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Abstract: We have developed a simple and reliable method to measure the sensitivity of individuals
to oxidative stress. This method utilizes luminol-amplified chemiluminescence to quantify
production of reactive oxygen species (ROS) by opsonized zymosan-stimulated neutrophils that have
been subjected to short-term stress via heat shock. In this study, the chemiluminescence reaction was
used to monitor the dynamics of ROS production in neutrophils derived from 17 patients of different
ages and genders before and after these neutrophils were subjected to heat shock. In addition, we
determined expression of Toll-like receptors using fluorescent-labeled antibody. The effects of
adrenaline, dexamethasone, aspirin, and indomethacin, as well as different doses of exogenous heat
shock protein 70 (Hsp70), on the production of ROS by stimulated neutrophils was also investigated.
Our data showed that adrenaline and exogenous Hsp70 both suppressed ROS production by
stimulated neutrophils. Furthermore, TLR4 expression was upregulated upon heat stress. Thus,
adrenaline, HSPs, and TLRs may all play a role in regulating stress responses in phagocytes.

Keywords: heat shock; chemiluminescence of neutrophils; heat shock protein 70 (Hsp70); individual
sensitivity; Toll-like receptors

Abbreviations: ROS: reactive oxygen species; TLR: Toll-like receptor; Hsp70: heat shock protein 70;
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1. Introduction

Clinical and experimental data demonstrate that, to a large extent, sensitivity to external
damaging stressors and development of inflammation depends on the functions of the adrenal
medulla and cortex, which are under the control of the hypothalamus-hypophysis system.
Inflammation at different pathologies can be attributed to excessive reactive oxygen species (ROS)
production by patients’ phagocytes. Increase of ROS production combines with rising
pro-inflammatory cytokines TNF, IL-1, IL-6 and activation of TLR of phagocytes, especially TLR-4.
TLR-4 evokes activation NF-kB and associates with LPS and some HSPs [1-3]. Extremely high
ROS concentrations damage proteins, lipids, and DNA, which lead to cell aging and the so-called
free radical diseases such as atherosclerosis, essential hypertension, senile dementia of Alzheimer
type, Parkinson disease, cancer, and so on [4]. In turn, these diseases are stressors for the organism
and amplify intercellular oxidative stress leading to further aggravation of the pathologic process [5].
Treatment of these diseases is realized by using anti-inflammatory agents like synthetic
glucocorticoid dexamethason and nonsteroid drags (aspirin, indomethacin and other). Early
identification of individuals with high sensitivity to oxidative stress will allow implementation of
preemptive measures to prevent or delay the onset of these diseases.

Methodologies currently used to measure levels of psycho-emotional stress involve
determination of informative physiological parameters (such as heart rate, breathing rate, systolic and
diastolic blood pressure, electromyogram parameters, galvanic skin response, and so on). Some
investigations are focused on stress responses of lymphocytes, which are not able to produce ROS.
By contrast, neutrophils are micro-phagocytes that are able to produce ROS. In this study, we
measured the sensitivity of individuals to oxidative stress by wusing luminol-amplified
chemiluminescence to quantify ROS production by neutrophils (activated by opsonized zymosan)
after heat shock. Figure 1 illustrates the action of different factors of environment on manifestation
of stress reaction.
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Figure 1. Action of different environmental factors on manifestation of stress reaction.

AIMS Molecular Science \Volume 6, Issue 2, 38-51.



40

2. Materials and methods
2.1. Patients

A total of 17 patients aged 21-92 years (three men), registered in the Moscow Clinical Centre of
Gerontology were recruited for the study. These donors suffered from co-morbidities, with coronary
heart disease, cardiosclerosis, arterial hypertension, and cerebrovascular atherosclerosis diagnosed as
the main pathologies. The inclusion criteria for participation were the absence of active
pathologies (history of acute infection, tumors, apoplexy, or myocardial infarction) and absence of
treatment with corticosteroids or high doses of non-steroidal anti-inflammatory drugs. The study was
approved by Ethics Committee of the Pirigov Russian National Research Medical University. All
participants gave their written informed consent prior to the study. Most of them were the elderly but
several patients were young in order to comparison of ROS levels.

2.2. Chemiluminescence reaction

Neutrophils were isolated from the peripheral blood of each patient 10 minutes after drawing
the patients’ blood via the ficoll-verographin double density-gradient centrifugation method as
follows: Defibrinated or anticoagulant-treated blood was diluted with an equal volume of a sterilized
balanced salt solution, and layered carefully over the ficoll-verographin gradient (the density of the
bottom liquid was 1.119 g/cm® and that of the top layer of liquid was 1.077 g/cm®) without
intermixing, and then centrifuged for 40 min at 400 > g. A sterile micropipette was used to extract
neutrophils from the interphase layer. The neutrophils were then washed twice using physiological
solution and then re-suspended in colorless Hank’s solution. Finally, the number of nuclear cells in
the suspension was counted using a hemocytometer. The resulting neutrophil suspension had a purity
of 96-98% determined by microscopy method. The luminol-enhanced chemiluminescence reaction
was carried out using plastic test tubes containing 20 uL of colorless Hank’s solution and 150 uL of
2.5 mg/mL luminol (5-Amino-2,3-dihydro-1,4-phthalazinedione, SERVA Electrophoresis GmbH,
Heidelberg, Germany). Test tubes were placed in the chemiluminometer cylinder (Lum-5773, DISoft,
Vjscow, Russia) and pre-incubated for one hour to reach a temperature of 37 <. Then, 100 uL of
neutrophil suspension (2 < 10° nuclear cells) was added to the luminol solution and incubated for a
further 60 min at 37 <€ before stimulating the neutrophils with 100 puL of 20 mg/mL opsonized
zymosan (Sigma, St. Louis, MO). The chemiluminescence that was induced and the dynamics of
ROS production by neutrophils were registered over a period of 30 min by the luminometer that
records the number of impulses-photons per minute. To expose neutrophils to short-term stress, the
test tubes were heated in a 42 <€ water bath for 30 seconds 1 or 3 minutes before carrying out the
chemiluminescence reaction.

To calculate individual sensitivity to stress, a coefficient of neutrophil chemiluminescence was
calculated as the ratio between number of photon counts per minute before stress and number of
photon counts per minute after stress. Reduction in coefficient of neutrophil chemiluminescence
value corresponds to an increase in individual resistance to stress or in other words, an overall
decrease in the individual’s stress response.
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2.3. Evaluation of the effect of different doses of exogenous heat shock protein 70 (Hsp70) on
chemiluminescence

The effect of different amounts of exogenously added recombinant bovine Hsp70 (Stressgen
Bioreagents Corp, Victoria, Canada) on the chemiluminescence produced by opsonized
zymosan-stimulated neutrophils was investigated by adding the Hsp70 (0.5 g or 5 pg) to the
reaction mix in addition to the opsonized zymosan.

2.4. Level of Toll-like receptor (TLR) 4

The expression levels of TLRs was estimated using flow cytometric analysis of leukocytes
labelled using standard protocols with fluorochrome-conjugated primary antibodies directed against
TLR4 (HycultBiotech, Uden, The Netherlands). Flow cytometric analysis of a minimum of 10,000
events was carried out using the FACScan system (Becton Dickinson, Franklin Lakes, NJ).

We also performed flow cytometric analyses evaluating the relative level of fluorescence after
heating shock using as the baseline level the value of fluorescence before heating shock.

2.5. Treatment of neutrophils with hormones

The reaction was performed as described in Section 2.2 of Materials and methods, except that
the standard Hank’s solution contained Ca*" and Mg*", and adrenaline or dexamethasone was added
to the experimental tubes at a concentration of 10 M or 10> M, respectively, followed by
incubation for 30 min at 37 <€ prior to the chemiluminescence reaction.

2.6. Treatment of patients with aspirin and indomethacin

We investigated dependence of ROS production by neutrophils on treatment by aspirin and
indomethacin in different doses in patients of different age because of aspirin and indomethacin are
anti-inflammatory medications.

2.7. Statistical analysis

Statistical analysis was conducted using the computer program Biostat by applying the
Mann-Whitney non-parametric test. Results were considered statistically significant if the p-value
was <0.05. Mathematical comparison of neutrophil chemiluminescence before and after being
subjected to heat shock for 30 sec, 1 min, or 3 min, was conducted using Binomial distribution in the
form P(r.p)= : p"@-p)"", wherein n: total number of experiments, p: probability of success, r:
number of experiments with success, [:) binomial coefficient, P(r, p): probability of getting exactly
r successes in n experiments if probability of success equals p. Estimate for probability of success p
is obtained by maximization of probability P(r, p) on p and is given by formula p=r/n. 95%
confidence interval for probability of success was determined from exact formulas for Binomial

distribution using modern software tools.
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3. Results and discussion

The kinetics of chemiluminescence production by stimulated neutrophils in the absence of heat
shock (control) and when subjected to heat shock for different durations, was monitored over time
and recorded for each patient. In general, the chemiluminescence profiles for all patients showed a
rapid burst in ROS production leading to a peak in photon emission rate, followed by a decay of
chemiluminescence over time due to the consumption of reagents and decreases in the
chemiluminescent quantum efficiency with time. Figures 2-4 show the ratio between initial
chemiluminescence emission rate of neutrophils and chemiluminescence emission rate of neutrophils
after heat shock of different durations in the neutrophils of the 17 patients in this study.
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Figure 2. Plots showing the kinetics of ratio between initial chemiluminescence emission
rate of patient-derived neutrophils, and chemiluminescence emission rate of
patient-derived neutrophils after a 30-second heat shock for each of the 17 patients
in the study.
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Figure 3. Plots showing the kinetics of ratio between initial chemiluminescence emission
rate of patient-derived neutrophils, and chemiluminescence emission rate of
patient-derived neutrophils after a 1-min heat shock, for each of the 17 patients in
the study.

3-min shock

40 —
o
5
£
E 30
@
a
w
@
o
a 20+
£
10 +
0 —
I I I I I I I
2 & 6 8 10 12 14
Time (min.)

Figure 4. Plots showing the kinetics of ratio between initial chemiluminescence emission
rate of patient-derived neutrophils, and chemiluminescence emission rate of
patient-derived neutrophils after a 3-min heat shock, for each of the 17 patients in
the study.
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Dynamics of ROS production change may be attributed to individual sensitivity to stress,
treatment, age differences and diseases. Additional investigations are necessary to determine degree
of these factors influence on ROS production.

Table 1 presents the estimation for probabilities that the ratio between initial
chemiluminescence intensity and chemiluminescence intensity after heat shock reaches its maximum
value within first 3 minutes calculated by averaging results of all patients. Confidence intervals are
presented as well. For example, based on the chemiluminescence data for the 30-second heat
shock (Figure 3), the probability of reaching a peak value within 3 minutes equals 14/17 = 0.82 with
95% confidence interval from 0.59 to 0.84.

Table 1. Estimation for probabilities and confidence intervals that ratio between initial
chemiluminescence intensity and chemiluminescence intensity after heat shock reaches
its maximum value within first 3 minutes.

Heating duration Probability Lower 95% CI endpoint Upper 95% CI endpoint
30 seconds 0.82 0.59 0.84
1 minute 0.89 0.62 0.99
3 minutes 0.71 0.45 0.88

Our data showed that both the probabilities as well as the lower limits of the confidence
intervals obtained for the 30-second and 1-min heat shock had higher values. Statistically significant
increase of neutrophils’ chemiluminescence coefficient was found during the first minute after stress
for the three types of stress. Hypothesis that one minute duration of heating does not accompanied
with the highest probability to observe maximum value for ratio between initial chemiluminescence
intensity and chemiluminescence intensity after heat shock within first 3 minutes was rejected with
p-value less than 10™. This means that the individual sensitivity to oxidative stress is to be measured
at the 1 min time-point.

We present in Tables 2-5 some examples of chemiluminescence data to demonstrate the kinetics
of ROS production in opsonized zymosan-stimulated neutrophils derived from 4 of the 17 patients in
this study. In the tables, the numbers of photon per minute are presented for the different
experimental conditions.

Table 2. Kinetics of ROS production of the patient M., 88 years, female with
co-morbidities: Arterial hypertension, coronary heart disease, cardiosclerosis.

Condition Initial 1 min 2 min 4 min 8 min 10 min 12 min 14 min
no heating 2254 4010 7187 9149 9375 9306 8538 7331
30 sec heating 1007 1613 3543 5015 5170 5210 4720 4172
1 min heating 1176 1871 4160 5339 5685 5494 4784 4008
3 min heating 347 429 1194 2073 2637 2454 2335 1892
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Table 3. Kinetics of ROS production of the patient X., 86 years, male with
co-morbidities:  Arterial hypertension, coronary heart disease, cardiosclerosis,
cerebrovascular atherosclerosis.

Condition Initial 1 min 2 min 4 min 8 min 10 min 12 min 14 min
no heating 1993 2619 8536 13526 15690 15824 15427 14253
30 sec heating 366 488 1619 2941 3905 4666 4700 4463
1 min heating 204 272 729 1308 1641 1828 1854 1913
3 min heating 216 176 416 770 1036 1207 1080 1146

Table 4. Kinetics of ROS production of the patient F., 93 years, female with
co-morbidities: Arterial hypertension, coronary heart disease, cardiosclerosis.

Condition Initial 2 min 4 min 6 min 10 min 12 min
no heating 1022 11068 14961 14825 11594 8721
30 sec heating 316 2965 5234 5194 4562 3701
1 min heating 259 2016 3845 4041 3946 3133
3 min heating 131 1284 2754 2801 2603 1986

Table 5. Kinetics of ROS production of the patient V., 26 years, female without co-morbidity.

Condition Initial 2 min 4 min 6 min 10 min 12 min
no heating 1589 8289 18524 18271 16828 12784
30 sec heating 343 1800 3700 3953 3883 2884
1 min heating 588 2767 6940 6980 7063 5280
3 min heating 787 2781 7120 7000 7400 6107

Note: In the Tables one can see the statistically significant difference in ROS production between heating
treatments and control (no heating) with p-value less than 0.001.

Our results suggest that the change in the neutrophils’ chemiluminescence coefficient may be
attributed to the medical treatments being administered to the patients. Two examples are given
below.

Example 1. Patient R. (84 years old, female) had been diagnosed with hypertension disease of
the 3rd stage, ischemic heart disease, cardiosclerosis, pneumo-sclerosis, and nephroangiosclerosis.
Before hospitalization, the coefficient of her neutrophils’ chemiluminescence (individual coefficient
of resistance to stress) was 0.57 which corresponded to 7616 photon counts per minute initial (pre-stress)
and 4338 photon counts per minute after stress. After two weeks of amlodipine medication, the
coefficient of her neutrophils’ chemiluminescence was 0.22, which corresponded to 406 photon
counts per minute initial (pre-stress) and 89 photon counts per minute after stress.

Example 2. Patient O. (92 years old, male) was diagnosed with a hip fracture. Before cure, his
coefficient of neutrophil chemiluminescence was 0.35, which corresponded to 68,621 photon counts
per minute initial (pre-stress) and 24,146 photon counts per minute after stress. After 7 sessions of
low dose laser therapy, his neutrophils’ coefficient of chemiluminescence decreased 1.3-fold and was
0.27, which corresponded to 6484 photon counts per minute initial (pre-stress) and 1725 photon
counts per minute after stress. It therefore appeared that this patient’s low dose laser therapy had

AIMS Molecular Science \Volume 6, Issue 2, 38-51.



46

reduced inflammation and ROS synthesis by his phagocytes.
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Figure 5. Dependence of ROS production by neutrophils on aspirin doses in patients of
different age. Age: x—21 years; 0—29 years; m—32 years; 0—57 years. Dose: 1—0.125 mg;
2—0.062 mg; 3—0.031 mg; 4—Control.
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Figure 6. Dependence of ROS production by neutrophils on indomethacin doses in
patients of different age. Age: [1—27 years; B —45 years. Dose: 1—0.125 mg;
2—0.025 mg; 3—Control.

Figures 5 and 6 demonstrate dependence between ROS production by neutrophils (number of

photon counts per minute) and patients’ age and doses (in mg) of aspirin and indomethacin,
respectively. We observed a reduction in ROS production by neutrophils among patients of different
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ages that was proportional to dose of aspirin (Figure 5) or indomethacin (Figure 6). These trends are
similar to those observed upon upregulation of anti-stress genes in cells, or when compounds exert
anti-inflammatory or anti-oxidant effects on neutrophils. In addition, data presented in Figures 5 and 6
show individual sensitivity of ROS production by neutrophils in patients of different age and
different doses of aspirin and indomethacin. These figures illustrate individual differences in ROS
production when different doses of aspirin and indomethacin are used. To get statistical inference
about significance of the differences one should collect more data in specific age groups which is out
of the article scope.

These examples show that hospitalization and proper medication may lead to decrease in
sensitivity to oxidative stress due to reduction of (a) stressful pathological conditions, and (b) ROS
production by phagocytic cells, probably through activation of anti-stress genes by the
anti-inflammatory or anti-oxidant medications administered to these patients.

Next, we evaluated if the chemiluminescence was affected by inclusion of different doses of
exogenous recombinant bovine Hsp70 (Figure 7). Bovine serum albumin was used as control. The
“oxidative burst” of the neutrophils (peak in chemiluminescence) was induced by opsonized
zymosan inoculation at the 100-min time-point. We observed a striking decrease in ROS production
with inclusion of increasing doses of Hsp70 in the reaction mix. Maximal suppression of
chemiluminescence was observed at a dose 5 mg/ml of recombinant bovine Hsp70.

We also performed flow cytometric analyses evaluating the kinetics of TLR4 induction in the
stimulated neutrophils after heat shock (Table 6). We observed a more significant increase in TLR4
expression in neutrophils at 30 min after heat shock than in mononuclear cells. Statistical
significance of increase in TLR4 expression in neutrophils at 30 min after heat shock is supported by
p-value = 0.01, calculated under supposition of Poisson distribution.
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Figure 7. Chemiluminescence analysis of the influence of different doses of exogenous
Hsp70 on Kkinetics of extracellular ROS production by human peripheral blood
neutrophils. Asterisks put presenting the statistical significant differences with control.
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Table 6. Expression of TLR4 in neutrophils after heat shock.

Neutrophils Mononuclear cells
. % TLRA4-positive Rel. level of % TLRA4-positive Rel. level of
Conditions
fluorescence fluorescence
Before HS 1.8 34.9 0.4 18.9
0 min after HS 5.2 36.4 2.1 16.2
15 min after HS 5.5 38.4 1.4 15.1
30 min after HS 11.3 34.1 2.1 13.6

Next, we examined the effect of including different concentrations of adrenaline and
dexamethasone in the chemiluminescence reaction mix. Figures 8 and 9 demonstrate influence of
adrenaline and dexamethasone on ROS production by opsonized zymosan-stimulated neutrophils
derived from two patients whose ages were 90 and 94 years. We observed that adrenaline suppressed
ROS production in neutrophils to a greater degree than dexamethasone did.
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Figure 8. Influence of adrenaline and dexamethasone on ROS production by stimulated
neutrophils derived from a 90-year-old patient. Red: control, white: adrenaline 10> M,
purple: adrenaline 10 M, light green: dexamethasone 10° M, light yellow:
dexamethasone 10™ M. Asterisks put presenting the statistical significant differences

with control.
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Figure 9. Influence of adrenaline and dexamethasone on ROS production by stimulated
neutrophils derived from a 94-year-old patient. Red: control, white: adrenaline 10> M,
purple: adrenaline 10* M, light green: dexamethasone 10° M, light yellow:
dexamethasone 10™ M. Asterisks put presenting the statistical significant differences
with control.

The same effect of adrenaline was observed in neutrophils derived from young patient presented
in Figure 10.
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Figure 10. Influence of adrenaline on ROS production by stimulated neutrophils derived
from a 22-year-old patient. Red: control, gray: adrenaline 10 M, blue: adrenaline 10 M.
Asterisks put presenting the statistical significant differences with control.
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Hsp70 can inhibit the main producer of ROS (NADPH oxidase) in human neutrophils, and
thereby suppress ROS production [6]. The chemical oxidation of adrenaline can possible explain
observed decrease in ROS production [7]. The negative correlation between intracellular Hsp70
levels and ROS production was discovered in the previous work [8]. In this article we demonstrate
pronounced suppression of ROS production in neutrophils by exogenous recombinant Hsp70.
Individual resistance to various oxidative stressors could arise due to the functions of anti-stress
genes that are under the control of Hsp70, and also due to the levels of suprarenal hormones such as
adrenaline. In our investigations, adrenaline at concentrations 10“-10° M evoked prominent
reduction in production of ROS by neutrophils.

Also worthy of consideration is the role of phagocytosis as a stressor for a cell [9]. The process
of phagocytosis is closely connected with expression of TLRs on cells and studies have shown that
TLRs can specifically promote phagocytic clearance of bacteria during infection [10]. We
demonstrated increased expression of TLR4 on neutrophils after heat shock. It is possible that
besides adrenaline production by suprarenal hormones, expression of TLRs on phagocytes also
influences individual sensitivity to stress. TLRs play important roles in neuroinflammation as well [11].

Different types of inflammation in human beings cause ROS production by phagocytes to
increase [12] and change the functions of anti-stress genes [13]. Environmental factors can influence
the functions of anti-stress genes too [14]. Microenvironment can induce oxidative stress [15].
Individual sensitivity to stress may reflect immune response of the organism [16]. Traumatic tissue
injuries in humans induce changes in expression of HSPs and in production of cytokines, and HSPs
may represent trauma-associated immunomodulators [17].

Mathematical analysis supports hypothesis that short-term stress reveals individual neutrophils
sensitivity to stress during the first minute after affect. Long heat shock, for example more than 3
minutes, does not discover individual sensitivity of neutrophils to stress. Realization of individual
sensitivity possible originates at mMRNA level of anti-stress neutrophils genes.

It is important in hospital to take into consideration individual sensitivity to stress for correction
doses and prolonged treatment by anti-stress agents and anti-inflammatory medicine in patients with
various diseases. Data of the present article show possibility to use exogenous Hsp70 as suppressive
inflammation agent.

4. Conclusion

Sensitivity of neutrophils derived from individual patients to heat stress was determined as the
ratio between level of chemiluminescence before stress to the level of chemiluminescence after stress,
which we termed “individual coefficient of resistance to stress”. Reduction in this coefficient shows
a decrease in sensitivity to stress reaction for the individual patient. Our results demonstrate a
possible role of adrenaline production in individual sensitivity to stress because different doses of
this hormone suppressed production of ROS—a process normally controlled by anti-stress genes.
Besides adrenaline, our results also highlight the need to consider the role of TLR expression in
regulating stress responses in phagocytes.
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