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Abstract

Objective: Workers may be exposed to vapors emitted from crude oil in upstream operations in 

the oil and gas industry. Although the toxicity of crude oil constituents has been studied, there are 

very few in vivo investigations designed to mimic crude oil vapor (COV) exposures that occur in 

these operations. The goal of the current investigation was to examine lung injury, inflammation, 

oxidant generation, and effects on the lung global gene expression profile following a whole-body 

acute or subchronic inhalation exposure to COV.

Materials and Methods: To conduct this investigation, rats were subjected to either a whole-

body acute (6 hr) or a sub-chronic (28 d) inhalation exposure (6 hr/d × 4 d/wk × 4 wk) to COV 

(300 ppm; Macondo well surrogate oil). Control rats were exposed to filtered air. One and 28 d 

after acute exposure, and 1, 28, and 90 d following sub-chronic exposure, bronchoalveolar lavage 

was performed on the left lung to collect cells and fluid for analyses, the apical right lobe was 

preserved for histopathology, and the right cardiac and diaphragmatic lobes were processed for 

gene expression analyses.

Results: No exposure-related changes were identified in histopathology, cytotoxicity, or lavage 

cell profiles. Changes in lavage fluid cytokines indicative of inflammation, immune function, and 

endothelial function after sub-chronic exposure were limited and varied over time. Minimal gene 

expression changes were detected only at the 28 d post-exposure time interval in both the exposure 

groups.
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Conclusion: Taken together, the results from this exposure paradigm, including concentration, 

duration, and exposure chamber parameters, did not indicate significant and toxicologically 

relevant changes in markers of injury, oxidant generation, inflammation, and gene expression 

profile in the lung.
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Introduction

This is the third study in a series of tandem papers that focuses on examining toxicity 

following in vivo inhalation exposure to crude oil vapor (COV) in upstream oil operations 

(McKinney et al. 2022; Fedan 2023). Crude oil is a complex mixture of chemicals consisting 

primarily of normal alkanes and hydrocarbons. The hydrocarbons are structurally defined 

in three groups as aromatic, naphthenic or cycloparaffinic (cycloalkanes or naphthenes), 

and aliphatic/paraffinic (alkanes) compounds that exist in gaseous, liquid, and solid form, 

and which contain low concentrations of sulfur, nitrogen, and oxygen compounds and trace 

amounts of metal-containing components (Hawley 1981; IARC 1989; Lin and Tjeerdema 

2008). The aromatic hydrocarbon group contains some of the most toxic constituents 

of crude oil including benzene and its derivatives, naphthalenes, phenanthrenes, pyrenes, 

xylenes, and toluene. Benzene, toluene, ethylbenzene, and xylenes, referred to as BTEX, are 

frequently measured together to represent the VOC fraction of COV exposure, as well as 

other exposures that may contain VOCs (ATSDR 2004).

The pulmonary and systemic toxicities induced by many of the individual vapor components 

of COV following inhalation exposure are well documented and are extensively reviewed 

(ATSDR 1995, 1999a, 1999b, 2005, 2007a, 2007b, 2010, 2017; Mckee et al. 2015). There 

are also a number of in vivo and in vitro pulmonary studies that examine various synthetic 

combinations of BTEX and other aliphatic and/or aromatic combinations of hydrocarbons as 

well (reviewed in ATSDR 2004; Carrillo et al. 2013; Fischäder et al. 2008; Khalil and Nasir 

2010; Wang et al. 2014). In general, exposures to BTEX have been associated with cancers, 

(blood, kidney, lung, and liver), and non-cancerous toxicity including effects on central 

nervous system depression, respiratory diseases, kidney, liver, immune, and reproductive 

effects (ATSDR 2004, 2007a, 2007b, 2010, 2017; Chen et al. 2016).

Worker exposure to COV and related health effects was reviewed in Fedan (2023). 

Workers can be exposed to COV in upstream operations in the oil industry, as well as 

in clean-up operations following spills. Upstream activities where exposures can occur 

include exploration, drilling, transporting, and storage (Esswein et al. 2014a; Harrison et 

al. 2016; Retzer et al. 2018; Verma et al. 2000). Numerous cross-sectional studies focused 

on cancer incidence and mortality have been conducted with workers in the oil industry, 

but few have focused on upstream workers, and those that have report variable findings 

with some showing no observed increases and others showing increased incidence in 

melanoma (attributed to ultraviolet light exposure), mesothelioma (attributed to asbestos 

exposure), and acute myelogenous leukemia (attributed to benzene exposure) (Divine and 
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Barron 1987; Schnatter et al. 1992; Sathiakumar et al. 1995; Divine and Hartman 2000; 

Wong and Raabe 2000; Stenehjem et al. 2014). In addition to injuries and musculo-skeletal 

problems, respiratory disease was also commonly reported in a study of oil rig workers 

(Valentic et al. 2005). Acute severe respiratory and cardiovascular toxicity can also occur. 

Improperly opening of the hatch on top of a petroleum storage tank can result in the release 

of HCV/VOC plumes (>100,000 ppm). leading to worker exposure at or downwind from 

the storage tank (Jordan 2015; NIOSH 2015). The National Institute for Occupational Safety 

and Health (NIOSH 2015) reported nine sudden deaths caused by inhalation of hydrocarbon 

gases and vapors and oxygen deficiency among oil and gas extraction workers from January 

2010 to March 2015.

A larger number of studies have assessed health effects in workers involved in oil spill 

clean-up operations elsewhere and from these, insights into the toxicity of COV can be 

gleaned. D’Andrea and Reddy (2014), reviewed numerous health effects studies from 

several large spills including Exxon Valdez, MV Braer, Sea Empress, Erika, Prestige, 
Tasmin Spirit, Hebei Spirit, and Deepwater Horizon. Commonly reported health effects 

included eye, nose, and throat irritation, upper and lower respiratory problems, headache, 

nausea/vomiting/diarrhea, dermatitis, fatigue, and psychological effects.More recent studies 

related to the Deepwater Horizon spill, with approximately 200 million gallons of oil 

spilled and tens of thousands of individuals involved in clean up operations including 

Coast Guard personel, other government personel, oil industry workers, Gulf coast residents 

and volunteers from around the United States (U.S. Coast Guard 2011; Kwok et al. 

2017). Studies found acute respiratory symptoms (shortness of breath and wheezing) in 

Coast Guard personnel (Alexander et al. 2018), and long-term effects in oil spill clean-up 

workers included persistent or worsened hematologic (reduced blood platelets and increased 

hematocrit and hemoglobin), hepatic (increased blood liver enzymes), pulmonary (including 

chronic rhinosinusitis and lung function abnormalities), and cardiac (abnormal ECG results 

and ventricular hypertrophy) effects (D’Andrea and Reddy 2018).

Based on the results of the studies detailed above, a battery of inhalation studies was 

performed to assess different crude oil exposure paradigms in vivo. The oil used in this study 

was collected from the Macondo well, close to the site of the Deep Water Horizon Macondo 

Well blow-out in the Gulf of Mexico in 2010. Specifically, male rats were exposed to air or 

COV (300 ppm) for 6h × 1d (acute) or 6 h/d × 4 d/wk × 4 wks (sub-chronic). This battery 

of studies assessed pulmonary, cardiovascular, nervous, and immune system effects. The 

current study relates directly to several other studies in the battery. These studies found some 

alterations in lung function, including changes in basal airway resistance and an inhibitory 

effect of the airway epithelium on reactivity to methacholine (MCh). Acute COV exposure 

did not affect basal airway epithelial ion transport. However, the sub-chronic COV exposure 

facilitated alterations in active and passive ion transport (Fedan et al. 2022). Additionally, 

the cardiovascular assessment found that acute and subchronic exposure to COV led 

to alterations in the expression of NO synthases and antioxidant enzymes that regulate 

inflammation and oxidative stress in the heart and kidneys. Exposure also produced changes 

in arterial and diastolic blood pressure were noted in the acute exposure. (Krajnak et al. 

2022). The neurological effects COV exposure included reductions in norepinephrine (NE), 

epinephrine (EPI), dopamine (DA) in dopaminergic brain regions, striatum, and midbrain 
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and large increase in and serotonin (5-HT) in the striatum Upregulation of synaptic and 

Parkinson’s disease-related proteins in the striatum and midbrain were also found (Sriram 

et al. 2022). The immunotoxicity assessment of COV exposure found that COV exposure 

resulted in alterations in cellularity of phenotypic subsets that could impair immune function 

in rats (Weatherly et al. 2022).

To complement the above studies, the goal of the current study was to further examine 

the effects of whole-body COV inhalation exposure on the lung. The toxicology profile 

in this study focused primarily on lung histopathology, cytotoxicity, oxidant generation, 

inflammation, and gene expression. Because changes in lung function were found 

and systemic effects related to inflammation and oxidant balance were observed, we 

hypothesized that the exposure may lead to lung pathology and molecular changes related to 

increased inflammation and oxidative stress in the lung. To address this we examined these 

end points using the identical acute and sub-chronic exposure scenarios described above.

Methods

Animals

All animal studies were conducted in facilities accredited by AAALAC International, were 

approved by the Institutional Animal Care and Use Committee (protocols 13-JF-R-014, 

14-JF-R-011 and 16-JF-R-020 v. 3 and v. 4) and were in compliance with the Public Health 

Service Policy on Humane Care and Use of Laboratory Animals and the NIH Guide for 

the Care and Use of Laboratory Animals. Male Sprague-Dawley rats ([H1a: (SD) CVF, 

approximate body weight of 200–275 g at arrival], were obtained from Hilltop Lab Animals, 

Inc. (Scottdale, PA). All animals were free of viral pathogens, parasites, mycoplasm, 

Heliobacter and cilia-associated respiratory bacillus. Animals were acclimated for one week 

and housed in ventilated micro-isolator units supplied with HEPA-filtered laminar flow air 

(Lab Products OneCage; Seaford, DE), with Teklad Sanichip and Teklad Diamond Dry 

cellulose bedding (Watertown, TN). They were provided tap water and autoclaved Teklad 

Global 18% protein rodent diet (Harlan Teklad; Madison, WI, USA) ad libitum. Rats were 

housed in pairs under controlled light cycle (12 h light/12 h dark) and temperature (22–25 

°C) conditions.

COV exposure

The crude oil used in this investigation was provided by BP Exploration and Production, Inc. 

and was characterized in McKinney et al. (2022). The oil is reference material associated 

with the 2010 Deepwater Horizon spill from the Macondo Well in Mississippi Canyon Block 

252, i.e. “surrogate oil” that is similar to the Macondo Well crude oil. The target exposure 

and concentration were total VOCs at 300 ppm, for the two different exposure durations 

in a whole-body inhalation system. In addition to continual monitoring of total VOCs 

throughout the exposure duration each day, BTEX was also measured during exposure. 

The exposure system is described in detail in McKinney et al. (2022). Briefly, a computer-

controlled custom system and chamber were developed which injected a heated flow of oil 

into a collision atomizer. Filtered air was combined with the atomized oil and mixed in 

a column then passed through a HEPA filter to remove oil droplets. Several control runs 
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were conducted to establish the flow rate that generated 300 ppm total VOC (COV) in 

the exposure chamber. The whole-body exposure chamber itself was airtight with stainless 

steel inflow and exhaust tubes. Animals were housed in the chamber in stainless steel 

chamber racks with no bedding as described in McKinney et al. (2022). Control animals 

were exposed to filtered air in a separate and identical exposure system/chamber. The COV 

level used in the animal exposures falls within the range of those that have been measured 

in upstream operations in the oil and gas industry (NIOSH 2015). Its physical and chemical 

properties are described in McKinney et al. (2022).

Rats were exposed by whole-body inhalation to 300 ppm of COV aerosol for 6 hr/d during 

the light cycle for one of two durations: the acute exposure was one day, and the sub-chronic 

exposure was 4 d/wk for 4 consecutive weeks. Control animals were simultaneously exposed 

to filtered air and were otherwise handled similarly. During their 6-h inhalation exposure(s) 

to air or COV, the rats were not provided with food or water. The exposure chamber and 

conditions during the inhalation exposure of the rats were as described in McKinney et al. 

(2022). For the acute exposure, there was an n = 8 for the air group and an n = 8 for the COV 

group at each time point for a total of 32 rats. For the sub-chronic exposure, there was also 

an n = 8 for the air group and an n = 8 for the COV group at each time point for a total of 48 

rats.

Collection of biospecimens

Samples were collected from animals at 1or 28 d following the 1-d acute COV-exposure, 

or 1, 28, and 90 d following the last day of the 4-week sub-chronic COV exposures. The 

control and COV-exposed rats were euthanized by an over-dose of sodium pentobarbital 

(100–300 mg/kg, i.p.; Fatal Plus; Vortec Pharmaceuticals, Dearborn, MI, USA) followed 

by exsanguination. The trachea was then cannulated, the chest cavity was opened, the right 

bronchi were clamped off, and bronchoalveolar lavage (BAL) was performed on the left lung 

(Sellamuthu et al. 2011).

The acellular fraction of the first lavage was obtained by filling the left lung with 3 

ml of ice-cold phosphate-buffered saline (PBS), massaging for 30 sec, withdrawing, and 

repeating the process once. This concentrated aliquot was withdrawn, retained on ice, kept 

separate, and designated as the first fraction of BAL fluid (BALF). The subsequent aliquots 

were approximately 4 ml in volume, instilled once with light massaging, withdrawn, and 

combined until a 24 ml-volume was obtained. For each animal, both lavage fractions were 

centrifuged (10 min, 570 × g, 4 °C), the cell pellets were combined and re-suspended in 1 ml 

of PBS, and the acellular fluid from the first fraction was retained for further analysis.

Following lavage, the right lungs were unclamped, the cannulated trachea and right lung 

lobes (cardiac and diaphragmatic) were removed. The apical lobe was tied off and removed 

for gene expression analysis, the remaining lobes were pressure-fixed in 10% neutral 

buffered formalin by airway pressure fixation under 30 cm water pressure to total lung 

capacity for 15 min. Once the fixation process was complete, the lung lobes were paraffin-

embedded, sectioned, and stained with hematoxylin and eosin (H&E). The apical lobe from 

the unlavaged right lung of the rats was cut into pieces and stored in RNA later (Invitrogen; 

Carlsbad, CA, USA) for RNA isolation as described below.
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Lung histopathology

For histopathological analysis, H&E-stained sections of right lung tissue from animals 

in the sub-chronic study and corresponding controls were evaluated for morphologic 

alterations by a board-certified veterinary pathologist, at 1, 28, and 90 d following 

exposure. The evaluation included semi-quantitative scores of any potentially exposure-

related morphologic alterations on a scale of 0–5, for distribution (0 = not observed, 1 = 

focal, 2= locally extensive, 3 = multifocal, 4= multifocal and coalescent, and 5 = diffuse) 

and severity (0= no observed effect, 1= minimal, 2= mild, 3= moderate, 4= marked, and 5 = 

severe (Hubbs et al. 1997).

Analysis of BALF lactate dehydrogenase (LDH) activity and cytokines levels

LDH activity in the acellular BALF of the rats exposed to filtered air or COV was 

measured to evaluate cytotoxicity as an index of lung injury following both exposure 

scenarios, and a protein panel was evaluated following the sub-chronic exposure. LDH 

activity was determined as described previously (Sellamuthu et al. 2011) in the first 

fraction of the acellular BALF. A battery of 27 proteins was evaluated in BALF 

samples from the sub-chronic exposure at 1, 28, and 90 d post-exposure using a 

commercially available multiplex assay as a broad screen for toxicity (Eve Technologies 

Corporation; Calgary, Canada.). This assay was selected as a discovery panel with proteins 

representing a broad range of responses in the lung including chemotaxis of white blood 

cells, inflammation, immune cell activation, and tissue remodeling. Granulocyte-colony 

stimulating factor (G-CSF), eotaxin, granulocyte-macrophage colony stimulating factor 

(GM-CSF), interferon (IFN)-γ,interleukin (IL)-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, 

IL-12 (p70), IL-13, IL-17A, IL-18, IP-10 [IFN-γ-inducible protein (IP)-10], neutrophil 

activating protein CXCL1 (GRO/KC), fraktalkine, leptin, epidermal growth factor (EGF), 

epithelial-derived neutrophil-activating peptide 78 (LIX), macrophage chemotactic protein 

(MCP)-1, monocyte inflammatory protein (MIP)-1α, MIP-2, regulated on activation normal 

T-cell expressed and secreted (RANTES), tumor necrosis factor (TNF)-α, and vascular 

endothelial growth factor (VEGF)-A were assessed. Additionally, the following proteins 

were also evaluated by enzyme-linked immunosorbent assay (ELISA) to further add to the 

discovery panel: cholecystokinin (CCK or CCL28), IL-27, IL-35 and TGF-β.

Cell differentials: alveolar macrophages (AMs)/monocytes, neutrophils, and eosinophils

The total numbers of BAL cells collected from rats exposed to air or COV following both 

exposure scenarios were counted using a Coulter Multisizer II (Coulter Electronics; Hialeah, 

FL). Cell differentials were performed to determine the total number of AMs/monocytes, 

neutrophils, and eosinophils. Briefly, 105 cells from each rat were spun down onto slides 

with a Cytospin 3 centrifuge (Shandon Life Sciences International; Cheshire, England) and 

labeled with a Leukostat stain (Fisher Scientific; Pittsburgh, PA, USA) to differentiate cell 

types. A minimum of two hundred cells per slide were counted, and the percentages of AMs/

monocytes, neutrophils, and eosinophils were multiplied by the total number of lavaged cells 

to calculate the total number of each cell type.
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Oxidant generation by lung phagocytes

To estimate lung phagocyte oxidant production, a luminol-dependent chemiluminescence 

(CL) assay was performed on BAL cells as a measure of the light generated by the 

production of reactive oxygen species (ROS) by AM using a Berthold LB953 luminometer 

(Wallace Inc.; Gaithersburg, MD), as described previously (Antonini et al. 1994). Baseline 

oxidant production by the cells was measured in the absence of a stimulant. Luminol 

(Sigma-Aldrich; St. Louis, MO, USA) was used to enhance detection of the light, and 0.2 

mg/ml of unopsonized zymosan (Sigma-Aldrich) was added to the assay immediately prior 

to the measurement of CL to activate the cells. Because rat neutrophils do not respond to 

unopsonized zymosan, the zymosan-stimulated CL produced is from AMs (Castranova et al. 

1990). Measurement of CL was recorded for 15 min at 37 °C, and the integral of counts 

per minute (cpm) per 106 cells vs. time was calculated. CL was calculated as the cpm of 

the stimulated cells minus the cpm of the corresponding resting cells, and the value was 

normalized to total number of AM/monocytes in the BAL for zymosan-stimulated CL.

RNA isolation from lung samples

Total RNA, free of contaminating genomic DNA and proteins, was isolated from a piece 

of the lung tissue stored frozen in RNAlater for both acute and sub chronic COV exposed 

rat lungs, at the 1- and 28-d post-exposure time intervals. RNA isolation, including the 

optional on-column DNase digestion was conducted using the RNeasy Mini Kit (Qiagen, 

Inc.; Valencia, CA, USA) following the procedure provided by the manufacturer. The 

integrity and purity of the RNA samples isolated were determined using an Agilent 2100 

Bioanalyzer (Agilent Technologies; Palo Alto, CA, USA). Total RNA was quantified by 

UV-Vis spectrophotometry. Only RNA samples exhibiting an RNA Integrity Number (RIN) 

≥8.0 were used in the gene expression studies.

Determination of lung gene expression profile

Gene expression was evaluated following both acute and sub-chronic exposure to COV. One 

microgram total RNA/sample was used to create next generation sequencing (NGS) libraries 

using the Illumina TruSeq® Stranded Total RNA Library Prep kit (Illumina, Inc.; San Diego, 

CA) following the protocol provided by the manufacturer. Briefly, following depletion of 

ribosomal RNA (rRNA), the RNA samples were purified, fragmented (68 °C for 5 min), 

and primed for cDNA synthesis. The denatured and cleaved RNA fragments were purified 

using a bead cleanup procedure and reverse-transcribed into first strand cDNA using reverse 

transcriptase and random primers. While synthesizing the double stranded (ds) cDNA, dUTP 

was incorporated in place of dTTP followed by the addition of a single ‘A’ nucleotide to 

the 3 prime ends to facilitate proper adapter ligation to each sample. Indexing adapters 

were ligated to the ends of the ds cDNA. After adapter ligation, the samples were PCR 

amplified (12 cycles) to enrich the DNA fragments containing the adapter molecules and to 

enhance the amount of DNA in the library using a Veriti™ 96 Well Thermal Cycler (Applied 

Biosystems; Foster City, CA). The PCR amplified cDNA library samples were quantified 

using a dsDNA HS Assay Kit (Invitrogen by ThermoFisher Scientific; Waltham, MA) and 

Qubit 3.0 Fluorometer (Invitrogen by ThermoFisher Scientific). Average fragment size and 

fragment distribution of the cDNA library samples were then assessed using an Agilent 2100 
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Bioanalyzer (Agilent Technologies; Santa Clara, CA, USA) with High Sensitivity DNA 

Reagents (Agilent Technologies).

Individual sample libraries were sequenced by the Genome Sequencing Laboratory, Centers 

for Disease Control and Prevention (Atlanta, GA) for 2 × 75 base pair, paired-end 

sequencing using an Illumina HiSeq 2500 machine in rapid run mode using HiSeq Rapid 

Cluster Kit v2 (Illumina, Inc.) and HiSeq Rapid SBS Kit v2 (Illumina, Inc.).

After the library sequences were de-multiplexed, the quality of each sample library was 

assessed with respect to the number of reads per sample, mean quality score, and FASTQC 

parameters (Andrews 2010). Reads were then processed using Trimmomatic/0.35 with the 

options PE, ILLUMINACLIP: TruSeq2-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDIN 

GWINDOW:4:15 MINLEN:60 to remove any remaining adapter sequence, low quality 

reads, low quality read ends, and sequences shorter than 60 bases in length (Bolger et al. 

2014). Sequence quality was then reevaluated via FASTQC (Andrews 2010). All sequences 

that passed the trimming and quality control with both reads in a pair present were aligned 

to the Rattus norvegicus Rnor_6.0 genome from NCBI downloaded on 31 July 2015, using 

HiSat2/2.1.0 (Kim et al. 2015) and Bowtie2/2.2.9 (Langmead and Salzberg 2012). Raw 

gene counts were assigned using Samtools/1.8 (Li et al. 2009), Python/2.7.3 and HTSeq/

0.6.1 (Simon et al. 2015). Using edge R, raw counts were converted to counts per million 

(CPM) and log-CPM and then normalized (R Core Team 2018). Finally, differentially 

expressed genes were calculated using limma (Law et al. 2016). Differentially expressed 

genes were those genes with a fold change greater than 1.5-fold between the controls and the 

COV-exposed rats and an adjusted P value less than 0.05.

Statistical analysis of findings

Results for BAL parameters of cytotoxicity (LDH release), inflammation, and oxidant 

generation were expressed as mean values ± standard error (Table 1, Figures 1–3). For 

BAL LDH, cell counts, and phagocyte oxidant generation, data were analyzed using 

SigmaPlot for Windows Version 14.0 (Systat Software, Inc.; Ekrath, Germany). An analysis 

of variance was performed between the two treatment groups at each time point. Significant 

differences among groups were determined using the Student–Newman–Keuls post hoc 
test. BAL cytokine analyses were computed with JMP version 13.2 (SAS Institute, Cary 

NC, USA) using a Student’s t-test to determine significant differences between group. 

Two-way (Treatment by Time) analyses of variance were utilized to examine differences in 

gene expression. Relevant scomparisons were generated using Fishers LSD with the pooled 

variance estimates. All differences were considered significant at p < 0.05.

Results

Lung histopathology

Under the conditions of this study, no consistent exposure-related morphologic alterations 

were observed in the lungs of the COV-exposed rats. Histopathologic alterations noted 

in rats in the study represented common incidental findings and occurred in both the air 

and COV groups, including a few foci of vascular mineralization, alveolar histiocytosis, 
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resolving hemorrhage, and small foci of inflammation that appeared to represent prior 

resolving hemorrhage. The most frequent observation was alveolar histiocytosis, an 

accumulation of alveolar macrophages. However, a limited number of foci of alveolar 

macrophages is expected in normal rats. In the 1-d post-exposure group, foci of alveolar 

histiocytosis were observed in 0/8 unexposed and 2/8 COV-exposed rats. In the 28 d 

post-exposure group, foci of alveolar histiocytosis were observed in 8/8 unexposed and 

4/8 COV-exposed rats. In the 90 d post-exposure group, foci of alveolar histiocytosis were 

observed in 7/8 unexposed and 4/8 COV–exposed rats. Two rats (one control and one 

exposed) had foci of resolving pulmonary hemorrhage, which is an incidental finding in 

the lungs of rats. Three rats (two controls and one exposed), each had a small focus of 

histiocytic and neutrophilic inflammation that did not correlate with exposure and may have 

represented a late sequela to prior pulmonary hemorrhage. A slight increase in the number 

of alveolar macrophages and foci of accumulation can be an adaptive response to a need for 

increased phagocytosis and may be considered non-adverse in some toxicologic pathology 

studies (Nikula et al. 2014). For this study, a notation of focal alveolar histiocytosis was 

made when more than three alveolar macrophages were noted in an alveolus and/or multiple 

alveolar macrophages were seen in each of four or more adjacent alveoli and should not 

be interpreted as an adverse response. Foci with infiltrates of neutrophils accompanying 

macrophages were noted and scored separately. In this study, foci of alveolar histiocytosis 

never exceeded the normal range anticipated and increased with age, as is expected (Nikula 

et al. 2014). Based on the observed minimal to no differences observed in rats following 

sub-chronic exposure, tissues from the acute exposure were not evaluated.

Analysis of BALF LDH and cytokines

There were no significant differences in BALF LDH, a common measure of cytotoxicity, 

between the control and treatment groups in either the acute or sub-chronic exposure (Figure 

1(A,B), respectively). A battery of proteins in BALF indicative of inflammation, immune 

function, and endothelial function were measured following the sub-chronic exposure to air 

or COV. At 1 d post-exposure to COV there were significant increases in leptin, IL-1β, 

IL-10, IP-10, and LIX, and at 28 d post-exposure VEGF was significantly increased (Table 

1). Interestingly, at 90 d post-exposure, COV exposure caused decreases in GM-CSF, IFN-γ, 

GRO/KC, and VEGF when compared to the corresponding air group. No other significant 

differences were observed for any of the cytokines measured, at any timepoint (Table 1). 

Overall, the majority of cytokines in the panel were not altered, suggesting little overall 

effect of COV on lung inflammation and lung injury.

BAL cell counts and oxidant production by AMs

BAL cells were counted and differentiated following the acute and sub-chronic exposures at 

all time points. For both exposures, there were no significant differences in the total cells 

(Figure 2(A,B)), AMs/monocytes (Figure 2(C,D)), or neutrophils (Figure 2(E,F)) at any of 

the time intervals analyzed. For both exposures, at all time points >99% of the BAL cells 

were AM. There was an increase in the number of the neutrophils at 90 d post-exposure in 

the COV group vs. air following the sub-chronic exposure; however, the difference was not 

statistically significant. Eosinophils were largely not detected in either controls or exposed 

rats after sub-chronic exposure.
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Oxidant production by AM in response to a stimulant (zymosan) was measured in AM 

recovered by BAL following both the acute and sub-chronic exposures (Figure 3(A,B), 

respectively). A significant increase was observed in the COV group at 1 d post-exposure 

following the acute exposure when compared to the Air group (Figure 3(A)). There was, 

however, no significant difference in this parameter following the sub-chronic exposure at 

any of the time intervals analyzed (Figure 3(B)).

Lung gene expression profile

No statistically significant changes in the global gene expression profiles were detected in 

the lungs of the acute COV-exposed animals at 1 d post-exposure. Statistically significant 

differential expression of forty-seven genes was detected in the acute COV exposed rat lungs 

at 28 d post-exposure (Table 2). The expressions of all forty-seven significantly differentially 

expressed genes (SDEGs) were down-regulated in the COV exposed rat lungs compared 

to those of the corresponding controls. In the acute COV exposed animal lungs, the gene 

LOC102557529 exhibited the most significant differential expression, with a change in 

expression of −5.34-fold, compared with the air controls. Similar to the acute exposure 

group, significant gene expression changes were detected only at the 28 d post-exposure 

time interval in the rats in the sub-chronic COV exposure group (Table 2). All fifty-two 

SDEGs detected in this group, similar to the acute exposure group, were down-regulated 

compared with the corresponding control group. The most significant change in expression 

(−4.94-fold) was noticed in the case of the Rsad2 gene. Thirty of the SDEGs detected in 

the COV exposed rats were found to be in common for the acute and sub-chronic exposures 

(Table 2).

Discussion

A series of studies have been conducted to understand the pulmonary and systemic effects 

of respiratory exposure to COV (Fedan et al. 2022; Krajnak et al. 2022; Sriram et al. 2022; 

and Weatherly et al. 2022). The goal of the current study was to evaluate the potential 

pulmonary toxicity of inhaled COV. In this study, whole-body, acute inhalation exposure 

(6 h) or a 28 d sub-chronic exposure (6 h/d × 4 d/wk × 4 wk) to 300 ppm COV did not 

cause changes in BAL inflammatory cells or cytotoxicity at either exposure duration. Also, 

no notable pulmonary pathology was observed following sub-chronic exposure. Changes 

in oxidant production by macrophages and lavage fluid cytokines related to inflammation, 

immune response and lung endothelial factors were minimal. Five of the 27 cytokines 

examined following sub-chronic exposure were increased at 1 d post-exposure; however, 

this did not persist at later time points. Interestingly, at 90 d post-exposure there were 4 

cytokines that were significantly reduced (GM-CSF, IFN-γ, GRO/KC, and VEGF-A). Lung 

gene expression was performed and a down-regulation in gene expression was observed 

following both acute and sub-chronic exposure to COV at 28 d (47 genes in the acute 

exposure and 52 in the sub-chronic exposure). Although 30 of the genes were common to 

both exposure durations, they did not differ in degree of down-regulation between COV 

exposure durations.
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The crude oil used in this study was Macondo surrogate oil mined in the Gulf of Mexico. 

Hydrocarbon analysis performed on this oil is presented in McKinney et al. (2022). The 

majority of hydrocarbons were in the aliphatic/paraffin group composed of a number of 

alkanes and isoalkanes with the most abundant being octane, heptane, hexane, nonane. 

These were followed in abundance by a number of higher alkanes, iso-alkane C5, 2- 

and 3-methylpentane, and 2- and 3- methylhexane. The most abundant compound overall 

was the cycloalkane methylcyclohexane. Also measured in this group were cyclohexane 

and methylcyclopentane. BTEX comprised the majority of the aromatic hydrocarbons with 

toluene and xylenes being in the greatest abundance, and propylbenzene and phenanthrene 

were also detected. In the exposure chamber (McKinney et al. 2022), BTEX (6.9, 14.7, 

2.0, and 12.9 ppm, respectively) accounted for approximately 12% of the total VOC (~300 

ppm) (McKinney et al. 2022). It should be noted that surrogate crude oil employed in this 

investigation is not representative of all crude oils, as their compositions are related to their 

geographical sites of origin, and this would affect the worker’s exposure to VOCs.

There are relatively few studies that examined the average VOC exposure in upstream oil 

workers and in clean-up worker exposures. Several of these studies have been reviewed 

(Fedan et al. 2022; Fedan 2023) in this study series. In terms of up-stream exposures, 

exposure exceeding 100,000 ppm was measured and in incidents that resulted in worker 

death (NIOSH 2015; Retzer et al. 2018). In more routine activities upstream, short-term 

spikes of 2000 ppm are measured, and sustained levels can be as high as 500 ppm (Esswein 

et al. 2014a, 2014b). Relative to this type of exposure, a concentration of 300 ppm would 

be considered average to low depending on the operation. Oil spill exposure to VOC from 

vapors emitted from oil itself is more difficult to assess due to the numerous compounding 

factors in epidemiological studies including exposure to burning of oil in the spill. NIOSH 

conducted health hazard evaluations during the Deepwater Horizon oil spill (NIOSH 2011). 

In the operations where the personal breathing zone was monitored, exposure did not 

exceed occupational exposure limits for VOCs. Studies have been published related to 

data collected during the Gulf Long-term Follow-up study (Gulf Study) conducted by the 

National Institute for Environmental Health Science (Huynh et al. 2022) and with data 

released by British Petroleum (Avens et al. 2011) in regard to volatile levels workers may 

have experienced in clean-up of the Deepwater Horizon spill. These levels were much lower 

than those used in the current study, suggesting this exposure is on the higher end of what 

would be experienced in oil-spill clean-up operations from the oil slick alone. As mentioned 

above, different levels of VOCs emitted from oil spills will vary based on oil source and any 

extraction processes that may have occurred ahead of the spill make it difficult to assess how 

the concentration in this in vivo study would compare to that in clean-up operations outside 

of the burning operations.

As stated earlier, there is a significant body of in vivo research on exposures to fuel oils 

with high levels of VOCs; however, for comparative purposes to this study, there is a limited 

number of studies where exposure to crude oil or exposure scenarios mimic an oil spill 

(Fedan et al. 2022). In an associated Weatherly et al. (2022) analyzed BAL lymphocyte 

populations and observed increased subpopulations of lymphocytes at day 1 following acute 

exposure only; however, overall, lymphocytes accounted for less than 1% of the BAL cell 

population. However, lymphocytes and lymphocyte populations did not differ significantly 
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between air control and COV groups at any time following sub-chronic exposure (Weatherly 

et al. 2022).

In the current study, very little toxicity was observed in the lung in terms of pathology and 

lavage parameters related to inflammation and phagocyte oxidant production that can lead to 

oxidative stress typically associated with VOC exposure

A recent study by Amor-Carro et al. (2020), was designed to model an oil spill exposure 

related to the oil carried on the Prestige. Although this was a residual fuel oil (heavy 

fuel oil), the study design was similar to the present study in terms of VOC evaluation 

and endpoints measured (lung function, pulmonary pathology and lung lavage). Wistar and 

Brown Norway rats and C57BL6 mice were exposed in a nose-only chamber to the VOC 

generated from the oil for 2 hr/d, 5 d/wk for 3 wk. BTEX was measured in the chamber. 

The values were significantly lower than in the present study which may be expected 

from a residual fuel oil where refining to remove the lighter fraction of oil has occurred 

(Speight, 2014). No effects were observed in mice. Similar to the present study, there was 

a lack of evidence of inflammation in lung lavage parameters; however, despite this, rats 

showed decreased lung function and pulmonary pathology including peripheral (subpleural) 

emphysema. In addition, alveolar apoptosis and microvascular endothelial damage were 

observed. This finding differed markedly from the present study where there was no 

notable exposure-related pathology despite a higher concentration of BTEX. Reasons for 

the differences observed, other than oil source, may include assessment of emphysema in 

lungs from rats tracheotomized and used for pulmonary function testing and subsequently 

lavaged with 25 ml of saline in 5 ml fractions prior to fixation for histopathology and 

quantitative morphometry in the Amor-Carro study, with the potential to alter alveolar septal 

morphology. Additional differences included use of quantitative morphology methods for 

measuring emphysema in the Amor-Carro study. Other study differences included the use 

of different strains of rats, where the strains in the study by Amor-Carro et al. (Wistar 

and Brown-Norway) may be more sensitive to the exposure than Sprague-Dawley rats, and 

delivery method and effective dose. Amor-Carro et al. (2020) exposed the rats by nose-only 

exposure vs. the whole-body exposure in the current study. Nose-only exposure would have 

avoided exposure of the skin and more direct deposition of the aerosol in the lungs.

Unlike the present study, Amor-Carro et al. (2020), did not perform transcriptomics or assess 

gene expression in the lung. In general, there is very little information on gene expression 

following respiratory exposure to crude oil in vivo. In a study by Liu et al. (2020), mice 

were exposed by repeated oropharyngeal aspiration to a saline accommodated fraction of 

Macondo Well crude oil, COREXIT® dispersants, or a combination of oil and COREXIT®. 

The oil used in this study was from the same Macondo well as the present study. Lung RNA 

analysis and transcriptomics of the oil-exposed mice showed up-regulation of inflammatory 

pathways, including cytokine-cytokine receptor interaction and IL-17 and TNF-a signaling 

pathways. This study differed significantly from the current study as the whole crude oil 

was diluted and delivered directly to the lung via oropharyngeal aspiration, whereas in 

the present study, rats were exposed via whole-body inhalation to COV generated from 

surrogate crude oil.
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In the present study, despite not detecting any morphologic, inflammatory, or cytotoxic 

changes in the lungs of rats exposed to COV, gene expression changes, albeit minimal, were 

detected in the same lung samples when global gene expression profiles were determined 

by NGS. The results obtained from the previous studies conducted in our laboratory have 

revealed significant changes, both with respect to the number of SDEGs detected and their 

fold changes in expressions, in response to inhalation exposure to aerosols containing toxic 

doses of particles such as crystalline silica (Sellamuthu et al. 2013), crystalline silica plus 

tobacco smoke (Sager et al. 2020), or nanocrystalline cellulose (Joseph et al. 2021). Unlike 

our previous studies (Sellamuthu et al. 2013; Sager et al. 2020; Joseph et al. 2021), in which 

significant differential expressions of hundreds or even thousands of genes were detected, 

only a limited number of genes (47 and 51 SDEGs in the acute and sub-chronic study, 

respectively) were found significantly differentially expressed in the lungs of the rats in 

response to their inhalation exposure to COV. Further, these changes were only observed 

at 28 d post-exposure. Similarly, the fold changes in the expressions of the SDEGs were 

several magnitudes lower in the COV exposed rat lungs (Table 2), compared to those 

observed under conditions that resulted in lung toxicity as reported in our previous studies 

(Sellamuthu et al. 2013; Sager et al. 2020; Joseph et al. 2021).

The changes in the lung gene expression profile detected, even though marginal, in the 

absence of any detectable lung toxicity in the oil vapor exposed rat lungs are likely due 

to the increased sensitivity of the transcriptome to respond to exposure to toxic materials 

compared to histological and biochemical endpoints of target organ toxicity (Hamadeh et 

al. 2002; Heinloth et al. 2004). However, the lack of duration-dependent changes in the 

expressions of the 30 SDEGs that are commonly detected in the acute and subchronic 

exposure conditions (Table 2) limit the interpretation of differentially expressed genes in 

the lung response to COV exposure. This is further strengthened by the finding that the 

expressions of many of the cytochrome P450 transcripts, known molecular targets for 

constituents of the VOCs (Sheets et al. 2004; Mendoza-Cantu et al. 2006; Zhao et al. 

2007; James et al. 2008; Saint-Georges et al. 2008; Thomas et al. 2014) that were present 

in abundance in the COV, were unaffected in the rat lungs (data not presented). Since the 

minimal changes in the transcriptome detected in the COV exposed lungs were unlikely of 

any biological consequence, further studies investigating changes in the encoded proteins or 

pathway analysis of the SDEGs were not presently conducted.

Despite this finding, the presence of shared transcriptome changes in day 28 recovery 

groups, along with the suppression of select cytokines at day 28, remains a concern and 

suggests the need for follow-up study that evaluates a longer exposure period as well as 

longer recovery periods. As reviewed in Fedan (2023), BTEX exposure have been shown to 

lead to the development of various cancers, including blood, kidney, lung, and liver, as well 

as non-cancerous toxicity in these organ systems as well. The changes in the lung in regard 

to this exposure concentration and these durations appear to be somewhat minimal; however, 

the assessment of the development of some of the chronic diseases associated with BTEX 

exposures, including cancers, would require observation over a much longer latency period

In summary, this study was designed to mimic exposure in the upstream oil industry 

and exposure that may occur in oil-spill clean-up operations. Relatively little pulmonary 
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toxicity was observed in terms of lung injury and inflammation. This combined with the 

gene expression data, suggests minimal effects in lung response to whole-body inhalation 

exposure to COV in the rats under the exposure conditions employed in this study. The 

study was designed to mimic a lower exposure concentration scenario in the industry; 

however, it is important to note some important aspects in the exposure paradigm. The 

study did not examine a dose-response, but instead evaluated a single concentration at two 

different exposure durations. Even though the generated concentration inside of the COV 

exposure chambers was 300 ppm, the deposited lung dose in the rats is not known. With 

a whole-body inhalation exposure during the light cycle, animal activity is typically low 

during the exposure timeframe, whereas a worker would be active during exposure and, 

hence, have a higher rate of respiration leading to higher deposited dose in the lung. Low 

activity level combined with the general instability of VOCs likely led to a lower deposited 

dose from exposure than an oil worker may typically experience during a workday. This fact 

may help explain the lack of overt toxicity data in our current animal study.
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Figure 1. 
Lactate dehydrogenase (LDH) activity in bronchoalveolar lavage fluid (BALF) recovered 

from rats at 1- and 28 d post-exposure to air or 300 ppm COV 6 hr/d for 1 day (A, acute 

COV) or at 1, 28, and 90 d after the last day of exposure to 300 ppm in the sub-chronic 

exposure of 6 hr/d for 4 d/wk for 4 wk (B, sub-chronic COV). No significant differences 

were observed between groups in either exposure. n = 8 per group per timepoint.
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Figure 2. 
Bronchoalveolar lavage (BAL) cells were recovered from rats and enumerated at 1 and 28 

d post-exposure to air or 300 ppm COV 6 hr/d for 1 day (acute COV) or at 1, 28, and 90 

days after the last day of exposure to 300 ppm for 6 hr/d for 4 d/wk for 4 wk (sub-chronic 

COV): total BAL cells recovered following acute (A) and sub-chronic (B) exposures, total 

alveolar macrophages (AM) following acute (C) and sub-chronic (D) exposure, and total 

neutrophils following acute (E) and sub-chronic (F) exposure. Lymphocyte and eosinophils 

not shown. AM accounted for >99% of all cells for all groups at all time points. No 

significant differences were observed. n = 8 per group per timepoint.
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Figure 3. 
Oxidant production by bronchoalveolar (BAL) alveolar macrophages (AM) recovered from 

rats at 1 and 28 d post-exposure to air or 300 ppm COV 6 hr/d for 1 day (A, acute COV) 

or at 1, 28, and 90 d after the last day of exposure to 300 ppm for 6 hr/d for 4 d/wk for 4 

wk (B, sub-chronic COV) was measured by evaluating chemiluminescence in the presence 

of zymosan. *Significantly different from air, p ≤ 0.05. n = 8 per group per timepoint.
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