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Abstract

Worldwide, over 4 million premature deaths each year are attributed to the burning of biomass 

fuels for cooking and heating. Epidemiological studies associate household air pollution with lung 

diseases, including chronic obstructive pulmonary disease, lung cancer, and respiratory infections. 

Animal dung, a biomass fuel used by economically vulnerable populations, generates more toxic 

compounds per mass burned than other biomass fuels. The type of animal dung used varies widely 

depending on local agro-geography. There are currently neither standardized experimental systems 

for dung biomass smoke research nor studies assessing the health impacts of different types of 

dung smoke. Here, we used a novel reproducible exposure system to assess outcomes related to 

inflammation and respiratory infections in human airway cells exposed to six different types of 

dung biomass smoke. We report that dung biomass smoke, regardless of species, is pro-

inflammatory and activates the aryl hydrocarbon receptor and JNK transcription factors; however, 

dung smoke also suppresses interferon responses after a challenge with a viral mimetic. These 

effects are consistent with epidemiological data, and suggest a mechanism by which the 

combustion of animal dung can directly cause lung diseases, promote increased susceptibility to 

infection, and contribute to the global health problem of household air pollution.
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Introduction

Biomass smoke, generated from the burning of solid fuels, such as animal dung, wood, and 

crop residues, for cooking and household heat, is the leading environmental risk factor for 

all-cause mortality (1). According to the Global Alliance for Cleaner Cookstoves, one 

person dies every eight seconds due to biomass smoke inhalation (2). Yet, 3 billion people 

worldwide, especially individuals with a low socioeconomic status, are exposed to biomass 

smoke (3). Women and children often breathe high levels of biomass smoke since they 

usually spend the most time near household fires based on cultural practices (2, 4). The 

burning of biomass fuels is a global health disparity issue.

The respiratory tract, particularly the airway epithelium, is the primary target for inhaled 

biomass smoke. Epidemiological evidence associates biomass smoke exposure with lung 

diseases, including Chronic Obstructive Pulmonary Disease (COPD), lung cancer, and 

respiratory infections (1, 4, 5). Similarly, in vitro studies have shown that human lung cells 

exposed to certain types of biomass smoke have heightened inflammatory responses and 

impaired immune defenses (6–8). Biomass smoke exerts toxic effects on the lung, leading to 

human health problems.

Animal dung is a biomass fuel that is widely burned by people living in low-income 

countries, since it is cheap, easy to collect and prepare for burning, and available in areas 

with limited vegetation. However, the inhalation of dung biomass smoke is of particular 

concern to human health. Cow dung biomass smoke was found to contain a greater oxidative 

capacity, more particulates per mass of fuel burned, and higher levels of microbial products 

compared to other combustion products, including wood smoke and diesel exhaust (4, 9, 10).

We and others have reported the pro-inflammatory effects of dung biomass smoke in vitro 
and in vivo, which was generated by burning selected types of animal dung (6, 8–11). 

However, the type of animal dung burned in households varies depending on local 

geography, climate, and agricultural practices. While cow dung is the main biomass fuel 

source in some parts of India and East Asia, it is rarely used in other areas. People living in 

Africa, the Middle East, the Himalayas, and South America often burn dung from goats, 

horses, elephants, yaks, camels, llamas, and other local animals (12–18). As a result, there is 

a critical knowledge gap concerning which type of animal dung should be used in the 

laboratory setting and whether different types of dung have different biological effects and 

health impacts. Currently, there are no studies examining the toxicological effects of 

different types of dung biomass smoke on lung cells. Here, we investigate the inflammatory 

effects and immune responses of human airway epithelial cells exposed to biomass smoke 

from six different types of animal dung, specifically horse (Equus caballus), U.S. domestic 

cow (Bos taurus taurus), Indian domestic cow (Bos taurus indicus), African elephant 

(Loxodonta africana), goat (Capra hircus), and white rhinoceros (Ceratotherium simum). 

These sources encompass both foregut fermenters (cattle and goats) and hindgut fermenters 

(horses, elephants, and rhinos), and represent common biomass fuels in different parts of the 

world (12–16). Perhaps surprisingly, we report that dung biomass smoke has similar 

biological effects on lung epithelial cells regardless of source.
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Materials and Methods

Generation of dung biomass smoke

Horse dung and U.S.A. cow dung were collected from local farms from animals fed grass 

and hay forage. Dried cow dung from dairy cows living in Shivpuri Ashram, India that are 

fed an organic diet of grass and grains was purchased from KGP Products LLC (Shivapuri, 

India). African elephant, domestic goat, and white rhinoceros dung were collected from 

animals exhibited at Rochester’s Seneca Park Zoo fed timothy hay and commercial grain. 

The dung was dried overnight at 50°C, ground up, and packed into cigarettes as previously 

described by McCarthy et al. (8). Briefly, dried dung was broken down using a food 

processor, passed through a sieve to obtain pieces between 850 μm and 420 μm, mixed with 

2% glycerol, and rolled into cigarette tubes (Zen) using a cigarette packing machine. Dung 

cigarettes had a length of 87 mm, diameter of 8 mm, and a filter length of 25 mm. The mass 

(mean ± standard deviation; n = 8 individual cigarettes) of different types of dung cigarettes 

was 0.74 ± 0.03 g (horse), 0.75 ± 0.02 g (U.S. cow), 0.76 ± 0.05 g (India cow), 0.65 ± 0.04 g 

(elephant), 0.86 ± 0.05 g (goat), and 0.72 ± 0.06 g (rhinoceros). For smoke generation, the 

dung “cigarettes” were placed in a Baumgartner-Jaeger CSM2072i cigarette smoking 

machine (CH Technologies, Westwood, NJ) that was programmed to puff the cigarettes once 

per minute for 2 seconds at a volume of 35-ml volume per puff. Dung cigarettes were 

replaced after burning to within 0.5cm of the filter or after 8 puffs, whichever was sooner. 

The dung smoke was mixed with filtered dilution air to achieve the desired concentration, 

and was then directed into a plastic exposure chamber containing the cell cultures to be 

exposed. The number of cigarettes and amount of dilution air used were adjusted to obtain 

similar total particulate matter (TPM) and carbon monoxide (CO) levels at the site of 

exposure across the different types of dung. The TPM of the smoke in the exposure chamber 

was determined by gravimetric sampling to be 55 ± 20 mg/m3 (mean ± S.D. across all 

experiments reported) and CO was measured with a Lascar USB CO Data Logger at a mean 

concentration of 82 ± 14 ppm (mean ± S.D. across all experiments reported). The estimated 

rate of particulate deposition onto cell culture inserts was 40 ng*cm−2*min−1.

Dung smoke extract (DSE) was made using a method similar to that described previously 

(19–21). Animal dung (5 g) was burned in a Buchner funnel connected to a vacuum flask 

and pulled through 20 ml of cell culture media using a vacuum. DSE, similar to tobacco 

smoke extract, was found to have a peak absorbance at 320 nm. Each preparation of dung 

smoke extract was normalized by measuring its optical density at 320 nm. An absorbance of 

1.000 was defined as 1,000 absorbance units/ml.

Cell culture

Primary human small airway epithelial cells (SAECs; Lonza, Walkersville, MD) and SAECs 

with an NF-κB reporter (SABiosciences, Valencia, CA) were cultured as previously 

described (8, 21, 22). For dung smoke exposures, SAECs were plated onto culture inserts (1 

μm pore size; Millipore), moved to the air-liquid interface (ALI) for 24 hours, and exposed 

to air or whole dung smoke for 10–30 minutes. For dose response studies, since dose or 

exposure = concentration × time, we chose to vary the exposure time rather than the 

concentration of dung smoke in the chamber. After dung smoke exposure, cells remained in 
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contact with the smoke-exposed culture media for up to 24 hours to mimic the continual 

exposure of airway epithelial cells to dung biomass smoke. In some experiments, cells were 

subsequently treated with 0.5 μM polyinosine-polycytidylic acid (poly I:C) (Invivogen, San 

Diego, CA). Cytotoxicity was assessed using Alamar Blue reagent (Invitrogen - Thermo 

Fisher Scientific, Rockford, IL) according to the manufacturer’s protocol.

For reporter assays, 16-human bronchial epithelial cells (16-HBE), the H1L1.1c2 cell line 

with an aryl hydrocarbon receptor (AhR) reporter (a gift from M.S. Denison, Ph.D., 

University of California, Davis) and the human embryonic kidney (HEK)-293 cell line with 

an interferon-sensitive response element (ISRE)-driven luciferase construct (a gift from L. 

Martinez-Sobrido) were cultured as previously described (23–25).

Luciferase Assays

To screen for the presence of AhR ligands, H1L1.1c2 reporter cells were incubated with 8–

32 units/ml of DSE for 24 hours and lysed using 5X Luciferase Cell Culture Lysis Reagent 

(Promega, Madison WI). For activator protein (AP)-1 reporter assays, 16-HBE were 

transfected with a 3XAP-1 plasmid (a gift from Alexander Dent, Addgene, Cambridge, MA) 

using Lipofectamine LTX with PLUS Reagent (Thermo Fisher Scientific, Rockford, IL) 24 

hours before dung biomass smoke extract treatment. To measure interferon production by 

SAECs, supernatants from SAECs were added to HEK-293 ISRE reporter cells (1:1 with 

media) for 24 hours. Cells were lysed and luciferase assays were performed with the 

Luciferase Assay System (Promega, Madison, WI) according to the manufacturer’s 

instructions.

Enzyme-Linked Immunosorbent Assays (ELISAs)

The levels of interleukin (IL)-8, granulocyte macrophage colony and interferon-inducible 

gamma protein (IP)-10 in SAEC supernatants were quantified by ELISAs (R&D Systems, 

Minneapolis, MN).

Western blot analysis

Western blots and densitometric analysis were performed as previously described (20). Blots 

were probed with antibodies for cyclooxygenase (Cox)-2 (Cayman Chemical, Ann Arbor, 

MI), aryl hydrocarbon receptor (AhR) (Enzo Life Sciences, Farmingdale, NY), β-tubulin 

(Abcam, Cambridge, MA), phospho-nuclear factor κappa B (NFκB) p65 (Cell Signaling, 

Danvers, MA), NFκB p65 (Santa Cruz Biotechnology, Dallas, TX), phospho-c-jun N-

terminal kinase (JNK) (Cell Signaling, Danvers, MA), and JNK (Cell Signaling, Danvers, 

MA).

Gene Expression Analysis

RNA isolation from SAECs and quantitative PCR was performed as previously described 

(21, 22). We used primers for 18S RNA (22), cytochrome P450 (CYP)1A1 (8), interferon 

(IFN)-β (forward: 5′-AACTGCAACCTTTCGAAGCC-3′; reverse: 5′-

TGTCGCCTACTACCTGTTGTGC-3′) and IFN-λ (forward: 5′-

GGTGACTTTGGTGCTAGGCT-3′; reverse: 5′-GGCCTTCTTGAAGCTCGCT-3′).
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Statistical Analysis

Results are reported as mean ± SD or SEM. Analysis of variance (ANOVA) with multiple 

comparisons was performed using GraphPad Prism version 7.0 (GraphPad Software, La 

Jolla California USA, www.graphpad.com). A p-value <0.05 was considered significant.

Results

Dung Biomass Smoke is Pro-Inflammatory Regardless of Source

Previous studies have found that the combustion products of biomass fuels induce pro-

inflammatory responses in human airway epithelial cells (6, 8, 26, 27). Mehra et al. showed 

that cow dung smoke extract increased the production of interleukin (IL)-8, a potent 

neutrophil chemoattractant, in SAECs grown in submerged cultures (6). Similarly, we 

reported that SAECs exposed to smoke from the combustion of horse dung at the air-liquid 

interface (ALI) had upregulated levels of IL-8, as well as increased production of GM-CSF, 

an inflammatory cytokine that activates immune cells, and cyclooxygenase (Cox)-2, a pro-

inflammatory enzyme that produces prostaglandins (8). Here, we compared the effects of 

smoke generated from burning 6 different types of animal dung. SAECs were exposed to 

whole dung biomass smoke at the air-liquid interface (ALI) for 15 or 30 minutes, and 

cytokine production in the conditioned medium was measured 24 h later. The exposure time 

and smoke concentration were chosen to be similar to human exposure data from breathing 

zone air samples in homes that use biomass for cooking (28, 29). We found that primary 

human SAECs exposed to all six different types of dung biomass smoke showed a trend 

towards an increase in the secretion of IL-8 and GM-CSF after a 15-minute exposure, with 

significant upregulation of cytokines observed after a 30-minute exposure (Figure 1A–B). 

We confirmed the increased levels of pro-inflammatory cytokines in SAECs exposed to 30-

minutes of six different types of dung in multiple independent experiments (Figure 1C–D). 

Additionally, the increased cytokine production was not caused by cytotoxicity of different 

types of dung biomass smoke after a 30-minute exposure (Figure 2). We also analyzed 

expression of the key pro-inflammatory response protein Cox-2 by western blot. SAECs 

exposed to horse, U.S. cow, Indian cow, elephant, goat, and rhino dung biomass smoke 

similarly upregulated the protein expression of Cox-2 (Figure 3A–B).

Different Types of Dung Biomass Smoke Activate the Aryl Hydrocarbon Receptor

The aryl hydrocarbon receptor (AhR) is a key transcription factor involved in pulmonary 

immune responses to urban combustion products, including diesel exhaust and tobacco 

smoke (19, 30, 31). To investigate whether different types of animal dung biomass smoke 

contain ligands of the AhR, we used a well-characterized AhR activity assay utilizing mouse 

liver cells with a luciferase reporter (23, 25, 32, 33). We found that AhR reporter cells 

treated with dung smoke extracts generated from the combustion of horse, U.S. cow, Indian 

cow, elephant, goat and rhino dung displayed a dose-dependent increase in luciferase 

activity (Figure 4A). All six different types of dung smoke extract displayed statistically 

significant increases in AhR reporter activity at a concentration of 32 absorbance units/ml 

(Figure 4A). This concentration of extract is similar to the amount of smoke absorbed by 

SAEC culture medium during a 30 minute exposure to whole dung smoke (Figure 4E). 

Multiple studies show that AhR protein is degraded after activation (31, 34). To confirm 
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AhR activation by dung smoke in human airway cells, we assessed AhR protein levels by 

Western blot. We found that total AhR protein is reduced in SAECs exposed to 6 different 

types of dung biomass smoke (Figure 4B–C). Additionally, horse, U.S. cow, and Indian cow 

dung smoke upregulated the mRNA expression of cytochrome P450 (CYP)1A1, a 

downstream target gene of the AhR (Figure 4D). Overall, our data shows that dung smoke 

from all 6 species contains similar levels of AhR ligands, and that human airway cells 

respond to these AhR ligands by upregulating and AhR target gene and by activation-

mediated degradation of the AhR protein.

Different Types of Animal Dung Biomass Smoke Stimulate Activator Protein-1 but Not 
Nuclear Factor Kappa B in Human Airway Epithelial Cells

Inflammatory responses in the respiratory epithelium are often regulated by AP-1 and 

nuclear factor kappa B (NF-κB) (35). These transcription factors lead to the production of 

pro-inflammatory mediators, including IL-8, GM-CSF, and Cox-2. However, the smoke 

from all six types of animal dung did not induce NFκB activity in SAECs containing an 

NFκB reporter (Figure 5A). We also found that there was either no change, or a reduction in 

phosphorylated NFκB p65 protein in SAECs 30 minutes after exposure to Indian cow or 

elephant dung biomass smoke (Figure 5B–C) rather than an increase in phospho-p65 that 

would be expected with NF-κB activation (36). This is consistent with our previous report 

that horse dung biomass smoke exposure neither activated an NFκB reporter nor upregulated 

phospho-p65 in SAECs (8). Conversely, using 16-HBE cells transfected with an AP-1 

luciferase reporter, we found that all six types of dung biomass smoke extract at 16 and 32 

units/ml increased AP-1 transcriptional activity by ~2-3-fold (Figure 6A–B). We have 

previously reported similar AP-1 activity results with SAECs exposed to 30 minutes of 

whole horse dung biomass smoke (8). We also observed increased phospho-JNK protein 

expression in SAECs shortly after exposure to Indian cow or elephant dung biomass smoke 

(Figure 6C-D). This data supports previous work showing that SAECs exposed to horse 

dung biomass smoke or Indian cow dung smoke extract stimulate JNK-AP-1 signaling (6, 

8). The inflammatory responses of dung biomass smoke seem to be mediated by AP-1 rather 

than NF-κB in airway epithelial cells.

Dung Biomass Smoke Impairs the Immune Responses of SAECs to a Viral Mimetic

Along with inflammatory responses, epidemiological evidence correlates biomass smoke 

exposure with an increased risk for acute respiratory infections (1, 4). To investigate the 

effects of dung biomass smoke on immune responses to an infectious agent, we treated 

SAECs with polyinosinic:polycytidylic acid (poly(I:C)), an analog of viral double-stranded 

RNA, after exposure to air or dung biomass smoke. In response to viral RNA, SAECs 

produce high levels of type I and type III interferons (IFNs), which induce an anti-viral state 

that prevents viral replication (37). Using an interferon sensitive response element (ISRE)-

luciferase reporter to measure IFN bioactivity in SAEC supernatants, we found that all six 

types of dung biomass smoke impair poly(I:C)-induced IFN protein production (Figure 7A-

B). Exposure-dependence of the suppression of IFN production was confirmed in SAECs 

exposed to horse, U.S. cow, and India cow dung biomass smoke and subsequently 

challenged with poly(I:C) (Figure 7C-E). Additionally, we measured the mRNA levels of 

IFN-β, a type I IFN, and IFN-λ, a type III IFN that is the main IFN produced by respiratory 
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epithelial cells after viral infection (37). We found that SAECs treated with poly(I:C) 

increased the gene expression of IFN-β and IFN-λ by about 100-fold after 6 hours (Figure 

8A-D). Yet, horse, U.S. cow, Indian cow, elephant, goat, and rhino dung biomass smoke 

exposure dramatically impaired the upregulation of IFN-β and IFN-λ mRNA after poly(I:C) 

treatment (Figure 8A-D).

The production of IFNs also leads to the upregulation of interferon-gamma inducible protein 

(IP)-10, a cytokine that recruits immune cells to the lung and promotes their activation 

during innate immune responses to viral infections (38, 39). Similar to the IFN reporter 

assay, SAECs treated with poly(I:C) had high supernatant levels of IP-10 (Figure 9A-E). 

However, prior exposure to horse, U.S. cow, Indian cow, African elephant, goat, or white 

rhinoceros dung biomass smoke attenuated IP-10 production to levels observed in air-

exposed-vehicle treated cells (Figure 9A-B). In SAECs exposed to horse, U.S. cow, and 

Indian cow whole dung smoke for increasing amounts of time, an exposure-dependent 

attenuation of poly(I:C)-induced IP-10 production was observed (Figure 9C-E). This data 

indicates that many different types of dung biomass smoke dampen innate immune 

responses of airway epithelial cells.

Discussion

According to Dr. Francis S. Collins, the Director of the National Institutes of Health, “indoor 

air pollution caused by cookstoves is one of the top health risks in developing countries” and 

causes an estimated 4.3 million premature deaths every year (1, 4, 5, 40). Exposure to 

biomass smoke is epidemiologically associated with non-communicable lung diseases and 

respiratory infections, and the respiratory epithelium plays a major role in the toxicological 

response to biomass smoke since it is the initial site of contact of inhaled air pollutants (1, 4, 

5). One type of biomass fuel of particular concern in regard to pulmonary health is animal 

dung. People with a low socioeconomic status, who cannot afford or geographically access 

more efficient fuels, often burn animal dung for cooking and heating their homes. However, 

the combustion of cow dung produces more toxic by-products, including particulates, 

reactive oxidative species, and microbial products, compared to the burning of other biomass 

fuels, such as wood (9, 10). Further, the type of animal dung used as a biomass fuel widely 

varies depending on location, climate, and local agriculture. Yet, there are currently no 

studies examining the toxicological effects of different types of dung biomass smoke on the 

lung. Most reported studies of dung biomass smoke have focused on the combustion of cow 

dung, which is often stereotypically viewed by people living in developed countries as the 

main source of dung biomass fuel in low-income countries. Yet, many different types of 

animal dung are used for fuel across the globe. Horse dung is burned for household energy 

in Mongolia, elephant dung is a fuel source in Africa and nature reserves in Southeast Asia, 

and goat dung is often relied on by nomadic people in the Middle East, Himalayas, and parts 

of Africa, and white rhinoceros dung is found in Africa where people often rely on local 

animal dung for fuel (13–16). Thus, we compared the functional inflammatory responses 

and immune defenses of airway epithelial cells exposed to smoke from the combustion of 

horse, U.S. cow, India cow, African elephant, goat, and white rhinoceros dung.
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A majority of studies to date investigating the toxicological impact of biomass smoke have 

used aqueous smoke extracts or smoke particulate-containing condensates to treat 

submerged cell cultures, while a few have used particulates collected from homes that use 

dung biomass for cooking and heating (6, 7, 41–45). Here, we primarily exposed lung 

airway cells to whole dung biomass smoke at the air-liquid interface, and only used extracts 

when using non-airway reporter cell lines. In order to establish a reproducible system for 

smoke generation, we took advantage of existing technology in the form of an automated 

cigarette smoking machine. Our use of dung cigarettes represents a compromise between 

fidelity to field conditions and the need for a consistent and reproducible system for 

generating dung biomass smoke in the laboratory (given that a traditional 3 stone fire is both 

inherently uncontrolled, as well as unwelcome in a laboratory setting). Nevertheless, the 

smoke produced in this system is very similar to dung biomass smoke in field studies (8, 

46). We exposed airway cells to particulate levels of smoke that have been measured in the 

breathing zone around biomass cooking fires during peak cooking times, which can reach up 

to 50 mg/m3 (28, 29). Since we did not change the medium after the dung smoke exposures, 

any particulates that have settled on the SAECs and any smoke components that have 

dissolved in the medium remain present during the following incubation periods, which we 

believe reflects human inhalation exposures where particles remain in the lung for hours to 

days after inhalation.

We found that dung from 5 different animal species, including both hindgut and foregut 

fermenters, induced a pro-inflammatory response in primary human SAECs. Based on 

previous data with horse dung biomass smoke, we measured the production of IL-8 and 

GM-CSF in response to the combustion of various sources of dung (6, 8). Similar to results 

previously reported by us and others from in vitro studies examining smoke from a single 

source of dung, we found increased levels of IL-8 and GM-CSF in SAEC supernatants after 

cells were exposed to cow, goat, elephant, and rhinoceros dung biomass smoke (Figure 1) (6, 

8). This is consistent with the increased levels of IL-8 and GM-CSF measured in people and 

mice exposed to biomass smoke (6, 10, 47). We also found that different types of dung 

biomass smoke upregulated the expression of Cox-2 (Figure 3), which plays an important 

role in airway inflammation (48). Additionally, these three mediators have been found to 

play a role in the development of biomass smoke-associated lung diseases, specifically 

COPD and lung cancer. IL-8 and GM-CSF recruit immune cells to the lung, promote an 

inflammatory microenvironment, and contribute to cancer cell proliferation (49–51). Cox-2 

produces lipid mediators that promote vasodilation, bronchoconstriction, mucus production, 

angiogenesis, and other actions that cause pulmonary inflammation and tumorigenesis (48, 

52). Overall, various types of dung biomass smoke cause inflammatory responses in airway 

epithelial cells and may contribute to the pathogenesis of inflammatory lung diseases.

Important regulators of airway inflammatory responses to inhaled pollutants that we 

assessed with dung biomass smoke exposure were the AhR and AP-1 (19, 30, 31). Similar to 

previous work examining the effects of dung smoke by us and others, we found that six 

different types of dung biomass smoke can activate the AhR (Figure 5) and AP-1 (Figure 6) 

in human airway epithelial cells (6, 8). AhR and JNK-AP-1 activation has also been reported 

in submerged cultures of lung cells exposed to other types of biomass smoke. Migliaccio et 
al. showed that mouse monocytes treated with particulate matter from wood smoke had 
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increased expression of an AhR-regulated gene, and Martey et al. found that human lung 

fibroblasts exposed to tobacco smoke extract displayed AhR nuclear translocation (31, 53). 

Additionally, increased levels of phosphorylated JNK were observed in human bronchial 

epithelial cells treated with wood smoke extract (26). Various biomass fuel combustion 

products, including dung biomass smoke from multiple species, activate transcription factors 

that play a role in lung inflammation.

Surprisingly, we found that combustion of six different types of dung did not increase NFκB 

transcriptional activity in SAECs (Figure 5). This result corresponds with our previous work 

showing that SAECs exposed to horse dung biomass smoke did not induce classical NFκB 

signaling. Yet, airway epithelial cells treated with cigarette smoke extract show increased 

NFκB activation (27, 54, 55). This difference may be related to differences in the 

composition of tobacco and dung biomass smoke. For example, tobacco-specific 

components of cigarette smoke, including nicotine and nicotine-derived nitrosamines, have 

been found to promote NFκB activation in airway epithelial cells (56, 57). Overall, both 

dung biomass smoke and tobacco smoke cause inflammatory mediator production in airway 

epithelial cells; however, the biological effects are not exactly the same.

In addition to inflammatory lung diseases, we examined the impact of dung biomass smoke 

exposure on anti-viral defenses. Respiratory infections are a leading cause of morbidity and 

mortality in countries where solid biomass fuels are the primary source of energy (4). 

Additionally, household air pollution is epidemiologically associated with an increased risk 

for respiratory infections and human macrophages exposed to wood biomass smoke have 

impaired immunological functions (7). We show, for the first time, that human SAECs 

exposed to six different types of dung biomass have attenuated poly(I:C)-induced interferon 

and IP-10 production (Figures 7–9). These antiviral mediators play an important role in 

mucosal immunity of the lung by inhibiting viral replication, promoting the death of infected 

cells, and recruiting and activating immune cells involved in adaptive responses (38, 39, 58). 

This in vitro evidence has important implications for future studies investigating how 

biomass smoke exposure by vulnerable populations causes increased number and severity of 

respiratory infections, and indicates that dung biomass smoke impairs some key innate 

immune responses to viruses. While other researchers have used cow dung smoke extract to 

examine inflammatory responses, we are the first to examine biomass smoke from different 

types of animal dung and provide the first evidence that dung biomass smoke suppresses 

anti-viral defenses (6).

In conclusion, we have shown that airway epithelial cells exposed to six different types of 

dung biomass smoke upregulate inflammatory mediators, activate pro-inflammatory 

transcription factors, and attenuate innate immune mediator production in response to a viral 

mimetic. The similar, in vitro biological effects observed with acute exposure to different 

types of dung biomass smoke suggests that human inhalation of biomass smoke from the 

combustion of various types of animal dung causes similar toxicological responses in the 

lung and biomass smoke-related respiratory diseases.
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16-HBE 16-human bronchial epithelial cells

AP-1 activator protein-1

ALI air-liquid interface

AhR aryl hydrocarbon receptor

CO carbon monoxide

COPD Chronic Obstructive Pulmonary Disease

Cox-2 cyclooxygenase-2

DSE dung smoke extract

ELISAs enzyme-linked immunosorbent assays

GM-CSF granulocyte macrophage colony-stimulating factor

HEK human embryonic kidney cells

IP-10 interferon-inducible gamma protein-10

ISRE interferon-sensitive response element

IL-8 interleukin-8

JNK c-jun N-terminal kinase

NFκB nuclear factor κappa B

poly IC polyinosine-polycytidylic acid

SAECs small airway epithelial cells

TPM total particulate matter
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Figure 1. 
Six different types of dung biomass smoke induce pro-inflammatory cytokine production in 

SAECs.

SAECs were exposed to air or dung smoke (horse, U.S. cow, India cow, elephant, goat, or 

rhinoceros (rhino)) for 15 or 30 minutes and cell supernatants were collected 24-hours post-

exposure. Dose-response effects of dung biomass smoke exposure on (A) IL-8 and (B) GM-

CSF production in SAECs were determined by ELISA. Data represent mean ± SD (n = 3 – 

replicates per exposure group from an independent experiment), *p<0.05 by two-way 
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ANOVA (compared to air-exposed cells using Tukey’s post-hoc analysis). (C) IL-8 and (D) 

GM-CSF levels were measured in SAECs exposed to 30 minutes of dung smoke in multiple 

experiments. Data represent mean ± SEM for n=3 independent experiments with 3 replicate 

cultures per experiment.*p<0.05 by one-way ANOVA (compared to air-exposed cells using 

a Dunnett’s post-hoc analysis).
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Figure 2. 
Exposure to 30 minutes of six different types of dung biomass smoke does not cause 

cytotoxicity in SAECs.

SAECs were exposed to air or dung smoke (horse, U.S. cow, India cow, elephant, goat, or 

rhinoceros (rhino)) for 30 minutes. Alamar Blue reagent was added to the cells 24-hours 

post-exposure. After a 4-hour incubation, cell supernatants containing Alamar Blue were 

collected. Reduction of Alamar Blue was determined by measuring the fluorescence of the 

samples (excitation = 560 nm and emission = 590 nm). Data represent mean (n = 3 replicates 

per exposure group from an independent experiment).
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Figure 3. 
Cox-2 protein expression is upregulated by six different types of dung biomass smoke.

SAECs were exposed to air or dung smoke (horse, U.S. cow, India cow, elephant, goat, or 

rhinoceros (rhino)) for 30 minutes and cell lysates were collected 24-hours post-exposure. 

(A) Representative Western blot showing 3 replicates per condition of Cox-2 protein 

expression and Ponceau S staining in SAECs exposed to air or different types of dung 

smoke. (B) Densitometry of Cox-2 protein levels was performed. Data represent mean ± SD 

(n = 3 replicates per exposure group from 1 of 3 independent experiments), *p<0.05 by one-

way ANOVA (compared to air-exposed cells using Tukey’s post-hoc analysis).
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Figure 4. 
Dung smoke contains AhR ligands and activates the AhR.

(A) A cell line containing an AhR luciferase reporter was treated with the indicated 

concentrations of dung biomass smoke extract (horse U.S. cow, India cow, elephant, goat, or 

rhinoceros (rhino)) for 24 hours. Data represent mean ± SEM for 3 independent experiments 

with 3 replicate cultures per experiment, *p<0.05 by two-way ANOVA (compared to vehicle 

using Tukey’s post-hoc analysis). (B) SAECs were exposed to dung biomass smoke for 30 

minutes and cell lysates were collected 24 hours post-exposure. AhR was detected by 
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western blot. (C) Densitometry of AhR protein expression was performed. Data represent 

mean ± SD (n = 3 replicates per exposure group from 1 of 3 independent experiments), 

*p<0.05 by one-way ANOVA (compared to air-exposed cells using Tukey’s post-hoc 

analysis). (D) SAECs were exposed to horse, U.S. cow, or Indian cow dung smoke for 30 

minutes. RNA was isolated 6 hours post-exposure. (D) CYP1A1 gene expression was 

measured by qPCR and normalized to 18S mRNA levels. Data represent mean ± SD (n = 3 

replicates per exposure group from an independent experiment), *p<0.05 by one-way 

ANOVA (compared to air-exposed cells using Tukey’s post-hoc analysis). (E) SAECs were 

exposed to dung biomass smoke for up to 30 minutes. Cell supernatants were collected 24-

hours post-exposure and their optical density at 320 nm was measured. Data represent mean 

+ SEM (n=3 – mean of 3 independent experiments), *p<0.05 by one-way ANOVA 

(compared to air-exposed cells using Tukey’s post-hoc analysis).
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Figure 5. 
Six types of dung biomass smoke do not activate NFκB in human SAECs.

(A) Luciferase activity was measured in SAECs transduced with a NFκB luciferase reporter 

24 hours post-dung biomass smoke (horse, U.S. cow, India cow, elephant, goat, or rhino) 

exposure. Based on a previous study, polyinosinic:polycytidylic acid (poly I:C, 0.5 μg/ml) 

was used as a positive control. Data represent mean ± SD (n= 3 replicates per exposure 

group from an independent experiment), *p<0.05 by one-way ANOVA (compared to air-

exposed cells). (B) SAECs were exposed to air, Indian cow dung smoke, or elephant dung 
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smoke for 30 minutes and cell lysates were collected 30 minutes post-exposure. A 

representative Western blot showing 3 technical replicates per exposure group is shown. (C) 

Densitometry of phospho-NFκB p65 and total NFκB p65 expression was performed on 3 

replicates per exposure group. Data represent mean ± SD (n = 3 replicates per exposure 

group from a representative experiment), *p<0.05 by one-way ANOVA (compared to air-

exposed cells).
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Figure 6. 
Different types of dung biomass smoke activate JNK-AP-1 in airway epithelial cells.

(A) 16-HBEs were transfected with an AP-1 luciferase reporter and treated with 16 or 32 

units/ml of DSE (horse, U.S. cow, India cow, elephant, goat, or rhino) for 24 hours. AP-1 

luciferase activity was measured in cell lysates. Data represent mean ± SD (n = 3 replicates 

per exposure group from an independent experiment), *p<0.05 by two-way ANOVA 

(compared to vehicle (Veh)-treated cells using Tukey’s multiple comparison post-hoc 

analysis). (B) AP-1 luciferase activity in 16-HBEs treated with 32 units/ml of DSE. Phorbol 
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myristate acetate (PMA, 50 nM) was included as a positive control. Data represent mean ± 

SEM (n = 3 – mean of 3 independent experiments), *p<0.05 by one-way ANOVA 

(compared to Veh-treated cells using Dunnett’s post-hoc analysis). (C) SAECs were exposed 

to air, Indian cow dung smoke, or elephant dung smoke (30 minutes) and cell lysates were 

collected 30 minutes post-exposure. A representative Western blot showing 3 technical 

replicates per exposure group is shown. (C) Densitometry of phospho-JNK and total JNK 

expression was performed on 3 replicates per exposure group. Data represent mean ± SD (n 

= 3 replicates per exposure group from an independent experiment), *p<0.05 by one-way 

ANOVA (compared to air-exposed cells using Tukey’s post-hoc analysis).

McCarthy et al. Page 24

Toxicol In Vitro. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Interferon production in response to a viral-like challenge is attenuated in SAECs exposed to 

various types of dung biomass smoke.

SAECs were exposed to (A) horse, U.S. cow, or India cow dung biomass smoke or (B) 

elephant, goat, or rhino dung biomass smoke for 30 minutes and subsequently treated with 

poly(I:C) (PI:C; 0.5 μg/ml) or a vehicle control (Veh) of SAGM. Cell supernatants were 

collected 24 hours post-PI:C treatment. HEK cells containing an ISRE reporter were 

incubated with the SAEC supernatants and media (1:1 v/v) for 24 hours to assess interferon 
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levels. Data are expressed as mean ± SEM (n=3 – mean of independent 

experiments),*p<0.05 (Veh compared to PI:C) and #p<0.05 (Air compared to Dung Smoke) 

by two-way ANOVA using Sidak’s post-hoc analysis. Exposure-response effects on 

poly(I:C)-induced IFN production in SAECs exposed to whole (C) horse, (D) U.S. cow, or 

(E) Indian cow dung biomass smoke for 10, 20, or 30 minutes were also assessed. Data are 

expressed as mean ± SD (n=3 replicates per group from an independent experiment), 

*p<0.05 (Veh compared to PI:C) and #p<0.05 (Air compared to Dung Smoke) by two-way 

ANOVA using using Sidak’s and Tukey’s post-hoc analyses.
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Figure 8. 
Poly(I:C)-induced type I and type III interferon gene expression is suppressed in SAECs 

exposed to multiple types of dung biomass smoke. SAECs were exposed to the indicated 

type of dung biomass smoke for 30 minutes and challenged with PI:C. RNA was isolated 6 

hours post-PI:C treatment. (A-B) Interferon-β, (C-D) interferon-λ, and 18S RNA gene 

expression were assessed by qPCR. Data are expressed as mean ± SD (n=3 replicates per 

group from an independent experiment),*p<0.05 (Veh compared to PI:C) and #p<0.05 (Air 

compared to Dung Smoke) by two-way ANOVA using Sidak’s and Tukey’s post-hoc 

analyses.

McCarthy et al. Page 27

Toxicol In Vitro. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Poly(I:C)-induced IP-10 expression is suppressed in SAECs exposed to multiple types of 

dung biomass smoke.

SAECs were exposed to (A) horse, U.S. cow, or India cow dung biomass smoke or (B) 

elephant, goat, or rhino dung biomass smoke for 30 minutes and subsequently treated with 

poly(I:C) (PI:C; 0.5 μg/ml) or vehicle (Veh). Cell supernatants were collected 24 hours post-

PI:C treatment and IP-10 levels were measured by ELISA. Data are expressed as mean ± 

SEM (n=3 – mean of independent experiments),*p<0.05 (Veh compared to PI:C) and 
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#p<0.05 (Air compared to Dung Smoke) by two-way ANOVA using using Sidak’s and 

Tukey’s post-hoc analyses. Exposure-response effects on poly(I:C)-induced IP-10 

production in SAECs exposed to whole (C) horse, (D) U.S. cow, or (E) Indian cow dung 

biomass smoke for 10, 20, or 30 minutes were determined by ELISA. Data are expressed as 

mean ± SD (n=3 replicates per group from an independent experiment), *p<0.05 (Veh 

compared to PI:C) and #p<0.05 (Air compared to Dung Smoke) by two-way ANOVA using 

Sidak’s and Tukey’s post-hoc analyses.
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