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APPENDIX METHODS 
Chemicals. Antimycin A, glucose, potassium cyanide (KCN) and succinate were purchased 

from Sigma-Aldrich.  
 

Preparation of Liver slices.  Liver pieces from rats were prepared as previously described1. 
Ten pieces (about 0.25 × 1 mm (mass= 2.5–3.5 mg per piece)) were loaded into each tissue 
perifusion chamber without succinate, or four pieces for chambers with succinate for each analysis.  
After the end of each experiment, liver samples were weighed, and OCR measurements were 
normalized to this mass. Liver pieces had no Cytodex bead layering, but otherwise had the same 
loading procedure as described for retina chambers, the same supplemented KRB was 
continuously flowed at a rate of about 95 uL/min after initially loading the tissue at 30 uL/min.  
Procedures were approved by the University of Washington Institutional Animal Care and Use 
Committee. 
 
APPENDIX RESULTS 
   

Effect of NaHS on glucose-stimulated ISR by isolated rat islets.  To test the ability of NaHS to 
emulate the of H2S, islets in the flow culture system at incrementally increasing concentrations of 
NaHS.  No effect was seen at concentration below 10 µM (APPENDIX Fig. 1A), a range that H2S 
had both stimulatory and inhibitory effects on ISR.  At higher concentrations, NaHS inhibited ISR 
where the IC50 was about 30 µM and each concentration change reached a new steady state within 
10-15 minutes. 

 
Effect of H2S on liver in the presence and absence of a mitochondrial fuel (succinate).  To test 

the ability of our system to measure the effects of H2S, rat liver pieces were placed into the 
perfusion chambers and exposed to steadily increasing concentrations of dissolved H2S.  The first 
effects observed in response to changes in H2S were the increased production rates of lactate and 
pyruvate (APPENDIX Fig. 2A).  About 30 minutes following the start of the ramp increase in H2S, 
OCR, reduced cytochrome c and cytochrome c oxidase all decreased very precipitously for about 
20 minutes, followed by a sudden increase until H2S was purged from the system (APPENDIX 
Fig. 2A). During the post-H2S phase, all three of these parameters remained low.  After a second 
introduction of H2S, OCR, reduced cytochrome c and cytochrome c oxidase all increased about 30 
minutes following the start of the ramp.  These waveforms suggest multiple points of action by 
H2S and is consistent with a scenario where H2S can irreversibly inhibit complex 1 or a step 
upstream from complex 1 (consistent with decreased cytochromes and OCR), but also can supply 
electrons directly to cytochrome c when the level of H2S reaches higher concentrations. 

In the presence of a fuel that enters at complex 2 (succinate), OCR, reduced cytochrome c and 
reduced cytochrome c oxidase all increased (APPENDIX Fig. 2B).  Under these conditions, H2S 
decreased OCR and cytochrome c reduction, but increased cytochrome c oxidase reduction, 
suggesting that H2S was inhibiting both at complex 1 and 4.  In contrast to the experiments done 
in the absence of succinate, post-H2S metabolism was only slightly different than pre-H2S energy 
state reflecting the continued supply of electrons to the ETC when complex 1 is still inhibited, 
while complex 4 inhibition by H2S seemed to be reversible.  Following washout of both H2S and 
succinate, reducing power in the mitochondria fell to near 0, as would be expected in the absence 
of complex 1 activity.   
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APPENDIX DISCUSSION 

Contrasting effect of H2S and NaHS on ISR in the perifusion system.  The assumption made in 
most studies of H2S, is that NaHS or Na2S would rapidly equilibrate with the protonated form of 
the acid.  Whether NaHS or H2S is added to the solution, the same amount of H2S would be present 
in solution after a short equilibration time.   That H2S stimulated ISR and NaHS did not is therefore 
hard to explain.  One factor to consider is that as the buffer traversed the lung, a significant 
proportion of the H2S is depleted from the solution as it diffuses into the gas in the head space 
around the gas-permeable tubing in the gas equilibration system.  This would likely be the case in 
the static conditions that ISR assays are commonly carried out.  Nonetheless, one would reason 
that as NaHS is increased, eventually the dissolved H2S would reach an amount that would 
stimulate ISR.  We have no explanation for why this did not occur, but possibly as HS- gets high 
enough it can inhibit ISR. So, despite the fact that we cannot explain the lack of stimulatory effect 
of NaHS, it does support that when investigating the physiological effects of H2S, dissolved H2S 
should be used and calls into question the use of H2S donor molecules.    

 
Control and effects of H2S on liver.  To illustrate its use, we exposed liver to H2S, an established 

cell signal with multiple effects and mechanisms of action.  Both reported mechanisms of action 
of H2S in the ETC were observed in this study: inhibition of cytochrome c oxidase 2 and direct 
transfer of electrons to cytochrome c 3.   

As the concentration of dissolved H2S increased, reduced cytochrome c, reduced cytochrome 
c oxidase and OCR all decreased reflecting indicating inhibition of step(s) upstream of complex 1 
(which appeared irreversible), and subsequently all three parameters increased consistent with 
donation of electrons directly from H2S.  In the presence of a mitochondrial fuel entering at 
complex 2 (succinate), H2S caused a decrease in reduced cytochrome c and OCR, while increasing 
reduced cytochrome c oxidase consistent with the simultaneous inhibition of complex 1 and 4.  
This analysis highlights the benefit of measuring reductive states of cytochromes concomitantly 
with OCR: interpreting observed changes in OCR in terms of the mechanisms mediating the 
changes is not possible with OCR measurements alone.  The factors mediating the changes in OCR 
is distinguished by concomitant measurement of both electron pool sizes in the ETC (cytochromes) 
and flux of electrons (OCR).  Overall, the method was able to characterize complex and multiple 
effects of H2S on the ETC.   
 
APPENDIX REFERENCES 
 
1. Rountree, A. et al. BaroFuse, a novel pressure-driven, adjustable-throughput perfusion 

system for tissue maintenance and assessment. Heliyon 2, e00210 (2016). 
2. Khan, A.A. et al. Effects of hydrogen sulfide exposure on lung mitochondrial respiratory 

chain enzymes in rats. Toxicol Appl Pharmacol 103, 482-490 (1990). 
3. Vitvitsky, V. et al. Cytochrome c Reduction by H2S Potentiates Sulfide Signaling. ACS 

Chem Biol 13, 2300-2307 (2018). 
 
APPENDIX FIGURE LEGENDS 
 
APPENDIX Fig. 1. Effect of NaHS on ISR by islets.  Rat islets (50/channel) were perifused 
(flow rate = 200 uL/min), and ISR was measured in response to glucose and exposure to 
incrementally increasing concentrations of aqueous NaHS as indicated.   Data is average +/- SE, 
n =2.    
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APPENDIX Fig. 2.  Effect of H2S on ETC and lactate/pyruvate in rat liver.  In the absence 
(A, n=1)) or presence of 5 mM succinate (B, n=2), liver slices were exposed to increasing levels 
of H2S until the gas was purged as indicated. OCR, reduced cytochrome c and cytochrome c 
oxidase were measured in real time.  Fractions were collected for subsequent measurement of 
lactate and pyruvate in (A) only.  
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