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Abstract

Background: Succinate (SI) is a citric acid cycle metabolite that accumulates in tissues during 

hemorrhagic shock (HS) due to electron transport chain uncoupling. Dimethyl malonate (DMM) 

is a competitive inhibitor of succinate dehydrogenase, which has been shown to reduce SI 

accumulation and protect against reperfusion injury. Whether DMM can be therapeutic after 

severe HS is unknown. We hypothesized that DMM would prevent SI buildup during resuscitation 
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in a swine model of hemorrhagic shock, leading to better physiological recovery after resuscitation 

(RES).

Methods: The carotid arteries of Yorkshire pigs were cannulated with a 5-French catheter. After 

placement of a Swan-Ganz catheter and femoral arterial line, the carotid catheters were opened 

and the animals were exsanguinated to a mean arterial pressure (MAP) of 45 mm. After 30 

minutes in the shock state, the animals were resuscitated to a MAP of 60 mm using lactated 

ringers. A MAP above 60 mm was maintained throughout RES. One group received 10 mg/kg 

of DMM (n=6) while the control received sham injections (n=6). The primary end-point was SI 

levels. Secondary end-points included cardiac function and lactate.

Results: SI levels increased from baseline to the 20-minute RES point in control, while the 

DMM cohort remained unchanged. The DMM group required less IV fluid to maintain a MAP 

above 60 (450.0 vs. 229.0 mL, p=0.01). The DMM group had higher pulmonary capillary wedge 

pressure at the 20 and 40-minute RES points. The DMM group had better recovery of cardiac 

output and index during RES, while the control had no improvement. While lactate levels were 

similar, DMM may lead to increased ionized calcium levels.

Discussion: DMM slows SI accumulation during HS and helps preserve cardiac filling pressures 

and function during RES. In addition, DMM may protect against depletion of ionized calcium. 

DMM may have therapeutic potential during HS.

Study Type: Basic science paper
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Background

Trauma remains the leading cause of death in people under the age of 45 (1) with 

hemorrhage being the most common cause of preventable death after traumatic injury 

(2). Succinate (SI) accumulation is a known sequalae of ischemia-reperfusion injury. 

Hemorrhagic shock leads to hypoxemia at the cellular level, causing increased anaerobic 

metabolism with accumulation of citric acid metabolites, such as succinate (3, 4). During 

fluid resuscitation after hemorrhagic shock, oxygen stores become available to the electron 

transport chain again, leading to increased release of succinate (5, 6). Succinate itself may 

be a driver of deleterious effects, leading to increased reactive oxygen species (ROS) after 

ischemia and reperfusion (5, 7). In addition, plasma succinate levels have been shown to be a 

biomarker of metabolic derangement after hemorrhagic shock in critically ill patients (8).

The presence of ROS has significant deleterious effects. ROS in the heart leads to 

mitochondrial dysfunction, cardiac cell death, and can lead to cardiomyopathy (9–11). 

Excessive generation of intracellular ROS and calcium play a key role in apoptosis 

and cell death after myocardial ischemia-reperfusion (12–15). ROS can also damage the 

endothelial cell layer by inducing shedding of the endothelial glycocalyx, a glycoprotein 

layer on the luminal side of endothelial cells that maintain transvascular fluid exchange 
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and the coagulation cascade (16–21). Our lab’s previous work has shown that the lungs are 

preferentially damaged by oxidative stress after hemorrhagic shock and resuscitation (22).

Dimethyl Malonate (DMM) is a cell permeable, competitive inhibitor of succinate 

dehydrogenase and has been shown to reduce succinate levels (23). Succinate 

dehydrogenase is an enzyme complex that converts fumarate to succinate during anaerobic 

metabolism, where the citric acid cycle is reversed (7). DMM inhibits accumulation of 

succinate, which prevents rapid oxidization of succinate to form mitochondrial reactive 

oxygen species. DMM has been shown to protect several different tissue beds in the 

presence of ischemia-reperfusion, including the brain (24, 25), liver (26), and perhaps 

most studied, the heart (23, 27, 28). Whether DMM can be therapeutic after severe HS 

is unknown. We hypothesized that DMM would prevent SI buildup during resuscitation 

in a swine model of hemorrhagic shock, leading to better physiological recovery after 

resuscitation.

Methods

Animals

All animal care and experimentation were performed in accordance with the Tulane 

University Institutional Animal Care and Use Committee (IACUC)- approved protocols, and 

following guidelines from the Institute for Laboratory Animal Research. Study subjects were 

female Yorkshire swine (22–28 kg, Arkansas Tech). There was no difference in body weight 

between the control and treatment group (51.8 vs. 54.6 kilograms, p=0.99). After arrival at 

our institution, swine were acclimatized for a minimum of 48 hours before experimental 

procedures. Animals had free access to food and water up to initiation of anesthesia. The 

ARRIVE reporting guidelines were used for this study. A complete ARRIVE Checklist was 

uploaded as Supplemental Digital Content (SDC Table 1).

Surgical Setup

Anesthesia was induced using Tiletamine-Zolazepam/Xylazine (4–6/2–3 mg/kg) cocktail 

IM. Animals were then intubated and anesthesia was maintained using inhaled isoflurane 

in oxygen administered through the orotracheal tube. Animals were mechanically ventilated 

using a volume-controlled mode of 12–15 mL/kg with a respiratory rate of 10–15 breaths/

min. Temperature management was performed using a warming blanket set to 38°C to help 

mitigate hypothermia.

The hemorrhagic shock model was performed as previously described (29, 30). Briefly, 

percutaneous arterial vascular access was obtained using ultrasound guidance to place a 

single 7.5 Fr catheter into a femoral artery. Venous access was also obtained using two 7.5 

French catheters in the bilateral femoral veins. The neck was dissected to expose the right 

carotid artery and jugular vein. The carotid was cannulated using a 5 Fr catheter to be used 

for exsanguination.

An 8 Fr introducer sheath was placed in the right internal jugular vein and a flow directed 

Swan-Ganz catheter was introduced into the jugular vein sheath and advanced into the 
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pulmonary artery. Mean arterial pressure (MAP) was transduced through the femoral artery 

catheter using a digital pressure transducer.

Animals were hemorrhaged through the carotid line at 100 ml/min until a MAP of 45 mm 

Hg was reached. The MAP was maintained at this level by repeated blood draws from the 

carotid for 30 minutes. The shock time point refers to the end of this 30-minute shock state. 

Following this 30-minute period, animals were resuscitated with lactated Ringer’s solution. 

Lactated Ringer’s solution was perfused via the femoral vein lines at 150 mL/min until a 

MAP of ≥ 60mmHg was achieved. The resuscitation period was started once a MAP of 

60 mmHg was reached. Lactated Ringer’s solution was perfused as required to maintain 

a MAP of ≥60 mm Hg throughout the remainder of the surgical procedure. Animals were 

randomized into control (saline) (n=6) or dimethylmalonate (DMM, Millipore Sigma, 10 

mg/kg IV) treatment (n=6) groups using computer allocation. All analyses were performed 

in a blinded fashion. Sample size was determined from unpublished data in a rat model of 

hemorrhagic shock. In this unpublished study, lung glycocalyx damage was decreased in 

DMM treated animals, with a mean glycocalyx intensity of 87 Arbitrary Units in untreated 

animals and 122 Arbitrary Units in treated animals, with a standard deviation of 22 Arbitrary 

Units. Using an alpha of 0.05 and power of 80%, this yielded a sample size of 6 animals per 

group (unpublished data). DMM was administered at the end of the 30-minute hemorrhage 

period, immediately prior to initiation of resuscitation. DMM was administered at a dose 

of 10 mg/kg based on unpublished data inducing hemorrhagic shock in small animal pilot 

studies using rats. DMM was administered as a bolus over five minutes (unpublished data).

Sampling

Venous and arterial blood samples were taken for analysis and preservation at baseline 

(before hemorrhage), after 30 minutes of hemorrhage, and after 20, 40, and 60 minutes 

of resuscitation. An iSTAT blood analyzer (Abbott) was used to assess blood chemistry at 

these time points (using CG4+, PT, and CHEM8+ cartridges). Blood was centrifuged at 

800xg for 10 minutes at 4°C and plasma was collected for later analysis. After 60 minutes 

of resuscitation, animals were euthanized using IV injection of 150 mg/kg pentobarbital. 

Necropsy was then performed and heart left ventricle apex and tissue from the left lower 

lobe of the lung were snap frozen in Optimal Cutting Temperature compound (O.C.T, 

Sakura Finetek).

Dihydroethidium Staining

Dihydroethidium staining was performed as in prior studies (31). Left ventricle tissue snap 

frozen in O.C.T. as above was sectioned in a cryostat at −20°C at a section thickness of 10 

μm; the sections were affixed to a positively charged glass slide coated with 0.1% gelatin 

in deionized (DI) water. Tissue sections were subsequently coated with 0.1% gelatin in DI 

water and incubated until dry. Tissue sections were then submerged in 50 mL of DI water for 

a minimum of 10 min to rehydrate the tissue as well as to remove excess OCT compound 

from the sections for improved staining. A 5 mM dihydroethidium (DHE) staining solution 

was prepared by diluting 25 mL of 10 mM DHE in dimethylsulfoxide into 50 mL of DI 

water. Tissue sections were incubated in 50 mL of the DHE staining solution for 20 min at 

room temperature and minimal light exposure. The sections were then washed three times 
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with 50 mL of DI water. Sections were then cover slipped with Fluoro Gel and immediately 

imaged using an Olympus BX51 fluorescence microscope (excitation wavelength 542 –

582 nm, emission wavelength 604–644 nm). Resulting images were analyzed by blinded 

reviewers and ROS was quantified using ImageJ software (ImageJ, RRID:SCR_003070).

Glycocalyx Imaging

Glycocalyx staining was performed to determine staining intensity of the endothelial 

glycocalyx as previously described. We performed these experiments because our prior 

work has shown that the endothelial glycocalyx in lung tissue is preferentially affected in 

hemorrhagic shock (22). Briefly, flash frozen tissue was sectioned in a cryostat at −20°C at 

a section thickness of 10 μm and the sections were affixed to room temperature glass slides. 

Fixation was performed by immersion in 4°C methanol for 10 min. Glycocalyx staining 

was performed with Fluorescein isothiocyanate-labeled wheat germ agglutinin (FITC-WGA, 

Millipore Sigma) in phosphate buffered saline (PBS) for 1 h at room temperature with 

4’,6-diamidino-2-phenylindole (DAPI, Millipore Sigma). Sections were washed three times 

with PBS and coverslipped in Fluoro Gel (Electron Microscopy Sciences). Tissue was 

imaged on an Olympus BX51 fluorescence microscope. Glycocalyx intensity was analyzed 

using ImageJ software (ImageJ, RRID:SCR_003070) and intensity was measured using

Succinate Assay

Plasma succinate assay was performed using a colorimetric commercially available kit as 

per manufacturer instructions (LSBio) using venous plasma.

Statistical analysis

Measurements and data are expressed as mean ± SEM as data was normally distributed. A 

two-way repeated measures ANOVA was performed for difference between measurements 

for multiple time point experiments, with Tukey’s multiple comparisons post hoc analysis 

for differences between groups. Single time point studies used Student’s t test for 

comparison between groups. All t tests were two-tailed, and P < 0.05 was considered 

significant for all comparisons.

Results

Survival

Survival was not significantly different in the DMM and control group as five of six animals 

survived the shock and resuscitation phases (83.3% vs. 83.3%, p=0.99). Both animals that 

expired during the experiment did so during the resuscitation phase. The animal in the 

control group died 13 minutes into the resuscitation phase, while the animal that expired in 

the DMM group died 18 minutes into the resuscitation phase.

Succinate Levels

When compared to baseline, serum succinate levels (Figure 1) increased in the control group 

at the 20-minute resuscitation phase (264.7 vs. 407.4 mmol/L, p=0.01). Succinate levels did 
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not differ from baseline in the DMM group as shown in Figure 1 (260.6 vs. 395.6 mmol/L, 

p=0.06).

Hemodynamic Measurements

Cardiac output (2.4 vs. 3.0 L/min, p=0.049) and index (2.8 vs. 4.0 L/min/m2, p=0.048) 

improved during the resuscitation phase within the DMM group from the 20-minute to 

60-minute time point (Figure 2A and 2B). The control group did not demonstrate any 

change during the resuscitation phase. Pulmonary capillary wedge pressure increased during 

the resuscitation period within the DMM group and was significantly higher than the control 

group at 20- (5.2 vs. 9.0 mm Hg, p=0.04) and 40-minute (4.8 vs. 7.8 mm Hg, p=0.02) time 

periods (Figure 2C). Mean arterial pressure did not differ between the two groups (Figure 

2D). Amount of resuscitation fluid required to maintain target MAP during the resuscitation 

phase was higher in the control group as compared to the DMM cohort (450.0 vs. 229.0 mL, 

p=0.01).

Ionized Calcium and Coagulation Parameters

Ionized calcium levels increased from the shock state to the 40- (1.2 vs. 1.4 mmol/L, 

p=0.04) and 60-minute (1.2 vs. 1.3 mmol/L, p=0.046) resuscitation phase (Figure 3A). 

In addition, ionized calcium in the DMM group increased from the 20- to 40- minute 

resuscitation time points (1.3 vs. 1.4 mmol/L, p=0.02). All comparisons of ionized calcium 

between the control and DMM groups at the various time points were non-significant. 

Hemoglobin levels in the DMM group were decreased at the 20- (7.5 vs. 7.0 grams/dL, 

p=0.003), 40- (7.5 vs. 6.7 grams/dL, p=0.002) and 60-minute (7.5 vs. 6.8 grams/dL, p=0.01) 

resuscitation time points when compared to the shock time point. In the control group, there 

was no difference in hemoglobin levels throughout the resuscitation phase, when compared 

to the shock time point (Figure 3B). All comparisons of hemoglobin between the control and 

DMM groups at the various time points were non-significant. Prothrombin time and INR did 

not vary between the DMM and control groups throughout the shock and resuscitation phase 

(Figure 3C and 3D).

Markers of End Organ Damage

Lactate and creatinine levels did not differ when comparing the two groups (Figures 4A and 

4B). Arterial pH did not differ between the DMM and control group throughout the shock 

and resuscitation phases (Figure 4C).

Myocardial Reactive Oxygen Species

A comparison of reactive oxygen species as measured by DHE stain is shown in Figure 5. 

Representative images are shown in Figure 5A and 5B. Endothelial reactive oxygen species 

was higher in the control group as compared to the DMM group (113.5 vs. 87.1 Arbitrary 

Units, p=0.02) (Figure 5C). Myocardial reactive oxygen species was not different when 

comparing the control and DMM cohorts (49.3 vs. 48.4 Arbitrary Units, p=0.83) (Figure 

5D).
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Pulmonary Endothelial Glycocalyx

Representative images of pulmonary artery endothelial glycocalyx are shown in control 

and DMM groups in Figures 6A and 6B. Pulmonary artery glycocalyx staining intensity 

was higher in the DMM group (126.2 vs. 163.9 Arbitrary Units, p<0.001) (Figure 6C). 

Alveolar capillary glycocalyx staining intensity was higher in the DMM group (28.0 vs. 44.0 

Arbitrary Units, p<0.001) (Figure 6D).

Discussion

Ischemia-reperfusion injury after hemorrhagic shock and resuscitation leads to accumulation 

of succinate. Succinate is one of several byproducts that drives formation of reactive oxygen 

species. The presence of ROS has many negative effects, leading to cardiac injury and 

endotheliopathy. DMM inhibits succinate dehydrogenase, inhibiting succinate formation. 

Whether DMM may be a novel therapeutic that reduces succinate levels and improves 

physiological recovery after hemorrhagic shock has yet to be examined. We found that 

DMM does decrease succinate accumulation and helps enhance recovery in a swine model 

of hemorrhagic shock and resuscitation.

We found that DMM may indeed blunt plasma succinate accumulation after hemorrhagic 

shock and resuscitation. While DMM is thought to have protective effects by reducing 

succinate levels after various ischemia-reperfusion insults by inhibiting succinate 

dehydrogenase (32), data showing that DMM actually reduces plasma or tissue succinate 

levels in vivo are lacking. A prior study has shown that DMM does not reduce succinate 

accumulation during renal ischemia alone in mice, however, it does reduce succinate 

accumulation in the kidneys after renal ischemia-reperfusion in this mouse model (33). Our 

study is the first to show that DMM may reduce plasma succinate levels in a large animal 

model of ischemia-reperfusion caused by hemorrhagic shock and fluid resuscitation.

The potential therapeutic benefit of DMM to mitigate cardiac injury has been shown in 

numerous studies (27). DMM can help reduce cardiac infarct size in a mouse model 

of myocardial infarction (34). Other studies have postulated that DMM is not protective 

in ischemia alone, however, it is beneficial when given at time of reperfusion (23, 27). 

The present study indicates that DMM can help short-term recovery of the heart after 

resuscitation from hemorrhagic shock. This enhanced short-term recovery seen in DMM 

treated animals appears to be, at least in part, due to enhanced filling pressures. The 

mechanism behind this finding needs further investigation. Decreased ROS in the heart 

with DMM treatment likely plays a role as shown in previous studies (35). Our findings 

confirmed that endothelial cells in the heart had decreased ROS with DMM treatment, which 

may explain the improved cardiac function seen in the DMM group during resuscitation. In 

addition, DMM may act as a vasopressor or scavenger of reactive oxygen species. Further 

studies are needed to examine the mechanism by which DMM improves hemodynamics 

during resuscitation.

Interestingly, we found that serum ionized calcium levels were higher in the DMM group. 

To our knowledge, this is the first study to show that dimethyl malonate increases plasma 

calcium levels. Succinate accumulation is known to increase intracellular calcium levels 
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(36–38), therefore it stands to reason that inhibition of succinate production by DMM may 

decrease intracellular calcium influx, leading to increased plasma calcium levels. However, 

the mechanism behind increase plasma calcium levels in DMM treated animals could not 

be elicited in this study and needs further investigation. The importance of preventing hypo- 

and hypercalcemia has been shown in prior studies (39). Hemorrhaging trauma patients are 

at risk of hypocalcemia, which in turn, can increase risk of mortality (40–42). Hypocalcemia 

can precipitate cardiac arrhythmias, heart failure, and hypotension (43–45). In our study, the 

improved cardiac function and preserved filling pressures in DMM treated animals may be 

due to increased calcium levels.

ROS causes degradation of the endothelial glycocalyx (16, 46). Our previous work has 

shown that the vasculature in the lung are disproportionately exposed to ROS after ischemia-

reperfusion and are most vulnerable to glycocalyx injury (22). The present study confirmed 

that DMM protects the glycocalyx in the lung. This protective effect was seen in both 

large and small vessels, as DMM protected the glycocalyx in the pulmonary artery and 

the capillary vessels in the alveoli. Degradation of the glycocalyx contributes to acute lung 

injury and ARDS (47). Many factors, such as matrix metalloproteinases, toll-like receptors, 

and growth factors can play a role in glycocalyx shedding and preservation (47, 48). While 

the mechanism for the protective effect on the pulmonary glycocalyx could not be elucidated 

in our study, reduction of ROS likely played a role. The preserved endothelial glycocalyx 

seen in DMM treated animals may help keep fluid in the vasculature as the DMM group 

required less IV fluids in the resuscitation phase to maintain a similar MAP as the control 

group. The preserved endothelial glycocalyx may also explain why hemoglobin levels where 

lower in the DMM group. The glycocalyx maintains vascular permeability, which means 

that the DMM group has less capillary leak. Keeping fluid in the intravascular space may 

cause a hemodilution effect in the DMM treated animals, leading to a lower hemoglobin 

concentration.

Future pre-clinical studies on DMM should focus on the pharmokinetic profile of the 

compound and better delineating whether there are any toxic effects. Further pre-clinical 

studies are needed to better characterize its effect on calcium handling in hemorrhagic 

shock. This may pave the way for human trials to be performed to determine if it may be a 

novel therapy for trauma patients.

This study was not without limitations. First, animals were resuscitated with crystalloid 

fluid, which differs from the current practice of early and balanced transfusion of blood 

products in hemorrhagic shock. Secondly, we did not do survival studies to examine long-

term effects of DMM. In addition, we used a controlled model of hemorrhagic shock, rather 

than an uncontrolled model of hemorrhage, which may more closely reflect traumatic injury. 

Finally, the power of this study was limited due to the small sample size in each group of 

animals, which may have limited our ability to detect a survival difference.

In conclusion, DMM may have therapeutic potential in reducing ischemia-reperfusion injury 

after hemorrhagic shock and reperfusion. DMM helps enhance cardiac recovery during 

resuscitation and preserves the endothelial glycocalyx. These protective effects are likely 
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due to preserving ionized calcium levels and decreasing ROS. Additional studies are needed 

to further examine these findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

S.T. is supported by funding from Center for Disease Control (CDC) Center Grant (U01 CE003384-01), the 
Tulane Physician Scientist Pipeline Program, and the Louisiana Clinical and Translational Science Center (LA 
CaTS) Grant (U54 GM104940). O.J. is supported by American Heart Association Career Development Award 
19CDA34660287. The authors have no other conflicts of interest to report.

Conflicts of Interest and source of funding:

Dr. Taghavi reports research funding from Center for Disease Control (CDC) Center Grant (U01 CE003384-01), 
the Tulane Physician Scientist Pipeline Program, and the Louisiana Clinical and Translational Science Center (LA 
CaTS) Grant (U54 GM104940). O.J. is supported by American Heart Association Career Development Award 
19CDA34660287.

References

1. Ahmad FB, Anderson RN. The Leading Causes of Death in the US for 2020. JAMA. 
2021;325(18):1829–30. [PubMed: 33787821] 

2. Teixeira PG, Inaba K, Hadjizacharia P, Brown C, Salim A, Rhee P, et al. Preventable or potentially 
preventable mortality at a mature trauma center. J Trauma Acute Care Surg. 2007;63(6):1338–46; 
discussion 46–7.

3. D’Alessandro A, Moore HB, Moore EE, Wither M, Nemkov T, Gonzalez E, et al. Early hemorrhage 
triggers metabolic responses that build up during prolonged shock. Am J Physiol Regul Integr 
Comp Physiol. 2015;308(12):R1034–R44. [PubMed: 25876652] 

4. Peltz ED, D’Alessandro A, Moore EE, Chin T, Silliman CC, Sauaia A, et al. Pathologic metabolism: 
an exploratory study of the plasma metabolome of critical injury. J Trauma Acute Care Surg. 
2015;78(4):742–51. [PubMed: 25807403] 

5. Tretter L, Patocs A, Chinopoulos C. Succinate, an intermediate in metabolism, signal transduction, 
ROS, hypoxia, and tumorigenesis. Biochim Biophys Acta. 2016;1857(8):1086–101. [PubMed: 
26971832] 

6. Chouchani ET, Pell VR, Gaude E, Aksentijević D, Sundier SY, Robb EL, et al. , Ord ENJ, Smith 
AC, et al. Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial 
ROS. Nature. 2014;515(7527):431–5. [PubMed: 25383517] 

7. Chouchani ET, Pell VR, Gaude E, Aksentijevic D, Sundier SY, Robb EL, et al. Ischaemic 
accumulation of succinate controls reperfusion injury through mitochondrial ROS. Nature. 
2014;515(7527):431–+. [PubMed: 25383517] 

8. D’Alessandro A, Moore HB, Moore EE, Reisz JA, Wither MJ, Ghasabyana A, et al. Plasma 
succinate is a predictor of mortality in critically injured patients. J Trauma Acute Care Surg. 
2017;83(3):491. [PubMed: 28590356] 

9. Ying Y, Jin J, Ye L, Sun P, Wang H, Wang X. Phloretin Prevents Diabetic Cardiomyopathy by 
Dissociating Keap1/Nrf2 Complex and Inhibiting Oxidative Stress. Front Endocrinol (Lausanne). 
2018;9:774. [PubMed: 30619098] 

10. Wu X, Huang L, Zhou X, Liu J. Curcumin protects cardiomyopathy damage through inhibiting the 
production of reactive oxygen species in type 2 diabetic mice. Biochem Biophys Res Commun. 
2020;530(1):15–21. [PubMed: 32828278] 

11. Zhang D, Li Y, Heims-Waldron D, Bezzerides V, Guatimosim S, Guo Y, et al. Mitochondrial 
Cardiomyopathy Caused by Elevated Reactive Oxygen Species and Impaired Cardiomyocyte 
Proliferation. Circ Res. 2018;122(1):74–87. [PubMed: 29021295] 

Taghavi et al. Page 9

J Trauma Acute Care Surg. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



12. Baines CP, Kaiser RA, Purcell NH, Blair NS, Osinska H, Hambleton MA, et al. Loss of 
cyclophilin D reveals a critical role for mitochondrial permeability transition in cell death. Nature. 
2005;434(7033):658–62. [PubMed: 15800627] 

13. Oerlemans MI, Koudstaal S, Chamuleau SA, de Kleijn DP, Doevendans PA, Sluijter JP. Targeting 
cell death in the reperfused heart: pharmacological approaches for cardioprotection. Int J Cardiol. 
2013;165(3):410–22. [PubMed: 22459400] 

14. Nakagawa T, Shimizu S, Watanabe T, Yamaguchi O, Otsu K, Yamagata H, et al. Cyclophilin 
D-dependent mitochondrial permeability transition regulates some necrotic but not apoptotic cell 
death. Nature. 2005;434(7033):652–8. [PubMed: 15800626] 

15. Szabó I, Zoratti M. The giant channel of the inner mitochondrial membrane is inhibited by 
cyclosporin A. J Biol Chem. 1991;266(6):3376–9. [PubMed: 1847371] 

16. Jackson-Weaver O, Friedman JK, Rodriguez LA, Hoof MA, Drury RH, Packer JT, et al. 
Hypoxia/reoxygenation decreases endothelial glycocalyx via reactive oxygen species and calcium 
signaling in a cellular model for shock. J Trauma Acute Care Surg. 2019;87(5):1070–6. [PubMed: 
31658237] 

17. Ebefors K, Wiener RJ, Yu L, Azeloglu EU, Yi Z, Jia F, et al. Endothelin receptor-A mediates 
degradation of the glomerular endothelial surface layer via pathologic crosstalk between activated 
podocytes and glomerular endothelial cells. Kidney Int. 2019;96(4):957–70. [PubMed: 31402170] 

18. Lipowsky HH, Lescanic A. The effect of doxycycline on shedding of the glycocalyx due to 
reactive oxygen species. Microvasc Res. 2013;90:80–5. [PubMed: 23899417] 

19. Singh A, Ramnath RD, Foster RR, Wylie EC, Fridén V, Dasgupta I, et al. Reactive oxygen 
species modulate the barrier function of the human glomerular endothelial glycocalyx. PLoS One. 
2013;8(2):e55852. [PubMed: 23457483] 

20. Uchimido R, Schmidt EP, Shapiro NI. The glycocalyx: a novel diagnostic and therapeutic target in 
sepsis. Crit Care. 2019;23(1):16. [PubMed: 30654825] 

21. van Golen RF, van Gulik TM, Heger M. Mechanistic overview of reactive species-induced 
degradation of the endothelial glycocalyx during hepatic ischemia/reperfusion injury. Free Radic 
Biol Med. 2012;52(8):1382–402. [PubMed: 22326617] 

22. Abdullah S, Karim M, Legendre M, Rodriguez L, Friedman J, Cotton-Betteridge A, et al. 
Hemorrhagic Shock and Resuscitation Causes Glycocalyx Shedding and Endothelial Oxidative 
Stress Preferentially in the Lung and Intestinal Vasculature. Shock. 2021;56(5):803–12. [PubMed: 
34259440] 

23. Prag HA, Pala L, Kula-Alwar D, Mulvey JF, Luping D, Beach TE, et al. Ester Prodrugs of 
Malonate with Enhanced Intracellular Delivery Protect Against Cardiac Ischemia-Reperfusion 
Injury In Vivo. Cardiovasc Drugs Ther. 2020:1–13.

24. Zhang Z, Lu Z, Liu C, Man J, Li X, Cui K, et al. Protective effects of Dimethyl malonate on 
neuroinflammation and blood-brain barrier after ischemic stroke. Neuroreport. 2021;32(14):1161–
9. [PubMed: 34334775] 

25. Xu J, Pan H, Xie X, Zhang J, Wang Y, Yang G. Inhibiting Succinate Dehydrogenase by Dimethyl 
Malonate Alleviates Brain Damage in a Rat Model of Cardiac Arrest. Neuroscience. 2018;393:24–
32. [PubMed: 30300703] 

26. Yang Y, Shao R, Tang L, Li L, Zhu M, Huang J, et al. Succinate dehydrogenase inhibitor dimethyl 
malonate alleviates LPS/d-galactosamine-induced acute hepatic damage in mice. Innate Immun. 
2019;25(8):522–9. [PubMed: 31474165] 

27. Bae J, Salamon RJ, Brandt EB, Paltzer WG, Zhang Z, Britt EC, et al. Malonate Promotes 
Adult Cardiomyocyte Proliferation and Heart Regeneration. Circulation. 2021;143(20):1973–86. 
[PubMed: 33666092] 

28. McNamara JW, Porrello ER. From Fragrances to Heart Regeneration: Malonate Repairs Broken 
Hearts. Am Heart Assoc; 2021.

29. Taghavi S, Jayarajan SN, Ferrer LM, Vora H, McKee C, Milner RE, et al. “Permissive 
hypoventilation” in a swine model of hemorrhagic shock. J Trauma Acute Care Surg. 
2014;77(1):14–9. [PubMed: 24977749] 

Taghavi et al. Page 10

J Trauma Acute Care Surg. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



30. Taghavi S, Jayarajan SN, Khoche S, Duran JM, Cruz-Schiavone GE, Milner RE, et al. Examining 
prehospital intubation for penetrating trauma in a swine hemorrhagic shock model. J Trauma 
Acute Care Surg. 2013;74(5):1246–51. [PubMed: 23609274] 

31. Halkos ME, Kerendi F, Corvera JS, Wang N-P, Kin H, Payne CS, et al. Myocardial protection with 
postconditioning is not enhanced by ischemic preconditioning. Ann Thorac Surg. 2004;78(3):961–
9. [PubMed: 15337028] 

32. Zhang J, Wang YT, Miller JH, Day MM, Munger JC, Brookes PS. Accumulation of 
Succinate in Cardiac Ischemia Primarily Occurs via Canonical Krebs Cycle Activity. Cell Rep. 
2018;23(9):2617–28. [PubMed: 29847793] 

33. Beach TE, Prag HA, Pala L, Logan A, Huang MM, Gruszczyk AV, et al. Targeting succinate 
dehydrogenase with malonate ester prodrugs decreases renal ischemia reperfusion injury. Redox 
Biol. 2020;36:101640. [PubMed: 32863205] 

34. Kohlhauer M, Pell V, Burger N, Spiroski A-M, Gruszczyk A, Mulvey J, et al. B. Protection against 
cardiac ischemia-reperfusion injury by hypothermia and by inhibition of succinate accumulation 
and oxidation is additive. Basic Res Cardiol. 2019;114(3):1–9.

35. Peek GJ, Mugford M, Tiruvoipati R, Wilson A, Allen E, Thalanany MM, et al. Efficacy 
and economic assessment of conventional ventilatory support versus extracorporeal membrane 
oxygenation for severe adult respiratory failure (CESAR): a multicentre randomised controlled 
trial. Lancet. 2009;374(9698):1351–63. [PubMed: 19762075] 

36. Rubic T, Lametschwandtner G, Jost S, Hinteregger S, Kund J, Carballido-Perrig N, et al. 
Triggering the succinate receptor GPR91 on dendritic cells enhances immunity. Nat Immunol. 
2008;9(11):1261–9. [PubMed: 18820681] 

37. Wu B, Luo H, Zhou X, Cheng CY, Lin L, Liu BL, et al. Succinate-induced neuronal mitochondrial 
fission and hexokinase II malfunction in ischemic stroke: Therapeutical effects of kaempferol. 
Biochim Biophys Acta Mol Basis Dis. 2017;1863(9):2307–18. [PubMed: 28634116] 

38. He WH, Miao FJP, Lin DCH, Schwandner RT, Wang ZL, Gao JH, et al. Citric acid cycle 
intermediates as ligands for orphan G-protein-coupled receptors. Nature. 2004;429(6988):188–93. 
[PubMed: 15141213] 

39. MacKay EJ, Stubna MD, Holena DN, Reilly PM, Seamon MJ, Smith BP, et al. Abnormal Calcium 
Levels During Trauma Resuscitation Are Associated With Increased Mortality, Increased Blood 
Product Use, and Greater Hospital Resource Consumption: A Pilot Investigation. Anesth Analg. 
2017;125(3):895–901. [PubMed: 28704250] 

40. Moore HB, Tessmer MT, Moore EE, Sperry JL, Cohen MJ, Chapman MP, et al. Forgot calcium? 
Admission ionized-calcium in two civilian randomized controlled trials of pre-hospital plasma for 
traumatic hemorrhagic shock. J Trauma Acute Care Surg. 2020;88(5):588. [PubMed: 32317575] 

41. Giancarelli A, Birrer KL, Alban RF, Hobbs BP, Liu-DeRyke X. Hypocalcemia in trauma patients 
receiving massive transfusion. J Surg Res. 2016;202(1):182–7. [PubMed: 27083965] 

42. Webster S, Todd S, Redhead J, Wright C. Ionised calcium levels in major trauma patients 
who received blood in the Emergency Department. Emerg Med J. 2016;33(8):569–72. [PubMed: 
26848163] 

43. Howland WS, Schweizer O, Carlon GC, Goldiner PL. The cardiovascular effects of low levels of 
ionized calcium during massive transfusion. Surg Gynecol Obstet. 1977;145(4):581–6. [PubMed: 
19851] 

44. Hurley K, Baggs D. Hypocalcemic cardiac failure in the emergency department. J Emerg Med. 
2005;28(2):155–9. [PubMed: 15707810] 

45. Desai TK, Carlson RW, Thill-Baharozian M, Geheb MA. A direct relationship between 
ionized calcium and arterial pressure among patients in an intensive care unit. Crit Care Med. 
1988;16(6):578–82. [PubMed: 3371020] 

46. Rubio-Gayosso I, Platts SH, Duling BR. Reactive oxygen species mediate modification 
of glycocalyx during ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol. 
2006;290(6):H2247–56. [PubMed: 16399871] 

47. Taghavi S, Abdullah S, Duchesne J, Pociask D, Kolls J, Jackson-Weaver O. Interleukin 22 
mitigates endothelial glycocalyx shedding after lipopolysaccharide injury. J Trauma Acute Care 
Surg. 2021;90(2):337–45. [PubMed: 33502147] 

Taghavi et al. Page 11

J Trauma Acute Care Surg. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



48. Oltean S, Qiu Y, Ferguson JK, Stevens M, Neal C, Russell A, et al. Vascular endothelial growth 
factor-A165b is protective and restores endothelial glycocalyx in diabetic nephropathy. J Am Soc 
Nephrol. 2015;26(8):1889–904. [PubMed: 25542969] 

Taghavi et al. Page 12

J Trauma Acute Care Surg. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1 –. 
A comparison of succinate levels showing that succinate accumulation does not have a 

statistically significant increase in the resuscitation phase for DMM treated animals.
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Figure 2 –. 
A comparison of DMM treated and control animals showing improved A) cardiac output 

and B) cardiac index during resuscitation in DMM treated animals. Improved cardiac filling 

pressures during resuscitation as measured by C) pulmonary capillary wedge pressure while 

D) mean arterial pressure was similar.
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Figure 3 –. 
A comparison of DMM treated animals and controls demonstrating A) preservation of 

ionized calcium levels in DMM treated, B) decreased hemoglobin levels in DMM treated, 

and similar C) prothrombin time and D) international normalized ratio (INR).
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Figure 4 –. 
A comparison of end organ damage in DMM and control animals shows no difference in A) 

lactate levels, B) creatinine levels, and C) arterial blood gas pH.
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Figure 5 –. 
A comparison of reactive oxygen species using dihydroethidium (DHE) staining in 

myocardium with representative images in A) and B) with arrow heads pointing to 

myocardium and arrows pointing to endothelium. C) DMM treated animals have less 

reactive oxygen species in myocardial endothelial cells. There is no difference in 

cardiomyocyte reactive oxygen species by DHE staining.
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Figure 6 –. 
A comparison of pulmonary endothelial glycocalyx with representative images from the 

pulmonary artery shown in A) control and B) DMM treated groups as measured by 

fluorescein isothiocyanate-labeled wheat germ agglutinin staining. DMM protected the 

endothelial glycocalyx as there is increased glycocalyx staining intensity in DMM treated in 

both the pulmonary artery glycocalyx and alveolar capillary glycocalyx.
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