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Introduction

In the immunology of sepsis microcirculatory and mitochondrial dysfunction in the gastrointestinal system are important contributors to mortality. Hydrogen sulfide (H2S) optimizes gastrointestinal oxygen supply and mitochondrial respiration predominantly via K(ATP)-channels. Therefore, we tested the hypothesis that sodium thiosulfate (STS), an inducer of endogenous H2S, improves intestinal and hepatic microcirculation and mitochondrial function via K(ATP)-channels in sepsis.



Methods

In 40 male Wistar rats colon ascendens stent peritonitis (CASP) surgery was performed to establish sepsis. Animals were randomized into 4 groups (1: STS 1 g • kg-1 i.p., 2: glibenclamide (GL) 5 mg • kg-1 i.p., 3: STS + GL, 4: vehicle (VE) i.p.). Treatment was given directly after CASP-surgery and 24 hours later. Microcirculatory oxygenation (µHBO2) and flow (µflow) of the colon and the liver were continuously recorded over 90 min using tissue reflectance spectrophotometry. Mitochondrial oxygen consumption in tissue homogenates was determined with respirometry. Statistic: two-way ANOVA + Dunnett´s and Tukey post - hoc test (microcirculation) and Kruskal-Wallis test + Dunn’s multiple comparison test (mitochondria). p < 0.05 was considered significant.



Results

STS increased µHbO2 (colon: 90 min: + 10.4 ± 18.3%; liver: 90 min: + 5.8 ± 9.1%; p < 0.05 vs. baseline). Furthermore, STS ameliorated µflow (colon: 60 min: + 51.9 ± 71.1 aU; liver: 90 min: + 22.5 ± 20.0 aU; p < 0.05 vs. baseline). In both organs, µHbO2 and µflow were significantly higher after STS compared to VE. The combination of STS and GL increased colonic µHbO2 and µflow (µHbO2 90 min: + 8.7 ± 11.5%; µflow: 90 min: + 41.8 ± 63.3 aU; p < 0.05 vs. baseline), with significantly higher values compared to VE. Liver µHbO2 and µflow did not change after STS and GL. GL alone did not change colonic or hepatic µHbO2 or µflow. Mitochondrial oxygen consumption and macrohemodynamic remained unaltered.



Conclusion

The beneficial effect of STS on intestinal and hepatic microcirculatory oxygenation in sepsis seems to be mediated by an increased microcirculatory perfusion and not by mitochondrial respiratory or macrohemodynamic changes. Furthermore, the effect of STS on hepatic but not on intestinal microcirculation seems to be K(ATP)-channel-dependent.
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Introduction

Sepsis and the consecutive multiorgan dysfunction syndrome (MODS) are still a major burden in critical care medicine (1). To prevent MODS, it is of increasing clinical interest to maintain gastrointestinal as well as liver microcirculatory and mitochondrial function and thereby ensure adequate organ performance (2, 3). Insufficient blood supply might lead to gastrointestinal barrier failure with translocation of bacteria and toxins in the blood and lymph system, hypoxic hepatitis and a dysfunctional immune response thereby increasing patients’ mortality (4, 5).

In this context, hydrogen sulfide (H2S), a gaseous mediator, gained growing attraction in the therapy of microcirculatory and mitochondrial organ dysfunction (6). For example, exogenous H2S increased intestinal blood flow, reduced mesenteric ischemia and preserved LPS-induced organ injury and death in experimental animal models (7, 8). Furthermore, H2S can maintain mitochondrial function in sepsis as well as in ischemia-reperfusion models and reduce oxygen-consumption to protect cellular integrity (6, 9, 10). Thereby, the vasoactive and the mitochondrial effect of H2S seems to be K(ATP)-channel-dependent (11–13).

However, administering gaseous H2S in a clinical setting remains difficult. A simple technique to elevate H2S-levels is the application of sodium thiosulfate (STS). STS increases endogenic H2S concentration via enzymes, especially under ischemic conditions (14, 15). Thereby, STS can be administered intravenously and in the experimental setting also intraperitoneally and is standardly used in humans to treat calciphylaxis, cyanide intoxication as well as in the prevention of ototoxicity during cisplatin treatment (16–18). However, recent experimental studies have also shown that STS preserves mitochondrial function in ischemic hearts and improves survival in endotoxic mice, mainly mediated due to H2S (8, 19). Nevertheless, data for the gastrointestinal effect of STS under septic conditions are missing and it remains unclear if this potential effect of STS is also K(ATP)-channel-dependent.

Therefore, we conducted this randomized, placebo-controlled, blinded trial in septic rats to evaluate the effects of STS and glibenclamide on the intestinal as well as hepatic microcirculation and mitochondrial function.



Materials and Methods

All parts of this study were performed in accordance with NIH guidelines for animal care and reported in accordance with the ARRIVE guidelines. Experiments started after approval from the local Animal Care and Use Committee (Landesamt für Natur, Umwelt und Verbraucherschutz, Recklinghausen, Germany, Az. Az. 84-02.04.2015.A538).


Surgical Induction of Sepsis

The animals were derived from the breeding facility of the Heinrich-Heine-University Duesseldorf. 48 male Wistar rats (320 - 380 g body weight) were randomly assigned to one of the 4 experimental groups (Figure 1). However, 8 animals died within 24 hours after induction of sepsis, so experiments were performed in 40 rats (n = 10). It is of note, that there was no statistically relevant difference between the groups concerning death within the first 24 hours. The experiments started at 8:00 a.m. in the research laboratory of the Heinrich-Heine-University Duesseldorf, Dept. of Anesthesiology. Colon ascendens stent peritonitis (CASP)-surgery was performed with two 16-gauge PVC to develop sepsis using an established protocol as described previously (20) (21). Our previous studies demonstrate this model to be adequate to induce moderate sepsis in contrast to irreversible septic shock models. Anesthesia was induced and maintained by sevoflurane (3.0-3.2 % end-expiratory concentration, FiO2 0.5) and buprenorphine (0.05 mg • kg-1, s.c.). A 2 cm-long median laparotomy was performed, the colon was located and penetrated 1 cm distal to the ileocecal valve with two 16-gauge PVC (Vasofix safety, B. Braun Melsungen AG, Melsungen, Germany). The inner needles were withdrawn, allowing constant fecal leakage into the abdominal cavity to develop abdominal sepsis. The intestine was carefully returned and the abdominal wall was closed. Afterwards, animals received vehicle (1.75 ml crystalloid fluid (Jonosteril Fresenius Kabi, Bad Homburg, Germany) and 1 ml DMSO (Dimethyl sulfoxide D8418, Sigma-Aldrich, Taufkirchen, Germany)), sodium thiosulfate (1.0 g • kg-1, i.p., sodium thiosulfate (in Jonosteril) 217263, Sigma-Aldrich, Taufkirchen, Germany) and glibenclamide (5 mg • kg-1, i.p. (in DMSO), glybenclamide G0639, Sigma-Aldrich, Taufkirchen, Germany) or both. The same treatment was applied 24 h after sepsis induction. The investigator was blinded to the treatment.




Figure 1 | Experimental protocol. Colon ascendens stent peritonitis (CASP)-surgery was carried out 24 h before the experiment. Intraperitoneally treatment with vehicle (VE), sodium thiosulfate (STS), glibenclamide (GL) or sodium thiosulfate + glibenclamide (STSGL) was carried out after CASP surgery and directly before the experiment.



After CASP-surgery, animals were kept individually in separate plastic cages at a 12-h light/dark cycle with free access to water and food under controlled temperature (24 ± 2°C) and humidity (50% ± 5%). Buprenorphine (0.05 mg • kg-1 s.c.) was applied at 8 h and 16 h after surgery. As described previously, animals were examined and scored every 6 h according to a defined protocol (Septic Rat Severity Score: SRSS) to determine the severity of sepsis and to monitor the animals with respect to their welfare (loss of body weight, appearance, spontaneous behavior, provoked behavior, breathing rate, expiratory breathing sound, abdominal palpation and condition of droppings) (22, 23). Animals with unjustifiable suffering equivalent to a scoring of more than 10 points were euthanized. The scoring of all animals was performed by the same investigator.



Assessment of the Microcirculation

24 h after induction of sepsis, the animals were anesthetized by pentobarbital sodium injection (60 mg • kg -1 body weight i.p.) and buprenorphine (0.05 mg • kg-1 s.c.). Animals were placed on a heating pad, tracheotomized and mechanically ventilated in a volume-controlled, pressure-limited mode (70 min -1, VT 1.6 – 2.0 ml, PAW < 17 cm • H2O, FiO2 = 0.3, Vent Elite, Harvard Apparatus GmbH, March-Hugstetten, Germany). During the experiment 120 µl blood were extracted intermittently (baseline, 45 min, 90 min) for blood gas analysis (BGA) (ABL 800 flex, Radiometer, Copenhagen, Denmark) to check for normocapnic ventilation (paCO2 target value 38 ± 5 mmHg), sufficient oxygenation (paO2 target value 120 – 150 mmHg) and lactate measurement. If the paCO2 or oxygenation target values were not achieved, ventilation or FiO2 were adjusted. To ensure continuous anesthesia, an external jugular vein catheter was established for continuous pentobarbital infusion (10 mg • kg−1 • h−1). Blood pressure and heart rate were measured in the left arteria carotis communis. A continuous infusion of crystalloid solution (4 ml • h-1) was applied via the arterial access for volume replacement and to prevent blood coagulation.

The animals were re-laparotomized and a flexible light guide probe (O2C LW 2222, Lea Medizintechnik GmbH, Gießen) was placed on the tunica serosa of the colon ascendens, 1 cm distal to the stent and on the left lobe of the rat liver. Microcirculatory oxygenation (µHBO2) and perfusion (µflow) were measured as previously described via reflectance spectrophotometry and laser Doppler flowmetry (20). White light (450-1000 nm) and laser light (820 nm, 30 mW) were transmitted to the tissue (colonic wall and liver parenchyma) via a micro-light guide with a penetration depth of 0.7 mm and the reflected light was analyzed. The wavelength-dependent and overall absorption of the applied white light is used to calculate the percentage of oxygenated hemoglobin in the microcirculation (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 (µvelo) of these cells. This product is proportional to flow (µflow) and expressed in arbitrary perfusion units (aU). Hence, this method allows the assessment and comparison of oxygenation and perfusion of the examined region at the same time. Only the microcirculation is measured as light entering vessels bigger than 100 µm is completely absorbed. The biggest fraction of the blood volume is stored in venous vessels (85%), so predominantly postcapillary oxygenation respectively mixed liver blood are measured, which represents the critical partial pressure of oxygen (pO2) for hypoxia (24). Online evaluation of the signal quality throughout the experiments allows verification of the correct position of the probe tip. The μHbO2 and the µflow values reported are the means of the last 5 min every 30 min, beginning at baseline (Figure 1).

Thus, 4 different groups of septic animals were analyzed: animals with vehicle-infusion (VE), animals with sodium thiosulfate pretreatment (STS), animals with glibenclamide pretreatment (GL), animals with sodium thiosulfate and glibenclamide pretreatment (STSGL) (Figure 1). At the end of the experiments, the animals were euthanized by exsanguination under deep anesthesia and liver and colon tissue samples were harvested.



Preparation of Liver and Colon Homogenates

Liver and colon homogenates were prepared as described previously (23, 25, 26). Briefly, liver tissue was placed in 4°C cold isolation buffer, minced into 2-3 mm3 pieces, rinsed twice in isolation buffer to remove traces of blood and homogenized (Potter-Elvehjem, 5 strokes, 2000 rpm).

Freshly harvested colon was squeezed out to remove faces, then placed in 4°C cold isolation buffer, quickly longitudinally opened and dried softly with a cotton compress. After treatment with trypsin for 5 minutes on ice, tissue was placed in 4°C isolation buffer containing 20 mg/ml 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, 2000 rpm).

Protein concentration in the tissue homogenates was determined using the Lowry method with bovine serum albumin as a standard (27).



Measurement of Mitochondrial Respiratory Rates

For measurement of the mitochondrial oxygen consumption, the oxygen uptake rate was measured at 30°C using a Clark-type electrode (model 782, Strathkelvin instruments, Glasgow, Scotland) as described before (22, 25, 26). 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 mg/ml or 6 mg/ml for liver and colon, respectively.

Mitochondrial state 2 respiration was recorded in the presence of either complex I substrates glutamate and malate (both 2.5 mM, G-M) or complex II substrate succinate (10 mM for liver, 5 mM for colon, S).

The maximal mitochondrial respiration in state 3 was measured after addition of ADP (250 µM for liver, 50 µM for colon). The respiratory control index (RCI) was calculated (state 3/state 2) to define the coupling between the electron transport system and oxidative phosphorylation. To reflect the efficacy of oxidative phosphorylation, the ADP/O ratio was calculated from the amount of ADP added and O2-consumption. The average oxygen consumption was calculated as mean from 3 technical replicates.

The solubility of oxygen was assumed to be 223 μmol O2 • l-1 at 30°C according to the Strathkelvin instruments manual. Respiration rates were expressed as nmol/min/mg protein.

Mitochondria were checked for leakage by addition of 2.5 µM cytochrome c and 0.05 µg/ml oligomycin. Absence of an increase in flux after addition of cytochrome c indicated integrity of the mitochondrial outer membrane. When ATP synthesis was inhibited by oligomycin, the mitochondria were transferred to the state 2, which reflects the respiration rate compensating the proton leak. These results indicate that the inner membrane is intact, and mitochondria were not damaged through the preparation procedure.



Statistical Analysis

To calculate the appropriate sample size an a priori power analysis (G*Power Version 3.1.7, University of Dusseldorf, Germany) was performed. With n = 10 animals per group at a given α ≤ 0.05 (two-tailed) and an expected mean difference in μHbO2 of at least 20% (percentage points) with an expected standard deviation of 10 – 15% (based on previous studies) a power of 84.5% resulted.

Normal distribution of data was assessed and confirmed in Q-Q- plots (IBM SPSS Statistics, International Business Machine Corp., Armonk, New York, USA) for microcirculatory data and in Kolmogorov/Smirnov test for mitochondrial results. Microcirculatory data were analyzed with a two-way ANOVA for repeated measures, followed by Dunnett´s post - hoc test for differences versus baseline, and Tukey post-hoc test for differences between groups. For mitochondrial data we used a Kruskal-Wallis test for non-parametric data followed by Dunn’s multiple comparison test (GraphPad software v 6.0, Int., La Jolla, USA). Data are presented as means ± SD for parametric data and as medians, interquartile range (IQR), minimum and maximum for non-parametric data. p < 0.05 was considered significant.

Wherever delta values are presented, the absolute baseline value was subtracted from the absolute value at the respective observation points to individualize the data to each rat’s baseline.




Results

Table 1 and Figures 2, 3 summarize the effects of intraperitoneal sodium thiosulfate injection as well as glibenclamide on systemic hemodynamics as well as colonic and liver microcirculation in sepsis. Furthermore, Figures 4, 5 summarize the effect on mitochondria.


Table 1 | Physiological data and SRSS.






Figure 2 | Intestinal microcirculation in septic animals. Effect of sodium thiosulfate (STS), glibenclamide (GL), sodium thiosulfate + glibenclamide (STSGL) or vehicle (VE) on (A) colonic microcirculatory oxygenation (µHBO2) and (B) colonic microcirculatory flow (µflow). Δ µHBO2 [%] and Δ µflow [aU] over time calculated to baseline (means ± SD). # = p < 0.05 versus baseline (Two-way ANOVA followed by Dunnett´s post - hoc test)  ⎴ between groups (Two-way ANOVA followed by Tukey post – hoc test); n = 10.






Figure 3 | Hepatic microcirculation in septic animals. Effect of sodium thiosulfate (STS), glibenclamide (GL), sodium thiosulfate + glibenclamide (STSGL) or vehicle (VE) on (A) hepatic microcirculatory oxygenation (µHBO2) and (B) hepatic microcirculatory flow (µflow). Δ µHBO2 [%] and Δ µflow [aU] over time calculated to baseline (means ± SD). # = p < 0.05 versus baseline (Two-way ANOVA followed by Dunnett´s post - hoc test) ⎴ between groups (Two-way ANOVA followed by Tukey post – hoc test); n = 10.






Figure 4 | Intestinal mitochondrial function in septic animals. Effect of sodium thiosulfate (STS), glibenclamide (GL) and sodium thiosulfate/glibenclamide (STSGL) compared to control (vehicle: VE) on mitochondrial function of colonic tissue homogenates from septic rats: respiratory control index (RCI) for complex I (A) and complex II (C) and ADP/ratio for complex I (B) and complex II (D). Data are presented as Box-Whisker-Plots presenting median, interquartile range, minimum and maximum value, n=10,.






Figure 5 | Hepatic mitochondrial function in septic animals. Effect of sodium thiosulfate (STS), glibenclamide (GL) and sodium thiosulfate/glibenclamide(STSGL) compared to control (vehicle: VE) on mitochondrial function of hepatic tissue homogenates from septic rats: respiratory control index (RCI) for complex I (A) and complex II (C) and ADP/ratio for complex I (B) and complex II (D). Data are presented as Box-Whisker-Plots presenting median, interquartile range, minimum and maximum value, n=10,.



24 h after CASP-surgery, baseline values as well as SRSS scores did not differ significantly between the groups (Table 1).


Effect of Intraperitoneal Sodium Thiosulfate on Microcirculation in Septic Animals (STS)

STS increased colonic µHbO2 compared to baseline (60 min: + 9.6 ± 10.5%, 90 min: + 10.4 ± 18.3%; p < 0.05 vs. baseline). Colonic µHbO2 with STS injection was significantly higher compared to septic animals with vehicle (VE) and glibenclamide (GL) injection (Figure 2). Furthermore, sodium thiosulfate ameliorated colonic µflow compared to baseline (60 min: + 51.9 ± 71.1 aU; p < 0.05 vs. baseline) and also compared to septic animals with vehicle (VE) and glibenclamide (GL) injection (Figure 2).

Sodium thiosulfate enhanced hepatic µHbO2 compared to baseline (30 min: + 5.5 ± 10.1%, 90 min: + 5.8 ± 9.1%; p < 0.05 vs. baseline) as well as compared to septic animals with vehicle (VE) and glibenclamide (GL) injection (Figure 3). Hepatic µflow was increased due to sodium thiosulfate compared to baseline (60 min: + 17.8 ± 14.1 aU, 90 min: + 22.5 ± 20.0 aU; p < 0.05 vs. baseline) and significantly increased compared to all other groups (STS vs. VE; GL; STSGL) (Figure 3).

MAP, HR and lactate remained unchanged in septic animals after sodium thiosulfate injection. There was also no significant change between groups (Table 1).



Effect of Intraperitoneal Sodium Thiosulfate and Glibenclamide on Microcirculation in Septic Animals (STSGL)

The combination of sodium thiosulfate and glibenclamide increased colonic µHbO2 compared to baseline (60 min: + 7.6 ± 12.0%, 90 min: + 8.7 ± 11.5%; p < 0.05 vs. baseline) and µHbO2 was significantly higher compared to septic animals with vehicle (VE) and glibenclamide (GL) injection (Figure 2). Besides, sodium thiosulfate in combination with glibenclamide increased colonic µflow compared to baseline (60 min: + 35.2 ± 62.6 aU, 90 min: + 41.8 ± 63.3 aU; p < 0.05 vs. baseline) and also compared to septic animals with vehicle (VE) (Figure 2).

In contrast to colonic microcirculation, hepatic µHbO and µflow did not change after the combined application of sodium thiosulfate and glibenclamide compared to baseline (Figure 3). Likewise, there were no significant changes of hepatic µflow compared to baseline (Figure 3).

MAP, HR and lactate remained unchanged in septic animals with sodium thiosulfate and glibenclamide injection. There was also no significant change between groups (Table 1).



Effect of Intraperitoneal Glibenclamide on Microcirculation in Septic Animals (GL)

Glibenclamide did not change colonic and hepatic µHbO2 compared to baseline (Figures 2, 3). In addition, there were no significant changes of colonic or hepatic µflow compared to baseline (Figures 2, 3).

MAP, HR and lactate remained unchanged after glibenclamide injection (Table 1).



Effect of Vehicle on Microcirculation in Septic Animals (VE)

In septic animals with vehicle injection there were no significant changes of colonic µHbO2 compared to baseline, whereas hepatic µHbO2 declined (60 min: - 8.7 ± 13.5%; 90 min: - 9.1 ± 12.3%; p < 0.05 vs. baseline) (Figures 2, 3). Colonic as well as hepatic µflow remained unaltered over the observation period of 90 min (Figures 2, 3).

MAP, HR and lactate remained unchanged in septic animals with vehicle injection (Table 1).



Effect of Intraperitoneal Sodium Thiosulfate and Glibenclamide on Mitochondrial Function in Septic Animals

None of the used substances (applied alone or in combination) affected mitochondrial respiration. There were no statistical differences between control and treated groups regarding RCI and ADP/O ratio after stimulation of the respiratory chain through complex I and II in colonic (Figure 4) and hepatic (Figure 5) mitochondria.




Discussion

This study was carried out to evaluate the effect of STS without and with blockade of K(ATP)-channels using glibenclamide on intestinal as well as hepatic microcirculation and mitochondrial function under septic conditions. The main results are:

	i) STS ameliorates intestinal microcirculatory oxygenation in septic animals mainly due to improved microcirculatory blood supply. This effect is independent of K(ATP)-channels.

	ii) STS also enhances hepatic microcirculatory oxygenation due to improved microcirculatory blood supply. This enhancement seems to be K(ATP)-channel-dependent.

	iii) The impact of STS on the intestinal as well as hepatic microcirculation is not mediated by changes in macrohemodynamic variables.

	iv) STS does not change mitochondrial function in the intestine and the liver in septic animals.



To investigate the effect of STS and a possible involvement of K(ATP)-channels in septic animals, we used the CASP-model. This well-established experimental sepsis model is one of the closest models to imitate human sepsis with abdominal focus (21). The observed mortality rate of 17% in this study and the SRSS scores are similar to own previous reports and reflect the moderate severity of our sepsis model (20, 21). However, it is of note that animals did not suffer from hypotension or elevated lactate levels as one would expect in septic shock. Thereby, the moderate sepsis model allows to start a therapeutic approach before the development of septic shock and in this way to investigate the early sepsis-induced microcirculatory alterations of the gastrointestinal system (21, 28). Besides, it is of note that an important limitation of the current study is that there is no control group to estimate how severe the sepsis-induced microcirculatory changes are compared to sham operated animals. However, as stated above, the animals showed clear signs of infection: visible peritonitis, SRSS, mortality rate, significantly higher cytokine plasma levels and leucocyte counts compared to sham (as shown in previous studies with the same sepsis model (20, 21). Furthermore, we have already shown in a previous study that induction of a milder sepsis (CASP operation with one 18G-stent) led to a significant deterioration of intestinal microcirculatory oxygenation compared to sham operated animals. Thus, factors such as surgical trauma and related inflammation, impact of the anesthetics etc. can be ruled out (20). Therefore and also to be in accordance with the 3 R tenet of the ARRIVE guidelines we have decided against a control group.

Sepsis induced microcirculatory alterations of the colon and the liver were analyzed via reflectance spectrophotometry and laser doppler to simultaneously assess oxygenation and flow (20). This method has been validated in various tissues and is used in different experimental and clinical studies (20, 24, 29–32). Especially under septic conditions reflectance spectrophotometry and laser doppler are valuable analyzing tools, as they measure mainly the postcapillary area and changes in this area correlate with outcome in septic patients (33, 34). It is important to acknowledge that the O2C signal averages the whole catchment area and does not provide spatial resolution. This technique is therefore limited in assessment of capillary density or heterogeneity of blood flow. However, an experimental sepsis study could show that amelioration of intestinal oxygenation improves intestinal barrier function and reduces mucosal cell death as indirect outcome parameters, which further underlines the diagnostic relevance of this technique (35).

We decided to assess mitochondrial respiration in tissue homogenates rather than in isolated mitochondria in order to avoid the disadvantages of the isolating procedure (36, 37). Furthermore, to exclude a potential mitochondrial damage due to the preparation procedure, we verified the integrity of the mitochondrial inner and outer membranes.

The dosage of STS used in this study is adapted from the literature (8). Tokuda et al. observed after 2.0 g • kg-1 STS i.p. a significantly improved survival rate of septic mice. In their study STS was given after sepsis induction. We applied a dosage of 1.0 g • kg-1 STS i.p. at two time points, immediately after sepsis induction and after 24 hours, to include an immediate effect of STS on gastrointestinal microcirculation. Furthermore, we used glibenclamide to investigate if the STS effect is K(ATP)-channel-dependent. Glibenclamide is widely and successfully used as a K(ATP)-channel-blocker in the literature (13, 38–40).

With this study design, we could demonstrate that STS ameliorates intestinal as well as hepatic microcirculatory oxygenation in sepsis. µHbO2 in the colon and the liver was significantly higher with STS compared to vehicle treated animals. This improvement of microcirculatory oxygenation seems to be mediated by enhanced microcirculatory perfusion and thereby higher oxygen supply. µflow was also significantly improved in animals treated with STS. Studies concerning the effects of STS on microcirculation are sparse. However, our results are in line with an experimental study of Pihan et al., where STS prevented acute gastrointestinal injury induced by ethanol through maintained microcirculatory flow (41). Furthermore, our results are supported by several studies using H2S. As stated above, a possible mechanism of action of STS is the elevation of endogenous H2S-levels, especially under ischemic conditions (14, 15). H2S improved gastrointestinal microcirculatory perfusion in an ischemia-reperfusion model and furthermore in an experimental sepsis model (7, 42). To date, the microcirculatory mechanism of action of STS, respectively H2S, remains unclear. We have demonstrated that improved microcirculation by STS does not seem to be mediated through changes in macrohemodynamic variables. Heart rate and global perfusion pressure remained constant in this study. However, we did not examine further perfusion parameters like cardiac output. However, Volpato et al. demonstrated in their echocardiography study that H2S rather leads to reduced cardiac output. Thus, macrohemodynamic changes do not seem to contribute to the observed protective effect of STS (43). Instead, direct local mechanisms of STS and H2S might be the reason for increased microcirculatory flow (9, 14, 44).

In this context one main local mechanism of H2S seems to be the activation of K(ATP)-channels in the microcirculation inducing vasorelaxation (11, 44). We used glibenclamide, a K(ATP)-channel-blocker, to examine a potential role of activation of K(ATP)-channels. We observed tissue-specific effects. Glibenclamide abolished the protective effect of STS in the hepatic microcirculation. In contrast, the effect of STS in the intestinal microcirculation was unaffected by glibenclamide and thus, seems to be independent of K(ATP)-channel activation.

The results in the hepatic microcirculation are in line with the literature regarding H2S. H2S induces a vasorelaxant effect in the hepatic vascular bed, predominantly in presinusoidal vessels, via K(ATP)-channels, thus, increasing microcirculatory flow (45–47). However, studies relating to the mechanism of action of STS and H2S in the intestinal microcirculation are sparse. Regarding our results, K(ATP)-channels do not seem to be a major effector for the amelioration of colonic microcirculatory flow and oxygenation in the context of sepsis. Direct vasodilatory effects of STS and H2S via eNOS or local receptors like oxytocin receptors might play a role in this context (48, 49). Therefore, further studies are needed to elucidate the exact mechanisms of the microcirculatory effect of STS in the vascular bed of the gastrointestinal tract.

It remains unclear how long the effect of STS in the gastrointestinal microcirculation persists. We observed a profound microcirculatory effect starting at 30 – 60 min after the second injection and lasting until the end of the experiment. Hence, we could show that the effect of STS is lasting for at least 60 min. Furthermore, it remains unclear if the amelioration of gastrointestinal microcirculation due to STS protects against intestinal barrier dysfunction and liver failure in sepsis, as suspected in the literature (35). Therefore, further studies are needed, to investigate the duration of the STS effect and the impact of the microcirculatory changes on gastrointestinal barrier and overall survival in sepsis.

To investigate if the improved microcirculatory oxygenation is only mediated by enhanced microcirculatory flow or if also an optimized mitochondrial function might play a role, we studied colonic and hepatic mitochondrial respiration. Here, we didn’t observe any effect of STS application on colonic and hepatic mitochondrial respiration. Concerning the effect of STS, respectively H2S, on mitochondrial function it is known, that low concentrations of H2S (0.1 – 1 µM) stimulate mitochondrial oxygen consumption in most organs, while higher concentrations (3 – 30 µM) show an inhibitory effect (50). High sulfide oxidation flux can limit the pool of oxidized coenzyme Q (CoQ), which accepts electrons from complex I and II and inhibit complex IV (51). Unlike many other tissues, the colonic cells are exposed to high levels of H2S derived from intestinal microbial metabolism, reaching concentrations of 0.2 – 2.4 mM, depending on the part of the gut (52). In the colon, in in vitro experiments with permeabilized cells, concentrations of H2S up to 20 µM stimulate mitochondrial respiration, while these concentrations are toxic to other tissues (52, 53). The adaptive mechanisms used by the colonic epithelium to compensate for the exposure to potentially harmful luminal H2S concentrations are largely unknown (53). One of the possible mechanisms could be the sulfide oxidation involving the activity of the sulfide quinone reductase (SQR) activity (10).

In our study, we have not observed any effects of STS on mitochondrial respiration. Our results are in line with those of Datzmann et al., who could not show any changes in mitochondrial respiration in brain, heart, kidney or liver after hemorrhagic shock in swine either (54). The impact of hydrogen sulfide on mitochondrial function is known to be reversible. The reversion characteristics like intensity and kinetics are strongly concentration dependent (10). We have not assessed the tissue concentrations of STS and H2S. The data from the literature about endogenous tissue concentration of H2S are discordant, showing micromolar or nanomolar range and great differences between tissues and species (55–57). Moreover, the accumulation of H2S after exogenous application is also highly tissue specific. The increase in H2S levels after a subcutaneous application of 60 µg · g-1 sodium hydrosulfide in mice accounted for about 50% in kidney and brain, but only 18% in liver (57). If tissue concentrations of H2S after intraperitoneal administration of STS are comparable with those after subcutaneous application of sodium hydrosulfide, is not clear. Thus, it remains speculative if in our experimental setting we reached the effective level of H2S for affecting the respiratory chain, especially in the colon, where significantly higher concentrations of H2S are needed to affect the mitochondrial respiration. Concerning the hepatic mitochondria, another mechanism underlying the lack of changes in mitochondrial respiration is conceivable. We could show that moderate sepsis, as induced by the CASP model, increased mitochondrial respiration in the liver (23). This could depict an adaptative adjustment of the cellular metabolism to preserve the ATP production by impaired oxygen supply under septic conditions. If the adaptive mechanisms are saturated, no further increase in mitochondrial respiration, also under H2S, is achievable. Therefore, our results show that the ameliorated microcirculatory oxygenation seems only to be caused by increased oxygen supply and not by changes in mitochondrial respiration.

It is important to note that we studied the role of sodium thiosulfate in a rodent model of sepsis and not in human sepsis, so these data and their clinical impact should be interpreted with care. Nevertheless, our CASP model is one of the closest experimental models to imitate anastomosis failure with consecutive abdominal sepsis. Therefore, our results highlight the potential of sodium thiosulfate in sepsis to protect the intestinal as well as hepatic microcirculation and thus even preventing the vicious circle with intestinal ischemia, translocating bacteria (and toxins) and aggravation of sepsis. However, it is of note that this study has not examined if the enhanced intestinal and hepatic microcirculation due to STS leads to histological improvement, e.g. tight junction performance or cell death. The study focuses on microcirculatory and mitochondrial measurements, based on recent data suggesting that even mild changes in regional oxygenation, which most likely do not lead to visible organ damage have an impact on intestinal barrier function, as shown in a canine model (58). In this setting, i.e. in sepsis before visible tissue damage occurs, there is an opportunity for therapy in the clinical setting, whereas once the tissue is obviously damaged, interventional therapy might be too late (33). Nevertheless, further studies have to be performed to elucidate if STS can also protect organ function in sepsis.



Conclusion

This randomized, placebo-controlled, blinded animal trial demonstrated that intraperitoneally applied sodium thiosulfate improves intestinal as well as hepatic microcirculatory oxygenation in sepsis. This protective effect seems to be mediated by an increased microcirculatory perfusion and thereby increased oxygen supply and not by changes in mitochondrial respiration or macrohemodynamic variables. We could demonstrate that the intestinal effect of sodium thiosulfate seems to be K(ATP)-channel-independent, whereas the hepatic effect seems to be K(ATP)-channel-dependent. This study reveals a potential new therapy for the compromised gastrointestinal microcirculation during sepsis. Hence, clinical trials have to be performed to investigate the effect of sodium thiosulfate in septic patients.
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