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Abstract 

 

Objective: The present study evaluated the association of psychological distress and radiation 

exposure as a work-related stressor with mitochondrial function in healthcare professionals. 

 

Methods: Health care professionals at a regional hospital in Italy were evaluated for physical 

health and psychological measures using self-report questionnaires (n=41; mean age 47.6±13.1 

years; 66% women). In a second sample, individuals exposed to elevated levels of ionizing 

radiation (IR: likely effective dose exceeding 6 mSv/year; (n=63, mean age 45.8±8.8 years; 62% 

women) were compared to health care workers with low IR (n=57; mean age 47.2±9.5 years; 

65% women) because exposure to a toxic agent might act as a (work-related) stressor. 

Associations were examined between psychological factors (GHQ-12, PSS), work ability (WAI) 

and IR-exposure at the workplace with markers of mitochondrial function, including 

mitochondrial redox activity (MRA), mitochondrial membrane potential (ΔΨm), mitochondrial 

DNA copy number (mtDNAcn), biogenesis and mtDNA damage response (mtDDR) measured 

from peripheral blood mononuclear cells (PBMCs). 

 

Results: All participants were in good physical health. Individuals reporting high levels of 

psychological distress showed lower mitochondrial biogenesis as indicated by PGC-1α and lower 

NRF2 expression (2.5 ± 1.0 vs 1.0 ± 0.9 rel exp, p=.035 and 31.5 ± 5.0 vs 19.4 ± 6.9 rel exp, 

p=.013, respectively). However, exposure to toxic agents (IR) was primarily associated with 

mitochondrial metabolism and reduced mtDNA integrity. Participants with IR exposure 

displayed higher mitochondrial redox activity (4480 ± 1202 MFI/min vs 3376 ± 983 MFI/min, 
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p<.001) and lower ΔΨm (0.89 ± 0.09 MFI vs 0.95 ± 0.11 MFI, p=.001), and reduced mtDNA 

integrity (1.18 ± 0.21 rel exp vs 3.48 ± 1.57 rel exp, p<.001) compared to non-exposed 

individuals. 

 

Conclusions: This study supports the notion that psychological distress and potential stressors 

related to toxic agents might influence various aspects of mitochondrial biology, and that chronic 

stress exposure can lead to molecular and functional recalibrations among mitochondria. 

 

 

Key words: Psychological stress; ionizing radiation; workplace; mitochondrial dysfunction; 

mitochondrial DNA damage response 

Glossary 

 

DDR   DNA damage response 

DMSO  dimethyl sulfoxide 

DTT  dithiothreitol 

EDTA  ethylenediaminetetraacetic acid 

ETC   electron transport chain  

GHQ-12 General Health Questionnaire-12 items 

GLM   Generalized linear model 

ΔΨm   mitochondrial membrane potential 

MRA  mitochondrial redox activity 

mtOGG1  mitochondrial 8-Oxoguanine glycosylase 
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mtDNA  mitochondrial DNA 

mtDNAcn       mtDNA copy number 

NRFs   nuclear respiratory factors 

nDNA  nuclear DNA 

8-oxoGua  oxidized purine 

OXPHOS  oxidative phosphorylation 

PGC1-α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha  

PSS   Perceived Stress Scale 

IR   ionizing radiation 

UCP   uncoupling protein 2 

JC-1  5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl benzimidazolo-carbocyanine iodide 

WAI   work ability index  
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Introduction 

Stress, referred as a response to the perturbation of homeostasis, may promote adaptation to its 

cause. For sustaining and regulation of this adaptation, energy is required (
1
). In this context, 

mitochondria play a central role in bioenergetics including energy provision. Mitochondria have 

multiple functions, and play a critical role in the generation of a cell's adenosine triphosphate 

(ATP) supply via oxidative phosphorylation (OXPHOS). ATP provides energy for several 

cellular processes including intracellular energy transfer relevant to muscle contraction and nerve 

impulse propagation. Mitochondria contain their own genome, the mitochondrial DNA 

(mtDNA), which encodes proteins essential for the electron transport chain (ETC). The transfer 

of electrons from NADH and FADH2 to oxygen in the mitochondrial respiratory chain promotes 

generation of mitochondrial membrane potential (ΔΨm), which is an indicator of mitochondrial 

activity. ΔΨm is a powerful regulator of mitochondrial generation of reactive oxygen species 

(ROS) that perform physiological and pathological functions (
2
). Mitochondria are the major 

cellular source of NADH, which serves as a vital redox-energy currency for reduction-oxidation 

homeostasis and meeting energetic requirements. Steady-state NADH levels are, therefore, 

determined by the balance between NADH generation and oxidation, making it a parameter of 

mitochondrial function (
3
). These processes are coupled to energy production in the form of ATP 

that is needed for a variety of functions, including biosynthesis of important molecules such as 

hormones (
4
). 

 

Mitochondria are dynamic organelles that undergo regular fusion, fission and degradation, 

critical for their optimal function in energy generation. These processes are affected by several 

metabolic and cellular signals that regulate mitochondrial biology (
5
). The transcriptional 
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coactivator peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1-α) has 

been proposed to regulate mitochondrial biogenesis and the size of the organelles in skeletal 

muscle cells via induction of the uncoupling protein 2 (UCP-2) and by means of regulation of 

nuclear respiratory factors (NRFs) (
6
). When mitochondrial integrity is compromised, 

mitochondrial damage-associated molecular patterns engage the so-called pattern recognition 

receptors, leading to inflammation that promotes various pathologies (
7
).  

 

Alterations in mitochondrial mass and activity are factors contributing to the onset of the 

metabolic syndrome and cardiovascular diseases. Impaired mitochondrial dynamics has also 

been involved in neurodegeneration, while altered cellular metabolism is a contributory and 

causative factor in cancer (
8
). These complex relationships among stress exposure, 

neuroendocrine signalling, inflammation, and mitochondrial function are implicated in disease 

risk (
9
). Mitochondria respond to neuroendocrine and metabolic stress mediators, and 

deregulated mitochondrial functions alter physiological and behavioural responses to 

psychological stress (
10

).  

 

Workplace-related challenges and adverse exposures have been associated with psychological 

distress in several studies (
11, 12

). Health-related consequences of psychological distress include 

cardiovascular diseases, musculoskeletal pain and depressive symptoms. Workplace-related 

psychological distress often results in job dissatisfaction and absenteeism. In addition to (work-

related) psychological distress, toxic agents in the work environments can also affect 

physiological functions (
13-15

). Occupational stress related to both psychological problems and 

toxic agents represent a main cause of stress-related problems in the workplace (
16, 17

), and it has 
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been reported that high levels of stress at the workplace reduces efficiency and negatively 

influences work-related performance (
18

).  

 

In this study, we evaluated the impact of work-related stress and workplace ionizing radiation 

(IR) exposure on mitochondrial function as measured by mitochondrial redox activity (MRA), 

mitochondrial membrane potential (ΔΨm), mtDNA copy number (mtDNAcn), biogenesis of 

mitochondria and mtDNA damage response (mtDDR) in peripheral blood mononuclear cells 

(PBMCs) of healthcare workers. 

 

Materials and Methods 

Study sample 

From November 2018 to August 2019, a group of 129 individuals who were working in a 

healthcare unit were recruited by the Regional Hospital of Ancona, Ancona, Italy. A second 

group of individuals exposed to IR (n=102) who were working in the Department of Nuclear 

Medicine, Radiology and Interventional Radiology of the Regional Hospital of Ancona, Italy, 

were also enrolled. The IR-exposed employees were supplied with individual dosimeters and the 

effective doses were periodically recorded. The accumulated IR dose was individually calculated 

by adding the recorded effective doses during the entire working activity period. The IR-exposed 

group was compared with group of non-exposed individuals (n=57) comprising hospital 

employees who had never been exposed to IR or other known carcinogenic agents. The enrolled 

healthcare workers (physicians, nurses, and technicians) underwent a clinical examination, 

including spirometry testing and cardiac parameters (diastolic/systolic blood pressure and heart 

rate). None of the participants were night-shift workers.  
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The inclusion criteria were: <70 years of age with at least 2 years of service. Healthcare workers 

with major mental disorders (schizophrenia, psychosis) and other disorders or diseases (e.g., 

inflammatory, rheumatic, autoimmune, and endocrinal diseases and cancers) and individuals 

using pharmacological therapies were excluded from the study. The participants were asked to 

fill out three self-report questionnaires related to demographic and anthropometric parameters, 

health status, job-related stress, and work performance. The research protocol was approved by 

the Ethical Committee of the Regional Hospital of Ancona, Italy (Workage, N. CERM 77).  All 

participants were informed of the study procedures and provided their informed consent to 

participate in the study.  

 

Assessment of psychological factors and work ability 

General mental health, perceived psychological stress, and work ability were evaluated using 

standardised self-report questionnaires.  

 

General mental health was determined using the General Health Questionnaire-12 item version 

(GHQ-12). The GHQ-12 is a well-established scale for the evaluation of psychological wellbeing 

within general population (
12

). All 12 items ranging from 0 to 3, were added to obtain the total 

score, making the score range 0-36 (with a higher score indicating worse mental health). The 

GHQ-12 has been recommended for large epidemiological studies because of its excellent 

screening performance and the briefness of the scale (
19

). 

 

The Perceived Stress Scale (PSS) is an instrument widely used for assessing the perception of 

stress (
20

). The PSS includes 10 items and estimates the degree to which individuals perceive 
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their lives as unpredictable or uncontrollable and with burden overload, and includes direct 

queries concerning current levels of experienced stress. The score ranges from 0 to 40, with 

higher scores indicating higher levels of perceived stress.  

 

Work ability was determined using the Work Ability Index (WAI score 7–49 points (p), with the 

following cut-off points:  ≤27 p = poor, 28–36 p = moderate, 37–43 p = good, ≥44 p = excellent). 

The questionnaire is based on questions evaluating the physical and mental demands of the work, 

as well as the worker´s health state and mental resources (
21, 22

).  

 

For the psychological measures GHQ-12 and PSS, a cut-off of the 50
th

 percentile (median) was 

used to create two groups: a high-scoring group (high scores above the median, i.e., fair/poor 

general mental health and high perceived stress), and a low-scoring group. 

 

Blood samples 

Venous blood was collected from fasting individuals in ethylenediaminetetraacetic acid (EDTA) 

tubes taken between 8:00 and 9:00 a.m. PBMCs were isolated as previously described (
23

). 

Briefly, blood (6 ml) was layered onto 4 ml of Lympholyte-H (Cederlane, Hornby, Ontario, 

Canada) and centrifuged at 2.000 rpm (20°C, 30 min). After centrifugation, the cloudy layer was 

collected and placed in a 15 ml Falcon tube filled with PBS, pH 7.4, and centrifuged at 1.600 

rpm (20°C, 5 min). After removing the supernatant, the pellet of PBMCs containing 80–90% of 

lymphocytes was collected. An aliquot was immediately used for MRA and ΔΨm analysis, and 

the remaining part was stored at -80°C for further analyses. 
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Mitochondrial function analysis 

Mitochondrial function was evaluated by assessing MRA and ΔΨm. The MRA assay that 

evaluates NADH turnover is based on the reduction of resazurin to resorufin (
24, 25

). Briefly, 200 

µl of PBMC suspension (10
6
 cells) with and without the inhibitor of mitochondrial respiration 

amiodarone (200 µM) were incubated with resazurin (6 µM, 37°C) and fluorescence intensity 

was read at 530 nm excitation and 590 nm emission for 240 min using the spectrophotometer 

(Tecan, Infinite F200 PRO). MRA curves were calculated by subtracting values obtained in the 

presence from those obtained in the absence of amiodarone, and the result is expressed as mean 

fluorescence intensity (MFI) per min. 

 

Mitochondrial membrane potential was assessed using the fluorogenic lipophilic cation JC-1 

(5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl benzimidazolo-carbocyanine iodide). In cells with hyper-

polarized mitochondrial membranes, JC-1 spontaneously forms complexes (J-aggregates) 

emitting red fluorescence. In cells with depolarized mitochondrial membranes, JC-1 remains in 

the monomeric form, which shows green fluorescence. Lymphocyte suspension (10
6
 cells) was 

incubated with JC-1 (5 µM, 37°C for 20 min) and fluorescence was read at 530 nm excitation 

and 590 nm emission (aggregate form) and at 485 nm excitation and 530 nm emission 

(monomeric form) using a spectrophotometer (Tecan, Infinite F200 PRO). The results were 

expressed as the mean fluorescence intensity (MFI) of aggregate/monomer ratio. 

 

Mitochondrial biogenesis 

Mitochondrial biogenesis was evaluated as mtDNAcn, and PGC1-α and NRF2 expression. 

Briefly, genomic DNA was extracted from PBMC samples by DNeasy Blood & Tissue Kit 
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(Qiagen), according to the manufacturer’s protocol and linearized by PVuII (1 h incubation at 

37°C). The level of mtDNA was determined by qPCR using primers for mitochondrial short-

amplicon (5’-GAT TTG GGT ACC ACC CAA GTA TTG-3’ and 5’-AAT ATT CAT GGT GGC 

TGG CAT GTA-3’) and nuclear β-actin (5’-CGA GTA AGA GAC CAT TGT GGC AG-3’and 

5’-GCT GTT CTG TCA ATA AAT TTC CTT C-3’). The qPCR conditions were: 10 min at 

95°C, followed by 50 cycles of 95°C for 15 s, 60°C for 1 min. Each sample was analyzed in 

triplicate and the values were accepted only if the standard deviation of the Ct values was <1 Ct 

(CV> 5%). The results were expressed as relative abundance using the 2
-∆Ct

 formula. 

 

PGC1-α and NRF2 expression were performed by qPCR. Total RNA was obtained from PBMCs 

using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. The purity and 

integrity of RNA were detected using NanoDrop spectrophotometer (ThermoFisher). 

 

First-strand cDNA was synthesized using a High-Capacity cDNA Reverse Transcription Kit 

(Life Technologies). The qPCR reactions were performed using SYBR Select Master Mix (Life 

Technologies) with the following primers: PGC1-α, forward- GGC AGA AGG CAA TTG AAG 

AG; reverse- TCA AAA CGG TCC CTC AGT TC and NRF2, forward- GAG AGC CCA GTC 

TTC ATT GC; reverse- TGC TCA ATG TCC TGT TGC AT. The GAPDH was used as a 

housekeeping gene. The qPCR conditions were: 50°C for 2 min, 95°C for 2 min, followed by 40 

cycles of 95°C for 15 s, 55°C for 15, 72°C for 1 min, 95°C for 15 s and 50°C for 15 s. The 

samples were run in triplicate and the values were accepted only if the standard deviation of the 

Ct values was <1. The analysis was performed using Real Cycler EP Mastercycler (Eppendorf), 

results shown as relative expression using the 2
-∆Ct

 formula. 
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Mitochondrial DNA damage and repair 

The mtDNA integrity was assessed as follows. Long amplicon quantitative polymerase chain 

reaction (LA-qPCR) was used to detect mitochondrial DNA damage by measuring the number of 

polymerase-inhibiting lesions present based on the amount of PCR amplification (
26, 27

). The 

amount of the resulting amplification was inversely correlated with the number of polymerase-

blocking lesions present in the DNA template. The assay shows the integrity of the 

mitochondrial genome without the need to isolate mitochondria, or a separate step of mtDNA 

purification. LA-qPCR was performed using the AccuTaq ™ LA DNA Polymerase (Sigma). The 

reaction mixture contains 4 ng/µL of template DNA, AccuTaq LA 10X buffer, 500 µM of the 

dNTP mixture, 2% dimethyl sulfoxide (DMSO), 0.05 units/µl of AccuTaq LA DNA Polymerase, 

0.1x SYBR® Green I (probe). The primers were: 5'-GGG AGA AGC CCC GGC AGG TTT 

GAA GC-3’, and 5'-ATG ATG TCT GTG TGG AAA GTG GCT GTG C-3’. The PCR reaction 

conditions were 94°C for 2 min, followed by denaturation cycles at 94°C for 15 s and annealing 

and extension at 68°C for 8.5 min with an additional 10-second cycle. The specificity of the 

amplification was confirmed by the analysis of the melting curves. The short amplicon was used 

for normalization according to 2
-ΔCT

 formula. 

 

The mtDNA repair activity was assessed by a modified method described previously (
28

). The 

mitochondrial OGG1-dependent activity (mtOGG1 activity) was evaluated based on the capacity 

to introduce strand breaks at sites of the oxidized purine (8-oxoGua). Briefly, mitochondria were 

isolated from 3x10
7
 PBMCs according to the manufacturer’s protocol (Mitochondrial Isolation 

kit, MITO-ISO2, Sigma-Aldrich). Mitochondria were extracted in the buffer composed of 45 

mM Hepes, 0.4 M KCl, 1.0 mM EDTA, 1mM dithiothreitol (DTT), and 10% (v/v) glycerol, with 
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pH adjusted to 7.8 with KOH, and stored at -80°C until used in the DNA repair assay. The lysate 

(50 µl) was supplemented with 1% Triton X-100 and then centrifuged (5 min, 4°C, 15,000 g). 

The supernatant was diluted with four volumes of the reaction buffer (0.25 mM EDTA, 2% 

glycerol, and 0.3 mg/ml BSA, pH 7.8) and the protein content evaluated using the Bradford 

assay. The extract (10 μg of protein) was added to the substrate consisting of nucleoid DNA with 

oxidized purine bases obtained from A549 cells previously exposed to Ro 19-8022 (a generous 

gift from Hoffmann-LaRoche) plus light, which specifically induces 8-oxoG formation. The 

OGG1 inhibitor O8 (2 mM, 3,4-dichloro-benzo-thiophene-2-carboxylic acid hydrazide; Sigma) 

was used to determine non-specific activity. The slides were incubated for 30 min at 37°C and 

analyzed by the comet assay. Under electrophoresis the nucleoid DNA extends to form a ‘comet 

tail’ and the relative intensity of DNA in the tail reflects DNA break frequency. The amount of 

strand breaks was assessed by a visual scoring method by evaluating randomly selected 100 

comets; damage was categorized into five classes (0 –4) to give an overall score for each gel 

between 0 and 400 arbitrary units (AU). The results were a difference of breaks produced within 

specifically damaged DNA substrate after subtracting the background signal acquired from the 

sample containing the OGG1 inhibitor. The accuracy and precision of the method is documented 

in supplemental Figure S1, http://links.lww.com/PSYMED/A777. 

 

Statistical analysis 

Data are expressed as mean ± SD. Comparisons between groups of data were made using two-

tailed Student’s t-tests and Chi-square (χ2) tests were used to test dichotomous or categorical 

parameters. Correlations among the variables were performed using Spearman's correlation 

coefficients. Results of the analyses were adjusted for false discovery rate (FDR) using the 
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Benjamini-Yekutieli’s linear step-up procedure. The association between psychological 

measures with mitochondrial parameters was studied using a General Linear Model (GLM), 

using psychological scores as continuous independent variables (PSS, GHQ-12 and WAI), and 

mitochondrial parameters as dependent variables, adjusted for age, sex, and smoking. The data 

were analysed using the Statistical Package for the Social Sciences (version 19) software (SPSS, 

Chicago, IL, USA) and p-values <0.05 were considered statistically significant. 

 

Results 

Characteristics of participants 

The relationship between psychological stress and mitochondrial parameters was evaluated in a 

sample consisted of 129 (47 physicians, 49 nurses and 33 technicians), of whom 63% was female 

and 77% was a non-smoker. All participants were in good health with normal respiratory and 

cardiac parameters (systolic and diastolic pressure = 122±16 mmHg and 79±9 mmHg, 

respectively, and heart rate = 75±19 beats/min). Of these 129 healthcare workers from which 

blood samples were collected, only 41 (32%) individuals returned valid health questionnaires. 

The demographic and anthropometric characteristics of participants who did versus those who 

did not return questionnaires are shown in Table 1. 

 

The second study group involved people who were evaluated for IR exposure or non-exposed 

healthcare workers (n=120, see Table 2). The IR-exposed group consisted of individuals 

belonging to category A (likely effective dose exceeding 6 mSv/year) with the exposure to an 

effective dose of 8.7±13.0 mSv/year. Of the 102 enrolled IR-exposed workers, 63 individuals 

(62%) provided blood samples and provided self-rated health questionnaires. The non-exposed 
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individuals (n=57) consisted of hospital employees who completed the self-report questionnaires 

about their health status and psychological condition. The demographic and anthropometric 

characteristics of the enrolled IR-exposed and non-exposed participants are shown in Table 2.  

 

As shown in supplemental Figure S2, http://links.lww.com/PSYMED/A777, mitochondrial 

parameters displayed a complex pattern of inter-correlations: mtDNAcn was negatively 

correlated with MRA (Rho -0.26, p<.050) and positively correlated with the transcription factor 

NRF2 (Rho 0.30, p=.050). 

 

The association between age with mitochondrial parameters 

 

All participants (n=129) who were working in the healthcare unit were included for the analysis 

evaluating the relationship between age with mitochondrial parameters (
29

). Data in supplemental 

Figure S3, http://links.lww.com/PSYMED/A777 are displayed by categorizing the sample into 

five age groups (20-30 years, 31-40 years, 41-50 years, 51-60 years, and 61-70 years) and no 

significant associations were found. The strongest associations were observed for the association 

between age with higher MRA (Rho 0.15; p = .040).  

 

Psychological distress and mitochondrial parameters 

 

Table 3 presents the correlations between the three psychological measures (GHQ-12, PSS and 

WAI) with the mitochondria parameters. These data show that both GHQ-12 and PSS values 

negatively correlated with PGC1-α and NRF2, while, no correlations have been observed for 
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WAI index. 

 

Analyses of the dichotomized psychological data (based on the median) indicated that 

individuals with high GHQ-12 (median above 18 value) displayed a reduction of NFR2 

expression (26.2 ± 7.4 rel exp vs 13.0 ± 3.3 rel exp, p=.040) (Figure 1). 

 

Regarding perceived stress, individuals with high (median > 21.5 value) PSS scores showed 

lower mtDNAcn (5.9 ± 4.0 rel exp vs 4.0 ± 2.1 rel exp, p=.32) and reduced mitochondrial 

biogenesis evaluated as PGC-1α and NRF2 expression (2.5 ± 1.0 rel exp vs 1.0 ± 0.9 rel exp, 

p=.035 and 31.5 ± 5.0 rel exp vs 19.4 ± 6.9 rel exp, p=.013) (Figure 2). The dichotomized work 

ability index (WAI) was not associated with mitochondrial parameters (data not shown).  

 

Multivariate analysis, adjusting for age, sex and smoking status showed that the both GHQ-12 

and WAI score were associated with NRF2, p=.016 and p <.001, respectively. Multivariate 

analyses examining the PSS revealed associations with mitochondrial biogenesis estimated as 

PGC1-α (p=.035) (Table-4). 

 

Mitochondrial parameters in IR-exposed individuals 

Both workers exposed IR and non-exposed workers reported low psychological distress (see 

Table 2). When comparing the IR-exposed group with non-exposed group, we found that age, 

sex, BMI, smoking status and psychological score were not significantly different between the 

two groups; nurses were over-represented in the IR-exposed group. Notably, the IR-exposed 

individuals showed altered mitochondrial function compared to non-exposed individuals as 
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evaluated by MRA (4480 ± 1202 MFI/min vs 3376 ± 983 MFI/min, p<.001) and ΔΨm (0.89 ± 

0.09 MFI vs 0.95 ± 0.11 MFI, p=.001), which was associated with reduced mtDNA integrity 

(1.18 ± 0.21 rel exp vs 3.48 ± 1.57 rel exp, p<.001), (Figure 3). 

 

Discussion 

In the present study, we found that measures of psychological distress are associated with 

mitochondrial biogenesis, whereas exposure to physical agent such as IR is mainly related to 

mitochondrial metabolism and mtDNA damage.  

 

Mitochondria respond dynamically to acute stress exposure following activation of stress-

associated neuroendocrine, metabolic, and inflammatory pathways (
30, 31

). In situations of 

chronic stress, mitochondria undergo dynamic morphological and functional changes that may 

result in accelerates cellular aging and increasing an individual’s risk of developing metabolic 

conditions, such as cardiovascular disease and diabetes (
32

). Chronically, these alterations of 

mitochondrial structure and function can lead to functional changes and to the accumulation of 

mtDNA damage (
33

). Psychological distress such as occupational stress is a known health risk for 

a range of psychological, behavioural, and medical disorders and diseases. Occupational stress is 

not an acute or toxic condition. Rather, it is a chronic condition which is associated with 

oxidative stress and inflammation evolving over extended periods of time, with adverse 

biological consequences (
34

). Being exposed to aggressive behaviour from patients, patient's 

relatives, colleagues and visitors, individuals working in healthcare represent an occupational 

category at risk (
35

).  
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Here, psychological stress and stress related to IR exposure were related to cellular energetics of 

healthcare workers evaluated by analysing different mitochondrial function parameters. The 

metabolic load was evaluated in peripheral cells by analysing the MRA, which is a measured of 

NADH turnover (
36

). Low NADH production via oxidation of NADH to NAD
+
 reflects low 

OXPHOS. On the other hand, high NADH oxidoreductase activity induces mitochondrial 

perturbation (
25

), thus altering ΔΨm. Impaired ΔΨm results in reduced ATP production and 

enhanced ROS formation, which in turn lead to mtDNA damage. mtDNA is more vulnerable to 

damage due to the lack of protective histones and low DNA repair capacity (
37

). Since all of the 

genes in mtDNA are crucial for biogenesis of mitochondria, any mtDNA alteration may result in 

decreased of mtDNA content evaluated as mtDNAcn. 

 

We found that healthcare professionals with high levels of psychological stress displayed lower 

mitochondrial biogenesis. Low expression of PGC1-α and NRF2 was found in individuals with 

higher levels of psychological stress. Biosynthesis of mitochondrial proteins requires 

contributions both from mitochondria and the nucleus, of which most are encoded by nuclear 

DNA and synthesized in the cytosol. PGC1-α and NRF2 are transcriptional regulators that act on 

nuclear genes coding for constituent subunits of the OXPHOS system. In these individuals, a 

tendency to show lower mtDNAcn in peripheral blood has also been observed, which is 

independent of age. The mtDNAcn is a surrogate measure for relative mitochondrial abundance 

within cells, thus higher mtDNAcn is expected to be associated with beneficial outcomes. This 

notion is supported by a previous study reporting a higher mtDNAcn associated with better self-

rated health status (
38

). Low mtDNAcn has been associated with chronic kidney disease and 

cardiovascular disease, and with mortality and death due to infection (
39

). Recently, mtDNAcn 
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has been proposed as a biological correlate of Parkinson’s disease, an age-related disease (
40

). 

Mitochondrial dysfunction and consequent increased oxidative stress resulted in the loss of 

dopamine-producing neurons from the midbrain in Parkinson’s disease (
41

). Reduction in 

mitochondrial biogenesis is a hallmark of the aging process, which reflects an increase in both 

inflammation and oxidative stress (
42

).  

 

While psychological stress was associated with mitochondrial biogenesis, and exposure to 

physical agents such as IR was related to reduced mitochondrial efficiency and induced mtDNA 

damage. Chromosomal damage was found in lymphocytes of hospital staff exposed to IR, 

despite the low levels of exposure (
43

). In response to genotoxic stress, cells activate cellular 

defence systems, including cell cycle checkpoints, apoptosis, and DNA repair mechanisms. 

Recently, Gaetani et al reported that individuals chronically exposed to IR showed increased 

DNA damage and reduced OGG1-DNA repair activity, which were more prominent in 

individuals with a family history of cancer (
15

). The main target of IR is thought to be the nuclear 

DNA (nDNA). Radiation also affects cell organelles, including mitochondria (
44

). Mitochondria 

have their own DNA that can be directly damaged by IR, which results in mutations upon DNA 

replication (
45

). Lesions produced by these radiation-induced mitochondria damage may alter the 

activity of the electron transport chain complexes/OXOPHOS leading to mitochondrial 

dysfunction. Therefore, mtDNA mutations and dysfunction can be used as markers to assess the 

effects of low-dose radiation. 

 

As a stress mediator, mitochondria underlie systemic ‘recalibrations’ associated with stress 

pathophysiology and allostatic load, which is accompanied by dysregulation of mitochondrial 
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functions resulting from structural and functional changes that mitochondria undergo in response 

to stressors (
31

). Consequently, dysfunctional mitochondria are harbingers of stress-induced 

molecular and cellular alterations leading to further damage. According to these notions, 

mitochondria represent a potential biological intersection point in psychosomatic medicine. 

 

The low number of individuals who reported their self-rated health questionnaires is a major 

limitation of the present study. In addition, the work environment in hospitals is complex and 

includes, in addition to psychological stress and IR, several chemical pollutants that may impose 

toxic effects. Another limitation is that it cannot be precisely determined whether the 

mitochondrial dysfunction observed in this study is more due to psychological stress or due to 

other toxic agents to which healthcare professionals are exposed.  

 

Despite the difficulties involved in interpreting biological monitoring of occupationally exposed 

individuals, we propose that evaluation of mitochondrial dysfunction represents a plausible 

biological consequence of work-related stress. 
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Legend to Figures 

 

Figure 1. Distribution of mitochondrial parameters according to the self-rated psychological 

status. Based on the median of General Health Questionnaire (GHQ-12) score, two categories 

were reported, Low (n=29) and High (n=12), and the mitochondrial parameters evaluated. The 

lines in the boxes represent the median values. Lines extend to the minimum and maximum 

values, excluding the outliers. Comparisons between groups were determined by the two-tailed 

Student’s t-test, with p < .05. 

 

Figure 2. Distribution of mitochondrial parameters according to self-rated perception of stress. 

Based on the median of Perceived Stress Scale (PSS) score, two categories were reported, Low 

(n=17) and High (n=24), and the mitochondrial parameters evaluated. The lines in the boxes 

represent the median values. Lines extend to the minimum and maximum values, excluding the 

outliers. Comparisons between groups were determined by the two-tailed Student’s t-test, with p 

< .05. 

 

Figure 3. Distribution of mitochondrial parameters according to ionizing radiation (IR) 

exposure. Comparisons between IR-exposed group (n=63) and control group (CTRL, n=57) were 

determined by the two-tailed Student’s t-test, with p < .05. The lines in the boxes represent the 

median values. Lines extend to the minimum and maximum values, excluding the outliers. 
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Table-1. Demographic characteristics of the psychological stress-related population 

 Non self-rated 

individuals 

 (n=88) 

Self-rated 

individuals 

(n=41) 

Age (years) 48.9±16.7 47.6±13.1 

BMI (Kg/m
2
) 24.4±3.3 23.3±3.4 

Sex M/F (n/%) 

Male 

Female 

 

34 (39) 

54 (61) 

 

14 (34) 

27 (66) 

Smoking (n/%) 

Smoking 

No smoking 

Former 

 

6 (7) 

75 (85) 

7 (8) 

 

8 (20) 

24 (58) 

9 (22) 

GHQ-12 (median score) - 18.0 [7-26] 

PSS (median score) - 21.5 [14-29] 

WAI (median score) - 37.0 [28-42] 

Task (n/%)   

Physician 34 (38) 13 (32) 

Nurse 26 (30) 23 (56) 

Technician 28 (32) 5 (12) 
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Table-2. Demographic characteristics of the IR-exposed population  

 

 Non-exposed 

individuals 

 (n=57) 

IR-exposed 

individuals 

(n=63) 

p-value 

Age (years) 47.2±9.5 45.8±8.8 .11 

BMI (Kg/m
2
) 23.1±2.6 22.6±3.6 .40 

Sex M/F (n/%) 

Male 

Female 

 

20 (35) 

37 (65) 

 

24 (38) 

39 (62) 

.53 

Smoking (n/%) 

Smoking 

No smoking 

Former 

 

12 (21) 

38 (67) 

7 (12) 

 

23 (37) 

28 (44) 

12 (19) 

.10 

GHQ-12 (median score) 12.1 [10-16] 14.0 [8-18] .51 

PSS (median score) 17.4 [12-18] 16.6 [11-25] .10 

WAI (median score) 25.7 [18-29] 25.5 [21-32] .85 

Accumulated-IR dose (mSv) - 8.7±13.0  

Duration of exposure (years) - 11.8±7.3  

Task (n/%)   .020 

Physician 42 (74) 11 (18)   

Nurse 11 (19) 38 (60)  

Technician 4 (7) 14 (22)  

 

* IR-exposed individuals versus Control individuals, Chi-square (χ2), test p<.05, and 

significances (p) are highlighted in bold 
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Table 3- Correlations between psychological stress and mitochondrial parameters 

 

 GHQ-12 score PSS score WAI score 

Individuals (n=41) Rho p Rho p Rho p 

MRA 0.56 .12 0.31 .34 0.12 .78 

∆Ψm 0.19 .63 -0.31 .33 0.24 .57 

mtOGG1-act 0.32 .44 0.18 .60 0.37 .37 

mtDNA-integrity 0.54 .17 0.47 .15 0.07 .87 

mtDNAcn -0.07 .86 -0.11 .65 0.55 .16 

PGC1-α -0.73 .039 -0.57 .07 0.41 .32 

NRF2 -0.90 .002 -0.47 .15 0.46 .26 

 

Rho indicates the coefficient of Spearman correlation and significances (p) are highlighted in 

bold.   
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Table 4- GLM-multivariate regression analyses showing associations between psychological 

score and mitochondrial parameters and demographic variables 

 

 GHQ-12 score PSS score WAI score MSE 

Individuals (n=41) ήP p ήP p ήP p  

MRA 0.66 .11 0.01 .99 0.70 .30 7.8x 10
5
 

∆Ψm 0.45 .32 0.19 .69 0.43 .77 0.01 

mtOGG1-act 0.31 .49 0.03 .95 0.40 .81 982.71 

mtDNA-integrity 0.19 .69 0.42 .35 0.53 .61 2.37 

mtDNAcn 0.29 .52 0.01 .99 0.68 .33 7.47 

PGC1-α 0.51 .24 0.79 .035 0.81 .12 0.20 

NRF2 0.85 .016 0.55 .20 0.98 <.001 7.63 

 

Partial eta (ήP) indicates the coefficient of correlation, mean squared error (MSE) estimates the 

variance and bias of the model, and significances (p) are highlighted in bold.  
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