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Editorial on the Research Topic
 Microcirculation Guided/Targeted Resuscitation



In 1740, Henri-François Le Dran, a French surgeon, observed and described a peculiar state of “saissisement,” which commonly follows gunshot wounds. When his treatise was published in London in 1743, this French term was translated as “shock and agitation,” the first noted description of a syndrome “which suspends the laws of economy for a few moments” (1). The 280 years since then have seen numerous advances in the mechanism and treatment of this condition through meticulous experimental and clinical research, and our current knowledge on shock categories is deeply rooted in the classical work of George Crile, William Bayliss, Walter Cannon, and Alfred Blalock, to name just a few of the exceptional scientists in the field. Today, their well-established tradition defines shock as circulatory failure, which results in inadequate cellular oxygen utilization and shock conditions, which are characterized by generalized hypoxia/dysoxia or by circulatory dysfunction leading to systemic hypoxia. Nevertheless, shock classifications once thought appropriate and shock mechanisms based on clinical etiologies have been revised numerous times, and today it is perhaps timely to point in new directions again, which would conceivably improve our understanding of this still deadly syndrome.

Of these directions, the importance of microcirculatory investigations should be highlighted first. Like the long evolutionary history of shock research itself, attempts to measure and characterize the performance of human microcirculation have spanned a number of decades, from the first reports on the use of capillary microscopy in 1916 (2) to the first handheld video microscope that provided real-time, dynamic observations at the bedside (3). With these incremental technical advances, it is now recognized that shock-induced peripheral microcirculatory responses are not always connected to macrocirculatory changes, and, likewise, macrohaemodynamic variables cannot always be relied upon to monitor the outcome of shock conditions. Therefore, according to our current understanding, the circulatory consequences of shock can be broadly categorized into those where the macrohaemodynamics are deranged and those where the microcirculation is malfunctioning.

Another related area to be explored in more detail is mitochondrial energetics. The human body employs a wide range of defense mechanisms which react to all types and levels of severity of external or internal insults that disrupt the physiological homeostasis, and, after various durations of compensation, the common denominator of shock states is the failure of energy production essential to maintaining a low-entropy intracellular state. Several reliable techniques are now available to measure the respiratory properties of mitochondria in cells, tissue fractions or whole tissue samples. Protocols for high-resolution respirometry offer sensitive analyses of oxidative phosphorylation and diagnostics for the pathophysiology of a wide array of mitochondrial dysfunctions and with a novel technique (introduced by Baumbach et al. in this issue) non-invasive in vivo mitoPO2 measurement is also possible.

Substrates and carrier capacity are necessary for the mitochondrion to produce energy. According to this logic, the origins of irreversible, shock-related functional/structural defects should be located at the business end of the cardiovascular system, at the arteriolo-capillary and/or intracellular-mitochondrial junctions. Not surprisingly, the mechanisms of microcirculatory-mitochondrial failures are in the focus of renewed scientific interest. According to this unifying reasoning, whatever the etiology, microcirculatory failure is involved in the syndrome which we call “shock,” and, whatever the mechanism, the mitochondria do not receive sufficient fuel to maintain the energy production necessary for a non-equilibrated cellular metabolic system. This approach may seem to be simplified, but at this stage we can introduce a newly coined term to describe the main components of shock-induced generalized derangements within the circulatory system. According to thought-provoking suggestions by Can Ince, the haemodynamic coherence between the macro- and microcirculation can be defined as “the condition in which resuscitation procedures aimed at the correction of systemic haemodynamic variables are effective in correcting regional and microcirculatory perfusion and oxygen delivery to the parenchymal cells such that the cells are able to perform their functional activities in support of organ function” (4). Most importantly, this interpretation can be expanded to cover the totality of shock pathophysiology, toward the central, macro-, micro-, and subcellular pieces of the patchwork. Figure 1 shows a conceptual framework with connection points where the coherence between the main performers can be lost—and can also be rebuilt, starting from the central pumping station down to the subcellular oxygen dynamics and vice-versa. This might be true in the given coordinates, and, if we accept this holistic view, the final task of a researcher could be to determine the weight of each component in a given timeframe and in a given shock scenario so as to influence the completeness of the “uncoupled” process.


[image: Figure 1]
FIGURE 1. Loss of coherence between the components of hemodynamics - leading to circulatory shock.


We felt especially privileged to write this editorial for a Research Topic that offered high-caliber articles, highlighting many advances in the field. Of the 11 publications, three can be considered to address mechanistic pathways, two to refine existing diagnostic methodologies, and six to improve our understanding of treatment options. In the next part, a brief background outlines the rationale for and novel findings of each study.


MECHANISM

The first article in this series is a thought-provoking paper by Merz et al., where the authors provide a very thorough discussion of a philosophical question (i.e., what to choose for resuscitation in shock conditions, the microcirculation or the mitochondria?) In this line, the review synthesizes our current knowledge of the technical background on how to measure microcirculation and mitochondrial function and the possibilities of microcirculation- or mitochondrion-directed therapies and the advantages and disadvantages of tailoring resuscitation protocols to one or another direction, while the authors remind us that none of the promising microvasculature- or mitochondrial-targeted pre-clinical therapeutic approaches have yet found their way into clinical practice. Readers will find this article of great interest as it presents an excellent review of a critical question and provides many clues, hints, and guidelines for the design of future therapies.

The next two articles are basic science papers that evaluate and further elucidate important mechanistic pathways. Luís et al. provide new insights into the involvement of circulating microRNAs (miRNAs) in endoplasmic reticulum (ER) stress and unfolded protein response (UPR). The authors identified 40 differently upregulated miRNAs in a rodent model of trauma-haemorrhagic shock, of which the vast majority was in close correlation with liver injury markers. Since extracellular vesicles carrying miRNAs have been identified as regulators of intercellular communication, data from these elegant studies indicate that miRNA profiles can provide a rationale for the development of novel therapeutic strategies.

A paper by Warenits et al. reports on the results of a long-term observation study of the pathomechanism of cerebral neurodegeneration caused by cardiac arrest and resuscitation. The authors analyzed several markers of gliosis and parameters of activation of inflammatory and cell-death pathways in the hippocampus and motor cortex in a clinically relevant animal model. Their data revealed decreased haem oxygenase (HO) activity in these brain regions 2 weeks after global ischemia, suggesting causality for HO or HO products in the delayed neurodegenerative processes in these vulnerable brain regions.


Diagnostics

Methane in the human body can originate in the gastrointestinal tract, and the reduction of mesenteric perfusion is among the first homeostatic responses during internal bleeding. This is the background for a basic science article by Bársony et al. which explored the diagnostic value of continuous, real-time detection of exhaled methane levels as compared to intravital sublingual microscopy, a clinical method already in use; the final goal was to recognize internal hemorrhage in a large animal model. The methane-based detection indicated the presence of bleeding at an early stage and closely followed changes in mesenteric perfusion during hemorrhage and resuscitation as well, with a diagnostic value comparable to the sublingual microcirculatory monitoring. The study therefore presents an interesting consideration for the development of future clinical trials.

A clinical article by Baumbach et al. reports on a novel non-invasive diagnostic device for an in vivo assessment of mitochondrial oxygen tension (mitoPO2) in humans. The mitochondrial performance parameters were measured in the skin with the protoporphyrin IX-triplet state lifetime technique (PpIX-TSLT), with mitochondrial oxygen consumption changes closely related to gas exchange variables and blood gas parameters during cardiopulmonary exercise testing. As this device allows the direct measurement of oxygen metabolism on the cellular level, it could be a promising tool not only in high-performance sports, but in a clinical setting as well.




THERAPIES

Despite fairly extensive studies, the exact mechanistic details behind the side-effects of non-steroid anti-inflammatory drugs (NSAIDs) are not completely understood as yet. To address this, Herminghaus et al. investigated the concentration- and tissue-dependent effects of indomethacin on mitochondrial respiration in different organs, and the data revealed that indomethacin increases the efficacy of oxygen utilization of colonic mitochondria but uncouples hepatic mitochondria, predominantly through complex I. Taken together, the organ-specific, dose-dependent, and complex-specific effects of indomethacin warrant further confirmation with in vivo studies.

The next preclinical study focuses on a special subtype of shock. Rewarming victims of hypothermia is often accompanied by reduced cardiac output (CO) and decreased mean arterial blood pressure, which is termed “rewarming shock.” Håheim et al. used a rat model instrumented for measurements of haemodynamic function and organ blood flow (OBF) during stable hypothermia and rewarming to document the effects of two pharmacologic strategies employing vasodilator or inodilator compounds. In terms of blood flow to the brain, both approaches were effective, while CO was elevated to different levels. Mechanistically, the findings indicated that increased vascular resistance is a central element in the complex pathophysiology of rewarming from hypothermia.

The tryptophan-L-kynurenine pathway has been implicated in many inflammatory disorders in the central nervous system, and elevated plasma levels of the glutamate receptor antagonist kynurenic acid (KYNA) have been reported in septic shock patients as well. The next basic science paper by Juhász et al. used a rodent model of intraabdominal sepsis to investigate whether the microcirculation and mitochondrial function is affected by exogenously administered KYNA or a synthetic analog. Both treatment protocols attenuated the deleterious consequences of oxidative/nitrosative stress and resulted in lower inflammatory mediator release. The synthetic KYNA analog SZR-72 markedly improved the key indices of mitochondrial function in liver homogenate after sepsis induction, but only KYNA ameliorated sepsis-related microcirculatory perfusion deficit (a reduction in capillary perfusion and an increase in perfusion heterogeneity), suggesting again a dissociation between the efficacy of mitochondrial and/or microcirculatory treatment strategies in sepsis.

Haemorrhagic shock is the leading cause of preventable death after severe traumas, and melatonin administration during resuscitation improved survival in animal models of haemorrhagic shock and polytrauma. In the next basic science study, Truse et al. tested whether the topical application of melatonin to the gastric mucosa may influence gastric microcirculation in the context of haemorrhagic shock. Melatonin application had no influence on macrohaemodynamic variables, but, besides anti-inflammatory and anti-oxidative actions, the authors demonstrated the significant modulation of the gastric microcirculatory oxygenation as a novel aspect of the tissue-protective effects of melatonin.

The anti-inflammatory potential of ethyl pyruvate (EtP) is associated with reduced systemic inflammation. In relation to trauma, using a clinically-relevant double-hit model of hemorrhage and blunt chest trauma, Dieteren et al. demonstrated a mechanism through which the organ-protective effects of EtP may be linked to the decreased systemic activation of circulating leukocytes. This important line of investigation supports the need for additional studies to further discern the specific dose- and time-dependent influence of EtP on post-traumatic inflammatory response and outcomes.

Traumas and surgeries often present significant challenges to providing accurate resuscitation when blood products or whole blood are not available. To address this anticipated medical need, many possibilities are explored employing solutions that carry oxygen as alternatives. Munoz et al. provided an excellent review of the microvascular pathophysiology of clinical and experimental haemorrhagic shock. The authors innovatively—and convincingly—suggest that the present focus on restoring blood volume and oxygen-carrying capacity should be redirected toward artificial blood substitutes which are designed to restore blood viscosity.

In summary, the studies presented here have provided a significantly greater understanding of the components of shock syndrome that affect critically ill and injured patients. We thank the authors for their original and thought-provoking contributions.
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Circulatory shock is associated with marked disturbances of the macro- and microcirculation and flow heterogeneities. Furthermore, a lack of tissue adenosine trisphosphate (ATP) and mitochondrial dysfunction are directly associated with organ failure and poor patient outcome. While it remains unclear if microcirculation-targeted resuscitation strategies can even abolish shock-induced flow heterogeneity, mitochondrial dysfunction and subsequently diminished ATP production could still lead to organ dysfunction and failure even if microcirculatory function is restored or maintained. Preserved mitochondrial function is clearly associated with better patient outcome. This review elucidates the role of the microcirculation and mitochondria during circulatory shock and patient management and will give a viewpoint on the advantages and disadvantages of tailoring resuscitation to microvascular or mitochondrial targets.

Keywords: circulatory shock, oxidative stress, hypoxia, organ failure, inflammation


INTRODUCTION

Shock can be defined as the “imbalance between oxygen supply and requirements” (1). This imbalance can be due to “inadequate O2 transport” resulting from “hypovolemia,” “cardiogenic factors” (e.g., myocardial infarction), “obstruction” (e.g., pulmonary embolism), and/or “distributive shock” (e.g., septic shock), which is characterized by “decreased systemic vascular resistance and altered oxygen extraction” (1). Hence, cellular hypoxia is central to shock pathophysiology. Current resuscitation strategies mainly address macrocirculatory targets to restore appropriate tissue perfusion, but achieving these targets does not necessarily result in improved microcirculatory perfusion, since there may be a marked dissociation between the former and the latter (2–4).

It is beyond any doubt that circulatory shock, no matter whether it is septic (5) or traumatic-hemorrhagic (i.e., hypovolemic) (6), is associated with marked disturbances of the microcirculation. Moreover, it is well-established that survivors present with improved markers of microcirculatory perfusion (7, 8). Nevertheless, it remains a matter of debate as to whether this is an epiphenomenon or a causal relationship, in other words, whether “recruiting the microcirculation” (9) or “microvascular resuscitation” (10) is the “magic bullet” that will improve survival after circulatory shock. This question still raises fairly equivocal viewpoints (9, 11, 12). Trezciak et al. (13) failed to demonstrate any relationship between changes in microcirculatory markers and the severity of organ failure. Furthermore, in resuscitated patients with septic shock, a direct relationship was noted between eventual outcome and skeletal muscle adenosine trisphosphate (ATP) (14), suggesting a perhaps more important role for cellular metabolic capacity compared to microcirculatory O2 supply, at least in sepsis. This review covers the respective roles of the microcirculation and mitochondria in circulatory shock (summarized in Figure 1), with a particular focus on traumatic-hemorrhagic vs. septic shock. It addresses the question as to whether altered mitochondrial respiration and subsequently diminished ATP production could still lead to organ dysfunction and failure, despite adequate tissue oxygenation, even if microcirculatory function is restored or maintained (15, 16).


[image: Figure 1]
FIGURE 1. The microvasculature and mitochondria in circulatory shock. Illustrations of the microcirculation and the mitochondrium are taken from the Library of Science and Medical Illustrations (somersault18:24, https://creativecommons.org/licenses/by-nc-sa/4.0/).




EVIDENCE FOR IMPAIRED MICROCIRCULATORY PERFUSION DURING SHOCK

There is numerous experimental and clinical evidence for impaired microcirculatory perfusion during shock, no matter whether the origin is sepsis or trauma-hemorrhage (i.e., hypovolemic). In experimental animal models, impaired microcirculatory perfusion has been demonstrated using various techniques in the heart, kidney, liver, gut, and brain, even after resuscitation had restored the macrocirculatory hemodynamics (17–22).

The disturbance of the microcirculation is characterized by a markedly enhanced heterogeneity of blood flow comprising obstructed vessels, vessels with stagnant or intermittently on/off flow related to vasoconstriction, and vessels with an increased blood flow velocity (2). All these effects, together with an increased O2 diffusion distance (e.g., due to tissue edema) and/or reduced systemic O2 transport capacity (e.g., due to hemodilution) will result in impaired tissue O2 availability (4). In fact, in the intestinal mucosa, increased O2 extraction was directly related to the degree of these microcirculatory disturbances (23). Finally, the increased heterogeneity of the intestinal mucosal microcirculation, characterized by a substantial proportion of non-perfused capillaries, coincided with increased regional venous lactate/pyruvate ratios, a well-established marker for cellular dysoxia, and tissue acidosis (17).

This experimental evidence is supported by clinical observations. In a seminal study in stabilized septic patients, De Backer et al. (5) demonstrated the presence of marked microcirculatory disturbances characterized by a decreased density of perfused small vessels, and a large number of either non-perfused or only intermittently perfused vessels. While the proportion of perfused capillaries was not related to systemic macro-hemodynamics, it was significantly lower in non-survivors. This group (7, 24) and others have subsequently confirmed these findings in patients with sepsis (8, 25, 26) and following trauma-hemorrhage (6).



DOES “MICROVASCULAR RESUSCITATION” HELP?

Given the importance of an impaired microcirculation, “microvascular resuscitation” (10) or “recruiting the microcirculation” (9) has been advocated. Strikingly, few clinical studies have been published to date that integrate a microcirculation-targeted resuscitation into the study protocol. One, by Boerma et al. (27), found no outcome benefit from targeting the sublingual microcirculation with nitroglycerin. Whether such an approach may provide a “magic bullet” to improve survival after circulatory shock has generated conflicting views (9, 11, 12). This is in part due to the ongoing lack of readily accessible data from bedside techniques that assess the microcirculation, notwithstanding the conclusions of a recent consensus conference (28). Moreover, despite the undoubtedly existing impairment of microcirculatory perfusion in shock, the subsequent conclusion that tissue O2 availability is reduced to a meaningful degree has been questioned, at least in resuscitated septic shock: in one study, not only was skeletal tissue PO2 not reduced in such patients, but—in sharp contrast to patients with cardiac pump failure—was even higher than a healthy control group (29).

Any recruitment maneuver targeting the microcirculation will comprise two aspects, i.e., the “(re-)opening” of the capillary network (e.g., using fluid resuscitation, ino-dilation and restriction of vasoconstriction) and the subsequent attenuation of flow heterogeneity (summarized in Figure 2A) (2). Based on this rationale, fluid resuscitation (30–34), dobutamine (35), levosimendan (36), milrinone (37), nitric oxide (NO) donors (38–40), and prostacyclin (PGI2) (40–42) have all been tested. In experimental settings, this approach was often successful but the majority of animal studies were only of short duration and/or did not include standard intensive care measures, which may limit transferability into clinical practice (43). Given the potential NO- or NO-derivatives induced uncoupling of mitochondrial respiration and inhibition of complex I and complex IV (14, 44–46), caution must be taken with NO-donors as a therapeutic strategy to avoid detrimental effects on the mitochondria. In longer-term, fluid-resuscitated large animal models, therapeutic interventions that attenuated shock-related cellular dysoxia (e.g., selective inhibition of the inducible NO synthase (iNOS), antioxidant infusion, therapeutic hyperoxia) revealed that any beneficial effect on the microcirculation coincided with improved parameters of inflammation, oxidative and nitrosative stress, and/or cellular metabolism (21, 47, 48). It thus remains unclear whether the beneficial effect on the microcirculation is the cause or the result of these responses. Indeed, neither selective iNOS inhibition nor infusion of the PGI2 analog iloprost had any effect on the measured parameters of microcirculation at all, but still resulted in improved markers of cellular dysoxia (49, 50).


[image: Figure 2]
FIGURE 2. Experimental therapeutic strategies. (A) Microvascular recruitment. (B) Mitochondrial protection and stimulation. CIV, cytochrome c oxidase; ROS, reactive oxygen species. Illustrations of the microcirculation and the mitochondrium are taken from the Library of Science and Medical Illustrations (somersault18:24, https://creativecommons.org/licenses/by-nc-sa/4.0/) .


To date, the results of clinical interventional studies that have integrated monitoring of microcirculatory perfusion and oxygenation have failed to show a direct relationship between the effects of the respective intervention on the measured markers of microcirculation and either mortality and/or morbidity. For example, Ospina-Tascon et al. (51) found that fluid resuscitation (infusion of at least 1,000 ml Ringer's lactate or 400 ml 4% albumin solution) within the first 24 h of diagnosis of sepsis increased the fraction of perfused small vessels, and this effect was directly related to a decrease in lactate concentration. Beyond 48 h of diagnosis, no effect was observed (51).

Dobutamine can recruit the microcirculation in septic patients but, again, its effects were directly related to a decrease in lactate levels, rather than the individual macrocirculatory response (52). More recently, Hernandez et al. (53) failed to demonstrate any beneficial effect of dobutamine neither on the sublingual microcirculation nor on metabolic, hepatosplanchnic or peripheral perfusion parameters. Based on a theoretical benefit of vasodilating drugs (54–56) the use of NO releasing compounds has been investigated. Administration of nitroglycerin increased the perfusion of sublingual microvessels (57), but, as mentioned previously, continuous infusion over 24 h trended to a worse outcome in a study including 70 patients (p = 0.08) (27). Inhaling 40 ppm of NO over 6 h after initial resuscitation neither improved microcirculatory flow, lactate clearance, nor organ dysfunction, and no association was found between parameters of microcirculatory perfusion and organ dysfunction after initial resuscitation (13). Based on promising results with infusion of PGI2 (or its analogs) (58, 59), a multicenter randomized controlled trial is currently under way in patients with septic shock and “persistent microperfusion defects” (I-MICRO, NCT03788837). However, it must be underscored that PGI2 and its analogs have effects beyond those on the microcirculation (60), in particular with respect to cellular energy metabolism (61–65). Whether or not vasoconstrictors have deleterious effects on the microcirculation has also been recently questioned. In healthy volunteers, neither norepinephrine, phenylephrine nor vasopressin affected microcirculatory parameters prior to or after bolus injection of endotoxin, despite an immediate rise in blood pressure (66). Overall, a recent meta-analysis on the impact of vasoactive drugs on microcirculatory blood flow concluded that there is “no robust evidence that any agent can lead to improved microvascular flow” and that “no study demonstrated outcome benefit” (67).



EVIDENCE FOR CELLULAR ENERGETIC FAILURE RESULTING FROM REDUCED MITOCHONDRIAL RESPIRATORY ACTIVITY

Some two decades ago, the late Mitchell Fink created the term “cytopathic hypoxia” (68, 69). The above-detailed disturbances of the microcirculation could result in inadequate cellular O2 supply as a reason for decreased ATP production and subsequent hyperlactatemia. Clearly, aggravation of microvascular heterogeneity with mismatch of the local O2-transport/ uptake relationship could explain at least in part, why the threshold of O2 supply, below which hyperlactatemia occurs, is much higher during sepsis than under normal conditions (70, 71). In this context, the concept of cytopathic hypoxia (or, perhaps, more accurately, cytopathic dysoxia) attempts to reconcile the phenomenon that organ failure coincides with hardly any cell death, availability of oxygen at the cellular level, relatively minor inflammatory cell migration, and capacity of these failed organs to recover (72, 73). Cytopathic dysoxia refers to impaired ATP formation despite normal [or even supra-normal (20)] tissue PO2 levels. It can result from several factors, for instance, diminished delivery of key substrates (e.g., pyruvate) into the tricarboxylic acid (TCA) cycle, inhibition of various TCA cycle or (in particular) electron transport chain enzymes such as Complexes I and IV (74, 75), and uncoupling [“slipping” (76)] of the electron transport chain with a decrease in the proton gradient across the inner mitochondrial membrane resulting in production of heat rather than generation of ATP.

To date, the assessment of mitochondrial function is mostly limited to ex vivo methods, which might misrepresent the in vivo situation. A detailed discussion of available methods for ex vivo and in vivo mitochondrial measurements are beyond the scope of this paper, but have been recently compared by Bettink et al. (77), with a particular focus on the protoporphyrin IX-triplet state lifetime technique, which is applicable in vivo (78). However, in the light of the absolute values reported for the latter in vivo measurement technique, which range between 30 and 110 mmHg (77, 79), the results obtained with this method have to be interpreted with care. In contrast to these “mitochondrial” PO2 levels, reports of tissue PO2 measured with the Pd-phosphorescence quenching method typically range between 20 and 25 mmHg, with maximally 52 mmHg and even levels as low as 5 mmHg detected, which is the threshold for tissue to be considered anoxic (80). A steep O2 pressure gradient is needed to facilitate O2 diffusion from capillaries through the interstitium to cells/mitochondria. Thus, it is not surprising to see reports of intracellular PO2 of no more than 1–10 mmHg (81). Mitochondrial ATP supply is stable over a wide range of intracellular PO2, measured ex vivo by oxygraphy, and will only suffer if the mitochondrial PO2 is lower than 0.1–0.5 mmHg (81). Thus, the values reported for mitoPO2 of 30–110 mmHg may represent a mixture of PO2 values from different compartments rather than solely mitoPO2.

Despite these limitations in determining mitochondrial function, there is ample experimental evidence that reduced (disturbed) mitochondrial respiratory activity assumes crucial importance for shock-related organ dysfunction or failure, similar to the potential role of impaired microcirculatory perfusion and oxygenation. Several rodent studies that included resuscitation demonstrated hyperlactatemia despite unchanged or even increased tissue PO2, and this coincided with both reduced function and structural damage to mitochondria (74, 82–85). Resuscitated models investigating higher species (cats, swine, baboons) and characterized by a normotensive and a normo- or even hyperdynamic circulation, confirmed these findings (20, 86–89). In this context, studies simultaneously recording parameters of both microcirculation and cellular O2 utilization assume particular importance: LPS-challenged, fluid-resuscitated swine showed a reduced efficiency of hepatic mitochondrial respiration despite maintained liver surface laser Doppler blood flow (20). The same group however reported in a longer-term model, unchanged liver tissue mitochondrial resuscitation with a tendency toward enhanced microcirculatory blood flow (88). They undertook a meta-analysis reviewing both experimental models and clinical studies and reported variable results on mitochondrial function depending on the species, organ, and time point investigated (90). However, the available experimental literature mainly originates from young and otherwise healthy animals, which does not represent the more frequent clinical scenario of elderly patients with comorbidities, a common pitfall of experimental studies in shock research in general (43). Nevertheless, there is elegant clinical evidence that despite adequate resuscitation, reduced mitochondrial respiration is (i) present in patients after the initial management of circulatory shock, and (ii) associated with worse outcomes. In a landmark study in patients with septic shock, complex I activity was lower in non-survivors than in survivors; and corresponding tissue ATP content values mirrored this result (14). Moreover, complex I activity was inversely related to the mitochondrial antioxidant, glutathione, and directly related to nitrate/nitrite concentrations, suggesting a crucial role of oxidative and nitrosative stress in shock-related mitochondrial (dys)function. The same group subsequently demonstrated that impaired mitochondrial function coincided with a decrease in mitochondrial respiratory protein content in non-survivors. In contrast, survivors showed an early activation of mitochondrial biogenesis (91). A post-hoc analysis of the HYPER2S trial (92) in patients with sepsis-induced hypotension found that hyperoxia during the first 24 h of treatment increased mortality rate at day 28 (p = 0.054) in hyperlactatemic patients, whereas in those with lactate levels ≤ 2 mmol/L there was no effect on mortality or morbidity. Since hyperoxia increases tissue O2 partial pressure, even under conditions of profound reduction of O2 supply (93), this finding implicitly suggests that outcome of septic shock is associated with impaired cellular O2 utilization rather than microcirculatory O2 availability, possibly due to aggravated oxidative and nitrosative stress (94).



DOES “MITOCHONDRIAL RESUSCITATION” HELP?

Multiple mitochondria-targeted therapeutic strategies have been proposed (summarized in Figure 2B) (95–98). Despite several promising experimental therapies, there are currently no clinically-approved strategies for mitochondrial protection. Metformin has been shown to be beneficial for the attenuation of mitochondrial transition pore opening (99), stimulation of mitochondrial biogenesis and reduction of mitochondrial ROS production, but has to be used with caution in shock patients due to its potentially severe side effects, i.e., renal impairment, and lactic acidosis (100).

In contrast, the glucose-lowering compound Imeglimine, though to date only tested experimentally, has none of the side effects as metformin, but inhibited mitochondrial permeability transition, improved mitochondrial function, and was associated with less acidosis (100, 101). The inhibition of the mitochondrial permeability transition pore with cyclosporine A showed promise in a pre-clinical sepsis model and a large-animal model of traumatic brain injury (102, 103). In humans, cyclosporine A did not show a benefit in cardiac arrest and acute myocardial infarct (104, 105), and it was never clinically approved for the treatment of any type of circulatory shock.

Given the above-mentioned role of oxidative and nitrosative stress, mitochondria-targeted antioxidant strategies and manipulation of shock-related excess formation of nitric oxide (NO) and/or peroxynitrite (ONOO−) have been suggested but so far, despite promising results even in clinically relevant, resuscitated large animal models (47, 48, 106–110), none have made their way into clinical practice. Other strategies have targeted restoration of cytochrome-c-oxidase (Complex IV) activity (111, 112), maintenance of mitochondrial inner membrane integrity (113), activation of autophagy to clear damaged mitochondria to promote biogenesis (114), direct activation of mitochondrial biogenesis (95), and modulation of mitochondrial respiration using gaseous mediators (115, 116). To date, only experimental evidence is available for all of the latter strategies. In contrast, tight blood glucose control preserved both mitochondrial function and ultrastructure, and, thereby, attenuated organ dysfunction independently of organ perfusion in a rabbit model of prolonged critical illness (85). The protective effect of this strategy was associated with better maintenance of mitochondrial activity and morphological integrity in patients (117).

In the context of mitochondrial dysfunction-induced organ failure, the “decatecholaminization” paradigm (118, 119) may assume particular importance. It is well-established that catecholamines, beyond their effects of hemodynamics, have profound immune- and metabolism-modulating properties (120, 121), ultimately resulting in “metabolic stress” (122), the degree of which is directly related to their β-adrenergic activity (123). Catecholamines inhibit cellular respiration in vitro in a dose-dependent manner (124, 125). In clinically relevant, resuscitated, large animal models, the degree of impaired mitochondrial respiration and, ultimately, organ dysfunction was directly related to the norepinephrine infusion rates required to achieve hemodynamic targets (55, 89). It is tempting to speculate that this finding is related to the well-known norepinephrine-related aggravation of oxidative (126, 127) and nitrosative stress: in patients, nitrite/nitrate concentrations were inversely related to both tissue complex I activity and glutathione concentrations, but directly related to norepinephrine requirements which, in turn, coincided with low complex I activities (14).



CONCLUSION

Both microvascular and mitochondrial alterations are consequences of circulatory shock and associated with worse outcomes. However, none of the promising microvasculature- or mitochondrial-targeted pre-clinical therapeutic approaches have yet translated to clinical practice. The challenges of assessing microvascular and/or mitochondrial function in patients limit the current understanding in this field. Simultaneous measurements of both parameters, such as recently performed by Rutai et al. (128) in a pre-clinical study, might help to alleviate this issue. To date, it remains unclear whether any of the microcirculation therapies currently under investigation will be successful in abolishing shock-induced flow heterogeneity, rather than having beneficial effects through their anti-inflammatory and/or anti-oxidant properties. Similarly, mitochondrial dysfunction may result in organ failure despite adequate tissue perfusion and oxygenation. Therefore, a crucial question to address in the future is: how, when and in whom should we protect/support the mitochondria?
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Background: Studies suggest that indomethacin (Indo) exhibits detrimental changes in the small intestine (microvascular disorder, villus shortening, and epithelial disruption), mainly due to mitochondrial uncoupling. The effects of Indo on colon and liver tissue are unclear. The aim of this study was to determine the effects of Indo on mitochondrial respiration in colonic and hepatic tissue.

Methods: Mitochondrial oxygen consumption was assessed in colon and liver homogenates from healthy rats. Homogenates were incubated without drug (control) or Indo (colon: 0.36, 1, 30, 179, 300, 1,000, 3,000 μM; liver: 0.36, 1, 3, 10, 30, 100, 179 μM; n = 6). State 2 (substrate-dependent) and state 3 (ADP-dependent respiration) were evaluated with respirometry. The respiratory control index (RCI) was derived and the ADP/O ratio was calculated.

Statistics: Data presented as % of control, min/median/max, Kruskal–Wallis+Dunn's correction, *p < 0.05 vs. control.

Results: Indo had no effect on RCI of colonic mitochondria. ADP/O ratio increased in complex I at concentrations of 1,000 and 3,000 μM (Indo 1,000 μM: 113.9/158.9/166.9%*; Indo 3,000 μM: 151.5/183.0/361.5%*) and in complex II at concentrations of 179 and 3,000 μM vs. control (179 μM: 111.3/73.1/74.9%*; 3,000 μM: 132.4/175.0/339.4%*). In hepatic mitochondria RCI decreased at 179 μM for both complexes vs. control (complex I: 25.6/40.7/62.9%*, complex II: 57.0/73.1/74.9%*). The ADP/O ratio was only altered in complex I at a concentration of 179 μM Indo vs. control (Indo 179 μM: 589.9/993.7/1195.0 %*).

Conclusion: Indo affected parameters of mitochondrial function in an organ-specific and concentration-dependent manner. In colonic tissue, RCI remained unaltered whereas the ADP/O ratio increased. Indo at the highest concentration decreased the RCI for both complexes in hepatic mitochondria. The large increase in ADP/O ratio in complex I at the highest concentration likely reflects terminal uncoupling.

Keywords: indomethacin, mitochondrial function, colon, liver, adverse event


INTRODUCTION

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used for various indications. They are generally considered as safe medication, but are also known to cause different adverse events, which potentially limit their use. The main complication of the therapy with NSAIDs is gastrointestinal (GI) damage. Although the most frequent disturbances are upper GI-bleeding, adverse events affecting lower GI still account for 40% of all NSAID-related serious GI complications (1). It is generally accepted that the inhibition of cyclooxygenase (COX), followed by multiple pathogenic events like increased intestinal permeability, infiltration of neutrophils and microcirculatory dysregulation play a critical role in the development of inflammation and ulcers (2, 3). Further studies suggest that mucosal concentration of prostaglandins could be decreased without mucosal damage and that inhibition of COX 1 and 2 causes gastrointestinal lesions, but less severe than those caused by NSAIDs (4, 5). Thus, inhibition of COX does not seem to be the single mechanism of NSAID-induced gastrointestinal damage. Evidence suggests that affecting mitochondrial function with a consecutive decrease in cellular ATP-production may be the underlying biochemical mechanism of the toxicity of NSAIDs (3). However, data available on effects of NSAIDs on mitochondrial function are inconsistent showing impaired (6) or unchanged (7) mitochondrial function in rat jejunum. Similar to upper gastrointestinal complications, the pathogenesis and prevention of NSAID-associated lower GI complications remain unclear (8). A number of studies suggest that NSAIDs can cause damage of the large intestine by a negative impact on the mucosal permeability (9). Data concerning mitochondrial function in the colon under NSAIDs-therapy are lacking completely.

NSAIDs are also associated with hepatotoxicity ranging from asymptomatic elevations in serum aminotransferase levels to severe liver failure (10, 11). Although clinically apparent liver injury from NSAIDs is rare (~1–10 cases per 100,000 prescriptions) the massive consumption of NSAIDs worldwide makes them an important cause of drug-induced liver injury (12). The molecular mechanisms underlying this toxicity have not yet been fully clarified. However, experimental data suggests that they include increased drug concentration in the hepatobiliary compartment, formation of reactive metabolites that cause oxidative stress, and mitochondrial dysfunction (13). In this context, the mitochondrial dysfunction is mainly described as an uncoupling and reduction of ATP production (6, 14, 15). Lipophilic and weakly acidic drugs like NSAIDs can easily pass through the outer mitochondrial membrane and shuttle protons from the intermembraneous space back into the matrix. This proton cycling scatters the proton gradient which is continuously maintained by the electron transport chain. This weakens the activity of the ATP synthetase, which is normally driven by this proton gradient (13). There is also ambiguity concerning toxic concentrations of NSAIDs affecting mitochondrial function. While an uncoupling effect of indomethacin on hepatic mitochondria could be shown with concentrations lower than 200 μM (14) another study rather suggests a stimulating effect of indomethacin on mitochondrial respiration at lower concentrations (0.02–2.7 μM) (16). The comparison of NSAID-induced cytotoxicity in vitro showed a large difference between compounds which was not related to their chemical structures (15). Indomethacin seems to be among the most cytotoxic NSAIDs and serves a gold standard to study NSAID toxicity (3, 17, 18).

Taken together, the effects of NSAIDs on mitochondrial function in different organs have been insufficiently examined. Data concerning hepatic mitochondria are inconsistent and are lacking completely for other organs like the colon. The aim of this study was therefore to investigate the concentration dependent effect of indomethacin on mitochondrial respiration in hepatic and colonic tissue homogenates from healthy rats.



MATERIALS AND METHODS


Animals

The study was approved by the Animal Ethics Committee of the University of Duesseldorf, Germany (project identification code: O27/12) and conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (19).

Male Wistar rats (~3 months old) were kept at an artificial 12-h light/dark cycle at controlled room temperature with free access to standard chow and water. 48 rats were sacrificed by decapitation under deep sedation with sodium pentobarbital (90 mg/kg) and liver and colon tissues were harvested.



Preparation of Liver and Colon Homogenates

Liver and colon homogenates were prepared as described previously (20–22). Briefly, liver tissue was placed in 4°C-cold isolation buffer (130 mM KCl, 5 mM K2HPO4, 20 mM MOPS, 2.5 mM EGTA, 1 μM Na4P2O7, 0.1% bovine serum albumin (BSA) pH 7.15), minced into 2–3-mm3 pieces, rinsed twice in isolation buffer to remove traces of blood, and homogenized (Potter-Elvehjem, 5 strokes, 2,000 rpm). Freshly harvested colon tissue was placed in 4°C-cold isolation buffer (as for the liver but containing 2% BSA), opened longitudinally, and cleaned softly with a cotton compress. After treatment with 0.05% trypsin for 5 min on ice, the tissue was placed in 4°C-cold isolation buffer containing 2% BSA and protease inhibitors (cOmplete™ Protease Inhibitor Cocktail, Roche Life Science, Mannheim, Germany), minced into 2–3-mm3 pieces, and homogenized (Potter-Elvehjem, 5 strokes, 2,000 rpm). Protein concentration in the tissue homogenates with supplemented BSA was determined using Lowry method (23) with bovine serum albumin as a standard. We used a higher BSA concentration for the preparation of colon homogenates than for liver homogenates to prevent an uncoupling effect of fatty acids, which are present in the submucosa of the colon (24).



Measurement of Mitochondrial Respiratory Rates

The assessment of mitochondrial respiration was performed after addition of carrier substance (DMSO, Sigma Aldrich Chemie GmbH, Steinheim, Germany)—control, or different concentrations of indomethacin (Sigma Aldrich Chemie GmbH, Steinheim, Germany) (0.36, 1, 30, 179, 300, 1,000, and 3,000 for the colon and 0.36, 1, 3, 10, 30, 100, and 179 μM for the liver). The incubation took place at room temperature (kept at 21°C) for 3 min. Six biological and 2–3 technical (2–3 separate measurements from a single homogenate) replicates were performed.

Mitochondrial oxygen consumption was measured as described previously (21, 22). Briefly, the measurement was performed at 30°C using a Clark-type electrode (model 782, Strathkelvin instruments, Glasgow, Scotland). Tissue homogenates were suspended in respiration medium (130 mM KCl, 5 mM K2HPO4, 20 mM MOPS, 2.5 mM EGTA, 1 μM Na4P2O7, 0.1% BSA for liver, and 2% BSA for colon, pH 7.15) to yield a protein concentration of 4 or 6 mg/ml for liver and colon, respectively.

Mitochondrial state two respiration was measured in the presence of either substrates for complex I–glutamate and malate (both 2.5 mM, G-M) or for complex II–succinate (10 mM for liver, 5 mM for colon, S) combined with 0.5 μM rotenone–the inhibitor of complex I activity.

The maximal mitochondrial respiration (state 3) was recorded after the addition of ADP (250 μM for liver, 50 μM for colon). The concentrations of ADP were empirically adapted to the different tissue homogenates (hepatic and colonic tissue) in pilot experiments and as published previously (21, 22, 25). We used different concentrations of ADP for liver and colon since we identified these concentrations as non-saturated for the used amount of protein (4 mg/ml for the liver and 6 mg/ml for the colon). The respiratory control index (RCI) was calculated (state 3/state 2) to define the coupling between the electron transport system (ETS) and oxidative phosphorylation (OXPHOS). To reflect the efficacy of OXPHOS, the ADP/O ratio was calculated from the amount of ADP added and oxygen consumed in state 3. The average oxygen consumption was calculated as the mean from two or three technical replicates.

Respiration rates were expressed as nanomoles O2 per minute per milligram protein. Mitochondria were checked for damage by the addition of 2.5 μM cytochrome c and 0.05 μg/ml oligomycin. Lack of increase in flux after the addition of cytochrome c indicated integrity of the mitochondrial outer membrane. After inhibition of the ATP synthesis by oligomycin, the mitochondria were transferred to state 2, which reflects the respiration rate compensating the proton leak. The lack of difference in O2 consumption after adding oligomycin compared to state 2 indicates that the inner membrane was intact, and mitochondria were not damaged through the preparation procedure.



Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 8.0 (GraphPad Software, Inc, La Jolla, USA). After testing for normality (Kolmogorov-Smirnov) the non-parametric data were analyzed using the Kruskal-Wallis test of variance followed by post-hoc Dunn's correction. Data are presented as percentage of control values, p < 0.05 was considered significant.




RESULTS


Effect of Indomethacin on Mitochondrial Respiration in Colon Homogenate

State 3 was reduced at concentrations of 1,000 and 3,000 μM for complex I (control 100%, 1,000 μM: 60.63/66.66/88.9%; 3,000 μM: 29.56/51.23/61.75%) (Figure 1A) and at 179 μM and 3,000 μM for complex II (control 100%, 179 μM: 63.53/75.15/86.93%; 3,000 μM: 35.87/63.97/72.61%) (Figure 1D). The RCI remained unchanged for both complexes under the influence of indomethacin (Figures 1B,E). An increase in ADP/O ratio was seen at 1,000 and 3,000 μM for complex I (control 100%, 1,000 μM: 113.9/158.9/166.9%; 3,000 μM: 151.5/183.0/361.5%) (Figure 1C) and at 179 and 3,000 μM for complex II (control 100%, 179 μM: 111.3/142.2/156.7%; 3,000 μM: 132.4/175.0/339.4%) (Figure 1F). Original data on State 2, 3, and 4 are presented in Supplementary Material.
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FIGURE 1. Effect of indomethacin (0.36, 1, 30, 179, 300, 1,000, and 3,000 μM) on colonic mitochondrial function: State 3 for complex I (A) and II (D), respiratory control index (RCI) for complex I (B) und II (E) and ADP/O ratio for complex I (C) and II (F). Data are shown as percentage of the control value (median/min/max), n = 6, *p < 0.05 vs. control, [image: yes] p < 0.05 between groups.




Effect of Indomethacin on Hepatic Mitochondrial Function

State 3 was decreased only for complex I at 100 and 179 μM (control 100%, 100 μM: 53.08/64.63/66.19%; 179 μM: 28.14/40.65/49:00%) (Figure 2A). The RCI was decreased for both complexes but only at the highest concentration of 179 μM (control 100%, complex I: 28.14/40.65/49.00%, complex II: 57.01/73.11/74.88%) (Figures 2B,E). The ADP/O ratio was increased only for complex I at 179 μM (control 100%, 179 μM: 589.9/993.7/1195.00%) (Figure 2C). State 3 and the ADP/O ratio for complex II stayed unchanged (Figures 2D,F). Original data on State 2, 3 and 4 are presented in Supplementary Material.
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FIGURE 2. Effect of indomethacin (0.36, 1, 3, 10, 30, 100, and 179 μM) on hepatic mitochondrial function: State 3 for complex I (A) and II (D), respiratory control index (RCI) for complex I (B) und II (E) and ADP/O ratio for complex I (C) and II (F). Data are presented as percentage of the control value (median/min/max), n = 6, *p < 0.05 vs. control, [image: yes] p < 0.05 between groups.





DISCUSSION

The main results from this study are that indomethacin increases the efficacy of oxygen utilization of colonic mitochondria but uncouples hepatic mitochondria, predominantly through complex I.

The experimental setting is well-established and based on our previous publications (21, 22). The chosen concentrations of indomethacin are based on data from similar in vitro studies with isolated hepatic mitochondria and cell culture (14, 17, 26). The used concentrations of the drug differ between the tissues. We adjusted the drug concentrations since the maximal uncoupling of the respiratory chain from the ATP-synthase in hepatic mitochondria was observed after stimulation through complex I at a concentration of 179 μM. Since in contrast, in colonic mitochondria indomethacin hardly showed any effect up to 179 μM, we additionally applied higher drug concentrations.

The applied drug concentrations include the clinically relevant range as well as higher concentrations. After oral administration of an average dose of 75–200 mg/day the plasma concentrations in humans (27) reach 0.3–3 μM and after i.v., application of 0.2 mg/kg in sheep (28) reach 14 μM, however with a high inter-individual variability–up to 20 fold (29). In rats, the plasma concentration after an oral dose of 10 mg/kg reached 140 μM (30). Generally, indomethacin is dosed higher (10–40 mg/kg) for rats (6, 7, 30) than for humans (1 mg/kg) (27). Thus, our results may be relevant for the in vivo situation since adverse events already occur with recommended dosages and aggravate after accidental or intentional overdosing of the drug (31). Moreover, many patients suffer from multimorbidity. Preexisting or NSAIDs-induced renal and/or liver insufficiency can also result in supraclinical or even toxic drug plasma concentrations (31, 32).

In colonic mitochondria indomethacin at higher concentrations (1,000 and 3,000 μM for complex I and 179 and 3,000 μM for complex II) reduced state 3 without affecting the RCI and increased ADP/O ratio. As the RCI reflects the coupling between the respiratory chain and the ATP-synthase and the ADP/O-ratio reflects the efficacy of the oxidative phosphorylation, indomethacin seems to have rather positive effects on colonic cell metabolism resulting in a more effective ATP-production. Based on our data, we cannot explain the lack of effect of indomethacin at 300 and 1,000 μM on colonic mitochondria after stimulation of the respiratory chain through complex II. To address this question more deeply, further investigations, like assessment of the activities of the single complexes are necessary. To the best of our knowledge, we are the first to examine the effect of indomethacin on colonic mitochondrial function. Jacob et al. investigated the impact of this drug on jejunal mitochondria. In their study, no alterations were observed in the mitochondrial oxygen uptake, neither ex vivo, nor in vitro (7). The difference between their and our results could be explained by the different tissues investigated (jejunum vs. colon) and different experimental settings (whole tissue vs. tissue homogenate). However, the drug concentrations used in the study by Jacob et al. were similar to the concentrations, which caused an alteration of oxygen uptake in our experiments (2.5 vs. 1–3 mM). Basivireddy et al. examined the influence of indomethacin on mitochondrial function in enterocytes isolated from rat small intestine and obtained different results compared to those of Jacob et al. and to ours (6). In their experiments rats were dosed with 40 mg/kg indomethacin by gavage. They showed a decreased RCI, swelling of the mitochondria and a decreased influx of calcium into the mitochondria. These changes could be interpreted as rather harmful to the cell. Also, in this case the differences could be explained by the different tissues, divergent application forms (oral application in in vivo experiments vs. in vitro incubation) and possibly varying drug concentrations. Since the plasma concentrations of indomethacin after oral application are well-examined, our knowledge about tissue concentrations of the drug is very limited. There are only few data about calculated hepatic concentration of indomethacin (33) and data about intestinal concentrations are lacking completely.

The effect of indomethacin on hepatic mitochondria was different than on colonic mitochondria. We observed a dose-dependent and complex-specific effect. The impact of indomethacin on complex II was mild—only the high concentration (179 μM) decreased RCI without affecting state 3 and ADP/O ratio. When the respiratory chain was stimulated through complex I, indomethacin at higher concentrations (100 and 179 μM) decreased state 3 and consecutively the RCI (but only at a concentration of 179 μM). The dramatically reduced oxygen consumption during state 3 led to an increase of ADP/O ratio (ADP added/oxygen consumed), which might be interpreted as toxic discoupling rather than an increase of the efficacy of the oxidative phosphorylation. A selective or stronger effect of a drug on one particular complex of the respiratory chain is a well-known phenomenon. For instance, metformin is known to inhibit complex I selectively (34). Furthermore, antipsychotic drugs like haloperidol, and to a lesser degree chlorpromazine and risperidone have been found to inhibit only complex I. Antidepressant drugs are able to interact with complexes I, II, and IV, but the inhibition of complex I is most pronounced (35). It is not fully elucidated, why some drugs have stronger affinity to certain complexes. It is suggested that the lipophilic domain of the antidepressant drugs can compete with the substrate for binding to complex I. Concerning indomethacin, Boushel et al. suggested in their study on human muscle mitochondria that the underlying mechanisms of stronger inhibition of complex I include leakage of electrons, iron release and superoxide and hydroxyl radical production (36). Moreover, the drug effect can be organ specific, like by serotonin reuptake inhibitors, which block complex I and IV in the brain, but complex I and V in the liver (35).

Our results concerning hepatic mitochondria are not in line with the results of other researchers. Somasundaram et al. could show a dose dependent effect of indomethacin on hepatic mitochondrial function for complex II. In their experiments, stimulation of respiration (state 3) occurred at concentrations up to 0.5 mM, followed by a progressive decrease in oxygen consumption with further increases in drug concentrations up to 2 mM, which is indicative of inhibition of the electron transport chain (26). The effect of indomethacin on the mitochondrial function after stimulation of the respiratory chain through complex I was not examined. Mahmud et al. also tested the influence of indomethacin on hepatic mitochondria but again only for complex II. They achieved similar results as Somasundaram et al. however, at substantially lower concentrations of the drug. They observed a stimulating effect on state 3 respiration up to 0.5 μM and inhibitory effect at higher concentrations (up to 3 μM) (16).

The effect of indomethacin on hepatic mitochondria is similar to the effects of other NSAIDs. Most NSAIDs are lipid soluble weak acids, which is a common feature of all uncouplers of oxidative phosphorylation (37). Acetylsalicylic acid, naproxen, and piroxicam show a similar uncoupling effect on hepatic mitochondria to that of indomethacin (14, 26). Moreover, some of the NSAIDs like diclofenac or fenoprofen reduce the ATP concentration in isolated hepatocytes (15). Data about NSAIDs and colon are lacking in the literature.

Our results showing opposite effects of the drug on mitochondrial function in different tissues confirming the well-accepted theory that the impact of various stimuli on mitochondria is organ specific (38).



CONCLUSIONS

Taken together, indomethacin has organ-specific, dose-dependent, and complex-specific effects on mitochondrial respiration. While it shows rather positive effects on colonic mitochondrial function, the impact on oxidative phosphorylation in the liver is rather deleterious.

This could possibly be one of the mechanisms contributing to indomethacin-related hepatotoxicity. However, this hypothesis must be considered very carefully. The transfer of results performed in vitro using tissues from young and healthy animals into human medicine can only be performed with reservation. Moreover, adverse effects are complex processes including many factors like pre-existing organ damage and co-medication.

The positive effect of indomethacin on colonic mitochondrial respiration cannot explain the lower GI-complications described under NSAID therapy. To better understand the pathomechanisms of these adverse events, further research on this field is needed. Our data extend our knowledge about a possible mode of action of NSAIDs and offer a new insight into conceivable mechanisms of their side effects.
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Richard Truse*†, Inga Nolten†, Jan Schulz, Anna Herminghaus, Tobias Holtmanns‡, Lukas Gördes‡, Annika Raupach, Inge Bauer, Olaf Picker and Christian Vollmer

Department of Anesthesiology, Düsseldorf University Hospital, Düsseldorf, Germany

Edited by:
Samir G. Sakka, Witten/Herdecke University, Germany

Reviewed by:
Wolfgang Weihs, Medical University of Vienna, Austria
 Johanna Catharina Duvigneau, University of Veterinary Medicine Vienna, Austria

*Correspondence: Richard Truse, richard.truse@med.uni-duesseldorf.de

†These authors have contributed equally to this work

‡In partial fulfillment of the requirements of the MD thesis of T. Holtmanns and L. Gördes

Specialty section: This article was submitted to Intensive Care Medicine and Anesthesiology, a section of the journal Frontiers in Medicine

Received: 07 May 2020
 Accepted: 23 July 2020
 Published: 28 August 2020

Citation: Truse R, Nolten I, Schulz J, Herminghaus A, Holtmanns T, Gördes L, Raupach A, Bauer I, Picker O and Vollmer C (2020) Topical Melatonin Improves Gastric Microcirculatory Oxygenation During Hemorrhagic Shock in Dogs but Does Not Alter Barrier Integrity of Caco-2 Monolayers. Front. Med. 7:510. doi: 10.3389/fmed.2020.00510



Systemic administration of melatonin exerts tissue protective effects in the context of hemorrhagic shock. Intravenous application of melatonin prior to hemorrhage improves gastric microcirculatory perfusion and maintains intestinal barrier function in dogs. The aim of the present study was to analyze the effects of a topical mucosal melatonin application on gastric microcirculation during hemorrhagic shock in vivo and on mucosal barrier function in vitro. In a randomized cross-over study, six anesthetized female foxhounds received 3.3 mg melatonin or the vehicle as a bolus to the gastric and oral mucosa during physiological and hemorrhagic (−20% blood volume) conditions. Microcirculation was analyzed with reflectance spectrometry and laser doppler flowmetry. Systemic hemodynamic variables were measured with transpulmonary thermodilution. For analysis of intestinal mucosal barrier function in vitro Caco-2 monolayers were used. The transepithelial electrical resistance (TEER) and the passage of Lucifer Yellow (LY) from the apical to the basolateral compartment of Transwell chambers were measured. Potential barrier protective effects of melatonin against oxidative stress were investigated in the presence of the oxidant H2O2. During physiologic conditions topical application of melatonin had no effect on gastric and oral microcirculation in vivo. During hemorrhagic shock, gastric microcirculatory oxygenation (μHbO2) was decreased from 81 ± 8% to 50 ± 15%. Topical treatment with melatonin led to a significant increase in μHbO2 to 60 ± 13%. Topical melatonin treatment had no effect on gastric microcirculatory perfusion, oral microcirculation or systemic hemodynamics. Incubation of H2O2 stressed Caco-2 monolayers with melatonin did neither influence transepithelial electrical resistance nor LY translocation. Topical treatment of the gastric mucosa with melatonin attenuates the shock induced decrease in microcirculatory oxygenation. As no effects on local microcirculatory and systemic perfusion were recorded, the improved μHbO2 is most likely caused by a modulation of local oxygen consumption. In vitro melatonin treatment did not improve intestinal barrier integrity in the context of oxidative stress. These results extend the current knowledge on melatonin's protective effects during hemorrhage in vivo. Topical application of melatonin exerts differential effects on local microcirculation compared to systemic pretreatment and might be suitable as an adjunct for resuscitation of hemorrhagic shock.
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INTRODUCTION

Profound hemorrhage and associated hypovolemic shock are leading causes of potentially preventable deaths in the in-hospital and pre-hospital setting, resulting in annual deaths of more than five million people worldwide (1). During hemorrhagic shock, blood flow is redistributed early in favor of more vital organs (i.e., heart and brain) and splanchnic perfusion is usually impaired (2). Mesenteric hypoperfusion induces tissue hypoxia, ultimately causing organ failure. The local attenuation of microcirculatory oxygen supply reduces mucosal barrier function and has been shown to enable translocation of bacteria and endotoxins into portal venous blood and mesenteric lymph circulation, thereby mediating systemic inflammation (3). Maintaining adequate splanchnic perfusion, especially during circulatory shock is considered crucial for prevention and therapy of critical illness (4, 5). In this context melatonin is known to improve microcirculation and has been found in many tissues of the gastrointestinal tract. Melatonin is mainly released by the pineal gland at night, acting as the signal of darkness. However, exogenous administration of melatonin improves hepatic microcirculation and liver function and reduces stress-induced gastric lesions (6). In a previous investigation we were able to show that intravenous administration of melatonin prior to subsequent hemorrhage improves regional gastric microcirculatory perfusion during mild hemorrhagic shock in dogs and blunted the shock-induced damage to the intestinal barrier (7). However, whether melatonin exerts its protective impact via direct effects on the gastric mucosa, or via systemic effects remains unknown. Therefore, the objective of this study was to test whether the topical application of melatonin to the gastric mucosa may influence gastric microcirculation similar to systemic melatonin application in the context of hemorrhagic shock in dogs. As a pretreatment regime prior to a subsequent hemorrhagic shock in many cases does not reflect the clinical reality, in this setting the mucosal melatonin application was performed after onset of experimental hemorrhage. To further elucidate the protective properties of melatonin on gastrointestinal mucosal barrier function independent of microcirculatory changes, we analyzed its effects on the integrity of a Caco-2 cell monolayer during stress conditions.



MATERIALS AND METHODS


Animals

The data were derived from repetitive experiments on six dogs (female foxhounds, 28–36 kg) treated in accordance with NIH guidelines for animal care and the ARRIVE guidelines. Experiments were performed with approval of the local animal care and use committee (North Rhine-Westphalia State Agency for Nature, Environment and Consumer Protection, Recklinghausen, Germany; reference number 84-02.04.2011.A288).

To exclude effects of the oestrus cycle, all dogs were castrated before inclusion into the study. Prior to the experiments, food was withheld overnight with water ad libitum to ensure complete gastric depletion and to avoid changes in perfusion and oxygenation due to digestive activity. Each dog underwent each experimental protocol in a randomized order and served as its own control (Supplementary Table 1). Experiments were performed at least 3 weeks apart to prevent carryover effects. The experiments were performed under general anesthesia (induction of anesthesia with 4 mg · kg−1 propofol, maintenance with sevoflurane, end-tidal concentration 3.0%, 1.5 MAC in dogs). The animals were mechanically ventilated after endotracheal intubation [FiO2 = 0.3, VT = 12.5 ml · kg−1, a normal tidal volume for dogs (8)] with the respiratory frequency adjusted to achieve normocapnia (end-expiratory carbon dioxide etCO2 = 35 mmHg). During baseline conditions, the dogs were placed on their right side and covered with warming blankets to maintain body temperature at 37.5°C. Throughout the experiments, no additional fluid replacement was administered to avoid volume effects that could influence tissue perfusion and oxygenation. However, after withdrawal of each blood sample for blood gas analysis and measurement of melatonin plasma concentration, normal saline was infused three times the sampling volume to maintain blood volume.



Measurements
 
Systemic Hemodynamic and Oxygenation Variables

The aorta was catheterized via the left carotid artery for continuous measurement of mean arterial pressure (MAP, Gould-Statham pressure transducers P23ID, Elk Grove, IL) and intermittent arterial blood gas samples adjusted for temperature (Rapidlab 865, Siemens, Eschborn, Germany) from appropriate syringes (PICO50, Radiometer Medical, Brønshøj, Denmark). Cardiac output (CO) was determined via transpulmonary thermodilution (PiCCO 4.2 non US, PULSION Medical Systems, Munich, Germany) at the end of each intervention, at least every 30 min. Heart rate (HR) was continuously measured by electrocardiography (Powerlab, ADInstruments, Castle Hill, Australia). All hemodynamic and respiratory variables were recorded on a personal computer after analog to digital conversion (Powerlab, ADInstruments, Castle Hill, Australia) for later analysis.



Mucosal Oxygenation and Perfusion

Microvascular hemoglobin oxygenation (μHbO2) and perfusion (μflow) of the gastric and oral mucosa were continuously assessed by tissue reflectance spectrophotometry and laser Doppler flowmetry (O2C, LEA Medizintechnik, Gießen, Germany), as detailed previously (9). Briefly, white light (450–1,000 nm) and laser light (820 nm, 30 mW) is transmitted to the tissue of interest via a micro-lightguide and the reflected light is analyzed. The wavelength-dependent absorption and overall absorption of the applied white light can be used to calculate the percentage of oxygenated hemoglobin (μHbO2). Due to the Doppler effect, magnitude and frequency distribution of changes in wavelength are proportional to the number of blood cells multiplied by the measured mean velocity (μVel) of these cells. This product is proportional to flow and expressed in arbitrary perfusion units (aU). Hence, this method allows assessment and comparison of oxygenation and perfusion of the same region at the same time.

Since light is totally absorbed in vessels with a diameter >100 μm only microvascular oxygenation of nutritive vessels of the mucosa is measured. The biggest fraction of the blood volume is stored in venous vessels, therefore, mainly postcapillary oxygenation is measured which represents the critical partial pressure of oxygen (pO2) for ischemia (10).

One flexible light-guide probe is placed in the mouth facing the buccal side of the oral mucosa and a second probe is introduced into the stomach via an orogastric silicone tube and positioned facing the greater curvature. Both sites of measurement represent the microcirculation of different gastrointestinal mucosa regions (11). Online evaluation of the signal quality throughout the experiments allows verification of the correct position of the probe tip. The μHbO2 and μflow values reported are the means of the last 5 min (150 spectra, 2 s each) of the respective intervention under steady state conditions. The non-traumatic instrumentation and in particular non-traumatic access to the gastric mucosa allows the determination of mucosal microcirculation in the absence of surgical stress. This is particularly desirable with respect to the marked alterations that surgical stress exerts on splanchnic circulation (12). In this situation reflectance spectrophotometry reliably detects even clinically asymptomatic reductions in μHbO2 (13) and highly correlates with the morphologic severity and extent of gastric mucosal tissue injury (14).



Melatonin Plasma Levels

Plasma melatonin levels during baseline conditions were compared to plasma levels 30 min after topical melatonin administration. Plasma was collected in EDTA-Tubes (Vacutainer K2E EDTA 18.0 mg, Plymouth, UK) and stored at −80°C for later analysis. Plasma melatonin levels were assessed by means of enzyme-linked immunosorbent assay (ELISA) using commercially available kits (IBL International, Hamburg, Germany). Data were collected and analyzed according to the manufacturer's instructions and standards.




Induction of Hemorrhagic Shock

Hemorrhagic shock was induced by removing 20% of the estimated total blood volume via a large bore intravenous catheter in a peripheral vein and the arterial catheter (i.e., 16 ml · kg−1 of whole blood over 5 min). According to Advanced Trauma Life Support this model represents a class II shock (15). This reversible and non-lethal shock model allows the investigation of either protective or harmful effects of various interventions, i.e., melatonin. Heparinized shed blood was stored and later retransfused using an infusion set with a 200 μm filter.



Experimental Protocol

Under steady state conditions baseline values were recorded before the animals were randomized to the respective protocol (Figure 1). Steady state conditions were defined as stability of hemodynamic variables (heart rate and mean arterial pressure) as well as ventilation parameters (endtidal CO2, endtidal sevoflurane concentration and inspiratory oxygen fraction). Content of the syringes (melatonin or vehicle) was blinded to the investigator during the experiments and data acquisition. Four different groups were analyzed:


[image: Figure 1]
FIGURE 1. Experimental protocol. Experimental protocol: Application of the vehicle (C) or melatonin (M) during physiological conditions or 30 min after induction of hemorrhagic shock (CH, MH), ↓ bolus application to the oral and gastric mucosa, ↓a melatonin 0.3 mg (M, MH)/NaCl 0.9% (C, CH); ↓b melatonin 3 mg (M, MH)/ethanol 5% (C, CH). BL, baseline; PS, preshock; HV30/35/40/60 = 30/35/40/60 min after shock induction, NV30/35/40/60 = respective normvolemic control, RT30/60 = retransfusion.



Melatonin (Group M)

To study the effects of melatonin, in total 3.3 mg melatonin [Melatonin powder, Sigma-Aldrich, St. Louis, MO, USA; 0.3 mg melatonin diluted in NaCl 0.9% to a total volume of 3 ml, 5 min later followed by 3 mg melatonin diluted in 3 ml NaCl 0.9% containing 5% ethanol (Carl Roth, Karlsruhe, Germany)] was applied to the oral and gastric mucosa, and all variables were recorded for 2.5 h. Melatonin was applied next to the site of the microcirculation measurement. The gastric bolus reached the stomach via a gastric tube fixed to the O2C probe, whereas the bolus to the oral mucosa was applied around the measuring point via a perforated silicon tube. As melatonin is poorly soluble in water, we choose the solvent ethanol. Melatonin mediated effects on local microcirculation may be superseded by direct effects of ethanol. Therefore, melatonin was applied in two subsequent dosages with the lower concentration dissolved in NaCl 0.9% and the higher dissolved in ethanol. To assess early effects of melatonin on local microcirculation, microcirculatory oxygenation and perfusion were analyzed 5 min after each melatonin application.



Control Experiment (Group C)

As time control experiment, only the solvent (NaCl 0.9% followed by 5% ethanol solution, 3 ml) was applied topically to the oral and gastric mucosa, and all variables were recorded for 2.5 h.



Melatonin + Hemorrhagic Shock (Group MH)

To study the effect of melatonin on hemorrhage and retransfusion, after baseline measurements hemorrhagic shock was induced as described above and values were recorded for 30 min. Then melatonin was topically applied as described above and hemorrhagic shock was continued for further 30 min, followed by retransfusion of the shed blood with an additional observation period of 60 min.



Control Experiment, Hemorrhagic Shock (Group CH)

To study the effects of hemorrhage alone, only the solvent was applied during hemorrhage, followed by retransfusion as described above.

Every 30 min blood samples were obtained for blood gas analysis.




Effects of Melatonin on Caco-2 Monolayer Integrity

Various confounders, like altered macro- and microcirculation, influence the intestinal barrier function in vivo. To separate potential direct effects of melatonin on barrier function from those mediated by improvement of microcirculation, we performed the analysis of the intestinal barrier function in vitro. We used Caco-2 cells grown on porous membranes as a model system of intact intestinal epithelium (16). These cells exert functional and anatomic similarities to absorptive intestinal enterocytes and hence this a well-established model to study intestinal permeability (17).


Reagents

Minimal essential medium eagle (MEME) was purchased from Sigma-Aldrich (Munich, Germany). Other cell culture reagents were obtained from Biochrom (Berlin, Germany) or life Technologies (Darmstadt, Germany).



Cell Culture

The human colon adenocarcinoma cell line Caco-2 (European Collection of Cell Cultures No. 86010202) was kindly provided by Dr. H. Steinbrenner (Institute for Biochemistry and Molecular Biology I, Heinrich-Heine-University Duesseldorf, Germany). Cells were cultured as described before (18) in MEME, containing 20% fetal calf serum, 1% non-essential amino acids, 1% L-alanyl-L glutamine-dipeptide (Glutamax) and 1% penicillin/streptomycin in a humidified atmosphere (5% CO2, 95% air, 37°C). The cells were grown under standard conditions until 60–70% confluency. Medium was changed three times a week.



Porous Membrane Supports

Porous membrane supports (Transwell-Clear, 12 mm diameter, 0.4 μm pore size, Corning Incorporated, NY, USA) were coated with 10 μg/cm2 collagen (Sigma-Aldrich, Munich, Germany). Then Caco-2 cells were harvested, seeded on the porous membrane inserts at a density of 2 × 105 cells/cm2 and placed in a Transwell chamber. Cells were grown for 21–28 days to allow differentiation to build an intact, confluent layer, before experiments were performed.



Permeability Measurement

For permeability measurement of the Caco-2 monolayer the trans-epithelial electrical resistance (TEER) and the paracellular passage of Lucifer Yellow (LY, 444 Da, Thermo Fisher Scientific) from the apical to the basolateral compartment of the Transwell chamber were detected. All experiments were performed with n = 3 biological replicates, each assayed in duplicates.

Baseline TEER (Ωcm2) was measured using the EVOM2 Voltmeter (World Precision Instruments, Sarasota, FL, USA) with the Endohm2 chamber (World Precision Instruments, Sarasota, FL, USA) according to manufacturer's instructions. The unit “area resistance” is obtained by multiplying the meter readings by the effective surface area of the filter membrane. The dimension is Ωcm2. Values higher than 500 Ωcm2 were considered as sufficient confluence (19). After detection of baseline TEER, the medium was removed, and the inserts were incubated with 500 μl of the test component in the apical compartment and 1,000 μl of medium in the basal compartment for the determined period of time. Thereafter TEER (Ωcm2) measurement was repeated. Then medium was replaced with freshly prepared Hank‘s balanced salt solution adjusted to pH 7.4 for 15 min in non-CO2 atmospheric conditions. LY (200 μg/ml) was administered to the apical compartment. After 2 h LY concentration was measured in both compartments using a fluorescence spectrophotometer (excitation wavelength: 485 nm, emission wavelength: 535 nm). LY translocation was determined by calculating the ratio of basolateral to apical LY concentration as marker of barrier function.



Effect of Melatonin on Barrier Function

To test the effect of melatonin on TEER and LY translocation, damage was induced by the oxidant H2O2 [10 and 30 mM, incubation for 4 h, based on pilot experiments (Supplementary Figure 1)]. In a first set of experiments melatonin (0.1 mg/ml) was administered into the apical and basolateral compartment of the Transwell chamber diluted in the Caco-2 cell culture medium (see above) simultaneously with the administration of H2O2 and incubated for 4 h. In another set of experiments melatonin was added to the chamber 30 min prior to H2O2 followed by incubation for further 4 h.




Statistical Analysis

Primary endpoints were defined as gastric/oral microcirculation in vivo and changes in LY translocation and TEER in vitro. Secondary endpoints were defined as systemic hemodynamic and oxygenation variables and plasma melatonin levels. All data are presented as mean ± standard deviation (mean ± SD). Statistical differences were analyzed with GraphPad Prism version 6.03 for Windows, GraphPad Software, La Jolla California USA. In the in vivo experiments a repeated measures two-way ANOVA followed by Dunnett's multiple comparisons test (in vivo experiments, vs. HV30) or Sidak post hoc test (in vivo experiments, vs. respective control group) were used. An a priori power analysis (G*Power Version 3.1.9.2) revealed a power of 0.85 for detection of differences between the different groups with n = 6 in four groups, repeated measurements, α < 0.05 and η2 of 0.5 (calculated from previous experiments). In the in vitro experiments the Kruskal-Wallis test followed by Dunn's multiple comparison test (non-parametric data) was performed. p < 0.05 was considered significant.




RESULTS


Effects of Melatonin Under Physiological Conditions (Groups C and M)

Under physiological conditions, melatonin had no effect on gastric and oral μHbO2 and μflow (Table 1). During baseline conditions, gastric μflow was lower in group M compared to the control group. This effect was no longer evident in the further course of the experiment. Systemic hemodynamic variables remained stable throughout the experiment without differences to the control group. Microcirculatory and systemic variables are presented in Tables 2, 3, respectively.


Table 1. Microcirculatory variables.

[image: Table 1]


Table 2. Systemic hemodynamic.
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Table 3. Blood gas analysis and metabolic variables.

[image: Table 3]



Effects of Melatonin During Hemorrhage and Retransfusion (Groups CH and MH)
 
Gastric Microcirculation

Hemorrhagic shock reduced gastric μHbO2 from 80 ± 8 to 51 ± 14% (group CH) and from 81 ± 8 to 50 ± 15% (group MH) (Table 1). In the control group μHbO2 remained depressed after 60 min of shock. In contrast, melatonin application led to a significant increase in μHbO2 (HV35: 60 ± 13%; HV40: 60 ± 16%) compared to HV30 immediately before the local treatment. This increase sustained throughout the remaining state of shock (Figure 2). No significant differences to the control group were observed. After retransfusion of the shed blood μHbO2 was restored in both groups to 79 ± 9% (group CH) and 83 ± 6% (group MH) without differences between the groups. Gastric μflow was reduced during hemorrhage from 98 ± 21 to 69 ± 7 aU (group CH) and from 118 ± 33 to 83 ± 36 aU (group MH) (Table 1). The velocity of gastric microcirculatory perfusion (μvel) was higher in group MH compared to the control group during baseline conditions. After retransfusion μvel was higher in group MH compared to CH, similar to the significantly higher starting level (Table 1). Topical application of melatonin did not modulate local gastric perfusion.


[image: Figure 2]
FIGURE 2. Δ gastric μHbO2 during hemorrhagic shock (hemorrhagic groups). Changes in gastric microcirculatory oxygenation (delta μHbO2) compared to the pretreament value (HV30) in anesthetized dogs during hemorrhagic shock with topical application (↓) of vehicle (CH, ↓a NaCl 0.9%; ↓b ethanol 5%) or melatonin (MH; ↓a 0.3 mg; ↓b 3 mg). Data are presented as individual values and mean for n = 6 dogs; *p < 0.05 vs. HV30, 2-way ANOVA for repeated measurements followed by Dunnett's post hoc test. HV30/35/40/60 = 30/35/40/60 min after shock induction.




Oral Microcirculation

During hemorrhagic shock, oral μHbO2 decreased from 85 ± 5 to 48 ± 2% (group CH) and from 84 ± 6 to 47 ± 3% (group MH) (Table 1). Oral μHbO2 showed an early recovery in the control group (HV35: 54 ± 5%) and melatonin group (HV40: 54 ± 10%). During the subsequent shock period oral μHbO2 recovered to 57 ± 7% in both groups (group CH and MH). In contrast to gastric microcirculation, extent of the recovery in microcirculatory oxygenation were not modulated by melatonin. During hemorrhage, oral μflow and μvelo were depressed in both groups. In parallel to the findings at the gastric mucosa, topical application of melatonin had no effect on oral microcirculatory blood flow and velocity (Table 1).



Systemic Hemodynamic Variables

DO2 decreased during hemorrhage equally in both groups from 12 ± 3 min−1 to 7 ± 1 ml kg−1 min−1 (group CH) and from 12 ± 3 to 7 ± 2 ml kg−1 min−1 and was restored after retransfusion to 12 ± 3 ml kg−1 min−1 in both groups (Figure 3). The decrease of DO2 is based on a similar decrease of cardiac output and an increase in SVR. Application of melatonin did not alter systemic hemodynamic variables during the subsequent 30 min of shock and following retransfusion period (Table 2). A metabolic acidosis evolved during hemorrhage, without differences between the melatonin treated group and the control group. Further metabolic variables are displayed in Table 3.


[image: Figure 3]
FIGURE 3. Systemic oxygen delivery (hemorrhagic groups). Systemic arterial oxygen delivery (DO2) in anesthetized dogs during hemorrhagic shock with topical application (↓) of vehicle (CH, ↓a NaCl 0.9%; ↓b ethanol 5%) or melatonin (MH; ↓a 0.3 mg; ↓b 3 mg). Data are presented as mean ± SD for n = 6 dogs; *p < 0.05 vs. HV30, 2-way ANOVA for repeated measurements followed by Dunnett's post hoc test. BL, baseline; PS, preshock; HV30/60 = 30/60 min after shock induction, RT30/60 = retransfusion.





Melatonin Plasma Levels

Plasma melatonin levels remained within the physiological range during baseline conditions in all groups. During the course of the experiment no significant fluctuation in melatonin plasma concentration was seen in the control groups. Melatonin plasma concentration increased significantly to supraphysiological levels in melatonin treated animals (Figure 4).


[image: Figure 4]
FIGURE 4. Melatonin plasma concentration. Melatonin plasma concentrations during baseline conditions and 30 min after topical application of the vehicle (C, CH) or melatonin (M, MH). Data are presented as mean ± SD for n = 6 dogs; *p < 0.05 vs. basic value (PS), #p < 0.05 vs. respective control group (vs. C for M, vs. CH for MH), 2-way ANOVA for repeated measurements followed by Sidak post hoc test. PS, preshock; HV60 = 60 min after shock induction.




Effect of Melatonin on Caco-2 Cell Layer Integrity

Melatonin showed no effect on Caco-2 cell layer integrity under physiologic conditions. Oxidative stress by incubation of the monolayer with 10 mM H2O2 let to a pronounced decline in cellular integrity as indicated by increased paracellular passage of LY and diminished TEER (Figure 5). The decrease in TEER was obvious but due to large standard deviation not significant. Melatonin had no direct effect on Caco-2 cell layer integrity, neither with pre-incubation prior to oxidative stress (Supplementary Figure 2) nor when co-incubated with H2O2 (Figure 5).


[image: Figure 5]
FIGURE 5. Caco-2 monolayer integrity. Relative translocation of LY (A) and transepithelial electrical resistance (TEER) (B) over the epithelial barrier from the apical to the basolateral compartment after co-incubation with melatonin 0.1 mg/ml and H2O2 10 and 30 mM compared to the control group. Data shown as mean ± SD. *p < 0.05 vs. control, ns, not significant, n = 3, Kruskal-Wallis test with Dunn's multiple comparison test.





DISCUSSION

The main aim of the present study was to analyze the effects of topically applied melatonin on gastric and oral mucosal microcirculation during a mild hemorrhagic shock in vivo and the direct impact of melatonin on mucosal barrier integrity in vitro. Here, we could show that application of melatonin during a hemorrhagic shock may improve gastric microcirculatory oxygenation in dogs. Incubation of a CaCo-2 monolayer with melatonin did not directly influence mucosal barrier integrity.

In the in vivo part of this study we investigated the impact of melatonin on mucosal microcirculation using 0.3 mg melatonin solved NaCl 0.9% followed 5 min later by 3 mg melatonin solved in 5% ethanol. The chosen concentration is based on our previous in vivo study in dogs (7) and corresponds to ~100 μg kg−1 which has been shown to be protective in various settings in different species (20). The observed effects on gastric μHbO2 are independent of the solvent and 3 mg melatonin did not further increase gastric μHbO2. However, the study was not designed to compare different drug concentrations.

During physiological conditions in normovolemic anesthetized dogs, melatonin had no effect on micro- and macrohemodynamic variables. In contrast, melatonin was able to improve gastric microcirculatory oxygenation when applied topically to the gastric mucosa during hemorrhagic shock. The observed effect on gastric μHbO2 is rather small. Whereas, in the control group gastric μHbO2 remained depressed during the shock period, melatonin application enhanced gastric μHbO2 recovery during hemorrhage compared to the state of shock immediately before local treatment. These results are quite interesting and of potential clinical importance. Improving microcirculatory perfusion might fall short in improving local tissue function, as enhanced perfusion does not necessarily ensure sufficient oxygenation. Concerning gut integrity especially microcirculatory oxygenation is a major determinant for anastomotic healing (21). In a previous study we could demonstrate that an improved gastric μHbO2 by pretreatment with nitroglycerin prior to a hemorrhagic shock was associated with an ameliorated, shock induced damage to the gastric mucosal barrier (22). In this study, regional mucosal oxygenation was improved but regional perfusion remained unchanged. This observation contrasts with other reports on melatonin's effect on microcirculatory perfusion. Pretreatment or therapy with melatonin was able to improve hepatic and gastric perfusion in the context of a hemorrhagic shock in rats (23, 24) and dogs (7). However, in the present study we choose a regime with topical application of melatonin as a treatment during hemorrhagic shock. The regional gastrointestinal perfusion is mainly regulated at the level of the mesenteric arterioles (25). A pronounced vasoconstriction in these arterioles upstream the mucosal microcirculation, as part of the sympathetic mediated counter regulation to acute blood loss, may attenuate a potential melatonin mediated vasodilation in the capillary bed. As the systemic oxygen delivery and local gastric perfusion are not improved by melatonin, our results indicate, that the increased microcirculatory oxygenation did not result from improved local oxygen supply. Hence, μHbO2 increases due to a reduced oxygen demand or a cellular inability to extract oxygen. An oxygen extraction deficit seems to be unlikely, as melatonin is known to exert tissue protective effects even during conditions where oxygen delivery is impaired. More to the contrary, melatonin treatment has been shown to evoke a rightward shift of the oxygen dissociation curve of hemoglobin, thereby promoting tissue oxygenation. This was demonstrated in a rat model exposed to hypothermia (26). Whether similar effects may provide protective effects in the context of hemorrhage has to be studied in further detail. On the other hand, melatonin may improve mitochondrial respiration during pathologic conditions like hemorrhagic shock by inhibition of oxidative stress-induced mitochondrial damage (27). Furthermore, melatonin increased the activity of the mitochondrial complexes I and IV in brain and liver mitochondria, the only two tissues studied (28). Therefore, modulation of mitochondrial function may account for the increased postcapillary μHbO2 observed in the present study. While melatonin plasma concentrations during baseline and control conditions were similar to those described in different studies in various species (7, 29–31), local melatonin application led to a pronounced increase in plasma levels. We can only speculate, whether the observed effects on gastric μHbO2 are mediated via local mucosal or systemic effects of melatonin. The melatonin plasma levels measured 25 min after mucosal application corresponds to ~30–50% of the plasma concentrations after systemic melatonin application (7). However, as the topical melatonin application led to a modulation of gastric μHbO2 within minutes, a direct effect on local mucosal microcirculation is plausible.

Melatonin's microcirculatory protective effects are restricted to the gastric mucosa. A similar treatment of the oral mucosa showed inconclusive results, as oral μHbO2 improved after the second melatonin dose, but increased early in the control group, too. These observations are well in line with our previous results, indicating that the oral mucosa reacts differently compared to the gastric mucosa when treated with various vasoactive drugs (22, 32). At both locations, the verum was applied in direct proximity to the measuring site of the O2C device. During sevoflurane anesthesia the gastric motility is decreased, and gastric emptying is markedly prolonged (33). Therefore, dog's stomach is considered to be a relatively closed system with a minor clearance of gastric content toward the small intestine. Compared to this, after bolus application to the oral mucosa a relevant distribution of the active ingredient is likely, causing a consecutive reduction in effective concentration. Furthermore, the different histologic structure of the oral and gastric mucosa with diverse composition of the local microcirculation may account to the varying effects of mucosal application of vasoactive drugs. Once more our results underline, that a focus on the readily accessible oral microcirculation may not be suitable for the interpretation of further aboral parts of the gastrointestinal mucosal microcirculation by all means.

In the in vivo part of this study a cross-over design was chosen to reduce the number of animals needed to reach a sufficient power. However, the experimental group was not perfectly homogenous, indicated by occasional significant differences in micro-and macrocirculatory variables at baseline and pre-shock conditions. Although the exact reason is unclear, numerous factors, i.e., age of the animals or differences in stress hormone levels, could be causative. Carry-over effects of the preceding treatment are improbable, as melatonin has a half-life time of 20 min (34) and in humans elevated plasma levels after intake of 1–5 mg melatonin normalized within 8 h (35). After a single application of melatonin, a long-lasting (i.e., over 3 weeks) modulation of protein expression seems to be unlikely.

In the in vitro part of our experiments we analyzed the direct effects of melatonin on mucosal barrier integrity using the well-established Caco-2 cell culture model. To roughly simulate the conditions of oxidative stress induced by shock and reperfusion, the cells were exposed to exogenous administration of H2O2. Powers and colleagues demonstrated a similar reaction pattern of alveolar macrophages to oxidative stress generated by shock and reperfusion in vivo and by H2O2 in vitro (36). In the present study melatonin had no effect on mucosal barrier function. Neither LY translocation nor transepithelial electrical resistance was modulated after exogenous melatonin application. This is rather astonishing taken into account the known tissue protective properties of melatonin. In isolated fish hepatocytes exposed to 50 μM H2O2, addition of 0.1 mg/ml melatonin was sufficient to prevent the accumulation of free radicals and reactive oxygen species and to ameliorate the antioxidant status through modulation of transcription factors, e.g., NF-κB, ERK/Akt (37). Large datasets exist concerning melatonin's hepatoprotective properties [see (20) for further information], usually with a melatonin pretreatment regime for a couple of days or sometimes even weeks in advance to the harmful stimulus. Studies concerning the protective effect on the gut are sparse. Long-term administration of oral melatonin was demonstrated to maintain duodenal mucosal permeability during ethanol-induced stress (38) and to reduce colitis induced elevated gut permeability (39), thus improving intestinal barrier function in chronic disease. In contrast to these long-term pretreatment protocols, the present study focused on short term effects. While melatonin's antioxidative characteristics might be effective in the presence of H2O2, its anti-inflammatory properties will be secondary in the cell culture model. Furthermore, it remains unclear whether melatonin's tissue protective effects are mainly attributed to anti-oxidative radical scavenging properties or to systemic receptor-mediated effects, e.g., on regional microcirculation. In our previous study an increase in μflow after i.v. melatonin application was associated with a preserved intestinal barrier function during hemorrhagic shock (7). The missing protective effect of melatonin in the in vitro model indicates that melatonin's protective effect on intestinal barrier function is possibly not mediated via direct effects on the intestinal mucosa, but perhaps via an improvement of local microcirculation. However, the experimental setup does not mimic a therapeutically approach with initiation of the treatment after onset of oxidative stress. Therefore, the pre- and co-incubation regime limits the transferability of our results to the clinical setting. In the present model, application of H2O2 led to a pronounced increase in LY translocation and reduction in TEER. No dose dependence could be observed in cells treated with 10 mM and 30 mM H2O2. As even 10 mM H2O2 could result in an irreversible damage of the barrier function (40), an extensive cell breakdown could counteract any melatonin mediated potentially protective effects. These limitations could possibly explain the observed lack of influence of melatonin on Caco-2 monolayer integrity.


Clinical Impact

Application of melatonin during resuscitation improved survival in a rat and porcine model of polytrauma and hemorrhagic shock (41, 42). No microcirculatory variables were assessed in these studies. However, a subsequent investigation revealed an increased urinary output in the first hours of resuscitation in melatonin treated pigs after trauma/hemorrhage (43). This could be related to an improved renal function. One might speculate, that an improved renal microcirculation during resuscitation enhanced renal recovery. Similar to our results, melatonin application had no effect on macrohemodynamic variables. However, melatonin application in these studies resulted in plasma concentrations of 8–10 mM, which are several orders of magnitude higher than the plasma levels observed in our present study (~17 nM). Therefore, application of higher melatonin concentrations may result in more pronounced microcirculatory effects. This has to be investigated in the future. Together with the results of our previous study (7) our present results confirm, that exogenous melatonin ameliorates gastric microcirculatory derangements during hemorrhagic shock. Beside the well-known anti-inflammatory and anti-oxidative properties, modulation of the microcirculation could be a new aspect of melatonin's known tissue protective effects. Several tissues including the intestine have been shown to express melatonin receptors (44) and the antioxidative effects of melatonin are potentially receptor mediated (20). Whether the melatonin-mediated attenuation of the microcirculation during hemorrhage and the modulation of mitochondrial function are receptor dependent has to be addressed in further studies.
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Motor Cortex and Hippocampus Display Decreased Heme Oxygenase Activity 2 Weeks After Ventricular Fibrillation Cardiac Arrest in Rats
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Heme oxygenase (HO) and biliverdin reductase (BVR) activities are important for neuronal function and redox homeostasis. Resuscitation from cardiac arrest (CA) frequently results in neuronal injury and delayed neurodegeneration that typically affect vulnerable brain regions, primarily hippocampus (Hc) and motor cortex (mC), but occasionally also striatum and cerebellum. We questioned whether these delayed effects are associated with changes of the HO/BVR system. We therefore analyzed the activities of HO and BVR in the brain regions Hc, mC, striatum and cerebellum of rats subjected to ventricular fibrillation CA (6 min or 8 min) after 2 weeks following resuscitation, or sham operation. From all investigated regions, only Hc and mC showed significantly decreased HO activities, while BVR activity was not affected. In order to find an explanation for the changed HO activity, we analyzed protein abundance and mRNA expression levels of HO-1, the inducible, and HO-2, the constitutively expressed isoform, in the affected regions. In both regions we found a tendency for a decreased immunoreactivity of HO-2 using immunoblots and immunohistochemistry. Additionally, we investigated the histological appearance and the expression of markers indicative for activation of microglia [tumor necrosis factor receptor type I (TNFR1) mRNA and immunoreactivity for ionized calcium-binding adapter molecule 1 (Iba1])], and activation of astrocytes [immunoreactivity for glial fibrillary acidic protein (GFAP)] in Hc and mC. Morphological changes were detected only in Hc displaying loss of neurons in the cornu ammonis 1 (CA1) region, which was most pronounced in the 8 min CA group. In this region also markers indicating inflammation and activation of pro-death pathways (expression of HO-1 and TNFR1 mRNA, as well as Iba1 and GFAP immunoreactivity) were upregulated. Since HO products are relevant for maintaining neuronal function, our data suggest that neurodegenerative processes following CA may be associated with a decreased capacity to convert heme into HO products in particularly vulnerable brain regions.

Keywords: cardiac arrest, global cerebral ischemia, reperfusion injury, heme degradation pathway, brain regions, neurodegeneration, biliverdin reductase, enzyme activity


INTRODUCTION

Neurologic outcome in patients resuscitated from cardiac arrest (CA) remains poor, despite improvements in advanced life support and post-resuscitation care. Brain injury starts during the initial CA (no-flow time), continues during resuscitation (low-flow time) and culminates after re-oxygenation with the return of spontaneous circulation (ROSC). These pathophysiological events prepare the base of the post-cardiac arrest syndrome (1, 2) and lead to neurologic and motor deficits (3), which were shown to persist for a long time (4, 5). Using animal models, like others we have previously shown that CA induced global ischemia causes delayed neurodegeneration and neuronal dysfunction, which is associated with decreased cognitive capabilities (6–9). An experimental study using rats revealed that cognitive deficits in response to global ischemia continue to develop and were most severe after 6 months when rats are in their middle age (10). The same group also showed that cognitive deficits produced by ischemia are severe in middle aged rats, suggesting that repair mechanisms decline with age (11).

Multiple mechanisms are initiated immediately after ROSC involving an imbalanced redox homeostasis (12), increased cell stress, initiation of inflammation and cell death signaling (13–15) followed by death of vulnerable neurons. The most frequent structural changes occur in the hippocampus (Hc), consisting of loss of pyramidal neurons in the cornu ammonis 1 (CA1) region (16), which are associated with behavioral alterations (17).

The heme oxygenase (HO) system supports neuronal function and contributes to the oxidative defense (18, 19). HO degrades heme via oxidation yielding carbon monoxide (CO), free iron, and biliverdin (BV), which is afterwards converted to bilirubin (BR) (19). There are two catalytically active isoforms of HO in mammals, HO-1 and HO-2. In neuronal tissue nearly all of the HO-activity is ascribable to the constitutive HO isoform HO-2, and contribution of HO-1 is almost absent in physiological conditions (20). Functional HO is required for modulation of the synaptic activity, for memory consolidation, and maintenance of microperfusion, which operates predominantly via the heme degradation product CO (21–23).

Apart from the exclusive role of HO-2 for maintaining homeostasis and function in neuronal tissues, upregulation of the inducible isoform of HO-1, synonym with heat shock protein 32 is observed in response to acute cell stress, such as hypoxia and ischemia (24). Within several hours cerebral ischemia leads to the induction of HO-1, initially in astrocytes, which is subsequently extended on neuronal cells (25–27). Additionally to the HO-1 induction, also up-regulation of HO-2 protein has occasionally been described in response to cerebral ischemia (28). Experimental models inhibiting HO or overexpressing HO prior to an ischemic insult documented the neuroprotective effects of HO, particularly that of HO-2 (29). HO mediated cytoprotection can be mimicked by application of the HO reaction products CO (30) or BV/BR (31, 32).

Given the particular role of HO in preserving neuronal morphology and function, we questioned whether delayed neurodegeneration caused by resuscitated cardiac arrest is associated with changes of HO activity. Most studies delimitate their investigation to the expression of mRNA or protein level of either HO-1 or HO-2, or both HO isoforms in a few cases. Several studies show an acutely increased mRNA and/or protein expression of the HO-1 isoform in response to global ischemia (28, 29). However, HO activity of brain regions following CA has not been investigated yet. Instead, HO activity is extrapolated from the observed expression levels of HO-1 and/or HO-2 mRNA or protein, although it is known that both enzymes, HO-1 and HO-2, may be subjected to posttranslational modifications, influencing their catalytic activity (33, 34). Therefore, the capacity to degrade heme may be different from what mRNA or protein levels suggest.

Thus, our study aimed at understanding whether HO activity and expression do indeed correlate in vulnerable brain regions, as is generally assumed. To test our hypothesis we applied an experimental ventricular fibrillation model of 6 or 8 min CA, followed by cardiopulmonary resuscitation (CPR) using rats (7). After 2 weeks, we analyzed in Hc, motor cortex (mC), striatum and cerebellum the activity and expression levels of enzymes of the heme degradation pathway. To understand whether changes of the HO system are associated with neurodegenerative processes, we further analyzed the affected regions for relevant markers indicating gliosis and activation of inflammatory cell death pathway processes.



MATERIALS AND METHODS


Animals and Experimental Protocol

The experimental protocol was approved by the Institutional Animal Care and Use Committee of the Medical University of Vienna and the Austrian Ministry of Science, Research and Economy (GZ.: 66.009/0064-II/3b/2011). The experiments were conducted in compliance with EU regulations for animal experimentation (Directive 2010/63/EU of the European Parliament and of the Council) and followed the ARRIVE guidelines (35).

A total of 32 adult male Sprague-Dawley rats, 389 ± 56 g body weight (BW), 10 weeks of age (Himberg, Austria) were randomly allocated into the two resuscitation groups of 6 and 8 min CA (6 min CA, n = 10; 8 min CA, n = 12) and a sham operated group (sham, n = 10). In the 8 min CA group, more animals were allocated, because we expected a higher loss of animals due to longer CA times. In the sham group the same surgical procedures were performed, without the induction of ventricular fibrillation and consequent CA.

The experimental resuscitation model was described in detail earlier (7). Briefly, sedation of the animals was induced via the administration of sevoflurane 6% in FiO2 1.0 for 4 min in a box. The rats were endotracheally intubated with an adapted venous cannula (14GA Venflon BD Luer-Lok, Helsingborg, Sweden) and mechanically ventilated, volume-controlled with 65/min, 7 mL/kg BW and 0.3 FiO2 (Havard Inspira advanced safety ventilator, volume controlled, MA1 55-7058, Holliston, MA, USA). Buprenorphine (50 μg/kg BW) was given subcutaneously (s.c.) after intubation and sevoflurane 3.5% was further administered via the ventilator for continuous anesthesia during surgery. Rectal and esophageal temperature was kept stable at 37 ± 0.2°C with a heated operating table. The animals were catheterized via surgical cut-down into the left femoral artery and vein (Argyle Polyurethane Umbilical Vessel Catheter; 2.5 Fr, Convidien, Mansfield, MA, USA) for arterial blood sampling, measurement of mean arterial pressure (MAP) and venous drug administration. A human neonatal pacing catheter (Vygon GmbH & Co Bi-Pacing-ball 3 Fr, Aachen, Germany) was inserted in the cranially ligated right jugular vein, with the tip ending in the inferior vena cava for inducing ventricular fibrillation cardiac arrest.

After successful surgery, a baseline arterial blood gas analysis was performed, and sevoflurane sedation was stopped 1.5 min before the induction of ventricular fibrillation and the end of mechanical ventilation. After untreated CA (6 min CA, or 8 min CA), bicarbonate (1 mmol/kg BW), unfractionated heparin (100 I.U.), and epinephrine were given (20 μg/kg BW) intravenously (i.v.) 60 s before the initiation of resuscitation. Resuscitation was started with mechanical chest compressions (200/min) delivered with a pneumatic chest compression device (Streubel Automation, Grampersdorf, Germany) and mechanical ventilation (20/min, 7 mL/kg BW, 1.0 FiO2). The animals were defibrillated (2 times each with 5 Joule, biphasic; repeated every 2 min if ventricular fibrillation was present) and received epinephrine (10 μg/kg BW) i.v. 60 s after start of CPR and repeated every 2 min to achieve ROSC.

After ROSC, the ventilation settings were adapted (65/min, 7 mL/kg BW and 0.5 FiO2) and an arterial blood gas sample was taken 5 min after ROSC. The catheters were removed, vessels ligated, and skin incisions sutured using aseptic techniques. After successful weaning from mechanical ventilation, the unconscious rats were extubated, received oxygen via a nose cone mask and buprenorphine (24 μg/kg BW) s.c. as long as pain or distress was present. Further information regarding clinical data (mean arterial pressure, blood gas analyses prior and after CA and ROSC) is given as Table S1.

The rats were evaluated daily and neurologic status was assessed on day 1 and day 14 after ROSC by an investigator blinded to the study group, using neurological deficit score (NDS; NDS 0% = normal, NDS = 100% dead) (36) and overall performance category score (OPC; OPC 1 = normal, 2 = moderate disability, 3 = severe disability, 4 = comatose, 5 = dead (37). The neurological scoring system of NDS and OPC is described in the Tables S2, S3. A schematic overview of the experimental setup (a) and the study timeline (b) is shown in Figure 1.
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FIGURE 1. Schematic representation of setup and timeline of the experiments. (A) Instrumentation of animals using an endotracheal tube (endotr tube), an arterial and venous catheter in the femoral artery and vein (art and ven catheter), an esophageal temperature probe (Tesoph), and a rectal temperature probe (Trect). Fibrillation catheter for inducing ventricular fibrillation (fibrill cath). For resuscitation defibrillation pads (Defi Pads) were placed as indicated and a thumper was positioned 2 cm cranial of the xiphoid process. (B) Animals were randomly allocated to sham (not shown) or the 6 or 8 min cardiac arrest (CA) group following anesthesia and surgery (Anesth/Surgery). Sevoflurane was stopped (Sevofl stop) and CA was induced by ventricular fibrillation (single lightning symbol; Fibr.). Heparin (Hep), epinephrine (EPI) and sodium bicarbonate were added prior to cardiopulmonary resuscitation (CPR) attempted by 2 consecutive defibrillation steps (double lightning bolts), repeated every 2 min of CPR and followed immediately by epinephrine (EPI) supplementation every 2 min of CPR. After successful resuscitation with maximal 5 defibrillation attempts catheters were explanted (Cath Explant) and animals extubated (Extub). Overall performance category score (OPC) and neurological deficit score (NDS) were determined in all surviving animals at day 1 and day 14 prior to sacrifice.




Sampling

At day 14 rats were euthanized with a sevoflurane and buprenorphine overdose and perfused with saline (0.9% NaCl). After perfusion, brains were removed from the skull and cut into hemispheres. One half was fixed in 7.5% neutral buffered formaldehyde solution for histological examination, and regions of the other hemisphere (mC, Hc, striatum, and cerebellum) were sampled for gene expression analysis and enzyme assays. For this purpose, coronary sections at Bregma 1.7, −1.4, and −5.2 (38) were cut. The mC was taken from the rostral section, striatum from the next section and Hc from the third section. Cerebellar peduncles were cut to remove the cerebellum from the brain stem. The entire sampling process was done on a chilled marble plate and lasted not longer than 30 min. Brain regions were snap frozen in liquid nitrogen and stored at −80°C until use. The entire procedure with analyses performed is shown in Figure 2.
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FIGURE 2. Schematic overview for the preparation of brain sections used for the different analysis. Brain samples were taken from rats surviving 2 weeks following CA and processed as described in the Materials and Methods section. Half of the brain was fixed and used for histological examination [hematoxylin and eosin staining (HE), immunohistochemistry for heme oxygenase (HO)-2, ionized calcium-binding adapter molecule 1 (Iba-1), and glial fibrillary acidic protein (GFAP)]. Different regions were cut from the other half and immediately snap-frozen. In order to prevent biases frozen tissue pieces were homogenized and distributed into droplets prior to analysis of activity of HO and BVR, protein expression of HO-1 and HO-2, and gene expression [Tumor necrosis factor receptor 1 (TNFR1), HO-1, HO-2, and biliverdin reductase A (BVRA)]. Analyses were performed in accordance to the procedures described in Materials and Methods section.




Preparation of Tissue Homogenates for Enzyme Assays and Expression Analysis

Homogenates of entire brain regions were prepared (Figure 2) instead of using only parts/pieces, in order to avoid biases due to potential tissue inhomogeneity. These homogenates were used for the determination of the HO and BVR activity and for the protein and gene expression analyses. Frozen tissue was homogenized in 1:20 (w/v) Tris-buffer containing 300 mM sucrose, 20 mM Tris, and 2 mM EDTA at pH 7.4 using a Potter-Elvehjem with PTFE pestle on ice. The homogenates were distributed in 30 μL portions directly into liquid nitrogen. The formed frozen droplets were stored at −80°C until being used.



Determination of the Activity of HO Enzyme by an Optimized Photometric Enzyme-Coupled Assay

The determination of enzyme activities (HO and BVR) was performed as previously described (39) with the following modifications. Two droplets (corresponding to approximately 1 mg of protein) were added to a reaction mixture containing 500 nmol NADPH (Sigma) in a total volume of 150 μL assay buffer (100 mM potassium phosphate buffer; 1 mM EDTA; pH 7.4), supplemented with 20 nmol of hemin (for determination of HO activity), or with 200 nmol BV (for determination of BVR) and 250 nmol of NADPH. The residual homogenate was used to determine the protein concentration using a Coomassie Brilliant Blue binding assay (Bradford), as described elsewhere (40). The mixture was incubated under constant agitation in darkness for 30 min at 37°C. The reaction was stopped by transferring the samples onto ice. BR was extracted into benzene as described previously (41). BR concentration was determined using a double beam spectrophotometer (U-3000, Hitachi) and a standard calibration curve, which was generated by adding known amounts of bilirubin to assay buffer followed by subsequent extraction. The detection limit of BR using this method was determined as 5 pmol BR. In all tissues the BVR activity (the capacity to convert BV into BR) was much higher (i.e., 10 times) than that of HO (the capacity to convert heme to BR). This indicates that BVR activity is not limited and that all BV formed by the HO enzyme is completely reduced to BR by the underlying BVR. Enzyme activities were expressed as pmol BR formed per mg protein in 30 min.



Analysis of HO Protein Levels by Immunoblots

Proteins from droplets were separated under reducing conditions by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 10–15% PAGE gradient gels and blotted onto nitrocellulose as described earlier (40). Immunoprobing with two specific antibodies was performed: against HO-1 (Alexis Corp., Lausen, Switzerland) and HO-2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by cross-absorbed anti-rabbit IgG-HRPO (Novex, Life Technologies Corporation, Grand Island, NY, USA) and enhanced chemiluminescent detection (ECL-detection). Fluorescence staining of the overall protein pattern (prior to immunostaining) was used as a loading control and for normalization (Overall protein stains are shown in Figure S1). HO-1 proved to be below detection limit in brain. Testing of Hc and mC specimens for HO-2 was performed on individual animal basis.



Analysis of Gene Expression

Gene expression analysis was performed using qPCR as described elsewhere (42). Briefly, RNA was isolated from 2 frozen droplets using 1 mL of TriReagent™. Extraction of RNA was performed in accordance to manufacturer's protocol. The amount of extracted RNA was determined spectrophotometrically at 260 nm and purity was assessed by the 260/280 nm ratio on an Eppendorf BioPhotometer plusUV/VIS (Eppendorf, Hamburg, Germany). Copy DNA was prepared as previously described (43). Equal aliquots from each cDNA were pooled to generate an internal standard (IS) which was used as reference for the quantification. Primer pairs used for the expression analysis of HO-1 and TNFR1, and for the internal reference genes hypoxanthine ribosyltransferase (HPRT), and cyclophilin A (Cyc) were previously published (42). Primer pairs for the analysis of HO-2 and BVR isoform A (BVRA) gene expression were newly established for this study. Results of validation experiments performed to verify the suitability of these qPCR assays in accordance to the MIQE guidelines (44) are available as Tables S4, S5 and Figure S2. The qPCR was carried out on a CFX96™ (Bio-Rad, Hercules, CA, USA). Data were analyzed using the inbuilt software CFX manager (Version 2.0, Bio-Rad) in the linear regression mode. Expression of target genes was calculated against IS using a modified ΔΔCq method and normalized for the relative expression values obtained for internal reference genes HPRT & Cyc as previously described (45). Values obtained from duplicates were averaged and expressed as 2−ΔΔCq in fold changes relative to the IS.



Histological Analysis

Fixed brain hemispheres were cut into coronary sections, which were embedded in paraffin wax and cut into 5 μm thick sections. Sections containing Hc, mC, striatum and cerebellum were stained with hematoxylin and eosin (HE) and examined by a pathologist blinded to the study groups. The presence of neuronal necrosis was determined in a descriptive manner in HE stained sections of these brain regions.

Immunohistochemistry was used to determine activation of microglia (primary antibody against ionized calcium-binding adapter molecule 1 (Iba-1), FUJIFILM Wako Chemicals, Neuss, Germany, dilution 1:80,000) and astrocytes (primary antibody against glial fibrillary acidic protein (GFAP), Agilent Dako, Waldbronn, Germany, dilution 1:5,000) in the Hc in a semiquantitative manner. Furthermore, immunohistochemical investigations using a primary antibody against HO-2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, dilution 1:100) were performed to evaluate expression of HO-2 in Hc and mC. All immunohistochemical stainings were done automatically on an autostainer (Lab Vision AS 360, Thermo Fisher Scientific, Waltham, MA, USA). Briefly, sections were cut and antigen retrieval was performed in the Lab Vision PT Module (Thermo Fisher Scientific, Waltham, MA, USA) with citrate puffer (pH6, Iba1, and HO-2) and pronase digestion (GFAP), respectively. Endogenous peroxidase activity was blocked by incubation in H2O2. Ultra Vision Protein Blocking reagent (Labvision/Thermo Fisher Scientific, Fremont, CA, USA) was used to avoid non-specific binding of antibody. After application of the primary antibody a polymer detection system (Ultra Vision LP Large Detection System HRP, Labvision/Thermo Fisher Scientific, Fremont, CA, USA) consisting of a secondary antibody formulation conjugated to an enzyme-labeled polymer was used. The polymer complex was visualized with diaminobenzidine (Labvision/Thermo Fisher Scientific, Fremont, CA, USA). Subsequently, sections were counterstained with hematoxylin, dehydrated and mounted with Neo-Mount (Merck, Darmstadt, Germany).

For the semiquantitative analysis of gliosis and expression of HO-2, the region of interest was evaluated in the respective immunohistochemical staining. An increase or decrease of staining intensity and extent was assessed on a five-point scale. Normal expression of Iba1 (microglia) and GFAP (astrocytes) was assessed as “0,” while an increase was assigned to the following categories: scattered (1), mild (2), moderate (3), or high (4) expression. For HO-2 expression, the normal expression pattern was rated as “4.” The staining intensity was compared to the adjacent cortex tissue and a decrease was rated in four categories: mild (3), moderate (2), severe (1) reduction or no signal at all (0). Adobe Photoshop CC 2019 was used for white balance and to assemble representative histological pictures.



Statistics and Data Analysis

Data from quantitative analysis were calculated as medians as is recommended for qPCR data (46). Correlation between data sets was analyzed using the Spearman ranked sign test. Groups were compared by one-way non-parametric ANOVA (Kruskal Wallis) followed by Bonferroni-correction using IBM SPSS statistics (version 24). Values with p < 0.05 were considered significantly different. For visualization of data GraphPad PRIMS version 5.00 (GraphPad Software Inc.) was used, indicating the values of the single animals, and medians with 1st and 3rd quartiles per group. The numbers of independent samples (n) are indicated in the respective figure legends.




RESULTS

Of 32 enrolled rats, 9 rats had to be excluded from the study (Table 1). One of the 10 sham operated animals woke up during the surgery, anesthesia was deepened immediately and the rat survived (day 1 and 14: OPC 1; NDS 0%). This animal was excluded from final examinations. Three rats of the 6 min CA group and 5 of the 8 min CA group either had no ROSC or survived only few hours (6 min CA group: no ROSC, n = 1; OPC 5, n = 2; 8 min CA group: no ROSC, n = 2; OPC 5, n = 3). These animals were excluded from final examinations as well. A total of 23 animals (sham group, n = 9; 6 min CA group, n = 7; 8 min CA group, n = 7) remained for final examinations on day 14. From one rat of the 8 min CA group brain sample volume harvested was not sufficient for the biochemical analysis, only histological examinations and neurological scoring were performed. Mean arterial pressure and blood gas analysis at baseline (after surgery) and 5 min after ROSC are presented in Table S5. All surviving animals were scored for their neurological performance (OPC and NDS) at day 1 and at day 14 prior to sacrifice. We used repeated scoring as a suitable approach to rate the neurologic recovery, as was described earlier (7, 9). The results of the neurological scoring of CA animals with ROSC, including those with OPC 5 (= dead) at day 1, and the results obtained for animals surviving until day 14 are presented below (Table 2).


Table 1. Overview of animals enrolled in the study (n = 32).
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Table 2. Results of repetitive neurological scoring of experimental animals.
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CA Leads to Decreased Activities of HO in Motor Cortex and Hippocampus, While BVR Activities Are Not Affected

From all investigated tissues we found HO activity to be lower in samples from mC and Hc, while striatum and cerebellum did not show changes (Figure 3), when compared to the sham control group. For the mC, the median of the 6 min CA group was decreased by 47% (p = 0.009) and of the 8 min CA group by 42% (p = 0.043). In the Hc, the activities were decreased to a lesser extent [6 min CA, 26% (p = 0.136); 8 min CA, 39% (p = 0.029)]. BVR activity was not affected in any brain region (Figure 3).


[image: Figure 3]
FIGURE 3. Catalytic activities of the heme degradation pathway enzymes, HO and BVR, in brain regions 2 weeks after cardiac arrest (CA) (6 or 8 min) and resuscitation. Animals were subjected to CA for 6 min (CA 6 min) or 8 min (CA 8 min) or sham operated, as outlined in Materials and Method section. Brain regions were analyzed for enzyme activity by measuring the capacity of homogenized tissue to convert heme (HO activity) or biliverdin (BVR activity) into bilirubin within 30 min. The obtained amount of BR was corrected for the underlying protein concentration and enzyme activity is given in nmol BR formed per mg protein in 30 min (nmol BR/mg protein/30 min). Data are shown for single animals (gray open symbols) in each group: sham (instrumented animals, open circles, n = 9), rats subjected to CA for 6 min (CA 6 min, open squares, n = 7) or 8 min (CA 8 min, open triangles, n = 6), indicating additionally group medians (thin black line) and 1st and 3rd quartiles (bold black lines). Differences between groups are indicated (one-way non-parametric ANOVA (Kruskal Wallis) Bonferroni-corrected; *p < 0.05; **p < 0.01).




Decreased HO-2 Protein Levels in Response to CA Occur in mC (Immunoblot) and Hc (Immunohistochemistry)

Since we have found lower HO activity in mC and Hc homogenates, we questioned whether decreased levels of HO-2 protein caused this effect. Although both isoforms HO-1 and HO-2 contribute to the overall HO activity, the amount of HO-1 protein is generally very low in neuronal tissues (20). In line with these findings, we also could not determine HO-1 at protein level in immunoblots of tissue homogenates. Though, in homogenates of mC from CA animals we determined lower levels of HO-2 protein (p = 0.01 for 8 min CA; Figures 4A,C). Additionally, homogenates of Hc from 6 min CA animals displayed slightly lower HO-2 protein levels in comparison to the respective sham animals, but this difference was not significant (p = 0.233; Figures 4B,D). It is possible that the differences between groups in Hc did not result in statistical significances, because of the low sample numbers available for some of the groups. We also tested the immunohistochemical appearance of HO-2 specific staining in sections of both brain regions (mC and Hc).


[image: Figure 4]
FIGURE 4. Abundance of HO-2 in homogenates of mC (A) and Hc (B). Homogenates from brain regions of single animals were analyzed by SDS-PAGE and immunostained for HO-2 as described in Materials and Methods section. For quantification, band intensities of HO-2 specific staining were normalized to total protein staining of the respective gel lanes, in (C) for mC and in (D) for Hc. Values are given as AUFS (arbitrary units) as single data (gray open symbols) for each group: sham animals (open circles), rats subjected to cardiac arrest (CA) for 6 min (CA 6 min, open squares) or 8 min (CA 8 min, open triangles), indicating additionally group medians (thin black line) and 1st and 3rd quartiles (bold black lines). The numbers of analyzed animals per group are indicated below the graphs; a selection is displayed here. Total protein patterns of the respective gels are shown in Figure S1. Differences between groups are indicated (one-way non-parametric ANOVA (Kruskal Wallis) Bonferroni-corrected; *p < 0.01).


In sham animals, immunohistochemical staining for HO-2 showed a consistent signal in all layers of the Hc CA1-region (Figure 5A). The signal intensity was nearly similar to the signal intensity in the cerebral cortex in the same section (Figure 5A). In contrast, in all CA animals, regardless of CA duration, the HO-2 signal was significantly reduced in all hippocampal layers compared to the corresponding cerebral cortex (Figures 5B,C and Table 3). The neuronal expression of HO-2 was present predominantly in surviving pyramidal neurons in CA animals (Figures 5B,C inserts). In all animals, a consistent signal was present in the neuropil of the mC, and in some neurons increased staining intensities were detectable (Figures 5D–F). In contrast to Hc, in mC, the HO-2 specific staining was heterogeneous and cell type-specific, making quantitative considerations with this technique difficult. Nevertheless, the overall protein, determined by immunoblots, revealed that CA decreased HO-2 levels in mC as well. Therefore, our data suggest that the decreased HO activity may be caused by lower levels of HO-2 protein in mC and Hc.


[image: Figure 5]
FIGURE 5. Representative pictures of HO-2 expression in hippocampus and motor cortex. (A–C) Expression of HO-2 in the Hc, bar = 30 μm, bar in inserts = 150 μm. (A) The signal intensity in the hippocampus (Hc) of sham animals is nearly similar to the expression in the respective overlying cerebral cortex (Co). (B,C) Reduced expression of HO-2 in the Hc of 6 and 8 min CA animals compared to the respective cerebral cortex and compared to sham animals. Inserts: HO-2 expression is detectable in all pyramidal neurons of sham animals (A), but only in viable pyramidal neurons [arrows in (B,C)] in CA animals. (D–F) Expression of HO-2 in the mC, bar = 30 μm; consistent expression of HO-2 in sham (D) as well as 6 (E) and 8 min (F) CA animals with increased staining intensity in some neurons.



Table 3. Semiquantitative evaluation of HO-2 and markers indicative for activation of astrocytes and microglia in hippocampal sections of rats after 2 weeks following cardiac arrest.
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Gene Expression Level of Enzymes of the Heme Degradation Pathway and Activation of Inflammatory Pathways (TNFR1)

In order to find out whether the decrease in HO-2 protein was caused by a decreased mRNA transcription, we determined gene expression levels. Additionally to HO-2 mRNA, we also analyzed HO-1 and BVRA mRNA levels to cover gene transcription of all enzymes of the heme degradation pathway. Contrary to our expectation, we did not find gene expression levels of either HO isoform decreased. In contrast, the expression levels of HO-1 were increased in Hc of rats subjected to 8 min CA (Figure 6). The HO-1 expression levels showed an association with the duration of CA, since highest levels were found in the 8 min CA group. The median of the 6 min CA group showed an increase of 91%, while the median of the group of animals with 8 min CA showed an increase of 132%. Neither HO-2, nor BVRA mRNA showed any changes (Figure 6).


[image: Figure 6]
FIGURE 6. Expression of, HO-1, HO-2, BVRA and TNFR1 mRNA in motor cortex and hippocampus 2 weeks following cardiac arrest (CA). Gene expression was quantified by qPCR. Data were normalized against the internal reference genes HPRT and Cyclophilin A and expressed relative to the IS (relative mRNA level). Gene expression levels are shown for single animals (gray open symbols) in each group: sham animals (open circles, n = 9), rats subjected to CA for 6 min (CA 6 min, open squares, n = 7) or 8 min (CA 8 min, open triangles, n = 6), indicating additionally group medians (thin black line) and 1st and 3rd quartiles (bold black lines). Significant differences between groups were calculated by one-way non-parametric ANOVA (Kruskal Wallis followed by Bonferroni-correction) and are indicated (*p < 0.05; ***p < 0.005).


It is known that HO-1 (synonym HSP32) is indicative for the activation of a stress response. Activation of astroglia is frequently associated with an increased HO-1 expression, along with other inflammation associated markers, such as TNFR1. Indeed, we could also show upregulation of TNFR1 mRNA in Hc of rats subjected to 6 and 8 min of CA (Figure 6). The expression levels of TNFR1 mRNA showed a significant correlation with HO-1 mRNA (Spearman Rho, R = 0.649; p = 0.001, data not shown). The median of the 6 min CA group showed an increase of 33%, while the median of the 8 min CA group showed a more than two-fold increase. Compared to the sham animals this increase was significant for the animals subjected to 8 min of CA (p = 0.003), but only by trend for the animals subjected to 6 min of CA (p = 0.055). None of the other regions displayed increased levels of TNFR1.



Histopathological Changes Only in Hc 2 Weeks After CA

The results of mRNA expression analyses suggested an ongoing stress response and additionally the number of HO-2 expressing neurons was diminished in Hc. In order to determine the morphological appearance of lesions in response to CA and reperfusion we evaluated HE-stained sections of all investigated regions.

Consistent lesions were detectable only in the Hc of animals with CA. Sham animals did not show any lesions in the CA1 region (Figure 7A). Hypereosinophilic pyramidal neurons with shrunken nuclei (necrotic neurons) were present in animals with 6 and 8 min CA (Figures 7B,C). Animals with 8 min CA showed a tendency toward more severe lesions, but no significant differences were found compared to 6 min CA animals. Lesions were not detected in mC (Figures 7D–F). Also striatum (Figures 7G–I) and cerebellum (Figures 7J–L) showed no lesions, regardless of CA duration and consistent with earlier findings (7).


[image: Figure 7]
FIGURE 7. Representative pictures of hippocampus, motor cortex, striatum and cerebellum at 14 days after CA, HE-staining, bar = 30 μm. (A–C) Hippocampus, (A) sham animal with viable pyramidal neurons, no lesions present. (B) 6 min CA animal with many necrotic neurons (arrows) and few viable pyramidal neurons; (C) 8 min CA animal with many necrotic neurons (arrows) and only scattered viable pyramidal neurons. (D–F) Motor cortex, viable neurons in sham (D) as well as 6 (E) and 8 min CA (F) animals, no lesions present. (G–I) Striatum, viable neurons in sham (G) as well as 6 (H) and 8 min CA (I) animals, no lesions present. (J–L) Cerebellum, viable neurons in sham (J) as well as 6 (K) and 8 min CA (L) animals, no lesions present. CA, cardiac arrest.




CA Leads to Activation of Microglia and Astrocytes in Hc

Hc showed loss of pyramidal neurons in association with increased mRNA expression levels of inflammatory markers in animals subjected to CA surviving 14 days. We therefore aimed at confirming ongoing gliosis by additionally analyzing typical markers. Using immunohistochemistry we determined an increased staining of Iba1 and GFAP regarding extent and intensity in microglia (Figures 8A–C) and astrocytes (Figures 8D–F) in CA-animals. Microglia showed rod-shaped nuclei and soma with short thick processes consistent with activation. Cytoplasm and nuclei of astrocytes were swollen with large thick processes showing gemistocytic appearance. By semiquantitative evaluation of glial activation statistically significant differences were detected between sham and CA animals in Iba1 and GFAP immunohistochemistry (p < 0.005). However, no differences were present between 6 and 8 min CA groups (Table 3).


[image: Figure 8]
FIGURE 8. Representative pictures of microglia and astrocyte activation after CA in the hippocampus, bar = 30 μm. (A–C) Detection of microglia (antibody against Iba1) in the Hc. (A) Normal appearance and numbers of microglial cells in sham animal. (B,C) Increased numbers of activated microglia in CA animals. (D–F) Detection of astrocytes (antibody against GFAP) in the Hc. (D) Normal appearance and numbers of astrocytes in sham animal. (E,F) Increased numbers of gemistocytes in CA animals. CA, cardiac arrest.





DISCUSSION

We could show that 2 weeks after CA hippocampal and motor cortex tissues display decreased HO activity, which is a reduced capacity to convert heme. Although several reports have brought evidence for the relevance of HO in protecting susceptible neuronal structures against the consequences of ischemia, a complete assessment of region specific changes of the cerebral HO system in response to CA is not available yet.

Ischemia as a result from CA and resuscitation result in the well-described phenomenon of ischemia/reperfusion injury (47). Neuronal cells display a particular vulnerability, which depends primarily on the duration of the ischemic insult, but also on the brain region itself (48, 49) and CA1 pyramidal neurons of the Hc appear consistently affected.

We found that 2 weeks after CA pyramidal neurons in the CA1 region were lost and staining intensity of Iba1 and GFAP were increased, showing activation of microglia and astrocytes. In Hc, we found higher mRNA levels of HO-1, which correlated with TNFR1 mRNA, both markers of inflammatory cell stress. The degree of neurodegeneration seen in Hc showed a tendency to increase with the duration of CA, since animals subjected to 8 min of CA displayed changes that were more pronounced. Our findings confirm that cerebral ischemia affects nearly always the Hc region (15), in which neuroinflammation and neurodegeneration is persisting over long periods (17, 50).

Loss of pyramidal neurons in CA1 is known to lead to learning and memory deficits, and the reappearance of neurons in CA1 to improved learning and memory performance (51). Meanwhile it is well-accepted that HO plays an important role for survival of neurons, including CA1 neurons of Hc in response to cell stress, such as ischemia. A model of asphyxia induced cardiac arrest showed that neuronal injury and neuronal loss in the CA1 region were lower after 2 weeks when animals were pre-treated with heme, while neuronal loss was higher upon pre-treatment with a HO inhibitor (52). However, neither expression levels, nor activities of the enzymes of the heme degradation pathway were analyzed in the cited study. Nevertheless, a recent study suggested a close association of cognitive capabilities and the actual HO activity in Hc. Reversal of age-related cognitive deficits and neuronal loss in CA1 was associated with an increase in heme degrading capacity of Hc and frontal cortex (53).

Functional HO enzyme maintains cellular homeostasis and protection of neurons by different means (54). HO reaction products play an important role in stress defense and tissue regeneration (30–32) and transiently increased HO activity therefore supports neuronal repair and regeneration following an insult (55). Decreased HO activity, in contrast, impairs neuronal function and aggravates neuronal injury. Deletion of HO-2 in neuronal cells of Hc and cortex resulted in oxidative stress mediated injury, which was absent in cells with functional HO-2. The neuroprotection was attributed to BR (56), which may protect cells against a 10,000-fold excess of H2O2 (57). Further, neuronal function requires CO (58), particularly that of neurons in Hc (59). Thus, inhibition of HO within the Hc by pharmacological means resulted in retrograde amnesia (60), showing that active HO is required for memory consolidation. Memory consolidation involves cGMP (21), a second messenger formed by soluble guanylate cyclase, of which CO, a product of the HO reaction, is a known activator.

The decrease in HO activity, which we have determined in mC and Hc tissue, is supposed to operate simultaneously in two adverse directions: on one hand, it will result in (i) heme accumulation and on the other hand in (ii) a decreased generation of HO reaction products (see below). Excess free heme is highly toxic, especially for neuronal cells, due to its ability to promote oxidative stress (61). Based on its lipophilic nature, heme may induce lipid peroxidation and subsequent membrane injury, which finally results in apoptosis. Indeed, scavenging of heme by intracerebroventricularly applied hemopexin reduced the infarct volumes, improved neurological function and cognitive function after focal ischemia (62, 63). We therefore think that the decreased HO activity, which is caused by CA, results in neuronal deficits.

Up to now, it is not possible to determine the contribution of the single HO isoforms to the overall heme degrading capacity in tissue homogenates, because isoform specific inhibitors are not available. However, it is known that in neuronal tissue nearly all of the HO-activity is ascribable to the constitutive HO isoform HO-2 (64), and the contribution of HO-1 is almost absent in physiological conditions (20). Accordingly, studies using HO-2 knockout mice showed that although traumatic brain injury dramatically upregulated HO-1, and HO activity was slightly increased shortly thereafter, the HO activity determined in injured mice remained far below the values found in wild type control mice (65). Only few studies, focusing on the events occurring shortly after the insult, investigated HO activity in neuronal tissues following ischemia. Spinal cord injury resulted in an increased HO activity few days later (66). In another model of focal cerebral ischemia injured areas displayed an increased HO-1 protein abundance 3 days later, which correlated with a locally increased capacity to produce BR (67). Thus, even though stressful conditions increase the concentration of HO-1 the contribution of this isoform to the overall HO activity appears limited and may be timely restricted in neuronal tissues. This interpretation is supported by the fact, that HO-1 protein was not detectable in mC and even in Hc, despite the increased mRNA expression. Therefore, we can assume that HO-1 protein did not contribute noteworthy to the measured HO activity.

In contrast, our findings suggest that the decreased HO activity in rats subjected to CA, results at least partially from lower HO-2 protein concentrations in mC and Hc tissue. The in-situ protein expression of HO-2 in both regions using immunohistochemistry showed that HO-2 expression varies among cell types. Neuronal cells displayed stronger staining intensities, and highest HO-2 levels were found in selected neurons in mC. Due to this heterogeneity, HO-2 quantification by immunohistochemistry is difficult. However, the overall quantification using western blots showed a decrease in HO-2 protein in mC, which was significant, when CA lasted 8 min. Although we could not find morphological signs for neuronal loss in mC a loss of a few of these HO-2 highly positive cells is supposed to contribute measurably to a decrease in the overall protein and enzyme activity. Compared to mC, in Hc HO-2 staining was more homogenous, enabling a semiquantitative approach using immunohistochemistry. In rats subjected to CA, HO-2 representation was lower in all layers of Hc. This difference became obvious, when comparing the staining intensity with the adjacent cortex tissue. Further, HO-2 staining was predominantly present in viable pyramidal neurons of CA1. Since these neurons are a significant source of HO protein, it is highly probable that a loss of these cells caused the decrease in HO activity. Unfortunately, our data obtained from HO-2 immunoblots of Hc tissue homogenates did not reveal significant differences among groups, possibly because not all animals were included into this analysis, due to the limited amount of tissue material. Nevertheless, using different approaches, our data suggest that the decreased HO activity in mC and Hc of rats subjected to CA may result from lower levels of HO-2 protein present in these regions.

We assume that this decrease in HO-2 was not caused by gene regulation, since HO-2 mRNA expression was unchanged in both regions, and in Hc, HO-1 mRNA was even increased in response to CA. We can rule out that the partially opposing results, which we have obtained, are caused by area specific effects associated with heterogeneous cellular composition and architecture of neuronal tissue. Our methodological approach of using homogenates of the entire regions of interest, allowed to directly compare the obtained data for all quantitative parameter. Probably, CA induced a loss of HO-2 positive cells.

Additionally, it is possible that posttranslational modifications that may affect the enzymatic activity (33, 68) are involved. Oxygen and nitrogen radicals induce HO-1 mRNA, but simultaneously, they may induce posttranslational protein modifications, which down-modulate HO-activity (68). Hippocampal tissue of aged subjects with cognitive impairment or Alzheimer disease display increased levels of HO-1 protein showing oxidative posttranslational modifications (33, 69). Further, amyloid precursor proteins may associate with HO (70), inhibit HO activity and thereby increase oxidative stress levels, attributed to a decreased production of BR (34). Interestingly, amyloid-β peptide is an integral part of the cGMP-induced memory induction (71) that requires functional HO enzyme. These findings suggest the existence of a vicious cycle consisting of oxidative stress induced HO-1 expression and a lower HO activity due to chronically enhanced oxidative stress levels.

Further studies are needed to clarify the cause for the decrease in HO activity; however, our findings suggest compromised neuronal function in both regions, Hc and mC. Additionally, the decreased HO activity in Hc may compromise the repair mechanisms and prevent reduction of oxidative stress levels. We think that the increased HO-1 mRNA levels in Hc seen at this late time point after CA stands for the attempt to compensate for the decreased HO activity in order to restore tissue homeostasis. Not necessarily, an increased HO activity must result thereof. In contrast, many studies show that changes in mRNA or protein levels also for other enzymes relevant for the antioxidant defense do not fully account for the changes in enzyme activity determined under certain stress conditions (72, 73). Thus, contrary to the general assumption, HO mRNA (and protein) expression levels are not suitable to predict the resulting HO activity in neuronal tissues.

Except for Hc, our model revealed absence of histological signs for neurodegeneration or gliosis at this late time point (7, 9, 74). It has been shown, that the duration and the depth of the ischemic insult affect the chronology of the manifestation of neuronal damage in the different brain regions (75). Although we found decreased HO activity in mC, this region did not show morphological signs for neurodegeneration. However, mC might functionally respond to CA and the decreased HO activity may indicate a slowly progressing neuronal dysfunction, which is not leading to such an impressive loss of neurons, as is the case for Hc. However, further studies are required to elucidate the mechanism underlying the decrease in HO activity, which may contribute to the delayed neurodegeneration in Hc and mC after CA.



CONCLUSION

Our data revealed decreased HO activity in two brain regions, namely Hc and mC in a clinically relevant model for human ventricular fibrillation cardiac arrest and resuscitation 2 weeks after global ischemia. Our data suggest that reduced protein levels of HO-2 may contribute to the decreased tissue capacity to produce HO reaction products. In the CA1 region of Hc, a region typically affected in cerebral ischemia, the decrease in HO activity went in parallel with neuronal loss in CA1 and an increase in levels of markers indicating ongoing gliosis. Although the decreased HO activity in mC was not associated with visible lesions, HO-2 positive cells may have been lost in response to CA. Considering the importance of HO for neuronal protection and function, it is conceivable that decreased HO activity is causally involved in the delayed neurodegenerative processes, which contribute to neuronal dysfunction frequently occurring in CA patients. Our findings further suggest that protein or RNA expression data do not allow inferring HO activities in neuronal tissues.
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Circulating microRNAs (miRNA) alterations have been reported in severe trauma patients but the pathophysiological relevance of these changes is still unclear. miRNAs are critical biologic regulators of pathological events such as hypoxia and inflammation, which are known to induce endoplasmic reticulum (ER) stress. ER stress is emerging as an important process contributing to the development of single and/or multiple organ dysfunction after trauma hemorrhagic shock (THS) accompanied by impaired tissue microcirculation and inflammation. Here, we aim to bring new insights into the involvement of miRNAs associated with ER stress in THS. THS was induced in rats by a median laparotomy and blood withdrawal until mean arterial pressure (MAP) dropped to 30-35 mmHg followed by a restrictive (40 min) and full reperfusion (60 min) with Ringer's solution. Tunicamycin was used to induce ER stress. Blood samples were collected 24 h after THS for the determination of pathological changes in the blood (PCB) and circulating miRNAs. Plasma levels of circulating miRNAs were compared between THS, tunicamycin, and sham groups and correlated to biomarkers of PCB. MiRNA profile of THS animals showed that 40 out of 91 (44%) miRNAs were significantly upregulated compared to sham (p < 0.01). The data showed a very strong correlation between liver injury and miR−122-5p (r = 0.91, p < 0.00001). MiR-638, miR−135a-5p, miR−135b-5p, miR-668-3p, miR-204-5p, miR−146a-5p, miR−200a-3p, miR−17-5p, miR−30a-5p, and miR−214-3p were found positively correlated with lactate (r > 0.7, p < 0.05), and negatively with base excess (r ≤ 0.8, p < 0.05) and bicarbonate (r ≤ 0.8, p < 0.05), which are clinical parameters that reflected the shock severity. Tunicamycin significantly modified the microRNA profile of the animals, 33 out of 91 miRNAs were found differentially expressed. In addition, principal component analysis revealed that THS and tunicamycin induced similar changes in plasma miRNA patterns. Strikingly, the data showed that 15 (25.9%) miRNAs were regulated by both THS and tunicamycin (p < 0.01). This included miR−122-5p, a liver-specific microRNA, but also miR−17-5p and miR-125b-5p which are miRNAs remarkably involved in unfolded protein response (UPR)-mediating pro-survival signaling (IRE1α). Since miRNAs associated with ER stress are clearly correlated with THS, our data strongly suggest that interaction between miRNAs and ER stress is an important pathologic event occurring during THS. Overall, we consider that the miRNA profile developed in this study can provide a rationale for the development of bench-to-bedside strategies that target miRNAs in critical care diseases or be used as biomarkers in the prognosis of trauma patients.

Keywords: circulating miRNAs, trauma hemorrhagic shock, ER stress, organ damage, multiple organ dysfunction


INTRODUCTION

Trauma hemorrhagic shock (THS) is a leading cause of death worldwide (1). THS is a form of hypovolemic shock in which blood loss leads to impaired oxygen delivery and later on to inflammation and/or impaired immune response (1–4). The most dramatic consequence of THS is the so-called multiple organ dysfunction syndrome (MODS) (5–7). Cellular, tissue, and vascular alterations play a central role in the pathophysiology of organ failure but yet the death of patients upon MODS has no clear rational explanation. Biological consequences resulting from THS as hypoxia and inflammation are consistent factors required to trigger endoplasmic reticulum (ER) stress (8, 9). Activation of ER stress upon trauma hemorrhage was previously reported in preclinical models (10–12). We showed that the first signs of ER stress are detectable 40 min after reperfusion and persisted for up to 18 h after THS (11). Similarly, THS with sustained hypotension (without fluid resuscitation) simultaneously impacted mitochondrial function and ER stress response (12).

ER stress is known to trigger the unfolded protein response (UPR), an evolutionary conserved adaptive response that aims to resolve ER stress (adaptation, autophagy) or induce cell death if ER stress cannot be solved (8, 13). THS is based on a primary induction of shock by bleeding upon which an induction of acute inflammation occurs as a secondary aseptic inflammation which is mainly induced by damage-associated molecular patterns (DAMPs) (14), but also by gut-derived bacterial translocation (15). Recently, it was anticipated that ER stress is linked to sterile inflammation due to the release of misfolded (unfolded) proteins which may activate immune responses through the release of DAMPs into the circulation (16). And, in fact, it was previously shown that severe ER stress causes the release of extracellular vesicles carrying proinflammatory DAMPs molecules (17). Exactly how ER stress would lead to the release of DAMPs is still not clear, but it is assumed that autophagic vesicles create amphisomes that fuse to the plasma membrane to free the excess of misfolded proteins in an effort to support proteostasis recovery (16). Experimentally (in vitro and in vivo) ER stress is broadly induce by tunicamycin, thapsigargin, and brefeldin A (18). Although those chemicals target distinct ER machinery, all lead to ER protein misfolding. In this study, activation of ER stress by tunicamycin treatment was chosen since it is the most prototypical agent used to induce pharmacologic ER stress and UPR. Tunicamycin is an inhibitor of protein N-linked glycosylation impairing newly synthesized proteins (19), leading to the disruption of their folding and to the accumulation of unfolded proteins in the ER.

Recently, extracellular vesicles and particles carrying microRNAs (miRNAs) have been identified as new important regulators of intercellular communication and signaling. miRNAs are fine-tune regulators of multiple processes such as gene and protein expression (20, 21), but also of cellular stress responses such as ER stress (22–24). While we have a substantial understanding of mechanisms that control gene expression and protein translation, the involvement of miRNAs in UPR has only been investigated in the past few years (25). MiRNAs circulating in the bloodstream have also been reported to serve as an important diagnostic tool since they are accessible, stable, biologically relevant, and can, therefore, function as clinical biomarkers (26–29). In this scenario, miRNAs released into the blood offer an advantage over miRNAs expressed in tissues since in human studies fresh biopsy material with yielding high-quality RNA is not always possible to obtain (30). In 2014, the group of Stephen L. Barnes identified circulating miRNAs differentially expressed in hemorrhagic shock patients (31). Thereby, direct and indirect correlations within the differentially expressed miRNAs and genes involved in the toll-like receptors (TLRs) signaling pathways were described (31). TLR4 is known to be a prerequisite for activation of a systemic inflammatory response associated with hepatocellular injury after hemorrhagic shock and resuscitation (32). In general, attenuation of inflammatory response ameliorates organ damage (33). Hemorrhagic shock-activated neutrophils augment TLR4 signaling in lung injury (34). Induction of IL-6, a cytokine activated by TLR4, has been reported to ameliorate liver injury in THS (35), and TNF-α release is suppressed immediately after hemorrhage and resuscitation (15). MiRNAs are also recognized as important regulators of the inflammatory response (36–38) but the relationship between miRNAs, inflammation, and tissue damage is unclear and profiling of miRNA patterns upon THS is very scarce. Knowledge on such miRNA patterns, however, might provide valuable information for better diagnosis and a rationale for the development of bench-to-bedside strategies by e.g. targeting miRNAs. We here assumed that miRNAs are key regulators of cellular processes such as ER stress that occurs after THS. Consequently, the aim of this study was to bring new insights into the involvement of circulating miRNAs associated with organ damage and ER stress in THS and its relevance in the development of multiple organ dysfunction. Indeed, we here identified circulating miRNAs in a preclinical model of THS and correlated them with pathological changes in the blood (PCB). In addition, we compared the miRNA profile obtained upon THS with miRNAs induced by tunicamycin in order to clarify whether or not ER stress mediates the release of similar miRNAs as THS does.



MATERIALS AND METHODS


Ethics

The animal protocol was reviewed by the board of the city government of Vienna, Austria and approved for all experimental procedures (GZ: 593334/2016/13). All experiments were conducted in a manner that discomfort, pain, distress and suffering was avoided or minimized and in accordance with the Guide for the Care and Use of Laboratory Animals as defined by the National Institutes of Health. 3Rs concept: All experiments were planned carefully to ensure a sufficient number of animals to enable statistical analysis but not more than that. Experiments were combined to reduce the number of animals. All animal experiments were performed under deep anesthesia (during surgical intervention) and pain killers in pre and post-operative stage (refinement).



Animals

In total, 17 male Sprague-Dawley rats (400-450g, Janvier Labs, France) were kept under standard conditions, with free access to standard laboratory chow diet and water. All animal experiments were randomized.



Traumatic Hemorrhagic Shock Model

The traumatic hemorrhagic shock model used in this study is a well-established and clinically relevant model that has been used and reported in previous studies (11, 12). The animals were fasted for 12 h before the experiment with free access to water and received 0.05 mg/kg buprenorphine (Bupaq, Richter Pharma AG, Vienna) subcutaneous at least 1 h before experiment started. Under isoflurane inhalation (Forane, AbbVie, Austria) anesthesia a catheter was placed in the jugular vein. Once the catheterization was completed, the isoflurane anesthesia was terminated and preserved with intravenous continuous drip application of S-ketamine (60 mg/kg/h, Ketanest-S, Pfizer, Austria) followed by an intramuscular application of xylazine (2.5 mg/kg, Rompun, Bayer, Austria). The intravenous application of the S-ketamine permits a well-controlled deep anesthesia (39). Animals were placed on a temperature-controlled surgical board (36–37°C) during operation. A scheme of the experimental procedure is deciped in Supplementary Figure 1A. A catheter for MAP, heart rate, volume therapy, and blood sampling was placed intraoperative in the femoral artery. After cannulation of the jugularis vein and femoral artery, hemodynamic parameters were allowed to stabilize for at least 10 min (baseline—Supplementary Figure 1A). MAP and heart rate were monitored using a PowerLab software system (ADInstruments Ltd., Oxford, UK)—data is displayed in Supplementary Figures 1B,C, respectively. Subsequently, a median laparotomy was performed to mimic tissue trauma (40). The incision remained protected with saline-soaked gauze and sutured after 20 min. The shock phase was initiated by blood withdrawal via the femoral artery catheter. The first 6 mL of blood were manually drained using syringes (baseline sampling). Then 10 mL of blood were withdrawn with a pump (1 ml/min) to reduce the blood pressure (30–35 mmHg) and maintained until reversible decompensation (end of shock—Supplementary Figure 1A). By definition, cardiovascular decompensation is the failure of the cardiovascular system to regulate blood pressure in the face of extreme intravascular volume loss (hypotension), which at this phase can only be prevented by constant fluid infusion. In our experiments, beginning of reversible decompensation was characterized by a rapid drop in MAP from 35 mmHg to around 30 mmHg despite immediate intra-arterial application of small amounts of Ringer's lactate. MAP, heart rate, and blood gas parameters were used to determine the beginning of decompensation, which was quantitatively confirmed by pH about 7.25–7.15, base excess between−11 and−14 and lactate >50 mg/dL. The volume of shed blood (including sampling volumes) withdrawn from THS animals was ~45% of the total blood volume, which represents 7% of the rat body weight. A restrictive reperfusion (MAP at 40–50 mmHg) of 40 min was performed to simulate the transport from the local accident to the hospital and it was followed by a full reperfusion phase for 60 min. The infused volume of Ringer's lactate solution during reperfusion was 5 times the shed volume. Blood samples were withdrawn before shock (baseline), at the end of shock, and 24 h after THS for different analysis. Catheters were removed at the end of reperfusion (Supplementary Figure 1A) and wounds were closed. Subsequently, the animals under analgesia were transferred to their cages and observed until 24 h post-THS. The animals were euthanized under deep anesthesia by decapitation with a guillotine to avoid secondary effects since the animal's main organs were saved for future studies. Here, 14 male Sprague-Dawley rats were randomly distributed into two groups: the sham group (n = 4) and THS group (n = 8). Two animals (one from the sham group and other from THS group) died before the endpoint (24 h) and were therefore excluded from the analysis. One animal died during preparation (sham group) and the other died after THS. The sham group represents the group of animals subjected only to placebo surgery without the trauma procedure and hemorrhage. Only THS group received phosphate buffered saline with 0.67% of DMSO (3 ml).



ER Stress Induction

Tunicamycin (TUN), an inhibitor of protein N-glycosylation that impairing protein synthesis and triggers accumulation of unfolded proteins in the endoplasmic reticulum was selected to induce ER stress response in animals randomly assigned to tunicamycin group. 0.5 mg/kg of tunicamycin in phosphate buffered saline with 0.67% of DMSO solution was applied intraperitoneal. Blood was collected after 24 h treatment for determination of circulating miRNAs. Tunicamycin group (n = 3).



Blood Gas Analysis

Blood gas parameters as lactate (Lac), base excess (ABEc), and bicarbonate ([image: image]) were analyzed in heparinized arterial blood samples with a blood gas analyzer ABL800 Flex System (Radiometer Medical A/S, Copenhagen, Denmark) at the end of shock.



Blood Cell Count

Total white blood cells (WBC), neutrophils (NEU), lymphocytes (LYM), monocytes (MONO) were measured 24 h after onset of shock on EDTA-anti-coagulated whole blood using a CELL-DYN 3700 analyzer (Abbott Park, Illinois, U.S.A.).



Pathological Changes in the Blood

The levels of lactate dehydrogenase (LDH), creatine kinase (CK), alanine aminotransferase (ALT), aspartate aminotransferase (AST), urea and creatinine were analyzed from fresh frozen plasma samples with automatic analyzer (Cobas c111; Roche Diagnostics, Vienna, Austria). Cardiac troponin I (cTnI) it was measured using an Ultra-Sensitive Rat Cardiac Troponin-I ELISA kit (Life Diagnostics, Inc., Cat. No. CTNI-2-US). To avoid unintended biasing of the results we performed blind analysis of the samples. Measurements were performed by an investigator unaware of the sample group allocation during the experiment and when assessed its outcome. Pathological changes in the blood (PCB) were analyzed by creating scorings for heart injury (cTnI, CK, LDH), liver injury (ALT and AST), kidney injury (urea and creatinine), cell response [WBC and neutrophil to lymphocyte ratio (NLR)], and tissue hypoxia (lactate and ABEc). Each score was calculated as a sum of the parameters and normalized to the mean value of the THS group and expressed in percent (%). The scores are displayed in Table 1.


Table 1. Pathological changes in the blood (PCB) analyzed in THS rat model.
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RNA Extraction and RT-PCR

Ribonucleic acid (RNA) isolation was performed from 200 μl of rat plasma as described previously (41) using the miRNeasy Mini Kit (Qiagen, Germany) together with glycogen to enhance precipitation. The miRCURY RNA Spike-Ins (Qiagen, Germany) were added to the lysis buffer Qiazol prior to RNA isolation. Total RNA was eluted in 30 μl nuclease-free water and frozen at−80°C until further analysis. Reverse transcription was performed using the miRCURY RT Kit (Qiagen, Germany) with 2 μl total RNA input. RT was performed at 42°C for 60 min followed by heat inactivation at 95°C for 2 min. Quantitative polymerase chain reaction (qPCR) was performed on a Roche LightCycler LC480 II with 45 amplification cycles (95°C for 10 s, 60°C for 60 s) followed by melting curve analysis. Cq-Values were calculated using the 2nd derivative maximum method. Data normalization: Equal biofluid volumes were used throughout the analysis. Homogeneous efficiency of all steps in the workflow was confirmed using spike-in controls. RNA spike-in control was used for normalization to adjust for analytical noise using the equation: Cq = Cq(UniSp4) – Cq(miRNA).



RT-qPCR Quality Control

Three types of Spike-In controls were used for monitoring the analytical variability of the workflow assess data quality (Supplementary Figure 2). First, a commercial (Qiagen, Germany) non-mammalian RNA spike-In (UniSp 4) was added to each sample prior to RNA extraction. RNA spike-Ins reflect the overall technical variance present in the raw data. Secondly, cel-miR-39, which is a microRNA that is found in C. elegans but not in human or other mammalian species was added to total RNA samples prior to reverse transcription. Cel-miR-39 reflects the variance introduced during reverse transcription and qPCR, and can indicate the presence of enzyme inhibitors. Third, UniSp3 was used, which is a mix of qPCR primers and template that is present on each qPCR plate and used to determine the technical variance of the qPCR reaction.



miRNAs Profiling and Analysis

We have selected and analyzed 91 miRNAs (Supplementary Table 1) associated either with organ damage or ER stress based on existing literature using miRBase database (http://www.mirbase.org/). For the Venn diagram we used Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/index.html). Principal component analysis (PCA) was carried out with the XLSTAT software (Microsoft).



Statistics

Statistical analysis was carried out with SPSS15 (Statistical Package for the Social Sciences, version 15.0) and the free software environment for statistical computing and graphics, “R.” Kolmogorov–Smirnov test was used to test the distribution of the data. Column analysis was performed using Welch's t-test (type 3 t test in the EXEL) for Unequal Variances. Volcano plots and Spearman's correlation coefficients were performed R software system using the EnhancedVolcano and corrplot packages. Significant differences were considered at p < 0.01 for the miRNAs analysis, while the criteria for significant correlations was p < 0.05.




RESULTS


Tissue Hypoxia, Inflammation, and Organ Damage in THS

A total of 14 animals were used in the THS experiment, of which n = 4 rats were randomized to the sham group and n = 8 rats to THS group, 2 animals were excluded since they did not survive to the endpoint (24 h). Changes in MAP and heart rate of sham and THS animals are shown in Supplementary Figures 1B,C, respectively at baseline, end of shock and, end of reperfusion. For the analysis of PCB induced by THS compared to sham animals, we analyzed the scorings created for the liver, heart, and kidney cumulative damage (Table 1). Alterations related to cellular response and tissue hypoxia are also considered in Table 1. Neutrophils, which are among the first cells to reach the site of injury had fold change of 1.4 (THS = 46.83% and sham = 21.95%) 24 h after onset of shock. The overall inflammatory response scoring (WBC and NLR) was elevated by 2.5-fold (p < 0.05) in THS. The data showed a significant increase of lactate in THS animals after shock phase which is accompanied by significant changes in base excess and bicarbonate levels (p < 0.0001). In general, all parameters had a strong trend to increase but heart injury scoring was the most elevated by 27.4-fold in THS (p < 0.01). Liver and kidney injury were elevated by 4.6 and 2.0-fold, respectively.



miRNA Profile of THS Rats

Ninety one miRNAs associated to organ damage and ER stress were selected based on existing literature (Supplementary Table 1) and determined their relative expression in plasma samples of THS and sham (control) animals by RT-qPCR. Spike-in quality controls were used to monitor analytical variability and sample quality (Supplementary Figure 2). Overall, 40 out of 91 miRNAs were significantly elevated (p < 0.01) in the animals subjected to THS compared to the sham group, while none were decreased (Figure 1). The full list of the miRNAs induced by THS with a p < 0.01 is displayed in Supplementary Figure 3. The data showed that miR-638, miR-199a-5p, miR-151a-5p, miR-135b-5p, miR-663a, miR-215-5p, miR-30b-5p, miR-192-5p, miR-221-3p, and miR-346 are the 10 most significantly regulated miRNAs in THS plasma (Figure 1). Additionally, several miRNAs such as miR-122-5p (log2 fold change = 6.41), miR-211-5p (log2 fold change = 5.76), and miR-135a-5p (log2 fold change = 5.40) occurred in the blood in particularly high concentrations.


[image: Figure 1]
FIGURE 1. Volcano plot depicting the Log2-transformed fold change (LogFC, x-axis) of circulating miRNAs in THS compared to controls (sham) in relation to their p value (−Log10 (pval), y-axis). In total 90 miRNAs were included in the analysis. The 10 most significantly regulated miRNAs (lowest pval) by THS are labeled. Sham group (n = 4 animals); THS group (n = 8 animals).




Correlations Between PCB and Circulating miRNAs in THS

Next, it was explored whether the changes in miRNAs in THS are coincident with PCB, which are used in clinical practice. 40 miRNAs induced by THS were selected for performing the correlation analysis with the PCB (p < 0.01). Figure 2 displays all significant Spearman's correlations between miRNAs and PCB (p < 0.05). The coefficients (r) between PCB and circulating miRNAs are indicated in Supplementary Figure 4. In general, all the miRNAs induced by THS are directly correlated to each other (blue circles). The data did not show an organ-specific miRNA profile but most of the miRNAs were significantly correlated with liver injury (38 out of 40), followed by heart injury and hypoxia (26 out of 40), kidney injury (10 out of 40) and inflammation (4 out of 40) (p < 0.05). The data showed a strong correlation between liver injury scoring and miR−122–5p (r = 0.91, p < 0.0001). Furthermore, miR−135b−5p, miR-668-3p, and miR−146a−5p were found to be associated with all the 5 scorings (liver injury, heart injury, kidney injury, and inflammation, and tissue hypoxia). Additionally, miR−135b−5p, miR−668–3p, miR−146a−5p, and miR−214–3p are the only miRNAs correlated with activation of immune cells (WBC + NLR). Some PCBs are also strongly correlated with each other. For example, heart injury with inflammation (r = 0.78, p < 0.01), tissue hypoxia (r = 0.78, p < 0.01), and kidney injury correlates with tissue hypoxia (r = 0.69, p < 0.05). Base excess and bicarbonate ([image: image]), clinical parameters that reflect shock severity, are negatively correlated with all miRNAs (red circles). Base excess and bicarbonate are also inversely correlated with AST, LDH, CK, urea, creatinine, and lactate. Here, miR-638, miR−135b, miR−135a, miR-668, miR-204, miR−146a, miR−200a, miR−17, miR−30a, and miR−214 were found positively correlated with lactate (r > 0.7, p < 0.05), negatively with base excess (r ≤ 0.8, p < 0.05) and bicarbonate (r < −0.8, p < 0.05).


[image: Figure 2]
FIGURE 2. Corrplot with Spearman's correlations between pathological changes in the blood (PCB) and circulating miRNAs induced by THS with p < 0.01 (n = 40 miRNAs). All significant (p < 0.05) correlations are indicated as circle. Positive correlations are displayed in blue and negative correlations in red color. Color intensity and the size of the circle are proportional to the correlation coefficients (r).




miRNA Profile of Tunicamycin in Rats

In the next step, ER stress response was triggered in rats using a strong and well-known inducer of ER stress, tunicamycin. A total of 3 animals were used in this experiment, all animals were included in the analysis. No animal died due to treatment with tunicamycin. Similar to THS group (24 h), the levels of circulating miRNAs in animals treated with tunicamycin (24 h) were strong upregulated compared to sham group. Overall, 33 out of 91 miRNAs were significantly upregulated (p < 0.01), while again, none were decreased. A full list of the miRNAs expressed in response to tunicamycin with a p < 0.01 is displayed in Supplementary Figure 5. A detailed analysis showed that miR-455-3p, miR-199a-5p, miR-151a-5p, miR-210-3p, let-7g-5p, miR-31-5p, let-7i-5p, let-7f-5p, miR-146b-5p, and miR-486-5 were the 10 most upregulated miRNAs by tunicamycin in our experimental model (Figure 3).


[image: Figure 3]
FIGURE 3. Volcano plot depicting the Log2-transformed fold change (LogFC, x-axis) of circulating miRNAs induced by tunicamycin compared to controls (sham) in relation to their p value [−Log10 (pval), y-axis]. The 10 most significantly regulated miRNAs (lowest pval) by tunicamycin are labeled. Sham group (n = 4 animals); Tunicamycin group (n = 3 animals).




A Common miRNA Signature in THS and Upon ER Stress Stimulation With Tunicamycin

Circulating miRNAs released in THS animals were compared to tunicamycin group in relation to sham group (control). The principal component analysis revealed that THS and tunicamycin treatment caused similar miRNA changes compared to sham group (Figure 4A). THS and tunicamycin showed a different miRNA profile as well, but more similar to each other than to sham since both groups overlap on PC1 (x-axis, explained 60% variability) but not on PC2 (y-axis, explained 13% variability). Next, a direct comparison of significantly upregulated miRNAs in THS and tunicamycin with a p < 0.01 was performed and displayed in Figure 4B. The Venn diagram showed that 25 miRNAs were exclusively induced by THS and 18 miRNAs were exclusively induced by tunicamycin treatment. This analysis also identified 15 common miRNAs induced by both, THS and ER stress: miR-199a-5p, miR-151a-5p, miR-221-3p, miR-21-5p, miR-122-5p, let-7g-5p, miR-199a-3p, miR-17-5p, miR-101-3p, miR-210-3p, miR-125a-5p, miR-125b-5p, miR-107, let-7b-5p, and miR-7-5p. In other words, THS and tunicamycin had an overlap of 25.9% of miRNAs analyzed in our study.


[image: Figure 4]
FIGURE 4. (A) Principal component analysis of miRNAs related to organ injury and ER stress; THS group (n = 8); sham group (n = 4); tunicamycin (TUN) group (n = 3). (B) Venn diagram with miRNAs significantly regulated in THS and upon tunicamycin treatment (p < 0.01). Blue: 25 miRNAs involved exclusively in THS. Yellow: 18 miRNAs exclusively induced by tunicamycin. Central area: 15 common miRNAs expressed by THS and tunicamycin.





DISCUSSION

MiRNA transcription has previously been reported to be altered in severe trauma patients (31, 42, 43). The role of ER stress following THS is not fully understood but since the ER is responsible for main liver functions as protein synthesis, lipid metabolism, etc., we assumed that ER stress can be a major reason for liver dysfunction contributing to multiple organ failure in THS. However, the relationship between circulating miRNAs, activation of ER stress, and organ damage is very poorly explored. Here, we show that circulating miRNAs upon THS can be used to decipher the role of ER stress in the development of single and/or multiple organ dysfunction. In this study, we determined the major parameters of oxygen deficit during the shock phase, subsequent markers of organ damage, and inflammatory response 24 h after shock. The experimental model simulated a typical situation of clinical trauma. Base excess and bicarbonate were significantly decreased during the shock phase reflecting tissue hypoxia. In line with related literature (44), activation of the innate inflammatory response was characterized by elevated levels of neutrophils and a drop in the absolute number of lymphocytes.

In this model, we identified 40 miRNAs differently regulated upon THS (all upregulated). MiR-638 was the most significantly upregulated miRNA induced by THS in our study. Overexpression of miR-638 was found to attenuate the effects of hypoxia/reoxygenation in human cardiomyocytes (45). Previously, it was anticipated that in general miRNAs act as pro-adaptive molecules during ER stress and they can be positively and negatively regulated by the UPR (25). Indeed, we found that the most upregulated miRNAs by THS in our study are likely not only involved in organ damage as liver injury (miR-151a-5p), brain injury (miR-135b-5p), and cardiac injury (miR-199a-5p) but there are also miRNAs in this group which are reported to be involved in processes related to ER stress (miR-663a, miR-215-5p) and UPR activities such as cell survival (miR-346) (references are indicated in Supplementary Table 1). Considering the marked release of the miRNAs upon THS, we also assume that the miRNA profile obtained may not only reflect regulation of ER stress and organ injury but also possible cellular disruption followed by a passive release of miRNA into the bloodstream, which was previously observed during drug-induced organ damage (46, 47). Furthermore, the upregulation of miR-24-3p (log2 fold change = 1.79) observed here in the animals subjected to THS (p < 0.001) concurs with the overexpression of miR-24-3p reported in trauma patients associated with trauma-induced coagulopathy by preventing the production of coagulation Factor X (42). MiR-24 was also found significantly deregulated under UPR circumstances in H9c2 rat cardiomyoblasts (48).

Based on correlation analysis between miRNAs and PCB, we found that miRNAs are associated with injury of different organs, most importantly liver injury, since 38 out of 40 upregulated miRNAs were correlated to the liver injury score. In addition, we found a strong and direct correlation between liver injury and miR−122-5p (r = 0.91, p < 0.0001), which confirms previous observations by others (49, 50), and which can be explained not only by passive release but also by the augmentation of miR-122 in the liver. MiR-122 was also found to play a role in the hypoxia responses that regulate glucose and energy metabolism (51). In addition, it was recently reported that ER stress impacts on miR-122 promoter activity (52). We found miR-638, miR−135a-5p, miR−135b-5p, miR-668-3p, miR-204-5p, miR−146a-5p, miR−200a-3p, miR−17-5p, miR−30a-5p, and miR−214-3p strongly correlated with lactate, base excess, and bicarbonate. Base excess is reflected in bicarbonate consumption, which results in acidosis (53). In fact, miR-638, miR−135a, miR-668 were previously associated with hypoxic injury (references are indicated in Supplementary Table 1). Thus, our data suggest that these miRNAs could also be explored as markers of tissue hypoxia subsequently to THS. We observed that only a few miRNAs (miR−135b−5p, miR−668–3p, miR−146a−5p, and miR−214–3p) correlated with cellular response scoring (inflammatory response), out of which miR-146a-5p is considered an “inflammamiR” (54, 55). Additionally, in our study, we found several miRNAs strongly increased in the plasma in response to tunicamycin. Of note, tunicamycin may not fully mimic the ER stress response induced by THS, but it's known that the liver is one of the main organs affected by tunicamycin treatment (56). Additionally, since liver dysfunction is also a driver of multiple organ failure in THS, we consider that the choice of tunicamycin as an ER stress model in this study in comparison to the THS model is a suitable approach. And, indeed, miRNAs such as miR-17-5p and miR-125b, which we found to be significantly upregulated in THS and in tunicamycin groups, are associated with ER stress and UPR. MiR-17 and miR-125b have a role in adaptive UPR signaling by regulating IRE1α (57). Notably, it was found that sustained activation of IRE1α reduced levels of miR-17, miR-34a, miR-96, and miR-125b which are miRNAs that usually inhibit caspase-2 (57). PCA analysis revealed that THS and tunicamycin treatment elicit similar changes in plasma miRNA levels compared to control animals. Indeed, we found a coincidence of 25.9% miRNAs in THS and upon ER stress stimulation. 15 miRNAs (miR-199a-5p, miR-151a-5p, miR-221-3p, miR-21-5p, miR-122-5p, let-7g-5p, miR-199a-3p, miR-17-5p, miR-101-3p, miR-210-3p, miR-125a-5p, miR-125b-5p, miR-107, let-7b-5p, and miR-7-5p) were significantly induced by both THS and tunicamycin. In this list, we highlight miR-122-5p, miR-17-5p, and miR-125b-5p which we discussed above.

We propose that our miRNA profile characterization in THS animals can provide a rationale for the development of bench-to-bedside strategies that target miRNAs. For example, miR-34a, which we found induced by THS (p < 0.01) and by tunicamycin (p < 0.05) was suppressed in a hemorrhagic shock pregnant rat model. The authors found that suppression of miR-34a alleviates organ damage possibly due to the attenuation of oxidative stress (58). Thus, suppression of specific miRNAs can be explored to treat organ damage caused by THS. In addition, since the miRNAs identified were associated with PCB, they can also be explored to improve the diagnostic toolbox for trauma patients. In fact, it was previously found that miR-106a was dysregulated in hemorrhagic shock patients and appeared to be more downregulated in patients who developed an infection (43). Thus, specific alterations on miRNA levels were suggested to serve as a marker for susceptibility to infection in trauma patients (43). Considering our data, we assumed the following mechanism with respect to the interplay between ER stress and miRNAs upon THS. Cellular perturbations resulting from THS activate inflammation and ER stress which triggers the UPR. At the same time, THS also induces the release of miRNAs in the plasma that fine-tune ER stress/UPR and inflammatory response (Figure 5). We recently described a feed-forward loop comprising the activation of inflammation and ER stress in the development of liver damage (59). This cycle can be either beneficial contributing to the restoration of tissue homeostasis or deleterious such as cell and organ dysfunction (59).


[image: Figure 5]
FIGURE 5. Hypothetic scheme with the interplay between ER stress and miRNAs upon THS. Cellular perturbations resulting from trauma hemorrhagic shock (THS) activate inflammation and endoplasmic reticulum (ER) stress which triggers the unfolded protein response (UPR). At the same time, THS also induces the release of miRNAs in the plasma that fine-tune ER stress/UPR and inflammatory response. The feed-forward loop comprising the activation of inflammation and ER stress is implicated in the development of cell damage followed by single and multiple organ dysfunction.


Summarized, we show that circulating miRNAs associated with ER stress are increased upon THS, suggesting a relationship between ER stress and the release of miRNAs in the blood. The comparison of the miRNA profiles induced by THS in the blood with specific organ damage markers suggested that miRNAs are predominantly released from the liver. Thus, our data strongly suggest that ER stress is an important pathologic event occurring during THS, but its pathophysiological impact is still unclear. Further studies are required to clarify the pathophysiological role of ER stress upon THS. In addition, as more than half of all hospital deaths associated with THS occur after the first 24 h (60), it is relevant to investigate miRNAs associated with ER stress expressed in the later course of organ failure after trauma. Overall, we consider that the miRNA profile characterized in this study provides a rationale to improve the diagnosis of organ damage and the prognosis of trauma patients (Figure 5).
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Ethyl Pyruvate Reduces Systemic Leukocyte Activation via Caspase-1 and NF-κB After Blunt Chest Trauma and Haemorrhagic Shock
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Background: Blunt chest (thoracic) trauma (TxT) and haemorrhagic shock with subsequent resuscitation (H/R) induce strong systemic and local inflammatory response, which is closely associated with apoptotic cell loss and subsequently impaired organ function. The underlying mechanisms are not completely understood, therefore, the treatment of patients suffering from TxT+H/R is challenging. In our recent studies, we have demonstrated local anti-inflammatory effects of ethyl pyruvate (EtP) in lung and liver after TxT+H/R. Here, the therapeutic potential of a reperfusion regime with EtP on the early post-traumatic systemic inflammatory response and apoptotic changes after TxT followed by H/R were investigated.

Methods: Female Lewis rats underwent TxT followed by haemorrhagic shock (60 min). Resuscitation was performed with own blood transfusion and either lactated Ringers solution (LR) or LR supplemented with EtP (50 mg/kg). Sham group underwent the surgical procedures. After 2 h blood as well as lung and liver tissues were obtained for analyses. Systemic activation of neutrophils (expression of CD11b and CD62L), leukocyte phagocytosis, apoptosis (caspase-3/7 activation), pyroptosis (caspase-1 activation) and NF-κB p65 activity were assessed. p < 0.05 was considered significant.

Results: TxT+H/R-induced systemic activation of neutrophils (increased CD11b and reduced CD62L expression) was significantly reduced by EtP. Trauma-induced delayed neutrophil apoptosis was further reduced by EtP reperfusion but remained unaltered in monocytes. Reperfusion with EtP significantly increased the phagocytizing capacity of granulocytes. Trauma-induced inflammasome activation, which was observed in monocytes and not in neutrophils, was significantly reduced by EtP in both cell entities. NF-κB p65 activation, which was increased in neutrophils and monocytes was significantly decreased in monocytes.

Conclusion: TxT+H/R-induced systemic activation of both neutrophils and monocytes concomitant with increased systemic inflammation was reduced by a reperfusion with EtP and was associated with a down-regulation of NF-κB p65 activation.

Keywords: ethyl pyruvate, leukocytes, inflammation, NF-κB, trauma


INTRODUCTION

Trauma is the sixth leading cause of death and the leading cause of mortality in individuals under 35 years of age (1). Notably patients with blunt chest trauma, severe traumatic brain injuries (56.6%) and/or bleeding (18.5%) are at high risk for mortality; of which the last is responsible for 80% of all deaths that occur within the first hour (1). Patients who initially survive their injuries suffer from a dysfunctional post-traumatic inflammatory response with excessive systemic and local leukocyte activation which leads to tissues damage, acute lung and liver injury, multiple organ failure (MOF) and delayed mortality (2–4). MOF following haemorrhagic shock and resuscitation extends the intensive care and still remains one of the most significant contributors to late post-injury mortality (5).

Due to post-injury hypoperfusion with concomitant microcirculatory disturbances, endothelial damage, and tissue injury induce an extensive release of Pathogen-associated molecular patterns (PAMP) and/or Damage-associated molecular patterns (DAMP) (4, 6). Those stimulate, activate and recruit effector cells of the innate immune system e.g., granulocytes and monocytes to the sites of injury, which exert their defense strategies i.e. production, activation and/or release of proinflammatory mediators, proteases (neutrophil elastase), or reactive oxygen species (ROS) (3, 4, 6). During the post-traumatic priming of those cells, their phenotypic and functional shifts and changes occur, including the activation of adhesion molecules and diminished apoptosis (7). Trauma-associated activation of circulating granulocytes with a significant increase in CD11b expression (8, 9), which is promoting the adhesion of activated neutrophils to inflamed endothelia, and a decrease in CD62L expression, which plays an important role in tethering and rolling along postcapillary venules (10) has been shown. The increased pulmonary infiltration with activated polymorphonuclear leukocytes (PMNL) initiates the early state of post-traumatic acute respiratory distress syndrome (11, 12). Concomitant trauma is associated with delayed apoptosis of systemic neutrophils, which is mediated by Caspase-3/7, thus lowered apoptosis rates extending their live span (8, 13, 14). Maianski et al. demonstrated that apoptosis in neutrophils is linked to caspase-3 activation (15). Furthermore, the decreased apoptosis of circulating neutrophils persisted until 9 days after injury in traumatized patients (14). On the other hand, increasing neutrophil apoptosis early after trauma-haemorrhagic shock as well as inhibiting caspase-3 dependent apoptosis after shock resulted in tissue protective effects and protection from infection and organ failure (16, 17). Thus, this alteration suggests a prolonged presence of PMNL in tissues which may exaggerate the local post-traumatic proinflammatory response and cause tissue damage (13, 18). Conflictive data are provided regarding systemic activity of monocytes, which on the one hand is diminished by reduced inflammasome activation with caspase-1 as its key player in trauma patients (19, 20), and on the other hand an increase due to trauma and shock-induced pyroptosis in circulating monocytes (21, 22). Inflammasome activation and subsequent proinflammatory cell death so-called pyroptosis involve the activation of NF-κB, which is a central contributor in the production of proinflammatory cytokines, leukocyte recruitment, and cell survival (18, 23, 24). Oxidative burst in trauma-primed neutrophils correlate with elevated NF-κB p65 phosphorylation mediating the inflammatory response and tissue damage as well (24).

Ethyl pyruvate (EtP) is a stable ester formed from ethanol linked to pyruvate, which has demonstrated anti-inflammatory potential with tissue protective effects in several in vivo models of acute inflammation (25–27). Ethyl pyruvate ameliorated the inflammatory and apoptotic effects of cytokine- as well as trauma-induced inflammation in lung tissue and lung cells in vivo and in vitro (28–32). Its anti-inflammatory influence was associated with induced activation of the inflammasome, thus reduced caspase-1 activity and lower levels of interleukin (IL)-1β in endotoxin-primed macrophages (33). In ischemia models, a resuscitation with EtP reduced the local proinflammatory tumor necrosis factor (TNF) expression in liver, and improved survival by reducing mucosal hyperpermeability (34–36). In our recent studies, we have demonstrated tissue-protective effects of EtP with diminished levels of proinflammatory cytokines and reduced NF-κB p65 phosphorylation in lung and liver as well as reduced neutrophilic infiltration into those organs (32, 37). Thus, we studied the influence of a reperfusion regime with EtP on systemic inflammatory and apoptotic changes in leukocytes in our clinically relevant double-hit model of hemorrhage and blunt chest trauma.



MATERIALS AND METHODS


Animals and Experimental Model

This study was approved by the veterinary department of the regional council in Darmstadt, Germany (Hessen, Germany; “Regierungspraesidium Darmstadt, Veterinaerswesen,” Hessen, Germany; Nr. of the ethical approval: FK/1028) and assigned in accordance with the ARRIVE guidelines (38). Only members with the certificate of the Federation of European Laboratory Animal Science Association treated and handed the animals. In the experiments, female LEWIS rats (190–240 g, Janvier Labs, France) were anesthetized with isoflurane (1.2–3.0%), buprenorphine (0.05 mg/kg body weight), and local anesthesia (0.25% Carbostesin) were applied. In detail, during anesthesia initiation (mask anesthesia), a 3.0% isoflurane oxygen mixture was used. The vessels were cannulated with a 1.2–2.5% isoflurane oxygen mixture depending on individual responses to pain stimulation. Trauma was performed with a concentration of 2% isoflurane following a short stabilization period and in the reperfusion period. At the end of experimentation, the isoflurane concentration was reduced in a step-by-step manner. The animals breathed spontaneously and were not intubated. The abdomen, chest, right inguinal and the neck of the animals were shaved and marked for surgical preparation. The right femoral artery was cannulated with polyethylene tubing for continuous blood pressure measurement. For the bilateral lung contusion the animals placed and a standardized air blast wave was directed to the thorax (TxT) of the animals as described before (39). After a short stabilization phase, the left jugular vein and the right carotid artery were cannulated. Then haemorrhagic shock (HS) by withdrawing stepwise blood via the carotid artery until a mean arterial blood pressure (MABP) of 35 ± 3 mm Hg was initiated. Over a period of 60 min the MABP was monitored by a blood pressure analyzer (Siemens AG), and if necessary was kept constant by further withdrawal or recirculation of withdrawn blood (40, 41). At the end of the haemorrhagic shock, reperfusion (H/R) was carried out via the jugular vein. Resuscitation was either performed by reperfusion with 60% of the shed blood plus 50% Ringer's lactated solution (LR) or 60% blood plus 50% LR supplemented with EtP (Sigma Aldrich, 50 mg/kg body weight). After an observation and stabilization phase of 30 min the catheters were removed, the vessels were occluded and the wounds closed. A continuous temperature monitoring in the colon maintaining 37°C was carried out. The animals always had free access to food and water. Two hours after the end of experiments sampling was performed. Briefly, the sacrifice was performed by withdrawing blood via the aorta using the same isoflurane oxygen concentration as during the preparation period and flushing the organs with LR.



Group Allocation

Thirty animals were randomly assigned to sham, TxT+H/R_LR and TxT+H/R_EtP groups. The sham groups underwent all the surgical procedures without inducing TxT+H/R. The trauma groups were resuscitated either with LR solution or LR solution supplemented with EtP.



Measurement of Antigen Expression by Flow Cytometry

Blood samples were collected from the aorta in pyrogen-free heparinized tubes for cytometric flow analyses. Blood samples (50 μl) were transferred into polystyrene fluorescence-activated cell sorter (FACS) tubes (BD Pharmingen™) and incubated with mouse anti-rat Granulocytes (RP-1, gran+) (Bio Legend, conjugated to Mix-n-Stain CF405 Antibody Labeling Kit from Sigma-Aldrich), anti-rat CD62L allophycocyanin (APC) (Bio Legend), and mouse anti-rat CD11b fluorescein isothiocyanate (BD Pharmingen™) antibodies. For the settings, control stainings with the corresponding isotype antibodies were applied. After 30 min at room temperature (RT) one ml of the FACS Lysing Solution (BD Pharmingen™) was added for additional 10 min (RT). Then samples were centrifuged at 400 g for 7 min and washed twice with two ml FACS buffer. After removal of the supernatants, cells were diluted in 400 μl FACS buffer and subjected to flow cytometric analyses. Either granulocytes or monocytes were defined by gating the corresponding forward and side scatter scan. The granulocyte population was additionally gated by the RP-1 positive cells in the corresponding forward and sideward scatter scan (Figures 1A,B). From each sample a minimum of 30,000 cells was measured. The percentage of positive cells and the MFU were determined.


[image: Figure 1]
FIGURE 1. Flow cytometric analysis of cellular adhesion molecule CD11b and CD62L on circulating neutrophils after blunt thoracic trauma (TxT) followed by haemorrhagic shock and resuscitation (H/R). Two hours after resuscitation flow cytometric analysis of CD11b or CD62L expression on circulating granulocytes (A-F) was performed. Sham operated animals underwent all surgical procedures without induction of TxT and H/R. TxT+H/R_LR animals received lactated Ringers solution (LR) and TxT+H/R_EtP animals were resuscitated with LR supplemented with ethyl pyruvate (EtP). (A) Gating strategy for CD11b positive granulocyte. (B) Gating strategy for CD62L positive granulocytes. (C) Percentage of CD11b+ cells out of all gran+ granulocytes. (D) Mean fluorescence units (MFU) of CD11b+ on gran+ granulocytes. (E) Percentage of CD62L+ cells out of all gran+ granulocytes. (F) MFU of CD62L+ on gran+ granulocytes. Data are given as mean ± standard error of the mean, *p < 0.05 vs. indicated, n = 10.




Phagocytosis of Staphylococcus Aureus Bioparticles

A single vial of lyophilized pHrodo Staphylococcus (S.) aureus Red BioParticles Conjugate (Life Technologies, Paisley, UK) was resuspended as suggested by the provider, and the suspension was added to 100 μl of whole blood and treated according to the manufacturer's instructions for 1 h at 37°C and 5% CO2. A negative control without BioParticles was included. Then, red blood cells were removed using FACS Lysing Solution diluted with distilled water (1:10, Biosciences, Heidelberg, Germany) for 10 min. Two ml phosphate-buffered saline (PBS) were added and the cells were centrifuged at 400 g for 7 min at room temperature. Thereafter, the cells were washed with 3 ml FACS buffer (PBS w/o Ca[image: image]/Mg2+ supplemented with 0.5% bovine serum albumin). After the centrifugation, the supernatants were removed and the cells were diluted in 400 μl FACS buffer. The phagocytizing activity of granulocytes and monocytes, respectively, was quantified as a percentage of phagocytizing cells as well as their capacity by determining the mean fluorescence units (MFU) using a BD FACS Canto 2™ and FACS DIVA™ software (BD). Either granulocytes or monocytes were defined by gating the corresponding forward and side scatter scan. From each sample a minimum of 30,000 cells was measured.



Caspase-3/7 and Caspase-1 Activation Assay

Active caspases were quantified by using a FAM-DEVD-FLICA caspase-3/7 kit and FAM-YVAD-FMK 660 caspase-1 detection kit (ImmunoChemistry Technologies) according to the manufacturer's guidelines. MFU of the cells were quantified by flow cytometry (using unstained cells to set the gate) by BD FACS Canto 2™ and FACS DIVA™ software. Each cell population was defined by gating the corresponding forward and side scatter scan.



Measurement of NF-κB p65 (Phospho) Expression by Flow Cytometry

Blood samples (50 μl) were transferred into polystyrene FACS tubes (BD Pharmingen™) and incubated with mouse anti-rat Granulocytes (RP-1) (Bio Legend, conjugated to Mix-n-Stain CF405 Antibody Labeling Kit from Sigma-Aldrich), and mouse anti-rat CD68 Alexa Fluor 700 (Abd Serotec) antibodies. After 30 min at RT the samples were washed with 4 ml FACS buffer. Then, supernatants were removed and the samples were incubated with 100 μl Fix & Perm Solution A (FIX&PERM Kit, An Der Grub) for 15 min at RT. After another washing procedure with PBS, the supernatants were removed and samples were incubated with 100 μl Fix & Perm Solution B, and anti NF-κB p65 (Abcam, conjugated with APC/Cy7 Conjugation Kit from Abcam) anti phospho NF-κB p65/Ser536 (Abcam, conjugated with Mix-n-Stain CF488A Antibody Labeling Kit from Sigma-Aldrich) antibodies for 30 min at RT. Subsequently, 2 ml of FACS lysing solution (FACS Lysing Solution, BD Pharmingen™) were added for additional 10 min and the samples were centrifuged at 400 g for 5 min. Another washing procedure with 4 ml FACS buffer followed. After removal of the supernatants, cells were diluted in 400 μl FACS buffer and subjected to flow cytometric analyses and gated as described above.



Lung and Liver Preparation

After collecting blood samples flushing with 20 ml LR followed. Via the portal vein 10% buffered formalin solution was infused as it was done into the lung lobe itself. Then, the samples were embedded in paraffin and subsequently sectioned and stained with hematoxylin-eosin (H&E). The histological examination of the tissue morphology in both organs was performed by an independent pathologist who allocated the H&E-stained sections to the different experimental groups in a blinded manner as described before (32, 37).



Statistical Analysis

Normality distribution was assessed by Kolmogorov-Smirnov test with Dallal-Wilkinson-Lilliefor P-value. Non-parametric Kruskal-Wallis test was applied to study the differences between the groups. For post-hoc corrections Dunn's multiple comparison test was applied. Data are given as mean ± standard error of the mean (sem). A p-value below 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism 6 (Graphpad Software, Inc., San Diego, CA).




RESULTS


Granulocyte Activity After Blunt Thoracic Trauma Followed by Hemorrhage and Resuscitation

Two hours after resuscitation CD11 and CD62L expression levels on granulocytes were assessed to evaluate the impact of EtP on neutrophil activation after TxT+H/R (Figures 1A–F). The proportion of CD11b positive of all granulocyte+ gated granulocytes was not significantly changed between the groups, however, a trend to an increase was observed in the TxT+H/R_EtP group (Figure 1C). CD11b expression on granulocytes was significantly increased in TxT+H/R_LR group as compared to the sham group (518.10 ± 14.36 vs. 440.00 ± 318.19 MFU, respectively, p < 0.05, Figure 1D). Resuscitation with EtP diminished CD11b expression significantly in relation to the TxT+H/R_LR group (446.40 ± 19.19 vs. 518.10 ± 14.36 MFU, respectively, p < 0.05, Figure 1D). CD11b expression levels in the EtP group were comparable to those in the sham group (p < 0.05, Figure 1D).

Similar to the CD11b data, the proportion of CD62L positive of all granulocyte+ gated granulocytes exerted a trend to an increase in the TxT+H/R_EtP group, however, this was not significant (Figure 1E). CD62L expression significantly decreased in TxT+H/R_LR group compared to the sham group (4174.00 ± 355.80 vs. 6186.00 ± 599.70 MFU, respectively, p < 0.05, Figure 1F). Resuscitation with EtP significantly increased the CD62L expression on granulocytes compared to the TxT+H/R_LR group (6427.00 ± 497.60 vs. 4174.00 ± 355.80 MFU, respectively, p < 0.05, Figure 1F). The CD62L expression levels in the EtP group were comparable to the sham group.



Systemic Leukocyte Phagocytosis After Blunt Thoracic Trauma Followed by Hemorrhage and Resuscitation

The proportion of phagocytizing granulocytes did not show significant changes (Figure 2A). However, the phagocytizing capacity was significantly reduced in the TxT+H/R_LR vs. TxT+H/R_EtP group (3169.00 ± 156.10 vs. 3864.00 ± 175.00 MFU, p < 0.05, Figure 2B). Comparing the proportion of phagocytizing monocytes, there were no significant changes between the groups, however, some trends were observed (Figures 2C,D).
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FIGURE 2. Flow cytometric analysis of granulocyte and monocyte phagocytosis after blunt thoracic trauma (TxT) followed by haemorrhagic shock and resuscitation (H/R). Two hours after resuscitation flow cytometric analysis of phagocytosis in circulating granulocytes and monocytes was performed. Sham operated animals underwent all surgical procedures without induction of TxT and H/R. TxT+H/R_LR animals received lactated Ringers solution (LR) and TxT+H/R_EtP animals were resuscitated with LR supplemented with ethyl pyruvate (EtP). (A) Percentage of phagocytizing granulocytes in absolute cell numbers. (B) Mean fluorescence units (MFU) of phagocytizing granulocytes. (C) Percentage of phagocytizing monocytes in absolute cell numbers. (D) MFU of phagocytizing monocytes. Data are given as mean ± standard error of the mean, *p < 0.05 vs. indicated, n = 10.




Systemic Leukocyte Apoptosis After Blunt Thoracic Trauma Followed by Hemorrhage and Resuscitation

Monocyte and granulocyte apoptosis were assessed by measuring the level of activated caspase-3/7 2 h after resuscitation (Figures 3A,B). In granulocytes TxT+H/R significantly reduced caspase-3/7 activation in the LR group compared to the sham group (1076.00 ± 70.79 vs. 1445.00 ± 168.30 MFU, p < 0.05, Figure 3A). Moreover, resuscitation with EtP significantly diminished caspase-3/7 activation in granulocytes after TxT+H/R compared to both TxT+H/R_LR as well as to the sham group (854.40 ± 30.78 vs. 1076.00 ± 70.79 and 1445.00 ± 168.30 MFU, respectively, p < 0.05, Figure 3A).
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FIGURE 3. Caspase-3/7 activation after blunt thoracic trauma (TxT) followed by haemorrhagic shock and resuscitation (H/R) in granulocytes and monocytes. Two hours after resuscitation flow cytometric analysis of apoptosis (caspase-3/7 activation) in circulating granulocytes (A) and monocytes (B) was performed. Sham operated animals underwent all surgical procedures without induction of TxT and H/R. TxT+H/R_LR animals received lactated Ringers solution (LR) and TxT+H/R_EtP animals were resuscitated with LR supplemented with ethyl pyruvate (EtP). (A) Mean fluorescence units (MFU) of caspase-3/7 positive granulocytes and (B) monocytes. Data are given as mean ± standard error of the mean, *p < 0.05 vs. indicated, n = 10.


In monocytes, no significant changes in caspase-3/7 activation were detected between the groups (Figure 3B).



Systemic Leukocyte Pyroptosis After Blunt Thoracic Trauma Followed by Hemorrhage and Resuscitation

Monocyte and granulocyte pyroptosis were assessed by measuring the activity of caspase-1 2 h after resuscitation (Figures 4A,B). In granulocytes, no significant changes were observed between the sham and TxT+H/R_LR group. However, there was a significant decrease in pyroptosis in the TxT+H/R_EtP group compared to both sham and TxT+H/R_LR (1414.00 ± 102.60 vs. 2444.00 ± 293.00 and 2267.00 ± 137.00 MFU, respectively, p < 0.05, Figure 4A).
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FIGURE 4. Caspase-1 activation after blunt thoracic trauma (TxT) followed by haemorrhagic shock and resuscitation (H/R) in granulocytes and monocytes. Two hours after resuscitation flow cytometric analysis of pyroptosis (caspase-1 activation) in circulating granulocytes (A) and monocytes (B) was performed. Sham operated animals underwent all surgical procedures without induction of TxT and H/R. TxT+H/R_LR animals received lactated Ringers solution (LR) and TxT+H/R_EtP animals were resuscitated with LR supplemented with ethyl pyruvate (EtP). (A) Mean fluorescence units (MFU) of caspase-1 positive granulocytes and (B) monocytes. Data are given as mean ± standard error of the mean, *p < 0.05 vs. indicated, n = 10.


In monocytes caspase-1 activity was significantly increased after TxT+H/R compared to the sham group (1880.00 ± 296.20 vs. 1033.00 ± 44.22, p < 0.05, Figure 4B). TxT+H/R followed by resuscitation with EtP significantly decreased the caspase-1 activation compared with the TxT+H/R_LR group to the levels comparable to those of the sham animals (1074.00 ± 52.12 vs. 1880.00 ± 296.20, p < 0.05, Figure 4B).



Analysis of NF-κB p65 Phosphorylation in Systemic Leukocytes After Blunt Thoracic Trauma Followed by Hemorrhage and Resuscitation

The ratio of the expression of NF-κB p65 phosphorylated protein to the total p65 protein in granulocytes and monocytes 2 h after resuscitation was evaluated (Figures 5A,B). There were no significant changes in the ratio of NF-κB p65 phosphorylated/total NF-κB p65 protein, however, there was a trend to an increase after TxT+H/R in the LR group compared with both sham as well as TxT+H/R_EtP groups in granulocytes (Figure 5A).
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FIGURE 5. Flow cytometric analysis of NF-κB p65 phosphorylation after blunt thoracic trauma (TxT) followed by haemorrhagic shock and resuscitation (H/R). Two hours after resuscitation flow cytometric analysis of phosphorylated NF-κB p65 in circulating granulocytes (A) and monocytes (B) was performed. Sham operated animals underwent all surgical procedures without induction of TxT and H/R. TxT+H/R_LR animals received lactated Ringers solution (LR) and TxT+H/R_EtP animals were resuscitated with LR supplemented with ethyl pyruvate (EtP). The ratio of phosphorylated to total NF-κB protein in granulocytes (A,B) monocytes is given. Data are given as mean ± standard error of the mean, *p < 0.05 vs. indicated, n = 10.


TxT+H/R_LR induced a significant increase in the expression of NF-κB p65 phosphorylated/total NF-κB p65 protein in monocytes compared to sham as well as to the TxT+H/R_EtP group (p < 0.05, Figure 5B).



Histomorphological Changes in Lung and Liver

Both lung and liver showed prominent organ damage in the TxT+H/R_LR group (data not shown). In lungs, alveolar wall thickening with disruption and cellular infiltrates compared to the sham groups were detected. TxT+H/R-induced changes were markedly reduced in the TxT+H/R_EtP group. Liver sections from the TxT+H/R_LR group revealed large areas of necrosis compared to the sham group (data not shown). TxT+H/R-induced changes were markedly reduced in the TxT+H/R_EtP group with less necrotic areas in liver sections. No tissue damage or necrosis were observed in the sham group. The representative and detailed analyses of the local effects of a EtP-reperfusion on lungs and liver in the underlying model of TxT and H/R are shown in our referred studies (32, 37).




DISCUSSION

In our previous studies, we have shown significant local anti-inflammatory and organ-protective effects of ethyl pyruvate after trauma (32, 37), which has been confirmed as a safe drug to use in cardiac surgery in a phase II multicentre study (42). Here, we investigated if the reperfusion with EtP will affect systemic inflammatory response in leukocytes induced by a double-hit model of blunt chest trauma and haemorrhagic shock. The anti-inflammatory potential of EtP is associated with reduced systemic inflammation of neutrophils and local organ damage as shown before in in vitro and in vivo studies (43, 44). Endotoxin-induced acute lung injury was attenuated by EtP due to the inhibition of cytokine production of IL-6 and TNF-α (44). However, although there are diverse studies demonstrating anti-inflammatory effects of EtP, the applied models do not mimic often occurring clinical situation with traumatic insult of blunt chest trauma concomitant with haemorrhagic shock, as it has been applied in the underlying study.

Trauma-induced release of PAMPs and/or DAMPs into circulation primes systemic neutrophils inciting non-specific organ damage (3, 45). Those activated circulating cells may cause dysfunctions of endothelial barriers due to increased migratory and functional capacity with enhanced release of ROS and elastases which damage the endothelia in critically ill trauma patients. Samples from traumatized patients who develop pneumonia show increased migratory potential of circulating neutrophils via elevated Mac-1 and reduced L-selectin levels (46). CD11b and CD62L play an important role in tethering and rolling along endothelia and transmigration into sites of inflammation (8, 47). During neutrophil activation, rolling and transmigration to sites of inflammation, CD62L can be shedded as soluble L-selectin from the cell surface into the circulation (48, 49). In our study, we also show upregulated CD11b and reduced CD62L levels on circulating neutrophils, indicating at an enhanced activation of neutrophil after trauma and hemorrhage in our model. In line with our findings Visser et al. have shown that the transient activation of neutrophils and mobilization of young neutrophils into the circulation was accompanied by decreased CD62L expression in a model of blunt chest injury (10). According to Mommsen et al. CD62L shedding from the surface of neutrophils may be a protective mechanism against inflammation after surgical trauma (50). The elevated levels of soluble L-selectin may interfere with L-selectin-mediated migration by competing for ligand binding, resulting in decreased leucocyte delivery to sites of inflammation (51, 52). In contrast to this, CD62L shedding is proposed to modulate the ability of leukocytes to migrate and enter sites of inflammation (51). Thus, CD62L shedding is required for activated leukocytes to detach from endothelia before their extravasation into tissues (51). This is in line with our findings showing decreased CD62L levels on circulating neutrophils after TxT+H/R. Adjacent to CD62, CD11b is responsible for mediating neutrophil adhesion to vascular endothelia (8). Traumatic brain injury was accompanied by significantly elevated CD11b expression on circulating neutrophils and increased neutrophil infiltration into tissue after injury (53). In line with these reports, the double-hit as applied in our model induced CD11b. Moreover, the combination of decreased CD62L and increased CD11b expression on circulating neutrophils after trauma is in line with results of Hazeldine et al. (54). With regard to monocytes, in traumatized patients with sepsis and acute respiratory distress syndrome a similar systemic activation of peripheral blood mononuclear cells as well as their pyroptosis and apoptosis compared to those patients without complications has been shown (55). In terms of functional analyses, next to their activation, trauma induces modulations in neutrophils such as increased life-span which is caused by lowered apoptosis rates (8, 14). Interestingly, it has been shown that decreased apoptosis in circulating neutrophils persisted until 9 days after injury in trauma patients, contributing to organ dysfunction due to prolonged neutrophil hyperactivity (14). Maianski et al. demonstrated that apoptosis in neutrophils is linked to caspase-3 activation (15).The inhibited neutrophil apoptosis and prolonged live span promoted local inflammation in lung tissue (56). The data are in line with our observations demonstrating reduced caspase-3/7 activation after double-hit trauma and showing prolonged live span in our model. Anne Morrison et al. indicated that early increased neutrophil apoptosis in trauma-haemorrhagic shock may prevent from developing subsequent infection and MOF (16). Similarly, in a rat model of haemorrhagic shock, inhibition of caspase-3 dependent apoptosis resulted in tissue protective effects (17). Furthermore, major trauma leads to rapid recruitment of circulating monocytes, that serve as phagocytizing cells and executors of tissue healing and of an effective inflammatory response (57). Here, notably pyroptosis, a specific form of inflammasome- and inflammation-induced cell death can amplify the inflammatory response (58). Inflammasomes are promoting inflammation by processing and thus activation of proinflammatory cytokines notably IL-1β or IL-18 via i.e., caspase-1 (59). Our data show increased pyroptosis via elevated caspase-1 levels in circulating monocytes after TxT+H/R indicating at trauma-induced proinflammatory effects on circulating monocytes. In terms of pathomechanistical pathways, Nolan has shown that reduced apoptosis in systemic neutrophils after trauma may be NF-κB dependent (18). NF-κB plays a central role in the initiation and regulation of systemic and local immune response after trauma (23, 60, 61). In our study, TxT+H/R significantly increased NF-κB p65 phosphorylation in circulating monocytes. This is in line with increased NF-κB activity in monocytes of multiply injured trauma patients in the early post-traumatic phase (61, 62).

Our results and data from others indicate that organ-protective effects of EtP may be caused by a decreased systemic activation of leukocytes. Decreased CD62L levels on circulating neutrophils after TxT+H/R were significantly increased by EtP. Thus, the data suggest, that TxT+H/R-induced systemic activation can be diminished by EtP, subsequently reducing the transmigration of neutrophils to sites of inflammation upon a traumatic insult. Moreover, in a model of E. coli-induced sepsis, treatment with EtP significantly diminished inflammation by reduced systemic leukocyte rolling, adherence and migration in the mesenteric microcirculation (63). In the present study, resuscitation with EtP reduced the expression of CD11b on circulating neutrophils, indicating at an anti-inflammatory effect via inhibition of systemic activation of leukocytes. Intriguing data have been found after resuscitation with EtP which further reduced caspase-3/7 activity in circulating granulocytes, effects that can be associated with diminished tissue damage in liver and lung as shown in our previous studies (32, 37). This is in contrast to above described findings, where tissue-protective effects were demonstrated by restoring apoptotic capacity in neutrophils. Tissue-protective effects of EtP are potentially caused by a diminished ability of neutrophils to transmigrate into sites of inflammation and additionally inhibiting apoptosis via caspase-3 in tissues. This is in line with the results of Sharma et al. in a model of haemorrhagic shock, where liver protective by an EtP resuscitation were linked to the inhibition of caspase-3 induced cell apoptosis (17). In our study resuscitation with EtP had no significant effect on apoptosis of circulating monocytes. Resuscitation with EtP significantly diminished the inflammasome activity in monocytes to levels comparable to those of the untreated sham group. This is in line with Li et al. who has shown that EtP reduced IL-1β expression in macrophages via inhibiting caspase-1 activation through inflammasome (33). Interestingly, also in neutrophils EtP reduced the caspase-1 activity to levels below sham and trauma groups, data which might indicate at a general effect of EtP on pyroptosis in circulating immune cells. Furthermore, Yang et al. provided the first clear evidence that EtP exerts its anti-inflammatory effects via decreasing the activation of NF-κB, which is then followed by a downregulated expression of proinflammatory genes in liver and colon mucosa (36). In an in vitro experiment with macrophage like RAW and kidney cells, EtP directly targets the p65 subunit of the transcription factor, modifying the cysteine 38 and inhibiting NF-κB signaling (64). In a model of traumatic brain injury, multiple injections with EtP significantly inhibited NF-κB p65 presence in the nucleus of damaged microglia cells, improving blood brain barrier and inflammatory response (65). Anti-inflammatory effects in ischemia/reperfusion model of the kidney with a pre- and post-treatment with EtP diminished NF-κB phosphorylation and reduced levels of High mobility group box 1 protein, Toll-like receptor (TLR)2 and TLR4, resulting in renal protection (66). In line with these findings, resuscitation with EtP markedly inhibited the phosphorylation of the p65 subunit, possibly thereby diminishing inflammation-inducing effects of TxT+H/R. In conclusion, during acute inflammation EtP may exert protective effects by reducing the systemic activation of inflammatory leukocytes ending in previously described diminished local tissue damage.

There are several limitations of our study that remain to be considered when interpreting the results. We investigated only one endpoint, which is 2 h post resuscitation, while clinical outcome with regard to systemic and local inflammation after trauma should be investigated in the later course. Furthermore, next to observed acute changes after TxT+H/R investigations of overall survival, organ failure and MOF require larger study groups and prolonged observational periods. While we included female LEWIS rats, based on recent literature, differences between age and gender should be considered as important confounding factors in the immune response to traumatic insult and post-traumatic outcomes, and thus those remain to be further investigated in future studies. Regarding the dose- and time-dependent effects of EtP, that have been demonstrated before, our study is limited to one applied dose (50 mg/kg). Specific dose- and time-dependent influence of EtP on the post-traumatic inflammation and outcomes have to be further evaluated. Furthermore, the findings should be correlated to histological evaluations, e.g., the effect of reduced CD11b but elevated CD62L expression in response to EtP treatment on neutrophil infiltration may be investigated by histology. Similarly, biochemical assays of oxidative damage would demonstrate the net effect of increased phagocyte activity and delayed apoptosis of neutrophils on tissues. Thus, the correlation of systemic modulations with local changes should be assessed in future studies.
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Background: Internal hemorrhage is a medical emergency, which requires immediate causal therapy, but the recognition may be difficult. The reactive changes of the mesenteric circulation may be part of the earliest hemodynamic responses to bleeding. Methane is present in the luminal atmosphere; thus, we hypothesized that it can track the intestinal circulatory changes, induced by hemorrhage, non-invasively. Our goal was to validate and compare the sensitivity of this method with an established technique using sublingual microcirculatory monitoring in a large animal model of controlled, graded hemorrhage and the early phase of following fluid resuscitation.

Materials and Methods: The experiments were performed on anesthetized, ventilated Vietnamese minipigs (approval number: V/148/2013; n = 6). The animals were gradually bled seven times consecutively of 5% of their estimated blood volume (BV) each, followed by gradual fluid resuscitation with colloid (hydroxyethyl starch; 5% of the estimated BV/dose) until 80 mmHg mean arterial pressure was achieved. After each step, macrohemodynamic parameters were recorded, and exhaled methane level was monitored continuously with a custom-built photoacoustic laser-spectroscopy unit. The microcirculation of the sublingual area, ileal serosa, and mucosa was examined by intravital videomicroscopy (Cytocam-IDF, Braedius).

Results: Mesenteric perfusion was significantly reduced by a 5% blood loss, whereas microperfusion in the oral cavity deteriorated after a 25% loss. A statistically significant correlation was found between exhaled methane levels, superior mesenteric artery flow (r = 0.93), or microcirculatory changes in the ileal serosa (ρ = 0.78) and mucosa (r = 0.77). After resuscitation, the ileal mucosal microcirculation increased rapidly [De Backer score (DBS): 2.36 ± 0.42 vs. 8.6 ± 2.1 mm−1], whereas serosal perfusion changed gradually and with a lower amplitude (DBS: 2.51 ± 0.48 vs. 5.73 ± 0.75). Sublingual perfusion correlated with mucosal (r = 0.74) and serosal (r = 0.66) mesenteric microperfusion during the hemorrhage phase but not during the resuscitation phase.

Conclusion: Detection of exhaled methane levels is of diagnostic significance during experimental hemorrhage as it indicates blood loss earlier than sublingual microcirculatory changes and in the early phase of fluid resuscitation, the exhaled methane values change in association with the mesenteric perfusion and the microcirculation of the ileum.
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INTRODUCTION

The manifestation of internal bleeding varies, with the signs and symptoms usually not easily recognized; thus, a diagnosis can be difficult (1–5). Hemodynamic changes or alterations within simple laboratory parameters are often not present during the early stage of bleeding, and advanced imaging possibilities, such as CT angiography and catheter angiography, which are able to identify the presence and location of a hemorrhage, are frequently inaccessible and unsuitable for continuous monitoring (6). Nevertheless, it is recognized that the mortality rate for postoperative internal bleeding is significantly increased if higher transfusion volumes are required; therefore, the earliest possible diagnosis is necessary.

As part of the redistribution of circulation, the reduction of mesenteric perfusion is among the first homeostatic responses, and therefore a continuous, direct monitoring of blood flow in the superior mesenteric artery (SMA) and downstream intestinal microperfusion would be a highly useful, early warning tool. Today, such observations at the patient's bedside, however, are impossible. Nevertheless, non-invasive techniques with indirect monitoring options, such as sublingual capnometry and intravital microscopy methods, were developed and are in clinical use with variable success (7, 8).

We hypothesized that measurement of exhaled methane concentrations may also offer a solution to this problem. Methane in the human body originates from several sources, but it is widely accepted that it is produced by anaerobic methanogenic microorganisms, colonizing the mammalian gastrointestinal (GI) tract (9). Due to its physicochemical properties, methane is distributed evenly across membrane barriers, traverses the mucosa, and enters the mesenteric microcirculation freely (10). For continuous methane detection, near-infrared diode lasers are very effective tools for high-sensitivity photoacoustic spectroscopy (PAS) (11), and we have already provided evidence that a PAS-based breath analysis device can successfully replace gas chromatography (GC) (12).

In our earlier proof of principle study, we provided evidence that the exhaled methane levels change in association with changes in superior mesenteric arterial blood flow (13). It has been demonstrated that arterial occlusions and reperfusions and the accompanying mucosal microcirculatory cycles correlated significantly with parallel changes in methane concentration in the exhaled air (13). Therefore, the aim of the present study was to investigate the diagnostic value of real-time detection of exhaled methane levels to recognize internal bleeding in a clinically-relevant large animal model. Further aims were to examine whether continuous breath methane output monitoring can provide information on the condition of the mesenteric vascular beds during fluid resuscitation and to compare the efficacy of the technique with intravital sublingual microcirculatory analysis, a diagnostic method already in clinical use (14, 15).



MATERIALS AND METHODS


Animals

The experiments were performed on male outbred Vietnamese minipigs (n = 6; 40 ± 3 kg bw) in accordance with the National Institutes of Health guidelines on the handling of and care for experimental animals and EU Directive 2010/63 on the protection of animals used for scientific purposes (approval number: V/148/2013). The animals were obtained from a local, officially licensed breeder and were kept in the animal house of the institute for an acclimatization period of 7–10 days with natural circadian light and free access to water and food. Prior to the experiments, the animals were fasted for 12 h with free access to tap water.



Surgical Preparations

Male outbred Vietnamese minipigs (n = 6; weighing 40 ± 3 kg) were used. Anesthesia was induced with a mixture of tiletamine zolazepam (5 mg kg−1 im; Virbac, Carros, France) and xylazine (2 mg kg−1 im; Produlab Pharma, Raamsdonksveer, The Netherlands). The animals were placed in supine position on a warming pad with body temperature kept at 37.5 ± 0.4°C. After endotracheal intubation, mechanical ventilation was started with a tidal volume of 8–10 ml kg−1, and the respiratory rate was adjusted to maintain the end-tidal pressure of carbon dioxide in the 35–45 mmHg range. Anesthesia was maintained with a continuous infusion of propofol (6 mg kg−1 h−1 iv; Fresenius Kabi, Bad Homburg, Germany), midazolam (1.2 mg kg−1 h−1; Torrex Chiesi Pharma, Vienna, Austria), and fentanyl (0.02 mg kg−1 h−1; Richter Gedeon, Budapest, Hungary). Ringer's lactate (RL) infusion was administered at a rate of 10 ml kg−1 h−1 until bleeding was started. The depth of anesthesia was regularly controlled by monitoring the jaw tone and the absence of interdigital reflex.

The left jugular vein was cannulated with a 7F, three lumen catheter (Smiths Medical, Kirchseeon, Germany) for fluid and drug administration, as was the left femoral artery for invasive monitoring of mean arterial pressure (MAP) (PICCO Plus; PULSION Medical Systems, Feldkirchen, Germany). The left carotid artery was cannulated with a 13G single lumen catheter (Balton, Warsaw, Poland) for blood withdrawal. After median laparotomy, the SMA was dissected free, and a flow probe (Transonic Systems Inc., Ithaca, NY, USA) was placed around it to measure SMA flow. The wound in the abdominal wall had then been temporarily closed with clips until the microcirculatory investigations were started.



Experimental Protocol

After the surgical preparation, a 30-min stabilizing period was provided, followed by baseline measurements. Gradual bleeding was then started. The protocol was divided into seven steps with hemorrhage (T0-T6), followed by gradual fluid resuscitation in five steps (T7-T12), until 80% of the baseline MAP value was reached (Figure 1A). The total blood volume (BV) was set as 65 ml kg−1, 5% of the estimated BV was withdrawn (129 ± 8 ml) by the end of each bleeding step, and an equal volume of hydroxyethyl starch (HES; Voluven 6%, 130/0.4; Fresenius Kabi, Bad Homburg, Germany) was administered during each resuscitation step.


[image: Figure 1]
FIGURE 1. Experimental protocol (A) and timeline of the measurement period during the experiment (B).


Every bleeding or resuscitation interval was started with microcirculatory recordings at the ileal mucosal and serosal surfaces and at the sublingual area. The terminal ileum was positioned on a purpose-built investigation stand. To provide access to the ileal mucosa, a 5-cm antimesenteric incision was made with diathermy 15 cm orally from the ileo-cecal junction. The serosal and mucosal surfaces of the exteriorized ileal section were continuously rinsed with saline. At each location, three, 20-s video recordings were made. Following the intravital videomicroscopic investigations, MAP and SMA flow were recorded, and finally blood samples were taken for lactate, total hemoglobin (tHb), and hematocrit (Hct) determinations. Methane values were continuously recorded throughout the observation period. At the end of the experiments, the animals were sacrificed with an overdose of pentobarbital sodium (120 mg kg−1 iv; Sigma-Aldrich Inc., St. Louis, MO, USA). The timeline of measurement intervals is summarized in Figure 1B.



Exhaled CH4 Analysis

We employed a near-infrared laser technique-based PS apparatus (12). PS is a subclass of optical absorption spectroscopy that measures optical absorption indirectly via the conversion of absorbed light energy into acoustic waves due to the thermal expansion of absorbing gas samples. The amplitude of the generated sound is directly proportional to the concentration of the absorbing gas component. The gas sample passes through the photoacoustic cell, in which signal generation takes place, and a microphone then detects the photoacoustic signal produced. The gas samples were taken continuously from the exhalation outlet of the ventilator at a 150 ml min−1 rate during the experiments. The baseline exhaled CH4 values were determined, and the values were thereafter subtracted from the test values. The online-detected methane values were averaged for 60-s periods to be identical with the parallel, 3 × 20-s periods of the microcirculatory analyses.



Measurements of Lactate Level, Total Hemoglobin Concentration, and Hematocrit

Changes in tHb, Hct, and lactate concentration were analyzed with a cooximetry blood gas analyzer (Cobas b 123; Roche Ltd., Basel, Switzerland) from the arterial blood samples.



Microcirculation Measurements

The Cytocam-Incident Dark Field (IDF) imaging technique (CytoCam Video Microscope System; Braedius Medical, Huizen, The Netherlands) was used to visualize and evaluate the microcirculation of the ileal serosal and mucosal layers and the sublingual area. IDF imaging is optimized to visualize the hemoglobin-containing structures by illuminating the organ surface with linearly polarized light (16).

Images of empty ileum segment microcirculation (serosal and mucosal surfaces) and sublingual microcirculation were recorded in three, 20-s, high-quality video clips per location by the same investigator, and records were saved as digital AVI-DV files to a hard drive. Every video clip was evaluated offline using analyzing software (AVA 3.0; Automated Vascular Analysis, Academic Medical Center, University of Amsterdam).

The capillaries (with diameter <20 μm) were categorized by sight as capillaries with no flow, sluggish flow, or continuous flow. The number of intersections of capillaries with at least sluggish flow with three equidistant horizontal and three equidistant vertical lines was counted and was manually entered in the corresponding tool in the analyzing software to calculate the De Backer score (DBS). The microvascular flow index (MFI) was determined in four quadrants of a record according to the score system defined by the MFI evaluation tool in the analyzing software: no flow (1), sluggish flow (2), or continuous flow (3). The final MFI value of a record was the average for the MFI of the four quadrants. The microvascular heterogeneity index (HI) was calculated as the difference between the highest and lowest MFIs of the three records divided by the mean MFI value of the same three videos (17). Blinded evaluation was performed by two investigators (NV and AG).



Statistical Analysis

Data analysis was performed with a statistical software package (SigmaStat for Windows; Jandel Scientific, Erkrath, Germany). Normality of data distribution was analyzed with the Shapiro–Wilk test. The Friedman on ranks or one-way repeated measures analysis of variance (ANOVA) was applied within groups. Time-dependent differences from the baseline for each group were assessed with Dunn's method or the Bonferroni t-test. Differences among groups were analyzed with the Kruskal–Wallis one-way ANOVA on ranks, followed by Dunn's method. Median values and 75th and 25th percentiles are provided in the figures; p values < 0.05 were considered significant. Correlations between two variables were examined using Pearson's correlation coefficient (r) or Spearman's rank correlation coefficient (ρ); regression lines and 95% confidence intervals are provided in the figures.




RESULTS


Systemic Effects of Gradual Bleeding and Resuscitation: Changes in MAP

After the bleeding, MAP significantly decreased by T3 (20% of blood loss) and remained significantly lower until the end of the hemorrhage phase. During the resuscitation period, it remained significantly lower than the control values until T10, at which the volume of fluid replacement was equal to 15% of the estimated BV. By the end of the resuscitation phase, MAP reached 80% of the baseline value, as planned (Figure 2A).


[image: Figure 2]
FIGURE 2. Changes in mean arterial pressure (mmHg) (A), the superior mesenteric artery flow (ml min−1) (B), and exhaled methane levels (ppm) (C) during the hemorrhage and resuscitation phases. The plots demonstrate the median and the 25th (lower whisker) and 75th (upper whisker) percentiles. *p < 0.05 within group vs. baseline values.


The plasma lactate level was increased significantly by T6 (30% blood loss) and remained significantly higher than the baseline value until T11. The bleeding and fluid resuscitation caused a continuous decrease in both tHb and Hct values. A significant difference from the baseline values was observed at T6 in the case of both parameters. tHb was raised by more than 3 g dl−1 until the end of the hemorrhage phase (M = 11.92; p25 = 9.7; p75 = 13.4 g dl−1 vs. M = 8.66; p25 = 7.43; p75 = 10.48 g dl−1), which indicates severe bleeding (Table 1).


Table 1. The effects of the hemorrhage and resuscitation phases on blood lactate (mmol L−1), Hct (%), and tHb (g dl−1).

[image: Table 1]



Mesenteric Macrohemodynamics

The SMA flow decreased continuously during the hemorrhage phases. An early, significant drop was already noted at a 5% loss (T1) of the estimated BV. After fluid resuscitation, the MAP started to increase steeply and reached its peak value at the second resuscitation step at T8. During the following parts of the resuscitation phase, it decreased gradually to the level of the baseline values (Figure 2B).



Changes in Exhaled Methane Levels

The average for baseline exhaled methane was 60.9–90.1 ppm, which corresponds to the higher range of values measured in methane-producing humans (9). The individual baseline data were subtracted from the test values to increase the comparability of measurements even in the case of larger individual variances (13).

The exhaled methane concentration decreased significantly after 5% blood loss, already at T1, similarly to the SMA flow changes. After resuscitation was started, breath methane level rapidly increased to a significantly higher level than the baseline and reached a peak after a fluid volume equal to 10% of the estimated BV, administered at the T8 period (Figure 2C).



Changes in Sublingual and Ileal Microcirculation

The DBS values decreased significantly as the bleeding progressed. The serosal DBS was lower than the baseline value from a 10% blood loss (T2). This was followed by a deterioration of mucosal DBS from the loss of 20% of the estimated BV (T4), whereas the decrease of DBS in the sublingual area was statistically significant from a 25% blood loss only (T5). Moreover, the sublingual DBS was significantly higher than the values in the ileal regions from T5 to T7, which marks the end of the hemorrhage phase and a loss of 35% of BV. When fluid resuscitation started, the mucosal DBS increased rapidly and was significantly higher than the serosal and sublingual values after fluid replacement with a volume equal to 5% of BV (T8), reaching the highest value at T10. The serosal DBS values increased more gradually with a maximum at T12 (Figure 3A).


[image: Figure 3]
FIGURE 3. Changes in De Backer score (1 mm−1) values (A), the microvascular flow index (B), and the heterogeneity index (C) for the mucosa (black circles) and serosa in the ileum (black triangle) and sublingual area (empty square) during the hemorrhage and resuscitation phases. The plots demonstrate the median values and the 25th (lower whisker) and 75th (upper whisker) percentiles. xp < 0.05 mucosa or sublingual values vs. serosa values; #p < 0.05 serosa or sublingual values vs. mucosa values; *p < 0.05 vs. baseline values.


Bleeding caused a decrease in the MFI in all three locations, and the first to reach significance was the MFI in the sublingual area at T3. This was followed by a significant decrease in serosal MFI from T4 and in mucosal MFI from T5. The fluid resuscitation resulted in a significant improvement of the MFI in all investigated locations. Sublingual MFI was significantly higher than the MFI in the ileal mucosa and serosa from T10 (Figure 3B).

The heterogeneity of the microcirculation increased during the hemorrhage phase as shown by the HI. The most important difference between the sublingual and ileal regions is that while the sublingual HI was restored during resuscitation, the HI in both the ileal mucosa and serosa remained significantly higher than the baseline and the sublingual values until the end of the experiments (Figure 3C).



Link Between Changes in Exhaled Methane Concentration and Mesenteric Macro- and Microperfusion

We compared the changes in the exhaled methane concentration during the whole observation period with SMA flow data (r = 0.93; Figure 4A). Moreover, we investigated the association separately in the hemorrhage phase (r = 0.82; Figure 4B) and in the resuscitation phase as well (r = 0.79; Figure 4C). When the possible links between the changes in exhaled methane levels and the DBS values of the two components of the ileal microcirculation during the hemorrhage and resuscitation were investigated, the DBS in the serosa correlated significantly with the exhaled methane values during the experiments (ρ = 0.78; Figure 5A). When separately investigated, the correlation could be shown in both the bleeding phase (r = 0.79; Figure 5B) and the fluid resuscitation period (ρ = 0.52; Figure 5C). Similarly, a significant correlation was present in the case of the mucosal DBS values when the whole data set was analyzed (r = 0.77; Figure 6A) and also when data were separated to the hemorrhage (r = 0.82; Figure 6B) and resuscitation phases (ρ = 0.63; Figure 6C). Phases are shown to demonstrate the changes in exhaled methane concentrations and the DBS of the ileal mucosa on an original methane registration curve of a single animal and the simultaneous changes in the SMA flow and mucosal DBS in the same animal during hemorrhage and resuscitation (Figure 7).


[image: Figure 4]
FIGURE 4. Correlation between superior mesenteric artery flow (ml min−1) and changes in exhaled methane concentration (ppm) during the whole course of experiments (A; black scatters show the data collected during bleeding, and gray scatters show the data recorded during resuscitation), the hemorrhage (B; black scatters) and resuscitation phases (C; black scatters). The plot demonstrates the regression line (black line) and corresponding r values as indicators of the strength of the linear correlation and p significance values.



[image: Figure 5]
FIGURE 5. Correlation between the De Backer score (1 mm−1) for the serosa and changes in exhaled methane concentration (ppm) during the whole course of experiments (A; black scatters show the data collected during bleeding, and gray scatters show the data recorded during resuscitation), the hemorrhage (B; black scatters) and resuscitation phases (C; black scatters). The plot demonstrates the regression line (black line) and corresponding r and ρ values as indicators of the strength of the linear correlation and p significance values.



[image: Figure 6]
FIGURE 6. Correlation between the De Backer score (1 mm−1) for the mucosa and changes in exhaled methane concentration (ppm) during the whole course of experiments (A; black scatters show the data collected during bleeding, and gray scatters show the data recorded during resuscitation), the hemorrhage (B; black scatters) and resuscitation phases (C; black scatters). The plot demonstrates the regression line (black line) and corresponding r and ρ values as indicators of the strength of the linear correlation and p significance values.



[image: Figure 7]
FIGURE 7. Original tracings representing changes in exhaled methane levels (ppm) (continuous black line), the De Backer score (1 mm−1) for ileal mucosa (black circles) and superior mesenteric artery flow (ml min−1) (gray triangle) of an individual animal.




Correlations Between Sublingual and Ileal Mucosal or Serosal Microcirculation

Significant correlations were detected during the hemorrhage phase between the sublingual DBS and the serosal or mucosal DBS values (r = 0.74 and r = 0.66, respectively; Figures 8A,B).


[image: Figure 8]
FIGURE 8. Correlation between the De Backer score (1 mm−1) for the serosa (A) or mucosa (B) and the De Backer score (1 mm−1) for the sublingual area during the hemorrhage phase. The plot demonstrates the regression line (gray line) and corresponding (black scatters) r values as an indicator of the strength of the linear correlation and p significance values.





DISCUSSION

We used continuous, real-time detection of exhaled methane concentration to investigate the link to the macro- and microvascular components of the mesenteric circulation during and after hemorrhage. The changes in SMA flow developed earlier than systemic hemodynamic or Hct responses, and the changes in exhaled methane levels strictly followed the mesenteric alterations. Therefore, we propose that monitoring methane in the exhaled air may be an early warning tool to recognize internal hemorrhage. Moreover, exhaled methane monitoring can provide information to estimate the condition of the microcirculatory part of the mesenteric region during bleeding, and it is capable of following the sudden changes during the very early phase of fluid resuscitation. Nonetheless, we are aware that an important limitation is the detection of baseline values in certain clinical situations. Here, it should be noted that real-time breath methane monitoring technique may increase the diagnostic potential of previous, traditional methods. This approach is based on dynamic, constant tracking instead of detection static values in a given time. Any observation (increase or decrease) can direct the attention toward a possible disturbance of the mesenteric circulation.

The methane breath test is already used to diagnose certain GI disorders. In human clinical laboratory practice, breath methane levels are usually determined by a lactulose test and sampling of breath air in gas-tight bags, which are then analyzed by GC, equipped with either flame ionization, thermal conductivity, or mass spectrometry detectors (18). Here, it should be noted that the sampling frequency of these traditional methods is limited. Our approach is somehow different; in contrast to the GC technique, PAS provides the option to follow real-time changes at a sensitivity threshold < 1 ppm compared with the 3 ppm sensitivity threshold of the presently available GC instruments. With this method, the dynamics of exhaled methane concentrations can also be followed in single breath sample analyses (12).

We used an anesthetized, acute pig model for a gradual, relatively low rate (5% loss of BV in each step), but severe hemorrhage was followed by a controlled, gradual and restricted (80% of the baseline MAP) fluid resuscitation. The total BV loss was set at 35%, which resulted in an approximately 3 g dl−1 loss of tHB, confirming the severity of the bleeding. The low rate provided a good temporal resolution with the possibility of seven measurement intervals during the hemorrhage phase and five intervals until the goal MAP was reached in the resuscitation phase. We decided to use HES as resuscitation fluid, as it was expected to provide pronounced macrohemodynamic changes and was also capable of restoring intestinal microcirculation (19).

As expected, the SMA blood flow was affected very early, already significantly decreased after 5% blood was withdrawn. Changes in the exhaled methane concentration followed the decrease with the same dynamics. Significant changes in the DBS of the serosal and mucosal components of the ileal microcirculation occurred slightly later, after a 10 or 20% blood loss, respectively. The difference between the mesenteric macro- and microcirculation might be explained by a possible autoregulation of mesenteric microperfusion (20), whereas the delay between the mucosal and serosal microcirculatory changes may be a result of the phenomenon of microcirculatory redistribution, which supports the oxygenation of the mucosa at the price of reduced serosal perfusion (21). The earlier decrease of the exhaled methane level might indicate a reduced absolute volume of the perfused blood, without the decrease of perfused capillary density.

At the beginning of the resuscitation phase (T7-T8), a sudden increase in the SMA flow and mucosal DBS and a rise in exhaled methane levels were observed. However, by the end of the experiments, the exhaled methane and SMA flow values decreased, and no significant difference could be detected compared with the baseline values. The DBS of both the mucosal and serosal areas remained steady during the whole resuscitation phase, and no decrease was observed in the last two resuscitation intervals. Nonetheless, the HI was increased by the end of the hemorrhage phase and remained elevated during the entire resuscitation phase, which suggests that the microcirculation was not completely restored by the fluid replacement and might explain the methane decrease after the initial peak.

The microcirculation of the sublingual area is frequently investigated, as it is considered a suitable GI region for non-invasive approaches, assuming that the changes might indicate the condition of the microcirculation in more distal sections, such as the ileum. Indeed, earlier studies demonstrated that tissue carbon dioxide pressure in the sublingual area is tied to changes in the small intestinal microcirculation in a hemorrhagic shock and fluid resuscitation model (22). In the present study, we could not detect a correlation between the sublingual microcirculation and the serosal or mucosal components of ileal microperfusion in the resuscitation phase, and this finding highlights the difference between the two methods. An investigation of the sublingual area is capable of following the GI microcirculatory changes in a wider timeframe only, and this is not affected by an increase in the sampling frequency because of the inertia between the sublingual and more distal microcirculatory regions. On the other hand, the dynamics of the changes in the exhaled methane concentrations were similar to those of the changes in the mesenteric circulation. Real-time monitoring of exhaled methane level was capable of following the sudden changes observed at the very early resuscitation phase.

However, the changes of methane levels increased with a slightly lower rate following the microcirculatory changes during the resuscitation phase than in the hemorrhage period. The lower correlation coefficients between exhaled methane levels and serosal or mucosal DBS values also refer to the role of the characteristics of the changes of the mesenteric perfusion. The different kinetics of the relationship of exhaled methane levels and microcirculatory changes might be explained by the rapid improvement of the microperfusion at the early phase of resuscitation. We suggest a two-compartment model, in which the lumen and the wall of the intestines is one of the components, and the circulating blood is the other part. In this case, the disproportionate increase in the blood flow and methane access to the circulatory compartment may explain the lower than expected exhaled methane output during the resuscitation phase.

In conclusion, changes in exhaled methane concentration may indicate bleeding at an early stage and follow changes in mesenteric perfusion during hemorrhage and resuscitation as well, with a diagnostic value comparable to the monitoring of the sublingual microcirculatory area. It might be a useful, additional non-invasive tool in cases where hemorrhagic complications might be expected; however, even in its current form, the technique might contribute to acquiring additional information on the mesenteric circulation in experimental setups.
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Microcirculatory preservation is essential for patient recovery from hemorrhagic shock. In hemorrhagic shock, microcirculatory flow and pressure are greatly reduced, creating an oxygen debt that may eventually become irreversible. During shock, tissues become hypoxic, cellular respiration turns to anaerobic metabolism, and the microcirculation rapidly begins to fail. This condition requires immediate fluid resuscitation to promote tissue reperfusion. The choice of fluid for resuscitation is whole blood; however, this may not be readily available and, on a larger scale, may be globally insufficient. Thus, extensive research on viable alternatives to blood has been undertaken in an effort to develop a clinically deployable blood substitute. This has not, as of yet, achieved fruition, in part due to an incomplete understanding of the complexities of the function of blood in the microcirculation. Hemodynamic resuscitation is acknowledged to be contingent on a number of factors other than volume expansion. The circulation of whole blood is carefully regulated to optimize oxygen delivery to the tissues via shear stress modulation through blood viscosity, inherent oxygen-carrying capacity, cell-free layer variation, and myogenic response, among other variables. Although plasma expanders can address a number of these issues, hemoglobin-based oxygen carriers (HBOCs) introduce a method of replenishing the intrinsic oxygen-carrying capacity of blood. There continue to be a number of issues related to HBOCs, but recent advances in the next-generation HBOCs show promise in the preservation of microcirculatory function and limiting toxicities. The development of HBOCs is now focused on viscosity and the degree of microvascular shear stress achieved in order to optimize vasoactive and oxygen delivery responses by leveraging the restoration and maintenance of physiological responses to blood flow in the microcirculation. Blood substitutes with higher viscous properties tend to improve oxygen delivery compared to those with lower viscosities. This review details current concepts in blood substitutes, particularly as they relate to trauma/hemorrhagic shock, with a specific focus on their complex interactions in the microcirculation.
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INTRODUCTION

Strategies for reperfusion after hemorrhage are typically aimed at the restoration of systemic hemodynamic indices such as blood pressure, heart rate, and venous return. Commensurate improvements in organ function such as mental status and urine output serve as crude confirmation that end-organ perfusion is preserved. However, the mechanisms that determine survival and recovery after hemorrhagic shock ultimately occur in the microcirculation, a milieu of which there is little understanding and no direct ability to control or modulate. There exists, therefore, a disconnect between the clinical interventions that are applied to treat hemorrhagic shock and the downstream consequences of these interventions in the microcirculation (1).

Microvascular dysfunction associated with hemorheological alterations results in oxidative stress, release of proinflammatory cytokines (2), and disruption of endothelial integrity (specifically the endothelial glycocalyx). Given the importance and delicate nature of the endothelium integrity and its physiological function in the microcirculation, its protection may prove a promising target in critical care settings. Previous in vitro studies showed that shear significantly increased glycosaminoglycan synthesis in endothelial cells (3). Fluid shear stress on the endothelium modifies the organization of inter-endothelial junctions (4) and can alter the barrier properties of the endothelium by activating intracellular signaling events (3–5). The glycocalyx represents a major barrier against the extravasation of fluids and colloids; sieving and binding of intravascular colloids from the plasma restrict transport of other plasma molecules (6). Thus, the endothelial glycocalyx is better preserved when the appropriate fluid is used during resuscitation from hemorrhagic shock (HS).

Fluid resuscitation is used to restore/preserve blood volume. Colloidal resuscitation fluids stabilize hydrostatic capillary pressure, which is required to preserve functional capillary density (FCD) (7). FCD determines the serum lactate levels and acid–base balance and is critical for tissue survival after HS (8). We demonstrated that the maintenance of adequate FCD is directly related to capillary pressure, which can be preserved by increasing plasma viscosity using high-viscosity resuscitation fluids (9). Hemodilution with high-viscosity resuscitation fluids (with viscosities of 4 cP) does not increase diluted blood viscosity above that of undiluted whole blood, but it increases plasma viscosity and endothelial wall shear stress, thus promoting the production of shear stress-mediated vascular autocoids [e.g., nitric oxide (NO) and prostaglandins] (10). These autocoids cause vasodilation and increase microvascular blood flow, which increases oxygen (O2) delivery without increasing the O2-carrying capacity (11).

The cornerstone for resuscitation after hemorrhage is blood, either whole blood as is now increasingly being practiced in both military and civilian trauma settings (low-titer type O-positive whole blood) or, more commonly, blood component therapy in the form of packed red blood cells (PRBCs), fresh frozen plasma (FFP), and platelets. The critical issue with the use of blood as the first line of treatment in trauma and hemorrhagic shock (T/HS) is its availability from donors. In an effort to develop usable alternatives, artificial blood substitutes—tacitly defined as alternatives to red blood cells (RBCs), not plasma or platelets—have been studied for many years. A major barrier to progress in this area has been the lack of a mechanistic understanding of the processes associated with oxygen transport by blood and the physiological interaction of blood and the tissue as a system in the microcirculation.

Blood substitutes have the potential to be engineered in such a way as to replicate or even optimize the critical biophysical parameters of circulating blood, enabling the production of life-sustaining product for critical patient needs. In order to develop a successful blood substitute for T/HS, however, an improved understanding of the role of blood is necessary.

The most important biophysical parameter of the interaction between blood and tissues at the microvascular level is blood viscosity, which is significantly altered in hemorrhagic shock because of hemodilution and reduced hematocrit, with a direct impact on microvascular function.

In order to design efficient blood substitutes able to fulfill the metabolic demands of tissues during resuscitation, key alterations induced in the microcirculation by T/HS should be analyzed from the point of view of their impact on viscosity. Therefore, optimizing viscosity should become the new paradigm in the design of next-generation blood substitutes.



TRANSFUSION MEDICINE: MIMICKING THE BLOOD TO PRESERVE OXYGEN DELIVERY TO THE TISSUES

Demand for whole blood and components is presently satisfied by donor blood, a source that is projected to become increasingly scarce and ultimately insufficient for healthcare needs as the proportion of older individuals increases in the United States and worldwide (12). Advances in recombinant technology and stem cell manipulation may be able to correct some of the projected deficits in blood product inventories; however, the technology required to produce a useable product in the quantities needed is not presently available at costs affordable by the health care system (13).

Although component therapy is much more versatile than whole blood resuscitation, which is hampered by shorter storage times (21–35 days depending on anticoagulant, e.g., citrate phosphate dextrose vs. citrate phosphate dextrose adenine) because of the necessary dilution of blood factors for storage, resuscitation at the recommended 1:1:1 ratio (PRBCs/FFP/platelets) results in a resuscitation fluid diluted to a hematocrit (Hct) of ~29%, platelet concentration of 88,000/mcl, and 65% of the normal coagulation factor activity, all substantially inferior to component concentrations in whole blood. Of potential importance is that the viscosity, as well as the oxygen-carrying capacity of the 1:1:1 ratio, is markedly reduced compared to that of whole blood.

Blood substitutes are engineered as resuscitation fluids which ideally mimic the main functions of biological blood to target hypoxic tissue caused by shock. Because oxygen delivery to tissues has historically been considered to be the goal of blood substitutes, most research done on blood alternatives has been hemoglobin (Hb) based. Blood substitutes that leverage Hb as the method to sustain the oxygen-carrying capacity (O2CC) are known as hemoglobin-based oxygen carriers (HBOCs). However, circulating cell-free Hb has been associated with a number of adverse outcomes, including inflammation, thrombosis, oxygen free radical generation via its heme moiety, kidney failure through glomerular compromise, and hypertension and vessel constriction NO scavenging (14). In fact, the U.S. Food and Drug Administration (FDA) stipulates that any proposed blood substitutes specifically address the issue of NO scavenging as part of their approval process.

To circumvent limitations inherent using free Hb as a blood substitute, several different variations of HBOCs have been designed, including alpha-alpha cross-linked Hb (ααHb) (15), polyethylene glycol-bound Hb (PEG-Hb) (16), and polymerized hemoglobin (polyHb) (17). However, none of these has been proven effective as a replacement for blood or blood products. Non-Hb-containing modalities have been studied as well, such as perfluorocarbons (PFCs), a class of compounds that readily bind both oxygen and carbon dioxide. The discovery that PFCs could dissolve a comparatively large amount of oxygen, albeit at high oxygen partial pressures, suggested using this vehicle as blood substitute. PFCs have a number of potential advantages over HBOCs, most notably their lack of potential infectivity and their ability to be mass produced as synthetic compounds (18). However, the use of PFC-based blood replacement fluids has not materialized, in part because of the lack of definitive experimental studies on the physiology related to altered blood physical properties and changes in the distribution of oxygen partial pressures in the circulation.

To date, there are virtually no viable alternatives to hemoglobin for oxygen transport from the lungs to the tissues because of the ability of hemoglobin to bind a large amount of oxygen via a chemical reaction. Thus, hemoglobin is still the key constituent of presently designed oxygen-carrying blood substitutes. Various modifications and formulations continue to optimize its performance and have largely eliminated inherent toxicities, but continued development of HBOCs requires addressing the underlying issues of microcirculatory dysfunction, especially during T/HS.



MICROVASCULAR PATHOPHYSIOLOGY IN HEMORRHAGIC SHOCK

The blood that circulates through the body conducts a number of functions that are essential for survival, such as perfusing tissues with oxygen, collecting waste products of metabolism, and maintaining an acceptable pH via CO2 offloading. In the event of severe blood loss, the intrinsic O2CC of the microcirculation begins to falter as the concentration of RBCs declines. The drop in blood pressure caused by hemorrhage results in a fall of the hydrostatic pressure at the arteriolar end of the capillaries. This reduced pressure head affects fluid movement across the capillary bed, promoting reabsorption. With the pooling of fluid in the vasculature to maintain fluid flow, the concentration of RBCs is further diluted. A myogenic response takes place, causing an inward remodeling of the vessels and vasoconstriction (9). There are many local regulatory mechanisms that respond during hypovolemic shock in a tissue-dependent manner. For example, adenosine and prostanoids together are responsible for most of the dilation in femoral resistance vessels (19), while the myogenic response is dominant in other tissues like the kidney (20). While local flow regulatory mechanisms are important determinants of blood flow to individual organs, the central nervous system also exerts an important influence through sympathetic nerves in most organs (21). Some of the most striking changes seen at the tissue level due to severe shock are a reduction in O2CC, a decrease in blood viscosity, a decrease in vessel wall shear stress (WSS), shedding of the protective glycocalyx barrier (22), and pathologic hyperfibrinolysis and diffuse coagulopathy (23–25).

T/HS also takes a toll at the cellular level. With the decrease in tissue perfusion, anaerobic metabolism becomes the key source of energy production. Diminished O2 delivery to cells results in the shunting of pyruvate to increase lactate production at the expense of oxidative phosphorylation. Since cellular respiration is the key metabolic process that produces ATP to fuel tissues and a lack of oxygen shunts energy production anaerobically, a primary metabolite is lactate, whose plasma levels rise in consequence of this metabolic alteration. Inadequate aerobic cellular respiration ultimately leads to mitochondrial dysfunction (26). As ATP supplies dwindle, cellular homeostasis ultimately fails, and cell death ensues through necrosis from membrane rupture, apoptosis, or necroptosis.


Oxygen Debt

The decreased rate of O2 delivery results in tissue “oxygen debt” (24). If this debt is not “paid,” the tissue will not survive. Therefore, at the microvascular and cell level, three principles must be considered to devise an effective microcirculation-targeted resuscitation strategy: (1) prevention of “oxygen debt” accumulation, (2) repayment of “oxygen debt,” and (3) minimization of the time to “oxygen debt” resolution (27).

A major challenge of resuscitation is determining oxygen delivery to the tissues (DO2) and oxygen consumption by the tissues (VO2). Serial lactate measurements coupled with central venous oxygen saturation (SVO2) can aid in this determination on the macro level. However, these parameters do not distinguish between microcirculatory arterial–venous shunting and true increases in perfusion or between lactate generation vs. uptake. At present, there is no reliable method to clinically measure regional tissue oxygenation, particularly in organs that are not amenable to direct examination (28–30).



Microcirculation Analysis as a Tool to Design Novel Resuscitation Strategies

Systemic parameters such as heart rate and blood pressure have historically been used to monitor recovery from shock. However, if we consider the idea of “oxygen debt” and the use of DO2/VO2 to aid in our understanding of the reoxygenation of previously ischemic tissue, it becomes apparent that there must be a focus on the microcirculation in addition to the restoration of systemic indices. Microcirculatory integrity is the principal determinant for tissue oxygenation, nutrient supply, organ function at the tissue level, and adequate immunological function (31).



Hamster Models for the Analysis of Microcirculation in Hemorrhagic Shock

There are a variety of animal models used to understand the microcirculation in shock; one of the most common is the hamster model (32). Hamsters have a low central partial pressure of oxygen (PaO2) of ~57 mmHg, corresponding to a Hb O2 saturation of 84% (32). Because the baseline arteriolar partial pressure of oxygen (pO2) is so low, calculation of the pre-microvascular oxygen consumption shows that this species is very efficient at delivering oxygen to the tissues, and very little oxygen leaves the circulation before delivery to the microcirculation, with the change in blood saturation of only about 3% (33).

While in clinical practice the sublingual area has been typically used to measure microvascular performance using dark-field microscopy, observation of the microcirculation in hamsters is commonly achieved via intravital microscopy of the dorsal skin flap: the skin is lifted, creating a skin fold, which is supported by two titanium frames with 12-mm circular openings. One frame is sutured on one side of the skin fold. The opposite skin layer is removed following the outline of the window, leaving only a thin layer of retractor muscle, connective tissue, and intact skin. The exposed tissue is then sealed with a glass cover held by the other frame, creating an environment to make optical measurements of the microcirculation in vivo (33–35). Two vessels are generally cannulated, the carotid artery for monitoring blood pressure and the femoral or jugular vein for the infusion of fluids and dyes. Intravital microscopy enables better understanding of the inputs that determine the cellular and subcellular processes within multiple organs. While this type of microscopy can only be implemented in hamsters and other rodents, and does not directly translate to humans, the observed intrinsic regulatory processes at the tissue level do not differ between humans and rodents. This experimental setup allows for microhemodynamic measurements of blood velocity using the photodiode cross-correlation technique and vessel diameters via video image shearing (36, 37). The study of flow in the microcirculation enables an improved understanding of the mechanisms underlying oxygen delivery (38). Microvascular pressure and the perfusion of blood in the tissues can be quantified by FCD or the number of perfused capillaries per unit area (9). Capillaries are considered functional if RBCs transit though the capillary segments during a prescribed unit of time. Capillary perfusion is necessary for the oxygenation of the tissues and, perhaps as importantly, the removal of metabolic waste. High-resolution microvascular pO2 measurements can be made using phosphorescence quenching microscopy (PQM) or hyperspectral imaging. PQM is a technique based on oxygen-dependent quenching of phosphorescence emitted by an albumin-bound metalloporphyrin complex after light excitation (39). Hyperspectral imaging is a technique that utilizes the spectra differences in oxyhemoglobin and deoxyhemoglobin to determine oxygen saturation in the microcirculation (40).

Figure 1 shows a typical example of tissue perfusion in the skin pouch of a Golden Syrian hamster during experimental hemorrhage obtained using hyperspectral imaging. The experiments were approved by the Institutional Animal Care and Use Committee of the University of California, San Diego, and performed following the NIH Guide for the Care and Use of Laboratory Animals, 8th edition (2011). The images were acquired using a Pika-L hyperspectral imaging system with a linear translation stage (Resonon, Bozeman, MT) with a spectral range of 390–1,020 nm, a spectral resolution of 2.1 nm, and a spatial resolution of 900 pixels per line. Each image consisted of a 2,900 × 900 × 300 hypercube. After the acquisition, the images were truncated and resampled in the spectral domain between 500 and 590 nm. Calculation of the relative deoxygenated and oxygenated hemoglobin abundances were completed based on a calibration standard for hemoglobin using Beer's law.


[image: Figure 1]
FIGURE 1. Tissue perfusion in the microcirculation using hyperspectral images from the skin pouch of a Golden Syrian hamster following hemorrhage (50% total blood volume) and a resuscitation using whole blood (25% total blood volume in 5% albumin; Sigma-Aldrich, Saint Louis, MO). The first image (from left to right) is the microcirculation at baseline, the second one is the microcirculation in shock, the third one is the microcirculation immediately after the completion of resuscitation, and the fourth and final image is the microcirculation 60 min post-resuscitation.


When quantifying microcirculatory dysfunction resulting from hemorrhagic shock, there are several variables that must be considered: the dynamic changes in flow, vasoactive responses, the tissue pO2 in the microcirculation, lactate concentration, etc. Regardless of the hemorrhagic shock model (fixed pressure vs. fixed volume), microcirculatory parameters are used as barometers of successful resuscitation interventions (41–43). However, there is no consensus on a quantitative definition of “recovery.” The literature commonly refers to three schools of thought in defining microvascular recovery after hemorrhagic shock: (1) increased microvascular viscosity (33–35), (2) increased microvascular pressure (44, 45), and (3) improved hemodynamics in the microvasculature (46). Arguments have been made for each parameter individually, but they all hinge on what is defined as “recovery,” which should be taken into consideration for the optimization of blood substitutes design.




LOCAL REGULATION OF BLOOD FLOW AND OXYGEN DELIVERY

Engineering any type of blood substitute requires an understanding of the complex interactions between oxygen consumption, changes in the composition of blood and its viscosity, and the oxygen dissociation curve for hemoglobin. A decrease in O2CC due to hemodilution induces vasodilation, and the restoration of the lost RBCs with an oxygen carrier can produce additional signals depending on whether the carrier has a high or low affinity for oxygen. Facilitated release of oxygen from blood is a property defined by the value of pO2 at which blood is 50% saturated (P50). A high oxygen affinity (low P50) results in oxygen being preferentially unloaded in the capillaries, and vice versa (32).

An important consideration when designing blood substitutes that will necessarily unload oxygen in the microcirculation is oxygen consumption by the vessel wall itself. Several studies have concluded that oxygen consumption may be extraordinarily high at the vessel wall and increases during vasoconstriction (47, 48). The marked uptake of oxygen at the vessel wall by vascular smooth muscle is somewhat analogous to the significant increases in oxygen use by the skeletal muscle during exercise; vasoconstriction of vessel beds necessarily requires energy and, thus, increased oxygen consumption.

In a reciprocal fashion, increases in circulating pO2 result in increased vessel vasoconstriction. The reasons for this are unclear, but changes in vessel wall oxygen uptake (and thus vascular tone) in response to circulating pO2 suggest that the purpose of vasoconstriction in the presence of elevated circulating pO2 is to limit tissue pO2 to within a fairly narrow range. This phenomenon further complicates the engineering of effective HBOCs for treatment during T/HS as shock induces vasoconstriction, indicating a potential need to satisfy the vessel wall's oxygen debt before oxygen can enter the tissue beds.

Blood substitute design is often tested using extreme hemodilution, a condition in which systemic Hct is reduced to the point where oxygen delivery becomes dependent on the intrinsic oxygen-carrying capacity of the circulation. This approach allows evaluating blood substitutes characterized by high-affinity hemoglobin products such as 4% Mal–PEG–hemoglobin (MP4) (Hemospan, Sangart Inc., San Diego, CA) or low-affinity bovine-derived PolyBvHb (PBH) (Biopure Inc., Boston, MA) (Table 1).


Table 1. Typical properties of hemoglobin (Hb)-based oxygen carriers vs. blood/plasma.
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The goal of high-affinity Hb-based blood substitutes is to create a reservoir of oxygen that only unloads oxygen when the circulating blood arrives at tissue regions where the pO2 is very low, promoting oxygen delivery through diffusion. However, if the affinity for oxygen is too high, the inability to release oxygen may become problematic, leaving the tissue hypoxic. On the other hand, in low-affinity Hb-based blood substitutes, a rightward shift in the O2 dissociation curve should theoretically increase O2 extraction and improve maximal O2 uptake. This manipulation of the P50 offers the opportunity to vary O2 delivery to the tissues without altering blood flow or arterial O2 content, promoting oxygen delivery via convection rather than diffusion.

Blood viscosity is a critical determinant of tissue perfusion because of its direct influence on vascular resistance. Blood viscosity depends primarily on RBC concentration (hematocrit) and secondarily on the viscosity of plasma. Restoration of viscosity in the initial resuscitation period is a common method for assessing recovery in the microcirculation after hypovolemic shock (33, 42, 43); it is not, however, widely studied clinically. As an alternative to oxygen-carrying modalities, restitution of blood loss with non-oxygen-carrying plasma expanders (PEs) can be effectively and safely accomplished after up to a 50% loss of the RBC mass using fluids with plasma-like viscosity, which induce a compensatory increase in cardiac output aimed at maintaining oxygen delivery (49). Additionally, interventions that increase the viscosity of circulating blood after shock can mitigate the effects that reduced viscosity have on mechanical transduction of the endothelium, potentially preserving the native myogenic responses that normally regulate microvascular flow and pressure (50). Large-molecular-diameter HBOCs play a similar role to PEs, increasing blood and plasma viscosity and preserving microvascular perfusion (51).

Microvascular perfusion and FCD are controlled in part through shear-mediated factors. For example, shear stress exerted on the blood moving near the endothelial surface releases dilatory autocoids (7, 52, 53). Increasing the shear stress on the endothelial surface promotes the expression of anti-inflammatory, antiproliferative, anti-apoptotic, and antioxidative genes, all of which reduce the effects of systemic inflammation associated with hemorrhage shock (54). Recent studies have demonstrated a new, microscopic area of the cell-free layer (CFL) which appears to be the critical focal point of the interaction between blood and microcirculation (Figure 2) (55). The CFL regulates oxygen transport and capillary perfusion as it determines the distance between the circulating oxygen supply and the tissue as well as the degree of shear stress on the endothelial wall caused by the passing blood.


[image: Figure 2]
FIGURE 2. Blood flow through the microcirculation. (A) The bulk of red blood cell (RBC) flow, which is related to the shear stress (τ). (B) Cell-free layer in the microcirculation. (C) Endothelial cell lining generating endothelial nitric oxide synthase (eNOS), S-nitrosothiols (RSNO), and nitric oxide (NO) via mechanotransduction. (D) Smooth muscle layer encapsulating the entire vessel.


Formation of a wider cell-free layer reduces effective blood viscosity near the vessel wall and, thus, the amount of shear experienced by the endothelium, a principal stimulus for release of the potent vasodilator NO (56, 57). However, the CFL has been shown to act as a barrier to NO scavenging, potentially mitigating the effects of reduced shear (58). The CFL is also an important determinant of the rate of oxygen diffusion from the red cells to the tissues. The radial diffusion gradient of oxygen from the hemoglobin carried by RBCs transits from blood to the parenchymal cells through several barriers including plasma, the endothelial layer, and interstitial fluid. Due to the low solubility of oxygen in plasma, the width of the cell-free plasma layer barrier significantly limits oxygen delivery (59, 60). Thus, the interplay between the CFL and the microcirculation serves to regulate vascular perfusion via changes in NO scavenging and oxygen delivery to the tissues. The initial response of the vasculature during T/HS is to vasoconstrict, thus reducing the CFL and thereby potentially increasing NO bioavailability and oxygen delivery to the tissue.

An improved understanding of the fundamental role of the CFL in the microcirculation has contributed to assessing how the circulation responds to small (±10%) changes in Hct and blood viscosity (61). A novel methodology to measure the CFL width (62–64) has been recently developed. This technique is based on high-speed video recording (up to 30,000 frames/second) and a thresholding algorithm that converts the interface between blood and plasma into a black and white image, defining the stochastic surface of the RBC column and identifying the location of the plasma/vessel wall interface. Studies of the trajectories of RBCs at the blood column/plasma interface have identified several features of relevance, particularly the RBC exclusion zone which outlines the glycocalyx. Studies using this technique have led to conclude that CFL width is a function of Hct (65). CFL thickness is an important feature of blood flow in the microcirculation and is proportional to the shear stress and the thickness of the endothelial glycocalyx. Hemorrhage alters glycocalyx structure and function, and changes in the CFL thickness can reflect glycocalyx shedding (64).

Further, small changes in Hct result in large changes in the CFL, significantly affecting arteriolar wall NO bioavailability and wall shear stress (WSS) (Figure 3) (61). This relationship between Hct and CFL, described by mathematical modeling, confirms previous assumptions that (1) NO bioavailability in hemodilution increases by decreasing CFL width; (2) hemodilution decreases Hct and plasma viscosity, lowering WSS and increasing CFL width; and (3) FCD is directly proportional to WSS in hemodilution.


[image: Figure 3]
FIGURE 3. Arteriolar wall nitric oxide bioavailability as a function of systemic hematocrit percentage for different cell-free layer (CFL) widths.


Previous studies measuring CFL width changes after 40% hemodilution using low-viscosity PEs (e.g., albumin solutions) demonstrate small but measurable decreases in CFL width. It is hypothesized that this effect is significantly reduced with high-viscosity PEs because of their comparatively large hydrodynamic radius compared to albumin. Furthermore, mathematical modeling of the CFL width effects suggests the hypothesis that the width is in part determined by the type of colloid used (61). One of the relevant processes may be shear-dependent dilation, which provides a dispersive lateral force to the direction of flow. The assumption is that this force acts on the flowing RBCs, thus confirming the importance of viscosity in microcirculation hemodynamics and function.



MICROCIRCULATION FUNCTION AND BLOOD SUBSTITUTE VISCOSITY

Survival in hemorrhage after ensuing extreme hemodilution is primarily dependent on the maintenance of FCD and secondarily on tissue O2. In the previous section, CFL width was introduced as the key parameter of wall shear stress modulation in the microcirculation. As the bioavailability of NO is inversely proportional to CFL width, NO-induced vasodilation is the main determinant of FCD and microvascular perfusion. Based on these observations, increasing wall shear stress in the CFL after T/HS should improve perfusion by the combination of three effects: (1) decreasing plasma CFL width; (2) increasing plasma viscosity; and (3) increasing blood vessel flow velocity. Solely increasing plasma viscosity has potential limitations because, in conditions of extreme hemodilution after hemorrhage, resuscitation with a high-viscosity plasma expander increases the workload of the heart while a simultaneously lower Hct limits O2 delivery. It is assumed, however, that this intervention can increase the width of the blood column and (moderately) the resistance to plasma fluid flow in the glycocalyx, which would decrease effective CFL width. Current understanding of this complex dynamic suggests that developed blood substitutes should thus be of high viscosity (51).


Microvascular Pressure

Modulating microvascular pressure following hemorrhagic shock directly relates to FCD, a key determinant of survival from T/HS. During shock, the microvascular pressure plummets, resulting in a sharp decrease in the number of perfused capillaries with implications for the surrounding tissue. Adequate perfusion of the capillary bed is thus vital as it is associated with oxygen delivery (diffusion) to the tissue from the systemic circulation as well as the continuous washout of metabolites (31). As tissues become hypoxic, they also become acidotic and lactate is accumulated. This, in turn, negatively affects systemic pH and base excess. The severity of the changes seen in arterial blood gas measurements (including pH, PaO2, PaCO2, base excess/deficit, and lactate) can be used to assess the extent of shock (34, 66). Increasing FCD restores flow to the tissues, alleviating local as well as systemic acidosis as oxygen diffusion into the tissue increases, shifting metabolic processes once again toward aerobic metabolism. Increasing the microvascular pressure may be accomplished systemically by the use of resuscitation fluids that increase plasma viscosity or have high colloid osmotic pressure (COP) and are therefore able to draw fluid into the microvasculature.



Microvascular Flow

Peripheral hemodynamics are a typical measure of recovery in experimental T/HS (31). In the quiescent state, microcirculatory hemodynamics are equilibrated to the point where RBC velocity ensures the optimal diffusion of oxygen to the tissues through convective processes. In shock, flow can be significantly impaired and reduced dramatically, resulting in inadequate tissue oxygenation. Thus, increasing the intravascular microcirculatory volume via resuscitation fluid will enhance flow and tissue (re)oxygenation (67). Regardless of the mechanism for reperfusion, microvascular recovery following shock is contingent on how well oxygen delivery to previously hypoxic tissues can be achieved.




CONCLUSIONS

Plasma expansion and blood transfusion are major medical interventions in T/HS, and even minor improvements in their efficacy will have significant healthcare repercussions. Advancements from current research will help to guide the development of fluids that are safe and effective blood substitutes. These may then lead to the development of transfusion protocols that include O2 transport indices and blood viscosity as targets of an effective microcirculation-targeted resuscitation.

Experimental results from microcirculation studies modeling blood loss and blood transfusion suggest that the present focus on restoring blood volume and O2-carrying capacity should be redirected toward using fluids that trade the requirement for O2-carrying capacity with the enhancement of microcirculatory O2 delivery. It then follows from this hypothesis that the development of artificial blood substitutes, which are presently aimed at restoring the blood O2-carrying capacity, should rather be designed to restore blood viscosity. This corresponds to a fundamental change in the perception of what blood has to accomplish in the circulation, which includes the maintenance of a shear stress environment conducive to adequate bioavailability of NO as a function of Hct with a proportional relationship to the CFL. In this new view, artificial blood substitutes for resuscitation after hemorrhagic shock should be optimally designed with the following priorities in mind: restoration of circulating (1) volume, (2) viscosity, and, lastly, (3) O2-carrying capacity.

A potential clinical implication might revolve around the question “What is the patient's blood viscosity?” in the assessment of a hemorrhaging victim, with the answer to this question used as a guide to the fluid treatment strategy. Theoretically, demand for rapid and reliable blood viscometry would be expanded, and the use of blood transfusions substantially diminished, to eventually be relegated to extreme conditions. Determining the blood viscosity that optimizes systemic and microvascular function when Hb is reduced beyond the transfusion trigger is a challenge. We have extensive experience in the analysis of shock resuscitation using a variety of blood substitutes, besides blood (32, 33, 41, 42, 65, 68–81). However, the definitive test of the viscogenic hypothesis requires its verification in T/HS, one of its most likely areas of application.

Hemorrhagic shock entails a complex series of cascading events that have synergistic pathophysiologic effects, from the cellular level up to the entire cardiovascular circuit as a whole. Theories that revolve around rheology, functional physiology, and hemodynamics have been proposed regarding the optimal way to successfully treat a patient in shock. Vasopressor and inotrope therapies have been explored as part of the resuscitation strategy from hemorrhagic shock, either as main treatments or simultaneously in combination with fluid support, with mixed success. While vasopressors and inotropes could improve systemic hemodynamic metrics representative of the effectiveness of resuscitation (for instance mean arterial pressure), their benefit to the blood flow in the microcirculation is questionable. Indeed, they could have a limited beneficial effect or even contribute to jeopardize further the long-term recovery of the microcirculation from hemorrhagic shock, especially during severe hypovolemia, when venous return is insufficient to support systemic O2 requirements. All of these hypotheses relate back to replenishing the pool of oxygen that was depleted in the tissues. Arguments can be made for each of these hypotheses. However, artificial blood substitutes must satisfy all three hypotheses to be a viable alternative to blood transfusion. In order to provide adequate oxygen delivery to tissues, high-viscosity HBOC solutions must have the ability to reversibly bind oxygen (18). Increases in viscosity using these solutions should promote vasodilation via mechanical transduction on the endothelium and increase functional capillary density (34), which in turn would lead to an increase in microvascular pressure and subsequently in blood flow. Whether the postulated benefits of artificial blood substitutes with these design constraints are eventually realized and enter routine clinical use hinge on the optimization of ideal viscosity in addition to the restoration of blood volume, but the outlined strategies represent promising steps toward a clinically translatable solution to the ever-growing problem of blood shortage for transfusions in T/HS and other acute and chronic pathologies.
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Rewarming from hypothermia is often challenged by coexisting cardiac dysfunction, depressed organ blood flow (OBF), and increased systemic vascular resistance. Previous research shows cardiovascular inotropic support and vasodilation during rewarming to elevate cardiac output (CO). The present study aims to compare the effects of inodilatation by levosimendan (LS) and vasodilation by nitroprusside (SNP) on OBF and global oxygen transport during rewarming from hypothermia. We used an in vivo experimental rat model of 4 h 15°C hypothermia and rewarming. A stable isotope-labeled microsphere technique was used to determine OBF. Cardiac and arterial pressures were monitored with fluid-filled pressure catheters, and CO was measured by thermodilution. Two groups were treated with either LS (n = 7) or SNP (n = 7) during the last hour of hypothermia and throughout rewarming. Two groups served as hypothermic (n = 7) and normothermic (n = 6) controls. All hypothermia groups had significantly reduced CO, oxygen delivery, and OBF after rewarming compared to their baseline values. After rewarming, LS had elevated CO significantly more than SNP (66.57 ± 5.6/+30% vs. 54.48 ± 5.2/+14%) compared to the control group (47.22 ± 3.9), but their ability to cause elevation of brain blood flow (BBF) was the same (0.554 ± 0.180/+81 vs. 0.535 ± 0.208/+75%) compared to the control group (0.305 ± 0.101). We interpret the vasodilator properties of LS and SNP to be the primary source to increase organ blood flow, superior to the increase in CO.

Keywords: hypothermia, nitroprusside, levosimendan, rewarming shock, targeted therapeutic strategies, microcirculation


INTRODUCTION

Clinical presentation of accidental hypothermia and rewarming is associated with hypotension, hypoperfusion, and vital organ injury (1, 2). Coined rewarming shock, this unstable hemodynamic state (3–5) contributes to the lethality of 28–35% in accidental hypothermia patients (6, 7). The underlying mechanisms of rewarming shock are yet not fully understood. Clinical experience and experimental studies have identified hypothermia-induced cardiac dysfunction and elevated systemic vascular resistance (SVR) as fundamental mechanisms (5, 8). Hypothermia-induced cardiac dysfunction has been linked to inotropic failure and dysregulation of myocardial beta-receptors. The current European guidelines for resuscitation during hypothermia focus on mechanical circulatory support in unstable patients and restrictive adrenergic intervention, significantly below 30°C (9). Thus, experimental studies are needed to improve our understanding of rewarming shock and identify possible pharmacological treatment options.

A combination of positive inotropy and vasodilation, i.e., inodilation, with levosimendan (LS), or vasodilation only with sodium nitroprusside (SNP), have both demonstrated to elevate cardiac output (CO) and reduce SVR in experimental models of hypothermia and rewarming (8, 10, 11). The results show LS and SNP to elevate CO by +166 and +77%, respectively (8, 10). LS increases Ca2+ sensitivity of the cardiac contractile apparatus and open ATP-dependent K+-channels in smooth muscle, resulting in elevated cardiac inotropy and vasodilation. LS also inhibits phosphodiesterase-3, elevating cyclic adenosine monophosphate (cAMP), promoting additional positive inotropy and vasodilation (12). SNP vasodilates by activating smooth muscle cyclic guanosine monophosphate (cGMP) (13), and in vivo studies show no changes in cardiac contractility (14).

Organ blood flow (OBF) and oxygen transport (DO2) are essential factors in the treatment of critical care patients (15). The pharmacological elevation of OBF improves short-term organ function and reduce mortality of patients in circulatory shock (16, 17). While studies conducted during normothermic conditions have shown elevated OBF by both LS and SNP (18–20), little knowledge exists on their effects during rewarming from hypothermia. It is therefore vital to assess if their beneficial effects on global hemodynamic function translate into improved OBF (8, 10). With this in mind, we hypothesize that the combined inotropic and vasodilatory effects of LS improve OBF more than isolated vasodilation by SNP after rewarming from hypothermia. To test our hypothesis, we used an in vivo rat model instrumented for measurements of hemodynamic function and OBF during cooling, 3 h stable hypothermia, and rewarming. Pharmacologic interventions were instituted 1 h before rewarming and continued throughout the rewarming process.



MATERIALS AND METHODS


Experimental Design

The main aim of this study was to investigate if the beneficial effects of LS and SNP on cardiac function translate into improved organ perfusion during hypothermia and rewarming. Four experimental groups were included: control (n = 7), Levosimendan (n = 7), Nitroprusside (n = 7), and Normothermic control (n = 6).



Control (n = 7)

The animals were cooled to and kept at 15°C for 3 h. After 2 h, the animals received a bolus dose of 0.33 ml of 5% glucose over 10 min, followed by a continuous infusion of 0.5 ml/h during the last hour of hypothermia and until rewarming was completed at 37°C.



Levosimendan (n = 7)

The animals were cooled to and kept at 15°C for 3 h. After 2 h, the animals received a bolus dose of 24 μg/kg/min levosimendan over 10 min, followed by a continuous 0.6 μg/kg/min infusion during the last hour of hypothermia and throughout rewarming (10).



Nitroprusside (n = 7)

The animals were cooled to and kept at 15°C for 3 h. After 2 h, an infusion of nitroprusside was started at 0.625 μg/kg/min. During rewarming, the dose was titrated to reduce mean arterial pressure (MAP) by 30% compared to historical controls (8). On average, each rat received 0.178 mg of nitroprusside.



Normothermic Control (n = 6)

The animals were kept at 37°C for 5 h. After 2.5 h, the animals received a 10-min bolus infusion of 2.0 ml/h glucose (5%), followed by a 0.5 ml/h infusion lasting throughout the remaining experiment.



Hemodynamic Data

Arterial pressure was obtained with a fluid-filled 22G cannula inserted in the left femoral artery and connected to a fluid manometer. Left ventricular pressure was obtained with a fluid-filled catheter inserted into the right carotid artery and advanced to the left ventricle under pressure guidance and connected to a manometer.

CO was measured with the thermodilution method, by injecting 0.15 ml of precooled (5°C) 0.9% saline through the jugular vein (21). The rapid change in temperature was recorded by a thermocouple, inserted into the left femoral artery, and advanced to the ascending aortic arch. Thermodilution curves were recorded and analyzed in LabChart 8.0. In the hypothermia groups, CO was measured at 37, 30, 22, and 15°C during cooling and rewarming. In the normothermia group, CO was measured at baseline (37°CBL) and, after that, hourly till final recording (37°C5h). Heart rate (HR) was calculated based on the femoral pressure signal, and SVR, stroke volume (SV), and cardiac index (CI) were calculated using the following formulas: SVR = MAP/CO, SV = CO/HR, and CI = CO/9.83*[body weight(2/3)].

To investigate organ blood flow, we applied the stable isotope microsphere technique (22). A volume of 0.5 ml, containing 250,000 microspheres/ml (BioPal Mi, USA), labeled with either lutetium or samarium, was injected into the left ventricle using the catheter. Simultaneously, a reference sample, 0.5 ml/min, was drawn from the left femoral artery (2, 23, 24). After euthanasia, the brain and cerebellum, heart, kidneys, liver, and stomach were harvested, washed in SanSaline (BioPal), weighed, and dried. Quantification of microspheres in tissue and blood samples was done by BioPal (Mi, USA). Later, OBF was calculated by normalizing organ microsphere concentration (disintegration per minute/g) with the microsphere concentration of the reference sample (disintegration per minute/ml/min) (22). In the hypothermia groups, OBF was measured during rewarming at 30 and 37°C. In the normothermia group (37°C), OBF was measured at baseline.



Biochemical Data

Arterial blood was analyzed for pO2, pCO2, oxygen saturation (SaO2), pH, hemoglobin (Hb), hematocrit, and lactate. [image: image] and base excess were automatically calculated based on the measured data (Rapidlab 800, Chiron Diagnostics). Blood gases were analyzed at 37°C and not corrected for core temperature (25). In the hypothermia groups, arterial blood gas analyses were obtained at baseline, during cooling at the start of stable hypothermia (15°C0), during rewarming at 30°C (30°CRW), and after rewarming (37°CRW). At 37°CRW, a venous blood gas was also sampled. In the normothermia group, arterial blood gases were analyzed at 37°CBL, and finally, after 5 h, also venous blood gases were analyzed. Arterial and venous blood oxygen content (CaO2 and CvO2), DO2, and oxygen consumption (VO2) were calculated using the following formulas: CaO2 and CvO2 = (Hb × 1.34 × SaO2/100) + (pO2 × 0.0031 × 7.5), DO2 = CaO2 × CO and VO2 = CO × (CaO2 – CvO2).



Levosimendan and Nitroprusside

Levosimendan was purchased from Orion pharma as SIMDAX® (2.5 mg/ml). On the day of the experiment, it was diluted in 5% glucose (10). Dilution was calculated in each experiment to adjust for body weight.

Nitroprusside was purchased from Hospira as NITROPRESS® (25 mg/ml). On the day of the experiment, it was diluted to 0.125 mg/ml (1:200) in 5% glucose (8).



Statistical Analyses

All statistical analysis were performed using SigmaPlot 13.0 (SAS).

The sample size was calculated with three independent sample size analysis. The first two used the expected difference between myocardial blood flow and mean arterial pressure after rewarming in the three group thermic groups. The third used the expected change in myocardial blood flow after rewarming compared to baseline.

Based on these sample size analyses, we concluded that a total of 27 animals were needed to attain a statistical power >0.8.

Hemodynamic results were analyzed with a two-way repeated measure ANOVA analysis. Post hoc analysis and all group comparisons were performed using a Holm–Sidak method.

Within-group comparisons of organ blood flow and blood gas data were done using repeated measure one-way ANOVA. Post hoc analyses were performed using a Holm–Sidak method. Between-group analyses at baseline, during, and after rewarming were done using a one-way ANOVA. Post hoc analyses were performed using a Holm–Sidak method.




RESULTS


Organ Blood Flow

Figure 1 compared to 37°CBL, blood flow in the brain, stomach, right, and left kidney was reduced in all groups at 30°CRW. No difference in blood flow of other organs was found between the three groups.


[image: Figure 1]
FIGURE 1. Organ blood flow at baseline (37°CBL), during and after rewarming (30 and 37°CRW) from hypothermia in untreated and treated rats with levosimendan or nitroprusside (each group n = 7). Values are mean ± SD. *P < 0.05 vs. control group at corresponding temperatures, †P < 0.05 vs. levosimendan group at corresponding temperatures, ¤P < 0.05 vs. 37°CBL (Holm–Sidak method).


At 37°CRW, the control and LS-treated groups demonstrated significant reductions in blood flow to all organs, except for the liver, compared to 37°CBL Similar results were found in the SNP group. However, heart blood flow was not reduced at 37°CRW

At 37°CRW, both LS and SNP elevated brain blood flow compared to the control group. Blood flow in the heart was elevated in the SNP-treated group compared to both the control group and LS. Blood flow in the stomach was elevated in the SNP group compared to the control group. No difference was found between the three groups in kidneys or liver blood flow.



Hemodynamic Results

Table 1 and Figure 2 no differences were found in any of the hemodynamic variables between the three hypothermia groups at baseline (37°CBL).


Table 1. Heart rate (HR), mean arterial pressure (MAP), stroke volume (SV), cardiac output (CO), cardiac index (CI), and systemic vascular resistance (SVR) at baseline (37°CBL), during and after rewarming (30 and 37°CRW) from hypothermia in untreated and treated rats with levosimendan or nitroprusside (each group n = 7).

[image: Table 1]
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FIGURE 2. Heart rate (HR), mean arterial pressure (MAP), stroke volume (SV), cardiac output (CO), cardiac index (CI), and systemic vascular resistance (SVR) at baseline, during and after rewarming from hypothermia in untreated and treated rats with levosimendan or nitroprusside (each group n = 7). Values are mean ± SD. *P < 0.05 vs. control group at 37°CBL, 30°CRW, and 37°CRW; †P < 0.05 vs. levosimendan group at corresponding temperatures; ¤P < 0.05 vs. 37°CBL within-group (Holm–Sidak method).


At 30°C during rewarming (30°CRW), all three groups, independent of intervention, showed depressed MAP, CI, CO, and HR when compared to 37°CBL.

At 30°CRW, CI, CO, and SV were significantly higher in the LS group compared to the control. Further, SVR was reduced in both SNP and LS groups compared to the control. No differences were found between SNP and LS in any of the other hemodynamic variables.

Compared to 37°CB, SV was depressed in both the control and the SNP group at 37°C after rewarming (37°CRW). SVR was elevated only in the control group at 37°CRW compared to 37°CBL. At 37°CRW, MAP, CI, and CO were all depressed in all three groups, while SV was depressed only in the SNP and control groups compared to 37°CBL.

At 37°CRW, CO, CI, and SV were significantly higher and SVR significantly lower in the LS-treated group compared to the control. Compared to the control group, SNP significantly elevated CO and CI and reduced MAP and SVR. CO, CI, and MAP were significantly higher with LS than SNP.



Blood Gas Results

Table 2 no differences were found in arterial blood gases between the three hypothermia groups at 37°CBL.


Table 2. Hemoglobin (Hb), hematocrit, oxygen saturation (SaO2), oxygen saturation (pO2), arterial oxygen content (CaO2), venous oxygen content (CvO2), oxygen delivery, (DO2); oxygen consumption, (VO2), at baseline (37°CBL), during and after rewarming (30°CRW, and 37°CRW) from hypothermia in untreated and treated rats with levosimendan or nitroprusside (each group n = 7).

[image: Table 2]

Compared to 37°CBL, Hb), hematocrit and lactate were significantly elevated at 30°CRW in all groups. SaO2 was elevated in the control group, and pCO2 was elevated in the SNP group. Further, DO2, pH, base excess, and [image: image] were significantly reduced in all groups at 30°CRW. In addition, SaO2 was decreased in the control group.

At 30°CRW, DO2 was significantly higher in the LS group than in the control. Further, plasma lactate levels were elevated in the SNP group compared to both control and LS groups. No other between-group differences were found at 30°CRW.

At 37°CRW Hb, hematocrit, pO2, and lactate were elevated in all groups compared to 37°CBL. Further, DO2, pH, base excess, and [image: image] were significantly reduced in all groups at 37°CRW. In addition, SaO2 was reduced in the control group.

At 37°CRW, DO2, and VO2 were significantly elevated in the LS-treated group than in the SNP and control. No differences were found between groups in other variables at 37°CRW.




DISCUSSION

The main findings of this study are that LS and SNP equally improved blood flow to the brain, despite elevating cardiac output to different levels. When comparing the effects of two different pharmacologic interventions during rewarming, vasodilation by SNP vs. inotropic support plus vasodilation by LS, we find that, although LS is superior to SNP to restore global hemodynamic function, OBF is equally or better preserved after intervention with SNP. This finding indicates that increased vascular resistance is a central element in the complex pathophysiology of cardiac dysfunction and reduced OBF after rewarming from hypothermia.

The aim of this experiment was to verify if the documented effects that both LS and SNP to elevate OBF during normothermic conditions (18–20) are valid also during rewarming from hypothermia. As a surrogate for monitoring organ microcirculatory variables, in clinical practice, we usually pay attention to variables such as CO, HR, MAP, and SVR. The specific aim was to test our hypotheses that the combined inotropic and vasodilatory effects of LS would improve OBF over that of the isolated vasodilation offered by SNP after rewarming from hypothermia. However, this experiment indicates that, during rewarming, peripheral vasodilation is superior to CO to increase OBF. To emphasize this, we present and discuss our data related to the different organs.


Brain Blood Flow

A mismatch between brain blood flow (BBF) and cerebral metabolic rate of oxygen during hypothermia is a much-discussed topic (2, 26–29). Other studies state that, while the cerebral metabolic rate of oxygen is normalized, BBF remains reduced after rewarming. This indicates the existence of maintained dysfunctional cerebral autoregulation (26, 30, 31). Evidence of faulty cerebral autoregulation after rewarming is reported and supports the presence of a concomitant change in cerebral vascular function and hemodynamics (32–35). Under non-pathological, normothermic conditions, neither SNP nor LS will affect BBF (18, 36). In the present experiment, a 42% reduction in CO corresponds to a 75% reduction of BBF in the control group after rewarming. For comparison, studies during normothermic conditions on healthy humans report that a 30% reduction in CO would reduce BBF by only 10% (37). If we return to the present experiment, different from the non-treated control group, both SNP and LS elevated BBF similarly, 75 vs. 81%. However, at the same time, SNP managed to elevated CO by only 14%, compared to 30% with LS. Thus, we interpret our findings to disclose alterations of cerebral autoregulation after rewarming, possibly due to elevated cerebral vascular resistance (32, 33). To speculate, we suggest that differences in the effects of SNP and LS to elevate BBF over those to increase CO are due to increased cerebral vascular resistance. This increased vascular resistance appears not to be expedient, and the vasodilator properties of SNP and LS are the primary driving forces to improved BBF in this study.



Myocardial Blood Flow

Aortic pressure and coronary resistance strongly regulate myocardial blood flow (MBF) by myocardial metabolic demand (38). While MBF is depressed after hypothermia, the autoregulatory properties of the coronaries appear to be unaltered. In this study, only the vasodilatory effects of SNP caused the elevation of MBF. This is in concordance with findings reported during normothermic conditions (18, 39).

Investigators have demonstrated a reduced MBF during hypothermia with spontaneous circulation (2, 40–43). Further, Berne revealed that the coronary regulation of flow is changed in hypothermia. He argued that the coronary vessels are relatively vasodilated during hypothermia, as the relative reduction in MBF is lower than the change in aortic perfusion pressure (41, 44). He stated that the effects of hypothermia on coronary smooth muscle are relaxation and that this is the main explanation for vasodilation, which causes a high ratio between MBF and myocardial oxygen consumption (41, 44).

In concordance with previous studies, the present study also shows a reduced MBF during and after rewarming (2, 40–43). Previously, we reported that the coronary vasculature has reduced sensitivity to endothelium-dependent and independent vasodilation but normalized after rewarming (45). This might indicate functioning vascular regulation after rewarming. Although this study made no attempts to investigate endothelium-dependent vasodilation in this study, we show that SNP-induced endothelium-independent vasodilation resulted in elevated MBF after rewarming from hypothermia.



Myocardial Function

A study from our group demonstrated LS to improve cardiac contractility and CO after rewarming from hypothermia (10) after using the present intact animal model. In the present study, LS improved cardiac function without elevating MBF, as demonstrated using the same model and dosage of LS. Elevated cardiac contractility should elevate myocardial oxygen consumption (46). Our findings might indicate that MBF matches cardiac metabolic demands and that regulation of MBF is preserved after rewarming. A similar conclusion was made in earlier studies (25, 47). Lastly, in another study, LS did not increase plasma cardiac troponin I, compared to non-treated animals during rewarming. As the release of cardiac troponin is a marker of myocardial damage, we understand this to indicate the absence of further damaging factors such as hypoxia or apoptosis (10).



Renal and Stomach Blood Flow

Previous studies have reported depressed renal blood flow (RBF) following rewarming (2, 48). As both LS and SNP failed to elevate RBF in response to elevated CO, the depressed flow likely stems from other mechanisms than low CO. Hypothermia and rewarming is associated with activation of the renin–aldosterone–angiotensin system (RAAS) in both humans and rats (49, 50). Broome et al. demonstrated that SNP did not affect RBF during targeted vasoconstriction with angiotensin II infusion (19). They interpreted that the vasoconstrictive effects of angiotensin II supersede the vasodilatory effects of SNP in the kidney. In the presented study, SNP failed to elevate RBF. As in the experiment with Broome et al., the elevation of the renin–aldosterone–angiotensin system might explain our findings (49, 50).

In contrast to the RBF, Broome et al. found SNP to have a vasodilating effect on stomach blood flow (SBF) during angiotensin II-induced vasoconstriction (19). In the presented study, SNP also elevated SBF. To speculate, our findings might indicate that activation of the renin–aldosterone–angiotensin system hormones as possible mediators of poor RBF and SBF. Our results and reports from other investigators may support these ideas, as they show that SNP only affects SBF and not RBF, as well as increased renin–aldosterone–angiotensin during hypothermia (49, 50). Further, studies from an identical model, as presented, show renal tubular necrosis after rewarming (51). Severe tubular necrosis is associated with renal vasoconstriction and reduced RBF and explains why SNP and LS failed to elevate RBF.



Clinical Significance

The physiological message this study brings to the clinical table is to focus on the mismatch between organ perfusion/microcirculation and global perfusion in the hypothermia/rewarming setting. Routine bedside intensive care lacks tools to assess organ perfusion and microcirculation changes, continually and accurately, in response to treatment. This highlights the need to be cautious in translating variables related to global circulation into changes that are important for organ blood flow and microcirculation, in this case, during rewarming from hypothermia.

This experiment, describing both LS and SNP's pharmacologic effects to alleviate post-hypothermic circulatory dysfunction and OBF in a rodent model, may encourage further research in large animal models before clinical applications can be suggested.



Limitations

SNP is a known cyanide donor (52, 53). Enzymatic breakdown of cyanide is done by the enzyme thiosulfate sulfurtransferase (54). In critically ill patients, SNP-induced cyanide breakdown is higher than production at SNP infusion rates below 2 μg/kg/min (55). However, studies have reported elevated cyanide levels at lower infusion rates during hypothermia, possibly due to low enzymatic activity. Therefore, investigators have advocated for caution when using high doses or prolonged use of SNP (56). Animals in this study received, on average, 2.9 μg/kg/min SNP and are, therefore, possible victims of high cyanide levels, affecting the results. We do see possible evidence of cyanide in the presented data. Both elevated venous O2 and serum lactate are present in the SNP group, although not significantly. Other investigators have toned down the importance of cyanide poisoning by SNP, also during hypothermia and cardiopulmonary bypass. Interestingly enough, the SNP-treated animals, despite possible cyanide toxicity, had improved hemodynamic and blood flow parameters compared to the control group (52, 53).




CONCLUSIONS

From critical care reports, we know that efforts to elevate OBF will improve end-organ function and patient survival. The present findings indicate potential beneficial effects on organ function by combining cardiac inotropic support and reducing peripheral organ vascular resistance (15–17). In more detail, our results demonstrate the beneficial effects of vasodilation to increase CO and OBF, in general, and BBF, in particular. While the inotropic effects of LS are shown to improve CO, its relative weak additional vasodilator properties fail to improve peripheral organ circulation. We, therefore, interpret the vasodilator properties of LS and SNP to be the primary source to increase organ blood flow, superior to the increase in CO.
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Introduction: Sepsis is a dysregulated host response to infection with macro- and microhemodynamic deterioration. Kynurenic acid (KYNA) is a metabolite of the kynurenine pathway of tryptophan catabolism with pleiotropic cell-protective effects under pro-inflammatory conditions. Our aim was to investigate whether exogenously administered KYNA or the synthetic analog SZR-72 affects the microcirculation and mitochondrial function in a clinically relevant rodent model of intraabdominal sepsis.

Methods: Male Sprague–Dawley rats (n = 8/group) were subjected to fecal peritonitis (0.6 g kg−1 feces ip) or a sham operation. Septic animals were treated with sterile saline or received ip KYNA or SZR-72 (160 μmol kg−1 each) 16 and 22 h after induction. Invasive monitoring was performed on anesthetized animals to evaluate respiratory, cardiovascular, renal, hepatic and metabolic dysfunctions (PaO2/FiO2 ratio, mean arterial pressure, urea, AST/ALT ratio and lactate levels, respectively) based on the Rat Organ Failure Assessment (ROFA) score. The ratio of perfused vessels (PPV) of the ileal serosa was quantified with the intravital imaging technique. Complex I- and II-linked (CI; CII) oxidative phosphorylation capacities (OXPHOS) and mitochondrial membrane potential (ΔΨmt) were evaluated by High-Resolution FluoRespirometry (O2k, Oroboros, Austria) in liver biopsies. Plasma endothelin-1 (ET-1), IL-6, intestinal nitrotyrosine (NT) and xanthine oxidoreductase (XOR) activities were measured as inflammatory markers.

Results: Sepsis was characterized by an increased ROFA score (5.3 ± 1.3 vs. 1.3 ± 0.7), increased ET-1, IL-6, NT and XOR levels, and decreased serosal PPV (65 ± 12% vs. 87 ± 7%), ΔΨmt and CI–CII-linked OXPHOS (73 ± 16 vs. 158 ± 14, and 189 ± 67 vs. 328 ± 81, respectively) as compared to controls. Both KYNA and SZR-72 reduced systemic inflammatory activation; KYNA treatment decreased serosal perfusion heterogeneity, restored PPV (85 ± 11%) and complex II-linked OXPHOS (307 ± 38), whereas SZR-72 improved both CI- and CII-linked OXPHOS (CI: 117 ± 18; CII: 445 ± 107) without effects on PPV 24 h after sepsis induction.

Conclusion: Treatment with SZR-72 directly modulates mitochondrial respiration, leading to improved conversion of ADP to ATP, while administration of KYNA restores microcirculatory dysfunction. The results suggest that microcirculatory and mitochondrial resuscitation with KYNA or the synthetic analog SZR-72 might be an appropriate supportive tool in sepsis therapy.

Keywords: polymicrobial sepsis, kynurenic acid, N-methyl-D-aspartate receptor antagonist, microcirculation, mitochondrial respiration, organ dysfunction


INTRODUCTION

Treatment of sepsis-induced multi-organ failure (MOF) is one of the most challenging tasks in intensive care therapy (1). According to current knowledge, the key problem in sepsis is the oxygen extraction deficit, which can originate from either insufficient oxygen delivery to the cells or inability of the cells to utilize oxygen. The poorly functioning microvasculature reduces delivery of oxygen to the tissue. In addition, as the mitochondrial electron transport system (ETS) is insufficient, it is unable to use oxygen efficiently; the switch to anaerobic pathways thus causes an energy deficit and eventual cell death (2, 3). These processes are intimately linked and finally lead to microcirculatory and mitochondrial distress syndrome (MMDS), which is believed to mediate end-organ damage (4). Therefore, the cornerstone of current organ-protective therapies is to prevent and treat oxygen debt globally by increasing oxygen uptake and transport, providing an adequate supply to meet subcellular oxygen demand (5). However, currently used respiratory- and circulatory-supportive modalities cannot always improve sepsis-induced alterations at the later stages (6).

Given this background, the major goal of our study was to find a novel, clinically applicable maneuver for microcirculatory recruitment and mitochondrial resuscitation to minimize the energy deficit of the organs. The metabolites and end-products of the tryptophan–L-kynurenine pathway have already been implicated in several ischemic and inflammatory disorders in the central nervous system (7). This pathway generates excitotoxic, N-methyl-D-aspartate receptor (NMDA-R) agonist quinolinic acid and the glutamate receptor antagonist kynurenic acid (KYNA). Interestingly, sepsis-induced tissue hypoxia is also associated with the activation of NMDA-R, which can lead to glutamate excitotoxicity and oxidative/nitrosative stress-mediated cell damage (8). Further, elevated plasma KYNA levels have been reported in association with pro-inflammatory cytokines and increased lactate concentrations in septic shock patients (9).

Excessive NMDA-R activation has been documented in various experimental models of inflammatory bowel diseases (10). Apart from neurons, the expression of receptor subunits was confirmed in peripheral organs, including the heart, small intestine, pancreas, and liver (11), where the activation of cellular NMDA-Rs may initiate oxidative stress, mitochondrial dysfunction, and apoptosis through calcium (Ca2+)- and reactive oxygen species (ROS)-mediated pathways (12).

Based on these findings, we hypothesized that KYNA via the inhibition of NMDA-R or other mechanisms might be a therapeutic tool to reduce microcirculatory and mitochondrial disturbances in sepsis. KYNA has a high affinity for the glycine co-agonist site on NMDA-R, binds to orphan G protein-coupled receptor GPR35 and aryl hydrocarbon receptor (13), and therefore takes part in the modulation of glutamatergic neurotransmission and alleviates adaptive immune response. Despite these properties and pleiotropic effects, its role in the regulation of the circulatory system is still unclear, and KYNA is considered a non-receptor-specific molecule (14). To address this issue, we set out to characterize and compare the microcirculatory and mitochondrial effects of KYNA and its blood–brain barrier (BBB)-permeable synthetic analog, SZR-72 (15, 16), on sepsis-induced microcirculatory and mitochondrial abnormalities and organ failure in a clinically-relevant rodent model of intra-abdominal sepsis.



MATERIALS AND METHODS


Animals

Male Sprague–Dawley rats (n = 32; 350 ± 30 g) were used. The animals were housed in plastic cages (21–23°C) with a 12/12 h dark/light cycle and access to standard rodent food and water ad libitum. The experiments were performed in accordance with the National Institutes of Health guidelines on the handling and care of experimental animals and the EU Directive 2010/63 for the protection of animals used for scientific purposes (approval number V/175/2018).



Sepsis Induction

Polymicrobial sepsis was induced with 3 ml intraperitoneally (ip)-administered fecal inoculum as described before (17). Briefly, fresh feces was collected from different animals and suspended in physiological saline. The concentration of the microorganisms in the suspension was determined before injection in 0.6 g kg−1 final doses.



Experimental Protocol

The animals were randomly divided into sham-operated (n = 8) and sepsis (n = 24) groups. Septic animals were subjected to fecal peritonitis (0.6 g kg−1 feces ip) or a sham operation (sterile saline ip). After 6 and 16 h from sepsis induction, all the animals received balanced crystalloid solution (Ringerfundin, 1.5 ml kg−1; B. Braun, Melsungen, Germany) and analgesics (Buprenorphine, 15 μg kg−1; Richter Pharma, Hungary) subcutaneously. Septic animals were divided further into KYNA- (Sigma-Aldrich Inc., St. Louis, MO, USA; 160 μmol kg−1 ip; n = 8) or SZR-72- [2-(2-N,N-dimethylaminoethyl-amine-1-carbonyl)-1H-quinolin-4-one hydrochloride, synthesized by the Institute of Pharmaceutical Chemistry, University of Szeged, Hungary; 160 μmol kg−1 ip; n = 8] treated and vehicle-treated control (saline ip; n = 8) groups. Treatments were performed in two steps (80 μmol kg−1; in 1 ml kg−1 saline each) 16 and 22 h after sepsis induction.

To follow the progression of sepsis, the health status of the animals was monitored with a standardized well-being scoring system originally described for mice (18, 19). At the 22nd hour of the study, all the animals were anesthetized (ip ketamine 45.7 mg kg−1 and xylazine 9.12 mg kg−1) and placed on a heating pad to maintain normal core body temperature (37°C). A tracheostomy was performed to facilitate spontaneous breathing, and the right jugular vein was cannulated for fluid resuscitation (Ringerfundin, 10 ml−1 kg−1 h−1; B. Braun, Melsungen, Germany) and for the maintenance of continuous anesthesia (ketamine 12 mg kg−1 h−1, xylazine 2.4 mg kg−1 h−1, and diazepam 0.576 mg kg−1 h−1 iv). The left carotid artery was cannulated to monitor heart rate (HR) and mean arterial pressure (MAP) (SPEL Advanced Cardiosys 1.4; Experimetria Ltd., Budapest, Hungary).

After surgery and a 30-min stabilization, MAP and HR monitoring was performed every 15 min for 60 min. Arterial and venous blood gas analyses (Cobas b123; Roche Ltd., Basel, Switzerland) were performed at the 0th and 60th min of the monitoring period. Simplified oxygen extraction (O2ER) was calculated from arterial and venous oxygen saturation based on a standard formula (SaO2 – SvO2)/SaO2). The degree of lung injury was determined by using the arterial partial pressure of oxygen to fractional inspired oxygen (PaO2/FiO2) ratio. After the 60-min hemodynamic monitoring period, a median laparotomy was performed to observe the microcirculation of the ileal serosa (see below). Thereafter, a liver tissue biopsy was taken to evaluate mitochondrial respiratory functions. Samples from the terminal ileum were harvested, followed by blood sampling from the inferior vena cava for biochemical measurements (see below). After tissue samplings, animals were sacrificed under deep anesthesia (Figure 1).
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FIGURE 1. The experimental scheme. The animals were randomly assigned into the sham-operated and sepsis groups. Sixteen hours after sepsis induction, animals were randomly divided into three subgroups: treated with vehicle, KYNA (80 + 80 μmol kg−1 ip), or SZR-72 (80 + 80 μmol kg−1 ip), respectively.




Measurements of Metabolic, Inflammatory, and Organ Function-Related Markers

Whole blood lactate levels were measured from venous blood samples (Accutrend Plus Kit; Roche Diagnostics Ltd., Rotkreuz, Switzerland) to determine metabolic imbalance. After the liver sampling, blood samples were collected from the inferior caval vein into precooled, EDTA-containing tubes (1 mg ml−1), centrifuged (1,200g at 4°C for 10 min), and stored at −70°C. Plasma endothelin-1 (ET-1) and interleukin-6 (IL-6) levels were determined with standard ELISA kits (Cusabio Biotechnology Ltd., Wuhan, China and Biomedica Ltd., Vienna, Austria, respectively) following the manufacturer's instructions. Kidney injury was determined from plasma urea level, whereas liver dysfunction was assessed by measuring plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels, using a Roche/Hitachi 917 analyzer (F. Hoffmann-La Roche AG, Switzerland). The De Ritis ratio (AST/ALT ratio) was calculated as a marker of hepatocellular damage. All analyses were performed on coded samples in a blinded fashion.



Evaluation of Ileal Xanthine Oxidoreductase Activity and Nitrotyrosine Levels

The same snap frozen tissues were used for these measurements. Ileum biopsies kept on ice were homogenized with a rotor stator homogenizer in a phosphate buffer (pH 7.4) containing 50 mmol l−1 Tris–HCl, 0.1 mmol l−1 EDTA, 0.5 mmol l−1 dithiothreitol, 1 mmol l−1 phenylmethylsulfonyl fluoride, 10 μg ml−1 soybean trypsin inhibitor, and 10 μg ml−1 leupeptin. Homogenates were then centrifuged at 4°C for 10 min at 15,000g, and the supernatant was then divided into one ultra-filtered part and one unfiltered one, which were used for xanthine oxidoreductase (XOR) activity and nitrotyrosine determination, respectively.

XOR activity was measured in the ultra-filtered supernatant (Amicon Ultra-0.5 Centrifugal Filter) with a fluorometric kinetic assay on the basis of the conversion of pterin to isoxanthopterin in the presence (total XOR) or absence (xanthine oxidase activity) of the electron acceptor methylene blue (20). XOR activity was calculated and expressed in μmol min−1 mg protein−1.

Free nitrotyrosine as a marker of peroxynitrite generation was measured from unfiltered supernatant by enzyme-linked immunosorbent assay (Cayman Chemical, Ann Arbor, MI, USA). The supernatants were incubated overnight with anti-nitrotyrosine rabbit IgG and nitrotyrosine acetylcholinesterase tracer in precoated (mouse anti-rabbit IgG) microplates, followed by development with Ellman's reagent, and measured spectrophotometrically at 405 and 420 nm. Tissue nitrotyrosine content was calculated in ng mg−1 protein. Protein content was assessed by Lowry's method.



Rat Organ Failure Score Assessment

The severity of organ failure was determined by using a scoring system adapted for rats (Rat Organ Failure Assessment—ROFA) considering the principles of the Sepsis-3 international consensus (Table 1). ROFA components were scored between 0 and 4 based on threshold values of different parameters (21). The cardiovascular (MAP values) and respiratory components (the PaO2/FiO2 ratio) of ROFA were determined from readings of hemodynamic and blood gas monitoring, respectively. Sepsis-induced liver damage was determined by calculating the AST/ALT ratio (De Ritis ratio) (22). Renal dysfunction was characterized by determining plasma urea levels. The ROFA scoring system was supplemented by scoring the degree of blood lactate level (indicative of metabolic disturbances caused by tissue hypoxia). The ROFA values were calculated by summing up the scores in each element of the scoring system. Septic status was defined as a ROFA score above 2.


Table 1. Threshold values of the Rat Organ Failure Assessment (ROFA) scoring system for the individual organ dysfunction parameters.
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Microcirculatory Measurements

The Incident Dark Field (IDF) imaging technique (CytoCam Video Microscope System; Braedius Medical, Huizen, the Netherlands) was used for non-invasive evaluation of the serosal microcirculation of the ileum. IDF imaging is optimized for visualization of hemoglobin-containing structures by illuminating the organ surface with linearly polarized light, where the filtered light reflected from the tissues is detected by a computer-controlled sensor (23). Images from an ileum segment were recorded in six, 50-frame-long, high-quality video clips (spatial resolution 14 megapixels; temporal resolution 60 fps). The video was recorded at separate locations of the terminal ileum by the same investigator. The records were saved as digital AVI-DV files to a hard drive and analyzed with an off-line software-assisted system (AVA 3.0, Automated Vascular Analysis, Academic Medical Center, University of Amsterdam). The screens recorded with the IDF imaging technique were divided into four equal quadrants, as recommended. The proportion of perfused vessels (PPV) was defined as the ratio of the perfused vessel lengths to total vessel lengths. The PPV values were calculated in all quadrants, and the software (Automated Vascular Analysis 3.0) for the device provided four individual PPV values, Q1 PPV, Q2 PPV, Q3 PPV, and Q4 PPV, respectively. The average of these individual values (Q1PPV–Q4PPV) is shown as % PPV in the illustrations.

The median PPV values for the four quadrants were used as a reference (median values for Q1–4) in calculating microvascular heterogeneity (MVH). Heterogeneity was defined as the average difference of the PPV values (%) between each quadrant and the reference value (the differences are given in absolute values) for each record using the following formula:
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M = median

M∑QPPV = median of the total PPV in the four quadrants

QxPPV = PPV value for each individual quadrant.

This calculation provides numerical values for perfusion heterogeneity (24, 25).



Measurement of Mitochondrial Respiration and Membrane Potential

Mitochondrial O2 consumption and mitochondrial membrane potential (ΔΨmt) were assessed from liver homogenates using High-Resolution FluoRespirometry (Oxygraph-2k; Oroboros Instruments, Innsbruck, Austria). Measurements were performed in a Mir05 respiration medium under continuous magnetic stirring at 37°C. Changes in ΔΨmt were assessed with safranin dye using Blue Fluorescence Sensor (Sigma Aldrich, St. Louis, MO, USA). DatLab software (Oroboros Instruments, Innsbruck, Austria) was employed for online display, respirometry data acquisition, and analysis. A detailed description of the FluoRespirometry protocol used can be found in the Supplementary Data 1.



Statistical Analysis

Data analysis was performed with a statistical software package (SigmaStat for Windows; Jandel Scientific, Erkrath, Germany). Normality of data distribution was analyzed with the Shapiro–Wilk test. The Friedman analysis of variance on ranks was applied within groups. Time-dependent differences from the baseline for each group were assessed with Dunn's method. In this study, differences between groups were analyzed with the Kruskal–Wallis one-way analysis of variance on ranks, followed by Dunn's method. Median values and 75th and 25th percentiles are provided in the figures; P < 0.05 were considered significant.




RESULTS


Hemodynamics and Oxygen Dynamics

Sepsis resulted in significant hypotension during the observation period, which was not altered by the treatments (Figure 2A). HR increased significantly in two time points (the 0th and 30th min of the monitoring period) in the SZR-72-treated group (Figure 2B). As compared with sham-operated animals, a decreased PaO2/FiO2 ratio was observed in the vehicle-treated sepsis group, whereas no significant changes were found in the other groups (Figure 2C). Sepsis reduced O2ER values as compared with the sham-operated group, whereas both KYNA and SZR-72 resulted in a significant improvement in this parameter (Figure 2D).
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FIGURE 2. Time-dependent changes in mean arterial pressure (A), heart rate (B), PaO2/FiO2 ratio (C), and oxygen extraction (D) in the sham-operated group (empty box) and in the different sepsis groups treated with the saline vehicle (black box), KYNA (gray diamond/striped gray box), and SZR-72 (dark gray diamond with cross/checked gray box). The plots demonstrate the median values (horizontal line in box plots) and the 25th (lower whisker) and 75th (upper whisker) percentiles. xP < 0.05 vs. sham-operated; #P < 0.05 vs. vehicle-treated sepsis; *P < 0.05 vs. 0 min.




Changes in Metabolic and Organ Dysfunction Markers

In the vehicle-treated sepsis group, plasma urea levels significantly increased, but urea levels in both treated groups were similar to those seen in the sham animals (Figure 3A). Hepatic cellular damage as indicated by the De Ritis ratio was evident in the vehicle-treated and SZR-72-treated sepsis groups, whereas this ratio did not differ between the sham-operated and KYNA-treated animals (Figure 3B). When ALT and AST values were evaluated separately (Supplementary Figures 1A,B), these changes were not influenced by the treatments. In comparison with the sham-operated group, all of the groups challenged with sepsis showed a similar extent of elevation in blood lactate levels (Figure 3C). The ROFA score was significantly higher in the vehicle-treated and SZR-72-treated sepsis groups than in the sham-operated group. The ROFA values in the KYNA-treated group were not significantly different from those in the septic group (Figure 3D).


[image: Figure 3]
FIGURE 3. Changes in plasma urea (A), De Ritis ratio (AST/ALT) (B), whole blood lactate levels (C), and ROFA score values (D) in the sham-operated group (empty box) and in the different sepsis groups treated with the saline vehicle (black box), KYNA (striped gray box), and SZR-72 (checked gray box). The plots demonstrate the median (horizontal line in the box) and the 25th (lower whisker) and 75th (upper whisker) percentiles. Between groups: Kruskal–Wallis test and Dunn's post-hoc test. xP < 0.05 vs. sham-operated.




Changes in Inflammatory and Oxidative/Nitrosative Stress Markers

Sepsis led to significant elevations in ET-1, IL-6, nitrotyrosine levels, and XOR activity (Figures 4A–D). All of these parameters remained, however, at the levels seen in the sham group in both the sepsis + KYNA and sepsis + SZR-72 groups.


[image: Figure 4]
FIGURE 4. Changes in plasma endothelin-1 (ET-1) (A), interleukin-6 (IL-6) (B), ileal nitrotyrosine levels (C), and xanthine oxidoreductase (XOR) activity (D) in the sham-operated group (empty box) and in the different sepsis groups treated with saline (black box), KYNA (striped gray box), and SZR-72 (checked gray box). The plots demonstrate the median (horizontal line in the box) and the 25th (lower whisker) and 75th (upper whisker) percentiles. Between groups: Kruskal–Wallis test and Dunn's post-hoc test. xP < 0.05 vs. sham-operated; #P < 0.05 vs. vehicle-treated sepsis.




Microcirculatory Changes

Sepsis-induced microcirculatory perfusion disorders manifested in lower levels of capillary perfusion and increased perfusion heterogeneity as compared with those in the sham group (Figures 5A,B). The values of these parameters did not differ between the sepsis and sepsis + SZR-72 groups and between the sham and sepsis + KYNA groups. KYNA was significantly more effective in ameliorating sepsis-related changes than SZR-72.
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FIGURE 5. Changes in the proportion of perfused vessels (A) and in perfusion heterogeneity values (B) in the serosal layer of the ileum in the sham-operated group (empty box) and in the different sepsis groups treated with saline (black box), KYNA (striped gray box), and SZR-72 (checked gray box). The plots demonstrate the median (horizontal line in the box) and the 25th (lower whisker) and 75th (upper whisker) percentiles. Between groups: Kruskal–Wallis test and Dunn's post-hoc test. xP < 0.05 vs. sham-operated; #P < 0.05 vs. vehicle-treated sepsis; §P < 0.05 sepsis + KYNA vs. sepsis + SZR-72.




Changes in Mitochondrial Respiration

Baseline respiration without external substrate (BLresp) and respiration following the oxidation of complex I- and complex II-linked substrates (LEAKGM and LEAKS) were significantly decreased in sepsis (Figures 6A,B). KYNA administration did not modify sepsis-induced changes in BLresp, LEAKGM, and LEAKS. In this respect, treatment with SZR-72 preserved mitochondrial respiration with and without NADH- and FADH2-linked substrates (Figures 6A,B). In addition, sepsis significantly decreased complex I- and complex II-linked OXPHOS. Both KYNA and SZR-72 increased complex II-linked OXPHOS capacity, whereas SZR-72 was able to restore complex I-linked OXPHOS completely (Figure 6A). As a result of septic insult, respiratory acceptor control ratios (RCR I and RCR II) were markedly decreased. These parameters were significantly improved by KYNA and completely reversed by SZR-72 treatment (Figures 6A,B).
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FIGURE 6. Baseline respiration, substrate oxidation (LEAKGM and LEAKS), complex I- (A) and complex II-linked (B) OXPHOS capacities (OXPHOS I and OXPHOS II; left axis), and respiratory acceptor control ratios (CI, CII RCR; right axis) in the sham-operated group (empty box) and in the different sepsis groups treated with the saline vehicle (black box), KYNA (striped gray box), and SZR-72 (checked gray box). The plots illustrate the median (horizontal line in the box) and the 25th (lower whisker) and 75th (upper whisker) percentiles. XP < 0.05 vs. sham-operated; #P < 0.05 vs. vehicle-treated sepsis; §P < 0.05 sepsis + KYNA vs. sepsis + SZR-72.




Changes in Mitochondrial Membrane Potential (ΔΨmt)

The addition of complex II substrate resulted in a sharp decrease in fluorescence signal (FLEAK) within 90 s, indicating an increase of ΔΨmt (succinate-induced hyperpolarization) (Figure 7A). As a result of the septic insult, there was a comparatively lower decrease in safranin fluorescence after succinate (Figure 7B), reflecting a significant decrease in ΔΨmt. Treatment with KYNA markedly improved, whereas SZR-72 completely restored the sepsis-induced decrease in ΔΨmt. Stimulation with CCCP resulted in depolarization and collapse of ΔΨmt at a critical uncoupler concentration. These changes were characterized as (I) stepwise increases in safranin fluorescence (depolarization) and (II) stabilization of fluorescence signal (loss of ΔΨmt).


[image: Figure 7]
FIGURE 7. Succinate-induced hyperpolarization (A) and CCCP-induced loss of mitochondrial membrane potential (B) in the sham-operated group (empty box) and in the different sepsis groups treated with the saline vehicle (black box), KYNA (striped box), and SZR-72 (checked box). The plots illustrate the median (horizontal line in the box) and the 25th (lower whisker) and 75th (upper whisker) percentiles. xP < 0.05 vs. sham-operated; #P < 0.05 vs. vehicle-treated sepsis; §P < 0.05 sepsis + KYNA vs. sepsis + SZR-72.


In comparison with the sham-operated group, CCCP-mediated loss of ΔΨmt was obtained at lower uncoupler concentration in the vehicle-treated septic group (Figure 7B). KYNA and SZR-72 therapies significantly increased the concentration of CCCP used for ΔΨmt disruption. Among these treatments, SZR-72 had a more profound effect on ΔΨmt preservation (Figures 7A,B).




DISCUSSION

The present study demonstrates the distinct effects of KYNA and its synthetic analog on microcirculation and mitochondrial function in experimental sepsis. Proper analgesia, fluid resuscitation, and assessment of organ failure were conducted according to the standards in the Minimum Quality Threshold in Pre-clinical Sepsis Studies (MQTiPSS) guidelines (19). The clinical relevance of this model was confirmed by the presence of hypotension, impaired pulmonary function and oxygen extraction, and elevations in lactate levels and in oxidative/nitrosative stress as well as microcirculatory and mitochondrial dysfunctions. Sepsis-induced organ injuries were characterized by a newly developed, rat-specific organ failure (ROFA) scoring system based on threshold values adopted from the relevant literature (21). The scoring system included the following: (I–II) cardiovascular and respiratory dysfunctions were determined by MAP and PaO2/FiO2 values, respectively. (In MAP scoring, anesthesia-related effects were also taken into account, whereas PaO2/FiO2 was used in accordance with clinical practice.) (III) The AST/ALT ratio was considered to assess hepatocellular damage based on the observation that AST depicts liver-related injury more specifically than ALT (22). (IV) Renal damage was characterized by plasma urea changes (26) based on threshold values suggested by Zhai et al. (21). (V) The ROFA score was supplemented with consideration of lactate values (indicative of cellular hypoxia) according to Zhai et al. (21). This novel, rat-specific scoring system was applicable to trace development of MOF in this rat sepsis model and indicated differences between the efficacy of KYNA and SZR-72. Both treatments reduced lung and kidney dysfunctions to a similar extent due to the decreased level of inflammatory markers and their enhanced antioxidant/anti-nitrosative effect. However, only KYNA treatment reduced hypoxia-sensitive ET-1 levels, also displaying a tendency toward amelioration of liver injury and ROFA score values.

Deteriorating tissue perfusion is a key element in sepsis pathophysiology and in the development of MOF (4). We observed that both KYNA and SZR-72 prevented a sepsis-induced decrease in oxygen extraction to the same extent, but only KYNA ameliorated sepsis-related microcirculatory perfusion deficit (reduction in capillary perfusion and an increase in perfusion heterogeneity) significantly. This distinct effect of compounds is possibly due to their different structure- and receptor-related characteristics (27).

The potential direct microcirculatory effects of KYNA in the ileum are unknown, but it has been shown to increase global and cortical renal blood flow (and to improve renal excretion) under physiological conditions and to reduce renal oxidative stress during ischemia–reperfusion injury (28, 29). Based on our results, some of these micro-hemodynamic effects can also be linked to a reduced ET-1 release elicited by KYNA.

NMDA receptor-related microcirculation improvement can be explained by many mechanisms. Firstly, antagonism of NMDA receptors expressed on the surface of smooth muscle cells brings about reduced intracellular Ca2+ levels (30), resulting in smooth muscle relaxation (31). On the other hand, a reduction of the levels of pro-inflammatory IL-6, XOR activity, and ROS-sensitive vasoconstrictor ET-1 release by KYNA may attenuate the cytokine- and ROS-induced vasoconstriction of microvessels. Although the use of vasodilator therapy in sepsis is debated (6, 32, 33), a reduction of circulating ET-1 levels through a combined ETA/ETB receptor-targeted treatment regimen has been demonstrated to ameliorate microcirculatory deficit in sepsis (17).

Further, KYNA may also act as an agonist for the orphan receptor GPR35 and reduce inflammation independently of the NMDA receptors. This receptor is expressed at high levels in intestine and immune cells (34), and the concentrations of KYNA required to induce effects differ between NMDA-R and GPR35. Compared with NMDA-R, lower concentrations of KYNA are able to elicit a response when binding to GPR35 (35). Taking into account that (1) KYNA is an endogenous ligand for GPR35 and that (2) only KYNA, but not the synthetic analog, was able to restore the perfusion disturbances in the ileum, a GPR35-mediated mechanism cannot be ruled out.

The KYNA- and its analog-based treatments also had different effects on mitochondrial function, with the ameliorating effects of SZR-72 being more pronounced. A considerable decrease in substrate- and ADP-stimulated respirations was accompanied by a decrease in RCR and ΔΨmt after sepsis insult (17). A decrease of ΔΨmt may originate in complex metabolic, functional, and membrane integrity changes within the organelle and may explain the decline in mitochondrial O2 consumption and lower interdependence (coupling) of ATP synthesis with ETS. Although an O2-independent glycolytic pathway for ATP production has been documented, this alternate route may not be effective for energy production in sepsis. Of note, ATP depletion is not a unique component of sepsis-induced mitochondrial dysfunction; organellar ROS production, elevated mitochondrial DNA level, transition pore opening-mediated apoptosis, and necrosis are fundamental mitochondrial events, which lead to cellular injury (36, 37). In addition, the release of mitochondrial components of damage-associated molecular patterns to the extracellular space may further aggravate an inflammatory response (38). Taken together, all these processes are intimately involved in the progression of sepsis and contribute to MOF.

The role of endogenous KYNA on mitochondrial physiology is still unmapped; however, exogenous KYNA was able to improve OXPHOS II and ΔΨmt without affecting OXPHOS I. This difference in complex activities may arise from the fact that complex I is more susceptible to cellular injury than complex II. Oxidation of glutamate requires pyridine nucleotides, and these with other cofactors may be lost during sepsis (39).

Our findings are in agreement with the study by Ferreira et al. (40), in which KYNA ameliorated several aspects of mitochondrial function in a neurodegeneration model. Similar to our results, KYNA administration significantly improved succinate dehydrogenase activity and ΔΨmt. In addition, KYNA preserved mitochondrial mass, enhanced antioxidant enzyme levels, and reduced ROS production after quinolinic acid-induced cell injury (40). In adipose tissue, KYNA modulated energy utilization (increased lipid metabolism and mitochondrial respiration) via a GPR35 pathway (41).

In our experiments, administration of SZR-72 markedly improved the key indices of mitochondrial function. Previous studies with the KYNA analog revealed a more pronounced anti-inflammatory response in animal models of colitis and neuro-inflammation than that seen with KYNA (10, 16, 42), but both KYNA and SZR-72 reduced oxidative/nitrosative stress marker levels [XOR, nitric oxide synthase (NOS), and myeloperoxidase (MPO) activities] (10) and attenuated glutamate expression (42). Compared with KYNA, the effects of SZR-72 were more pronounced in this sepsis model, and a remarkable increase in ADP-stimulated respirations (OXPHOS I and II), RCR, and ΔΨmt was found in liver homogenate after sepsis induction. Preservation of these parameters is fundamental for better O2 utilization (less ETS-linked ROS is generated), maintenance of ATP production, and provision of ΔΨmt for mitochondrial transport.

Several hypotheses may explain the mechanism behind the more advantageous mitochondrial effects of SZR-72. First, the physico-chemical properties of KYNA and SZR-72 are different, thus possibly influencing crossing through the BBB and membranes (16). There is evidence that KYNA only crosses the BBB poorly, whereas SZR-72 is BBB-permeable due to a water-soluble side chain with an extra cationic center (7, 43). Apart from BBB, a facilitated membrane crossing of SZR-72 may affect intracellular signaling, including the activation of antioxidative/anti-apoptotic pathways.

A second scenario is a distinct molecule binding at the NMDA-R glycine site. More recently, NMDA-Rs were shown to be present in the inner mitochondrial membrane (mtNMDA-R) (44), where they may play a regulative role in (1) Ca2+ transport, (2) ROS production, and (3) metabolic switching during hypoxia (45). Under these circumstances, it may well be that SZR-72 has a much higher affinity for either plasma membrane or mtNMDA-R than KYNA. In addition, a protein–protein interaction between NMDA-R and an ND2 subunit of complex I was found through an Src adapter protein (12). It cannot be ruled out that KYNA and SZR-72 influence this interaction and regulate mitochondrial homeostasis differently.

The influence of sepsis on NMDA-R expression and glutamate levels is incompletely characterized. We did not examine changes in NMDA-R subunits due to technical limitations, but other laboratories have found a marked increase in lung NR1 and NR2A contents in a cecal ligation and puncture (CLP) sepsis model. Furthermore, treatment with the NMDA-R antagonist MK-801 lowered lactate dehydrogenase and oxidative damage and improved survival 144 h after sepsis induction in rats (46). Similarly, survival was markedly increased (by 80%), and markers of inflammation were reduced in MK-801-treated mice 48 h after lipopolysaccharide (LPS) stimuli (47). In this model, LPS also raised the glutamate level in bronchoalveolar lavage fluid. Based on these findings and the fact that KYNA is a natural antagonist, a similar, NMDA-R-linked mechanism, at least in part, cannot be ruled out in our polymicrobial sepsis model.

Our study has limitations. Firstly, the observation timeline was relatively short, and therefore longer end points, such as mortality, with longer pharmacological effects should also be examined in follow-up studies. Our newly described ROFA score also seems to be a potentially useful tool for this purpose, but it will be necessary to validate the system under other experimental conditions as well. The effect of the ketamine-containing anesthesia on the results cannot be disregarded. Similarly, despite our intention to follow all of the recommendations in the MQTiPSS guidelines, antimicrobial therapy was excluded from the protocol due to the known influence on mitochondrial respiration (48).

In conclusion, both treatments with KYNA and its synthetic analog attenuated the deleterious consequences of oxidative/nitrosative stress and resulted in lower inflammatory mediator release. Administration of SZR-72 may directly regulate mitochondrial respiration and ATP synthesis, whereas treatment with KYNA primarily ameliorates microcirculatory dysfunction and consequently restores organelle function. Further experiments are surely needed to clarify the exact mechanism behind these compounds, but these results suggest that therapies with KYNA or its synthetic analog, SZR-72, against MMDS might be a supportive intervention in the treatment of sepsis.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by National Competent Authority of Hungary.



AUTHOR CONTRIBUTIONS

LJ, AR, RF, ST, MP, and JK performed experiments and wrote the manuscript. ST and AS prepared figures. FF and IS contributed to new KYNA analog. AS, JK, MB, and LV supervised and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

Sources of funding: NKFIH K116689, GINOP-2.3.2-15-2016-00034, EFOP-3.6.2-16-2017-00006, TUDFO/47138-1/2019-ITM, and University of Szeged Open Access Fund (grant number: 4748). This research was conducted with the support of the Szeged Scientists Academy under the sponsorship of the Hungarian Ministry of Human Capacities (EMMI:13725-2/2018/INTFIN).



ACKNOWLEDGMENTS

We appreciate the excellent technical assistance from Csilla Mester and Annamária Kócsó.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2020.566582/full#supplementary-material



REFERENCES

 1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA. (2016) 315:801. doi: 10.1001/jama.2016.0287

 2. De Backer D, Orbegozo Cortes D, Donadello K, Vincent J-L. Pathophysiology of microcirculatory dysfunction and the pathogenesis of septic shock. Virulence. (2014) 5:73–79. doi: 10.4161/viru.26482

 3. Arulkumaran N, Deutschman CS, Pinsky MR, Zuckerbraun B, Schumacker PT, Gomez H, et al. Mitochondrial function in sepsis. Shock. (2016) 45:271–81. doi: 10.1097/SHK.0000000000000463

 4. Balestra GM, Legrand M, Ince C. Microcirculation and mitochondria in sepsis: getting out of breath. Curr Opin Anaesthesiol. (2009) 22:184–90. doi: 10.1097/ACO.0b013e328328d31a

 5. Armstrong BA, Betzold RD, May AK. Sepsis and septic shock strategies. Surg Clin North Am. (2017) 97:1339–79. doi: 10.1016/j.suc.2017.07.003

 6. Moore JPR, Dyson A, Singer M, Fraser J. Microcirculatory dysfunction and resuscitation: why, when, and how. Br J Anaesth. (2015) 115:366–75. doi: 10.1093/bja/aev163

 7. Vécsei L, Szalárdy L, Fülöp F, Toldi J. Kynurenines in the CNS: recent advances and new questions. Nat Rev Drug Discov. (2013) 12:64–82. doi: 10.1038/nrd3793

 8. Rameaut GA, Chiu LY, Ziff EB. Bidirectional regulation of neuronal nitric-oxide synthase phosphorylation at serine 847 by the N-methyl-D-aspartate receptor. J Biol Chem. (2004) 279:14307–14. doi: 10.1074/jbc.M311103200

 9. Dabrowski W, Kocki T, Pilat J, Parada-Turska J, Malbrain MLNG. Changes in plasma kynurenic acid concentration in septic shock patients undergoing continuous veno-venous haemofiltration. Inflammation. (2014) 37:223–34. doi: 10.1007/s10753-013-9733-9

 10. Kaszaki J, Érces D, Varga G, Szabó A, Vécsei L, Boros M. Kynurenines and intestinal neurotransmission: the role of N-methyl-d-aspartate receptors. J Neural Transm. (2012) 119:211–23. doi: 10.1007/s00702-011-0658-x

 11. Hogan-Cann AD, Anderson CM. Physiological roles of non-neuronal NMDA receptors. Trends Pharmacol Sci. (2016) 37:750–67. doi: 10.1016/j.tips.2016.05.012

 12. Gingrich JR, Pelkey KA, Fam SR, Huang Y, Petralia RS, Wenthold RJ, et al. Unique domain anchoring of Src to synaptic NMDA receptors via the mitochondrial protein NADH dehydrogenase subunit 2. Proc Natl Acad Sci USA. (2004) 101:6237–42. doi: 10.1073/pnas.0401413101

 13. Tanaka M, Bohár Z, Vécsei L. Are kynurenines accomplices or principal villains in dementia? Maintenance of kynurenine metabolism. Molecules. (2020) 25:564. doi: 10.3390/molecules25030564

 14. Walczak K, Wnorowski A, Turski WA, Plech T. Kynurenic acid and cancer: facts and controversies. Cell Mol Life Sci. (2020) 77:1531–50. doi: 10.1007/s00018-019-03332-w

 15. Fülöp F, Szatmári I, Vámos E, Zádori D, Toldi J, Vécsei L. Syntheses, transformations and pharmaceutical applications of kynurenic acid derivatives. Curr Med Chem. (2009) 16:4828–42. doi: 10.2174/092986709789909602

 16. Knyihar-Csillik E, Mihaly A, Krisztin-Peva B, Robotka H, Szatmari I, Fulop F, et al. The kynurenate analog SZR-72 prevents the nitroglycerol-induced increase of c-fos immunoreactivity in the rat caudal trigeminal nucleus: comparative studies of the effects of SZR-72 and kynurenic acid. Neurosci Res. (2008) 61:429–32. doi: 10.1016/j.neures.2008.04.009

 17. Rutai A, Fejes R, Juhász L, Tallósy SP, Poles MZ, Földesi I, et al. Endothelin A and B receptors. Shock. (2019) 54:87–95. doi: 10.1097/SHK.0000000000001414

 18. Rademann P, Weidinger A, Drechsler S, Meszaros A, Zipperle J, Jafarmadar M, et al. Mitochondria-targeted antioxidants SkQ1 and MitoTEMPO failed to exert a long-term beneficial effect in murine polymicrobial sepsis. Oxid Med Cell Longev. (2017) 2017:6412682. doi: 10.1155/2017/6412682

 19. Osuchowski MF, Ayala A, Bahrami S, Bauer M, Boros M, Cavaillon J-M, et al. Minimum quality threshold in pre-clinical sepsis studies (MQTiPSS). Shock. (2018) 50:377–80. doi: 10.1097/SHK.0000000000001212

 20. Beckman JS, Parks DA, Pearson JD, Marshall PA, Freeman BA. A sensitive fluorometric assay for measuring xanthine dehydrogenase and oxidase in tissues. Free Radic Biol Med. (1989) 6:607–15. doi: 10.1016/0891-5849(89)90068-3

 21. Zhai X, Yang Z, Zheng G, Yu T, Wang P, Liu X, et al. Lactate as a potential biomarker of sepsis in a rat cecal ligation and puncture model. Mediators Inflamm. (2018) 2018:8352727. doi: 10.1155/2018/8352727

 22. Botros M, Sikaris KA. The De Ritis ratio: the test of time. Clin Biochem Rev. (2013) 34:117–30.

 23. Aykut G, Veenstra G, Scorcella C, Ince C, Boerma C. Cytocam-IDF (incident dark field illumination) imaging for bedside monitoring of the microcirculation. Intens Care Med Exp. (2015) 3:40. doi: 10.1186/s40635-015-0040-7

 24. De Backer D, Hollenberg S, Boerma C, Goedhart P, Büchele G, Ospina-Tascon G, et al. How to evaluate the microcirculation: report of a round table conference. Crit Care. (2007) 11:R101. doi: 10.1186/cc6118

 25. Massey MJ, Shapiro NI. A guide to human in vivo microcirculatory flow image analysis. Crit Care. (2016) 20:35. doi: 10.1186/s13054-016-1213-9

 26. Wang K, Xie S, Xiao K, Yan P, He W, Xie L. Biomarkers of sepsis-induced acute kidney injury. Biomed Res Int. (2018) 2018:6937947. doi: 10.1155/2018/6937947

 27. Mándi Y, Endrész V, Mosolygó T, Burián K, Lantos I, Fülöp F, et al. The opposite effects of kynurenic acid and different kynurenic acid analogs on tumor necrosis factor-α (TNF-α) production and tumor necrosis factor-stimulated gene-6 (TSG-6) expression. Front Immunol. (2019) 10:1406. doi: 10.3389/fimmu.2019.01406

 28. Badzyńska B, Zakrocka I, Sadowski J, Turski WA, Kompanowska-Jezierska E. Effects of systemic administration of kynurenic acid and glycine on renal haemodynamics and excretion in normotensive and spontaneously hypertensive rats. Eur J Pharmacol. (2014) 743:37–41. doi: 10.1016/j.ejphar.2014.09.020

 29. Pundir M, Arora S, Kaur T, Singh R, Singh AP. Effect of modulating the allosteric sites of N-methyl-D-aspartate receptors in ischemia-reperfusion induced acute kidney injury. J Surg Res. (2013) 183:668–77. doi: 10.1016/j.jss.2013.01.040

 30. Wirthgen E, Hoeflich A, Rebl A, Günther J. Kynurenic Acid: the Janus-faced role of an immunomodulatory tryptophan metabolite and its link to pathological conditions. Front Immunol. (2018) 8:1957. doi: 10.3389/fimmu.2017.01957

 31. Adelstein RS, Sellers JR. Effects of calcium on vascular smooth muscle contraction. Am J Cardiol. (1987) 59:4–10. doi: 10.1016/0002-9149(87)90076-2

 32. Trzeciak S, Glaspey LJ, Dellinger RP, Durflinger P, Anderson K, Dezfulian C, et al. Randomized controlled trial of inhaled nitric oxide for the treatment of microcirculatory dysfunction in patients with sepsis*. Crit Care Med. (2014) 42:2482–92. doi: 10.1097/CCM.0000000000000549

 33. Boerma EC, Koopmans M, Konijn A, Kaiferova K, Bakker AJ, van Roon EN, et al. Effects of nitroglycerin on sublingual microcirculatory blood flow in patients with severe sepsis/septic shock after a strict resuscitation protocol: a double-blind randomized placebo controlled trial. Crit Care Med. (2010) 38:93–100. doi: 10.1097/CCM.0b013e3181b02fc1

 34. Wang J, Simonavicius N, Wu X, Swaminath G, Reagan J, Tian H, et al. Kynurenic acid as a ligand for orphan G protein-coupled receptor GPR35. J Biol Chem. (2006) 281:22021–8. doi: 10.1074/jbc.M603503200

 35. Turski MP, Turska M, Paluszkiewicz P, Parada-Turska J, Oxenkrug GF. Kynurenic Acid in the digestive system-new facts, new challenges. Int J Tryptophan Res. (2013) 6:47–55. doi: 10.4137/IJTR.S12536

 36. Bantel H, Schulze-Osthoff K. Cell death in sepsis: a matter of how, when, and where. Crit Care. (2009) 13:173. doi: 10.1186/cc7966

 37. Harrington JS, Choi AMK, Nakahira K. Mitochondrial DNA in sepsis. Curr Opin Crit Care. (2017) 23:284–90. doi: 10.1097/MCC.0000000000000427

 38. Nakahira K, Hisata S, Choi AMK. The roles of mitochondrial damage-associated molecular patterns in diseases. Antioxidants Redox Signal. (2015) 23:1329–50. doi: 10.1089/ars.2015.6407

 39. Hart DW, Gore DC, Rinehart AJ, Asimakis GK, Chinkes DL. Sepsis-induced failure of hepatic energy metabolism. J Surg Res. (2003) 115:139–47. doi: 10.1016/S0022-4804(03)00284-1

 40. Ferreira FS, Biasibetti-Brendler H, Pierozan P, Schmitz F, Bertó CG, Prezzi CA, et al. Kynurenic acid restores Nrf2 levels and prevents quinolinic acid-induced toxicity in rat striatal slices. Mol Neurobiol. (2018) 55:8538–49. doi: 10.1007/s12035-018-1003-2

 41. Agudelo LZ, Ferreira DMS, Cervenka I, Bryzgalova G, Dadvar S, Jannig PR, et al. Kynurenic acid and Gpr35 regulate adipose tissue energy homeostasis and inflammation. Cell Metab. (2018) 27:378–92. doi: 10.1016/j.cmet.2018.01.004

 42. Lukács M, Warfvinge K, Tajti J, Fülöp F, Toldi J, Vécsei L, et al. Topical dura mater application of CFA induces enhanced expression of c-fos and glutamate in rat trigeminal nucleus caudalis: attenuated by KYNA derivate (SZR72). J Headache Pain. (2017) 18:39. doi: 10.1186/s10194-017-0746-x

 43. Fülöp F, Szatmári I, Toldi J, Vécsei L. Modifications on the carboxylic function of kynurenic acid. J Neural Transm. (2012) 119:109–14. doi: 10.1007/s00702-011-0721-7

 44. Nesterov SV, Skorobogatova YA, Panteleeva AA, Pavlik LL, Mikheeva IB, Yaguzhinsky LS, et al. NMDA and GABA receptor presence in rat heart mitochondria. Chem Biol Interact. (2018) 291:40–6. doi: 10.1016/j.cbi.2018.06.004

 45. Selin AA, Lobysheva NV, Nesterov SV, Skorobogatova YA, Byvshev IM, Pavlik LL, et al. On the regulative role of the glutamate receptor in mitochondria. Biol Chem. (2016) 397:445–58. doi: 10.1515/hsz-2015-0289

 46. da Cunha AA, Pauli V, Saciura VC, Pires MG, Constantino LC, de Souza B, et al. N-methyl-D-aspartate glutamate receptor blockade attenuates lung injury associated with experimental sepsis. Chest. (2010) 137:297–302. doi: 10.1378/chest.09-1570

 47. Zhe Z, Hongyuan B, Wenjuan Q, Peng W, Xiaowei L, Yan G. Blockade of glutamate receptor ameliorates lipopolysaccharide-induced sepsis through regulation of neuropeptides. Biosci Rep. (2018) 38:BSR20171629. doi: 10.1042/BSR20171629

 48. Moullan N, Mouchiroud L, Wang X, Ryu D, Williams EG, Mottis A, et al. Tetracyclines disturb mitochondrial function across eukaryotic models: a call for caution in biomedical research. Cell Rep. (2015) 10:1681–91. doi: 10.1016/j.celrep.2015.02.034

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Juhász, Rutai, Fejes, Tallósy, Poles, Szabó, Szatmári, Fülöp, Vécsei, Boros and Kaszaki. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 21 December 2020
doi: 10.3389/fmed.2020.585462






[image: image2]

A Pilot Study on the Association of Mitochondrial Oxygen Metabolism and Gas Exchange During Cardiopulmonary Exercise Testing: Is There a Mitochondrial Threshold?

Philipp Baumbach1,2†, Christiane Schmidt-Winter1,2†, Jan Hoefer1,2, Steffen Derlien3, Norman Best3, Marco Herbsleb4 and Sina M. Coldewey1,2,5*


1Department of Anesthesiology and Intensive Care Medicine, Jena University Hospital, Jena, Germany

2Septomics Research Center, Jena University Hospital, Jena, Germany

3Institute of Physiotherapy, Jena University Hospital, Jena, Germany

4Department of Sports Medicine and Health Promotion, Friedrich Schiller University, Jena, Germany

5Center for Sepsis Control and Care, Jena University Hospital, Jena, Germany

Edited by:
Inge Bauer, University Hospital of Düsseldorf, Germany

Reviewed by:
Egbert Mik, Erasmus Medical Center, Netherlands
 Tobias Piegeler, University Hospital Leipzig, Germany

*Correspondence: Sina M. Coldewey, sina.coldewey@med.uni-jena.de

†These authors have contributed equally to this work

Specialty section: This article was submitted to Intensive Care Medicine and Anesthesiology, a section of the journal Frontiers in Medicine

Received: 20 July 2020
 Accepted: 15 October 2020
 Published: 21 December 2020

Citation: Baumbach P, Schmidt-Winter C, Hoefer J, Derlien S, Best N, Herbsleb M and Coldewey SM (2020) A Pilot Study on the Association of Mitochondrial Oxygen Metabolism and Gas Exchange During Cardiopulmonary Exercise Testing: Is There a Mitochondrial Threshold? Front. Med. 7:585462. doi: 10.3389/fmed.2020.585462



Background: Mitochondria are the key players in aerobic energy generation via oxidative phosphorylation. Consequently, mitochondrial function has implications on physical performance in health and disease ranging from high performance sports to critical illness. The protoporphyrin IX-triplet state lifetime technique (PpIX-TSLT) allows in vivo measurements of mitochondrial oxygen tension (mitoPO2). Hitherto, few data exist on the relation of mitochondrial oxygen metabolism and ergospirometry-derived variables during physical performance. This study investigates the association of mitochondrial oxygen metabolism with gas exchange and blood gas analysis variables assessed during cardiopulmonary exercise testing (CPET) in aerobic and anaerobic metabolic phases.

Methods: Seventeen volunteers underwent an exhaustive CPET (graded multistage protocol, 50 W/5 min increase), of which 14 were included in the analysis. At baseline and for every load level PpIX-TSLT-derived mitoPO2 measurements were performed every 10 s with 1 intermediate dynamic measurement to obtain mitochondrial oxygen consumption and delivery (mito[image: image]O2, mito[image: image]O2). In addition, variables of gas exchange and capillary blood gas analyses were obtained to determine ventilatory and lactate thresholds (VT, LT). Metabolic phases were defined in relation to VT1 and VT2 (aerobic: <VT1, aerobic-anaerobic transition: ≥VT1 and <VT2 and anaerobic: ≥VT2). We used linear mixed models to compare variables of PpIX-TSLT between metabolic phases and to analyze their associations with variables of gas exchange and capillary blood gas analyses.

Results: MitoPO2 increased from the aerobic to the aerobic-anaerobic phase followed by a subsequent decline. A mitoPO2 peak, termed mitochondrial threshold (MT), was observed in most subjects close to LT2. Mito[image: image]O2 increased during CPET, while no changes in mito[image: image]O2 were observed. MitoPO2 was negatively associated with partial pressure of end-tidal oxygen and capillary partial pressure of oxygen and positively associated with partial pressure of end-tidal carbon dioxide and capillary partial pressure of carbon dioxide. Mito[image: image]O2 was associated with cardiovascular variables. We found no consistent association for mito[image: image]O2.

Conclusion: Our results indicate an association between pulmonary respiration and cutaneous mitoPO2 during physical exercise. The observed mitochondrial threshold, coinciding with the metabolic transition from an aerobic to an anaerobic state, might be of importance in critical care as well as in sports medicine.

Keywords: COMET, mitochondrial oxygen tension (mitoPO2), mitochondrial oxygen consumption (mitoV̇O2), cardiopulmonary exercise testing (CPET), ergospirometry, protoporphyrin-IX triplet state lifetime technique, mitochondrial oxygen delivery (mitoḊO2)


INTRODUCTION

Mitochondria are the power houses of aerobic cells. Fueled by oxygen and energy-rich substrates of the glucose, fat, and protein metabolism, they generate ATP, the energy equivalents required for the work of muscles and function of organs. It is obvious that damage to these organelles leads to a reduced energy supply on a cellular level. Thus, mitochondria play a pivotal role in physiologic and pathophysiologic conditions. With a better understanding of the complex interactions in sepsis, microcirculation and mitochondrial dysfunction have become a major focus of research (1). Numerous sepsis-associated mitochondrial abnormalities have been described: disturbances of the electron transport chain and of oxidative phosphorylation, structural damage, oxidative and nitrosative stress, proton leak and uncoupling being only a small selection (2). In response to these findings, mitochondria targeted therapies are currently being developed (3).

However, a non-invasive diagnostic tool for the assessment of mitochondrial performance in situ that can be applied simultaneously with an event of interest, such as the onset of sepsis or other physiological or pathophysiological conditions, is as yet missing. Apart from few exceptions (2, 4), mitochondrial function has mostly been assessed by laboratory tests with vital cells following invasive measures on patients, such as blood withdrawal or muscle biopsy (4).

Since oxygen is crucial to achieve a sufficient energy supply by aerobic ATP generation, it seems logical to employ mitochondrial oxygen tension and its dynamics as a marker for mitochondrial performance. To enable direct and non-invasive measurements of mitochondrial oxygen metabolism, Mik et al. introduced the protoporphyrin IX-triplet state lifetime technique (PpIX-TSLT) (5). Recently, the measurement of mitochondrial oxygen tension (mitoPO2) in skin became clinically available by the COMET system (Photonics Healthcare BV, Utrecht, Netherlands). Using the same system, oxygen consumption (mito[image: image]O2) (6) and oxygen delivery (mito[image: image]O2) (7) can be determined. A detailed description of the device is provided by Ubbink et al. (8). Up to now, just a few in vivo studies have been conducted and even less in patients or volunteers (7, 9–12).

The OXPHOS complex on the inner mitochondrial membrane is the final acceptor of oxygen, which is provided by respiration and transported to tissue by blood, where it is bound to hemoglobin of the erythrocytes (13). While resting and during light physical activity, aerobic energy generation from fatty acids and in second line carbon hydrates, is the dominant feature in generating ATP. Yet, with increasing work intensity, oxygen demand is no longer balanced by supply. The consequence is additional allocation of ATP by anaerobic glycolysis. The buffering of H+ ions from the production of lactic acid yields extra CO2 that must be eliminated via enhanced respiration. This is the physiologic equivalent of the first ventilatory threshold (VT1) detected in ergospirometry (also known as cardiopulmonary exercise testing, CPET) (14). CPET from light to maximal intensity displays three phases: aerobic metabolism, aerobic-anaerobic transition, and anaerobic metabolism (15, 16). Ventilatory thresholds VT1 and VT2 separate the phases, whereas VT2 denotes the respiratory compensation point (RCP) (17). At this point respiration is intensified once more in order to counterbalance metabolic acidosis caused by a disproportionate lactic acid increase. Lactate levels can be measured directly in arterial or capillary blood samples. Similar to VT1 and VT2, two metabolic thresholds of the lactate kinetics (LT1 and LT2) can be identified. The latter are related to but not equal to the ventilatory thresholds (17). Of note, not less than 25 different LT concepts have been described (18). CPET measurements reveal a complex but not comprehensive picture of metabolic and respiratory processes during exercise (see Figure 1). The integration of the chronological sequences in the mitochondrion during exercise into the macroscopic observations of the CPET might not only be a useful contribution to the current knowledge of the complex processes of physical activity but also provide insights into mitochondrial performance when reaching physiologic or pathologic limitations.


[image: Figure 1]
FIGURE 1. Metabolic phases and exemplary location of lactate (LT1, LT2) and ventilatory thresholds (VT1, VT2) during maximum cardiopulmonary exercise testing.


In critical illness, the aerobic-anaerobic and the anaerobic metabolism are of utmost importance, since the balance between oxygen supply and oxygen demand is frequently disturbed (1). Aim of our pilot study (PpIX-TSLT measurements during CPET) was to elucidate, if there is an association of cellular oxygen metabolism with gas exchange parameters in distinct metabolic phases. Hitherto, this question has not been addressed but is of great interest when exploring any perturbances of mitochondrial function as is assumed to be a major feature in, e.g., sepsis. In order to gain insights into the interactions of the different levels from organ to cell to cellular organelles, such mechanisms need to be explored in healthy humans first. Therefore, our study was designed to create all three phases of physical exertion: aerobic metabolism, aerobic-anaerobic transition and anaerobic metabolism by employing a graded multistage protocol. To approach our research question, parameters of mitochondrial oxygen metabolism (mitoPO2, mito[image: image]O2, mito[image: image]O2) were measured in relation to respiratory gas exchange variables, lactate kinetics and other variables derived from capillary blood gas analyses during a maximal intensity CPET. We then analyzed the kinetics of mitoPO2, mito[image: image]O2 and mito[image: image]O2 in relation to the metabolic phases and to the metabolic (LT1 and LT2) and ventilatory thresholds (VT1 and VT2) (17).



METHODS


Study Population

We recruited healthy male adults via the Jena University Hospital notice boards, notice boards in fitness-studios and social media. Participants had to be at least 18 years old, non-smoking, and should perform strength or fitness-oriented training at least three times a week. All candidates gave their written informed consent and according to the Physical Activity Readiness Questionnaire (19), showed readiness for physical activity, which the study team had to confirm. The following criteria lead to exclusion from participation: significant cardiac, pulmonary or musculoskeletal disease or condition, allergies to contents of the Alacare® plaster (Photonamic, Wedel, Germany), or to ingredients of Finalgon® CPD Wärmecreme (Sanofi Aventis, Germany), allergy to medical adhesive bandages, porphyria, skin conditions aggravated by sunlight or increased sensitivity to light, participation in another interventional study, or prior participation in this study. The study was approved by the ethics committee of the Friedrich Schiller University Jena (2019-1296-BO) and is registered at the German Clinical Trials Register (DRKS00016670).



Experimental Setup of the Study

The complete setup is summarized in Figure 2.


[image: Figure 2]
FIGURE 2. Experimental setup. (A) All measurements at baseline, during cardiopulmonary exercise testing (CPET) and in the recovery phase followed the same sequence. PpIX-TSLT measurements were performed every 10 s during the first and last 2 min of each phase to obtain mitochondrial oxygen tension (mitoPO2). Capillary blood samples for blood gas analysis (CBG) were taken after 180 s. Subjective ratings of exertion and dyspnea were assessed by the Borg Scale at the end of each phase. ECG and gas exchange parameters were monitored continuously. In addition, guideline-conform non-invasive blood pressure measurements were performed every 180 s. (B) After 2 min phase duration, dynamic PpIX-TSLT measurements were performed to assess mitochondrial oxygen consumption (mito[image: image]O2) and delivery (mito[image: image]O2). During the first 20 s, baseline mitoPO2 measurements were obtained. Thereafter, pressure was applied to the sensor in order to locally inhibit microcirculation. When mitoPO2 reached near to zero levels or showed no further decline, pressure was maintained for 10 s and then released. Based on the fitted parameters mito[image: image]O2 (F1: left part of the equation) and mito[image: image]O2 (F2: right part of the equation) were estimated [for details see (11)].



PpIX-TSLT Measurements

This optical method uses an endogenous organic compound, protoporphyrin IX (PpIX), as a fluorophore. After excitation with a pulse of green light, it will emit a red delayed fluorescence (20). In the presence of oxygen, the lifetime of the delayed fluorescence caused by the first excited triplet state of porphyrin is inversely related to PO2 (20) as described by the Stern-Vollmer equation (21). The fact that oxygen is a quencher of fluorescence has been used to measure the oxygen content of mitochondria (5). Though PpIX, a natural precursor of heme in the heme biosynthetic pathway, is synthesized within the mitochondrion (22), its amounts are too small for the use as an oxygen-sensitive fluorophore. Because the conversion of PpIX to heme is a rate limiting step (23), its quantity can be enhanced by administering 5-aminolevulinic acid (5-ALA), a precursor of PpIX, to the measuring site (24). By pressure induced interruption of the local microcirculation oxygen consumption (mito[image: image]O2) can be calculated from the rate at which the oxygen tension declines, while replenishment is stopped (6). Mitochondrial oxygen delivery (mito[image: image]O2) however, is then calculated from the slope of the mitoPO2 increase, when pressure is released (11).

Individuals were instructed to apply a 4 cm2 adhesive patch containing 8 mg of 5-ALA (Alacare®, Photonamic, Wedel, Germany) to their left lumbar region at least 6 h prior to the measurement to ensure sufficient accumulation of PpIX. After application of Alacare®, the skin was protected from light with an adhesive plaster before and for 48 h after the test to prevent skin irritation. The lumbar region was chosen because of technical considerations: since the anterior chest wall, as proposed by Harms and colleagues (9), is not easily accessible and, in addition, is in constant movement while riding a bicycle, reliable measurements would not have been achieved. The measurements were performed with the COMET measurement system (Photonics Healthcare BV, Utrecht, Netherlands). After removal of the Alacare® plaster, the COMET Skin Sensor was fixed to the site with an adhesive tape to prevent shifting of the light source.

PpIX-TSLT measurements at baseline and during CPET always followed the same sequence (see Figures 2A,B). MitoPO2 was measured every 10 s at the beginning and at the end of each stage (baseline, each load level of CPET). After the second minute of each stage (to achieve steady state conditions), dynamic measurements (one measurement per second) were done to obtain mito[image: image]O2 and mito[image: image]O2 (Figure 2B). In detail, after recording mitoPO2 for about 20 s (one measurement per second), pressure was applied to the sensor to locally inhibit microcirculation. This resulted in a decrease of mitoPO2, which posed the basis for the assessment of mito[image: image]O2. When mitoPO2 dropped near to zero or showed no further decline, pressure was maintained for a further 10 s. Thereafter, the pressure was released to allow local reoxygenation, which was followed by an increase of mitoPO2. This was used as the basis to obtain mito[image: image]O2. The dynamic measurements were analyzed by two independent raters (PB, JH) with a self-developed program under MATLAB (MATLAB and Statistics Toolbox Release 2017a, The MathWorks, Inc. Natick, Massachusetts, United States). In short, the algorithm fits two complementary sigmoid functions, which model average mitoPO2 (without pressure), the decrease (during pressure) and the subsequent increase of mitoPO2 (after pressure release, see Figure 2B). Based on the fitted function parameters, average mito[image: image]O2 and average mito[image: image]O2 are derived as previously described (7). Pressure to the skin sensor during dynamic measurements was applied by a handheld dynamometer (Hoggan MicroFET2 Dynamometer, Hoggan Scientific LLc, Salt Lake City, United States) in order to achieve equal pressure in each dynamic measurement. Skin temperature was recorded as the temperature of the skin sensor.

To analyze the individual kinetics of mitoPO2 from single measurements (every 10 s) during baseline and CPET, thereby excluding dynamic measurements, the data points were smoothed using locally estimated scatterplot smoothing (LOESS, span = 0.75, degree = 2). The mitochondrial threshold (MT) was set as maximum and/or decline of the fitted curve during CPET. An example is given in Figure 3 (Supplementary Figure 1 displays the data for all subjects).


[image: Figure 3]
FIGURE 3. Example of MT-identification (mitochondrial threshold, vertical black line). Raw mitoPO2 values of single measurements were smoothed (locally estimated scatterplot smoothing, LOESS) and the maximum of the fitted curve was set as MT.




Cardiopulmonary Exercise Test (CPET)

A bicycle ergometer was used (Custo-Cardio Diagnostik, Custo-Med GmbH, Ottobrunn, Germany). After calibration of the gas analyzer and flow sensor, baseline measurements were obtained, and the exercise test (graded multistage protocol) was started at 50 W with a workload increase of 50 W every 5 min. Participants were instructed to maintain a pedal frequency of 60–80 rotations per minute receiving feedback when being out of this scope. Exhaustion was deemed to have occurred when the participant could no longer maintain the required power output or wished to stop. Objective exhaustion levels and causes for the premature termination of the test were determined by classical criteria stated in various guidelines (25–27). Furthermore, the Borg Rating of Perceived Exertion (RPE) scale was used for the self-assessment of subjective exertion [from 6 (= no exertion at all) to 20 (= maximum exertion)] and dyspnea [from 6 (= no breathing difficulty) to 20 (= maximum breathing difficulty)] (28–30) at baseline and at the end of each load level. During the test, ventilation and standard gas exchange variables were recorded continuously on a breath-by-breath basis by a Ganshorn LF8 PowerCube® pneumotachograph (Ganshorn Medizin Electronic GmbH, Niederlauer, Germany) and displayed in the form of a 9-panel diagram according to Wassermann (31). The recorded and calculated variables were: minute ventilation ([image: image]), oxygen consumption ([image: image]O2), carbon dioxide production ([image: image]CO2), ventilatory equivalents [image: image]E/[image: image]O2 and [image: image]E/[image: image]CO2, partial pressure of end-tidal oxygen (PETO2) and carbon dioxide (PETCO2) and respiratory exchange ratio (RER). For data analysis the breath-by-breath data were exported as 10 s time-averaged values. Ventilatory thresholds (VT1 and VT2) were determined post-hoc using the method described by Westhoff et al. (17). For monitoring reasons according to guidelines (25, 26), a 12-lead ECG was recorded continuously throughout the test, blood pressure was measured non-invasively every 2.5 min and oxygen saturation was monitored continuously by pulse oximetry (SpO2).



Capillary Blood Gases (CBG)

After pre-treatment of the right earlobe with Finalgon® CPD Wärmecreme, 2 capillary blood samples (80 and 70 μl) for blood gas analysis were taken at baseline and after 3 min into each load level. One blood sample was analyzed on site using a GEM Premier 5000 blood gas testing system (Instrumentation Laboratory, Bedford, United States), the second blood sample was taken to a Radiometer ABL90FLEX blood gas analyzer (Radiometer GmbH, Krefeld, Germany) within the same building but about 75 s away from the study room. A third sample was used for a lactate measurement with a portable lactate meter (Lactate Scout 4, EKF-diagnostic GmbH, Barleben, Germany). Single measurements were obtained for base excess (BE), total concentration of hemoglobin (ctHb) and ScO2 (capillary oxygen saturation) (ABL90FLEX), double measurements for capillary partial pressure of oxygen and carbon dioxide (PcO2, PcCO2), pH (ABL90FLEX and GEM Premier 5000). Triple measurements were acquired for lactate (plus Lactate Scout 4) when possible.

Lactate thresholds (LT1 and LT2) were calculated from the capillary blood samples (measurements of the different samples were averaged) taken at each workload level. The evaluation of the lactate thresholds was done independently by the examiner (MH) using software written for performance diagnostics (Ergonizer, Vers. 5.7.3 Build 81, Freiburg, Germany). The Ergonizer software uses the model of Dickhuth, where the individual anaerobic threshold (IAS = LT2) is determined as a 1.5 mmol lactate increase above the minimal lactate equivalent (LT1) (32, 33).




Statistical Analysis

In descriptive analysis, medians and first and third quartiles (Q1/Q3) are reported. For categorical variables we report absolute and relative frequencies.

To compare the variables of PpIX-TSLT, CPET (e.g., PETO2, PETCO2) and CBG between the different metabolic phases, we performed the following steps: The individual VT1 and VT2 were used to define the aerobic (all data points < VT1), the aerobic-anaerobic (all data points ≥VT1 and < VT2) and the anaerobic phase (all data points ≥VT2) for each subject. Due to the repeated measurements design and expected differences in baseline values, we used linear mixed models. In detail, the variables of PpIX-TSLT, CPET, and CBG served as dependent variables in the models. The phase was entered as categorical variable and served as independent variable (fixed effect). In addition, a random intercept for every subject was entered in the models. In the last step the estimated marginal means for the three phases were compared pairwise using the Tukey method.

To analyze the association between PpIX-TSLT variables and the variables of CPET and CBG we performed the following steps: All variables were standardized (mean ± SD: 0±1) before modeling (mixed models). In all models the PpIX-TSLT variables served as dependent variables. In the basic models the variables of CPET and CBG were entered as dependent variables (fixed effect). Here, the effect of the dependent variable was tested over all phases. In the next step, we obtained models estimating regression coefficients for every phase (phase specific models). Here the specific effect of the dependent variable was tested simultaneously for all phases. In the last step, the model fits of the basic models and the phase specific models were compared to test, if the phase specific models better explain the data. In addition, a random intercept for every subject was entered in all models. Because of the large number of tested regression coefficients, the p-values for mitoPO2, mito[image: image]O2, and mito[image: image]O2 were adjusted using the Bonferroni-Holm method.

The statistical analysis was performed with R [Version 3.5.1, Vienna, Austria (34)].




RESULTS


Study Sample

Seventeen subjects participated in the study. Three subjects were excluded from the analysis for the following reasons: (a) wrong positioning of the ALA patch, which did not allow valid PpIX-TSLT measurements during CPET, (b) poor signal quality of PpIX-TSLT measurements for unknown reasons, (c) implausible CPET values during baseline measurements. The demographic characteristics of the 14 subjects in the final analysis sample are displayed in Table 1.


Table 1. Demographic characteristics of the study sample (median, Q1|3: first and third quartile) and frequencies of individual maximum power output levels during CPET.
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CPET-Derived Gas Exchange Measurements: Maximum Power Output Level, Ventilatory, and Metabolic Thresholds and Differences in PETO2 and PETCO2 Between the Different Metabolic Phases

Table 1 summarizes the maximum power output levels during CPET. Four subjects terminated CPET at 200 W and five subjects terminated CPET at 250 and 300 W, respectively. All subjects reached at least one of the objective termination criteria and the subjective termination criterion (Borg exertion, median: 18, Q1|3: 17|19).

Descriptive statistics on the obtained ventilatory and metabolic thresholds are displayed in Table 2. LT1 and VT1 were close to each other (median LT1: 116 W, median VT1: 111 W). LT2 was reached at a median of 156 W and VT2 was reached at a median of 238 W. The corresponding gas exchange variables at the thresholds are also depicted in Table 2. The individual VT1 and VT2 were used to define the individual aerobic (< VT1), aerobic-anaerobic (≥VT1 and < VT2), and anaerobic (≥VT2) phase.


Table 2. Descriptive statistics (median, Q1|3: first and third quartile) on ventilatory, metabolic, and mitochondrial thresholds.
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Individual values and model predicted means of selected CPET variables for the different phases (aerobic, aerobic-anaerobic, anaerobic) are depicted in Figures 4A–C. There was a significant drop in mean PETO2 (Figure 4A) in the aerobic-anaerobic phase compared to the aerobic phase. This was followed by a significant increase in the anaerobic phase. Compared to the aerobic phase, mean PETO2 was significantly higher in the anaerobic phase.


[image: Figure 4]
FIGURE 4. Summary of (A–C) selected variables of CPET (end-tidal oxygen tension, PETO2; end-tidal carbon dioxide tension, PETCO2; heart rate), (D–F) main variables of PpIX-TSLT measurements (mitochondrial oxygen tension, mitoPO2; mitochondrial oxygen consumption, mito[image: image]O2; mitochondrial oxygen delivery, mito[image: image]O2), and (G–I) variables of the capillary blood gas analysis (partial pressure of oxygen, PcO2; partial pressure of carbon dioxide, PcCO2; lactate). The dots refer to individual values of the variables during aerobic (ae, < VT1), aerobic-anaerobic (ae/an, ≥VT1 and < VT2), and anaerobic phase (an, ≥VT2). In addition, model predicted means (squares), corresponding 95% confidence intervals (lines) and adjusted p-values of comparisons between phases are displayed. *p < 0.05, **p < 0.01, ***p < 0.001.


Mean PETCO2 significantly increased in the aerobic-anaerobic phase compared to the aerobic phase (Figure 2B). This was followed by a significant decrease in the anaerobic phase. Compared to the aerobic phase, mean PETCO2 was significantly lower in the anaerobic phase.

With increasing power output, HR (Figure 4C) significantly increased from the aerobic via the aerobic-anaerobic to the anaerobic phase as physiologically expected. This was also true for [image: image]O2, [image: image]E, [image: image]CO2, and RR. The detailed descriptive statistics of the main CPET variables are listed in Supplementary Table 1.



PpIX-TSLT Measurements: Differences in MitoPO2, Mito[image: image]O2, and Mito[image: image]O2 Between the Metabolic Phases and Description of the Mitochondrial Threshold

Individual values and model predicted means of the main PpIX-TSLT variables for the different phases are presented in Figures 4D–F.

Mean mitoPO2 increased significantly from the aerobic to the aerobic-anaerobic phase (Figure 4D). This was followed by a significant decrease in the anaerobic phase, which resulted in non-significant mean differences between the aerobic and the anaerobic phase. Correspondingly, in 11 of 14 (78.6%) subjects, a peak followed by a final decrease or a decrease from a plateau (2/14, 14%) in mitoPO2 was identified (see Table 2 and Supplementary Figure 1). In analogy to ventilatory and metabolic thresholds, we termed this peak mitochondrial threshold (MT).

The relative location of MT compared to ventilatory and metabolic thresholds is displayed in Figure 5. In 13 of the 14 subjects, MT occurred later than LT1 and VT1. In one participant, MT was recorded after LT1 but slightly before VT1. Median MT was located in the vicinity of LT2 (median difference in time: −42 s, Q1|3: −200 s | 53 s) and thus occurred slightly later but close to median LT2 at about 60% of maximum power output. In all subjects, MT occurred earlier than VT2. MitoPO2 dynamics, selected variables of gas exchange, and corresponding ventilatory thresholds during baseline and throughout load levels are summarized in Figure 6.


[image: Figure 5]
FIGURE 5. Boxplots of time differences in lactate (LT1, LT2), ventilatory (VT1, VT2), and mitochondrial (MT) thresholds. The circles refer to the individual differences. Negative values indicate a later occurrence of MT compared to the other thresholds.



[image: Figure 6]
FIGURE 6. Smoothed course (locally estimated scatterplot smoothing, LOESS) of mitochondrial oxygen tension (mitoPO2), end-tidal oxygen tension (PETO2), and end-tidal carbon dioxide tension (PETCO2) for all subjects (n = 14). Values of the x-axis (percent ergometry) were scaled individually to the minimum (first measurement during baseline) and maximum power output level of the CPET (e.g., last measurement at 250 W). The vertical lines indicate end of baseline (median), first and second ventilatory and lactate threshold (medians of VT1|2, LT1|2) and mitochondrial threshold (median, MT). In addition, the gray area marks the interquartile range of MT.


There were no significant differences in mean mito[image: image]O2 between the three metabolic phases (Figure 4E).

Mean mito[image: image]O2 increased significantly from the aerobic to the aerobic-anaerobic phase (Figure 4F). We found no significant differences in mean mito[image: image]O2 values between the aerobic-anaerobic and the anaerobic phase, but mean mito[image: image]O2 values were significantly higher in the anaerobic phase compared to the aerobic phase. The detailed descriptive statistics on the main variables of the PpIX-TSLT measurements are listed in Supplementary Table 2.



Differences in PcO2, PcCO2, and Lactate Between the Metabolic Phases

Individual values and model predicted means of selected CBG variables for the different metabolic phases are presented in Figures 4G–I.

Compared to the aerobic phase, mean PcO2 was significantly lower in the aerobic-anaerobic and in the anaerobic phase (Figure 4G). There were no significant differences between the aerobic-anaerobic and the anaerobic phase for mean PcO2.

Mean PcCO2 was significantly higher in the aerobic-anaerobic phase compared to the aerobic phase (Figure 4H). This initial increase was followed by a significant decrease in the anaerobic phase. Mean PcCO2 in the anaerobic phase did not differ significantly between the aerobic and the anaerobic phase.

Mean lactate values increased significantly between the phases (Figure 4I). The detailed descriptive statistics on the main CBG variables are listed in Supplementary Table 3.



Associations Between PpIX-TSLT-Derived Variables and Variables of CPET-Derived Gas Exchange and CBG

The results of the associative analyses are summarized in Figure 7.
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FIGURE 7. Results of the exploratory analyses on the associations between the variables of PpIX-TSLT measurements (A: mitoPO2, B: mito[image: image]O2, C: mito[image: image]O2), CPET-derived gas exchange and capillary blood gases (CBG). The first column lists the dependent variables, the second column displays the independent variables. The overall column indicates the standardized regression coefficients for the independent variable (one coefficient for all three phases, basic models). Asterisks indicate, if the models estimating separate regression coefficients for the phases show a better model fit compared to the basic models. The columns aerobic, aerobic-anaerobic and anaerobic display the corresponding standardized regression coefficients for each phase. The column n refers to the number (n) of data points, which were entered into the model. Regression coefficients with raw p-values ≥0.05 were set to zero (white). Framed cells indicate regression coefficients with Bonferroni-Holm adjusted p-values <0.05.


MitoPO2 and CPET variables showed different associations throughout the different phases (detailed information is listed in Supplementary Table 4). CPET variables which increased over the different phases ([image: image]E, [image: image]O2, [image: image]CO2, RER, RR, and HR) mainly were positively associated with mitoPO2 values within the aerobic and the aerobic-anaerobic phase. Most of these relations reversed within the anaerobic phase. [image: image]E/[image: image]CO2 and PETO2 were negatively associated with mitoPO2. PETCO2 was positively associated with mitoPO2. Nonetheless, there were differences in the strength of the associations between the phases (better model fit for the models with phase specific regression coefficients). PcCO2 was positively and PcO2 was negatively associated with mitoPO2. The models with specific effects for the phases did not show a better model fit. Lactate was positively associated with mitoPO2 values in the aerobic phase.

Mito[image: image]O2 was negatively associated with [image: image]E/[image: image]CO2 and positively associated with PETCO2 in the anaerobic phase. We also found a positive association between mito[image: image]O2 and ctHb. However, only the p-value for ctHb in the anaerobic phase survived adjustment for multiple testing.

Mito[image: image]O2 was positively associated with variables showing an increase over the different phases ([image: image]E, [image: image]O2, [image: image]CO2, RER, RR and HR, Borg scales). In addition, lactate showed a positive and pH showed a negative association with mito[image: image]O2 in the aerobic phase.




DISCUSSION

In this study we performed PpIX-TSLT measurements simultaneously with a cardiopulmonary exercise test to analyze mitochondrial oxygen metabolism and its association with variables of gas exchange and CBG. We found significant differences in mitoPO2 and mito[image: image]O2 between the three different phases during CPET. In the majority of subjects, we observed a peak in mitoPO2 which we termed mitochondrial threshold (MT). The peak occurred later than VT1 and LT1, but earlier than VT2. Its median appearance was timed around LT2. In the exploratory analysis we found significant associations between PpIX-TSLT variables and variables of CPET and CBG. Thus, our results clearly indicate an association between pulmonary respiration and cutaneous mitochondrial oxygen content during physical exercise.


Kinetics of MitoPO2

In the group analysis, there was a significant increase of mitoPO2 between the aerobic and the aerobic-anaerobic phase, which was followed by a significant drop in mitoPO2 in the anaerobic phase. The increase of mitoPO2 during bicycle ergometry has already been described in our previous study (7), but a subsequent decline was not seen. This is possibly due to the submaximal intensity protocol instead of maximal physical exertion. Cutaneous mean mitoPO2 measurements at baseline (mean ± SD: 51.18 ± 21.93 mmHg) were slightly lower than previous values in humans acquired by the COMET system (7, 10). This might be due to differences in the study population [heterogeneous group pertaining to sex and age (7) and sepsis patients (10) vs. active young male participants] and the different measurement site (lumbar region vs. chest wall). The even lower values reported by Harms et al. (9) might be attributed to the use of a probe with a bigger measurement area in our study [COMET device (photonicshealthcare.com) vs. a clinical prototype device]. However, the variation of baseline mitoPO2 was similar.



Mitochondrial (MT), Metabolic (LT1 and LT2), and Ventilatory (VT1 and VT2) Thresholds

In the majority of the participants, the mitochondrial oxygen tension increased during exercise until a peak (MT) was reached and then dropped again. In sports medicine, lactate thresholds are used to determine training intensities for endurance training assuming that LT2 denotes more or less accurately the maximum lactate steady state at which lactate production and elimination are still balanced. In the review of Faude et al. (18), it is speculated that working intensities near LT2 may induce a considerable increase in the oxidative metabolism of muscle cells, although anaerobic glycolysis is enhanced. Prolonged training at this power output intensity might stimulate aerobic metabolism in muscle cells and thus pose an appropriate level for endurance training. However, there is still debate on the correct determination of LT2 (18). A relatively new concept in training prescription is the identification and determination of training intensities near the critical power (CP), the highest power output which can be sustained for a longer period of time under predominantly aerobic conditions (35). In a most recent meta-analysis, the point in time of reaching CP was located between the maximal lactate steady state and RCP/VT2 (36), which would be in line with the temporal occurrence of MT in our study. The idea of using the moment of decline in mitochondrial performance might pose a new tool of validating LT2 or even the moment, when critical power is reached. To our knowledge, the concept of a mitochondrial threshold has not been proposed before. However, in the study of Römers et al. mitoPO2 in hemodiluted pigs also behaved threshold-like (37). Further studies are needed to evaluate these findings.



MitoPO2 and Its Relation to CPET-Derived Gas Exchange Variables

To our knowledge, data on associations of mitochondrial oxygen tension with CPET-derived gas exchange parameters hitherto do not exist. We were able to demonstrate a phase-dependent association of mitoPO2 with [image: image]O2 and [image: image]CO2. During the aerobic phase, these parameters were positively associated, reflecting the balance between oxygen uptake and carbon dioxide elimination on the one side and the simultaneous increase of mitochondrial oxygen content on the other side. During the aerobic-anaerobic transition phase, the positive correlation of [image: image]O2 with mitoPO2 continued while a correlation with [image: image]CO2 was no longer statistically significant after p-value adjustment. This might indicate the increasing accumulation and expiration of additional CO2 accruing from the beginning anaerobic glycolysis. During the anaerobic phase, both parameters were negatively associated with mitoPO2. With rising levels of lactic acid, a huge amount of CO2 is produced by the buffering of H+ ions, so that the intensity of respiration is mainly driven by the need to eliminate the excess CO2 (14). At the same time, mitoPO2–derived from mitochondria in skin—declined despite a further increase in [image: image]O2. One reason could be that during anaerobic metabolism mitochondrial oxygen demand is no longer matched by supply. Another possible explanation might be that under the conditions of extreme physical exertion, mainly muscular mitochondria are in need of oxygen and therefore, a shift of the scarce substrate from skin to muscles is initiated. According to Boushel et al. muscular mitochondrial respiratory capacity exceeds maximal oxygen delivery in humans (38), thus resulting in a competitive situation between muscles and less active organs. Golub et al. proposed that oxygen demand increases oxygen supply by incremented diffusion gradients and a compensatory vascular response (39), which might support the above-mentioned hypothesis. The simultaneous mitoPO2 measurement in muscular and cutaneous mitochondria might provide clarification. The closest positive association was seen between mitoPO2 and PETCO2 for all phases, the best negative association was between mitoPO2 and [image: image]E/[image: image]CO2 followed by mitoPO2 and PETO2. The latter could be accustomed for by the mitochondrial oxygen consumption, which consequently leads to a lower oxygen content in the exhaled air. Since PETCO2 behaves contrary to PETO2, this possibly explains the association without being causative.



MitoPO2 and Its Relation to CBG Variables

MitoPO2 was negatively associated with PcO2 in the aerobic and aerobic-anaerobic phases. Despite a decrease of the mean PcO2 over the three phases, mean mitoPO2 at first increased from the aerobic to the aerobic-anaerobic phase and then decreased again in the anaerobic phase. In a hemodilution study in pigs, Römers et al. found a sudden drop in mitoPO2 at a critical stage of hemodilution. Although Hb declined with each hemodilution step, a mitochondrial response was only seen at that critical point in time (37), hinting at a certain independence of mitochondrial oxygen tension from Hb levels and thus from arterial oxygen content before this moment. In contrast, PcCO2 was positively associated throughout all phases. Since PaCO2 is more or less consistent with PACO2 (alveolar carbon dioxide partial pressure), which also is the same as PETCO2 in healthy persons (14), this was expected. Only during the aerobic phase, lactate was positively associated with mitoPO2. During aerobic-anaerobic transition, when anaerobic glycolysis starts and lactate levels rise, lactate was no longer associated with mitoPO2. An even negative association was found during the anaerobic phase due to increasing lactate levels whilst mitoPO2 decreased.



Mito[image: image]o2: Kinetics and Relation to Variables of CPET-Derived Gas Exchange and CBG

We observed no significant changes in mito[image: image]O2 during exercise. In the study of Baumbach et al. mito[image: image]O2 had significantly decreased in post-exercise measurements compared to baseline (7). However, no measurements were obtained during exercise. The study also differed insofar that only a submaximal power output was generated and that multiple measurements were done at each time point. Mito[image: image]O2 measurements at baseline (4.88 ± 3.00 mmHg) were in the range of previous measurements (7, 9–11). Of the CBG parameters only ctHb showed a positive association, indicating that mito[image: image]O2 might depend on the oxygen transport capacity of the blood and thus the overall availability of oxygen.



MitoḊO2: Kinetics and Relation to Variables of CPET-Derived Gas Exchange and CBG

Mito[image: image]O2 increased from baseline to maximum exertion. In the study of Baumbach et al. mito[image: image]O2 tended to increase from baseline to post-exercise phases, but the increase was not significant (7). Again, the submaximal power output in that study and differences in the measurement protocol might explain the differences. Mito[image: image]O2 values at baseline were 6.78 ± 3.2 and comparable to results from Baumbach et al. (7) and Neu et al. (10). Since the cardiovascular system is responsible for the increase in oxygen delivery to the tissues (40), and since mito[image: image]O2 mainly reflects reperfusion and thus reoxygenation after temporary interruption of microcirculation, its positive association with HR was expected. A positive association with [image: image]E, [image: image]O2 and [image: image]CO2 also was logical, because intensified ventilation is followed by increased O2-uptake and also increased CO2-elimination. However, the continuing increase of mito[image: image]O2, while mitoPO2 decreased, might be indicative of a true limit of the system. Despite an accelerated oxygen delivery, the demand cannot be met. Mito[image: image]O2 increase might be attributed to a facilitated oxygen release when pH decreases and body temperature rises (41) as can be observed during high intensity exercise. In order to dispense of the extra heat generated by the physical exercise, skin perfusion is enhanced by vasodilation of cutaneous vessels and inhibition of the vasoconstrictor tone (40). This also might contribute to a rise in the slope of cutaneous mitoPO2 increase after pressure release.



Limitations and Perspective

In the set-up of our trial, mitoPO2 and its derivatives were analyzed in skin, not muscle. Research by Mellstrom et al. (42) and Venkatesh et al. (43) demonstrated that subcutaneous tissue PO2 compares to that of intestinal mucosa and to ileal luminal PO2, respectively. The rationale would be that oxygen tension in skin can be used as an indicator of the conditions in other organs. However, according to clinical and pre-clinical studies in oncologic dermatology, 5-ALA can only penetrate the epidermis and the upper layers of the dermis (44), making it difficult to translate the results of previous investigations to our findings. In addition, PpIX-TSLT measurements with the COMET device are restricted to a depth of about 0.1 mm in the epidermis (8). In a recent study in rats, Wefers-Bettink et al. (45) found similar mitoPO2 values measured with the probe placed directly on muscle compared to simultaneous measurements in abdominal skin at baseline. Yet, after 3 h, muscle mitoPO2 was markedly higher than skin mitoPO2. This was attributed to wound healing, nonetheless indicating that mitochondria in different organs can behave differently depending on local conditions. However, physical exercise is not limited to muscles but is a condition that affects the whole organism. Further studies will be needed to determine, if measurements of mitoPO2 in epidermal cells represent an overall metabolic marker in the sense of a training relevant or disease severity indicating threshold.

Hitherto, only little evidence is available regarding intra- and interindividual variance in the absolute mitoPO2 values (7, 9). The same is true for the magnitude of mitoPO2 measured by PpIX-TSLT: earlier methodically different measurements and estimates ranged lower by one order of magnitude (46, 47). We found a large interindividual variance in COMET-derived mitoPO2 measurements, which also was reported in previous studies (7, 10). The COMET system is a novel device for which influencing factors are studied only to some extent and in small groups of participants. The measurements deviate from previous measurements with a prototype device (9). Moreover, normal values do hitherto not exist. Therefore, further studies with larger cohorts of healthy people are required to define reference values and influencing variables. Overall, mean changes in mitoPO2 and mito[image: image]O2 during the phases were highly significant, but compared to previously published data on stability of these variables (mitoPO2 | mito[image: image]O2, standard error of measurement: 10 mmHg | 1.5 mmHg/s, minimum detectable difference: 30 mmHg | 4 mmHg/s) the differences were rather small. In accordance to the high interindividual variance, we also observed a high intraindividual variance regarding changes in mitoPO2 over the metabolic phases (Supplementary Figure 1).

We found several statistically significant associations between variables of PpIX-TSLT, gas exchange and CBG. Nonetheless, only a small proportion of the variance (48) in mitoPO2, mito[image: image]O2 and mito[image: image]O2 could be explained by the independent variables (R[image: image] for all models <0.15, median: 0.07, Q1|3: 0.046 | 0.104). As described in the last paragraph, interindividual differences (modeled as random intercept) explained a much larger part of the variance (R[image: image], median: 0.56, Q1|3: 0.46 | 0.61).

In our study we chose a graded exercise protocol with a relatively long duration of each load level in order to achieve a steady state. It is known that this type of protocol is favorable for blood lactate determination (49) but no so valuable for the identification of ventilatory thresholds (50). Nonetheless, it was shown in several studies that the determination of ventilatory thresholds is also feasible, when an incremental test design with steps of longer duration is used (32, 51).

Although a mitochondrial threshold was identified in the majority of subjects, its exact timing depended on the smoothing algorithm and might have been influenced by outlier values. Furthermore, mitoPO2 single measurements might have been influenced to some degree by the intermediate dynamic measurements (e.g., rebound effect after reoxygenation). The measurements should be repeated using different protocols, e.g., ramp vs. stepwise protocol or shortened duration of workload levels, in order to create a more continuous rise in power output intensity. Furthermore, mitoPO2 single measurements should not be interrupted by dynamic measurements. The simultaneous use of a second COMET system might be a reasonable alternative.

In our study population [image: image]O2max on average was lower than mostly reported in the literature (see Supplementary Table 5). E.g., according to Heyward, a relative [image: image]O2max of 42–45 ml/kg/min in 20 to 29-year-old men compares to a just moderate fitness level (52). In line with this, physically active students reached a [image: image]O2max of about 49 ml/kg/min in a study of Boone et al. (53). In contrast, Zoll et al. reported a [image: image]O2max of 36 ml/kg/min in physically active volunteers (54), which is more congruent with our findings. According to the recently in Germany executed population based Study of Health in Pomerania (SHIP) (55), which sought to implement reference values for CPET, the [image: image]O2max values of the participants in our study were above the 5th quantile of age-, sex-, and weight-adjusted expected values. The following mechanisms and conditions might have affected [image: image]O2max: We did not ask the participants to refrain from exercise for 48 h prior to the test, nor did we give dietary instructions. The time of day varied among the tests. All three aspects are known to influence gas exchange parameters (14, 56). In addition, the relatively long duration of the test and also of the single load increments as well as the type of protocol (graded increments vs. ramp) might have contributed to our diverging results (53, 56, 57). Another mechanism that might have had an impact on [image: image]O2max was the presence of light to moderate exercise induced arterial hypoxemia (EIAH) in 6 participants assessed by ScO2. This condition is found mainly in habitually active persons but also in athletes at a percentage of up to 50% and can negatively influence [image: image]O2max (58). However, our study set-up was designed as a pilot study to test gas exchange and metabolic variables against a novel technique for measuring mitoPO2. Thus, the absolute values of the mentioned variables were of minor importance.

Last but not least, the question remains how our findings can be put into the context of intensive care medicine and serious systemic disease such as sepsis. The mitochondrial threshold possibly indicates a breakpoint in mitochondrial performance. As such, the MT might well be a marker for the point of no return in the course of disease. It has already been shown that in planned procedures like, e.g., surgery, monitoring of mitoPO2 is feasible and more sensitive than classical parameters (8). In the case of sepsis however, this would require the possibility of early and continuous monitoring. This would necessitate a faster uptake of 5-ALA in cutaneous cells and a prolonged availability after a one-time-application. Pharmacologic modifications to the 5-ALA patch could solve the problem. If it is possible to overcome these difficulties, the technique might develop into a useful instrument for the timing of interventions in critical illness.




CONCLUSION

In this pilot study we demonstrated that PpIX-TSLT measurements of mitoPO2, mito[image: image]O2, and mito[image: image]O2 with the COMET device are feasible simultaneously with CPET. Furthermore, we showed that mitoPO2 and mito[image: image]O2 measured in skin are associated with gas exchange and CBG derived variables during exercise to exhaustion. Interestingly, we found a decline in mitoPO2 after a peak or plateau (MT), which occurred between VT1 and VT2 around LT2. Because aerobic energy production originates from mitochondria, this phenomenon might well be indicative of a breakpoint in performance and could pose a valuable instrument in performance diagnostics as well as in serious disease. As our study population comprised of only 14 subjects, the results will have to be validated in larger cohorts and future studies should aim to relate mitochondrial oxygen kinetics not only to parameters of high-performance sports but also to such of critical illness.
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Supplementary Figure 1. Smoothed course of mitochondrial oxygen partial pressure (mitoPO2) during cardiopulmonary exercise testing for every study subject. The gray dots indicate raw mitoPO2 values and the blue line indicates the fitted regression line using locally estimated scatterplot smoothing (LOESS, span = 0.75, degree = 2). The gray area depicts the 95% confidence interval. The individual mitochondrial threshold is marked with the black vertical line. It marks the maximum (ID 1, 2, 5, 6, 8, 9, 10, 11, 12, 15, 16) or local maximum (ID 3, 4, 13) of the fitted regression line.

Supplementary Tables 1–3. Detailed descriptive statistics on all variables of CPET, PpIX-TSLT measurements and capillary blood gas analyses and estimated marginal means and contrasts for selected variables of CPET, PpIX-TSLT measurements and blood gas analyses.

Supplementary Table 4. Coefficients of the regression models analyzing the association of variables of PpIX-TSLT measurement, CPET and capillary blood gas analyses.

Supplementary Table 5. Detailed description of the [image: image]O2max for all subjects.
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Variable Median Q
Age (years) 25,50 22,00
Weight (kg) 79.40 73.50
Height (m) 1.81 177
Level Maximum phase

n %
Baseline 0 o
50 (W) 0 o
100 (W) o 0
150 (W) 0 0
200 (W) 4 286
250 (W) 5 357
300 (W) 5 357

Qs n
30.00 14
84.68 14

1.88 14

Cumulative

n %

14 100.0

14 100.0

14 100.0

14 100.0

14 100.0

10 74

5 35.7
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Variable

LT

vT1

L2

VT2

MT

Statistic

Median
Qs
Qs
Median
Q
Qs
Median
Q
Qs
Median
@
Qs
Median
Q
Qs

Value

20
12
3.4

35
27
49

78
72
83

Power

wm]

116
95
134
11
a3
118
156
140
196
238
214
266
173
142
190

Time
[s]

406
274
463
365
266
428
639
538
877
1140
999
1290
752
573
857

[%]

40
35
43
37
35
40
56
52
61

83
82
88
60
49

70

Vo,
[Vmin]

1.13
0.87
1.26
1.09
0.94
1.22
1.40
125
1.87
216
2.06
2.41
1.7
1.24
1.83

VCo,
[Vmin]

1.07
0.78
1.16
1.00
0.83
1.10
1.37
1.27
1.91
226
217
285
1.64
1.19
1.95

In addition, variables of gas exchange and physiological data at the corresponding threshold s shown.
LT1/2: frst/secondlactate threshold (value in mmol/), VT1/2: first/second ventiatory threshold, MT: peak of mitochoncrial oxygen tension (mitoP Oz, value in mmkg), VO»: oxygen uptake,
VCOy: carbon dioxide output, RER: respiratory exchange ratio, HR: heart rate, RR: respiratory rate, PETOg: end-tidel oxygen tension, PETCO: end-tidal carbon dioxide tension. Medlen
values are printed in bold.

RER

0.91
0.88
0.93
0.89
0.87
0.92
0.99
0.95
1.02
1.06
1.02
1.10
0.99
0.95
1.07

HR
[/min]

110
94

123
104
98

17
136
120
140
162
164
174
143
119
164

RR
[/min]

20
17
22
17
15
19
19
17
22
23
22
25
24
20
26

PETO,

[mmHg]

96.35
95.00
98.88
96.46
93.17
98.61
98.66
97.04
100.49
100.30
97.09
101.35
99.79
97.71
100.66

PETCO,

[mmHg]

42,05
41.09
43.54
4294
40.24
44.74
43.50
42.08
46.09
46.94
44.08
48.46
44.43
41.95
45.38
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Parameter

HR (beats/min)

MAP (mmHg)

SV (ul)

CO (mUmin)

Cl (mUmin/g)

SVR (mmHg/mU/min)

Values are mean = SD.

Group

Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside

P < 0,05 vs. control group at corresponding temperatures.

7P < 0.05 vs. levosimendan group at corresponding temperatures.

Up - 0.05 vs. 37°Cgy within-group (Holm-Sidak method).

37°CaL

438 +27
435 + 34
449 £ 24
1151 £88
1184 £138
1163+ 126
186 + 19
192 + 16
182+ 13
80.41£6.5
83.09+5.8
81.47 £ 6.1
0.18 £0.02
0.19+0.02
0.1940.01
1.44 £017
1.43+0.20
1.42+0.14

30°Caw

312287
296 + 417
284 417
942 £17.17
815+ 12.5°
713£62%
129+ 277
180 + 33"
167 + 697
40.03 +8.1"
5224+ 4.8%
45.28 + 10.7%
0.09:£ 001
012+ 0017
0.10 +£0.027%
2.37 £0.26%
157 £0.26"
164031

37w

411439
428463
41726
808 + 13,57
86.7 & 10.37
606+ 1277
16+ 117
159+ 31
1314 8°
4722 39"
66.57 5,67
54.48 527
0.10%0,01%
0.15 £0.01™
0.12:£001°"
1.71£020%
1314018
127 £0.42"
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Parameter

Hb (g/dL)

Het (%)

8a0; (%)

PO, (kPa)

Ca0; (mg/dL)

Doz (mg/min)

Voz (mg/min)

pCO; (kPa)

Lactate (mmol/L)

BE (mmol)

HCO3 (mmol/L)

Values are mean + SD.
'P < 0.05 vs. control group at corresponding temperatures.
'P < 0.05 vs. levosimendan group at corresponding temperatures.

Group

Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan
Nitroprusside
Control
Levosimendan

Nitroprusside

P < 0,05 vs. 37°Cg, within-group (Holm-Sidak method).

37°CeL

12.56 + 0.96
1286+ 1.18
1218+ 0.71
38.63+2.93
39.50 +£3.53
37.37 £2.12
86.29 + 8.93
88.46 + 3.46
91.67 £2.98
9.77 £2.39
9.55+£1.01
12.16 £ 0.70
1471+ 1.61
15.49 & 1.89
15.16 £ 0.70
1,180 + 142
1,281+ 117
1,235 + 103

7.35+£0.03
7.36+£0.04
7.38+£0.02
5.01 £0.88
5.07 £0.26
4.52 £0.49
0.90 +0.51
0.87 +£0.51
0.863 £0.19
-4.60 +£2.31
-394+222
-4.93+1.45
20.44 4 1.52
21.02 + 1.87
20.53 % 1.01

30°Cry

14.69 + 026"
1429 + 036"
14.04 £0.32%
45.04 £ 0.74°
43.80 % 1.107
4313 097"
95.10 £ 0.77%
91.66 4 2.53
94.76 £ 0.56
17.38 4+ 1.41
1528 +2.38
17.614085
18.98 +0.39
17.92+0.79
18.25 +0.48
766 + 54°
935 + 517
820 + 687

7.22+003"
7.22+ 0017
7200027
501042
550022
550+ 017"
2.97 +0.287
3.01+0417
3984081
—11.80 £ 057"
—10.23 + 068"
—11.11 £067"
16.00 + 058"
15.82 + 0.46”
16.25 + 053"

37°Cry

13.27 £0.84°
13.01 +£0.88"
12.77 £0.62"
40.80 % 2.55%
39.99 +2.78%
39.20 4 1.85%
91.80 £4.17°
92.13:£3.71
9117 £4.28
12.22 + 2,647
11.12 £ 1.87%
1231 £0.78"
16.58 +0.74
1632+ 135
1588 £ 1.03
7845 & 89°
1083 + 817
866+ 11
465 40
586 + 109"
521+ 110"
7.30 £004%
7.33 008"
7.28+£008"
411 £056"
431 038"
4.63+034
3640847
3.26 +0.67"
410+ 0.52%
—10.16 + 196"
8414 1.12%
-9557 £ 1.07°
16.54 + 1.46"
17.80 £ 0.90%
16.72 £0.84"
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Concentration

(g/dl)
Hemospan® (MP4) 42

Oxyglobin® (PBH) 13.2
Blood

Plasma

COR, colloid osmotic pressure; Pso, pO at which blood is 50% saturated.

Viscosity
(cp)

25
18
42
12

CcoP
(mmHg)

55
40
20
20

#Polyethylene glycol-conjugated Hb, Sangart Inc., San Diego, CA.
bPolymerized bovine hemoglobin, Biopure Corp., Boston, MA.

Pso
(mmHg)

6
54
32
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Organ Parameters
dysfunction

Respiratory  PaO,/Fi0,

system ratio
Cardiovascular MAP
system (mmHg)
Renal Urea
function (mmol I-)
Liver AST/ALT
function ratio
Metabolism ~ Lactate
(mmol =)

o

2400

=75

<75

<1.7

<1.64

ROFA score

<400

66-75

7.5-21

1.7-25

1.64-3

2 3 4

<300 <200 <100

56-65 <55 -
>21 - .
>25 - -
3-4 45 >5

ROFA, Rat Organ Failure Assessment; MAR mean arterial pressure; ALT, alanine
aminotransferase; AST, aspartate aminotransferase.
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Parameter Group BL PS NV/HV30 NV/HV35 NV/HV40 NV/HV60 RT30 RT60
MAP [mmHg] c 60 + 4 * 68 x 5 64 x 5 B8 + 5 6 x 4 6+ 4 64 = 6 64 & 7
CH 88 x 2 * 61 x 5 * 49 £ 3 51 % 4 53 = 4 56 £ 5 * 71 £ 6 * 64 x 6
M8t x4 62 + 3 62 + 3 62 + 8 62 x 8 62 * 38 63 + 4 62 * 5
MH 63 * 6 # 6 x 3 * 48 x 2 50 x 6 51 x 6 56 £ 3 * T £ 5 * 6 x 6
HR [min="] cC 116 % 9 M7 £ 1 15 £ 1 M4 £ 11 14 £ 11 M4 £ 1 12 £ 11 100 £ 12
CH 17 x 8 15 = 6 17 £ 18 140 + 60 141 £ 61 120 £ 18 107 £ 6 107 £ 6
M 115 & 12 M3 £ 9 13 £ 9 M2 £ 10 12 £ 10 M2 £ 10 12 £ 9 109 £ 10
MH 116 = 7 14 = 5 15+ 12 187+ 60 138 £ 60 19 £ 1 105 = 5 107 £ 5
€O [mhkg=! min~) c 80 * 12 79 = 1 7 o+ 8 % ok 7 7% + 8 7 % 9
CH 82 x 10 * 8 x 17 * 46 x 2 58 x 8 81 x 10 * 8 = 10
M 79 % 13 78 x 12 7o 9 % & 9 76 x 9 7 & 10
MH 78 £ 9 * 77 + 8 * 45 x 7 52 x 5 * 79 x 9 * & + 10
DO, [mikg™!-min~"] [o] 12 £+ 8 12 + 38 1M1 £ 2 1M1 £ 2 11 £ 2 1M1 £ 2
OH 12 % 8 * 18 % 8 * 7 * 1 8 £ 1 2 & 2 ¢ 12 % 8
M 12 0+ 3 "o+ 3 nox 2 nox 2 nox 2 nox 2
MH 12 % 8 * 12 % 3 * 7 & 2 8 & 1 2 £ 3 ' 12 % 38
SVR[mmHg!-'min] G 25 % 5§ 27 % 6 28 % 5 28 % 65 28 x 6 27 % 5
CH 24 * 4 * 24 x 6 * 3 £ & B & 5 29 &£ 4 * 25 x 4
M 2 x 6 2 % 6 21 % 5 21 % 5 2 % 5 2 % 6
MH 26 * 5 * 27 x 65 * 3 £ 6 B & 6 0 x 5 * 27 = 4
SV [mi) c 2 % 5 2 % 5 2 % 5 2 % 4 2 % 4 2 % 4
CH 22 % 4 * 28 x 6 * 12 % 2 14 % 3 28 £ 3 * 24 = 4
M 2 x 6 2 % 6 21 % 5 21 % 6§ 2 % 5 2 % 6
MH 21 % 4 * 21 % 4 * 12 & 2 U 2 24 % 4 * 24 5

Systemic hemodynamic variebles of the experimental groups —mean arterial pressure (MAP), heart rate (HR), cardiac output (CO), systemic oxygen delivery (DO), systemic vasculr resistance (SVR) and stroke volume (SV). Deta are
presented as absolute values, mean 4 SD, n = 6, 'p < 0.05 vs. NV/HV30, 2-way ANOVA for repeated measurements followed by Dunnett’s post hoc test; #p < 0.05 vs. respective control group (vs. C for M, vs. CH for MH). 2-way
ANOVA for repeated measurements followed by Sidak post ho test. Due to occasionally missing values of heart rate, no statistical analysis was performed. BL, baseline; PS, preshock; NV/HV30/35/40/60 = 30/35/40/60 min atter
shock induction o the respective time control, RT30/60 = retransfusion.
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Parameter Group

SAT (%] [
CH
M
MH
pCO; [mmHg) c
CH
M
MH
pO; [mmHg) c
CH
M
MH
pH c
CH
M
MH
HCO; [mmol4~'] c
CH
M
MH
Hb [g-100 mi~"] [}
CH
M
MH
lactate [mmol-~'] c
CH
M
MH
BE [mmol~T] [
CH
M
MH

98.8
98.3
99.0
98.8
374
36.7
36.6
36.6
139.8
139.0
141.7
1432
7.38
7.38
7.38
7.38
213
21.0
211
211
111
109
10.7
109
09
09
1.0
0.8
-3.0
-3.0
-29
-29

HoH BB H KB H KK HH K KKK HEHEHRHEHRRRRRRERREE K

BL

1.0
1.1
08
1.0
25
26
26
24
11.0
142
83
1.2
0.08
0.03
0.02
0.08
07
06
08
07
1.1
Q¥
12
14
0.4
03
0.4
0.2
12
0.8
0.8
0.9

w

98.8
98.5
99.0
98.8
371
36.6
36.7
36.3
1432
1425
144.2
144.0
738
738
7.38
738
Brs
209
21.0
209
1.0
10.8
105
10.8
1.0
11
11
09
-29
-32
=31
=31

L L L L
»

[

09
09
08
1.0
ar
A
3.0
2.4
1.1
106
69
9.0
0.03
0.03
0.03
0.02
07
05
09
0.7
11
14
13
156
0.4
04
0.4
03
08
07
0.8
08

98.9
97.6
99.0
98.2
37.4
416
37.0
411
146.0
128.0
145.2
13156
7.38
7.31
7.38
7.32
213
20.2
21.0
20.4
109
108
10.5
1.0
11
14
12
12
-30
-49
=31
-46

NV/HV30

BoH W B KK OHH KK HH KKK KKK HHH KKK RERREE K

0.9
14
0.7
16
23
3.1
27
39
107
105
76
103
0.02
0.08
0.02
0.04
0.7
0.6
0.6
0.7
1.0
13
13
14
0.4
03
0.4
03
09
07
06
08

98.8
98.0
99.0
984
379
40.2
37.3
40.0
145.2
136.5
145.7
137.56
7.38
732
7.38
7.33
215

NV/HV60

L e L o L T

0.9
12
08
14
22
25
25
41
9.2
9.9
55
104
0.02
0.03
0.02
0.04
06
05
05
0.7
1.1
12
13
12
03
03
03
03
0.9
0.8
05
0.9

RT30

oW W OB KW KK OH KK H K KK KKK KK H KK HE KK KKK E R K

0.9
08
07
09
18
19
L)
24
1.3
109
6.2
89
0.03
0.02
0.02
0.03
06
06
04
0.8
12
12
13
13
03
03
03
02
1.0
08
05
1.0

#

989
98.6
99.0
98.8
388
36.8
378
37.3
144.9
149.2
147.8
148.2
737
737
7.37
737
217
20.4
214
20.7
108
104
10.4
10.6
09
10
1.1
08
-27
-38
-3.1
-35

RT60

oW W B KK KK OH W K H K KK KKK KK KKK HE KK KKK EE K

09
08
07
09
34
19
32
22
83
105
96
78
0.03
0.02
0.03
0.08
08
05
05
08
13
14
13
14
03
03
03
02
07
06
05
1.0

#.

Metabolic variables of the experimental groups —arteriel oxygen saturation (SAT), arterial carbon dioxide partal pressure (PaCOy), arterial oxygen partial pressure (PaO), pH, bicarbonate (HCOs), hemoglobin concentration (Hb), lactate
plasma concentration, and base excess (BE). Data are presented as absolute values, mean D, n = 6, "p < 0.05 vs. NV/HV30, 2-way ANOVA for repeated measurements followed by Dunnett's post hoc test; #p < 0.05 vs. respective
control group (vs. C for M, vs. CH for MH). 2-way ANOVA for repeated measurements followed by Sidak post hoc test. Due to occasionally missing values of lactate plasma concentration, no statistical analysis was performed. BL,

baseline; PS, preshock; NV/HV30/60 = 30/60 min after shock induction or the respective time control, RT30/60 = retransfusion.
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Parameter

gastric wHbO (%)

gastric pflow [aU)

gastric pvel [aU)

oral uHbO [%)

oral fiow [al]

oral pvel faU)

Group

C
CH
M
MH
C
CH
M
MH
C
CH
M
MH
C
CH
M
MH
C
CH
M
MH
C
CH
M
MH

@
el
7
81
120

118
17
16
15
18

84
169
159
172
186
29
26
31
29

@
-

L L o L U N T R T

RGeS Bo~Nvo s NN ERRBO o 0w

12
12

-

80
81

7
84

17
93
112
180
16
15
17
19
81

8
81

&

158
142
168
182
28
2
31

30

L L
*

W

88 romorondBEa R0 v e n

"
o5

5
13
1

79
51
76
50
122
69
106
83
16
14
16
15
81
48
81
47
167
54
168
67
28
e
31
19

NV/HV30

L L

79
56
7

17
76
119
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Microcirculatory variables of the experimental groups —gestric and oral mucosal hemoglobin oxygenation (1HbOy); gastric and oral mucosal microcirculatory perfusion (uflow) and perfusion velocity (wve). Data are presented as absolute
values, mean  SD, n = 6, *p < 0.05 vs. NV/HV30, 2-way ANOVA for repeated measurements followed by Dunnett's post hoc test; #p < 0.05 vs. respective control group (vs. C for M, vs. CH for MH). 2-way ANOVA for repeated

measurements followed by Sidak post hoc test. BL, baseline; PS, preshock; NV/HV30/35/40/60 = 30/35/40/60 min after shock induction or the respective time control, RT30/60

transfusion.
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Hemorrhage phase

T Median 2.5 11.92 33.25
p25; p75 1.97;2.43 9.7;13.4 27.75;38.1
T Median 2.69 1.8 387
p25; p75 22;,2.83 9.45; 129 28.25;36.78
T Median 291 1143 321
p25; p75 273,32 9.0; 12.4 26.9;35.2
Ts Median 3.11 11.04 314
p25; p75 277,35 9.02; 12.02 257,338
Median 3675 10.58 29.89
p25; p75 3.438,4.03 88;11.45 255,32.68
Ts Median 441 10.36 20.1
p25; p75 427,453 855,113 24.9;31.6
Ts Median 5.42" 10.41* 26.1°
p25; p75 465;6.05 8.28;10.85
Resuscitation phase
T Median 6.71" 8.66" 23.68"
p25; p75 588,73 7.43,10.48 209, 28.82
Ts Median 633" 7.99° 21.97*
p25; p75 563,70 7.05;1023 19.45; 27.97
To Median 54" 7.5 20.56°
p25; p75 5.13;6.1 658,968 1857262
Tio Median 4.65" 7.20* 18.8"
p25; p75 442554 66,898 1656;24.0
Ti Median 4.418" 69" 17.38*
p25; p75 39,4.85 585,82 15.43; 21,88
Tre Median 395 6.75" 16.87*
p25; p75 355,4.85 5.7,7.87 14.4;20.77

The table demonstrates the median values and the 25th and 75th percentiles.
*p < 0.05 vs. baseline values.
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arrest arrest
Enrolled 10 10 12
Excluded from final 1 3 5
examination
No retum of spontaneous - 1 2
ciroulation (ROSC)
ROSC with overall - 2 3
performance category
score =5
ROSC with overall - 7 7
performance category
score <5
14-day survival 9 7 I

?Rats died before the end of the experiment and were excluded from final examination.
From one animal only histological examinations and no biochemical analysis were
performed (see above).
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Neurological state Day 1 Day 14

Sham 6min CA® 8min CA Sham 6min CA 8min CA

OPC® 1 9 5 - 9 7 7
oPc2 - 2 7 - - -
oPC3 - - - - - -
oPc4 - - - - - -
OPC 5 (dead) - 2 3 - - -

NDS*® (OPC 1-4) 0+£0 5x2 18+4 00 0%0 1£2

4CA, cardiac arrest.

POPC, overallperformance category score (OPC 1 = normal; 2 = moderate disability. 3=
severe disabilty; 4 = comatose; 5 = dead; for details of calculating OPC see Table S2).
¢NDS, neurological deficit score (NDS 0% = normal; NDS 100% = dead; mean =+ SD; for
details of calculating NDS see Table S3).
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Fold change

34.6
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1.7
2.0
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0.7
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p value
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0.0006
0.0005
0.0592
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0.0859
0.0273
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0.0584
0.0203
0.0115
<0.00001
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Clinical parameters of animals subjected to THS and sham animals (control group) were collected 24 h upon THS. Biochemical blood parameters as lactate, base excess, and bicarbonate
(HCOy-) were determined at the end of shock. The mean values of THS and sham group, fold changes, and p value are displayed. Scorings (bold values) are described in the methods
section. Statistical analysis was performed using Welch’s t-test.
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ACA, cardiac arrest.

blbal, ionized calcium-binding adapter molecule 1 (microglia activation marker),
activation of.

“Glial fbrilary acidc protein; data are given as mean % SD. Details of the scoring
system yieldling median and interquartie ranges are described i the respective Materials
and Methods section. Significant differences were detected between sham animals and
animals subjected to CA for all markers (**p < 0.005 vs. sham), but not between 6 and
8min CA animals.





