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Abstract

Background Exposure to extreme heat impacts millions of people worldwide and outdoor workers are among the
populations most affected by hot temperatures. Heat stress induces several biological responses in humans, including
the production of heat shock proteins (HSP) and antibodies against HSP (anti-HSP) which may play a central role in
the body’s cellular response to a hot environment.

Objective This longitudinal study investigated the impact of elevated temperatures and humidity on the presence
of HSP70 and anti-HSP70 and examined relationships with markers of kidney function in an at-risk workforce under
conditions of extreme heat and exertion in Guatemala.

Methods We collected ambient temperature and relative humidity data as well as biomarkers and clinical data from
40 sugarcane workers at the start and the end of a 6-month harvest. We used generalized mixed-effects models to
estimate temperature effects on HSP70 and anti-HSP70 levels. In addition, we examined trends between HSP70 and
anti-HSP70 levels and markers of kidney function across the harvest.

Results At the end of the harvest, temperatures were higher, and workers had, on average, higher levels of
HSP70 and anti-HSP70 compared to the beginning of the season. We observed significant increasing trends with
temperature indices, heat index, and HSP70 levels. Maximum temperature was associated with HSP70 increments
after controlling for age, systolic and diastolic blood pressure (3: 0.21, 95% Confidence Interval: 0.09, 0.33). Kidney
function decline across the harvest was associated with both higher levels of anti-HSP70 levels at the end of the
harvest as well as greater increases in anti-HSP70 levels across the harvest.

Conclusions These results suggest that workplace heat exposure may increase the production of HSP70 and anti-
HSP70 levels and that there may be a relationship between increasing anti-HSP70 antibodies and the development of
renal injury. HSP70 holds promise as a biomarker of heat stress in exposed populations.
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Background

Exposure to extreme heat impacts millions of people
worldwide [1]. Outdoor workers are among the most vul-
nerable to health consequences of extreme heat [2]. Heat
stress induces a number of detrimental and defensive
biological responses in humans. Further understanding
of pathophysiologic responses has the potential for pre-
vention through early detection and treatment. Among
the known responses is increased production of heat
shock proteins (HSP) and antibodies against HSP (anti-
HSP) which contribute to release of proinflammatory
cytokines, a potentially protective mechanism [3]. The
kidney is among the target organs of concern, based on
the increasing evidence of a relationship between heat
exposure and chronic kidney disease of unknown cause
(CKDu) [4]. Few empirical human studies have examined
the role of the HSP pathway or its involvement in the
pathophysiology of heat-associated kidney injury under
actual field conditions of extreme heat and exertion.

Outdoor workers, specifically agricultural workers, are
exposed to various occupational hazards such as hot tem-
peratures and intense physical labor. High temperatures
have increased considerably, and continue to increase,
placing workers at risk for heat stress, which can result
in heat illnesses, injuries and fatalities [2]. There is
increasing interest in the pathophysiologic role of endog-
enous proteins in response to meteorological conditions,
including HSP. HSPs are synthesized in response to heat,
inflammation, ischemia, and oxidative stress, as defend-
ing molecules that protect tissues from further inju-
ries [5]. In general, HSP levels are induced by naturally
occurring stress and abnormal environmental condi-
tions, to protect cells from damage due to these stresses.
Thus, HSPs might be useful indicators of stress and stress
responses. In addition, they may serve as a biomarker
for evaluating disease states and the exposure response
to environmental stressors among exposed workers and
other at-risk community members.

Extracellular HSP as well as anti-HSP are not only sen-
sitive biomarkers for heat stress but have been linked
with renal inflammation and salt-sensitivity [6]. Renal
inflammation and systemic inflammation are hypoth-
esized mechanisms underlying CKDu [7] and there is
emerging evidence that exposure to high temperatures
and intense labor contribute to risk of kidney injury
and CKDu among agricultural workers in Mesoamerica
[8-12]. HSPs play a role in kidney injury mechanisms
because of their role in cellular inflammatory processes
[5]. Previously, we observed that workers who develop
CKDu often have mild blood pressure elevations [13]
that could be a manifestation of the renal inflammatory

response [14]. The etiology and pathophysiology of
CKDu remain poorly understood and HSPs may help us
understand the response mechanisms to environmental
stressors and their role in the development of CKDu.

Most HSPs are expressed under normal physiological
conditions and, in general, act as chaperone molecules,
mediating protein folding and transport [15]. However,
HSP levels rapidly rise in response to a wide variety of
stresses such as exposure to high temperatures, environ-
mental xenobiotics or chemical toxins and toxicants such
as heavy metals, drugs, physiological stresses or auto-
immunity. Furthermore, exposure to certain environ-
mental stresses (including high temperatures and heavy
metals) may also result not only in elevated HSP levels
intracellularly but a release of extracellular HSPs which
stimulate an immune response by triggering the release
of proinflammatory cytokines [3]. Extracellular 70-kDa
HSP (eHSP70) can mimic pathogenic antigens resulting
in the development of autoimmunity with the creation
of anti-HSPs [5]. This occurs when HSPs present as self-
antigens to the immune system, resulting in the produc-
tion of autoantibodies to HSPs, which has been observed
in patients with inflammatory diseases, autoimmune dis-
orders and systemic arterial hypertension [16, 17]. Addi-
tionally, autoimmunity to HSP can lead to chronic renal
inflammation [6, 18], although there have been no known
published studies of this potential pathway in research on
the tubulointerstitial condition CKDu.

Our overarching hypothesis is that prolonged exposure
to a combination of stresses, including high tempera-
tures, may cause exposed workers to have high levels of
eHSP70 and anti-HSP70. Because sugarcane and other
agricultural workers along the Pacific coast of Cen-
tral America have some of the highest reported rates of
CKDu, we elected to investigate the potential relevance
of eHSP70 and anti-HSP70, using blood samples and
clinical data from a longitudinal cohort study of sugar-
cane workers laboring in intense heat during a 6-month
harvest season in Guatemala. Our first aim was to cross-
sectionally examine acute relationships between high
temperature and high humid workplace environment
and serum levels of eHSP70 and anti-HSP70 at the end
of the work shift. Our second aim was to longitudinally
examine relationships between serum eHSP70 and anti-
HSP70 levels and biomarkers of renal function across the
harvest which may serve as a biomarker for detection of
early stages of CKDu among workers. We hypothesized
that (1) higher temperatures across the work shift would
lead to higher levels of eHSP70, (2) sugarcane workers at
the end of the harvest, a period of higher environmen-
tal stressors, will have higher levels of circulating serum



Butler-Dawson et al. BMC Nephrology (2024) 25:277

eHSP70 and anti-HSP70 than at the beginning of the har-
vest, a period of lower-environmental stress and, finally,
(3) changes in markers of kidney function will be associ-
ated with levels of eHSP70 and anti-HSP70.

Methods

Study design

This nested study is part of a larger longitudinal study
among adult male sugarcane cutters employed at a large
agribusiness, Grupo Pantaleon (Pantaleon), in South-
west Guatemala during the 6-month harvest season from
November 2017 to April 2018. This study was developed
and conducted through a long-standing collaborative
partnership with the company and its clinical staff under
a memorandum of understanding with the University
of Colorado. The study design and data collection pro-
cedures are outlined in detail in Butler-Dawson et al.
[19]. In brief, 197 male sugarcane cutters were recruited
from four different work groups at the start of the sea-
son in November 2017. Two work groups included work-
ers from local coastal communities and two work groups
included workers from the highland regions. Data col-
lection occurred over two days in November, and at the
end of the harvest over two days in April with the sup-
port of the clinical staff and locally hired research assis-
tants. We collected meteorological data, venipuncture
blood samples, urine specimens and clinical data at both
time points. Blood and urine samples were collected at
the end of the work shift. Meteorological indices were
collected on the four study days from one local weather
station within six kilometers of the fields. Mean and max-
imum temperature and relative humidity indices during
the study day work shift hours were calculated. Average
heat index was calculated using the National Oceanic and
Atmospheric Administration (NOAA) Rothfusz equa-
tion [20]. In addition, we measured serum creatinine
and cystatin C to assess renal function, hemoglobin Alc
(HbA1c) as an indicator of diabetes risk, serum uric acid
because of observed associations with CKDu [21], and
muscle injury using serum creatine kinase (CK). Work
intensity was measured as the number of tons of cane
each individual cut during the study work shift. Panta-
leon shared data on each cane cutter’s daily amount of
cane production.

Participants provided written informed consent at the
time of recruitment. Clinical staff provided basic clini-
cal results, abnormal kidney test results and hemoglobin
Alc measures in the diabetic range to the participants in
a private setting with a culturally appropriate explanation
and recommendation. IRB approval for this study was
obtained from the Institutional Review Board of the Uni-
versity of Colorado and Comité de Etica Independiente
ZUGUEME in Guatemala.
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Current study

For this current study, we randomly selected 40 workers
from the original study among the two local work groups
(32% of n=126). We utilized previously collected data
from the two original study time points (November and
April). The 40 workers selected were similar in age, sys-
tolic blood pressure and markers of kidney function com-
pared to the 86 workers not selected. We observed higher
average levels of diastolic blood pressure (72 mmHg vs.
68 mmHg, p=0.03) and HbA1c (5.55% vs. 5.39%, p=0.04)
among the 40 workers compared to the other 86 workers.

Laboratory analysis

Serum eHSP70 and anti-HSP70 levels were measured in
previously collected serum samples from the cutters. The
serum samples were immediately frozen and stored in a
freezer at the temperature of —20 °C before being trans-
ported frozen to our laboratory at the University of Colo-
rado for long term storage at -70 °C. We used commercial
enzyme-linked immunosorbent assay (ELISA) kits to
determine the levels of serum eHSP70 (DuoSet ELISA
kits, DYC1663-05, R&D Systems, Minneapolis, MN,
USA) and to determine the levels of anti-HSP70 (DuoSet
ELISA kits, Cat. No. ADI-EKS-750), following the manu-
facturer’s instructions. Blood samples were analyzed at
the time of venipuncture for all other serum tests. Serum
creatinine was measured by automated standard tech-
niques (Abbott, Architect CI4100) using kinetic alkaline
picrate. Serum cystatin C values were determined by
turbidimetry-based immunoassay. GFR was estimated
using the creatinine-based and cystatin C-based equa-
tions from Chronic Kidney Disease Epidemiology Col-
laboration (CKD-EPI) for all participants setting race
to “non-Black” [22]. Uric acid was measured via uricase
with peroxidase and ascorbate oxidase (Abbott, Archi-
tect CI4100). CK was analyzed using CK-NAC serum
start (DGKC) (Roche Cobas Integra 400 Plus). HbAlc
was determined with ionic exchange high-pressure liquid
chromatography (Biorad, D-10). Laboratory methods for
the other biomarkers and clinical data are described in
Butler-Dawson et al. [19].

Statistical analysis
We summarized the clinical and biomarker variables by
study visit with descriptive statistics. Results are pre-
sented as median and interquartile range (IQR) for con-
tinuous variables due to non-normal distributions based
on the Shapiro—Wilk test. We evaluated differences
between November and April clinical data and biomark-
ers using the non-parametric Wilcoxon signed rank sum
test (paired data).

To assess acute relationships in serum eHSP70 and
anti-HSP70 levels with meteorological indices and bio-
markers across study work shift, we ran Linear Mixed
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Models (LMM) with a subject-specific random intercept
regressing log-transformed serum eHSP70 and anti-
HSP70 levels, separately, estimating  and 95% confi-
dence intervals (95% CI). The repeated measures include
the two time points. To identify independent predictors
of serum eHSP70 and anti-HSP70 levels, multivariable
analysis was performed. Variables with a p-value<0.05
in univariate analysis were included in the multivariable
model.

To examine cross-harvest relationships between
eHSP70 and anti-HSP70 levels and markers of kidney
function, we evaluated correlations by the Spearmen
correlation coefficient between change in renal markers
across the harvest and serum eHSP70 and anti-HSP70
levels. All analyses were completed in SAS version 9.4
(Cary, NC).

Results

Meteorological indices

The average temperature was 28.7 °C and average humid-
ity was 80.4% across the two study days in Novem-
ber with the maximum temperature reaching 31.8 °C
(Table 1). The average heat index was 34.1 °C. In April,
the average temperature was 29.0 °C and average humid-
ity was 76.5% across the two study collection days, with
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the maximum temperature reaching 34.0 °C. The average
heat index was 35.0 °C. At both times, maximum humid-
ity reached 100%.

Clinical and biomarker data

We included 40 participants in this study with data col-
lected at the start and the end of the harvest, as presented
in Table 1. The mean age was 33 years. We observed
more hypertension in April as compared to November
based on higher systolic blood pressure readings. Work
intensity, measured by tons cut, was slightly higher in
November compared to April but was not significantly
different. We observed significantly higher CK levels in
April compared to November.

HSP70 and anti-HSP70

At the start of the harvest in November (baseline), the
median serum level of eHSP70 was 2.24 (interquartile
range (IQR) 1.7, 3.16) ng/mL and, in April, was 3.33 (IQR
2.31, 4.32) ng/mL (Table 2). For serum anti-HSP70, the
median level was 86.90 (IQR 47.34, 120.65) ug/mL in
November and 98.31 (IQR 60.93-145.13) pug/mL in April.
On average, serum eHSP70 levels in April were 1.1 ng/
ml higher than baseline levels in November (p<0.01).
Similarly, the serum anti-HSP70 levels were 30.6 pg/mL

Table 1 Summarized statistics of worker characteristics, biomarkers, and meteorological indices

November (baseline), n=40

April (end of season), n=40 P-value

Demographics and Clinical

Age, years, mean+SD 33+11
HbA1c, %, mean+SD 56+04
Systolic BP, mmHg, mean+SD 107+9
Diastolic BP, mmHg, mean+SD 72+8
-HTN, n (%) 0 (0%)
Tons of cane cut, median (IQR) 56(5.0,6.2)

Biomarkers, median (IQR)
Serum Uric Acid, mg/dL

Serum Creatine Kinase, units/L
Serum Creatinine, umol/L
Serum Cystatin C, mg/L
eGFR-Creatinine, ml/min/1.73m
-<90,n (%)*

eGFR-Cystatin C, ml/min/1.73m?
-<90,n (%)°

Meteorological Indices,

2-day average [day 1, day 2]
Mean Humidity, %

Maximum Humidity, %

Mean Temperature, °C
Maximum Temperature, °C
Average Heat Index, °C

2

5.84(4.85,6.57)

260.0 (217.0,379.5)
77.81(69.85,93.73)
0.75(0.53,0.94)
110.62 (88.82,121.58)
10 (25%)
118.13(92.35, 146.21)
9 (23%)

804 [84.2,76.6]
100.0 [100.0, 100.0]
28.7128.2,29.1]
316(314,31.8]
33.8(334,34.2]

Not measured

116+12 <0.01*
68+10 0.01*

3 (8%)

54(4.0,62) 0.25
5.40 (4.80, 6.29) 0.20
321.0(248.0,463.0) 0.03*
76.93 (68.97,91.96) 0.64
0.59(0.48,0.79) 0.03*
10841 (97.35,118.08) 0.77

6 (15%) <0.01*
13643 (113.2,150.41) 0.03*
5(13%) 0.25

765([81.9,71.1]
100.0 [100.0, 100.0]
29.0[28.0,30.0]
329[31.7,34.0]
33.9[324,354]

SD, standard deviation. IQR, interquartile range, 25th and 75th percentile. BP, blood pressure. HTN, Hypertension was defined as systolic blood pressure>140 mmHg
or diastolic blood pressure>90 mmHg. eGFR, estimated glomerular filtration rate. # Four workers had an eGFR-Creatinine <90 at both times. & Two workers had an
eGFR-Cystatin C<90 at both times. P-values were obtained by paired Wilcoxon signed-rank test

* Indicates significance at p<0.05
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Table 2 Summarized statistics for extracellular heat shock
protein 70 (eHSP70) and antibodies to HSP70 (anti-HSP70) levels

November April P-value Change from
(baseline), (end of November to
n=40 season), April*
n=40
eHSP70,ng/ 224 333 0.01 Mean +SD:
mL, median (1.71,3.16) (237, 1.14+2.70
(IQR) 432) Median (IQR): 0.98
(-0.11,2.29)
Anti-HSP70, 86.90 98.31 0.01 Mean +SD:
pg/mL, me- (4734, (60.93, 30.56+67.96
dian (IQR) 120.65) 145.13) Median (IQR): 16.04
(-12.33,53.83)

IQR, interquartile range, 25th and 75th percentiles. SD, standard deviation.
P-values between November and April values were obtained by paired
Wilcoxon signed-rank test

*Positive change represents higher values in April

higher in April as compared to November (p<0.01). Dis-
tributions of HSP70 and anti-HSP70 and log transformed
HSP70 and anti-HSP70 are shown in Figs. 1 and 2.
November serum eHSP70 levels were moderately
positively correlated with April eHSP70 levels (r: 0.38;
p=0.02) and November serum anti-HSP70 levels were
strongly positively correlated with April anti-HSP70
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levels (r: 0.71; p<0.01). We observed that cross-harvest
change in eHSP70 was positively correlated with cross-
harvest change in anti-HSP70 (r=0.40; p=0.01).

Heat exposure and HSP70 and anti-HSP70 levels

We conducted a repeated-measure analysis to investigate
the acute associations between log-transformed serum
eHSP70 and anti-HSP70 and meteorological conditions.
In the univariate models, increasing mean and maxi-
mum temperatures and increasing average heat index
were associated with increasing serum eHSP70 (Table 3).
Decreasing average humidity was associated with
increasing serum eHSP70. In the multivariable model,
maximum temperature remained associated with serum
eHSP70 (B: 0.21, 95% CI: 0.09, 0.33) after controlling
for age, systolic and diastolic blood pressure (Table 4).
Decreasing uric acid levels were associated with increas-
ing serum eHSP70 in the univariate model but this rela-
tionship was no longer significant in the multivariable
model (B: -0.09, 95% CI -0.21, 0.03). We included maxi-
mum temperature as the one meteorological variable in
the multivariable model, due to multicollinearity issues
and consistency with the serum anti-HSP70 model (see
below).
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Fig. 1 Box plots of heat shock protein 70 (HSP70) levels, ng/mL (left) and log-transformed HSP70 levels (right). Horizontal lines represent the median and
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Fig. 2 Box plots of antibodies against heat shock protein 70 (Anti-HSP70) levels, ug/mL (left), and log-transformed Anti-HSP70 serum levels (right). Hori-

zontal lines represent the median and boxes the 25th—75th percentiles
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Table 3 Results from univariate linear mixed-effect models
examining associations between serum extracellular heat shock
protein 70 (eHSP70), and antibodies to HSP70, (anti-HSP70) and
weather indices and markers of kidney function

Page 6 of 10

Table 4 Results from multivariable linear mixed-effect models
examining associations between serum extracellular heat shock
protein 70, (eHSP70), and antibodies to HSP70, (anti-HSP70), and
meteorological indices and markers of kidney function

eHSP70 Anti-HSP70 eHSP70 Anti-HSP70
Models Models Model Model
Estimate p-value Estimate®  p- Estimate®  p-value Estimate®  p-
(95% ClI) (95% CI) value (95% ClI) (95% ClI) value
Clinical Age, years 0.01 (-0.01, 048 0.004 (-0.02, 0.75
Age 0.01(-0.01, 047 0.001 (-0.02, 092 0.02) 0.03)
0.02) 0.03) Systolic BP, -0.002 (-0.02, 0.76 0.01 (-0.01, 0.16
HbAlc 024 (-0.16, 0.24 -0628 (-1.27, 0.05 mmHg 0.01) 0.02)
0.64) 0.01) Diastolic BP, 0.01 (-0.01, 0.44 -0.004 (-0.02, 0.69
Systolic BP 0.01 (-0.004, 0.20 0.015 (0.01, <0.01* mmHg 0.02) 0.01)
0.02) 0.03) Maximum Tem-  0.21 (0.09, <0.01* 0.009 (-0.13, 0.99
Diastolic BP -0.01 (-0.02, 047 0.0001 (-0.01, 0.99 perature, °C 033) 0.11)
0.01) 0.01) Uric Acid, mg/dL  -0.09 (-0.21, 0.12 -
Biomarkers 0.03)
Uric Acid -0.12(-0.23, 0.048* -0.138(-0.28, 0.7 eHSP70,ng/mL - 0.065 (001, 0.03*
-0.001) 0.071) 0.13)
Creatine Kinase 0.0003 036 0.00038 021 BP, blood pressure. * Coefficient of log-transformed HSP70 and anti-HSP70 level
(-0.0003, (-0.0002, * Indicates significance at p<0.05
0.001) 0.001)
eGFR-Creatinine  -0.007 083 0001 (001, 088 Kidney function and eHSP70 and anti-HSP70 levels
4 (001,00 001) Having reduced kidney function (eGFR-Creatinine <90
eGFR-Cystatin C 0.002 0.28 -0.002 (-0.01, 0.20 N 2 N .
(0,002, 00) mL/min/1.73 m*”) was significantly more common in
0.07) November than April (25% and 15%, respectively) with a
eHSP70 - 0.085 (0.03, <001* similar trend with eGFR-Cystatin C (Table 1). We did not
0.14) see acute relationships in the repeated measures analysis
Meteorological between serum eHSP70 or anti-HSP70 levels with mark-
Indices ers of muscle breakdown (CK) or markers of kidney func-
Mean Humidity ~ -005(-0.08, <0.01* 0032 (-006, 0.04 tion (eGFR-Creatinine and eGFR-Cystatin) at the end of
002) 0 the work shift (Table 3).
Mean 031012, <001 016002 008 We examined correlations between eHSP70 and anti-
Temperature 0.5) 0.34) . .
Maximurm 018(008  <00T* 0091 001,  003* HSP70 levels and markers of kidney fgnctlon across
Temperature 027) 0.17) the harvest. There was a moderate negative correlation
Mean Heat Index  0.23 (008,  <0.01* 009 (005, 020 between cross-harvest change in eGFR-Cystatin C and
0.38) 0.23) April anti-HSP70 levels (r = -0.49, p<0.01). A negative

BP, blood pressure. eGFR, estimated glomerular filtration rate.  Coefficient of
log-transformed HSP70 and anti-HSP70 concentrations

* Indicates significance at p<0.05

In the univariate models for anti-HSP70, increas-
ing systolic blood pressure, maximum temperature, and
eHSP70 were significantly associated with increases in
anti-HSP70 levels. Decreasing average humidity was
associated with increasing anti-HSP70 levels. In the mul-
tivariable model, eHSP70 (B: 0.067, 95% CI 0.01, 0.13)
remained significant after controlling for age, systolic and
diastolic blood pressure. HbAlc (B: -0.664, 95% CI: -1.34,
0.012) and maximum temperature (f: 0.001, 95% CI:
-0.12, 0.12) were no longer significant. Of note, the hot-
test of the four days also had the lowest average humidity,
with a maximum temperature of 34.0 °C and a humidity
of 71%, possibly explaining the observed opposite direc-
tions of the P estimates for temperature and humidity.

cross-harvest change in eGFR-Cystatin C represents
worsening kidney function. Thus, worsening kidney
function from November to April was correlated with
higher levels of anti-HSP70 levels in April. Similarity, we
observed a moderate negative correlation between cross-
harvest change in eGFR-Cystatin C and cross-harvest
change in anti-HSP70 levels (r = -0.38, p=0.02). Thus,
worsening kidney function from November to April
was also correlated with increases in anti-HSP70 from
November to April. Scatterplots of these relationships
are shown in Fig. 3. We did not see significant correla-
tions with cross-harvest change in eGFR-Creatinine or
eHSP70 levels.

We performed post-hoc analyses based on these cor-
relation results to assess differences in anti-HSP70 lev-
els between workers who had declines in eGFR-Cystatin
C across the harvest (n=15, change ranged from —96.0
to -1.8) and workers who maintained or had increases
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Fig. 3 Scatterplots of Change in Estimated Glomerular Filtration Rate (eGFR)-Cystatin C from November to April with 1) April Anti-HSP70 (left) and 2)
Change in Anti-HSP70 from November to April (right). A negative change in eGFR-Cystatin C represents lower values in April compared to November (i.e,,
worsening kidney function). A positive change in Anti-HSP70 represents higher values in April compared to November

Table 5 Characteristics and biomarkers between the workers with stable or increasing eGFR-Cystatin C from November to April
compared to workers with a decline in eGFR-Cystatin C from November to April

Stable / Increase in eGFR-Cystatin C (n=25) Decline in eGFR-Cystatin C (n=15) P-value
Change in eGFR-Cystatin C, median (IQR) 418(27.6,47.9) -27.5(-45.8,-10.9) <0.01*
Demographics and Clinical, mean +SD
Age, years 32 (10) 37(11) 0.15
HbA1c, % 55(04) 56(0.3) 043
Systolic BR, mmHg 107.6 (9.7) 106.0 (9.1) 0.67
Diastolic BR, mmHg 724 (7.8) 713 (8.3) 0.71
Biomarkers, median (IQR)
eGFR-Cystatin C, November 97.5(75.1,123.1) 147.1(123.8,169.0) <0.01*
eGFR-Cystatin C, April 140.5 (120.1, 159.8) 114.3(104.8, 137.8) <0.01*
eGFR-Creatinine, November 108.1(83.3,121.3) 111.3(99.0,122.2) 042
eGFR-Creatinine, April 108.7 (95, 123.6) 107.9(99.9,115.6) 0.78
Anti-HSP70, November 89.2 (43.1,109.0) 86.5 (64.5, 148.5) 042
Anti-HSP70, April 72.2(47.9,109.3) 135.2(105.5,183.6) <0.01*
Change in Anti-HSP70 53(-25.6,38.1) 48.7 (20.9,74.7) 0.04*

IQR, interquartile range, 25th and 75th percentiles. SD, standard deviation. eGFR, estimated glomerular filtration rate, ml/min/1.73m2 Anti-HSP70, antibodies to heat

shock protein 70. P-values were obtained by Wilcoxon rank-sum test

* Indicates significance at p<0.05

in eGFR-Cystatin C across the harvest (n=25, change
ranged from 5.4 to 79.0), Table 5. The 15 workers with
declines across the harvest had significantly higher levels
of April anti-HSP70 levels (median: 135.2 pg/mL; IQR:
105.5, 183.6) compared to the 25 workers who main-
tained or had increases in eGFR-Cystatin C (median:
72.3 pug/mL; IQR: 47.9, 109.3), Wilcoxon rank-sum test
(p<0.01). We also observed that those workers with
declines in eGFR-Cystatin C across the harvest had
greater increases in anti-HSP70 levels across the har-
vest (median change: 48.7; IQR: 20.9, 74.7) compared to
workers who maintained or had increases in eGFR-Cys-
tatin C (median change: 5.3; IQR: -25.6, 38.1), Wilcoxon
rank-sum test (p=0.04).

Discussion

Under field conditions of high heat, humidity, and
exertion, we have identified notable relationships that
implicate eHSP70 and antibodies against HSP70 in the
pathophysiologic response to extreme climatic and work
conditions. Based on our repeated-measure analysis,
high temperatures could be a key stress condition leading
to higher levels of eHSP70 across the work shift. Further-
more, the data support the need for further investigation
of the role of HSPs and their associated autoantibodies in
the immunopathogenesis of CKDu, based on the obser-
vation associating anti-HSP70 levels with significant
decline in eGFR-Cystatin C across the 6-month harvest.
Measures of HSPs and autoantibodies may hold prom-
ise as biological markers of the human response to heat
stress in the workplace, based on the observation that
workers had higher levels of eHSP70 and anti-HSP70
at the end of the harvest during the hottest time of the
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season and the observation that maximum tempera-
tures during the work shift were associated with higher
eHSP70 level at the end of the work shift.

The elevation of eHSP70 levels in April could be a
response to cumulative environmental stressors occur-
ring from November to April, including, but not limited
to, heat exposure. HSPs provide protection and accelerate
repair of cells from heat exposure and other stressors. An
increase in eHSP70 stimulates an immune response by
triggering the release of proinflammatory cytokines [3].
Previous studies have shown that many environmental
factors within workplaces can increase levels of HSP70
[23, 24]. Our research supports the notion that high tem-
peratures should be added to the list of environmental
factors that lead to such elevations. Some evidence sug-
gests that heat acclimatization increases baseline levels
of eHSP70 [25]. At the cellular level, heat acclimatiza-
tion includes adaptations that make cells more tolerant
to heat shock. This process is known as acquired ther-
mal tolerance and is associated with HSPs [26]. It has
been suggested that it is possible that the accumulation
of intracellular HSP70 during heat acclimatization is
dependent on repeated elevations in core temperature
but there is limited data to support these claims [27].
HSP synthesis begins within hours of heat exposure and
could be dependent on the imposed cumulative heat [26],
which is supported by this current study’s findings. HSPs
are likely important modifying factors in an individual’s
response to a variety of physiologically relevant condi-
tions, such as heat and other stressors [26]. While we did
see higher levels of CK in April compared to November,
we did not see univariate relationships between creatine
kinase and eHSP70; further research is needed to under-
stand the role of muscle injury and cell lysis in relation to
HSP. Nevertheless, exercise and heat stress induce HSP70
overexpression in other organs, such as liver and brain
which might contribute to increases in eHSP70 [17, 28].

In this study, we also measured anti-HSP70 levels and
observed relationships with change in eGFR-Cystatin C
across the 6-month harvest. While HSP70 reacts to acute
stress (i.e., daily increasing temperatures), anti-HSP70
represents an immune response to repeated release of
HSP70. Furthermore, chronic interstitial inflammation
in the kidney has been linked with a humoral and T cell
immune reaction to HSP70 [6]. HSPs can stimulate the
immune system, and antibodies against HSP70 are likely
produced in response to elevation of HSP70. Anti-HSP70
can be found under normal physiological conditions,
after exposure to environmental stresses, and in many
diseases [17, 28]. Wu et al. (1996) have shown that steel
industry workers who had long-term exposure to high
temperatures, carbon monoxide, and other chemicals in
coke ovens have antibodies to HSP27, HSP60, HSP70,
and HSP90 in plasma [23]. Another study by Wu et al.
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showed that workers with exposure to heat, dust, ben-
zene, and noise have increased frequency of anti-HSP70
[29]. Interestingly, experimental data suggest that the
presence of autoantibodies against HSP augments the
production of proinflammatory cytokines by human
macrophages [30].

The possible significance of HSPs and/or anti-HSPs
in heat-induced illnesses and diseases, such as CKDu,
is unknown. While we did not observe acute relation-
ships between eHSP70 and markers of kidney function,
we observed higher levels of anti-HSP70 among workers
who had declines in kidney function across the harvest
compared to workers who did not have declines in kidney
function. Although our study does not directly evaluate
the relationship between HSP, HSP antibodies and pro-
inflammatory cytokine production and cannot establish
a causal link to the tubulointerstitial inflammation seen
in CKDu, the lines of evidence suggest that the connec-
tion to the high inflammatory state observed in renal
disease merits further research. Our research contrib-
utes to the limited number of studies on HSP molecules
in renal diseases. Chebotareva et al. (2018) showed that
anti-HSP70 serum levels were significantly higher in
patients with nephrotic syndrome (21.1, IQR 17.47-29.72
pg/ml) than in controls (18.9, IQR 13.5-23.9 pg/ml) [28].
Musial et al. (2010) found that anti-HSP70 was elevated
in children with CKD, although serum HSP70 levels did
not differ from those of controls [31]. In another study,
authors observed higher HSP70 levels in patients with
chronic glomerulonephritis [32] and that HSP60 mRNA
and protein levels were elevated in proximal tubular cells
after heat stress [33]. HSP70 has been shown to activate
a chronic low-grade inflammatory state while simultane-
ously having a protective effect against oxidative stress
and inflammation [28]. Our data suggest the need for
further research relating HSP and its antibodies to the
inflammatory pathway that may lead to heat-associated
disorders including the tubulointerstitial disorder CKDu.

Our research has several limitations. We considered
this to be a small-scale preliminary and exploratory study
which calls for replication with a larger cohort and more
time points in order to fully examine these relationships.
Furthermore, the findings of this study can only be gen-
eralized to this worker population. As a largely correla-
tional study, we cannot establish causal relationships
between temperature, kidney function, and HSP and
anti-HSP. In addition, elevated eHSP70 and anti-HSP70
levels may be associated with other stress conditions that
we did not measure which could have confounded the
observed relationships. We did not directly examine the
relationship between HSP and anti-HSP and markers of
inflammation, leaving examination of this element of the
hypothesized pathogenic pathway for future research.
Other highly conserved HSP moieties may be important
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but were not measured in our study. Environmental mea-
sures of heat and humidity were obtained from a local
weather station six kilometers from the fields. More
proximal, microclimatic conditions may give a more pre-
cise estimate of actual exposures as field temperatures
and humidity levels are likely to be higher. We exam-
ined the impact of heat exposure across six months. It
would be ideal to assess the impact of chronic exposure
to heat over a longer period and with more time points.
In addition, we did not directly measure body tempera-
ture in the cohort on the study days. A direct measure of
proximal heat and humidity, core body temperature, and
biomarkers of heat stress would give more precise expo-
sure-response estimates and strengthen the links sug-
gested by our data.

Conclusions

We conclude that exposure to high temperatures in the
workplace may contribute to increased expression of
HSP70. We offer lines of evidence connecting high work-
ing temperatures, elevations of HSP70 and anti-HSP70,
and deterioration of renal function across the harvest
season. Future studies are warranted to determine the
role of thermally induced endogenous protein produc-
tion in the pathogenesis of CKDu.
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