International Journal of Nursing and Health Care Research
Atwater AQ and Castanon-Cervantes O. Int J Nurs Health Care Res 6: 1466

www.doi.org/10.29011/2688-9501.101466
www.gavinpublishers.com

Research Article

Uncovering Novel Biomarkers of Inflammation
as Potential Screening Targets of Disease Risk in
Healthcare Shift Workers: A Pilot Study

Aisha Q Atwater, Oscar Castanon-Cervantes’

Department of Neurobiology and Neuroscience Institute, Morehouse School of Medicine; Atlanta, GA. USA

*Corresponding Author: Oscar Castanon-Cervantes, Department of Neurobiology and Neuroscience Institute, Morehouse School of

Medicine; Atlanta, GA. USA.

Citation: Atwater AQ, Castanon-Cervantes O (2023) Uncovering Novel Biomarkers of Inflammation as Potential Screening Targets of
Disease Risk in Healthcare Shift Workers: A Pilot Study. Int J Nurs Health Care Res 6: 1466. DOI: 10.29011/2688-9501.101466.

Received Date: 24 August, 2023; Accepted Date: 01 September, 2023; Published Date: 05 September, 2023

Abstract

Shift work, experienced by nearly 30% of the U.S. workforce, is hazardous to health and has become a pervasive labor practice

in the healthcare sector worldwide. It increases the risk of stroke, diabetes, cancer, and cardiovascular disease. Nonetheless, specific
screening targets for shift workers still need to be defined. In this study, we have begun uncovering these targets as specific low-grade
systemic inflammation markers and functional endotoxin-elicited responses that may foreshadow disease risk in shift workers. One
hundred four participants (normothermic and normotensive) were healthy, non-smoking, and drug- and medication-free volunteers
recruited from Atlanta area hospitals and medical schools. We assessed the concentration of three proteins in plasma samples from
day workers and shift workers (lipopolysaccharide-binding protein, IL-10, and TNF-a), and the relationship between these baseline
biomarkers and their response to an ex-vivo endotoxin challenge. We show that shift work increases low-grade systemic inflammation
and disrupts discrete endotoxin responses. As shift work exposure increases, the correlation between low-grade systemic inflammation
markers and their endotoxin responses was disrupted; this effect was more robust for TNF-a than for IL-10. With increased shift
work exposure, these events, alone or combined, represent potential systemic and functional signals that may be harnessed to develop

screening tools to identify at-risk individuals.

Keywords: Low-grade systemic inflammation; Systemic
endotoxemia; LPS; Shift work; ex-vivo endotoxin challenge;
Inflammatory response.

Introduction

We live in a globalized society where goods and services
must be readily available anytime. To accommodate this demand,
industries in multiple sectors of the economy have expanded work
schedules into the night hours of the day. The healthcare sector
is not an exception to this trend and affords a unique opportunity
to investigate the adverse effects of this labor practice. Shift
work, mainly when it includes extended exposure to light at
night, is associated with significant harmful effects on workers’

health by increasing the frequency or severity of stroke, obesity,
cardiovascular disease, and cancer, among other pathologies [1-
42]. The adverse consequences of shift work exposure increase as
this labor practice becomes more pervasive, posing a significant
challenge to public health and healthcare providers.

One characteristic shared by many pathological conditions
with higher prevalence among shift workers is the development of
mechanisms that disrupt the healing or resolution of inflammatory
events [43-48]. For example, evidence of aberrant or disrupted
inflammatory processes shows that compared to day workers
(i.e., workers that have not experienced significant exposure to
schedules that extend into the night hours of the day), shift workers
have increased leukocyte counts (including at least, monocytes,
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lymphocytes, and neutrophils) in the systemic circulation, sleep
deficits, elevated blood pressure, and increased levels of distinct
biomarkers indicative of chronic low-grade systemic inflammation
[19, 49-53]. We recently reported that in plasma from shift
workers, the levels of lipopolysaccharide-binding protein (LBP),
an indicator of low-grade systemic endotoxemia, are higher than
those found in samples from day workers [54]. Increased intestinal
permeability and gut leakage have been suggested as potential
mechanisms behind increased circulating endotoxin levels [55],
but their role in shift workers remains unclear.

Similar to the effects that systemic endotoxemia has on
the pathogenesis of other major chronic illnesses [56-59], we
hypothesize that in shift workers, chronic exposure to low-
grade systemic inflammation disrupts immune cell proliferation,
functional responses, activation markers, cell-surface receptors,
cytokine release and ultimately the ability of the system to mount
and control an inflammatory response when faced with an actual
pathogenic challenge.

Despite our knowledge of the physiological and behavioral
changes characteristic of shift work exposure, the ability to
prevent or predict the development of shift-work-related diseases
is still minimal. Since chronic exposure to low-grade systemic
inflammation would be expected to increase disease risk, tracking
changes in immune reactivity before pathology ensues may
provide a pathway to understanding if, when, and how disruption
of inflammatory control occurs. A systematic characterization of
disrupted or aberrant inflammatory responses and their relationship
with low-grade systemic inflammation in otherwise healthy shift
workers is lacking. This approach may help identify those immune
reactivity markers that may predict the future development of
shift-work-related illness.

To test this hypothesis, we investigated immune reactivity
by assessing inflammatory responses elicited by an ex-vivo
lipopolysaccharide (LPS) endotoxin stimulation assay in plasma
samples. LPS endotoxin challenge is a vital tool to uncover potential
mechanistic pathways disrupted by shift work exposure. LPS has
been used extensively to elicit human inflammatory responses [60-
64, 84-86], but it has not been used to investigate the disruption
of these responses in healthcare shift workers. If the severity of
low-grade systemic inflammation caused by shift work disruption
can predict the response to a controlled LPS challenge, then these
responses could likely be used experimentally to identify what
biomarker(s) trigger(s) disruption of inflammation, making shift
workers more susceptible to disease.

Materials and Methods
Study Population and Experimental Design

A portion of this study investigating broader baseline effects
of shift work exposure, including inflammation, sleep deficits, and

blood pressure changes, has been published before [54]. Using the
same samples from the first study, here we present the results of a
pilotstudy in which we repeated baseline inflammatory assessments
of a few non-specific markers and added an LPS assay to test
for immune reactivity. One hundred four research participants
between 21 and 50 years of age signed up for this pilot, cross-
sectional study. Research participants were recruited and screened
by self-reported intake surveys about general demographics,
health status, and previous or current/continuous exposure to shift
work schedules. Exclusion criteria included any medical diagnosis
of bipolar disorder, anxiety, SAD (seasonal affective disorder),
depression, color blindness (including wavelength, a relevant
shift-work variable), or any medical diagnosis of conditions in
which regulation of inflammation is critical to outcome, including
asthma, allergies, hypertension, fibromyalgia, arthritis, colitis,
gastritis, etcetera. Thus, eligible research participants were
healthy volunteers with a BMI between 18.5 and 29.9 Kg/m?,
did not smoke, did not report any underlying pathology, nor use
any prescription drugs (apart from birth control) or any over-the-
counter medication with known interactions with inflammatory
responses or sleep patterns (i.e., melatonin). These highly selective
criteria intended to rule out most factors and medications that might
interfere with inflammation and allowed us to assess inflammation
in non-selective markers. Ultimately, this pilot study intended to
uncover consistent differences in subclinical or low-grade levels
of non-specific markers in healthcare shift workers that can be
followed in a future, cohort longitudinal-study.

Research participants working part-time or those working
longer than 12 h per shift per 24 h were excluded. Shift work was
defined here as any schedule that includes at least six h of daily
work scheduled between 7 pm and 7 am (nighttime exposure to
light) and with no less than five night- shifts per month (regardless
of shift direction) for at least one year before enrollment in the
study.

Workers with no exposure to shift work in the three years
before the onset of the study, no more than six months of exposure
to shift work schedules in a lifetime, and no travel history across
more than one time-zone during the three months before the
beginning of the study were eligible as controls (day workers) and
were included. The institutional review board of the Morehouse
School of Medicine approved all study procedures and protocols.
Written informed consent was obtained from all volunteers.

Assessment of Low-grade Systemic Inflammation (pre-LPS
baseline)

We assessed the plasma concentration of three distinct
proteins considered non-specific biomarkers of systemic
inflammation:  Lipopolysaccharide-binding protein  (LBP),
Interleukin 10 (IL-10), and Tumor Necrosis Factor Alpha (TNF-a).
To control for time of day effects on the parameters that may
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exhibit diurnal rhythmicity, the participants were asked to donate
two samples of blood collected 12 h apart: one before and one
after a daily work shift. Each blood sample was separated into
two equal portions, one to assess baseline low-grade systemic
inflammation (pre-LPS) and the other to determine inflammatory
responses (post-LPS). First, one portion of each sample (500 puL)
was centrifuged at 1500 x g for 10 min at room temperature to
determine protein concentration in the systemic circulation.
Plasma was then separated and frozen at -80°C until needed for
analysis. The concentration of plasma LBP was determined by a
solid-phase sandwich ELISA (R&D Systems, Minneapolis, MN,
USA), while assessment of the amount of both IL-10 and TNF-a
was carried out using a Luminex™ 200™ instrument system, and
commercially available Milliplex Kits (Millipore, Burlington, MA,
USA) according to the instructions provided by the manufacturers.

Ex-vivo endotoxin assay

The second portion of the blood sample (500 pL) was set
aside before centrifugation for LPS endotoxin assay. At this stage,
the whole blood assay provides a more physiological environment
to assess endotoxin-elicited responses by preserving the cellular
phenotypes responsive to LPS and the cellular interactions
that prevail in-vivo. Since we did not separate the sample by
cell lineage, the LPS responses measured are not specific to
only monocytes, lymphocytes, or neutrophils. The conditions
and procedures of the assay have been validated previously as
a valuable tool for investigating circadian control of ex-vivo
inflammatory responses in non-shift workers [65]. Here we briefly
describe the culture procedure: LPS was diluted in RPMI 1640
culture medium (Life Technologies, Waltham, MA) supplemented
with 2 mM L-Glutamine and 10 mM HEPES. In the processing
lab, each blood sample was kept at room temperature and then
mixed with LPS from E. Coli O111:B4 (Sigma-Aldrich, St. Louis
MO) for 2h at 37°C (at a final concentration of 100 pg/ml). During
the incubation, the inflammatory response to LPS mounted by the
leukocytes in the sample results in the release of cytokines such
as IL-10 and TNF-a. After incubation, samples were centrifuged
at 1500 x g for 10 min. Then, plasma was collected and frozen
for further quantification of protein expression by Luminex, as
described above.

Data Analysis

The power analysis and sample size calculation that initially
determined the design of this study was based on comparing
two groups (day workers vs. shift workers). We first calculated
individual daily means. To this end, each participant’s two samples
(one sample drawn before and one drawn after a daily shift) were
analyzed separately, and then an average was calculated. This
approach allowed us to control for changes in daily oscillations of
each outcome measured and delivered an individual diurnal mean
per each assessed biomarker. Then, the daily group mean was

calculated and is reported here + standard error (S.E.).

Comparisons among group means were made after a
careful assessment of normality distribution. The Kolmogorov-
Smirnov test was used to determine normality. Depending on
the data distribution, two-tailed #-tests for independent samples,
Chi-square test, or Wilcoxon rank-sum test assessed if changes
in outcome variables (population parameters, low-grade systemic
inflammation markers, and LPS-elicited responses) depended on
shift work exposure.

Assessment of the significance of endotoxin-elicited
responses compared to baseline (pre-LPS) levels was first
determined by repeated-measures two-way ANOVA with group
and stimulation status (pre-LPS vs. post-LPS) as independent
factors. Bonferroni-adjusted multiple comparisons were performed
where appropriate, and statistical significance was accepted as p <
0.05.

In addition, we investigated whether the LPS response
assessed on each biomarker was associated with its initial baseline
(pre-LPS) value by correlation analysis (Pearson) and multivariate
linear mixed models. The multivariate regression analyses were
used to assess whether baseline low-grade systemic inflammation
markers and duration of shift work could predict observed LPS
responses. In addition to the strict selection criteria that controlled
for the influence of underlying conditions and medications on
inflammation, we adjusted for all confounding factors, including
BMI, gender, age, hours worked per shift, occupation, and shift
work exposure.

Results
Study population

Out of the 104 research participants enrolled in the study,
a complete data set that included both assessments (systemic
inflammation and endotoxin responses) was acquired for 92 of
them (39 day workers and 53 shift workers). The endotoxin assay
response was not assessed in 12 participants (4 shift workers
and 8 day workers) excluded from the analyses. Most healthcare
providers (nurses, physicians, medical assistants, etc.), were
recruited from Atlanta area hospitals (85%), while the rest (15%)
worked in healthcare education as medical students and clinical/
basic researchers. All the shift workers enrolled reported some
variation of rotating schedule, alternating between working
day and night shifts. However, we did not collect more specific
information on the length, frequency, or direction of these rotations,
as the minimum number of night shifts per month was the defining
factor used for classification. Notably, we found that within the
population of shift workers, 32.1% reported more than five years
(i.e., long-term) of chronic or extended exposure to night shifts.

The study contributes to expanding the inclusion of minority
populations into clinical research studies (out of the 92 participants
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in the study, 52% self-identified as members of an ethnic/racial minority group). Additional demographics and shift work exposure

information are included in Table 1.

Day workers Shift workers
n=39 n=>53

Asian (%) 0 7.6
Black (%) 61.5 37.7
Hispanic (%) 0 0
Mixed (%) 0 0
White (%) 38.5 54.7
Gender (% females) 84 94
Occupation (% healthcare providers) 87 83
BMI (kg/m?) 27.3+0.33 26.5+0.22
Age (years)* 3548 +1.18 28.44 +0.68
Shift duration (h)* 9.4+0.25 11.84+0.15
Shift-work exposure (years)* 0 4.02 £0.69
White blood cells (K/uL)** 5.394+0.21 7.056 +0.24
Monocytes (K/uL)** 0.449 + 0.03 0.543 +0.02
Lymphocytes (K/pL)** 1.958 £ 0.08 2.474+£0.11
Neutrophils (K/pL)** 2.875+0.16 3.841+£0.21
LBP (ng/mL)** 5.401 £0.22 6.638 +£0.27
IL-10 (pg/mL)** 1.751 £0.18 3.184 +0.36
TNF-a (pg/mL)* 12.54+£0.77 15.04 +0.75

Table 1: Characteristics of the study population and baseline inflammatory markers Except where indicated, values are expressed as
means + standard error. Significant difference (p< 0.05*, or p< 0.01**) between shift workers and day workers assessed by independent

t-test, Wilcoxon rank-sum test, or Chi-square test.

Shift work increases systemic inflammation, including low-
grade systemic endotoxemia

Our results confirmed that low-grade systemic inflammation
is a hallmark of exposure to shift work schedules, as reported in
the scientific literature [52-53, 66-69]. Table 1 summarizes the
results. We found that compared to day workers, shift workers
had mean counts of white blood cells that were higher by 31%,
monocyte counts higher by 21%, lymphocytes higher by 26%, and
neutrophils, which were higher by 34%. The concentration of LBP,
an indicator of systemic endotoxemia [70-72], was higher in shift
workers by 23%. Both anti-inflammatory and pro-inflammatory
signaling, as indicated by the concentration of IL-10 and TNF-a,
was also significantly elevated in shift workers by 81% and 20%,
respectively. When comparing occupation, we found that these
inflammatory effects of shift work were not different between
healthcare provider and healthcare education jobs (p > 0.05).

LPS-elicited inflammatory responses are disrupted by the
history of shift work exposure

For this assessment, we reasoned that the significantly
elevated levels of LBP in shift workers should increase the transfer
of LPS to monocytes by increasing LBP-sCD14 binding, resulting
in disrupted immune reactivity as potentiation of cytokine release
upon LPS stimulus. The results of the LPS challenge are presented
in Figure 1. Surprisingly, the LPS-elicited responses of both
IL-10 and TNF-a were not significantly different between day
workers and shift workers. These solid but similar LPS responses
in both groups, despite a significantly increased initial baseline
in shift workers, prompted us to look deeper into individual
baseline to LPS-response relationships. We plotted individual LPS
responses (post-LPS) against baseline (pre-LPS) cytokine levels.
We discovered a distribution pattern that suggested an effect of
differential shift work exposure (i.e., short-term vs. long-term) on
the LPS-elicited cytokine responses.
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Figure 1: IL-10 and TNF-a, LPS-elicited inflammatory responses in day workers (n = 39) and shift workers (n = 53). The student’s #-test
for independent samples compared group means and calculated p values indicated at the bottom right of each panel.

To analyze the role of shift work exposure on the relationship
between pre-LPS and post-LPS concentration of IL-10 and
TNF-a, we calculated Pearson correlation coefficients (r) followed
by multivariate linear regression models and quantified both the
strength and the direction of the relationship between these two
variables. The results of this exercise are depicted in Figure 2.

In controls (day workers), the baseline (pre-LPS)
concentration of both IL-10 and TNF-a predicts the corresponding
LPS-elicited response. Pearson correlation coefficient (r) was
0.722, R? = 0.5206 for IL-10, and 0.679, R? = 0.461 for TNF-a,

confirming a positive correlation. A regression equation was
calculated, and the corresponding regression lines are depicted on
the plots (see Figure 2).

In contrast, we found that this linear relationship is disrupted
in shift workers and changes depending on the length of exposure
to shift work schedules (see multivariate linear regression analysis
below). To differentiate between shift workers with less than five
(i.e., short-term) and those with five or more (i.e., long-term) years
of exposure, we color-coded the data points and ran the analysis
independently for each exposure duration (see Figure 2).
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Figure 2: Association between baseline low-grade systemic inflammation (pre-LPS) and inflammatory responses (post-LPS) in day
workers (top) and shift workers (bottom) with short-term (< 5 years) or long-term (>5 years) exposure to shift work schedules. Regression
lines are depicted on each plot. Pearson correlation coefficients (r) and coefficient of determination (R?) are indicated in the text.

We found that low-grade systemic inflammation (pre-LPS)
is generally higher in shift workers with more years of exposure
(dark-blue dots). Of the 53 enrolled shift workers in our study, 17
(32.1%) reported an exposure of more than five years to shift work
schedules. After adjusting for age, the pre-LPS concentration of
TNF-a and IL-10 is higher in most shift workers with long-term
exposure than the group mean. The percentage of participants with
long-term exposure to shift work that showed pre-LPS concentration
levels higher than the group average was as follows: for TNF-a
(94 %; mean baseline = 15.04 pg/mL) for IL-10 (76.5 %; mean
baseline = 3.19 pg/mL), both p <0.05. This observation indicates
that most shift workers in our study with long-term exposure to

shift work schedules had the highest baseline (pre-LPS) levels of
both cytokines assessed. Indeed, multivariate regression analysis
showed that exposure duration predicts baseline TNF-a (f =0.017,
p = 0.02, R>=0.15) and IL-10 (B =1.96, p = 0.03, R*=0.46). No
other outcomes at baseline were predicted by shift work duration.

However, a higher baseline with extended exposure did not
lead to higher LPS response; instead, it mainly was shift workers
with shorter exposure (light-blue dots) in whom we found the
most increased LPS responses (see Figure 2). In shift workers with
short-term exposure, the Pearson correlation coefficient (r) was
0.67954,R?=0.4618 for IL-10, and 0.2865, R?=0.461 for TNF-q.
In shift workers with long-term exposure, the Pearson correlation
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coefficient () was 0.86065, R? = 0.7407 for IL-10, and 0.07809,
R? = 0.0061 for TNF-a. This data indicates that the relationship
between low-grade systemic inflammation and LPS responses may
weaken as shift work exposure increases. This disruptive effect
was more robust for TNF-a than for IL-10.

Multivariate linear regression analysis that accounted for
all confounders confirmed that baseline TNF-a predicted its LPS
response in workers with <5 years of shift work (f =1.66, p = 0.04,
R?=0.3) but not in those with a more extended history of exposure
(B=12.4, p = 0.3, R>=0.07). IL-10 responses (anti-inflammatory
protein with early but slower and more sustained response to
LPS [76-78] than TNF-a) showed similar regression trends for
both exposure groups (short-term exposure, f=0.011, p = 0.007,
R?=0.39; long-term exposure, f=1.68, p = 0.002, R=0.18).

Leukocyte counts and LBP concentration were also
assessed as potential predictors of LPS responses. We conducted
a multivariate regression analysis, and after adjusting for age,
LBP concentration, shift work exposure duration, and occupation,
only monocyte counts in day workers were found to be significant
predictors of LPS-elicited outcomes. Thus, we found significant
regression equations indicating that in Controls, the LPS responses
of IL-10 and TNF-a were predicted by monocyte counts (IL-10:
B=0.01, p = 0.008, R*=0.3; TNF-a: p=5.46, p = 0.006, R=0.46).
By contrast, in shift workers, LPS responses of either protein were
never predicted by monocyte numbers or any other leukocyte
phenotype despite significantly increased cell counts. When run
as an independent variable in the regression models, LBP baseline
concentrations did not predict any LPS outcomes.

Discussion

Low-grade systemic inflammation is a hallmark of shift work
exposure

In this study, the average exposure to shift work schedules
reported by the research participants was less than five years. Even
this seemingly short-term exposure to schedules that regularly
require working during the nighttime exacerbates multiple
biomarkers of low-grade systemic inflammation, including
leukocyte counts, cytokine release, and LPS amount (as indicated
by LBP levels) in the systemic circulation (Table 1).

Increased systemic inflammation has been associated with
exposure to shift work schedules before [52-53, 67-69]. Given
the increase in monocytes, lymphocytes, neutrophils, and LBP
reported here and in previous studies [49-54], an increase in
cytokine release was expected. If inflammation cannot be resolved
in shift workers, then it is not surprising that the risk of illness will
increase.

Extended exposure to shift work uncovers

inflammatory responses

disrupted

Using ex-vivo LPS stimulation, in this study, we sought
to uncover whether even subclinical but significant changes in
the severity of low-grade systemic inflammation can predict the
emergence of disrupted immune reactivity. Previous studies have
reported an increased risk of pathology with extended exposure to
shift work schedules, including high blood pressure and metabolic
syndrome [73-75].

The results of our assessments show that individual shift
workers had the highest concentration of LPS-elicited cytokines
compared to the concentration recorded in controls. However, the
overall result of our stimulation assay suggested that, as a group,
shift workers had a lessened or weakened potentiation of cytokine
release than expected. Since over 32% of enrolled shift workers
reported long-term exposure to shift work schedules, we reasoned
that exposure duration should be considered in a careful and more
granular approach to our initial observations.

Thus, we analyzed inflammatory responses to the LPS-
endotoxin challenge (Figures 1 and 2) and uncovered that these
responses changed with chronic or extended exposure to shift
work schedules. Specifically, the moderate correlation between
pre-LPS TNF-a release and its post-LPS concentration observed in
both day workers and shift workers with short-term exposure was
no longer present after long-term exposure to shift work schedules.
In contrast, IL-10 cytokine release (pre- vs. post-LPS) maintained
similar correlations regardless of exposure duration to shift work.
This disrupted correlation reflects changes in immune reactivity
that can be assessed early in shift work exposure. We can only
speculate that the relationship between pro- and anti-inflammatory
signaling is a target of shift work exposure.

In addition, the mismatch between endotoxin responses of
different cytokines (i.e., TNF-a and IL-10) also suggests that shift
work exposure may disrupt specific cytokine systems. This idea is
not new, as aberrant expression of discrete cytokines may lead to
pathology. For example, in stressed individuals, isolated peripheral
blood cells show high production of IL-6 both at baseline and in
response to immune challenges [91-92]. We must acknowledge
that other inflammatory markers that determine immune reactivity
may also play a role and were not included in this study but will be
assessed in a future, population-based longitudinal study.

IL-10 and TNF-a are paramount in the pathogenesis of
systemic endotoxemia. TNF-a increases inflammation and
tissue damage, typically counterbalanced through robust anti-
inflammatory action by IL-10. However, under pathological
conditions, downregulation of inflammatory cytokines like TNF-a
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and upregulation of anti-inflammatory mediators such as IL-10 is
known to disrupt the regulation of inflammatory events [93]. A
time course of the LPS challenge with earlier and later data points
could capture the interaction among activation and deactivation
dynamics of these and additional cytokine systems and how these
are affected by extended shift work.

In addition, a longitudinal study that follows shift workers
as they experience chronic exposure could shed light on whether
the length of exposure is the only factor (unlikely) determining
if and when inflammatory responses, particularly pro- and anti-
inflammatory dynamics, begin to show aberrant correlations.

Besides the effect of shift work on baseline cytokine release,
one of the most striking differences between controls and shift
workers was the increase in leukocyte counts. This increase did
not exacerbate LPS responses in this study. Conditions of chronic
inflammation (i.e., aging, obesity, diabetes, etcetera) can result in
LPS responses that are lessened [87-88] or heightened [89-90].
One possible explanation for this apparent paradox is based on the
differential effect an initial exposure to low-dose LPS can have on
the response of monocytes to a future LPS encounter. Indeed, it
has been suggested that the degree of LPS exposure can determine
a switch between LPS tolerance and priming [55-57, 97].

Our analysis indicated that only monocyte counts were
significant predictors of LPS-elicited outcomes but only in
day workers and not shift workers. The contribution of other
cells in the sample (i.e., lymphocytes, neutrophils) to the LPS
response measured should not be overlooked and deserves further
investigation. However, the conditions of low-grade systemic
endotoxemia (elevated LBP), and elevated white blood cell counts,
including monocytes, did not result in a predictable increase in LPS
response in shift workers. This suggests that immune reactivity is
disrupted by shift work. Exposure of LPS-responsive leukocytes
to potential systemic signals before our LPS challenge may alter
their activation state; one potential factor to consider is the effect
of chronic LBP on monocytes.

Low-grade systemic inflammation is well documented in
experimental models of obesity, diabetes, and cardiovascular
disease. These pathologies induce the reprogramming of innate
immune cell responses [56-58, 94]. Circulating monocytes
constantly survey the surrounding environment and express
surface molecules that reflect a characteristic activation state [95].
Changes in the monocyte population’s proportion and activation
state are characteristic of sepsis, rheumatoid arthritis, asthma,
coronary heart disease, and other inflammatory conditions [96].
Thus, further research in which the effect of shift work exposure on
the reprogramming of LPS-responsive cells (tolerance or priming)
is investigated is warranted.

Under the chronic state of activation and low-grade systemic
inflammation, we report in this study, a perpetual immune challenge

is unresolved. This state of high alert is not unique, but is prevalent
in the healthcare sector. For the most part, the adaptations that
a system in these conditions of high alert develops (high blood
pressure, reduced sleep, circadian disruption, increased leukocyte
counts, and cytokine release) can keep the individual symptom-
free and seemingly healthy. However, there is clear evidence
on how even short-term (i.e., acute) disruption of behavioral
patterns that alter inflammation can have dramatic and perhaps
long-lasting effects on regulating signaling pathways that affect
leukocyte RNA expression and function, ultimately influencing the
development of cardiometabolic diseases [99]. Thus, if even acute
disruption can have long-lasting effects, given enough time, the
chronic state of activation of the immune system will eventually
result in pathological responses. Others have demonstrated the
dramatic effects of cumulative shift work exposure on subclinical
biomarkers. For example, compared to day workers, shift workers
with extended exposure (over 660 night shifts) show a 4% flow
velocity increase (arterial stiffness) that contributes to the future
development of atherosclerosis [100]. As we show in this report,
the biological significance of subclinical inflammatory factors can
be uncovered by our ex-vivo, whole-blood LPS assay, providing
a novel pathway to investigate future and long-term effects of
relevant shift work factors pervasive in the healthcare sector, such
as extended exposure, psychosocial stress, sleep deprivation, and
circadian disruption on the development of disrupted inflammation.

Strengths and Limitations

A major strength of this study is the significant number
of participants from racial/ethnic minorities. Most of our study
population (52%) self-identified as a racial/ethnic minority. In
these populations, chronic activation of stress responses associated
with systemic racism, historic socio-economical discrimination,
and a higher prevalence and incidence of chronic diseases already
increase low-grade systemic inflammation [79-82]. Because shift
work is more prevalent among these ethnic/racial groups [83],
scientific reports that include large minority populations may
better reflect the adverse health effects of this occupational hazard.
However, due to the diverse racial/ethnic origin of these cohorts, it
is also possible that some differences in the degree of inflammation
based on ethnicity could be explained by genetic factors that
alter host-immune responsiveness among human populations of
different historical and geographic origins [98].

The techniques we used to assess inflammation and LPS
responses have been validated previously [65], and our recruiting
practices based on long-standing inclusion/exclusion criteria
provide strict control of underlying conditions and medications
affecting inflammatory markers. These are all strengths of the
current study.

In this study, shift work exposure is based on self-reported
data; thus, misclassification of exposure may be a limitation to
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consider. The overrepresentation of female healthcare workers is
also a limitation since premenopausal women might have different
inflammatory markers levels than men and post-menopausal
women. It is worth noting that compared to the general population,
healthcare shift workers are typically better educated and have
better than average diet and health habits, and yet, the negative
effects of this occupational exposure are pervasive.

The results of our pilot study suggest an effect of long-term
exposure to shift work schedules on endotoxin-elicited responses.
However, these interpretations must be taken cautiously, as only a
third of shift workers fall into this category. A more comprehensive
assessment that preserves the racial/ethnic diversity of this study
but expands on the representation of short-term and long-term
shift workers in the healthcare sector and beyond is necessary.

Conclusions

This study contributes to understanding the association
between shift work exposure and increased disease risk in
healthcare workers. We have identified potential screening targets
(specific low-grade systemic inflammation markers and functional
LPS responses) that may foreshadow disease risk in shift
workers. We show that shift work increases low-grade systemic
inflammation and disrupts discrete endotoxin responses. Multiple
factors, including shift work exposure duration, may modulate
this effect. As shift work exposure increases, the strength of the
correlation between low-grade systemic inflammation markers
and their LPS responses is weakened. This effect was more robust
for TNF-a than IL-10. As the impact of shift work disruption
becomes chronic with increased exposure, these variables alone or
in combination with other risk factors are expected to worsen low-
grade systemic inflammation, including systemic endotoxemia and
disrupted cell reactivity to activation. These effects will ultimately
increase susceptibility to illness. Future cohort, longitudinal studies
must test these hypotheses by implementing the screening tools
developed here for workplace intervention and early (preventive)
identification of at-risk individuals.
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