

  life-14-01482




life-14-01482







Life 2024, 14(11), 1482; doi:10.3390/life14111482




Article



Hyperbaric Oxygen Therapy Ameliorates Olanzapine-Induced Hypolocomotion in a Rat Model



Ahmad Altarifi 1, Linah Arab 2, Rasha Al-Azaizeh 2, Batool Khataybeh 3, Muath Q. Al-Ghadi 4 and Mohammad Khalifeh 2,*





1



Department of Pharmacology, Faculty of Medicine, Jordan University of Science and Technology, P.O. Box 3030, Irbid 22110, Jordan






2



Department of Veterinary Basic Sciences, Jordan University of Science and Technology, P.O. Box 3030, Irbid 22110, Jordan






3



Department of Nutrition and Food Technology, Jordan University of Science and Technology, P.O. Box 3030, Irbid 22110, Jordan






4



Department of Zoology, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia









*



Correspondence: mskn@just.edu.jo







Citation: Altarifi, A.; Arab, L.; Al-Azaizeh, R.; Khataybeh, B.; Al-Ghadi, M.Q.; Khalifeh, M. Hyperbaric Oxygen Therapy Ameliorates Olanzapine-Induced Hypolocomotion in a Rat Model. Life 2024, 14, 1482. https://doi.org/10.3390/life14111482



Academic Editor: Giorgio Lenaz



Received: 21 September 2024 / Revised: 24 October 2024 / Accepted: 26 October 2024 / Published: 14 November 2024



Abstract


Olanzapine (OLZ) is a commonly prescribed drug for the treatment of schizophrenia and related disorders. However, OLZ use is associated with several adverse effects, including decreased locomotor activity and increased body weight. While the majority of studies have directed their focus towards managing the metabolic side effects of OLZ, there has been limited attention given to the effects on locomotor activity. This study aimed to investigate the potential therapeutic effect of hyperbaric oxygen therapy (HBOT) in alleviating OLZ-induced locomotor impairment in female Sprague Dawley rats. Subjects were divided into four groups: control rats (CR), HBOT, OLZ, and HBOT + OLZ. In addition to behavioral effects, we also evaluated the total antioxidant capacity (TAC) of rats’ brain tissue to demonstrate the maintenance of OLZ effectiveness in improving antioxidant status during the intervention using a rotarod device to measure locomotor activity and coordination. Results showed that HBOT effectively counteracted the hypolocomotion produced after OLZ administration. Moreover, HBOT did not result in a decrease in TAC in brain tissue, which is linked to OLZ treatment effectiveness. Therefore, our results suggest that HBOT may represent a promising non-pharmacological approach to improving locomotor and motor coordination impairments associated with OLZ treatment.
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1. Introduction


Schizophrenia is a debilitating and chronic mental illness, characterized by positive symptoms (such as hallucinations, delusions, and disorganized speech and behavior) as well as negative symptoms, such as apathy, anhedonia, and poor attention [1]. Cognitive symptoms such as memory and attention deficits are also commonly observed in patients with schizophrenia [2]. Antipsychotics are the mainstay in the treatment of schizophrenia and other mental disorders. They are divided into first-generation (or typical) and second-generation (atypical) classes. Among the atypical antipsychotics, Olanzapine (OLZ) has been shown to effectively treat both positive and negative symptoms with minimal extrapyramidal symptoms, in addition to its association with improved antioxidant status [3,4]. However, OLZ’s mechanism of action, which involves blocking dopamine and serotonin receptors [5], is known to result in several side effects, including reduced locomotor activity [6], weight gain [7], sedation [8], and dizziness, which may result in new-onset diabetes and diabetic ketoacidosis in adults [9]. A hallmark of OLZ is that it significantly reduces locomotor activity from a single administration [10,11]. The reduction in the locomotor activity remaines during the day after the administration and as long as OLZ administration continues.



In this perspective, most studies focus on weight gain and metabolic syndrome as side effects of antipsychotics, with less focus on the reduction in locomotor activity. The decrease in locomotor activity significantly affects the quality of life of patients and can be considered a predisposing factor to other side effects related to OLZ treatment, such as metabolic syndrome [12,13]. This may exacerbate the patient’s mental disorder if left untreated [14]. Therefore, pharmaceutical therapies have been investigated to mitigate the negative effects of olanzapine (OLZ) medication. Betahistine, a histamine H3 receptor antagonist and H1 receptor agonist, has demonstrated efficacy in mitigating OLZ-induced weight gain and enhancing locomotor activity by alleviating some motor impairments linked to OLZ administration. Likewise, melanin-concentrating hormone (MCH) antagonists have shown the capacity to mitigate hypolocomotor consequences, considering MCH’s involvement in energy balance and locomotion regulation. Dopamine agonists have been evaluated for their potential to counteract OLZ-induced drowsiness and motor deficits; however, careful monitoring is essential to prevent disruption of OLZ’s antipsychotic efficacy. In addition, various non-pharmacological strategies have been suggested to alleviate the adverse effects linked to OLZ therapy. Lifestyle interventions, such as regular exercise and maintaining physical activity levels coupled with controlling food intake, can help mitigate the side effects of OLZ, complementing pharmacological treatments [6,15,16]. However, the negative effects of antipsychotics, in combination with the symptoms of mental illness, frequently discourage patients from participating in physical activity, leading to a reduction in their quality of life [6]. This study advances existing literature by introducing hyperbaric oxygen therapy (HBOT) as an innovative, non-pharmacological method aimed at addressing OLZ-induced hypomotility, hence providing a new therapeutic option for alleviating these motor deficits.



Thus, the overall aim of the current study is to address the locomotor impairment resulting from OLZ treatment in psychiatric patients in a rat model and introduce the utilization of hyperbaric oxygen therapy (HBOT) to alleviate OLZ-induced locomotor impairment in rats. HBOT is a therapeutic technique that is widely used in various medical fields [17]. It involves breathing pure oxygen in a pressurized chamber, which allows for increased oxygen dissolution into the blood plasma, resulting in positive biochemical, cellular, and physiological effects [18]. HBOT has been utilized in a range of clinical disorders, especially those related to hypoxia [19]. Furthermore, it has been applied to promote wound healing, injury recovery, and improve cognitive and locomotor performance, due to its proven positive effect on oxidative stress [20,21].




2. Materials and Methods


2.1. Animals and Experimental Design


Adult female and male Sprague Dawley rats were housed individually in a light–dark cycle, with lights on at 07:00 a.m., at a controlled temperature of 19–22 °C and humidity of 30–40%. The rats had ad libitum access to water and a standard rat diet. The animal experimental protocols were approved by the Animal Care Use Committee at Jordan University of Science and Technology which follows the animal care and uses guidelines (ILAR) (Institute of Laboratory Animal Resources U.S (1996). Guide for the care and use of laboratory animals. Washington, DC, USA: National Academy Press) (Institute of Laboratory Animal Resources (U.S.), (1996)) [22].




2.2. Drugs


Olanzapine powder with a purity of 99.2% (gift from Al-Hikma Pharmaceuticals, Amman, Jordan) was dissolved in 0.1 N HCL in distilled water. The resulting solution was adjusted to a pH of 5.5 with 0.01 N NaOH and then diluted with PBS to reach the required concentration of 1 mg/mL. The rats were injected intraperitoneally with olanzapine (or its vehicle) at a dose of 10 mg/kg for the time-course experiment, or for 14 consecutive days for the chronic experiment as described previously [23].




2.3. Oxygen Therapy (HBOT) Conditions


The oxygen therapy (HBOT) was administered to the rats daily for 14 days, for a duration of 2 h each day. The chamber’s oxygen concentration was maintained at 90–95%, and the pressure was gradually adjusted to reach 0.3 MPa (3 ATA) over a period of 20 min. The rats were treated with HBOT before OLZ injection every day, during the period between 8:00 a.m. and 11:00 a.m. The therapy duration was determined after the HBOT chamber was purged with pure oxygen from an oxygen generator and the chamber reached the desired pressure.




2.4. Habituation and Training on Rotarod Experiments


To prepare the animals for the experiment, they were habituated and trained on a rotarod (Woodland Hills, CA, USA). All experiments were conducted in a semi-sound-proofed room to attenuate the possible effects of uncontrolled variables such as loud sounds. On the first day, the animals were introduced to the experiment room. Then, animals received two days of training on the rotarod to become familiar with it before the start of the experiment. During the experiment, the animals were placed on a rod that initially moved at a speed of 4 rpm and gradually increased to a maximum of 40 rpm over a period of 300 s at fixed-rate acceleration, as described previously [24]. Multiple paper towels, that were changed between subjects, were placed beneath the rotating rod to absorb any secretions from animals and to provide a cushion in case the rat fell. The animals’ ability to stay on the device was recorded, reflecting their locomotor activity. The dependent variable measure was the amount of time the animal was able to stay on the rotarod until it fell off. These measures were recorded by an observer when the animal fell, or when 300 s was over. Baseline readings for each animal were taken prior to the administration of treatments.



Standardization, or time-course, experiments were conducted to determine the effective dose of OLZ that affects locomotor activity. In the time-course experiment, 5 female and 6 male rats were injected with a single dose of OLZ, and their locomotor activity was monitored using the rotarod until it returned to baseline readings. Thus, rotarod performance was recorded at 30 min, 60 min, 120 min, 5 h, 24 h, 48 h, and 72 h after OLZ injection or its vehicle. Rats were randomized to receive OLZ or vehicle in a crossover paradigm to minimize individual variations and bias related to rotarod learning. The rotarod’s rat activity was assessed through a single trial per rat for each tested time point.




2.5. HBOT and Locomotor Activity in Rats Receiving 14-Day OLZ Injection


A total of 76 adult female rats were randomly divided into four main groups (as shown in Table 1): the control group (CR) received only the vehicle injection without exposure to HBOT or OLZ injection; the second group (HBOT) was exposed to HBOT and received the vehicle OLZ injection; the third group (OLZ) received only the OLZ injection; and the fourth group (HBOOLZ) received HBOT first and then the OLZ injection. Each group underwent daily locomotor activity assessment on the rotarod, with three trials conducted per rat at each tested time point. The average of these three trials was recorded for each individual rat. The data collected over the course of 14 days was organized into four intervals: 1–2 days, 3–6 days, 7–10 days, and 11–14 days.




2.6. Measurement of Total Antioxidant Capacity


At the end of each experiment, the rats were decapitated, and their heads were placed on a paper towel. Using a scalpel, a sagittal cut was made from the posterior inferior end of the skull to the frontal part. The halves of the skull were then separated using forceps, placed in Eppendorf tubes, and kept in a deep freeze (−80 °C) until analysis. The total antioxidant capacity was determined using a kit from Cloud-Clone Corp, Houston, TX, USA according to the manufacturer’s instructions. The absorbance of both the standard and the samples was read at 414 nm using a plate reader. The TAC of the sample extract was calculated by comparing its absorbance to the values derived from the standard curve.




2.7. Statistical Analysis


All values are displayed as mean ± S.E.M. The results were compared using a two-way analysis of variance (ANOVA) using https://www.statskingdom.com, accessed on 20 September 2024, and significant differences among means were tested using a Student’s t-test OpenEpi https://www.openepi.com/Menu/OE_Menu.htm, accessed on 20 September 2024. Only p-values less than 0.05 were considered statistically significant.





3. Results


3.1. The Olanzapine Effect on Locomotor Activity: Time Course


Subjects that were injected with the vehicle of OLZ did not exhibit any significant changes in their locomotor activity compared to pre-injection values at any time point in both male and female rats. However, the rats that received 10 mg/kg OLZ injection showed a marked decrease in their locomotor activity, experiencing a more than 88% reduction in both sexes. This reduction in the female rats persisted for 5 h before the animals’ locomotor activity began to partially recover at 24 h and completely recover after 48 h from OLZ administration (Figure 1A).



On the other hand, male rats exhibited a faster recovery of activity levels compared to females, such that they started to recover after 2 h after drug administration and stayed significantly different from vehicle-treated animals for 48 h. Male rats resumed their normal activity on the rotarod after 72 h from OLZ administration (Figure 1B). As mentioned earlier, the time-course experiment in male rats was conducted in a crossover study design to account for physical differences, but no significant variations were found among both subgroups of animals, as they all responded similarly to OLZ injection.




3.2. Effect of HBOT on Locomotor Activity in Female Rats Receiving Daily OLZ Injection


The two-way ANOVA performed on the four experimental treatment groups (CR, HBOT, OLZ, and HBOOLZ), with measurements taken daily at 30 min, 60 min, 120 min, and 24 h post-treatment, repeated over 14 days in intervals of 1–2, 3–6, 7–10, and 11–14 days, revealed a significant main effect of treatment on locomotor activity (F(3, 1152) = 456.2, p < 0.00001), indicating substantial differences across groups. A significant effect of time intervals was also found (F(15, 1152) = 9.27, p < 0.00001), suggesting that locomotor activity varied significantly across daily tested time points. Additionally, there was a significant interaction between treatment groups and time intervals (F(45, 1152) = 1.93, p < 0.001), meaning the treatment effects on locomotor activity were dependent on the specific time intervals. These results demonstrate the dynamic interaction between treatment type and time on motor function, underscoring the potential of HBOT to modulate olanzapine-induced motor deficits over time.



Consequently, a key post hoc analysis focused on the effects of HBOT on locomotor activity, particularly its impact independent of olanzapine (OLZ) treatment (Figure 2A–D). In the control (CR) group, animals were not exposed to HBOT, but they were injected with a vehicle. These rats demonstrated an adaptation to the rotarod device, showing enhanced activity across the 14-day trial at multiple times (30 min, 60 min, 120 min, and 24 h) (p < 0.05). The animals’ rotarod performance in both groups showed a notable improvement during the initial time interval compared to the baseline recorded on the final day of the adaptation period. This enhanced performance remained stable and comparable throughout the remaining testing days. Overall, regardless of the day intervals tested, the animals demonstrated a 24% to 27% improvement in rotarod performance relative to their initial recorded time. On the other hand, the group receiving HBOT demonstrated significantly higher activity levels compared to the control group at several time points on different time intervals (p < 0.05). Their overall activity levels ranged from 48% to 64% higher than the time recorded on the final day of the adaptation period, representing nearly double the improvement seen in the control group.



The core of the study aimed to assess the impact of HBOT on locomotor activity in animals receiving OLZ. Another post hoc comparison was made between the OLZ group and the HBOOLZ group over a period of 14 days (Figure 3). The results showed an overall improvement in locomotor activity during the initial time points tested (30, 60, and 120 min) following daily OLZ injections (p < 0.05). Interestingly, HBOT did not lead to any improvements in locomotor activity for OLZ-treated animals during the first two days (1–2 days) at any of the tested time points (Figure 3). However, the positive effects of HBOT on locomotor activity in OLZ-treated animals showed time-dependent improvements on day 3 onward (p < 0.05). At the 30 min time point, significant improvements were noted only after prolonged treatment (days 11–14) (Figure 3A) (p < 0.05), while at the 60 and 120 min time points after OLZ treatment, effects were noticeable starting from day 3 onwards (Figure 3B,C) (p < 0.05). In some instances, the locomotor activity even returned to normal levels with the assistance of HBOT (3–6 and 7–10 time intervals). It is important to note that at all tested time points and across all day intervals, the CR and HBOT groups consistently showed significantly higher activity levels compared to the rats receiving OLZ, regardless of HBOT’s combination with OLZ (p < 0.05). This is represented when statistically comparing the groups shown in Figure 2 and Figure 3.




3.3. The Effect of OLZ and HBOT on the Total Antioxidant Capacity


The brain tissue homogenates from all experimental groups were analyzed to measure the total antioxidant capacity (TAC). The results revealed a significant increase in TAC in both the HBOOLZ and OLZ groups (p < 0.05). However, no significant difference in TAC was observed between the HBOT group and the CR group (Figure 4).





4. Discussion


There have been no prior investigations examining the potential benefits of hyperbaric oxygen therapy (HBOT) in alleviating the adverse effects on locomotor activity caused by OLZ treatment. Thus, this study showed three main findings. First, acute injection of OLZ produced significant locomotor reduction that may last up to 48–72 h in female and male rats, respectively. Second, partial tolerance to this effect may develop after 3 days from chronic OLZ administration. HBOT co-treatment with OLZ helped in attenuating OLZ-induced hypolocomotion. Finally, results of this study indicated that HBOT did not affect the therapeutic efficacy of OLZ in animal subjects on total antioxidant capacity (TAC) levels, as OLZ treatment typically leads to an increase in TAC levels, contributing to the reduction in oxidative stress, which is considered one of the potential pathophysiological causes of schizophrenia [3]. All together, these results suggest the beneficial use of hyperbaric oxygen with OLZ treatment to decrease its motor impairment effect, thus increasing patients’ adherence by decreasing associated side effects.



In the animal model, OLZ decreased the animals’ locomotor activity with a reduction reaching 40% [25], which is consistent with our findings in this study. This decrease continued throughout the day and as long as the drug was taken. Moreover, we showed that female rats showed a robust decrease in locomotor activity for 5 h, and they needed 48 h to return to their normal locomotor activity (Figure 1A). However, male rats showed gradual improvement across the 72 h with the worst activity being reported for only one hour after drug injection (Figure 1B). The observed difference in hypolocomotor activity between female and male rats may align with previous clinical findings, where antipsychotic side effects such as weight gain, metabolic syndrome, tardive dyskinesia, agranulocytosis, and cardiac arrythmia tend to manifest more prominently in females that were treated with antipsychotic drugs compared to male subjects [26,27,28]. In the current study, female rats exhibited greater hypolocomotor activity with OLZ treatment, leading us to prioritize investigating the potential of hyperbaric oxygen therapy (HBOT) to mitigate these side effects. This particular side effect in different sexes is usually overlooked in animal models treated with OLZ, thus making this current work the first study to clearly compare the dynamic of this side effect in both sexes. Despite this, most preclinical studies have traditionally been conducted on male rats, as they allow for simpler experimental designs and avoid the variability introduced by the estrous cycle in females, which can affect drug pharmacokinetics and pharmacodynamics [29]. Therefore, the current work clearly demonstrated using male animals to test antipsychotic drug performance may be inaccurate and inappropriate for females as differences in response, at least for the side effect on locomotor activity, do exist. It is important to mention that this decrease in locomotor activity may be connected and predisposed to weight gain, as reported by previous human studies [26,30].



In the time-course experiment, only one trial of rotarod was conducted at each time point (30 min, 1 h, 2 h, 5 h, and 24 h) which added up to be five trials on the rotarod per animal per 24 h, while in the subsequent 14-day experiments, three trials were performed for each rat then averaged to represent the reading at each time point. Therefore, each animal in all experimental groups underwent three running rounds (trials) that were replicated four times within a 24 h period (at 30, 60, 120 min, and 24 h) for 14 days, which makes the total trails per 24 h, 12 running trials. As a result, control subjects in the 14-day experiment showed improved locomotor activity in the rotarod experiment compared to the time-course experiment (Figure 1), surpassing their initial recorded times by on average of around 30% (Figure 2). This observation helps to explain the perceived enhancements in animals receiving only OLZ treatment for 14 days. Furthermore, it sheds light on the reason why animals that ran more rounds on the rotarod were able to recover their normal locomotor activity within 24 h (Figure 3D), rather than 48 h as was documented in the time-course experiment (Figure 1). These findings suggest that increasing the number of running rounds on the rotarod device positively contributes to mitigating the side effects of locomotor impairment. Additionally, during the standardization experiments, as shown in Figure 1, we observed that the animals returned to their baseline locomotor activity within the first 48 h. This observation justified combining the data for the initial time intervals (1–2 days) in the subsequent experiments presented in Figure 2 and Figure 3. For the remaining intervals shown in these figures, the data were grouped into four-day intervals rather than two-day intervals to reduce clutter, as no significant differences were observed between the combined intervals.



Antipsychotic medications are known to block dopamine receptors, resulting in noticeable motor impairment that significantly affects motor coordination and the initiation of movement [10]. The rotarod test provides measurements such as the time spent in movement, which can be reflected on the distance traveled on a rotating cylinder, making it a valuable tool for assessing locomotor activity [31]. Also, it can also be considered a form of forced exercise that also might affect anxiety and alter spatial learning/memory [32]. Therefore, the improvement of locomotor activity that was noticed during the current experiment, specifically in the CR group, indirectly emphasizes the effect of exercise alone in improving the locomotor activity, which might be an additional factor in the current experiment that resulted in an alleviation of the hypolocomotor side effects that are associated with OLZ treatment. Consequently, it would be beneficial to compare the rotarod test with other established methods used for assessing locomotor activity in the existing literature, such as the open field test, which evaluates exploratory behavior and general activity in addition to motor activity [33]. Utilizing multiple assessment methods in future studies will provide a more comprehensive understanding of locomotor activity and its associated behaviors in the presence of HBOT.



To counteract the negative impact of OLZ on locomotor activity, patients are often advised to engage in physical activity due to its positive effects on improving their quality of life [34,35,36]. Patients who adhered to exercise have shown an improvement in their motor activity, which is also reflected in the OLZ-induced obesity [6]. This observation was also reported previously using an animal model, where exercise ameliorated the side effects by avoiding weight gain and glucose tolerance [37]. Also, exhaustive exercise but not moderate was able to protect against OLZ-induced hyperglycemia [38]. However, exercise may be an unfavorable choice for patients receiving antipsychotics, which explains the lack of comprehensive studies about this intervention in the literature [6]. For instance, in schizophrenia patients, engaging in physical activity may seem unattainable due to a lack of motivation, stress, mood instability, and lack of social support [39,40]. In addition, these challenges urge patients and physicians to develop new strategies to improve the quality of life of patients taking OLZ chronically.



HBOT is a safe therapy for several troublesome diseases that require improving physical activity, mental and physical health, and enhancing social performance [41]. It has anti-oxidative, anti-inflammatory, neuroprotective, and anti-apoptotic properties [42]. The present study utilizes HBOT as an alternative, more manageable therapy to mitigate the reduction in locomotor activity caused by OLZ treatment. The findings indicate that HBOT can alleviate OLZ-induced locomotor side effects as early as 30 min post-administration, with significant improvements observed after 11 days of continuous OLZ treatment (Figure 3A). Notably, the beneficial effect of combining HBOT and OLZ (HBOOLZ group) became evident after 3 days of HBOT application, particularly at 60 and 120 min following daily OLZ administration (Figure 3B,C).



Oxidative stress is known to play a significant role in the pathophysiology of schizophrenia, cognitive decline, and behavioral abnormalities [43]. While it is not the sole cause of these conditions, research has indicated that individuals with schizophrenia often exhibit reduced levels of antioxidant enzymes [44]. Interventions and medications targeting oxidative stress have been suggested as potential approaches for schizophrenia treatment [45]. Studies have observed increased antioxidant enzyme activity in serum samples collected from OLZ-treated patients, suggesting OLZ’s potential in mitigating the negative impact of oxidative stress commonly associated with schizophrenia [3,46]. However, some previous reports indicated that long-term OLZ use may induce oxidative stress, necessitating the monitoring of oxidative stress levels [47,48]. Overall, managing OLZ-induced oxidative stress remains complex, as short-term OLZ use may boost antioxidant defenses, but extended use has been linked to mitochondrial dysfunction and increased production of reactive oxygen species (ROS), which can overwhelm the body’s natural defense [47,48,49]. It is intriguing to note the interplay between HBOT and exercise in relation to oxidative stress. Human and animal studies have demonstrated that regular exercise can initially induce oxidative stress but ultimately adapt to this stress by upregulating antioxidant enzymes [50]. This adaptation is reflected in reduced oxidative stress markers and increased antioxidant markers [51].



After 14 days of daily administration of OLZ to rats at a high dose in the current experiment, the TAC seems to be upregulated in this particular group compared to the CR group (Figure 4). This highlights the importance of monitoring oxidative stress levels during OLZ treatment. On the other hand, HBOT offers a non-pharmacological approach that also has conflicting results in regard to oxidative stress and antioxidant capacity. In several studies, it was reported that HBOT does not directly affect systemic TAC but promotes tissue repair and oxygenation, helping to mitigate oxidative damage [52] and has been shown to reduce ROS and inflammation in tissue healing [52]. During our HBOT experiments, our aim was not to nullify the effectiveness of OLZ by delaying its initial antioxidant properties. We even expected HBOT to improve antioxidant status; however, this outcome was not achieved. Our data revealed a significant increase in total antioxidant capacity after OLZ treatment that was not affected when HBOT was co-administered in the HBOOLZ group (Figure 4). A likely explanation is the use of the rotarod to measure locomotor activity, which essentially acts as a form of exercise for the animals. Regular physical exercise, despite initially raising oxidative stress, leads to a long-term adaptive response by upregulating antioxidant enzymes, further reducing oxidative damage [53]. Since exercise is well-documented to upregulate antioxidant production, it may have elevated the baseline TAC levels, masking any additional effects of HBOT. Nevertheless, we were able to demonstrate that the combination of HBOT and exercise, achieved by running on rotarod in the current experiment, synergistically enhanced the beneficial properties of OLZ, which probably improved the side effects associated with OLZ without compromising its pharmacological efficacy.



As stated earlier, the role of oxidative stress in the pathogenesis of schizophrenia has been recognized, as elevated oxidative stress markers and reactive oxygen species (ROS) were prominent in patients [54]. This is thought to contribute to neurodegeneration and cognitive decline in schizophrenia, complicating the disease’s progression. Enhancing antioxidant capacity could play a fundamental role in mitigating this damage, as increased antioxidant levels can specifically help neutralize ROS and protect neural tissues [55]. In this context, HBOT may not only counter hypoxia but may also offer potential benefits by reducing oxidative stress and promoting cellular repair [52]. This makes it a valuable complementary treatment option to olanzapine, for which the antioxidant activity seems to eventually fade with time and more likely exaggerate the oxidative stress resulting from prolonged OLZ treatment [47,49].



Finally, assessing the feasibility of implementing HBOT in clinical settings is vital, with careful consideration of its socioeconomic impact and patient acceptance. As this is the first study proposing HBOT as part of the treatment protocol for schizophrenic patients to subside side effects, further clinical trials are essential to establish a formalized HBOT protocol, particularly in conjunction with OLZ treatment. These trials may indicate the importance of HBOT during the early stages of OLZ therapy, when patients are more vulnerable to side effects, and suggest that, as patients adapt to the medication (OLZ), the frequency of HBOT sessions could be gradually reduced to once or twice per week. Additionally, the option of personalized HBOT chambers for home use, allowing for short daily sessions (10–15 min), could offer a more accessible and less physically demanding alternative to the intense exercise usually suggested to schizophrenia patients, which may not be practical or appealing for them.



In summary, the utilization of HBOT has the potential to decrease the adverse effects on locomotor activity associated with OLZ and enhance the overall well-being of patients. It is interesting to note from the existing literature that there are numerous shared beneficial properties between HBOT and exercise which are usually recommended to schizophrenic patients treated with OLZ. These advantages could be implemented not only as a supplement to antipsychotic treatment but also to enhance the patient’s quality of life and potentially address the underlying mechanisms of mental illness. We recommend conducting further research to establish the safety and efficacy of HBOT in human subjects, with the aim of alleviating the negative impact of OLZ on locomotor activity, which significantly influences patients’ quality of life and overall wellness.




5. Conclusions


This study provides compelling evidence supporting the therapeutic potential of HBOT in ameliorating the reduction in locomotor activity induced by OLZ administration. The findings underscore the importance of exploring adjunctive treatments such as HBOT to enhance the overall efficacy and tolerability of antipsychotics, ultimately improving outcomes for patients with mental illnesses.







Author Contributions


Conceptualization, A.A. and M.K.; methodology, L.A. and R.A.-A.; validation, A.A., M.K., B.K. and M.Q.A.-G.; investigation, A.A. and M.K.; data curation, A.A. and M.K.; writing—original draft preparation, L.A.; writing—review and editing, B.K.; project administration, A.A., M.K. and L.A.; funding acquisition, A.A., M.K. and M.Q.A.-G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Deanship of Research at Jordan University of Science and Technology grant number (2020/513). Further, this research was funded by the Researchers Supporting Project number (RSPD2024R811), King Saud University, Riyadh, Saudi Arabia.




Institutional Review Board Statement


Ethics Committee Name: JUST-Animal Care and Use Committee; Approval Code: 49/2020; Approval Date: 28 September 2020.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Acknowledgments


The authors would like to express their gratitude to the animal house staff for their collaboration and to Al-Hikma Pharmaceuticals for providing olanzapine.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Faden, J.; Citrome, L. Schizophrenia: One name, many different manifestations. Med. Clin. 2023, 107, 61–72. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Abi-Dargham, A.; Laruelle, M. Mechanisms of action of second generation antipsychotic drugs in schizophrenia: Insights from brain imaging studies. Eur. Psychiatry 2005, 20, 15–27. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Al-Chalabi, B.M.; Thanoon, I.A.; Ahmed, F.A. Potential effect of olanzapine on total antioxidant status and lipid peroxidation in schizophrenic patients. Neuropsychobiology 2009, 59, 8–11. [Google Scholar] [CrossRef] [Scilit]

	



Brinholi, F.F.; de Farias, C.C.; Bonifácio, K.L.; Higachi, L.; Casagrande, R.; Moreira, E.G.; Barbosa, D.S. Clozapine and olanzapine are better antioxidants than haloperidol, quetiapine, risperidone and ziprasidone in in vitro models. Biomed. Pharmacother. 2016, 81, 411–415. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Krzystanek, M.; Krzystanek, E.; Trzeciak, H.I.; Małecki, A.; Krupka-Matuszczyk, I.; Janas-Kozik, M.; Rybakowski, J.K. Effects of olanzapine and paroxetine on phospholipase D activity in the rat brain. Pharmacol. Rep. 2013, 65, 724–749. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Archie, S.; Wilson, J.H.; Osborne, S.; Hobbs, H.; McNiven, J. Pilot study: Access to fitness facility and exercise levels in olanzapine-treated patients. Can. J. Psychiatry 2003, 48, 628–632. [Google Scholar] [CrossRef] [Scilit]

	



Dayabandara, M.; Hanwella, R.; Ratnatunga, S.; Seneviratne, S.; Suraweera, C.; de Silva, V.A. Antipsychotic-associated weight gain: Management strategies and impact on treatment adherence. Neuropsychiatr. Dis. Treat. 2017, 13, 2231–2241. [Google Scholar] [CrossRef] [Scilit]

	



Miller, D.D. Atypical antipsychotics: Sleep, sedation, and efficacy. Prim. Care Companion J. Clin. Psychiatry 2004, 6 (Suppl. 2), 3. [Google Scholar]

	



Jang, Y.; Hur, H.J.; Park, B.; Park, H.Y. Psychosocial Factors Associated with dizziness and chronic dizziness: A nationwide cross-sectional study. BMC Psychiatry 2024, 24, 13. [Google Scholar] [CrossRef] [Scilit]

	



Kiang, M.; Daskalakis, Z.J.; Christensen, B.K.; Remington, G.; Kapur, S. Actigraphic measurement of the effects of single-dose haloperidol and olanzapine on spontaneous motor activity in normal subjects. J. Psychiatry Neurosci. 2003, 28, 293–299. [Google Scholar] [CrossRef] [Scilit]

	



Walther, S.; Horn, H.; Razavi, N.; Koschorke, P.; Wopfner, A.; Müller, T.J.; Strik, W. Higher motor activity in schizophrenia patients treated with olanzapine versus risperidone. J. Clin. Psychopharmacol. 2010, 30, 181–184. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chaves, K.M.; Serrano-Blanco, A.; Ribeiro, S.B.; Soares, L.A.; Guerra, G.C.; do Socorro Costa Feitosa Alves, M.; de Araújo Júnior, R.F.; de Paula Soares Rachetti, V.; Filgueira Júnior, A.; de Araújo, A.A. Quality of life and adverse effects of olanzapine versus risperidone therapy in patients with schizophrenia. Psychiatr. Q 2013, 84, 125–135. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gardner, D.M.; Baldessarini, R.J.; Waraich, P. Modern antipsychotic drugs: A critical overview. Cmaj 2005, 172, 1703–1711. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Johnstone, R.; Nicol, K.; Donaghy, M.; Lawrie, S. Barriers to uptake of physical activity in community-based patients with schizophrenia. J. Ment. Health 2009, 18, 523–532. [Google Scholar] [CrossRef] [Scilit]

	



Kim, D.D.; Lang, D.J.; Warburton, D.E.; Barr, A.M.; White, R.F.; Honer, W.G.; Procyshyn, R.M. Exercise and worsening of extrapyramidal symptoms during treatment with long-acting injectable antipsychotics. Pharmacy 2021, 9, 123. [Google Scholar] [CrossRef] [Scilit]

	



Weber, M.; Wyne, K. A cognitive/behavioral group intervention for weight loss in patients treated with atypical antipsychotics. Schizophr. Res. 2006, 83, 95–101. [Google Scholar] [CrossRef] [Scilit]

	



Ortega, M.A.; Fraile-Martinez, O.; García-Montero, C.; Callejón-Peláez, E.; Sáez, M.A.; Álvarez-Mon, M.A.; García-Honduvilla, N.; Monserrat, J.; Álvarez-Mon, M.; Bujan, J.; et al. A general overview on the hyperbaric oxygen therapy: Applications, mechanisms and translational opportunities. Medicina 2021, 57, 864. [Google Scholar] [CrossRef] [Scilit]

	



Tibbles, P.M.; Edelsberg, J.S. Hyperbaric-oxygen therapy. N. Engl. J. Med. 1996, 334, 1642–1648. [Google Scholar] [CrossRef] [Scilit]

	



Ding, Z.; Tong, W.C.; Lu, X.X.; Peng, H.P. Hyperbaric oxygen therapy in acute ischemic stroke: A review. Interv. Neurol. 2014, 2, 201–211. [Google Scholar] [CrossRef] [Scilit]

	



Sureda, A.; Batle, J.M.; Martorell, M.; Capó, X.; Tejada, S.; Tur, J.A.; Pons, A. Antioxidant response of chronic wounds to hyperbaric oxygen therapy. PLoS ONE 2016, 11, e0163371. [Google Scholar] [CrossRef] [Scilit]

	



Vadas, D.; Kalichman, L.; Hadanny, A.; Efrati, S. Hyperbaric oxygen environment can enhance brain activity and multitasking performance. Front. Integr. Neurosci. 2017, 11, 292150. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Clark, J.D.; Gebhart, G.F.; Gonder, J.C.; Keeling, M.E.; Kohn, D.F. The 1996 guide for the care and use of laboratory animals. ILAR J. 1997, 38, 41–48. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Mann, S.; Chintoh, A.; Giacca, A.; Fletcher, P.; Nobrega, J.; Hahn, M.; Remington, G. Chronic olanzapine administration in rats: Effect of route of administration on weight, food intake and body composition. Pharmacol. Biochem. Behav. 2013, 103, 717–722. [Google Scholar] [CrossRef] [Scilit]

	



Altarifi, A.; Alsalem, M.; Mustafa, A. Effects of intraplantar administration of Complete Freund’s Adjuvant (CFA) on rotarod performance in mice. Scand. J. Pain 2019, 19, 805–811. [Google Scholar] [CrossRef] [Scilit]

	



van der Zwaal, E.M.; Luijendijk, M.C.; Evers, S.S.; la Fleur, S.E.; Adan, R.A. Olanzapine affects locomotor activity and meal size in male rats. Pharmacol. Biochem. Behav. 2010, 97, 130–137. [Google Scholar] [CrossRef] [Scilit]

	



Wiley, J.L. Antipsychotic-induced suppression of locomotion in juvenile, adolescent and adult rats. Eur. J. Pharmacol. 2008, 578, 216–221. [Google Scholar] [CrossRef] [Scilit]

	



Seeman, M.V. Men and women respond differently to antipsychotic drugs. Neuropharmacology 2020, 163, 107631. [Google Scholar] [CrossRef] [Scilit]

	



Seeman, M.V. The pharmacodynamics of antipsychotic drugs in women and men. Front. Psychiatry 2021, 12, 650904. [Google Scholar] [CrossRef] [Scilit]

	



Kokras, N.; Dalla, C. Sex differences in animal models of psychiatric disorders. Br. J. Pharmacol. 2014, 171, 4595–4619. [Google Scholar] [CrossRef] [Scilit]

	



Pu, C.; Huang, B.; Zhou, T.; Cheng, Z.; Wang, Y.; Shi, C.; Yu, X. Gender differences in the first-year antipsychotic treatment for Chinese first-episode schizophrenia. Neuropsychiatr. Dis. Treat. 2020, 16, 3145–3152. [Google Scholar] [CrossRef] [Scilit]

	



Kirschbaum, K.M.; Hiemke, C.; Schmitt, U. Rotarod impairment: Catalepsy-like screening test for antipsychotic side effects. Int. J. Neurosci. 2009, 119, 1509–1522. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hung, Y.F.; Hsueh, Y.P. TLR7 and IL-6 differentially regulate the effects of rotarod exercise on the transcriptomic profile and neurogenesis to influence anxiety and memory. Iscience 2021, 24, 102384. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Walsh, R.N.; Cummins, R.A. The open-field test: A critical review. Psychol. Bull. 1976, 83, 482. [Google Scholar] [CrossRef]

	



Acil, A.A.; Dogan, S.; Dogan, O. The effects of physical exercises to mental state and quality of life in patients with schizophrenia. J. Psychiatr. Ment. Health Nurs. 2008, 15, 808–815. [Google Scholar] [CrossRef] [Scilit]

	



Mittal, V.A.; Vargas, T.; Juston Osborne, K.; Dean, D.; Gupta, T.; Ristanovic, I.; Hooker, C.I.; Shankman, S.A. Exercise treatments for psychosis: A review. Curr. Treat. Options Psychiatry 2017, 4, 152–166. [Google Scholar] [CrossRef] [Scilit]

	



Smith, P.J.; Merwin, R.M. The role of exercise in management of mental health disorders: An integrative review. Annu. Rev. Med. 2021, 72, 45–62. [Google Scholar] [CrossRef] [Scilit]

	



Boyda, H.N.; Ramos-Miguel, A.; Procyshyn, R.M.; Töpfer, E.; Lant, N.; Choy, H.H.; Wong, R.; Li, L.; Pang, C.C.; Honer, W.G.; et al. Routine exercise ameliorates the metabolic side-effects of treatment with the atypical antipsychotic drug olanzapine in rats. Int. J. Neuropsychopharmacol. 2014, 17, 77–90. [Google Scholar] [CrossRef] [Scilit]

	



Castellani, L.N.; Peppler, W.T.; Miotto, P.M.; Bush, N.; Wright, D.C. Exercise protects against olanzapine-induced hyperglycemia in male C57BL/6J mice. Sci. Rep. 2018, 8, 772. [Google Scholar] [CrossRef] [Scilit]

	



Firth, J.; Rosenbaum, S.; Stubbs, B.; Gorczynski, P.; Yung, A.R.; Vancampfort, D. Motivating factors and barriers towards exercise in severe mental illness: A systematic review and meta-analysis. Psychol. Med. 2016, 46, 2869–2881. [Google Scholar] [CrossRef] [Scilit]

	



Vancampfort, D.; De Hert, M.; Stubbs, B.; Ward, P.B.; Rosenbaum, S.; Soundy, A.; Probst, M. Negative symptoms are associated with lower autonomous motivation towards physical activity in people with schizophrenia. Compr. Psychiatry 2015, 56, 128–132. [Google Scholar] [CrossRef] [Scilit]

	



Nourmohammadi, A.; Doaee, M.; Fazel, A.M.; Mousavi, S.A. Hyperbaric oxygen therapy and quality of life: A systematic review. Ann. Mil. Health Sci. Res. 2017, 15, e59684. [Google Scholar] [CrossRef] [Scilit]

	



Ahmadi, F.; Khalatbary, A.R. A review on the neuroprotective effects of hyperbaric oxygen therapy. Med. Gas Res. 2021, 11, 72–82. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Salim, S. Oxidative stress and the central nervous system. J. Pharmacol. Exp. Ther. 2017, 360, 201–205. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bitanihirwe, B.K.; Woo, T.U. Oxidative stress in schizophrenia: An integrated approach. Neurosci. Biobehav. Rev. 2011, 35, 878–893. [Google Scholar] [CrossRef] [Scilit]

	



Guler, E.M.; Kurtulmus, A.; Gul, A.Z.; Kocyigit, A.; Kirpinar, I. Oxidative stress and schizophrenia: A comparative cross-sectional study of multiple oxidative markers in patients and their first-degree relatives. Int. J. Clin. Pract. 2021, 75, e14711. [Google Scholar] [CrossRef] [Scilit]

	



Caruso, G.; Grasso, M.; Fidilio, A.; Tascedda, F.; Drago, F.; Caraci, F. Antioxidant properties of second-generation antipsychotics: Focus on microglia. Pharmaceuticals 2020, 13, 457. [Google Scholar] [CrossRef] [Scilit]

	



Boz, Z.; Hu, M.; Yu, Y.; Huang, X.F. N-acetylcysteine prevents olanzapine-induced oxidative stress in mHypoA-59 hypothalamic neurons. Sci. Rep. 2020, 10, 19185. [Google Scholar] [CrossRef] [Scilit]

	



Türkez, H.; Toğar, B. The genotoxic and oxidative damage potential of olanzapine in vitro. Toxicol. Ind. Health 2010, 26, 583–588. [Google Scholar] [CrossRef] [Scilit]

	



De Simone, G.; Mazza, B.; Vellucci, L.; Barone, A.; Ciccarelli, M.; de Bartolomeis, A. Schizophrenia synaptic pathology and antipsychotic treatment in the framework of oxidative and mitochondrial dysfunction: Translational highlights for the clinics and treatment. Antioxidants 2023, 12, 975. [Google Scholar] [CrossRef] [Scilit]

	



Yung, L.M.; Yung, M.; Yao, X.; Chen, Z.Y.; Huang, Y.; Leung, F.P. Exercise, vascular wall and cardiovascular diseases: An update (part 2). Sports Med. 2009, 39, 45–63. [Google Scholar] [CrossRef] [Scilit]

	



Ye, Y.; Lin, H.; Wan, M.; Qiu, P.; Xia, R.; He, J.; Tao, J.; Chen, L.; Zheng, G. The effects of aerobic exercise on oxidative stress in older adults: A systematic review and meta-analysis. Front. Physiol. 2021, 12, 701151. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



De Wolde, S.D.; Hulskes, R.H.; Weenink, R.P.; Hollmann, M.W.; Van Hulst, R.A. The effects of hyperbaric oxygenation on oxidative stress, inflammation and angiogenesis. Biomolecules 2021, 11, 1210. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lira Ferrari, G.S.; Bucalen Ferrari, C.K. Exercise modulation of total antioxidant capacity (TAC): Towards a molecular signature of healthy aging. Front. Life Sci. 2011, 5, 81–90. [Google Scholar] [CrossRef] [Scilit]

	



Murray, A.J.; Rogers, J.C.; Katshu, M.Z.; Liddle, P.F.; Upthegrove, R. Oxidative stress and the pathophysiology and symptom profile of schizophrenia spectrum disorders. Front. Psychiatry 2021, 12, 703452. [Google Scholar] [CrossRef] [Scilit]

	



Silvestrini, A.; Meucci, E.; Ricerca, B.M.; Mancini, A. Total antioxidant capacity: Biochemical aspects and clinical significance. Int. J. Mol. Sci. 2023, 24, 10978. [Google Scholar] [CrossRef] [Scilit]








[image: Life 14 01482 g001] 





Figure 1. The impact of a single intraperitoneal injection of females (F OLZ; n = 5; Panel (A)) and males (M OLZ; n = 6; Panel (B)) with OLZ (10 mg/kg) or drug vehicle on rats’ activity on the rotarod. The rats’ locomotor activity was monitored until it returned to baseline levels for the time points presented on the x-axis. The percentage reflects the rotarod performance by averaging the readings from each time point and comparing to the baseline activity recorded for each animal at the end of its device adaptation period, before the administration of OLZ. The reading at each time point was obtained from one running trial on the rotarod device for each rat. Asterisks represent a significant difference compared to vehicle with a p-value less than 0.05, and the data are expressed as Mean ± SEM of percentages. 
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Figure 2. Effects of HBOT on female rats (HBOT group n = 14; CR group n = 14). Animals received vehicle injection for 14 days (divided into time intervals, (1–2), (3–6), (7–10), and (11–14), with daily intraperitoneal vehicle injections. The percentage reflects the rotarod performance by averaging the readings from the days indicated on the x-axis and comparing them to the baseline activity recorded for each animal at the end of the adaptation period, before the administration of HBOT. The reading at each time point was obtained as an average of 3 successive running trials for each rat on the rotarod device. The time points tested after OLZ injection were (A) 30 min, (B) 60 min, (C) 120 min, and (D) 24 h. Data are expressed as a Mean ± SEM of percentages. Gray bars are displayed only when the differences between groups reach statistical significance, with a p-value below 0.05. 
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Figure 3. Effects of HBOT on rotarod activity on animals that received 10 mg/kg OLZ for 14 days (divided into blocks of (1–2), (3–6), (7–10), and (11–14). The percentage reflects the rotarod performance by averaging the readings from the days indicated on the x-axis and comparing them to the baseline activity recorded for each animal at the end of the adaptation period, before the administration of OLZ or HBOT. The reading at each time point was obtained as an average of 3 successive running trials for each rat on the rotarod device. The time points tested after OLZ injection were (A) 30 min, (B) 60 min, (C) 120 min, and (D) 24 h. Data are expressed as a Mean ± SEM of percentages. Gray bars are displayed only when the differences between groups reach statistical significance, with a p-value below 0.05. 
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Figure 4. TAC as a result of 14 days of treatment assessed in brain homogenized samples. Data are expressed as a Mean ± SEM of percentages. The significant difference with a p-value less than 0.05 is represented by asterisks in comparison to control (CR). 
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Table 1. Experimental design to assess the effect of HBOT on locomotor activity in SD rats receiving OLZ injection.
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	Groups
	Abbreviations
	HBOT
	OLZ Injection
	Animals Number





	Control
	CR
	None
	None
	14



	HBOT only
	HBOT
	Present
	None
	14



	OLZ
	OLZ
	None
	Present
	24



	HBOT + OLZ
	HBOOLZ
	Present
	Present
	24
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