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Abstract

Recent studies have highlighted presence of endotoxin in indoor air and its role in respiratory
morbidities. Burning of household fuels including unprocessed wood and dried animal dung could
be a major source of endotoxin in homes. We measured endotoxin levels in different size fractions
of airborne particles (PM10, PM2.5, and PM1), and estimated the deposition of particle-bound
endotoxin in the respiratory tract. The study was carried out in homes burning solid biomass fuel
(n=35) and LPG (n = 35). Sample filters were analyzed for endotoxin and organic carbon (OC)
content. Household characteristics including temperature, relative humidity, and carbon dioxide
levels were also recorded. Multivariate regression models were used to estimate the contributing
factors for airborne endotoxin. Respiratory deposition doses were calculated using a computer-
based model. We found a higher endotoxin concentration in PM2.5 fractions of the particle in both
LPG (median: 110, interquartile range, (IQR): 100-120 EU/m?3) and biomass (median: 350, IQR:
315-430 EU/m3) burning homes. In the multivariate-adjusted model, burning of solid biomass fuel
(B: 67; 95%CI: 10.5-124) emerged as the most significant predictor followed by OC (B: 4.7;
95%Cl: 2.7-6.8), RH (B: 1.6; 95%CI: 0.76-2.4) and PM2.5 (B: 0.45; 95%CIl: 0.11-0.78) for
airborne endotoxin (p < 0.05). We also observed an interaction between PM organic carbon
content and household fuel in predicting the endotoxin levels. The model calculations showed that
in biomass burning homes, total endotoxin deposition was higher among infants (59%) than in
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adult males (47%), of which at least 10% of inhaled endotoxin is deposited in the alveolar region
of the lung. These results indicate that fine particles are significant contributors to the deposition
of endotoxin in the alveolar region of the lung. Considering the paramount role of endotoxin
exposure, and the source and timing of exposure on respiratory health, additional studies are
warranted to guide evidence-based public health interventions.
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INTRODUCTION

Household air quality is an important environmental determinant in public health and
highlighted repeatedly in Global Burden of Disease (GBD) study:2. The disease burden is a
consequence of exposure to both chemical and biological components in the air. Among the
potential triggers, biological components of airborne particulate matter pose an increasing
level of health concerns3-13. Recent research shows presence of elevated levels of endotoxin
in household air that burns solid biomass for cooking and heating®1914, Endotoxin is also
found in the house dust and occurs naturally in the environment®:8:15-19 There is a growing
literature on airborne endotoxin to be a risk factor for clinically symptomatic respiratory
ilinesses®12.13.20.21 \while the primary pathway may be the deposition of the particles (i.e.,
the initial and intimate contact with the respiratory tract), the mechanisms of endotoxin-
induced respiratory health effects are not fully understood. As a first step, information on
endotoxin levels in coarse, fine and ultrafine particle can help elucidate the underlying
mechanisms. Although data on ambient endotoxin concentrations have been reported in the
literature as part of occupational and ambient air studies, little is known about the size-
segregated endotoxin levels in indoor air and respiratory deposition of inhaled particle-
bound endotoxin. The current study was designed to characterize endotoxin levels in coarse,
fine, and ultrafine particles, its predictors in household air, and respiratory deposition doses.
In this study we also investigated the role of other environmental factors such as organic
carbon, carbon dioxide, temperature, and relative humidity on the recorded endotoxin levels.

MATERIAL AND METHODS

Study households and study settings

This cross-sectional study was carried out in semi-urban and rural settings of Odisha, an
eastern state in India and home to 41.9 million people. The state has one of the highest infant
(57 per 1,000 live births) and maternal mortality (257 per 100,000 live births) in India22. A
total of 70 homes representing a range of community settings were included for detailed
household air pollution assessment. Since the study aimed to investigate the endotoxin
concentration associated with household cooking fuel, we assigned the study households
into two groups; biomass and LPG. In biomass user group (n=35) household cooking was
primarily done in their homes using wood, cow dung, and agricultural refuse, such as straw,
paddy husk, hay, dried leaves, and jute stick, on a traditional cooking stove called Chulha.
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Another group of households (n=35) from the same community settings, using LPG as
cooking fuel was also included

Household characteristics

Information on home characteristics such as age and structure of the house, household
cooking behavior and ownership of domestic animals were recorded by interviewing the
family members of the study household. If the household did not have a mechanized
ventilation system it was considered as a poorly ventilated house. When the roof of the
house was made of straw and bamboo it was called a thatched-roofed house. Household
ownership of animals such as cow, goat or dog was considered as houses with domestic
animals.

Household air pollution monitoring

Air sampling was conducted using a low-pressure three-stage cascade impactor (Dekati®
PM10 impactor), with an aerodynamic diameter (d,e) cut-off at 10, 2.5 and 1 um. The
impactor was operated at 10 L/min and collected particles on the quartz filter (Whatman
International, Ltd., Maidstone, England). In the Dekati PM10 impactor particles >1 um are
collected on 25 mm substrates and particles <1 pm are collected on 47 mm filters23. Before
mounting the filter paper, the serial number was recorded and the filter equilibrated
overnight in ambient temperature and humidity. A calibrated microbalance (Mettler
Instrument Corp., Hightstown, NJ) was used to weigh the filter papers with a precision of £5
ug. A thorough quality inspection was conducted to identify any tears, folds, and other
imperfections in the filter papers. About 10% of the filters were prepared for blanks
(transport blank and laboratory blank) and was carried out as a control of contaminants
check. Both blank and air sample filters were analyzed following the same protocol. Pre and
post-weighing of the filters (including the blanks) were conducted under the same
environmental conditions, in an air-conditioned room with humidity control. Instruments
were positioned at the center of the living room and placed 1.5 m above the ground, and at
least 0.5 m away from walls. After sampling, the particle loaded filter papers were placed in
a sealed container and transported to the laboratory for further analysis. Total mass
concentration of each filter were estimated by weighing the particle loaded filters. Carbon
dioxide, temperature, and relative humidity were measured concurrently by a portable multi-
gas air quality monitor (YES Plus, Canada). Sampling was carried out for twelve hours (8.0
am - 8.0 pm) during the month of February — April and was same across sites.

Endotoxin analysis

Samples were stored at —20°C and transported in batches for processing in the laboratory
within 2-4 weeks of collection. Endotoxin concentrations of airborne particles were
determined using the endotoxin-specific kinetic chromogenic LAL-assay (Pyrochrome,
Associates of Cape Cod) described elsewhere!®. Briefly, a part of sample filters were
extracted in 5 mL pyrogen-free sterile water for 1h by sonication and intermittent shaking,
followed by centrifugation at 3000g for 5 min. Blank filters were assayed in the same
manner. Pyrogen-free polypropylene vials and centrifuge tubes were used for aliquoting and
processing of filter extracts. Although filters were not depyrogenated, we analyzed the levels
of endotoxin in media blank and field blank filters and found < LOD levels of endotoxin in
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our filters. A multi-point standard curve was generated ranging from 5 to 50 EU/mL (R2 >
0.992), using control standard endotoxin (Escherichia coli). The absorbance was measured
photometrically at 405 nm. The analysis used time of onset needed to reach a predetermined
absorbance or transmission of the reaction mixture and a standard curve, showing the linear
correlation between the log onset time and the log concentration of standard endotoxin. All
samples were run in triplicate and the detection limit was calculated from sample filters as
well as in field blank filters. Endotoxin concentrations in the extracts were finally reported
as endotoxin units (EU) per cubic meter of air collected.

Organic carbon (OC) analysis

The carbon content of PM loaded filters were analyzed using Chemo-Thermal Oxidation
method and subsequent analysis on CHNS-O analyzer as described previously?425, Briefly,
two circular punches of 6 mm diameter were taken from the quartz filters. One of the pieces
was pre-combusted in the furnace at 350°C for 24 h to remove OC. Both un-combusted and
combusted pieces were then weighed with the microbalance and analyzed for carbon content
using the CHNS-O analyzer (Thermo Scientific™ FLASH 2000 CHNS/O Analyzer), which
was operated in the CHN mode with acetanilide (71.09% C, 6.71% H, 10.36% N) as
calibration standard. Prior to analysis, carbonates were removed by HCI treatment. The OC
content was obtained by subtracting elemental carbon (EC) from total carbon (TC).

Estimation of respiratory Deposition

Deposition of particle-bound airborne endotoxin in different regions of the human
respiratory tract was calculated using a computer-based respiratory deposition model, the
LUDEP (Lung Dose Evaluation Program; LUDEP 2.07; Health Protection Agency, London,
WC1V 7PP, U.K.) with parameters representing typical adults and children of different age
groups. LUDEP is a computer program, which implements the model of the human
respiratory tract proposed by the International Commission on Radiological Protection26.
The calculations were based on the endotoxin concentration data collected within specific
particle size ranges (PM1). Breathing rates and time intervals that simulate typical indoor
activities was used for the modeling process. The LUDEP model predicts the particle
deposition into five regions in the respiratory tract: anterior nasal region (ET1), main
extrathoracic region comprising the posterior nasal passages, larynx, pharynx, and mouth
(ET2), bronchial region (BB), bronchiolar region (bb), and alveolar—interstitial region (Al).
Detailed formulas for calculating deposition in each of the regions are presented in ICRP,
199426, The output from the model described the percent deposition in the entire respiratory
tract, as well as in different regions separately.

Data analysis

A database was created using a custom-designed Epi-info platform. Descriptive statistics
such as frequency, means, standard deviations, and IQR (inter quartile range) were
calculated for all parameters and cross-tabulated with household fuel use. Group
comparisons were performed using the cA~-Square (XZ) test (for categorical variables). For
continuous variables Mann-Whitney test or Student’s t-test was performed. Unadjusted and
adjusted B Coefficients and 95%Cis were computed using OLS regression models to
estimate the predictors of endotoxin levels in airborne particles. All multivariate regression
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models were performed using a priori hypotheses. The interactions between environmental
factors and household cooking fuel in predicting the endotoxin was also tested. Results from
all analyses were considered significant at an alpha of 0.05. All data analysis including
production of tables and figures were performed using Stata® Software version SE 13.0
(College Station, TX, USA).

Ethical approval

RESULTS

Ethical approval for the study was obtained from the Ethical Review Committee of the Asian
Institute of Public Health (AIPH). Consent was taken from the head of the households after
full information about the study was given to them by trained personnel. They were free to
withdraw from the study at any point. The survey team received cultural competency and
confidentiality training prior to administering the questionnaires by a qualified trainer.

The study investigated the endotoxin-laden airborne particulate matter released during fuel
combustions, which can increase the respiratory deposition doses in subjects. The
characteristics of the study households including endotoxin levels stratified by household
fuel use are presented in Table 1. Of the study variables, only RH and ownership of domestic
animals were not significantly different among the biomass and LPG groups. The airborne
particles and endotoxin in three different size fractions (PM10, PM2.5, and PM1) in indoor
air of homes burning biomass fuel and LPG are presented in Table 1. In both types of
households, PM10 fraction of the airborne particles was found to be present in higher
concentrations. However, higher concentration of endotoxin was found in PM2.5 fractions of
the airborne particles. Endotoxin concentration was significantly higher in all size fractions
in biomass burning homes compared to LPG burning homes (p<0.01). In this study, PM2.5
median concentrations of endotoxin from biomass user households (350.0 EU/m?3) was
found to be 3-fold higher than LPG using households (110 EU/m3).

Figure 1 shows the correlation coefficients between environmental parameters. Figure 2
shows the adjusted predictions of endotoxin concentration in PM2.5 fractions with
household a) temperature; b) relative humidity; c) carbon dioxide and d) particle organic
carbon content. In biomass burning homes, the predicted airborne endotoxin concentrations
are significantly higher with higher concentration of OC and CO, than its counterparts.

Table 2 describes the multivariable model with predictors of indoor airborne endotoxin
concentrations. The adjusted model indicated that biomass fuel contributed the most to the
indoor endotoxin levels (B: 67; 95%Cl: 10.5-124), followed by organic carbon (B: 5; 95%Cl:
2.7-6.8), relative humidity (B: 2; 95%CI: 0.8-2.5), and higher load of PM> 5 (B: 0.4; 95%CI:
0.1-0.8).

Table 3 shows the estimation of the deposition of inhaled of <1 pum particle-bound endotoxin
in the human respiratory tract using the LUDEP (lung dose evaluation program) computer
program. The model shows the regional deposition pattern of the inhaled endotoxin in
specific regions of the respiratory tract. Our results indicate that endotoxin present in sub-
micrometer fragments, which significantly contributes to pulmonary dose of all tested
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categories of human subjects including infants. The model calculations showed that in
biomass burning homes, total endotoxin deposition was higher among infants (59%) than in
an adult male (47%), of which at least 10% of inhaled endotoxin is deposited in the alveolar
region of the lung.

DISCUSSION

The study presents indoor concentrations of airborne particles in coarse, fine and ultrafine
sizes as well as its associated endotoxin levels in biomass and LPG burning households.
Endotoxin concentrations found in PM1 was evaluated using the LUDEP model to estimate
the regional depositions in the lungs. The study also predicted predominant contributors of
airborne endotoxin in indoor air using linear models. The ventilation condition of each home
is an important variable influencing endotoxin concentrations. There were no HVAC systems
installed in these homes and homes were naturally ventilated. The kitchens, however, were
relatively less ventilated than other areas in the home and were mostly without fans. Getting
accurate information on the duration when windows and doors were open in these houses
was not feasible making it very difficult to estimate air exchanges. Lacking air exchange
estimates in these homes, we took the indoor CO» levels as a surrogate measure of
ventilation conditions?’.

A study in Malawian and Nepalese homes showed that the median concentrations of total
inhalable endotoxin were 24 EU/m3 in charcoal-burning homes and 40 EU/m3 wood-
burning homes in MalawilC. The median endotoxin values were 43 EU/m3 in wood-burning
homes and 365 EU/m? in dung-burning homes in Nepal®. Another study on airborne
endotoxin from biomass fuel in the Ladakh region of India reported endotoxin level of 190
EU/m3 in a rural community settings28. Our results in the range of 315-430 EU/m?3 in
biomass burning homes and are in line with the findings of these studies suggesting burning
of biomass fuels to be associated with airborne endotoxin. Another recent study’ done in
Canadian homes reported higher level of endotoxin in coarse particles in outdoor (median:
6.7 pg/m3, IQR: 3.4-1.2 pg/m3) compared to indoor air (median: 3.4 ug/m?3, IQR: 1.6-5.7

pg/m3).

A study in Boston, United States, suggested multiple home characteristics to be major
predictors of airborne endotoxin and explained 42% of the variability in a multivariate
model29. The study tested 49 home characteristics and found the presence of a dog to be the
strongest predictor of increased level of airborne endotoxin (partial R2 12.8%)2°. In our
study, most homes had animals and although presence of domestic animals emerged as the
second most (12%) contributor in the multivariate model, their presence did not show
statistical significance (p= 0.103), may be due to small sample size. However, burning of
biomass fuel explains 67% (p = 0.013) of variability in predicting indoor airborne endotoxin
in our study settings.

In our study, we observed a significant positive correlation between endotoxin level and
temperature (r=0.5) and a weak correlation with humidity (r=0.2) (Fig.1). This is similar to
an Italian study where authors showed statistically significant positive correlation between
endotoxin and temperature (r = 0.5 p < 0.01), but relative humidity had a negative
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correlation (r = -0.4 p < 0.01)2%. The effect of temperature and humidity on endotoxin
concentration may be a result of the increased growth of bacteria on the biomass combustion
particles30, an aspect we could not address in this study. Interestingly, we found an
interaction between fuel use in households and organic carbon in particulate matter (PM 2.5)
in predicting indoor endotoxin levels (Fig. 2). Such interactions have not been reported in
previous studies.

Establishing an approximate aerodynamic particle size distribution of airborne endotoxin is
an important factor in determining endotoxin toxicity and its health effects. However,
relatively few empirical data regarding airborne endotoxin concentrations and particle size
distribution in homes. A study showed that on an average 66% of airborne endotoxin was
found in 0.56-3.2 um size range3L. To the contrary, another study from Germany observed
endotoxin content in the coarse fraction to be ten times higher compared to the fine mass
fractions (1.2 EU/mg)33. In our study we observed relatively high levels of endotoxin in both
fine (PM 2.5) and ultrafine (PM 1) particles. The airborne endotoxin at fine particle sizes
might be more damaging to the health than endotoxin at larger particle size ranges. Due to
their small sizes, fine particles have longer residence time in the air and penetrate deeper
into the respiratory system.

However, the deposition site and pattern of inhaled particles is a key factor in assessment of
the association between lung dose and health effects, although the estimation of such
patterns is complex. Several approaches have been used to estimate particle deposition in
different regions of the human respiratory tract as a function of particle size32. Liao and
colleagues used a probabilistic approach to quantitatively assess the potential inhalation risk
of airborne endotoxin in homes!1:33, Using similar approach, we evaluated the deposition
pattern using the LUDEP model and estimated at least 10% of inhaled endotoxins to be
deposited in the alveolar region of the lungs and this deposition pattern also appears to be
higher in infants than adults in our model. The clearance rate of such fine particles from the
alveolar region to lymph nodes is reported to be as low as 0.00002 d=! compared to 1 d=2
obtained for few micrometer size particles in the nasal region28 , and hence, carries a very
important risk in the pathogenesis of respiratory diseases.

Thus, once fine particles enter the lower respiratory tract and reside in the lungs for longer
periods, they affect the endothelial and pulmonary mucosal immune system?. Experimental
and epidemiological studies have reported that endotoxin associated with fine particles may
increase inflammation and alter macrophage responses as well as contribute to an increase in
chronic obstructive pulmonary disease, pneumonia, and an overall decrease in lung
function13:34, In this context, our report on the presence of endotoxin in fine and ultrafine
particles carries important health implications especially in populations that continue to use
biomass fuel.

In this study, we did not have the opportunity to examine the health impacts of the endotoxin
exposure observed in the households. In the west, such exposure in the childhood has been
considered to be protective against development of allergic diseases in some settings and
animal feed/grains to be the driver of this protective response3°. While some studies have
suggested protection due to microbial exposure against asthma or allergy only in
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childhood3®, others have described lifelong benefit of childhood exposure to farming
exposures3’. To the contrary, Caudri and colleagues reported failure of protection in daycare
settings due to specific exposures by age eight, and increasing airway symptoms during
early childhood38. Genetic susceptibility and environmental influences are also important
contributors to the development of asthma and atopic diseases. Epigenetic mechanisms may
facilitate gene by environment interactions in these diseases. Some studies have implicated
early life endotoxin exposure in DNA methylation and subsequent development of asthma
and allergy3®. Future evaluation of respiratory health in different age groups in our
population with diverse exposure to environmental endotoxin will shed important light in the
pathogenesis of respiratory diseases. In the current study, we could not address the role of
bacteria (Gram negatives contributing the endotoxin, vs. Gram positives). Kujundzic et al.
have shown the diversity between endotoxin and airborne bacteria in a home setting in
Boulder, Colorado3L. While outdoor airborne endotoxin varied significantly with season in
this study, no seasonal variation was seen for indoor airborne endotoxin. Total airborne
bacteria, however, indoors and outdoors significantly varied with seasons3L,

We acknowledge some limitations to our study. First, the study is cross-sectional in nature
and we could not account for seasonal effects and ventilation rates. Second, with a relatively
small sample size it is difficult to generalize the results as in other larger studies. However,
even in the small scale, our data clearly demonstrated that biomass fuel burning is
significantly associated with increased endotoxin exposures and future large scale studies
will be undertaken in large rural and urban population cohort to follow up this finding
associated risks of respiratory diseases. Although we might have missed residual and other
unmeasured confoundings, we adjusted for a variety of potential predictors of household
endotoxin and our analyses indicated that our results were robust.

Nevertheless, with our results for the first time from India, it is now important to consider
the emerging role of non-endotoxin components of Gram-positive airborne bacteria as well.
Toll-like receptor 4 (TLR4), TLR2 and intracellular nucleotide oligomerization domain-like
receptors are responsible for mediating the inflammatory response in the host. While
repeated organic dust exposures may modulate innate and adaptive immune function
resulting in protection against allergy, multiple exposures can cause lung parenchymal
inflammation and decline in lung function over time“°. In developing world settings such as
India, where children and adults are exposed to a heavy load of environmental bacteria.
While childhood atopic diseases may not be of significant concern at present, a plethora of
respiratory ailments plague the pediatric, adult and elderly community in India. Ongoing and
future work under our IMMENSE research platform addressing multiple environmental
exposures and host response will provide invaluable insights into the role of air pollution and
endotoxin in health and disease.

CONCLUSION

This study, for the first time, has investigated endotoxin levels in three different size-
segregated airborne particulate matter in indoor air and its association with household
cooking fuels in India. Biomass burning appears to be the significant contributor of indoor
endotoxin in the studied homes. Our results also demonstrate interactions of household fuel
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use with organic carbon, temperature and humidity in predicting endotoxin levels. These
factors may be favoring the growth of bacteria resulting in the observed high endotoxin
levels.

Since most vulnerable groups (children, women, and the elderly) spend more than 80% of
their time indoors, the respiratory deposition of endotoxin could be a potent risk factor for
development of respiratory illness in this community. Research endeavors to identify major
sources of endotoxin in household air and design of appropriate interventions to reduce such
exposure can have an immense impact on population health. The current data have important
practical implications and should help shape new national programs such as “Swachh
Bharat” recently launched by the Prime Minister of India.
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Table 1

Descriptive statistics of household characteristics for LPG and biomass fuel user groups™. [N= 70]

LPG, median (IQR) | Biomass, median (IQR)

Characteristics [n=35] [n=35] P-value
Age of the house (years) 15.0 (10.0-15.0) 25.0 (20.0-30.0) <0.001
Type of house 0.001

- Thatched [n, %] 7(20.0) 21 (60.0)
House with mud walls and 0.001
floor [n, %] 15 (42.8) 34 (97.1)
House with poor ventilation, 0.017
Yes [n, %] 13 (37.1) 23 (65.7)
House having domestic 0.626
animals [n, %] 15 (42.8) 13 (37.1)
Person Occupancy 5 (5-6) 6 (5-7) 0.001
Temperature (°C) 29.6 (28.0-30.8) 31.8(30.0-35.2) 0.002
Relative Humidity (%) 65.7 (60.0-73.5) 65.7 (60.0-78.9) 0.719
Carbon Dioxide (PPM) 950 (870-1040) 1320 (1185-1400) <0.001
Organic Carbon (ug/m?3) 15.2 (11.7-22.4) 35.8 (32.4-41.2) <0.001
PM10 (ug/m3) 128.5 (120-138.2) 320 (292.4-340) <0.001
PM2.5 (ug/md) 100.2 (90.5-114.5) 285.5 (246.9-312.2) <0.001
PM1 (ug/m3) 70.1 (52.4-80.0) 168.6 (140.0-182.4) <0.001
Endotoxin in PM10 (EU/m3) | 92.0 (85.0-97.0) 300.0 (280.0-325.0) <0.001
Endotoxin in PM2.5 (EU/m3) | 110.0 (100.0-120.0) | 350.0 (315.0-430.0) <0.001
Endotoxin in PM1 (EU/m3) | 22.0 (18.0-27.0) 130.0 (107.0-160.0) <0.001

*
Reported p-values are from Mann-Whitney test for differences in medians and Pearson’s chi squared tests for categorical variables. Two-sided test
(p<0.05).
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Table 2

Multivariable Model showing predictors of Airborne Endotoxin Concentration

B Coef. [95% ClI] B Coef. [95% CI]

Factors Unadjusted Adjusted™

Biomass Cooking Fuel ~ 272.31 [243.49-301.13] 67.23 [10_52.123_93]*

1duosnuey Joyiny

PM2.5

Organic Carbon
Temperature
Relative Humidity

Carbon Dioxide

1.49 [1.37-1.61]
11.98 [10.89-13.07]
21.86 [13.19-30.54]
3.74[0.44-7.05]
0.63 [0.55-0.71]

0.45[0.11-0.78]

*

4.79 [2.72-6.86]
2.49[-0.27-5.27]

*

1.62 [0.76-2.49]
0.02 [-0.05-0.11]

No ventilation 137.12 [7.77-149.56] 3.45 [-21.54-28.45]
Age of the House 15.41 [11.68-19.14] 0.19 [-1.66-2.04]
Thatched house 150.14 [86.35-213.92] 1.43 [-19.84-22.71]
Mud walls and floor 202.97 [141.77-264.17]  6.08 [-16.40-28.57]
Domestic Animal 61.40 [32.63-90.17] 12.25 [-5.43-29.95]
Person Occupancy 0.67 [-72.72-74.08] 2.89 [-5.30-11.09]

*
p<0.05

+ . . .
All analyses also control for the variables in the table as it was measured at the household level.
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