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Introduction 

We previously published a small-volume (1 ml/kg) resuscitation fluid based on hibernation 

physiology that has three main components: 4 M D-stereoisomer of beta-hydroxybutyrate 

(BHB), 43 mM melatonin, and 20% DMSO (13). Only one concentration of each component 

were originally tested.  In this study we worked towards optimization of this fluid to enhance 

survival in a rat model of hemorrhagic shock. 

Approach: Two separate dose-ranging studies were conducted for BHB and melatonin in 

animals with 60% blood loss.  BHB was administered at either 4 M, 2 M, or 0.4 M concentration 

in conjunction with 4.3 mM melatonin and 10% DMSO.  Subsequently, melatonin was 

administered at either 4.3 mM, 0.43 mM, 0.0043 mM, 0.000043 mM, or 0 mM concentration in 

conjunction with 4 M BHB and 2% DMSO. 

Results: Ten-day mean survival showed a dose-dependent trend: rats survived longer with 

higher concentration of infused BHB (4 M BHB, 7.38 ± 1.75 days; 2 M BHB, 5.25 ± 2.22 days; 

0.4 M BHB, 2.07 ± 2.05 days). Administering 4 M BHB without melatonin resulted in low mean 

survival times (4.38 ± 1.42 days). All treatments containing both 4 M BHB and melatonin, 

regardless of melatonin concentration, resulted in mean survival times of ~7.5 days. 

Conclusions: There is a dose-dependent trend in which higher BHB concentration resulted in 

higher percent survival over 10 days.  Melatonin provides therapeutic effects at very low 

concentrations evident by survival when administering a solution containing 106-fold lower 

melatonin than previously published.  Melatonin is essential for survival since 4 M BHB without 

melatonin had a considerably reduced survival rate. 
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Body 

Every person in the world is at risk of trauma regardless of social standing, race, religion, 

or political ideology. Five million people have trauma-related deaths worldwide every year. In 

the US, traumatic injury is the main cause of death amongst individuals ages 1 to 44. In the year 

2000, trauma cost $117 billion on medical care; 10% of the total US medical expenses (1). 

Hemorrhage is a problem of major importance in traumatic injury. Hemorrhagic shock is 

the leading cause of death and complications after trauma, both military and civilian (2). It is 

also the number one cause of preventable deaths since trauma casualties often occur due to an 

inability for victims to access medical facilities in a timely manner (3).The effective control of 

hemorrhage and the development of more efficient resuscitation strategies can save lives (4). 

Natural hibernation in mammals is not accompanied by a massive loss of blood due to 

hemorrhage; however, it exemplifies an exceptional physiological state characterized by a 

reduction in cardiac output and blood pressure comparable in magnitude to hemorrhagic shock. 

Furthermore, classic hibernation patterns include multiple days of greatly reduced blood flow 

resulting from heart beat reduction to 3-10 bpm when animals are in torpor.  These hypothermic 

torpor bouts are regularly interrupted with brief periods of normothermia (37°C) and normal 

heart rates of 300-400 bpm (5).  This dramatic change in animal physiology resembles 

ischemia/reperfusion events seen in non-hibernating mammals, however the brain and other 

tissues of hibernators are protected from the pathology of ischemia (6) and reperfusion injury 

(7). Such protection is achieved by the employment of an array of inherent adaptations present 

in the hibernating animal (8). 

Hypertonic resuscitation was first explored in the 1960s but it was not until the 1980s 

when interest in this resuscitative strategy germinated. In fact, the term “small-volume 

resuscitation” was not common until 1984 (9), and the first human experiments were not 

conducted until 1987 (10). Despite the use of small-volume resuscitation fluids in both 

experimental and clinical settings (11), they are still not widely employed. Furthermore, clinical 

approaches for resuscitation are in continuous re-assessment because there is no general 

agreement in the clinical setting as to which fluid therapy provides the most benefit (12). 
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In 2010 our laboratory developed a small-volume resuscitation fluid based on 

hibernation physiology composed of the D-stereoisomer of β-hydroxybutyrate (BHB) and 

melatonin referred to as BHB/M (13).  BHB/M was developed in a rat model of massive blood 

loss with the goal of providing a portable fluid that would expand the window of opportunity (aka 

“golden hour”) for transport to medical facilities and long-term survival after blood return.  We 

found after 1 hour of 60% blood loss, 4% fluid replacement with BHB/M significantly prolonged 

survival up to ten days post-blood return compared to control solutions (13).  The same solution 

has been tested in a porcine model of hemorrhagic shock where a survival benefit was also 

observed (14).  However, in both the small and large animal study, only one concentration of 

each of the components of BHB/M was tested – 4 M BHB, 43 mM melatonin. 

BHB/M is highly portable as it is administered in very small volumes (1 ml/kg) and has 

the potential for self-administration. This is of particularly importance in the military setting 

where trauma resulting in blood loss can occur in remote locations. In the Korean War, 

evacuation time of the severely wounded was 3 hours; in the Vietnam War, 83 minutes (15). 

These times are still outside of the scope of the current “golden hour” for hemorrhagic shock. 

For that reason, there is still a need for the development of a resuscitation strategy that will 

allow injured soldiers to survive long enough to gain access to proper medical care. 

The objective of the work presented here is to enhance survival in a rat model of 

hemorrhagic shock by optimizing the composition and delivery of BHB/M. 
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Key Research Accomplishments 

Comparison of two different therapy delivery protocols 

Two groups of animals were treated identically except one group received a continuous 

infusion of therapeutic solution beginning after 60% blood loss.  No statistical differences 

(p>0.05) were observed in 24-hour survival when comparing the single Bolus Only (mean 

survival 496.67 ± 314.59 min. n=6) to the single Bolus followed by Slow Infusion (mean survival 

149.20 ±142.71 min. n=5) protocol (Figure 3). Based on these results, subsequent studies 

designed to optimize composition used a single bolus only.  All sham-operated animals lived 

until the experimental end point of 10 days.   

Optimization of Therapy Composition 

The BHB/M therapy reported previously was developed for hemorrhagic shock treatment 

and its composition was based largely on animal observations.  The objective here was to 

optimize the composition based on empirical evidence. 

Melatonin Dose-Ranging Study I 

The formulation of BHB/M containing 4 M BHB with 43 mM melatonin in 20% DMSO 

(n=6) was compared to a solution containing 4 M BHB, 4.3 mM melatonin and 10% DMSO 

(n=6).  Survival curves (Figure 4) were compared 24 hours and 10 days after 60% blood loss. 

24-hour survival showed no statistical differences (p>0.05) between BHB/M (mean survival 21.0 

± 2.74 hrs) and 4 M BHB, 4.3 mM melatonin and 10% DMSO (mean survival 21.0 ± 2.74 hrs). 

There were also no statistical differences (p>0.05) in survival at 10 days (6.4 ± 2.0 days and 7.4 

± 1.8 days, respectively; Table 1). 

BHB Dose-Ranging Study 

BHB concentrations of 4 M (n=6), 2 M (n=5) and 0.4 M (n=5) were compared 24 hours 

and 10 days after 60% blood loss (Figure 5).  Table 2 summarizes pairwise comparisons 

results. In short, at 24 hours, the 0.4 M BHB treatment had statistically lower survival (p<0.05) 

than the 4 M BHB and the 2 M BHB treatments. At 10 days, only the difference between 0.4 M 

and 4 M BHB was upheld (p<0.05). However, 10-day mean survival showed a dose-dependent 
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trend where the higher concentrations of BHB resulted in longer survival (4 M BHB, 7.4 ± 1.8 

days; 2 M BHB, 5.3 ± 2.2 days; 0.4 M BHB, 2.1 ± 2.1 days). 

Melatonin Dose-Ranging Study II 

Survival curves for the concentrations of melatonin shown in Figure 6 were compared 24 

hours and 10 days after 60% blood loss. Pairwise comparisons are summarized in Table 3. No 

treatment differences were observed at either 24 hours or 10 days after 60% blood loss. 

However, at 10 days, only the treatments with 0 mM melatonin (4.4 ± 1.4 days), 0.0043 mM Mel 

(6.6 ± 1.6 days), and the NaCl control (4.6 ± 1.4 days) were different (p<0.05) from the sham 

group. 
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Reportable Outcomes 

Comparison of two different therapy delivery protocols 

Two groups of animals were treated identically except one group received a continuous infusion 

of therapeutic solution beginning after 60% blood loss.  No statistical differences (p>0.05) were 

observed in 24-hour survival when comparing the single Bolus Only (mean survival 496.67 ± 

314.59 min. n=6) to the single Bolus followed by Slow Infusion (mean survival 149.20 ±142.71 

min. n=5) protocol (Figure 3). Based on these results, subsequent studies designed to optimize 

composition used a single bolus only.  All sham-operated animals lived until the experimental 

end point of 10 days.   

Optimization of Therapy Composition 

The BHB/M therapy reported previously was developed for hemorrhagic shock treatment and its 

composition was based largely on animal observations.  The objective here was to optimize the 

composition based on empirical evidence. 

Melatonin Dose-Ranging Study I 

The formulation of BHB/M containing 4 M BHB with 43 mM melatonin in 20% DMSO (n=6) was 

compared to a solution containing 4 M BHB, 4.3 mM melatonin and 10% DMSO (n=6).  Survival 

curves (Figure 4) were compared 24 hours and 10 days after 60% blood loss. 24-hour survival 

showed no statistical differences (p>0.05) between BHB/M (mean survival 21.0 ± 2.74 hrs) and 

4 M BHB, 4.3 mM melatonin and 10% DMSO (mean survival 21.0 ± 2.74 hrs). There were also 

no statistical differences (p>0.05) in survival at 10 days (6.4 ± 2.0 days and 7.4 ± 1.8 days, 

respectively; Table 1). 

BHB Dose-Ranging Study 

BHB concentrations of 4 M (n=6), 2 M (n=5) and 0.4 M (n=5) were compared 24 hours and 10 

days after 60% blood loss (Figure 5).  Table 2 summarizes pairwise comparisons results. In 

short, at 24 hours, the 0.4 M BHB treatment had statistically lower survival (p<0.05) than the 4 

M BHB and the 2 M BHB treatments. At 10 days, only the difference between 0.4 M and 4 M 

BHB was upheld (p<0.05). However, 10-day mean survival showed a dose-dependent trend 
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where the higher concentrations of BHB resulted in longer survival (4 M BHB, 7.4 ± 1.8 days; 2 

M BHB, 5.3 ± 2.2 days; 0.4 M BHB, 2.1 ± 2.1 days). 

Melatonin Dose-Ranging Study II 

Survival curves for the concentrations of melatonin shown in Figure 6 were compared 24 hours 

and 10 days after 60% blood loss. Pairwise comparisons are summarized in Table 3. No 

treatment differences were observed at either 24 hours or 10 days after 60% blood loss. 

However, at 10 days, only the treatments with 0 mM melatonin (4.4 ± 1.4 days), 0.0043 mM Mel 

(6.6 ± 1.6 days), and the NaCl control (4.6 ± 1.4 days) were different (p<0.05) from the sham 

group. 

Physiological Constants 

BHB Dose-Ranging Study 

MAP was higher in shams at T10, T20, and T30 (p<0.05) compared to all hemorrhaged groups. 

This is to be expected as shams only had blood drawn for sampling.  At T90, all hemorrhaged 

groups were 20-30 mmHg lower than sham-operated animals. However only the published 

formulation of BHB/M, the treatment with 4 M BHB, and the treatment with 0.4 M BHB showed 

statistical differences (p<0.05) when compared to shams.  Sham animals had higher HR than all 

other treatments at T10 (p<0.05), T20 (p<0.05), and T30 (p<0.05).  By T90, hemorrhaged animals 

had a HR close to that of shams.  All animals presented a gradual decrease in rectal 

temperature as a result of anesthesia. However, the reduction in hemorrhaged animals was 

steeper than in shams. 

Melatonin Dose-Ranging Study II 

MAP was lower in all treatments compared to shams (p<0.05) through the blood withdrawal 

phase. During the one-hour hemorrhage period MAP rose steadily to levels close to those of 

sham animals. After a blood transfusion, MAP reached levels higher than baseline.  Sham-

operated animals had higher HR than all hemorrhaged groups through the experiment, with T0 

being the exception.  All groups, including shams, had gradual decreases in rectal temperature 

throughout the experimental protocol.  However, sham-operated animals consistently showed 



 11 

rectal temperatures a few degrees above all hemorrhaged animals.  Sham-operated animals 

were excluded when comparing animals that survived to 10 days after 60% blood loss and 

those that did not because the shams were not hemorrhaged and all lived to 10 days, potentially 

skewing the results. MAP, HR, and rectal temperature were higher at T90 in animals that lived to 

10 days (p<0.05). HR was also higher at T105 (p<0.05) in 10-day survivors. 

Sham rats were excluded from Cox Proportional Hazards regression analyses also. At T90, 

lower MAP (p<0.05; HR=0.97), HR (p<0.05; HR=0.99), and rectal temperature (p<0.05; 

HR=.49) resulted in lower survival. Higher rectal temperature (p<0.05; HR=2.29) at T20 lead to 

a decrease in survival. 

Whole-Blood Parameters 

BHB Dose-Ranging Study 

Treatments differences in pH were observed at T0. This is more reflective of individual variation 

since all animals have been instrumented as per the protocol in the methods section and no 

infusion has taken place at this time point. All groups presented reductions in pH, this could be 

in part as a result in rectal temperature drops, even though results were temperature-corrected. 

The 4 M BHB and 2 M BHB treatments had lower pH than shams at T30 (p<0.05).  However, the 

differences were only 0.04 and 0.15 pH units, respectively. 

Statistical differences in tHb were not observed until T30 between sham-operated animals and 

all hemorrhaged groups (p<0.05) as the loss of blood is accompanied by a reduction in red cell 

mass (15). A blood transfusion restored tHb levels in close to baseline in hypovolemic animals. 

sO2 at T0 was slightly decreased in all groups, probably as a result of anesthesia as isoflurane 

has been known to cause dips in sO2 at concentrations larger than 2% (17).  pO2 was higher in 

all hemorrhaged treatments compared to shams at T10 (p<0.05), T20 (p<0.05), T30 (p<0.05), T90 

(p<0.05), and T105 (p<0.05). This is contrary to the expectation that pO2 will be depressed in 

shocked animals (15). However, it reflects intact respiratory function.  Changes in pCO2, though 

minimal and not statistically different between treatments (p>0.05), seemed to parallel changes 

in blood pressure. 
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Hyperkalemia is expected to occur in sever shock (15). In rats subjected to hypovolemia, 

circulating K+ levels increased as the hemorrhagic phase progressed but returned to levels 

close to baseline during the shock period. In contrast, blood K+ in shams was lower from T0 to 

T10 but continually increased, resulting in statistically higher levels (p<0.05) when compared to 

all hemorrhaged groups at the end of the surgical procedure.  However, mean K+ concentrations 

were not outside of the normal range (3.9-9.2 mmol/L) (18) at any time point in any group. 

Hemorrhage lowers blood Na+ levels (15). Since the BHB we used comes in its sodium salt 

form, circulating Na+ increased upon infusion. The one-hour shock period allowed Na+ to go 

back to homeostatic values. In shams, blood Na+ increased after the first few blood samples 

and then slowly returned to its basal range.  Ca++ blood concentrations varied between groups 

enough to show statistical differences at T0 (p<0.05). However, this is just reflective of individual 

variation between the animals assigned to each group and the Ca++ levels were not outside of 

the reference values (18). With blood withdrawal, circulating Ca++ increased, but then decreased 

upon infusion. In fact, Ca++ levels somewhat mirrored the curves for Na+ and MAP. Nonetheless, 

these fluctuations remained within the normal value range.  Circulating Cl- levels fluctuated 

without a specific pattern or trend but tended towards the higher end of the reference levels.  

Sham-operated animals had lower Glu and Lac levels than all other treatments (p<0.05) at all 

time points except T0, consistent with a normal response to shock (15). 

Melatonin Dose-Ranging Study II 

All groups were indistinguishable at T0.  tHb was consistently higher in shams compared to 

hemorrhaged animals. Those differences were no longer present after a blood transfusion.  pO2 

was consistently lower in shams compared to all other treatments except at T0 and T105. The 

opposite was observed with pCO2.  K+ levels in the hemorrhaged groups seemed to mirror MAP. 

In the sham group, circulating K+ decreased initially and then gradually increased. 

In hemorrhaged animals, blood Na+ decreased with blood withdrawals and increased with 

treatment infusion. Over the one-hour shock period, circulating Na+ increased slightly.  In sham 

animals, Na+ levels stayed relatively constant.  Blood Ca++ concentrations varied and seemed to 

somewhat mirror MAP. However, those changes never fluctuated beyond the reference values 
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for Ca++.  Cl- was higher in the animals infused with the NaCl control treatment from T20 

onwards.  Both Glu and Lac remained at basal levels in sham-operated animals while they 

constantly increased in hemorrhaged rats. 

Sham rats were not included when comparing animals that lived to 10 days after 60% blood loss 

and those that died. All sham-operated animals survived to 10 days since they were not 

hemorrhaged and including them in this analyses could misrepresent the data.  At T0, sO2 was 

higher in non-survivors (p<0.05). tHb was lower in 10-day survivors at T10 (p<0.05). Blood Lac 

was higher at T20 in animals that did not live to 10 days (p<0.05). At T90, 10-day survivors had 

higher pH (p<0.05) and pCO2 (p<0.05); non-survivors had higher sO2 (p<0.05), K+ (p<0.05), and 

Lac (p<0.05). At T105, pH was higher in rats that lived to 10 days (p<0.05); animals that died 

before the 10-day end point had higher circulating Lac (p<0.05). 

Sham-operated animals were also excluded from regression analyses.  At T0, higher sO2 

(p<0.05; HR=1.22) resulted in lower survival. At T10, increased pH (p<0.05; HR=301.33) and 

increased tHb (p<0.05; HR=4.56) decreased survival. Reduced tHb at T20 (p<0.05; HR=0.16) 

reduced survival. Lower pCO2 (p<0.05; HR=0.85) and higher K+ (p<0.05) at T90 caused a 

reduction in survival. At T105, lower pH (p<0.05; HR=0.05) and higher Lac (p<0.05; HR=1.03) 

resulted in lower survival. 

Histopathological Scoring 

Histopathological analyses are important for our research because in trauma, death is mostly 

encountered at three points: 1) within the first hour, 2) within the next 24 hours, 3) after days or 

weeks (19). Since out post-operatory monitoring is not comprised of weeks, observing micro 

anatomical changes in different tissues provide information regarding the health status of the 

experimental subjects that survived the entire 10 days. It also helped us identify whether those 

animals would have kept living indefinitely or would have been likely to suffer health 

consequences in the near future.  Histological scoring was only conducted on the second 

melatonin dose-ranging study. Ten-day survivors administered 0.000043 mM melatonin had 

lower histopathological scores for intestine compared to those infused with 4.3 mM melatonin 

(p<0.05). However, the average score for this treatment represented only moderate damage, 
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suggesting that even though there was a stronger inflammatory response in this group, ten days 

after 60% blood loss the inflammation is being resolved. 

Plasma Parameters 

BHB Dose-Ranging Study 

Plasma BHB levels were higher in animals infused with 4 M BHB compared to those 

administered 0.4 M BHB at T20 (p<0.05) and T30 (p<0.05).  These differences were expected 

because they were consistent with the different concentrations infused.  At T105, the 

concentration of BHB in the plasma was higher in animals that died between day 0 and day 9 

compared to those that survived until the 10 day end point (p<0.05). Lower BHB levels at T20 

(p<0.05) and circulating BHB at T105 (p<0.05) resulted in decreased survival. 

Melatonin Dose-Ranging Study II 

Circulating TNF-α levels were determined for a representative sample (n=3 per treatment) of 

animals from the sham group as well as animals administered 4.3 mM melatonin, 0.000043 mM 

melatonin, 0 mM melatonin, and the NaCl control for T20, T30, and T90.  However, when shams 

and NaCl controls were not considered, a dose dependent trend was observed at T30 where the 

higher the melatonin administered, the lower the circulating TNF-α. Also at T30, TNF-α plasma 

levels were lower in animals that lived until the end of the experiment compared to those that 

died prematurely (p<0.05). TNF-α did not seem influence survival. 
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Conclusion 

There are three potential mechanisms by which BHB/M improves survival of hemorrhagic shock 

and they have immediate, short-term, and long-term effects. The immediate effects are 

unspecific and can be attributed to its osmolarity. It is well known that when administering a 

hypertonic solution into a blood vessel the changes in solute concentration will drive intracellular 

water into the intravascular space, expanding the plasma volume (20). This expansion can 

support an increase in MAP allowing blood to continue to circulate and minimizing ischemia 

(11). 

In the short term, BHB/M action is twofold. First, BHB acts as fuel source preserving cell 

function. One of the main outcomes of hemorrhagic shock is adenosine triphosphate (ATP) 

depletion which leads to cell death (20). BHB dehydrogenase converts BHB into acetoacetate 

which binds CoA transferred from succinyl-CoA via succinyl-CoA transferase (SCOT).  

Acetoacetyl-CoA is subsequently converted into two acetyl-CoA molecules that can maintain 

ATP production via the TCA cycle.  Hence, a single molecule of BHB is as energy efficient as a 

molecule of glucose without the potential of generating lactate.  SCOT is the rate-limiting 

enzyme in this process and is also up-regulated in the heart of hibernating ground squirrels (21) 

during periods of torpor and low blood flow when BHB levels are elevated and glucose levels 

are depressed (22).  

Second, melatonin is a powerful antioxidant and free radical scavenger. Reperfusion of an 

ischemic cell generates reactive oxygen species (ROS) which can damage cell membranes, 

directly injure DNA and proteins, and exacerbate inflammatory processes (23, 24), all of which 

lead to apoptosis. Melatonin can neutralize ROS, minimizing reperfusion injury. Furthermore, 

the products of its reaction with free radicals, N1-acetyl-N2-formyl-5-methoxykynuramine 

(AFMK) and N1-acetyl-5-methoxykynuramine (AMK), also possess antioxidant properties (25). 

The long term effects of BHB/M can also be attributed to melatonin as an immunomodulator, 

primarily through the scavenging of ROS and the inhibition of the activation of nuclear factor 

kappa B (NF-κB) (26). Limiting the inflammatory response in hemorrhagic shock and 

ischemia/reperfusion injury is paramount for long term survival.  Patients who initially survive a 
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hemorrhagic event could die weeks after the initial injury as the result of multiple organ failure 

(MOF) - a disproportionate self-destructive inflammation leading to the malfunction of organs not 

involved in the original traumatic event (19). 

So What? 

Our results show that a single 1 ml/kg bolus of BHB/M provided the same survival benefit as a 

bolus plus a slow infusion. In fact, animals that were administered a single bolus lived longer 

than those in which a slow infusion was continued. The lack of statistical difference could be the 

result of a small sample size.  It is possible that a single bolus allows the organism to balance 

the osmolarity and electrolyte content of the blood.  Continuing to infuse a hypertonic solution 

may exceed the individual’s ability to compensate for the osmolar load and electrolyte 

imbalance (11). 

We demonstrated that it is important to maintain the BHB concentration at 4M in order to obtain 

maximum survival.  The sodium salt of BHB is responsible for both the fluid shift from the 

intracellular space into the intravascular space and as a carbon source that maintains ATP 

production. Consequently, 2 M BHB would account result in only half the plasma expansion and 

half the fuel source.  Reducing the concentration by ten-fold would not even manage to increase 

plasma BHB above the baseline circulating levels observed in our study and by Klein et al (13).  

Administering 4 M NaCl could not support survival as effectively as 4 M BHB because NaCl only 

has a circulatory benefit but does not fuel the production of ATP which is essential for the 

maintenance of normal cellular function. 

Melatonin can be administered at concentrations a million-fold lower than the previously 

published formulation (13) and still support survival. This is reasonable since serum melatonin 

peaks in rats are ~8.61 × 10-7 mM (27). Hence, administering a 1 ml/Kg bolus of 43 mM 

melatonin, the way it occurred in the experiments by Klein et al (13), would result in plasma 

levels almost fifty thousand times higher than peak. When 4 M BHB was administered without 

melatonin, initial survival was observed, but it could not be supported long term. This supports 

our assumption that long term survival is achieved through mechanisms involving the 

immunomodulatory properties of melatonin. 
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The anti-inflammatory properties of melatonin may be dose-dependent. Our histological results 

showed that the lowest dose of melatonin administered, 0.000043 mM, had statistically higher 

injury scores in small intestine than the one administered the highest dose of 4.3 mM in our 

second melatonin dose-ranging study. It is possible that other dose-dependent differences were 

masked by statistic variability and low sample size. Furthermore, the melatonin response 

observed at T30 in TNF-α levels also support the idea of a dose-dependent anti-inflammatory 

action of melatonin. However, these differences do not seem to affect survival, supporting a 

reduction in the concentration of melatonin in the composition of BHB/M in a rat model. 

In summary, our experiments support an adjustment in the composition of the previously 

published BHB/M. The ketone component of BHB/M, beta-hydroxybutyrate, should remain at a 

concentration of 4 M.  Melatonin can be administered at a concentration 106-fold lower than the 

previously published concentration (13) without affecting survival rate.  Adjusting melatonin to a 

lower level has the benefit of reducing the concentration of the solvent DMSO. This is 

advantageous since there is some controversy over the use of DMSO (28). We also 

demonstrated that a slow infusion after a bolus administration is not necessary. This is a highly 

desirable trait as it increases the feasibility for self-administration in combat scenarios. 
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Appendices 

Tables 

Table 1. Melatonin Dose-Ranging Study I: Mean survival time in animals subjected to 60% blood loss at 
24 hours and ten days. 

24	  Hrs 10	  Days
21.00	  ±	  2.74 7.375	  ±	  1.75
21.00	  ±	  2.74 6.375	  ±	  2.00

24.00 10.00

24	  Hrs 10	  Days
4.3	  mM	  Mel 43	  mM	  Mel 1.0000 0.7980
4.3	  mM	  Mel Sham 0.1760 0.0143
43	  mM	  Mel Sham 0.1760 0.0143

Mean	  ±	  SD

p -‐value

4.3	  mM	  Mel
43	  mM	  Mel

Sham

Treatment	  Comparisons

Treatment

Mean survival time calculated as the area under the Kaplan-Meier curve. Units are hours for the calculations at 
24 hours and days for the calculations at ten days. The treatment labeled as 43 mM Mel contains 4 M BHB with 
43 mM melatonin in 20% DMSO (n=6); the treatment labeled as 4.3 mM Mel contains 4 M BHB with 4.3 mM 
melatonin in 10% DMSO (n=6). Statistically significant p-values are colored in red and underlined.  
Abbreviations: Mel, melatonin. 

Table 2. BHB Dose-Ranging Study: Mean survival time in animals subjected to 60% blood loss at 24 hours 
and ten days. 

24	  Hrs 10	  Days
6.50	  ±	  4.64 20.07	  ±	  2.05
20.40	  ±	  3.22 5.25	  ±	  2.21
21.00	  ±	  2.74 7.38	  ±	  1.75

24.00 10.00

24	  Hrs 10	  Days
0.4	  M	  BHB 2	  M	  BHB 0.0398 0.0803
0.4	  M	  BHB 4	  M	  BHB 0.0222 0.0472
0.4	  M	  BHB Sham 0.0004 0.0004
2	  M	  BHB 4	  M	  BHB 0.8920 0.4990
2	  M	  BHB Sham 0.1380 0.0041
4	  M	  BHB Sham 0.1760 0.0102

Treatment	  Comparisons p -‐value
Sham

Treatment Mean	  ±	  SD

0.4	  M	  BHB
2	  M	  BHB
4	  M	  BHB

Mean survival time calculated as the area under the Kaplan-Meier curve. Units are hours for the calculations at 24 
hours and days for the calculations at ten days. Sample sizes are as follows: 4 M BHB, n=6; 2 M BHB, n=5; 0.4 M 
BHB, n=5. All solutions contained 4.3 mM melatonin and 10% DMSO. Statistically significant p-values are 
colored in red and underlined. Abbreviations: BHB, D-stereoisomer of beta-hydroxybutyrate. 
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Table 3. Melatonin Dose-Ranging Study II: Mean survival time in animals subjected to 60% blood loss at 24 
hours and ten days. 

24	  Hrs 10	  Days
18.6	  ±	  3.20 4.38	  ±	  1.42
21.71	  ±	  2.76 7.71	  ±	  1.10
18.60	  ±	  3.20 3.58	  ±	  1.60
22.20	  ±	  2.30 7.63	  ±	  1.44
20.40	  ±	  3.22 7.75	  ±	  1.49
18.60	  ±	  3.20 4.58	  ±	  1.42
24 10.00

24	  Hrs 10	  Days
Sham 0	  mM	  Mel 0.0555 0.0009
Sham 4.3	  mM	  Mel 0.1280 0.0555
Sham .43	  mM	  Mel 0.2940 0.0555
Sham 0.0043	  mM	  Mel 0.0555 0.0229
Sham 0.000043	  mM	  Mel 0.2940 0.0555
Sham NaCl	  Control 0.0555 0.0009
0	  mM	  Mel 4.3	  mM	  Mel 0.6150 0.1200
0	  mM	  Mel .43	  mM	  Mel 0.2760 0.0792
0	  mM	  Mel 0.0043	  mM	  Mel 1.0000 0.3560
0	  mM	  Mel 0.000043	  mM	  Mel 0.3570 0.0864
0	  mM	  Mel NaCl	  Control 1.0000 0.9080
4.3	  mM	  Mel .43	  mM	  Mel 0.5420 0.9630
4.3	  mM	  Mel 0.0043	  mM	  Mel 0.6150 0.5910
4.3	  mM	  Mel 0.000043	  mM	  Mel 0.6260 0.9630
4.3	  mM	  Mel NaCl	  Control 0.6150 0.1310
.43	  mM	  Mel 0.0043	  mM	  Mel 0.2760 0.5630
.43	  mM	  Mel 0.000043	  mM	  Mel 0.9420 1.0000
.43	  mM	  Mel NaCl	  Control 0.2760 0.0866
0.0043	  mM	  Mel 0.000043	  mM	  Mel 0.3570 0.6570
0.0043	  mM	  Mel NaCl	  Control 1.0000 0.3550
0.000043	  mM	  Mel NaCl	  Control 0.3570 0.0866

Treatment	  Comparisons p -‐value

Treatment Mean	  ±	  SD

0	  mM	  Mel
0.000043	  mM	  Mel
0.0043	  mM	  Mel
.43	  mM	  Mel
4.3	  mM	  Mel
NaCl	  Control

Sham

Mean survival time calculated as the area under the Kaplan-Meier curve. Units are hours for the calculations at 24 
hours and days for the calculations at ten days. Sample sizes are as follows: 4.3 mM melatonin, n=10; 0.43 mM 
melatonin, n=10; 0.0043 mM melatonin, n=10); 0.000043 mM melatonin, n=10; and 0 mM melatonin, n=10. These 
solutions contained 4 M BHB and 2% DMSO. A control group was also included and were administered 4 M NaCl 
with 0.000043 mM melatonin in 2% DMSO (n=10). Statistically significant p-values are colored in red and underlined. 
Abbreviations: Mel, melatonin. 
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FIGURE LEGENDS 

Figure 1. Optimization of delivery experiments: Experimental timeline. After surgical 

preparation, animals were hemorrhaged until MAP ~25mmHg. They were then infused with 

either (A) a single 1 ml/kg bolus, or (B) a bolus followed by a 100 µl/hr slow infusion. In both 

instances, the bolus infusion was administered within 10 minutes of achieving MAP ~25mmHg. 

After bolus administration, animals were further hemorrhaged to 60% of their calculated blood 

volume. No blood was transfused at any time point.  Animals were monitored for 24 hours. All 

24-hour survivors were euthanized. 

Figure 2. Optimization of composition experiments: Experimental timeline. After surgical 

preparation, animals were hemorrhaged until MAP ~25mmHg and infused with a single 1 ml/kg 

bolus of solution over a 10 minute period. After bolus administration, animals were further 

hemorrhaged to 60% of their calculated blood volume and maintained in a shocked state for one 

hour. One-half (50%) of the shed blood volume was auto-transfused at a rate of 500 µl/min 60 

minutes after achieving 60% blood loss. Animals were monitored for 10 days.  All animals 

surviving 10 days were euthanized. 

Figure 3. Optimization of delivery experiments: Kaplan-Meier plot of animals subjected to 

60% blood loss. Infusion of the published formulation of BHB/M (4 M BHB with 43 mM 

melatonin in 20% DMSO) was conducted by administering either a single 1 ml/kg bolus (n=6) or 

a bolus followed by a 100 µl/hr slow infusion (n=5). The groups were not statistically different 

from each other. Times on the x-axis reflect minutes after achieving 60% blood loss. Some lines 

may be indistinguishable due to overlap. 

Figure 4. Melatonin Dose-Ranging Study I: Kaplan-Meier plot of animals subjected to 60% 

blood loss at (A) 24 hours and (B) 10 days. Infusion of either 4 M BHB with 43 mM melatonin 

in 20% DMSO (n=6) or 4 M BHB with 4.3 mM melatonin in 10% DMSO (n=6) was achieved by 

administering a single 1 ml/kg bolus. Sham-operated animals are also included in the graph. 

Times on the x-axis reflect either hours (panel A) or days (panel B) after achieving 60% blood 

loss. Some lines may be indistinguishable due to overlap. 
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Figure 5. BHB Dose-Ranging Study: Kaplan-Meier plot of animals subjected to 60% blood 

loss at (A) 24 hours and (B) 10 days. Infusion of either 4 M BHB (n=6), 2 M BHB (n=5), or 0.4 

M BHB (n=5) was achieved by administering a single 1 ml/kg bolus. All solutions contained 4.3 

mM melatonin and 10% DMSO. Sham-operated animals are also included in the graph. Times 

on the x-axis reflect either hours (A) or days (B) after achieving 60% blood loss. Some lines may 

be indistinguishable due to overlap. 

Figure 6. Melatonin Dose-Ranging Study II: Kaplan-Meier plot of animals subjected to 

60% blood loss at (A) 24 hours and (B) 10 days. Infusion of either 4.3 mM melatonin (n=10), 

0.43 mM melatonin (n=10), 0.0043 mM melatonin (n=10), 0.000043 mM melatonin (n=10), or 0 

mM melatonin (n=10) was achieved by administering a single 1 ml/kg bolus.  All solutions 

contained 4 M BHB and 2% DMSO. A control group was administered 4 M NaCl with 0.000043 

mM melatonin in 2% DMSO (n=10). Sham-operated animals are also included in the graph. The 

time shown on the x-axis reflect either hours (panel A) or days (panel B) after achieving 60% 

blood loss.  Some lines may be indistinguishable due to overlap.  
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