off and only solid particulates 

remained. SSDE was then resuspended in sterile PBS until a protein concentration of 40 μg/mL 

was reached. Samples are then stored at -20°C until needed. 

BCA: 

 Protein concentrations of SSDE were unknown and needed to be standardized before any 

experimentations with the dust could be performed. A bicinchoninic acid assay was used to 

determine the protein concentration of SSDE. A standard curve of SSDE protein concentration 

was generated using a standard dilution curve. (Fig. 1)  The concentrations used were 100%, 

50%, 25%, 15%, 12.5%, 7.5%, 6.25%, 5.0%, 1.0%, and 0% (blank). SSDE was diluted in 

deionized water until desired concentration was acquired. Samples were then loaded into the 

BCA kit and absorbances were measured at 562 nm on a plate reader.  

Gel Zymography:  

 Previous studies indicated that inflammatory responses caused by dust could be due to 

protease activity within samples. To determine if protease activity was present in SSDE a gel 

zymography was performed. An 8% SDS polyacrylamide gel polymerized with 10 mg/mL 
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(0.1%) gelatin was loaded with samples. As a positive control agricultural dust with previously 

established protease activity was used. SSDE were used with 100% and 50% treatments. SSDE 

was diluted using PBS.  Saline was used as a negative control. After loading samples 

electrophoresis was performed for 2 hours. After samples had been run the gel was incubated in 

1X zymogram renaturing and 1X zymogram developing buffers for 30 minutes each, the latter as 

well overnight. After incubation gel was stained using 0.5% Coomassie Brilliant Blue dye and 

then de-stained (Lantz & Ciborowski, 1994). 

In vitro exposures: 

 With in vitro studies BEAS-2B, human bronchial epithelial cells, were cultured in 

collagen-coated T-75 flasks, grown in LHC9 medium with L-glutamine and 

penicillin/streptomycin (Nordgren et al., 2014). Media changes occurred every 2 days until cells 

reached ~70% confluency. Cells would then be removed and plated in a collagen-coated 48-well 

plate at a density of approximately. Cells were then grown to ~85% confluency and then treated 

with controls (0%/LHC9 medium), 1% SSDE, and 5% SSDE. Treatments would last either 5 or 

24 hours, at the end of each treatment supernatant would be collected for cytokine analysis. 

 In order to assess the effects of SSDE on metabolic activity MTT assays were used. Cells 

were cultured in a 96 well plate and treated with 0%, 1%, and 5% SSDE for 24 and 48 hours 

separately. 2 hours before the end of the treatments all wells were given 25 μL of 5 mg/mL 

MTT. Just before measuring absorbance, cells are lysed with dimethyl sulfoxide. Absorbance 

was then measured at 590 nm on a plate reader. 

In vivo studies:  

 To assess the in vivo effects of SSDE, mice were exposed to dust via intranasal 

installations. This involved slowly injecting 50 μL of solution via the nasal cavity of the mice. 
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Mice were either given installations of phosphate buffered saline (PBS) or 100% SSDE. Acute 

and repetitive exposures were modelled using 5-hour single exposures and 7-day repetitive 

exposures respectively. 5 hours after the last installation mice would be euthanized with fluid 

and tissue samples collected for further analysis (Poole et al.,2019). 

 Bronchoalveolar lavage fluid (BALF) was collected from the mice’s right lungs. This 

was done by slowly washing the lungs with 500 μL of PBS, PBS was chilled in an ice bath prior 

to washes, 3 times totaling 3 washes. The first set of washes was then placed in a centrifuge at 

1200 rpm and 4°C for 5 minutes. Supernatants were then stored for cytokine analysis. The 

remaining cell pellets were then combined with cell pellets from the subsequent washes. 

Recovered cells were then used to make cytospins. Cytospin slides were made at 600 rpm for 5 

minutes using a Shandon cytospin 4 cytocentrifuge. Cytospin slides were then dried overnight 

and then stained with Siemens Diff-Quik Stain for differentials.  

Cytokine analysis: 

 Cytokine analysis was performed with both in vivo and in vitro samples. Human Il-8 and 

Il-6 levels were evaluated using enzyme-linked immunosorbent assays. In vitro samples were run 

using a 1:10 dilution to get results within the test kit’s range. Mouse TNF-α, Il-6, and CXCL1 

levels were measured using enzyme-linked immunosorbent assays as well. 

Cell differentials: 

 Stained cytospin slides were placed under a microscope with differential cell counts 

being performed on all slides. Cells that were looked for were macrophages, neutrophils, 

eosinophils, and lymphocytes. 
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Nanostring: 

 Changes in gene expression, post-SSDE exposure were measured using the nCounter 

Analysis System (Nanostring). RNA was isolated from mouse lungs that had been exposed to 

SSDE as previously described and were then run on a Nanostring mouse Inflammation Panel and 

analyzed with nSolver software. Genes that had less than 100 counts were removed from the data 

set, and data was normalized in comparison to negative controls (0% SSDE). 

Statistical Methods 

 All experiments in this study were performed a minimum of 3 times, with each animal 

experiment using a minimum of 3 animals. All data sets were analyzed using a two-way analysis 

of variance to test for significance. Data was expressed as the mean ± standard error of the mean. 

Any p-value obtained that was ≤ 0.05 was considered statistically significant. 

 

Results  

Protein and protease analysis 

 In my analysis of protein content within SSDE, I found that the average lyophilized 

sample has a protein concentration of approximately 40 μg/mL. This was determined from the 

absorbance values of SSDE samples placed along the standard curve (Fig1) produced by the 

BCA assay. Results from the gel zymography showed that there is protease activity in SSDE, 

indicated by bands on the gel. (Fig 2)  

In vitro cytokine analysis 

 In assessing the airway epithelial inflammation response with an in vitro model, BEAS-

2B cells were exposed to 0% (control), 1%, and 5% SSDE with supernatant removed at 5 hours 

or 24 hours after being treated. In Figure 3, BEAS-2B cells treated with SSDE saw significant 
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increases in IL-8 and IL-6 release at both the 5-hour timepoint (Fig 3A,B) and the 24-hour 

timepoint (Fig 3C,D). Both cytokines showed a dose-dependent response, with an increase in 

SSDE leading to an increase in cytokine release. 

MTT Assay 

 After analyzing cytokine analysis, no statistically significant difference was noted in any 

SSDE treatments that went above 5%. I performed an MTT assay to see if there was any change 

in metabolic activity. This was done by growing BEAS-2B cells similar to the exposure studies, 

same concentrations of dust used, and then exposing them to SSDE for 24 or 48 hours. In both 

24- and 48-hour treatments a significant decrease in absorbed wavelength, which correlates to 

metabolic activity, was seen between the 5% treatment and the control as well as the 1% 

treatment. (Fig 4A,B). Furthermore, there is a significant difference in metabolic activity of the 

5% treatments between the 24- and 48-hour treatments. 

In vivo cytokine analysis  

 The lung inflammatory potential of SSDE was modelled via intranasal installations of 

dust into C57BL/6 mice. Mice were either given 100% SSDE or a saline as a control and were 

exposed once, to model an acute response, or daily over the course of a week, to model a 

repetitive response. Figure 5 shows cytokine release levels obtained from examining the BALF 

collected via ELISA. Mice exposed to SSDE for 5 hours show statistically significant increases 

in TNF-α release when compared to the control set. (Fig 5B) Meanwhile mice exposed to SSDE 

repetitively show statistically significant increases in IL-6 release when compared to the control 

set. (Fig 5D). Both sets of mice exposed to SSDE show significant increases in CXCL-1 levels 

when compared to the control set. (Fig 5C,F).  
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Cell differentials  

 From the cytospins cell differentials were performed to determine if there was an influx 

of immune cells in the lung caused by SSDE. Cells were place on microscope slides and stained, 

as described above, and then placed under a microscope where counts were performed. Figure 6 

represents these cell counts. Overall in both the 5-hour single exposure and the 7-day repetitive 

exposure, there was a significant increase in total cell influx (Fig 6A,E), as well as increases in 

neutrophil and eosinophil influxes. (Fig 6B,C,F,G). Lastly there was a significant increase in 

lymphocyte influx in the 5-hour single exposure. (Fig 6D) 

Nanostring 

 In looking at the NanoString data, 207 genes of the 453 genes present in the panel were 

removed due to their p-values being > 0.05, meaning they were not statistically significant. From 

the remaining genes, genes that were involved in extracellular matrix were identified. (Fig 7A) 

This was primarily done in order to find starting points for further studies to take place. Genes 

that were identified as having their gene expressions altered were fibronectin and transforming 

growth factor β’s 1 and 2. These three genes saw overall downregulation with p-values of 

0.00614, 0.00612, 0.0105, with log 2fold changes of -1.14, -1.11, and -1.37. (Fig 7B) 

 

Discussion 

 The overall purpose of this project was to determine if dust from the Salton Sea 

demonstrated inflammatory potential in the airway epithelium. Airway epithelium was the focus 

of a majority of the project’s studies because it functions as the first set of tissues that are 

exposed to aerosolized particulate matter. These tissues will typically be the first responders to 
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any foreign bodies that could harm airway passages. So, by focusing studies on the airway 

epithelium the inflammatory potential of SSDE can be understood. 

In analyzing the dust, it can be seen that proteins make up a portion of the dust’s content, 

with proteases being included in that. Proteases here are hypothesized to activate protease 

activated receptors (PARs) (Romberger et al., 2015). It is likely that in the activation of PARs 

that an immune response is seen in the airway epithelium. This immune response can be seen in 

the in vivo exposures of mice with SSDE. With both single and repetitive exposures to SSDE 

mice lungs exhibited statistically significant increases in cell influx, primarily neutrophil and 

eosinophil influxes. These influxes are likely due to increases in TNF-α, Il-6, and CXCL1 

release. These cytokines are inflammatory cytokines which serve as granulocyte, eosinophil and 

neutrophils in this case, chemotactic factors. Furthermore, the increase in eosinophil influx can 

potentially indicate an allergen-like response warranting studies into seeing if the dust itself is or 

has properties of an allergen. Lastly eosinophilia and neutrophilia are indicators of asthma, 

which can potentially explain the higher incidence of asthma within the Salton Sea region. 

 The in vivo cytokine analysis can be compared with in vitro cytokine analysis. BEAS-2B 

cells when exposed to SSDE exhibit a dose-dependent response with respect to IL-6 and IL-8 

release. IL-8 serves the same function as mouse CXCL1 in humans. These increases in cytokine 

release show that the airway epithelium, the tissue that BEAS-2Bs represent, is affected by 

SSDE and that it likely induces inflammatory responses via neutrophil and eosinophil influxes. It 

was noticed with cell exposures that once the SSDE concentrations went over 5% that cytokine 

release did not significantly change. (Fig 3B,D) One possible reason for this is that SSD inhibits 

the metabolic activity of epithelial cells, which was the reasoning behind the MTT assays. 

Results from the MTT assay show that in both 24- and 48-timepoints that a SSDE concentration 
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of 5% decreases metabolic activity. This means that SSDE is interacting with BEAS-2B cells to 

decrease metabolic activity at higher concentrations, which could be a reason as to why no 

significant increases in cytokine release are seen, despite the dose-dependent response seen from 

0% to 5% concentrations. Taking all of these results together, SSDE elicits inflammatory 

responses in airway epithelia which can contribute to worsening respiratory conditions like 

asthma and should be studied further to see other possible health outcomes. 

 While this study has established that dust from the Salton Sea induces inflammation in 

airway epithelium it is not a closed issue. This study only looked at the protein content of the 

dust, meaning there could be other components in the dust that are causing inflammation as well. 

In addition to these findings, analysis of NanoString data, the lowered expression of genes 

products such as fibronectin and TGF-β1/β2 implicate that a wound-healing process, known as 

epithelial-mesenchymal transition is being inhibited (Kalluri & Weinberg, 2009; Wang et 

al.,2015). From this I hypothesized that SSDE functions as an inhibitor of the EMT process, 

preventing epithelial cells from healing any potential damage by inhibiting expression of 

fibronectin and TGF-β1/β2, which could lead to further health complications. In order to test and 

see if the EMT process was being affected and any wounding was occurring, more analysis on 

gene expression post-SSDE exposure should be run, mainly because the panel used for this study 

was looking at genes related to inflammation not tissue repair. Along with this it would be 

interesting to see what results wound-repair assays, performed on BEAS-2B cells exposed to 

SSDE, and leakage assays, performed on mice with SSDE mixed with fluorescent beads, would 

yield as they could provide possible insight into SSDE’s potential to cause tissue damage. 
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Figure Legend 

Figure 1  

Standard Curve of BCA Assay. Curve used to determine protein concentration of lyophilized 

Salton Sea Dust. Correlation coefficient, R2, is equal 1.00 indicating a strong linear relationship 

between wavelength absorbed from sample and protein concentration. 

Figure 2  

Gel Zymograph of lyophilized SSDE. Positive control in far-right lane was agricultural dust 

known to display protease activity. Lanes, going from right to left, show increasing Salton Sea 

Dust concentration, with the 100% showing strong protease activity 

Figure 3  

Cytokine release by BEAS-2B cells post 5- and 24-hour exposure to SSDE. Cytokines present in 

BEAS-2B cell supernatants and treated with varying concentrations of SSDE (from 0%-5%) and 

were analyzed for IL-8 (A,C) and IL-6 (B,D) release at either 5- or 24-hours post SSDE 

exposure. Error bars represent standard error of mean  (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; 

**** p ≤ 0.0001). 

Figure 4 

Metabolic Activity of BEAS-2B cells post 24- and 48-hour exposure to SSDE. BEAS-2B cells 

that were exposed to varying concentrations of SSDE (0%-5%) for both 24 hours (A) and 48 

hours (C). Both treatments were represented together to see a difference amongst the length of 

exposure (B). Wavelength was then converted to Metabolic Rate by dividing the treatment 

wavelength by the control wavelength (D). Error bars represent standard error of mean  (* p ≤ 

0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001). 
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Figure 5 

Cytokine release from lungs of C57BL/6 mice after acute or repetitive exposure to SSDE. 

Cytokines present in BALF from C57BL/6 mice treated with either saline solution or 100% 

SSDE were analyzed for IL-6 (A,D), TNF-α (B,E), and CXCL1 (C,F) 5 hours after single 

exposure or after 7 days of repetitive exposure. Error bars represent standard error of mean  (* p 

≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001). 

Figure 6 

Cell influx in lungs of C57BL/6 mice after acute or repetitive exposure to SSDE. 

Total cells counts (A,E) along with neutrophil (B,F), eosinophil (C,G), and lymphocyte (E,H) 

influx were obtained by counting cells on cytospin slides made from mouse BALF. Error bars 

represent standard error of mean  (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001). 

Figure 7  

Extracellular region gene expression represented by NanoString Heatmap. 

The overall changes in expression of genes related to the extracellular region were measured 

using mRNA isolated from lung tissue. (A) P-values and log 2fold changes of fibronectin and 

TGF-β1/β2. (B) Lung tissue was isolated from C57BL/6 mice that were exposed to either saline 

solution or 100% SSDE. 
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Figure 5 
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Figure 7 
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