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Abstract

Background: Agricultural workers are consistently exposed to elevated heat exposures and
vulnerable to acute kidney injury. The underlying pathophysiology and detailed molecular
mechanisms of AKI among agricultural workers, and the disproportionate burden of HRI and
heat stress exposure are not well understood, especially at the level of cellular metabolism.

Objective: The aim of this study was to examine the impact of heat exposures on renal
biomarkers and on the human metabolome via untargeted high-resolution metabolomics among
agricultural and non-agricultural workers.

Methods: Blood and urine samples were collected pre- and post-work shift from 63 agricultural
workers and 27 non- agricultural workers. We evaluated pre- and post-work shift renal biomarkers
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and completed untargeted metabolomics using high-resolution mass spectrometry with liquid
chromatography. Metabolome-wide association studies (MWAS) models identified the metabolic
features differentially expressed between agricultural workers and non-agricultural workers.

Results: Median values of pre-shift creatinine and osteopontin (p < 0.05) were higher for
agricultural workers than non-agricultural workers. Metabolic pathway enrichment analyses
revealed 27 diverse pathways differed between agricultural workers and non-agricultural workers
(p < 0.05) including TCA cycle and urea cycle, carbohydrate metabolism, histidine metabolism
and evidence for altered microbiome shikimate pathway.

Conclusion: This is the first investigation on the metabolic pathways that are affected among
agricultural workers who are exposed to heat compared to non-heat exposed workers. This study
shows extensive responses of central metabolic systems to heat exposures that impact human
health.

Keywords

Metabolomics; Renal function; Environmental heat; Agricultural workers

Introduction

Recent investigations in the United States (U.S.) and around the globe have shown a link
between heat exposure, heat-related illness (HRI), dehydration, and renal dysfunction among
agricultural workers (Flouris et al., 2018; Lépez-Galvez et al., 2021; Mix et al., 2018;
Moyce et al., 2017). A climatic chamber study with 13 healthy adults also found an

increase risk of developing acute kidney injury (AKI) during physical work in the heat

and dehydration (Chapman et al., 2020). An epidemic of chronic kidney disease of unknown
etiology (CKDu) among agricultural workers has been noted globally (Johnson et al., 2019;
Keogh et al., 2022), and in the U.S., there are indications of HRI and acute kidney injury
(AKI) plaguing agricultural workers, even when they are considered fully acclimatized to
working in a hot climate (Mix et al., 2018; Moyce et al., 2017). There have also been reports
of renal dysfunction in non-agricultural occupations where workers are exposed to high
ambient heat (Shi et al., 2022), such as bricklayers (Gallo-Ruiz et al., 2019), construction
workers (Al-Bouwarthan et al., 2020), and sea salt workers (Luangwilai et al., 2022).

The etiology of CKDu and AKI among agricultural workers remains unknown; however,
several risk factors have been identified, such as exposure to high ambient heat and
increased metabolic heat due to physical exertion, chronic dehydration, pesticides, and
consumption of sugar sweetened drinks, among other factors (Johnson et al., 2019). In

a study in California’s Central Valley, 11.8% of agricultural workers had impaired renal
function based on pre- to post-work shift increases in creatinine of at least 0.3 mg/dL

or 1.5 times the pre-shift value (Kidney Disease: Improving Global Outcomes (KDIGO)
criteria (Khwaja, 2012) for AKI (Moyce et al., 2016). This same research group also
showed an association of heat strain and AKI (Moyce et al., 2017). In Florida, a study of
192 agricultural workers found that on at least one of three workdays, 33% of workers
developed AKI, and the odds of AKI increased 47% for each 5°F increase in heat

index (Mix et al., 2018). The type of agriculture, age, gender, and self-reported chronic
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health conditions did not have any significant effects (Mix et al., 2018). The underlying
pathophysiology and detailed molecular mechanisms of AKI among agricultural workers,
and the disproportionate burden of HRI and heat stress exposure are not well understood
(Aguilar-Ramirez, 2020; Garcia-Trabanino et al., 2015; Glaser et al., 2016; Kupferman
etal., 2018; Mix et al., 2018; Moyce et al., 2016), especially at the level of cellular
metabolism.

With the advent of high-throughput sequencing and analytical technology, various omics
approaches have shown great promise in providing critical information detailing intricacy
and perturbations at multiple molecular levels. Specifically, metabolomics, the study of
metabolic features associated with exogenous exposure and endogenous processes, has
emerged as an innovative analytical platform linking complex environmental exposure to
internal dose and biological responses (Gaskins et al., 2021; Hood et al., 2022; Hwang
etal., 2022; Li et al., 2022; Liang et al., 2018, 2019, 2022; Tang et al., 2022). Hence,
metabolomics analysis may offer novel insights into the mechanistic underpinnings of
physiological conditions associated with heat stress exposure and AKI. However, no
metabolomics study has been published examining the impact of heat exposures on the
human metabolome among agricultural workers, who are consistently exposed to elevated
heat exposures and vulnerable to AKI.

To address these critical knowledge gaps, we conducted this study to examine the impact
of heat exposures on biomarkers of AKI and on the human metabolome via untargeted
high-resolution metabolomics among agricultural and non-agricultural workers. We aimed
to identify metabolic perturbations associated with differential levels of heat exposure and
explore whether these molecular signatures were indicative of renal alterations between
agricultural and non-agricultural workers.

2. Methods

We conducted a pilot study embedded in a larger epidemiological study of heat

exposure and symptoms of heat stress and AKI among agricultural workers employed in
agricultural counties in Florida (CDC/NIOSH Girasoles #R010H010657 and CDC/NIOS
U540H011230) (Mix et al., 2018). After obtaining IRB approval from the Emory University
Institutional Review Board (#IRB00075192), trained community health workers from the
Farmworker Association of Florida (FWAF) used community outreach strategies to recruit

a convenience sample of agricultural workers (exposed to heat) and non-agricultural
workers (hon-heat exposed — control group). A total of 87 participants were monitored

on one workday in Homestead, Florida during the study period in the Summer of 2018.
Agricultural workers were exposed to hot environmental temperatures as part of their usual
employment in fernery, nursery, crop, and landscape operations. Non-agricultural workers
were participants that worked indoors in an air-conditioned environment and were generally
not exposed to hot environmental temperatures during work hours. Non-agricultural workers
participants were office workers, house and office cleaners, or childcare workers.

Agricultural and non-agricultural had the same eligibility criteria. The study was limited
to workers who were 18-54 years of age because age differences can add additional
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confounding in metabolomics studies, and older adults can respond differently to heat
stress due to changes in immune function, cardiovascular compensation, and temperature
regulation with age. To avoid confounding related to acclimatization, workers had to have
been working in their respective occupation for at least 4 weeks.

Workers were excluded if they self-reported being pregnant or receiving treatment for
hypertension, type 1 or type 2 diabetes. Community health workers explained study
procedures, obtained informed consent, and collected data in the participant’s primary
language. Each participant received $50 in gift cards.

Baseline assessment

During the baseline assessment, the community health workers administered surveys to
obtain socio-demographic variables and to characterize the occupational environment of
these workers. Baseline anthropometrics, such as height, weight, and body fat percentage by
impedance (Omcron Fat Loss monitor HBF-306CN) were also obtained.

2.2. Workday assessments

Pre- and post their work shift, participants arrived at the FWAF office and provided urine
and blood samples. Certified nurses trained in the study protocol collected blood via a
fingerstick (Unistik 2 Extra Safety Lancets). Blood for serum preparation was collected

in red top microtainers with no additive (BD Microtainer®), then incubated at room
temperature for 30-60 min. Blood for plasma was collected in lavender top microtainers
(K2EDTA additive | BD Microtainer®) and mixed by inverting 10 time and then incubated
at room temperature for 30—60 min. Both serum and plasma samples were centrifuged for
10 min at 1,500xg. Supernatant were immediately aliquoted to cryotubes (VWR® Micro
Centrifuge Tube). Urine, plasma, and serum samples were flash frozen and stored on dry
ice for shipment to the laboratory, where they were stored at —80 °C until analysis. The
workers were equipped with a Polar® T31 heart rate monitor that recorded heart rate every
30 s during work hours.

Dry bulb and wet bulb temperature data during the study workdays were retrieved from
the Homestead weather station of the Florida Automated Weather Network (FAWN) and
used to calculate a daily maximum estimated wet bulb globe temperature (WBGT) for
each participant workday based on their self-reported starting and ending work hours. The
WBGT is an estimate based on a formula validated under Florida conditions to have a
95% confidence interval of (x2°C-true WBGT) (Bernard and Barrow, 2013). FAWN is

a 42-station weather data collection network spanning mainland Florida for agricultural
purposes.

2.3. Biomarkers of hydration

A Reichert TS Meter-D automatic digital refractometer (Fisher Scientific, Pittsburgh, PA)
was used to measure pre-shift and post-shift urine specific gravity (USG). We categorized
USG into three groups: normal level of hydration as <1.020; clinical dehydration as =1.020;
and extreme dehydration as >1.030 (Sawka et al., 2007).
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2.4. Biomarkers of renal function and injury

eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) (Levey et al., 2007) equation based on the creatinine value obtained from an iISTAT
Blood Analyzer (Abbott Point of Care, Inc, East Windsor NJ). Prior to use, the iSTAT Blood
Analyzer passed the electronic simulator quality control test to check on the ability of the
analyzer to take accurate and sensitive measurements. eGFR was truncated at 90 mL/min/
1.73 m? to reflect clinical practice of = 90 mL/min/1.73 m2 as normal kidney function and <
90 mL/min/1.73 m?2 as reduced kidney function. AKI over the work shift was defined using
the Kidney Disease Improving Global Outcomes (KDIGO) criteria (Kellum and Lameire,
2013). AKI was considered to be present if creatinine values increased from pre-shift to
post-shift by at least 0.3 mg/dL or increased 1.5 times (Kellum and Lameire, 2013).

Beta-2 microglobulin (B2M), cystatin C, neutrophil gelatinase-associated lipocalin (NGAL/
Lipocalin-2), osteopontin (OPN) and uromodulin (UMOD) were measured in pre- and
post-workday urine samples using the QuickPlex instrument (MesoScale Diagnostics, LLC;
Rockville, MD) in the Emory Multiplexed Immunoassay Core (EMIC). The EMIC lab uses
MesoScale Diagnostics QuickPlex electro-chemiluminescence instrumentation, which has <
10% variability within and between plates. All testing was done in duplicate. Kidney injury
molecule — 1 (KIM-1), creatinine, and uric acid biomarker testing of pre- and post-workday
urine was completed at the School of Nursing biobehavioral laboratory. Creatinine-normed
values are reported for urinary biomarkers. Creatinine-normed values are preferred for spot
urine samples as they correct for changes in urine concentration due to urinary concentration
or dilution related to fluid intake.

2.5. High-resolution metabolomics profiling

Pre- and post-shift plasma samples were analyzed in batches of 20 using high-resolution
liquid chromatography coupled with mass spectrometry (HR-LCMS, Thermo Scientific™
Q- Exactive™ HF) at the Emory Clinical Biomarker laboratory via established protocol
(Go et al., 2015; Liu et al., 2020). Plasma samples were treated with acetonitrile (2:1,
v/Vv), spiked with internal standard mix, and centrifuged at 14,000xg for 5 min at 4 °C

to remove proteins. To enhance the coverage of metabolic feature detection, the analysis
was performed using both polar and nonpolar analytical columns and analysis modes:
hydrophilic interaction liquid chromatography (HILIC) with positive electrospray ionization
(ESI) and C18 hydrophobic reversed-phase chromatography with negative ESI. Samples
were analyzed in triplicate to evaluate reproducibility for each metabolic feature in each
sample, and samples were randomized to minimize batch effects. Rigorous standard
operating procedures were implemented and provided detection of >20,000 77/ z features
(Go et al., 2015; Liu et al., 2020).

2.6. Metabolomics feature extraction

Detected signals (referred to as metabolic features) were extracted using apLCMS (Yu et
al., 2009) with modifications by xMSanalyzer (Uppal et al., 2013), which performed peak
detection, mass-to-charge ratio (/7/2), retention time (RT) alignment, feature quantification,
and data quality filtering. Data pre-processing steps included median summarization of
technical replicates, filtering of features based on missing values cut-offs (overall 30%
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and group-wise 80%) and relative standard deviation across all samples to remove features
with a constant signal across all samples. Log base 2 transformation was used to reduce
heteroscedasticity and normalize the data. Quantile normalization of samples was performed
to minimize between sample variability.

2.7. Statistical analysis

For the primary statistical analysis, we conducted a series of metabolome-wide association
studies (MWAS) models. Specifically, to identify the metabolic features differentially
expressed between agricultural workers and non-agricultural workers, four sets of
generalized linear models were constructed for pre- and post-shift periods among features
detected in the HILIC and C18 chromatography columns, respectively. The pre-shift
generalized linear model was constructed using the following form:

log,Y,; = f,+ p,,Agri_Term, + y,,Age, + v,,Sex; + vy, BM I, + ¢; 1)

A similar generalized linear model was constructed for post-shift using the following form:

log, Y, = B, + p,Agri_Term, + y,Age, + y,,Sex, + y;; BM I,

+ y,Work_Duration, + €, @)

where log, Y, refers to the log base 2 intensity of metabolic feature j for participant i, g,

is the intercept, and Agri_Term, is a categorical variable representing whether participant
i is an agricultural worker. We included covariates in the model to control for potential
confounding factors and covariates, including age, sex (categorical), and body mass index
(BM ). In the post-shift model, we included work duration as a covariate. ¢, represents
residual random error.

In addition to the main models, we also conducted four sets of models to evaluate the
impact of heat exposure from the previous day and current day on the pre- and post-shift
metabolic profiles among agricultural workers (N = 63) for features detected in the HILIC
and C18 chromatography columns, respectively. The generalized linear model constructed
for pre-shift metabolic profiles and previous day heat exposure uses the following form:

log,Y,; = fy+ ;W BGT_SUN _B4W D_max, + y,;Age; + v,;Sex, + y;; BM I,

+ y,;Work_Duration, + €; ®

where log, Y,; refers to the log base 2 intensity of metabolic feature j for participant i, g, is the
intercept, and W BGT _SU N _B4W D_max; is the maximum WBGT for participant i on the
previous day. The same covariates previously described were included in this model.

As for the model constructed for post-shift metabolic profiles and current day heat exposure,
we use the following form:

log,Y,; = f,+ p,WBGT_SUN _max, + y,;Age, + v,;Sex; + v, BM I,

+ y,;Work_Duration, + €; “)
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where W BGT _SU N _max; is the maximum outdoor WBGT on the participant i workday.
Separate models were conducted for each column (HILIC positive ESI and C18

negative ESI). We implemented the Benjamini-Hochberg procedure to correct for multiple
comparison. All analyses were completed in R (version 4.2.1).

2.8. Metabolite pathway enrichment analysis

To predict the functional activity of metabolic features, we conducted pathway enrichment
analysis and metabolite annotation. Here we use mummichog (v. 2.0), a novel bioinformatics
platform to predict functional biological activities of metabolites without prior identification.
Mummichog analyses were conducted separately for significant features from each of the
MWAS statistical models in the HILIC and C18 columns. We used two strategies to select
eligible metabolic features for pathway analysis: raw p-value at 0.05 and multiple testing-
corrected p-value at 0.05 using the Benjamini-Hochberg method for multiple comparison
correction. To minimize the chance of false positive discovery, we excluded pathways
identified by mummichog analyses with adjusted p-value>0.05 and those with<4 selected
features matched in pathway enrichment. We also conducted a sensitivity analysis by using
0.5th and 1st percentile of raw p-values to perform pathway enrichment and examine
whether the significant pathways would be largely different under different raw p-values.

2.9. Metabolite annotation and confirmation

Metabolic features significantly differing between agricultural workers and non-agricultural
workers, and/or associated with heat exposures were annotated by matching accurate mass
mizvalue for adducts commonly formed to the METLIN, ChemSpider, Human Metabolome
Database (HMDB), and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases,
using a mass error threshold of 10 ppm. To minimize further false positive matches, each
matched feature was screened on their retention time, isotope patterns, and spectrum peak
quality by examining the extracted ion chromatographs (EICs). Finally, a select number of
annotated metabolites were confirmed with level one evidence (Morrison et al., 2007) by
comparing their /m/z, retention time and ion dissociation patterns to analytical standards in
an in-house library that contains a list of exogenous or endogenous metabolites analyzed
under identical experimental conditions.

3. Results

3.1.

Participants

Workday data were collected from 63 agricultural workers and 27 non— agricultural workers
(Table 1). Compared to the controls, the agricultural worker sample was on average 9 years
older (p = 0.003), had more males (35% vs.17%), a higher percentage reported Mexican
nationality (56% vs. 30%, p = 0.04), and had a higher BMI (29.3 vs. 26.6, p = 0.02).

3.2. Work conditions

Forty percent of agricultural workers worked in nurseries, and 83% were paid by the hour.
Controls worked in a variety of non-agricultural settings, with 58% paid by the hour.
Agricultural work hours were somewhat longer (8.5 vs. 7.5 hs; 25th percentile, 7.9 vs. 6
hrs), and average heart rate during work was higher (95 vs. 86 bpm; p = 0.02).
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3.3. Hydration

On average, agricultural workers drank nearly twice the volume of beverages as did control
workers (76 vs. 38 0z; p < 0.001). Median sugary beverage consumption over the course of
the workday was substantially higher among agricultural workers (12 oz vs. 0 oz; p = 0.003).
Over half of the workers in both groups were dehydrated (USG = 1.020) before work, and
nearly three-quarters were dehydrated after work.

3.4. Biomarkers of renal function and injury

As shown in Table 2, significant differences observed between groups were for pre-work
comparisons, with higher median values of pre-shift creatinine and osteopontin (p < 0.05)
for agricultural workers than the control group.

3.5. MWAS Results

After data quality assurance and quality control, 9,746 and 6,689 metabolic features were
detected in HILIC positive ESI and C18 negative ESI, respectively, and were included

for the MWAS analyses. The number of metabolic features statistically different between
agricultural workers and non-agricultural workers are shown in Table 3. Specifically, 394
features in the HILIC positive ESI and 284 features in the C18 negative ESI significantly
differed between agricultural workers and non-agricultural workers in the pre-shift MWAS
model, while 336 features in the HILIC positive ESI and 197 features in the C18 negative
ESI were differentially expressed between agricultural workers and non-agricultural workers
in the post-shift MWAS model after adjusting for covariates (p-value < 0.05).

To examine the impact of heat exposures on the metabolome, we stratified the analysis to
only include the 63 agricultural workers. The MWAS models reveal that 636 features in the
HILIC positive ESI and 666 features detected in the C18 negative ESI were significantly
associated with the maximum WBGT of the previous day after adjusting for covariates
(p-value < 0.05). Meanwhile, 526 features in the HILIC positive ESI and 468 features
detected in the C18 negative ESI were significantly associated with the maximum WBGT
of the current day among the agricultural workers after adjusting for covariates (p-value <
0.05).

Pathway Analysis.—Metabolic pathway enrichment analyses revealed 27 significant
metabolic pathways differentially perturbed between agricultural workers and non-
agricultural workers (adjusted p-values < 0.05, Fig. 1). Specifically, 6 and 11 differential
metabolic pathways were found in the pre-shift period among the features detected in

the HILIC positive ESI and C18 negative ESI, respectively, while 10 and 10 differential
metabolic pathways were found in the post-shift period among the features detected in the
HILIC positive ESI and C18 negative ESI, respectively. Moreover, 9 metabolic pathways
were consistently found to differ between agricultural workers and non-agricultural workers
in both pre- and post-shift periods across features detected in both HILIC and C18 columns.
These differentially perturbed pathways were closely linked to renal dysfunction (i.e.,

urea cycle metabolism, tricarboxylic acid (TCA) cycle), energy production (i.e., butanoate
metabolism, glutamate metabolism), and oxidative stress and systemic inflammation (i.e.,
cytochrome P450 metabolism, glycerophospholipid metabolism, lysine metabolism).
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As shown in Fig. 2, when the analysis included only the agricultural workers, 5 and

16 unique pathways were found to be significantly associated with the maximum WBG
temperature of the previous day in the HILIC positive ESI and C18 negative ESI,
respectively. More metabolic pathways emerged that were associated with the maximum
WBGT of the current day, with 20 and 38 significant pathways found in the HILIC

positive ESI and C18 negative ESI, respectively. Among the 47 metabolic pathways

found to be associated with WBGT (adjusted p-values < 0.05, Fig. 2), 34% of them (N

= 16), including the top 5 renal dysfunction, inflammation, and oxidative stress related
pathways (arginine and proline metabolism, butanoate metabolism, glycerophospholipid
metabolism, lysine metabolism, and urea cycle metabolism), were consistently found in
both the MWAS model using previous day temperature and pre-shift metabolomics profiling
and the MWAS model using current day temperature and post-shift metabolomics profiling.
More interestingly, a lot more unique and differentially perturbed metabolic pathways (27
vs 4) were found in the latter MWAS model examining current day temperature and post-
shift metabolomics profiling, with most of these differentially perturbed pathways closely
linked to acute, systemic inflammation (alanine and aspartate metabolism, aspartate and
asparagine metabolism), oxidative stress (glycosphingolipid biosynthesis and metabolism,
gam-linoleic acid metabolism), and DNA damage and repair (pyrimidine metabolism, purine
metabolism).

High similarities and strong consistencies were found when comparing the pathway
enrichment findings of the models using agricultural working status and WBGT as
exposure variables. Specifically, 20 out of the 27 metabolic pathways (74%) associated
with agricultural working status were also found to be associated with the WBGT.

These overlapping pathways include all the top pathways closely involved in renal
dysfunction (i.e., tricarboxylic acid (TCA) cycle, urea cycle metabolism), energy
production (i.e., butanoate metabolism, glutamate metabolism), and oxidative stress

(i.e., glycerophospholipid metabolism, lysine metabolism). Additionally, 27 more unique
metabolic pathways were found to be associated with WBGT, including pathways involved
in acute inflammation (e.g., alanine and aspartate metabolism, asparagine metabolism,
leukotriene metabolism), DNA damage and repair (e.g., pyrimidine metabolism, purine
metabolism), and oxidative stress (glycosphingolipid biosynthesis and metabolism).

3.6. Chemical confirmation

We confirmed 18 unique metabolites that were differentially expressed between agricultural
workers and non-agricultural workers with level 1 evidence (Table 4). The features whose
mlz (£10 ppm difference) and retention time (10 s) matched the authentic compounds
analyzed under identical experimental conditions were assigned with Level 1 confidence.
Similar to the pathway enrichment findings, most of the confirmed metabolites, including
citrulline, uracil, and urocanate, have been closely linked to renal dysfunction, kidney
energy production, oxidative stress and systemic inflammation. Meanwhile, we confirmed
the chemical identities of 19 metabolites significantly associated with the maximum WBGT
of the previous day in the pre-shift metabolic profiles (Table 5), and 33 unique metabolites
significantly associated with the maximum WBGT of the current day in the post-shift
metabolic profiles (Table 6). Notably, unlike the similarities observed in the pathway
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levels, much fewer overlapping metabolites were found between the MWAS model using
previous day temperature and pre-shift metabolomics profiling and the MWAS model
using current day temperature and post-shift metabolomics profiling. Specifically, only one
confirmed metabolite, methyl indole-3-acetate, a catabolite of tryptophan converted by the
gut microbiota, were identified in both MWAS models. Although most of the metabolites
were different, their corresponding enriched pathways remained similar across the pre-shift
and post-shift metabolomics profiling datasets (Tables 5 and 6). Similarly, no identical
confirmed metabolites were found across models using agricultural working status and
WBGT as exposure variables (Tables 4-6). However, the pathways where these differential
metabolites are enriched remained consistent across various MWAS models. For instance,
methylhistidine, which was found to be associated with agricultural working status, and
methylhistamine, which was found to be associated with WGBT, are both closely involved
in histidine and tyrosine metabolism.

4. Discussion

To our knowledge this is the first investigation on the metabolic pathways that are affected
among agricultural workers who are exposed to heat compared to non-heat exposed
workers. The differentially perturbed pathways identified were closely linked to renal
dysfunction (i.e., urea cycle metabolism, TCA cycle), energy production (i.e., butanoate
metabolism, glutamate metabolism), and oxidative stress and systemic inflammation (i.e.,
cytochrome P450 metabolism, glycerophospholipid metabolism, lysine metabolism). One
possible interpretation of a portion of these molecular signatures is that precursors of
gluconeogenesis are building up systemically and signal dysfunction of the proximal tubule
of the kidney. The liver is generally thought of as the major site of gluconeogenesis;
however, about 40% of endogenous gluconeogenesis occurs in the kidney proximal tubule
(Legouis et al., 2022).

Our research shows the importance of the proximal tubule in health outcomes of agricultural
workers. Although the cause of AKI and CKDu among agricultural workers has not been
clearly identified, it is generally understood that repetitive kidney tubular injury can lead

to tubulointerstitial nephritis and may progress towards CKDu (Sanchez Polo et al., 2020).
A few Kkidney biopsy studies have shown histopathological confirmation of tubulointerstitial
nephritis in CKDu (Gunawardena et al., 2021).

Although agricultural workers drank twice the fluids during the day compared to the control
group (76 vs 38 0z), both had similar proportion of workers dehydrated at the end of the
workday. It may be that the control group was not as thirsty as the agricultural workers or
did not have time to drink fluids during their work shift. Perhaps, if the non-agricultural
(non-heat exposed control group) had drunk similar quantity of fluids as the agricultural
group throughout the workday, the proportion of workers dehydrated at the end of the
workday would be less.

Among the most pronounced and consistent findings from the MWAS statistical modeling
and metabolic pathway enrichment analyses were that both the comparison of agriculture
workers and non-agricultural workers and the analyses of association with ambient
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temperature identified perturbations in several key biological pathways, including nitrogen
elimination, and histidine metabolism. Specially, we confirmed the identities of several
metabolites from the nitrogen elimination pathway including arginine, citrulline, and uracil,
which have been closely linked to renal dysfunction, kidney energy production, oxidative
stress, and systemic inflammation (Baylis, 2006; Siboto et al., 2022; Tain et al., 2010).
Recurrent heat exposures in the agricultural setting can impact the activity of these
pathways, which may lead to renal dysfunction.

We also identified various metabolites enriched in the histidine metabolism pathway,
including histamine, methylhistamine, 3-methylhistidine, and urocanate. Histidine is an
essential amino acid that is metabolized in the body through several pathways, including
the histidine-histamine pathway, which is primarily active in the kidneys. Previous literature
has shown that during heat exposure, the body undergoes various physiological changes,
including an increase in body temperature, blood flow, and sweating. These changes

can alter histidine metabolism, leading to an increased breakdown of histidine and the
accumulation of histamine, a biogenic amine that regulates various physiological processes
(Hayakawa et al., 2012). Meanwhile, studies have also shown that in individuals with

renal dysfunction, there may be alterations in the histidine-histamine pathway, resulting in
decreased histamine synthesis and increased levels of histidine in the blood. This can lead to
an accumulation of histidine and its metabolites, which may contribute to the development
of various health conditions, including kidney disease, hypertension, and cardiovascular
disease (Vera-Aviles et al., 2018; Watanabe et al., 2008). Specifically, in an animal study,
alterations to histidine metabolism were observed in the group of rats with chronic kidney
disease (Zhang et al., 2015). In a study of 325 patients with CKD, low plasma levels of
histidine were associated with protein-energy wasting, inflammation, and oxidative stress
(Watanabe et al., 2008). Consistently in our study, following elevated heat exposure, we
observed perturbations in levels of key metabolites in the histidine-histamine pathway,
indicative of the potential impact of heat exposure on renal dysfunction. However, additional
research is needed to understand the relationship between histidine metabolism and kidney
function.

We also observed a strong association between heat exposures and perturbations in the
shikimate metabolic pathway, which reflects an impact on the function of resident microbes
rather than on human cells. This series of reactions is an important metabolic pathway

in microorganisms and some plants that leads to the biosynthesis of various aromatic
compounds, including the amino acids phenylalanine, tyrosine, and tryptophan. Studies
have shown that heat exposure can lead to the inhibition of the shikimate pathway in
plants, resulting in decreased biosynthesis of aromatic compounds (Fucile et al., 2011).
This can have various effects on plant growth and development, including reduced biomass
production, altered gene expression, and decreased photosynthesis. In microorganisms,
alterations in shikimate pathway activity have been attributed to exposure to glyphosate
(primary ingredient in the herbicide Roundup), which alters the gut microbiome and can
cause injury to the kidneys (Mesnage et al., 2021). It is well established that exposure

to high ambient temperatures impacts immune activity and can damage the intestinal
epithelial barrier and mucosa, all of which are likely to impact the composition and
activity of intestinal microbial populations; indeed, numerous studies have shown that
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heat stress alters microbiota composition in livestock and various animal models (Wen et
al., 2021). Remarkably, the effects of heat exposure on the human microbiome remain
largely uncharacterized, and our finding regarding shikimate metabolism highlights the
need for detailed investigation of links between heat exposure, herbicide/pesticide exposure
microbiome activity, and kidney diseases in humans.

Collectively, in this first MWAS study investigating the impact of heat exposures among
agricultural workers, we observed perturbations in metabolites and pathways closely linked
to renal dysfunction, energy production, and oxidative stress and systemic inflammation,
providing novel insights on the molecular mechanisms underlying the impact of heat
exposures on human health. Despite these promising findings, limitations inherent in omics-
based analyses and the relatively small sample size in this pilot study deserve specific
attention. Given the nature of the cross-sectional study, we were not able to draw any

causal inferences regarding heat exposure and renal dysfunction. Using regional weather
station data rather than work site data to estimated heat exposure was another limitation.
Future studies will be needed to examine associations between levels of the renal biomarkers
in plasma and AKI designations and between metabolic pathways and renal biomarkers.
Although we controlled for several important confounding factors, including age, sex,

BMI, working hours, additional covariates including nutritional and dietary variables were
not considered in this study and non-fasting status may introduce measurement variation.
Adjusting for more variables, however, might cause issues of over-adjustment. Additionally,
we used pool standards and internal references in the metabolic profiling and followed

a comprehensive metabolomics workflow to minimize the potential impact of non-fasting
status, which has been shown to successfully analyze many non-fasting samples previously
(Chang et al., 2022; Go et al., 2015; Taibl et al., 2023; Tchen et al., 2022). In highly
multidimensional analyses like MWAS, false positives occur due to multiple comparisons
and type | errors. The FDR analyses showed that very few metabolites are likely to be
useful biomarkers. However, the pathway enrichment analysis uses permutation testing to
protect against false discovery, and these analyses consistently showed pathway effects. Due
to the limited statistical power and the exploratory nature of pilot studies, we only applied
adjustments for multiple testing in the pathway enrichment analysis. Nevertheless, we did
conduct sensitivity analyses using more stringent p-value thresholds for feature selection
and observed consistent findings. Additionally, due to insufficient statistical power resulting
from the relatively small sample size, we were not able to combine both the pre-shift

and post-shift metabolomics profiling data using mixed effect models. Future hypothesis
testing approaches with larger sample size, longitudinal design, and diverse populations are
warranted to replicate and validate our findings.

5. Conclusion

This untargeted metabolomic and renal biomarker study found perturbations in metabolites
and metabolic pathways among agricultural workers who are exposed to heat compared

to non-agricultural workers generally not exposed to heat. These included molecular
signatures related to dysfunctional gluconeogenesis potentially occurring due to repetitive
and sustained proximal tubule injury as well as changes in histidine metabolism and in the
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Fig. 1.
Bubble plot for the association between each metabolic pathway and significant features that

were associated with work type (agricultural work / non-agricultural work). The size and
color of the bubbles represent the pathway significant level based on —log10 (P-value).
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