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Introduction

During the turn of the 20th century, a brief account of human hibernation 
appeared in the British Medical Journal. Published in full on the previous 
page, it describes the observations of an anonymous explorer who came 
across a practice in Russia to combat the winter that bears a likeliness to 
hibernation.

Looking back, it is safe to say that these observations were less of a 
scientific report, and more a reflection of the author’s personal yearn to 
escape the daily stresses of life. But it still raises the question of how much 
progress we have made over the past century. How far have we come to 
realize hibernation in humans?

Our understanding of natural hibernation has vastly improved over the 
last century. Zoological research has documented countless of hibernating 
species and unraveled many of the underlying principles. All amidst a growing 
prospect of human application, ranging from organ preservation prior to 
transplantation, to its potential impact on long term spaceflight. Yet it takes 
little effort to see that these applications have yet to materialize.  

So what is holding us back? There is no evidence that indicates hibernation 
is dependent on factors that would exclude humans from entering such a 
state. And this optimism is further substantiated by the diverse set of animals 
that display hibernation or similar states of low metabolism. 

Many of these animals demonstrate comparable, but seemingly 
unconnected, attributes. For example, hibernation seems to be under 
neurological control, it appears to be unrelated to body size, and metabolic 
depression seems to precede the characteristic drop in body temperature. 
But as these appear to be relevant attributes, their interrelations and 
dependencies are left up to theory. 

In the last decades, there is a growing interest in an old attribute: (bio)
chemical agents that have the ability to lower metabolism in animal models. 
Dubbed hibernation induction trigger in the late sixties, it now causes a 
renewed attention for the translation of hibernation to humans. In the wake 
of this attention, new experimental evidence surfaces all over the map. In 
particular of hydrogen sulfide, an otherwise toxic gas, that became a notable 
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centre of attention in hypometabolic research. 
However, in contrast to much of the early work in the field of hibernation, 

new experimental evidence focuses on cellular pathways and tissue-isolated 
effects, leaving some of the important physiological effects aside. 

This dissertation aims to complement and clarify the already existing 
findings and place them in context of a new model to advance our view 
on possible interrelations and dependencies. It remains unclear whether 
the renewed interest in hibernation moves the needle any closer to 
understanding how to translate hibernation to humans, but as you may find 
in this dissertation, it seems to have paved a way of new avenues to explore. 
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Outline

The work described in this dissertation, On the Physiology of Artificial 
Hibernation, aims to translate insights from the physiology of natural 
hibernators to a model of artificial hibernation that could aid clinical 
applications.

In Part I, the governing physiological elements that are responsible 
for the induction of (artificial) hibernation are discussed. Translation to its 
artificial counterpart is currently hampered by incomplete understanding 
of the exact mechanisms responsible for induction of hibernation. To 
facilitate this translation, in Chapter 1, a model is presented that identifies 
the necessary physiological changes for induction of artificial hibernation. 
This model interrelates six essential components: metabolism, body 
temperature, thermoneutral zone, substrate, ambient temperature, and 
hibernation-inducing agents. Then, Chapter 2 dives deeper into one of 
the critical elements to gain control over this model: (bio)chemical and 
pharmacological agents with thermoregulatory properties. To identify the 
potential of pharmacological agents to induce anapyrexic signaling, i.e. to 
signal a lowering of the thermoneutral zone, experimental findings of over 
a thousand pharmacologically active compounds were analyzed for their 
ability to induce anapyrexia in different animals.

In Part II, the effects of a popular biochemical agent, hydrogen sulfide 
(H2S), are evaluated for its potential to induce artificial hibernation in large 
and small animals. Chapter 3 starts with a series of experiments in large 
animals (pigs), studying the effects of H2S on systemic, pneumocardial, 
hematological, biochemical, microvascular, and histological parameters. 
On the basis of our findings and the literature, a mechanistic explanation 
is provided for the differential manifestation of hypometabolism between 
small and large animals upon exposure to H2S. Chapter 4, subsequently, goes 
back to a small-animal model (mice) and compares the effects of H2S to – 
what turns out to be – the more potent effects of hypoxia for the induction 
of artificial hibernation. 

Part III ends with a description of practical systems and strategies for 
bringing this model to single organ application in the liver, ultimately to be 
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used to improve organ viability and transplantation success rates in clinical 
scenarios. Chapter 5 describes the necessary preparations to the liver to 
maintain stable extracorporeal hepatic physiological function. In this context, 
the ideal pressure, temperature and solution to wash a liver clean of red 
blood cells is studied in a rat liver model. Chapter 6 closes with the proposal 
of a novel, portable, pressure-regulated, and oxygenated machine perfusion 
system that allows extended extracorporeal perfusion of the liver via the 
portal vein. This final chapter demonstrated how several of the model’s 
elements can be controlled in an extracorporeal environment. 

15
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PART I
THE PHYSIOLOGY OF

ARTIFICIAL HIBERNATION
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Chapter 1
Governing the physiology of

artificial hibernation

Adapted from

M.C. Dirkes, T.M. van Gulik, M. Heger

J Clin Trans Res 2015(2): 78-93
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ABSTRACT 

Incomplete understanding of the mechanisms responsible for induction 
of hibernation prevent translation of natural hibernation to its artificial 
counterpart. To facilitate this translation, a model was developed that 
identifies the necessary physiological changes for induction of artificial 
hibernation. This model encompasses six essential components: metabolism 
(anabolism and catabolism), body temperature, thermoneutral zone, 
substrate, ambient temperature, and hibernation-inducing agents. The 
individual components are interrelated and collectively govern the induction 
and sustenance of a hypometabolic state. To illustrate the potential validity 
of this model, various pharmacological agents (hibernation induction trigger, 
delta-opioid, hydrogen sulfide, 5’-adenosine monophosphate, thyronamine, 
2-deoxyglucose, magnesium) are described in terms of their influence on 
specific components of the model and corollary effects on metabolism. 
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INTRODUCTION

Metabolic homeostasis is key to physical function, justifying its meticulous 
regulation and powerful governing mechanisms in every living cell. The 
ability to artificially and reversibly reduce metabolism could provide many 
advantages for medicine, sports, and aviation [Ratigan and McKay, 2016; 
Bereiter-Hahn et al., 2015]. However, despite a growing understanding of our 
ability to regulate the mechanisms that govern metabolism at the cellular 
level, translation of metabolic control in cells to a whole organism has 
remained beyond our reach. 

In nature, reversible states of hypometabolism are a common trait. 
Members of eight species, including a variety of rodents, carnivores (bears), 
and primates (lemurs) are known to exhibit a type of hypometabolism 
[Geiser, 2004]. Although biological vernacular varies between many different 
types of hypometabolism (Figure 1), two types can generally be distinguished 
within animals that have an endogenous thermoregulatory system: a deep 
and a shallow type of hypometabolism. The difference lies in the depth of the 
drop in body temperature (Tb) and the duration. Shallow hypometabolism 
represents a temporary type, as exhibited during torpor by e.g., the house 
mouse, whereas deep hypometabolism is a more sustainable type, as is 
found in e.g., the hibernating ground squirrel [Geiser 2004; Hudson and 
Scott, 1979]. 

The mechanism(s) responsible for the induction of hypometabolism 
remain(s) controversial [Geiser, 2004]. Unfavorable environmental 
circumstances appear to be a common denominator in hibernating animals, 
including seasonal cooling, light deprivation, and prolonged starvation. 
However, the use of such external triggers to induce artificial hibernation 
in humans has proven to be of no avail. Irrespective of the external cues, 
an internal physiological signal, or perhaps a concerted cascade of signals, 
must initiate, propagate, govern, and sustain hypometabolic signaling in 
vivo. In an attempt to find such a signal, much research has focused on 
(bio)chemical signaling during hibernation and its induction, leading to the 
identification of several hypometabolic agents [Blackstone et al., 2005; Dark 
et al., 1994; Horton et al., 1998; Scanlan et al., 2004; Zhang et al., 2006]. 
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to achieve the depth found in natural hibernators and comes with challenging 
limitations. 

In an attempt to expand on current insights into hypometabolism, 
this review addresses the conditions necessary for the induction of 
hypometabolism and the possible initial (biochemical) triggers. Accordingly, 
a theorem on the induction of hypometabolism is presented, whereby 
the relationship between key physiological and environmental factors is 
provided as a framework to explain the physiological cascade that leads to 
a sustainable and reversible state of hypometabolism in mammals. Readers 
should note that the focus of this paper is on mainly the physiological and 
biochemical conditions required for the induction of hypometabolism. 

However, despite their discovery 
and extensive research in 
various animal models, none 
of the identified agents appear 
to induce a hypometabolic 
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state ubiquitously across species, as a result of which not 
a single hypometabolic agent has made it yet to (pre)
clinical application. Currently, the only metabolic control 
that is clinically employed is forced hypothermia-induced 
hypometabolism, although this type of hypometabolism fails 



Although neurological signal relay is key to convey, propagate, and sustain 
a state of hypothermia and hypometabolism, the responsible neurological 
pathways have only been superficially addressed. These pathways will be 
elaborated in more detail in a subsequent, separate review. 

Figure 1. Classification of the different types of hyper- and hypometabolism and the official biological 
vernacular. Endogenous thermoregulation occurs through the modulation of the thermoneutral zone (Ztn) and 
thermal effectors, whereas exogenous thermoregulation is dependent on the ambient temperature (Ta) and 
exogenous triggers but not the Ztn. 
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A MODEL FOR HYPOMETABOLIC INDUCTION 

Control of metabolism through temperature and substrate availability 

A pivotal step in the induction of artificial hypometabolism is gaining control 
over the most important factors that regulate metabolism (Q), namely the 
availability of substrate (S, i.e., oxygen and glucose) and the rate of adenosine 
triphosphate (ATP) production (anabolism, A) and consumption (catabolism, 
C), which are both influenced by the core body temperature (Tb). Hence, a 
direct relationship exists between Tb and Q (Figure 2) as well as between S 
and A (Figure 2). The relationship between Tb and Q essentially abides by 
Arrhenius’ law, which states that the chemical (i.e., enzymatic) reaction rate, 
Q, is reduced as a result of lowering of temperature (Equation 1). 

Although the magnitude of Q varies among enzymes, all have in common 
that Q is temperature-dependent and therefore relies on Tb. The directly 
proportional effect of Tb on Q is in turn affected by the ambient temperature 
(Ta), which impacts Tb and hence Q through heat exchange (Figure 2). The (Ta—)
Tb—Q relationship is widely exploited in the clinical setting, as exemplified 
by the contrived reduction in patients’ Tb through direct or indirect cooling 
(e.g., reduction in Ta by means of breathing cold air, cutaneous cooling, 
organ perfusion with a cold solution, or intravascular cooling) as a protective 
strategy in surgery [Azoulay et al., 2005; Reniers et al., 2014], neurology 
[Axelrod and Diringer, 2008], cardiology [Holzer and Behringer, 2008], trauma 

Figure 2. Substrate and temperature effects on 
metabolism. The S—Q relationship relies on 
substrate (S) availability to support anabolism (A). 
The Tb—Q relationship is dictated by the Arrhenius 
equation (Equation 1, where k is equal to Q in this 
model), which governs the relation between body 
temperature (Tb) and chemical reaction speed (Q). 
Catabolism (C) is directly affected by Tb, but not 
by S. 
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[Bernard et al., 2002], and intensive care [Polderman, 2004]. The protective 
effects of mild to moderate hypothermia (Tb reduction to ~35-32 °C) have 
been ascribed to lower radical production rates, ameliorated mitochondrial 
injury/dysfunction, reduced ion pump dysfunction, and cell membrane 
leakage, amongst others [Polderman, 2009]. The majority of these factors 
is directly related to the rate at which chemical reactions proceed, whereby 
cytoprotection is conferred by a Tb-mediated reduction in Q in accordance 
with the Arrhenius equation (Equation 1). 

The generally protective effects of hypothermia notwithstanding, the 
advantage of clinically forced hypothermia-induced hypometabolism is 
questionable in some instances. At mild hypothermia (~35 °C), serum 
concentrations of norepinephrine start to rise in response to hypothermic 
stress, coagulopathy starts to develop, susceptibility to infections increases, 
and mortality rates are negatively affected [Frank et al., 1995; Jurkovich 
et al., 1987; Sajid et al., 2009]. When the Tb is lowered further to ~30 °C, 
severe hypothermia-related complications may occur, including ventilatory 
and cardiac arrest [Polderman, 2009; Ivanov, 2000]. An even more profound 

Arrhenius equation
 

k Rate constant (S-1), identical to Q in the proposed model (Figure 11)
A Prefactor (S-1)
Ea Activation energy (J•M-1), potentially affected by Rx in the proposed model (Figure 11)
T Temperature (K), determined by Tb in the proposed model (Figure 11)
R Universal gas constant (J•K-1•M-1)

reduction in Tb would require mechanical ventilation with extensive 
monitoring and would considerably increase procedural risks. Accordingly, 
in the last five decades, the limit of ~30 °C has not been adjusted downward 
in the clinical setting as much as it has been refined, despite of successful 
animal experiments with much deeper hypothermia [Ananiadou et al., 2008, 
Letsou et al., 2003; Nozari et al, 2004; Sekaran et al., 2001]. 

The detrimental effects associated with forced deep hypothermia reflect 
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the limits of the practical implementation of the (Ta—)Tb—Q relationship. It 
is evident that the (Ta—)Tb—Q relationship must be differentially regulated 
in natural hibernators compared to humans. In natural hibernators the 
Tb—Q effects may be integratively mediated by endogenous signaling, such 
as by the release of biochemical agents or by hypoxia (both addressed in 
detail below). Humans essentially lack such endogenous pathways and do 
not exhibit hypothermia-related benefits from exogenously administered 
pharmaceuticals or hypoxia, as a result of which Q cannot be actively 
adjusted downward by other pathways than through the Tb—Q relationship. 
The distinctive responsiveness to hypothermia between humans and 
natural hibernators may be due to differential neurological and biochemical 
regulation of Tb, both of which act via mechanisms related to thermogenesis 
and heat loss. Thermoregulation and the role of thermogenic and heat loss 
effectors is therefore addressed in the following section. 

Thermoregulation following a shift in the thermoneutral zone 

The chief role of thermoregulation is maintenance of Tb to support an 
optimal thermodynamic environment for all chemical reactions in the 
organism, which is around 37 °C in humans. Thermogenic control is believed 
to rely on several neurological pathways, which includes involvement of the 
preoptic anterior hypothalamus (POAH). Together, these pathways manage a 
thermoneutral zone (Ztn) which provides a range in which the Tb is to maintain 
itself, and outside of which the Tb is to be adjusted towards the Ztn through 
the use of thermogenic effectors and heat loss effectors (Figure 3). Although 
it is difficult to ascertain that a single location among the thermoregulatory 
pathways can have an effect on the Ztn, it is generally accepted that the 
POAH exerts such an effect in hibernating and non-hibernating animals 
based on indirect experimental and clinical evidence [Boulant, 2000; Heller, 
1979]. In humans, incidental but selective destruction of the hypothalamic 
region is associated with dysfunctional thermoregulation, as evidenced by 
passive Tb declines to as low as 29 °C [Fox et al., 1970; Lammens et al., 1989; 
Rudelli and Deck, 1979; Sullivan et al, 1987; White et al., 1996]. Moreover, 
exposure of hypothalamically impaired patients to low Ta’s causes a drop 
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in Tb, whereas the same conditions induce a rectifying rise in Tb in ‘control’ 
subjects [Sullivan et al., 1987; Griffiths et al., 1988], attesting to impaired 
thermoregulatory capacity in hypothalamically afflicted patients. Altogether, 
these reports provide compelling evidence for a temperature integration 
site in the hypothalamus through which management of Ztn and Tb ensures 
maintenance of euthermia. 

On the basis of these findings it can be concluded that POAH-affected 
subjects exhibit a sensory defect between Ztn—Ta (Figure 3A), as a result 
of which Tb will approximate Ta in the absence of thermoregulation. 

Figure 3. The relationship between the thermoneutral zone and temperature. (A) Overview of thermoregulatory 
processes. The Ta—Tb relationship represents heat exchange between ambient (Ta) and body temperature 
(Tb). Information on the Ta is processed and translated into a thermoneutral zone (Ztn) through the Ta—Ztn 
relationship, whereby the Ztn maintains Tb by regulating thermal effector activity via the Ztn—Tb relationship. 
(B) Summary of thermal effectors that are mediated by the Ztn—Tb relationship. The Ztn activates thermogenic 
processes (red) when the Tb < Ztn and heat loss mechanisms (blue) when the Tb > Ztn. 

Contrastingly, healthy subjects exhibit a reactive effect between Ztn—Tb, 
whereby Tb is sustained in conformity with the Ztn irrespective of the Ta via 
activation of thermogenic effectors (Figure 3B). Accordingly, these data imply 
that, under normophysiological circumstances, Q is mainly regulated by the 
Ztn via Ztn—Tb—Q such that the optimal thermodynamic conditions (37 °C) are 
at all times maintained. POAH-mediated thermoregulation also takes place 
in rodents that are capable of entering a state of torpor. Corroboratively, 
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selective infarction of the anterior hypothalamus in rats coincides with the 
inability to regulate Tb, indicating destruction of pathways that govern the Ztn 
and abrogation of thermoregulatory function [He et al., 1999]. 

As opposed to humans, Ztn management in smaller animals (e.g., rodents) 
may veer from a euthermic regime in some species due to specific changes 
in environmental conditions. One exemplary condition is hypoxia, which is 
addressed in section Hypoxia-induced hypometabolism: aligning anabolism 
with catabolism to illustrate the relationship between S (oxygen) and Q. 

Before moving to the S—Q relationship in the context of hypoxia, 
however, it is imperative to address hypothermia as a function of an 
organism’s surface:volume ratio, or the ease with which heat exchange 
between Tb—Ta can proceed. Small animals have a high surface:volume 
ratio compared to large animals, which allows for faster heat dissipation and 
results in subsequent lowering of Tb when exposed to cold environments. 
A high convective efficiency is essential for the induction of hypothermia, 
and is dependent on the heat loss properties such as the animal’s skin 
phenotype, breathing pattern, the extent of skin exposure, and the animal’s 
posture and physical activity [Luecke et al., 1971]. In addition to such effects, 
small animals require a higher metabolic rate than larger animals to sustain 
their Tb (Kleiber’s law [Kleiber, 1932]), which causes small animals to become 
more easily affected by low Ta’s. As a result, it takes considerably less time 
to lower the Tb and coincidentally the Q of a mouse compared to those of a 
human. This effect is reflected in the strong correlation between the ability 
and depth of hibernation and surface:volume ratio, which indicates that 
virtually all hibernating animals are small (i.e., high surface:volume ratio) 
and that increased body size is associated with a decreased depth of the Tb 
drop during hibernation/torpor [Geiser and Ruf, 1955]. Hence it appears that 
environmental/biochemical modulation of metabolism is more prevalent in 
small animals and subject to the effectiveness of Tb—Ta heat exchange. 

Hypoxia-induced hypometabolism: aligning anabolism with catabolism 

The relationship between S and Q is to an extent regulated by the intracellular 
oxygen tension insofar as oxygen constitutes a vital S for Q (Figure 4). During 
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hypoxia, Q is impaired because of insufficient oxygen availability for oxidative 
phosphorylation, resulting in reduced cytochrome c oxidase function [Aw 
and Jones, 1982] and cessation of ATP production (A). Under hypoxic but 
normothermic conditions, the ATP consumption rate (C) can be suppressed 
to match the ATP production rate, but only to a limited extent and for a short 
time [Hochachka et al., 1996]. In order to survive during a long period of 
normothermic hypoxia, an organism’s metabolism must remain active to 
fuel metabolically vital processes, which include protein synthesis (25-30% 
of total ATP consumption), ion homeostasis (23-36%), gluconeogenesis (7-
10%), and ureagenesis (3%) [Rolfe and Brown, 1997]. The limited production 
yet active consumption of ATP during normothermic hypoxia therefore forces 
the organism to initially switch to anaerobic respiration (Pasteur effect) – a 
switch that imposes limits on the maximally tolerable duration of hypoxia/
anoxia due to inefficient ATP yields from glycolysis and the production of 
toxic metabolites such as lactic acid.

In several non-hibernating species, exposure to a prolonged period of 
hypoxia concurs with regulated hypothermia and hypometabolism, suggesting 
that hypoxia-mediated thermogenic and metabolic suppression constitutes a 
protective/coping mechanism for such life-threatening conditions [Gautier 
et al., 1985; Hayden and Lindberg, 1970; Hill, 1959; Horstman and Banderet, 
1977]. This hypoxic stress response, illustrated in Figure 5, is in fact an effective 
survival mechanism in that the catabolic rate is realigned with the limited 
anabolic rate caused by hypoxia, which is in part achieved by the lowering 

Figure 4. Effects of hypoxia on metabolism. 
Metabolism (Q) is controlled by substrate (S) 
availability. Lowering of oxygen availability 
(hypoxia) directly inhibits anabolism (A, i.e., 
ATP production) but not catabolism (C, i.e., ATP 
consumption). Consequently, the metabolic 
tolerance of hypoxia is limited by the extent to 
which C can be sustained in the absence of A.
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of Tb through the inhibition of thermogenesis and activation of heat loss 
mechanisms (explained in section The effect of hypoxia-induced anapyrexia 
on thermoregulatory effectors). In that respect, the hypoxic stress response 
essentially embodies a pre-programmed manifestation of Arrhenius’ law. 
During this process, the Ztn must either shift downward or be biochemically 
inhibited in order to resolve the incongruity between the hypothermic Tb and 
the euthermically ranged Ztn. A reduction in Tb (and consequently Q) resulting 
from a downward adjustment of the Ztn is referred to as anapyrexia (Figure 
6A), as opposed to pyrexia, which comprises an elevated Tb as result of an 

Figure 5. Induction of hypometabolism by hypoxia in mice. An experiment was conducted that exemplifies 
the reduction in temperature (measured with a thermal camera) and metabolism (measured by exhaled CO2 
levels) following exposure of mice (Mus musculus) to hypoxia. The mouse was placed in an air-tight container 
with an inlet coupled to a gas cylinder containing either an O2:N2 mixture of 21% O2 (to induce normoxic 
conditions, N) or an O2:N2 mixture of 5% O2 (to induce hypoxic conditions, H). The container was purged 
with the normoxic or hypoxic gas mixture at a flow rate of 1 L/min. The container also had a gas outlet that 
was coupled to a CO2 sensor (model 77535 CO2 meter, AZ Instrument, Taichung City, Taiwan). After a 30-min 
stabilization period under normoxic conditions, hypoxia was induced for 3.5 h, after which the container was 
changed back to normoxic conditions and the mouse was allowed to recover for an additional 3 h. The ambient 
temperature (Ta) was maintained at 23.4 ±0.3 °C. During the experiment the mouse was imaged with a thermal 
camera (Inframetrics, Kent, UK), whereby dark pixels indicate low temperatures and light pixels indicate high 
temperatures. The frame designations correspond to the lettering in the CO2 production chart to indicate the 
time point and phase at which the images were acquired. Upon induction of a hypoxic environment, the body 
temperature (Tb) of the mouse dropped (B), as evidenced by the decreased Tb-Ta contrast between 0.5 h and 
4 h. Following restoration of normoxic conditions (C), the animal’s Tb gradually returned to baseline levels. The 
right panel shows the CO2 profile during normoxia and hypoxia, whereby the hypoxic phase is clearly associated 
with reduced levels of exhaled CO2, which constitutes a hallmark of hypometabolism.
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elevated Ztn (i.e., fever). How anapyrexia is mediated under hypoxic conditions 
in animals is elusive. The effect of anapyrexia on thermoregulatory effectors, 
on the other hand, is not and provides useful information on the hypoxia-
anapyrexia signaling axis.

The effect of hypoxia-induced anapyrexia on thermoregulatory effectors 

Hypoxia-induced anapyrexia is found in a large number of species, including 
mice [Hayden and Lindberg, 1970; Kottke and Phalen, 1948], hamsters 
[Kuhnen et al., 1987], rats [Gautier et al., 1985; Giesbrecht et al., 1985], 
pigeons [Barnas and Rautenberg, 1990; Gleeson et al., 1986], dogs [Kottke and 
Phalen, 1948; Hemingway and Nahas, 1952], primates [Kottke and Phalen, 
1948], and man [Kuhnen et al., 1987], and manifests itself when the organism 
is concurrently exposed to low Ta. A low Ta appears to be a prerequisite for 
an anapyrexic response to hypoxia, as an anapyrexic response during hypoxic 
euthermic conditions is absent. The main question, however, is how hypoxic 
signaling decreases the Ztn to facilitate hypothermia. 

The answer may entail an effect of hypoxia on thermogenic effectors 
(Figure 6A), such as BAT and shivering (Figure 3B). The inhibitory effects of 
hypoxia on the intensity of cold- induced BAT activity include a lower afferent 
blood flow to BAT [Mortola, et al., 1999], reduced sympathetic nerve activity 
[Madden and Morrison, 2005], desensitized response to norepinephrine 
(a potent BAT activating agent [Cannon and Nedergaard, 2004; Hsieh and 
Carlson, 1957]) [Beaudry and McClelland, 2010], and can eventually lead to 
a reduction in BAT mass during prolonged exposure to hypoxia [Martinez 
et al., 2010; Mortola and Naso, 1998]. In addition, hypoxia results in the 
inhibition of shivering upon exposure to low Ta compared to normoxic 
controls in mice, dogs, and man [Kottke and Phalen, 1948]. Moreover, some 
species further reduce their Tb through changes in behavioral patterns, such 
as disengagement from cold-induced huddling [Mortola and Feher, 1998] 
or exhibiting an explicit preference for cooler environmental temperatures 
[Dupre and Owen, 1992]. 

Considering these effects, it can be hypothesized that hypoxia either 
acts directly on BAT and muscle tissue (shivering) or indirectly inhibits these 
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thermogenic effectors via central regulation, the Ztn. The latter is a more 
likely mechanism of action since anapyrexic signaling controls both BAT and 
shivering in order to facilitate hypothermia. Poor blood oxygenation, a result 
of exposure to hypoxia, is relayed to the brain via the carotid bodies, which 
is described by a Rx—Ztn relationship (Figure 6B). CBs are oxygen sensing 
bodies located alongside the carotid artery that contain oxygen-sensitive 
chemoreceptors through which they provide essential neuronal feedback on 
the arterial partial oxygen pressure [Prabhakar, 2000]. Excitation of the CBs 
by reduced oxygen levels during hypoxia possibly induces lowering of the Ztn 
to activate heat loss effectors (Figure 3B) so as to facilitate the induction of 
hypothermia with the sole purpose of aligning ATP consumption rates with ATP 
production rates as part of the survival response to stress conditions (section 
Hypoxia-induced hypometabolism: aligning anabolism with catabolism). 
Naturally, this response prevails in species that have a sufficiently high Ta—

Figure 6. Hypoxia-induced hypometabolism via anapyrexic signaling. (A) The onset of hypoxia, i.e., low 
substrate (S = oxygen) levels, is proposed to modulate the thermoneutral zone (Ztn) downward via a so-called 
hypoxic link. The lowering of the Ztn inhibits thermogenesis and activates heat loss mechanisms through the 
Ztn—Tb relationship, allowing heat exchange between body temperature (Tb) and ambient temperature (Ta) 
to occur. The consequent reduction in Tb slows down both anabolic (A) and catabolic (C) metabolism (Q) as 
described in Figure 2. (B) Pathways leading to anapyrexia via the Rx—Ztn and S—Ztn relationships. Although this 
relationship is exemplified for hypoxic conditions, where S comprises oxygen, it may also apply to conditions 
where another S is reduced, such as glucose during periods of starvation. Prolonged hypoglycemia is known to 
also induce hypometabolism, as addressed in section Deoxyglucose. A direct anapyrexic pathway is suggested 
for Rx—Ztn, where a neuroactive agent such as delta-opioids directly lowers the Ztn (section Delta-opioids). 
Alternatively, an Rx such as H2S can also affect the Ztn without affecting S availability by inducing hypoxic 
signaling through oxygen sensors such as carotid bodies (section Hydrogen sulfide). 

32

Part I



Tb convective efficiency to allow rapid manifestation of hypothermia and 
corollary reduction in Q (section Thermoregulation following a shift in the 
thermoneutral zone), given that sustenance of life by anaerobic metabolism 
is time-limited. CBs are therefore an important instrumental component of 
the ‘hypoxic link’ in smaller species. 

The existence of a ‘hypoxic link’ to the Ztn (Figure 6) has been suggested 
[Steiner and Branco, 2002] but lacks direct evidence other than the previously 
mentioned changes in thermal effectors. This link implies that, under cold 
but normoxic conditions, the Ztn enforces an array of physiological tools that 
coordinate a thermogenic response, such as shivering, activation of BAT, 
vasoconstriction, and piloerection (Figure 3B). Under hypoxic conditions, 
however, these thermogenic responses are dampened or even absent and 
coincide with activation of heat loss effectors such as vasodilation, sweating, 
and panting (Figure 3B) [Steiner and Branco, 2002]. Direct measurement of 
changes in the Ztn range would be useful in substantiating the ‘hypoxic link.’ 
Unfortunately, due to incomplete knowledge of Ztn functionality and technical 
difficulties related to reaching the neural pathways involved, it is currently 
very difficult to directly measure the range of the Ztn or changes therein. 

In summary, hypoxia (low S levels) leads to hypometabolism potentially 
by signaling anapyrexia through CBs, thereby allowing the body to cool 
via the S—Ztn—(Ta—)Tb—Q relationship. The hypoxia-induced anapyrexic 
component provides an advantage over the Tb—Q relationship in that the 
anapyrexia allows the Tb to drop below normothermia, preventing the stress 
response that would otherwise be needed to keep the body normothermic. 
Nevertheless, it is unlikely that these pathways constitute all necessary 
conditions for the induction of natural hibernation. A closer look at (bio)
chemical agents (Rx) that have the ability to induce or mimic ‘anapyrexia- 
driven hibernation’ present additional pathways, namely through their effect 
on S availability, the relay of S availability to the Ztn, and through direct effect 
on Ztn. 

Pharmacological agents and induction of artificial hypometabolism 

Induction of hypometabolism in natural hibernators normally occurs in 
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response to environmental triggers such as low Ta and light and/or food 
deprivation. The internal (bio)chemical trigger responsible for the subsequent 
propagation of this signal is key to understanding the hibernation process. It 
has been suggested that a yet to be characterized endogenous molecular 
compound, referred to as hibernation induction trigger (HIT), is responsible 
for inducing hibernation in vivo [Dawe and Spurrier, 1969; Dawe et al., 
1970] via the Rx—Q(—Tb) relationship, whereby the drop in Tb is arguably 
a consequence of the reduced Q by the HIT (Figure 7). It should be noted 
that this mechanism would differ fundamentally from anapyrexic signaling, 
which requires Ztn downmodulation and subsequent Ta—Tb equalization as 
a precursor event for hypometabolic induction (Figure 6). In an effort to 
identify the HIT, different endogenous compounds have been investigated 
that have potential to account for or mimic the effect of the HIT, including 
H2S [Blackstone et al., 2005], 5’-adenosine monophosphate (5’-AMP) [Zhang 
et al., 2009], thyronamines (TAMs) [Scanlan et al., 2004], 2’-deoxyglucose (2-
DG) [Dark et al., 1994], and delta-opioids (DOPs) [Horton et al., 1998, Dawe 
and Spurrier, 1969]. 

Although induction of a hypometabolic state is a shared trait of these 
agents, each is associated with a different pattern of physiological effects. 
The physiological effects related to hibernation, as summarized in Figure 8, 
are primarily found in small animals (Figure 8, outer ring) and not so much 
in large animals (Figure 8, inner ring). The high incidence of hypometabolic 
effects in small animals suggests that part of the Rx mechanism may rely 
on anapyrexia according to the Rx— (S)—Ztn—Tb—Q relationship described 
in Figure 6, and underscores the importance of the surface:volume ratio 
(section Thermoregulation following a shift in the thermoneutral zone). 
Consequently, the currently identified hypometabolism- inducing agents 
are addressed in relation to their direct anapyrexic properties (Rx—Ztn), 
their indirect anapyrexic properties (Rx—S—Ztn), or their substrate affecting 
properties (S—A).

Hydrogen sulfide 
Exposure to H2S consistently produces a hypometabolic state in small animals 
such as mice and rats (Figure 8, outer ring) [Blackstone et al., 2005; Aslami 

34

Part I



et al., 2010; Blackstone and Roth, 2007; Bos et al., 2009; Haouzi et al., 2008; 
Volpato et al., 2008]. However, the use of H2S in larger animals such as pigs 
[Drabek et al., 2011; Li et al., 2008; Osipov et al., 2009; Sodha et al., 2009], sheep 
[Haouzi et al,. 2008], and heavy rats [Haouzi et al., 2009] has failed to induce 
a hypometabolic response (Figure 8, inner ring). The current mechanistic 
paradigm of the hypometabolic effect of H2S is based on its high membrane 
permeability and direct inhibitory effect on cytochrome c oxidase in the 
electron transport chain (i.e., through the Rx—A relationship) [Beauchamp 
et al., 1984; Cuevasanta et al., 2012]. However, increasing evidence indicates 
the hypometabolic effects are the result of hypoxic signaling. For example, 
endogenously produced H2S is necessary for CBs to signal hypoxia [Peng et 
al., 2010]. Exogenously applied H2S, via a soluble NaSH precursor, can mimic 
the production of this hypoxic signal in vitro [Li et al., 2010], suggesting the 

Figure 7. The effect of hibernation induction 
trigger on metabolic activity. It has been 
suggested that metabolism (Q) may be directly 
inhibited by pharmacological agents (Rx) such as 
hibernation induction trigger (HIT) via inhibition 
of anabolism (A) and/or catabolism (C). It should 
be underscored that, based on the information 
presented in sections Thermoregulation 
following a shift in the thermoneutral zone and 
The effect of hypoxia-induced anapyrexia and 
thermoregulatory effectors, this pathway is 
unlikely to occur in the absence of hypothermic 
signaling via Ztn downmodulation. 

utilization of the ‘hypoxic link’ (Rx—Ztn) by H2S (Figure 6B). This is supported 
by the observed dichotomy between H2S-induced effects in small versus large 
species, where H2S produces hypometabolic effects in small species but not 
in larger species (Figure 8). The Rx—Ztn—Tb—Q relationship is dependent on 
a high Ta—Tb convective efficiency; a property that prevails strictly in small 
species due to their high surface:volume ratio (section Thermoregulation 
following a shift in the thermoneutral zone). 
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Figure 8. Physiological effects of hibernation inducing 
agents. Overview of physiological effects in response to 
2-deoxyglucose (2-DG), 5’-adenosine monophosphate (5’-
AMP), hydrogen sulfide (H2S), hibernation induction trigger 
(HIT), delta-opioid (DOP), and thyronamine (TAM). Each 
effect is represented by a black dot (lowering of value), 
transparent square (equal value), or black triangle (rise of 
value). The effects are stratified according to the size of the 
animal, from outer ring to inner ring these are: < 0.1 kg 
(e.g., mouse), 0.1-1 kg (e.g., rat), 1-10 kg (e.g., macaque) 
and > 10 kg (e.g., pig). The inner white ring indicates the 
respective reference (number) and species (letter). Animals: 
A, house mouse (Mus musculus, Linnaeus), B, deer mouse 
(Peromyscus maniculatus, Wagner); C, djungarian hamster 
(Phodopus sungorus, Pallas); D, common rat (Rattus 
novergicus, Berkenhout); E, thirteen-lines ground squirrel 
(Spermophilus tridecemlineatus, Mitchill); F, domestic 
dog (Canis lupus familiaris, Linnaeus); G, rhesus macaque 
(Macaca mulatta, Zimmermann) or southern pig-tailed 
macaque (Macaca nemestrina, Linnaeus); H, domestic 
pig (Sus scrofa domesticus, Erxleben); I, sheep (Ovis aries, 
Linnaeus). The physiological parameters include: Tb, core 
body temperature; VO2, oxygen consumption; M, motion; 
RR, respiratory rate; HR, heart rate; U, urine production; 
BP, blood pressure; RQ, respiratory quotient; CO, cardiac 
output; CO2, carbon dioxide production; PP, pulmonary 
pressure. All parameters are expected to be reduced during 
hypometabolism. A full-color version can be downloaded 
via the QR code below. 
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Adenosine monophosphate 
Intraperitoneal injections of 5’-AMP have been shown to induce an artificial 
hypometabolic state in mice and rats as evidenced by a profound drop in Tb 
(Figure 8) [Zhang et al., 2009; Daniels et al., 2010; Lee, 2008; Swoap et al., 
2007]. The putative contention is that intraperitoneal administration of high 
5’-AMP concentrations (e.g., 500 mg/kg) lead to extensive 5’- AMP uptake by 
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erythrocytes [Mathews et al., 2005], after which the high intracellular levels 
of 5’-AMP drive the adenylate equilibrium (ATP + AMP ↔ 2 ADP) towards 
production of ADP, thereby depleting erythrocyte ATP levels [Daniels et 
al., 2010; Lee, 2008]. As a result, erythrocyte 2,3-disphosphoglycerate is 
upregulated, limiting the binding of oxygen to hemoglobin’s oxygen binding 
sites (referred to as oxygen affinity hypoxia) [Daniels et al., 2010]. In addition to 
the already impaired oxygen transport, the severe cardiovascular depression 
following 5’-AMP administration has the potential to further exacerbate 
this hypoxic state (referred to as circulatory hypoxia) [Swoap et al., 2007]. 
Although there is no conclusive evidence that these types of hypoxia have 
the ability to induce an anapyrexic state, the generally pervasive hypoxic 
state likely uses the S—Ztn—Tb(—Ta)—Q relationship (Figure 6A) to induce 
hypometabolism through CB signaling. 

More recent studies have implicated a direct 5’-AMP signal transduction 
route to the central nervous system in seasonal hibernators, culminating in the 
induction of torpor [Muzzi et al., 2013; Tupone et al., 2013a; Jinka et al., 2011; 
Tupone et al., 2013b]. 5’- AMP signaling occurs via the A1 adenosine receptor 
(A1AR), which is ubiquitously distributed throughout all tissues, but not the 
A2AR or A3AR receptors. In the brain, A1AR signaling leads to deceleration 
of metabolic rate and induction of a torpor state in arctic ground squirrels 
[Olson et al., 2013]. In this species, intracerebroventricular administration 
of the A1AR antagonist cyclopentyltheophylline reversed spontaneous 
entrance into torpor during hibernation season, whereas administration 
of the A1AR agonist N(6)-cyclohexyladenosine induced torpor [Jinka et al., 
2011]. Later studies confirmed the manifestation of 5’-AMP-driven torpor in 
non-hibernators, including the mouse [Muzzi et al., 2013] and rat [Tupone et 
al., 2013a], suggesting that the hypothermia- and hypometabolism-inducing 
potential of 5’-AMP is pleiotropically applicable across species. Although the 
signaling is of more direct neurochemical nature compared to the hypoxic 
signaling, the S—Ztn—Tb(—Ta)—Q relationship (Figure 6A) also holds for the 
5’-AMP—A1AR signaling axis. 

As indicated previously, the depth of the hypometabolic response is 
dependent on the Tb—Ta convective efficiency (section Thermoregulation 
following a shift in the thermoneutral zone). This is further supported by 
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the extent of the drop in Tb that is observed in 5’-AMP-treated mice, which 
is proportional to the difference between Tb and Ta (i.e., lower Ta’s induce 
a greater drop in Tb), demonstrating the Tb—Ta dependency [Daniels et al., 
2010]. 

Thyronamines 
TAMs are a thyroid hormone-derived group of compounds of which currently 
nine structural analogues have been identified [Scanlan et al., 2004]. Contrary 
to the structurally similar metabolism-enhancing thyronines (T3 and T4), 
exposure to TAM analogues triggers a transient Tb depression in small animals, 
epitomizing the induction of a hypometabolic phase (Figure 8) [Scanlan et al., 
2004; Braulke et al., 2008; Doyle et al., 2007; Hart et al., 2006; Panas et al., 
2010]. Although earlier studies in a canine model presented contradictory 
evidence with respect to metabolic effects compared to later studies (Figure 
8, cardiac output), it is likely that this was a result of differences in synthesis 
methods and compound purity [Hart et al., 2006; Petit and Buu-Ho, 1961]. 
Nevertheless, the metabolic effects of TAMs remain obscure, regardless of 
the synthesis method. 

Both in vivo and ex vivo studies have found the physiological effects of 
TAMs to be mainly cardiogenic in nature, producing severe hemodynamic 
depression, bradycardia, hypotension, and reduced cardiac output [Scanlan 
et al., 2004; Braulke et al., 2008; Chiellini et al., 2007]. These effects result 
in reduced oxygen levels (affecting the Rx—S—Ztn relationship, Figure 6) by 
lowering the extent of blood oxygenation in accordance with Fick’s principle, 
which describes an inverse relationship between cardiac output and 
oxygenation (circulatory hypoxia) [Myers et al., 2008; Selzer and Sudrann, 
1958]. Although the effect of circulatory hypoxia on the Ztn has not been 
demonstrated, the presence of hypoxia in the broader sense may support 
the implication of the S—Ztn—Tb(— Ta)—Q relationship (Figure 6A) as a basis 
of the observed hypometabolism in smaller animals. 

Given the magnitude of the hemodynamic collapse in small species, TAMs 
may additionally render the animal motionless (Figure 8, motion), which 
would facilitate a greater rate of thermal convection (Tb—Ta) and therefore 
accelerate the consequent reduction in Tb and Q (Figure 2). 
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Deoxyglucose 
In addition to oxygen, S can also comprise glucose, as evidenced by the 
induction of a hypometabolic state upon glucose deprivation in hamsters 
and various types of mice [Dark et al., 1994; Dark et al., 1996; Stamper 
and Dark, 1997; Walton and Andrews, 1981]. Shortage of food, and 
with that the ability to use glucose as energy substrate, has the potential 
to induce hypometabolism or alter its depth [Stamper and Dark, 1997; 
Walton and Andrews, 1981; Mrosovsky and Barnes, 1974]. This principle 
has been demonstrated in hamsters using 2-DG, a glucose analogue that 
cannot undergo glycolysis as a result of the 2-hydroxyl group, which causes 
the animals to enter a hypometabolic state [Dark et al., 1994; Dark et al., 
1996]. The hypometabolic response to 2-DG, measured by the drop in Tb, is 
reflective of the S—A relationship (Figure 4). Currently there is no evidence 
that supports the S—Ztn pathway for 2-DG. 

Delta-opioids 
Isolation and characterization of the HIT found in serum of hibernating 
woodchucks and squirrels revealed a resemblance to D-Ala-D-Leu-5-
enkephalin, a non-specific DOP receptor agonist [Horton et al., 1998; 
Oeltgen et al., 1978]. Consistent with this characterization, DOPs induce 
a hypometabolic state of similar depth as the HIT, whereas mu- or kappa-
opioid receptor agonists show no effect [Oeltgen et al., 1978; Oeltgen et al., 
1988]. The involvement of opioid receptors is further substantiated by the 
inability of DOP to induce hypometabolism upon exposure to naloxon, a non-
specific opioid receptor antagonist [Bruce et al., 1996; Bruce et al., 1987; 
Margules et al., 1979; Oeltgen et al., 1982]. These findings raise the question 
whether DOPs make use of a direct Rx—Q relationship or act via the Rx—
Ztn (Figure 6). Growing evidence suggests the latter, as delta-opioids appear 
to be directly involved in hypoxic signaling. In mice, exposure to hypoxia 
has been suggested to decrease Ztn via delta-1-opioid receptor agonism 
[Mayfield and D’Alecy, 1994a; Mayfield and D’Alecy, 1994b; Mayfield et al., 
1994; Spencer et al., 1990]. Other studies have suggested that the delta-2 
opioid receptor rather than a delta-1 opioid receptor is responsible for the 
effects on the Ztn [Benamar et al., 2004; Broccardo and Improta, 1992; Salmi 
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et al., 2003], supported by the limited presence of delta-1-opioid receptors in 
the hypothalamic region [Sharif and Huges, 1989; Tempel and Zukin, 1987]. 
However, in both cases the preferred pathway to Ztn modulation appears to 
involve a direct Rx—Ztn relationship. 

Pharmacological agent properties and the feedback loop 

As demonstrated by the different mechanisms discussed in the previous 
section, Rx can affect Q via three potential pathways, namely via Rx—Q(—Tb) 
(Figure 7, suggested for HIT), via Rx—S—Ztn—Tb—Q (Figure 6, suggested for 
H2S, 5’-AMP, TAM, and 2-DG), and via Rx—Ztn—Tb—Q (suggested for DOP). 
However, irrespective of the hypometabolic pathway, it is unlikely that the 
systemic release of a single Rx accounts for the hypothermic/hypometabolic 
induction process. Instead, as is the case in many biochemical pathways, it is 
more probable that the induction of hypometabolism is governed by a signal 
amplifying feedback loop (Figure 9).

With respect to the model, the ideal properties of an Rx regarding 
its regulatory function of the feedback loop encompass 1) endogenous 
production and/or release during induction of hibernation, 2) inhibitory 
effects on both A and C, 3) downregulatory effect on Ztn, 4) equal distribution 
throughout the body, and 5) availability of agonists and antagonists to 
accelerate and abrogate Rx-mediated signaling, respectively. Although 
currently there is no sound evidence for the existence of an Rx feedback loop, 
such a mechanism is theoretically necessary to propagate a hypometabolic 
signal in vivo. Consequently, a mechanistic framework for such a feedback 
loop will be elaborated for magnesium (Mg2+), which appears to play an 
important role in hibernation across different species. 

Induction of hibernation coincides with a change in serum Mg2+ 
concentration (Figure 10). Serum Mg2+ levels increase by an average of 1.6-
fold upon induction of hibernation in different species compared to their 
summer active state, which is a considerably higher increase than observed 
for other electrolytes. The release of Mg2+ into the circulation occurs from 
storage pools that have formed prior to induction of hibernation in cells that 
comprise muscle (Figure 10) and skin tissue [Platner, 1950; Platner, 1953]. 
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The translocation of Mg2+ from tissue to blood and subsequent systemic 
distribution is in conformity with the first Rx property, i.e., the release of an 
endogenous agent during the induction of hibernation. 

In regard to the second property, Mg2+ exerts an inhibitory effect on 
Q, affecting both A and C. Mg2+ acts as a necessary co-factor in over 300 
enzymatic reactions [Ebel and Gunther, 1980]. When the Mg2+ concentration 
exceeds the saturating concentration required for occupying all substrate 
binding sites, Mg2+ becomes an inhibitor of enzymatic activity [Ebel and 
Gunther, 1980]. The inhibitory properties of Mg2+ are not limited to the 
inhibition of A, such as reduction of state III respiration (ADP-stimulated 
respiration) upon exposure to Mg2+ [Rochelle et al., 1978], but also include 
inhibition of C, such as reduction of Na/K-ATPase activity [Pedemonte and 
Beauge, 1983]. In addition, Mg2+ inhibits ion channels, such as the NMDA 
receptor ion channel and voltage gated ion channels [Frankenhaeuser and 
Meves, 1958; Hahin and Campbell, 1983; Mayer and Westbrook 1987]. 
Although inhibition of A and C are essential in sustaining a prolonged state 
of hypometabolism, as occurs during hibernation, this Rx property has been 
largely ignored in reports on conventional hibernation-inducing Rx agents 
(i.e., H2S, 5’-AMP, TAM, 2-DG, and DOP). 

The third property of an Rx is its downward adjusting effect on the Ztn. In 
case of Mg2+ there appears to be conflicting evidence; intracerebro-ventricular 
perfusion with a solution containing a supraphysiological concentration of 
Mg2+ does not result in a hypothermic response in hamsters [Myers and 
Buckman, 1972], rats [Myers and Brophy, 1972], cats [Feldberg et al., 1970; 
Myers and Veale, 1971; Myers et al., 1976], and primates [Myers and Yaksh, 
1971; Myers et al., 1971] but does result in a hypothermic response in pigeons 
[Saxena, 1976], dogs [Sadowski and Szczepanska-Sadowska, 1974], and sheep 
[Seoane and Baile, 1973]. However, with this perfusion approach it cannot be 
guaranteed that intracerebroventricular perfusion solely affected the neural 
pathways involved in thermoregulation. A more accurate assessment can be 
made on the basis of the thermal effectors, in which case Mg2+ exerted an 
inhibitory effect on shivering in cold-exposed dogs [Heagy and Burton,1948], 
reduced post-anesthetic shivering in patients [Kizilirmak et al., 1997; 
Lysakowski et al., 2007; Ryu et al., 2008], lowered the cold-induced shivering 
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threshold in healthy human subjects [Wadhwa et al., 2005], and promoted 
heat loss effectors in rats [Zweifler et al., 2004]. Essentially, these reports 
constitute indirect evidence for the Ztn lowering property of Mg2+, which is 
manifested through the activation of heat loss mechanisms and inhibition of 
thermogenic mechanisms (Rx— Ztn—Tb, Figure 6). 

Fourth, an Rx must distribute throughout the entire body. Although self-
evident, this property is often omitted in common theories on the induction 
of hibernation by pharmacological agents. Heterogeneously distributed 
receptors of an Rx deter widespread propagation of hypometabolic signaling, 
and instead support hypometabolic signaling through an interposed effect 
such as the lowering of the Ztn (e.g., DOP) or the availability of S (e.g., TAM). 
The systemic distribution of Mg2+ is unclear, but is expected to be ubiquitous 
given the role of this cation in many enzymatic reactions, including in the 

Figure 9. Signal amplifying feedback loop during 
hypometabolic induction. Theoretically, lowering 
of the body temperature (Tb) could be part of a 
feedback system that triggers the release of a 
metabolism inhibiting agent (Rx) capable of further 
lowering metabolism (Q) via direct inibition of 
anabolism (A) and/or catabolism (C). This process 
is embodied by the Tb—Rx— Q relationship.

hexokinase-mediated conversion of glucose to glucose 6-phosphate, which 
occurs in every somatic cell type as part of sugar metabolism. 

Finally, it is important that an Rx is sensitive to stimulation and inhibition 
for the induction and abrogation of hypometabolic signaling, respectively. 
The natural factors that trigger hibernation include lowering of Ta and dietary 
change, both of which are able to increase plasma Mg2+ via cold-stimulated 
muscular and dermal release of Mg2+ that is stored during the pre-starvation 
diet period [Ros, 2009]. The subsequent rise in plasma Mg2+ can promote 
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inhibition of thermogenic activity and activation of heat loss mechanisms 
by lowering of the Ztn, potentiating heat exchange (Ta—Tb). In addition, 
direct effects on shivering via Mg2+-mediated inhibition of neuromuscular 
transmission facilitates lowering of Tb [Del and Engbaek, 1954]. The 
consequent cooling releases more Mg2+ stored in muscles and skin, further 
adding to the increase in serum Mg2+ through a positive feedback loop. As 
discussed in section Thermoregulation following a shift in the thermoneutral 
zone, a feedback loop of this type would be most efficient in small animals 
due to their high body surface:size ratio and result in a less profound Tb drop 
in larger animals. 

Hypothermia and hypometabolism research and clinical implementation: 
important considerations 

The complete model on the induction of hibernation, presented in Figure 
11, is in part hypothetical and requires additional research to validate every 
relationship. Given the supportive experimental evidence discussed in the 
previous sections, the model provides a starting framework for interpreting 
observations made in future in vivo experiments concerning hypothermia 
and hypometabolism, particularly in the context of integrative physiology. 
There are several important considerations regarding this type of research 
that must be accounted for, especially when data are interpreted on the basis 
of the model. 

As implied in sections Control of metabolism through temperature 
and substrate availability and Thermoregulation following a shift in the 
thermoneutral zone, prevention of stress signaling upon exposure to a cold 
stimulus is crucial to safe lowering of metabolism, underscoring the need for 
validation of the Rx—(S)—Ztn relationship. This would require knowledge on 
both the location and function of the Ztn, which, as alluded to previously, is 
currently beyond our reach. However, by investigating the impact of a stimulus 
such as Ta or Rx on thermogenic effectors, heat loss effectors, and behavioral 
thermoregulation (Ztn—Tb, Figure 3B), the Ztn issues can be circumvented 
while still gaining insight into the Ztn lowering potency. Ztn-related research is 
presently conducted in this fashion, whereby ancillary parameters (effectors 
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and behavior) are used as a gold standard to gauge Ztn [Steiner and Branco, 
2002]. 

Due to their high Ta—Tb convective efficiency, small animals constitute 
ideal subjects for screening the anapyrexic potential of an Rx or investigating 
the effects of hypoxia. In larger animals, the lower Tb—Ta convective 
efficiency necessitates the use of active cooling to accommodate induction of 
hypothermia and corollary hypometabolism. If active cooling in larger animal 
models is omitted, an anapyrexic agent or hypoxia may yield hypometabolic 
results in small animals but induce limited or no effect in larger animals. A 
totally Tb-independent Rx (i.e., Rx—Q , Tb = 37 °C) would be in contradiction 
to this model and in fact disprove the necessity of Ta—Tb convection. It is our 
opinion, however, that hypometabolism cannot occur under normothermic 
conditions, an opinion that is supported by extension of the Arrhenius law. 

When translating these principles to a clinical setting, the use of the 
Rx(—S)—Ztn relationship suggests that better outcomes would be achieved 
if hypothermic patients were pretreated with an anapyrexic agent (Rx—
Ztn—Tb(—Ta)) or subjected to hypoxia (S—Ztn—Tb(—Ta)). The fact that clinical 
practice deviates from these approaches may contribute to the increased 
comorbidity in patients as a result of hypothermia-inflicted stress responses 
during trauma-induced and perioperative hypothermia [Frank et al., 1995; 
Stevens, 1993]. Presently, none of the strategies aimed to resolve these 
responses in patients encompass guidelines for Ztn modulation. As a result, 
many patients are placed on 100% O2 and symptomatic treatment of shivering 
without a clear rationale. According to our model, a more cautious approach in 
oxygenating hypothermic patients could be beneficial, as reflected by the S—
Ztn—Tb signaling axis. By subjecting a hypothermic patient to a hypoxic signal 
(S—Ztn) or anapyrexic agent (Rx(—S)—Ztn), the cold-induced stress response 
may be mitigated by reduction of Ztn through CB signaling and alignment of Tb 
with Ta. As exposure to a cold stimulus readily activates thermal effectors such 
as shivering and BAT [van Marken, et al., 2009; Virtanen et al., 2009], such an 
effect would be promptly visible. However, to date no anapyrexic agents or 
hypoxic signaling mechanisms have been reported in a clinical setting. 

46

Part I



Figure 10. Electrolyte changes during induction of natural hibernation. Analysis of blood levels of magnesium 
(Mg2+, serum n = 23, muscle n = 9), calcium (Ca2+, serum n = 19, muscle n = 5), sodium (Na+, serum n = 
16, muscle n = 6), potassium (K+, serum n = 25, muscle n = 9), and chloride (Cl-, serum n = 9, muscle n = 
3) from summer active state to hibernation (< 1, reduction upon induction into hibernation; 1, no change; 
> 1, increase in electrolyte concentration). Black bars correspond to serum electrolyte levels, grey bars 
indicate electrolyte levels in muscle tissue. Animals included in this figure are: European hedgehog (Erinaceus 
europaeus, Linnaeus) [Clausen and Storesund, 1971; Edwards and Munday, 1969; Suomalainen, 1938], long-
eared hedgehog (Hemiechinus auritus, Gmelin) [Al-Badry and Taha, 1983], golden hamster (Mesocricetus 
auratus, Waterhouse) [Ferren et al., 1971; Tempel and Musacchia, 1975; Tempel et al., 1978, Willis et al., 1971; 
Riedesel and Folk, 1957b], common box turtle (Terrapene carolina, Linnaeus) [Hutton and Goodnight, 1957], 
pond slider (Trachemys scripta, Thunberg) [Hutton and Goodnight, 1957], painted turtle (Chrysemys picta, 
Schneider) [Ultsch et al., 1985; Jackson and Heisler, 1983; Reese et al., 2001; Ultsch et al., 1999], European 
ground squirrel (Spermophilus citellus, Linneaus) [Pengelley and Kelly, 1967], thirteen-lined ground squirrel 
(Spermophilus tridecemlineatus, Mitchill) [Willis et al., 1971; Riedesel and Folk, 1957; Kenny and Musacchia 
,1977], groundhog (Marmota monax, Linneaus) [Bito and Roberts, 1974; McBirnie et al., 1953], yellow-
bellied marmot (Marmota flaviventris, Audubon & Backman) [Zatzman and South, 1972], Asian common 
toad (Duttaphrynus melanostictus, Schneider) [Pratihar and Kundu, 2009], little brown bat (Myotis lucifugus, 
LeConte) [Riedesel and Folk, 1957; Riedesel, 1957; Riedesel and Folk, 1958], big brown bat (Eptesicus fuscus, 
Palisot de Beauvois) [Reidesel and Folk, 1957; Riedesel, 1957], American black bear (Ursus americanus, Pallas) 
[Riedesel and Folk, 1957], common musk turtle (Sternotherus odoratus, Latreille) [Ultsch, 1988], desert 
monitor (Varanus griseus, Daudin) [Haggag et al., 1965]. Statistical analysis was performed in MatLab R2011a. 
Intragroup analysis of serum versus muscle electrolyte levels (Mann-Whitney U test: p-value): Mg2+, p < 0.001; 
Ca2+, p = 0.395; Na+, p = 0.299; K+, p = 0.067; Cl-, p = 0.315. Intergroup analysis of serum electrolyte levels, 
indicating statistical differences (Kruskal- Wallis test): Mg2+ versus Ca2+, Na+, K+, and Cl-, (p < 0.05). 
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CONCLUDING REMARKS

In conclusion, the lack of understanding of the induction mechanisms 
underlying natural hibernation stands in the way of successful application 
of artificial hibernation in biotechnology and medicine. Accordingly, a model 
was developed to assist in finding the means to translate the physiological 
changes observed during natural hibernation to its artificial counterpart. 
Summarized in Figure 11, six essential elements form the basis of our model, 
which were extrapolated from literature. The relationships between these 
elements dictate their values and collectively govern the induction and 
sustenance of a hypometabolic state. To illustrate the potential validity of this 
model, various Rx (HIT, DOP, H2S, 5’-AMP, TAM, 2-DG, Mg2+) were described in 
terms of their influence on the intervariable relationships and effects on Q. 

Although the ultimate purpose of this hypothetical model was to help 
expand the paradigm regarding the mechanisms of hibernation from a 
physiological perspective and to assist in translating this natural phenomenon 
to the clinical setting, our model only comprises a part of the vastly 
complex biological systems that underlie anapyrexia and hypometabolism. 
Moreover, readers should note that concepts as ‘set point’ are model-
based phenomena, rather than neurobiological constructs. The key to the 
mechanistic underpinning of anapyrexic signaling currently rests on the 
shoulders of neurobiology, which is slowly unveiling the neurological signaling 
pathways. In that respect, thermal reflexes (cold defense, fever, anapyrexia, 
hibernation, etc.) are mediated by changes in the discharge of neurons in 
neural circuits controlling thermoregulatory effectors, and understanding 
how and through which neuro- chemical mediators these reflexes are effected 
will only be accomplished through detailed neurobiological experimentation. 
Accordingly, basic elucidation of the neurochemistry of anapyrexia is needed 
for the identification of useful Rx’s [Tupone et al., 2013a, Tupone et al., 2013b]. 
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Figure 11. Model for induction of (artificial) hypometabolism. Depicted parameters: Q, overall metabolism 
defined as chemical reaction speed (i.e., similar to k in Equation 1); C, catabolism; A, anabolism; Tb, core 
body temperature; Ta, ambient temperature; Ztn, thermoneutral zone; S, substrate; Rx, (bio)chemical agent 
able to induce hypometabolism. The relationships: Tb—Q, Arrhenius law; Ta—Tb, heat exchange; Ztn—Tb, 
thermogenesis and heat loss mechanisms; Ta—Ztn, sensory input; S—Ztn, hypoxic link; Rx— S, hypoxia/
hypoglycemia induction; Rx—C, catabolic modulation; Rx—A, anabolic modulation; Rx—Ztn, anapyrexic signal; 
S—A, metabolic substrate supply; Tb—Rx, positive/negative feedback loop. 
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ABSTRACT 

A reduction in body temperature can be achieved by a downward adjustment 
of the thermoneutral zone, a process also described as anapyrexia. 
Pharmacological induction of anapyrexia could enable numerous applications 
in medicine. However, little is known about the potential of pharmacological 
agents to induce anapyrexic signaling. Therefore, a review of literature was 
performed and over a thousand pharmacologically active compounds were 
analyzed for their ability to induce anapyrexia in animals. Based on this 
analysis, eight agents (helium, dimethyl sulfoxide, reserpine, (oxo)tremorine, 
pentobarbital, (chlor)promazine, insulin, and acetaminophen) were identified 
as potential anapyrexia-inducing compounds and discussed in detail. The 
translational pitfalls were also addressed for each candidate compound. Of the 
agents that were discussed, reserpine, (oxo)tremorine, and (chlor)promazine 
may possess true anapyrexic properties based on their ability to either affect 
the thermoneutral zone or its effectors and facilitate hypothermic signaling. 
However, these properties are currently not unequivocal and warrant further 
examination in the context of artificially-induced hypometabolism. 
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INTRODUCTION

An organism’s core body temperature (Tb) is of key importance to its 
physiological function, as reflected by the meticulous regulation of Tb. The 
plasticity of thermal regulation is demonstrated by numerous pathological 
conditions, such as the increase in Tb (pyrexia) during an infection. A lesser 
known, but potentially equally important thermal adaptation mechanism, 
is regulated decrease in Tb (anapyrexia). Anapyrexia can be described as 
the opposite of fever, namely a lowering of the boundaries between which 
the body considers itself thermoneutral (the thermoneutral zone, Ztn), and 
concurs with the inhibition of thermogenic processes and the activation of 
heat loss mechanisms (Figure 1).

The ability to lower the Ztn is an established feature of poikilothermic 
animals, one that is only starting to be recognized in homeothermic animals 
[Steiner and Branco, 2002]. The integration and processing of thermoregulatory 
signals is believed to involve several intricate neural pathways encompassing 
both peripheral sensory neurons and central hypothalamic neurons and 
nuclei [Cerri et al., 2010; Maingret et al., 2000; Crawshaw et al., 1985; Cerri 
et al., 2013], including the preoptic anterior hypothalamus (POAH) [Maingret 
et al., 2000; Crawshaw et al., 1985; Parmeggiani et al., 2000; He et al., 1999; 
Boulant, 2000]. Together these pathways manage the Ztn, which in turn 
manages thermogenesis (e.g., shivering, activation of brown adipose tissue 
(BAT), vasoconstriction, tachycardia, tachypnea, piloerection, and behavioral 
accommodation) and heat loss (e.g., vasodilation, sweating, panting, and 
changes in behavioral patterns such as the pursuit of lower environmental 
temperatures (Ta)) (Figure 1) [Boulant 2000; Romanovsky et al., 2002]. 
Readers interested in the neuroanatomical networks that govern mammalian 
thermoregulation via the POAH are referred to a panel of excellent papers by 
Morrison and Nakamura on this subject [Morrison et al., 2008; Nakamura, 
2011; Morrison and Nakamura, 2011; Nakamura and Morrison, 2011]. 

A method to induce anapyrexia in small animals is by subjecting the 
animals to hypoxia, which triggers regulated hypothermia and corollary 
hypometabolism in some species as a countermeasure against the hypoxic, 
and thus potentially lethal, conditions [Kottke and Phalen, 1948; Hayden 
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and Lindberg, 1970; Frappell et al., 1992; Gordon, 2001]. One of the 
putative regulatory mechanisms is centered on carotid body sensing [Peng 
et al., 2010; Prabhakar and Semenza, 2012]. Carotid bodies are clusters of 
chemoreceptors and cells near the bifurcation of the carotid artery that 
detect changes in oxygenation-related parameters, including partial pressure 
of oxygen and carbon dioxide as well as pH and temperature [Buckler et 
al., 2000; Gonzalez et al., 1994]. When hypoxia is sensed, anapyrexia is 
induced through the inhibition of thermogenic effectors and activation of 
cooling effectors [Steiner and Branco, 2002; Frappell et al., 1992; Gordon and 
Fogelson, 1991; Madden and Morrison, 2005; Hinrichsen et al., 1998], which 
are under control of the POAH [He et al., 1999; Boulant, 2000; Nakamura, 
2011; Heller, 1979]. This protective mechanism (Figure 1) is believed to 
be rooted in evolution, and there is evidence that such a mechanism is 

Figure 1. Regulation of body temperature (Tb) through change of the thermoneutral zone (Ztn). The first sphere 
on the left indicates an initial external trigger, which may be an environmental stimulus such as hypoxia or a 
pharmacological agent with anapyrexic properties. These triggers can lead to a downward adjustment of the 
Ztn (second sphere). In turn, the reduction of the Ztn leads to activation of heat loss mechanisms (sweating, 
behavioral adaptation, panting, vasodilation) and inhibition of thermogenesis (shivering, activation of brown 
adipose tissue, behavioral adaptation, vasoconstriction, piloerection), resulting in a reduction of Tb (third 
sphere). The extent of Tb reduction is dependent on the rate of thermal convection, which in turn is dependent 
on the body surface:volume ratio (fourth sphere). 
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preserved in man, at least to an extent [Kottke and Phalen, 1948; Robinson 
and Haymes, 1990]. However, hypoxia is generally not employed in the 
clinical setting as a patient’s already compromised state may be exacerbated 
at low oxygen tensions. Nevertheless, the artificial modulation of a patient’s 
Ztn is of great interest because of the protective effects that are associated 
with hypometabolism [Gordon, 2001]. 

Inasmuch as artificial (clinical) regulation of anapyrexia via the hypoxia-Ztn 
axis does not constitute the most suitable and practical means, alternative 
methods have been explored. One interesting and potentially viable approach 
is pharmacological modulation of thermoregulatory cold receptors in the skin 
[Almeida et al., 2012; de Oliveira et al., 2014]. Studies published by Andrej 
Romanovsky’s Fever Lab have demonstrated that selective inhibition of the 
transient receptor potential melastatin-8 (TRPM8) channel (cutaneous cold 
receptor) with M8-B effectively decreases the Tb in mice and rats via several 
thermal effectors (thermopreferential behavior, tailskin vasoconstriction, and 
brown adipose tissue) [Almeida et al., 2012]. Alternative strategies aimed at 
gaining control over the Ztn by pharmacological means at intervention sites 
other than cutaneous cold receptors also appear promising and encompass 
several proposed compounds such as arginine, vasopressin, lactate, 
adenosine, histamine, delta- and kappa opioids, nitrogen monoxide, and 
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carbon monoxide [Steiner and Branco, 2002]. Although these agents harness 
potential for clinical application, most of the compounds are associated 
with undesired side-effects that have confined their use to the experimental 
setting. 

The pharmacological induction of hypothermia through modulation of 
the Ztn has proven quite difficult in practice, particularly since the number 
of reports on methods to induce anapyrexia is limited. Nevertheless, the 
downward adjustment of the Ztn by pharmacological agents may have 
numerous beneficial implications for medicine and biotechnology, but also 
for sports and aviation/space travel. Consequently, the identification of 
new anapyrexic agents or re-evaluation of established compounds for their 
anapyrexic properties has become increasingly important. Subjecting all 
known pharmacological agents to specific empirical investigations, however, 
would be exhaustive and comprehensive. 

Aim of the study 

In order to provide an accessible summary of potentially useful pharmacological 
agents for the induction of anapyrexic signaling, we performed a review of 
literature and analyzed over a thousand pharmacologically active compounds 
for their ability to induce anapyrexia in animals. The most viable candidates 
were identified on the basis of the magnitude of the reported heat loss and 
critically appraised in the context of the Ztn-mediated heat loss mechanisms 
(Figure 1). In this study we focused specifically on the most studied 
compounds that potentially harness anapyrexic properties and addressed 
the candidate drugs against a backdrop of empirical evidence related to 
mainly pharmacodynamics and toxicology. The secondary purpose of this 
review was to guide novel research with ‘old compounds’ in the context of 
anapyrexic signaling by elaborating on the discrepancies in reported data and 
knowledge gaps. 

Visualizing drug-induced changes in body temperature 

Between 1979 and 1986 eight extensive reviews on changes in Tb after 
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exposure to pharmacological agents were published by Wesley G. Clark in 
Neuroscience and Biobehavioral Reviews [Clark, 1979; Clark and Clack, 
1980a; Clark and Clark, 1980b; Clark and Clark, 1981; Clark and Lipton, 
1985a; Clark and Lipton, 1985b; Clark and Lipton, 1986; Clark, 1987]. 
According to the author, “this survey ... intended to provide an immediate 
source of information on drug-induced changes in thermoregulation” [Clark 
and Clark, 1980b]. Published prior to the coining of the term ‘anapyrexia,’ 
the reviews furnish relevant information on 1,295 agents in 48 mammalian 
species, although the size of the data compilation makes it difficult to 
effectively assess the anapyrexic potential of all agents. Therefore, we have 
created a visual tool to assist in the analysis of data by plotting the Tb change 
per compound and per species in a single diagram (Figure 2, see legend for 
methods). In short, a blue sphere indicates a reduction in Tb, which reflects 
the inability to maintain thermal homeostasis and hence points to potential 
anapyrexic properties of the agent. Contrastingly, a red sphere indicates an 
increase in Tb and thus pyretic properties of the agent. The size of the sphere 
is proportional to the magnitude of the change in Tb. Before elaborating on 
the most promising anapyrexia-inducing agents, it is important to outline 
some limitations of the analysis. 

Limitations of the analytical method 

The data in Figure 2 have four important limitations. Firstly, although each 
data point (sphere) represents the average of ≥ 10 reports, the number of 
animals in each report was not taken into account simply because the sample 
size was not indicated in every report, making a weighted analysis impossible. 
This may skew the data insofar as the result from one animal bears equal 
weight as the mean of results acquired with a larger group size. 

Secondly, the change in Tb was not corrected for the Ta, which can have 
a considerable effect on convection and therefore the measured depth of 
hypothermia, particularly in small species [Dirkes et al., 2015]. Although most 
experiments were conducted at an average Ta that was within a normally 
accepted range (~18-25 °C), a few exceptions must be noted, such as for 
helium and DMSO, where the experiments were performed at an average 
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Figure 2. Change in Tb upon exposure to pharmacological 
agents. All presented data are derived from reviews published 
by Clark et al. [Clark, 1979; Clark and Clack, 1980a; Clark 
and Clark, 1980b; Clark and Clark, 1981; Clark and Lipton, 
1985a; Clark and Lipton, 1985b; Clark and Lipton, 1986; 
Clark, 1987]. These reviews total 18,808 reports on changes 
in Tb (ΔTb) following exposure to a biochemical agent. All 
avian (628 reports), aquatic (46 reports), reptilian (31 
reports), and naturally hibernating species (164 reports) were 
excluded on the basis that they are intrinsically endowed 
with different mechanisms regarding thermoregulation and 
hypometabolism [Geiser and Ruf, 1995]. All reports of human 
ΔTb (1,285 reports) were excluded on the basis that they are 
not likely to be performed under standardized or controlled 
circumstances. All reports including a pre-existing febrile state 
(2,680 reports) were excluded on the rationale that these 
do not reflect an effect on healthy individuals and possibly 
only affect an increased Ztn. All reports with no quantitative 
data were excluded (6,591 reports). In case of multiple data 
points, the largest ΔTb was included. To improve the validity 
of Tb values, all agents that had < 10 reports within one 
species were also excluded. The final dataset, consisting 
of ≥10 reports/agent/species, was used for analysis and 
visualization. Data analysis was performed in Matlab R2011a 
(Mathworks) and graphically processed in Adobe InDesign 
CS5 (Adobe). The ΔTb’s are plotted as bicolored spheres, 
whereby cooling is indicated in blue and heating in red. The 
mean ΔTb of each agent per species (n ≥10) is represented 
by the inner diameter of the sphere. The difference between 
the inner and outer diameter of the sphere represents the 
standard deviation. All spheres are projected against a layered 
concentric background, whereby each layer (separated by 
different shades of gray) represents a species as indicated in 
the legend (upper right). The agents are grouped according to 
the classification used in the original manuscripts, delineated 
by the outward radiating gray areas. A full-color version can 
be downloaded via the QR code below. 

58



59



Ta of 10.0 ± 13.3 °C and 12.5 ± 10.3 °C, respectively. The complete list of Ta’s 
and the quantitative data of Figure 2 can be found in supplemental Table S1. 

Thirdly, the dosage and administration route, which can affect the 
disposition of a pharmacological agent, were not accounted for in the analysis. 
An example of a dose-dependent effect on Tb can be seen with morphine 
(Figure 2). Morphine has the potential to both increase (cat) and decrease 
(dog) the Tb. These opposite findings may originate from differences in dosing 
since low concentrations of morphine (≤ 5 mg/kg intravenous bolus) cause a 
rise in Tb, whereas high concentrations (≥ 10 mg/kg intravenous bolus) cause 
a marked decrease in Tb [Lotti et al., 1965]. 

Lastly, the manner in which experiments were performed was discounted. 
The reports from which the data were collected were published between 
1979 to 1987, i.e., just after the introduction of ‘good laboratory practice’ 
criteria in the late 1970’s [Goodwin, 2008]. This may have had an impact on 
the accuracy of the obtained and published results. 

Thermal convection: the importance of surface:volume ratio and 
metabolic rate 

In addition to the evident thermomodulatory effects induced by some of the 
compounds, the data in Figure 2 is subject to two important principles that 
may affect anapyrexia, namely the body surface:volume ratio and Kleiber’s 
law (discussed in [Dirkes et al., 2015]). With respect to the former, small 
animals cool down at a faster rate than larger animals because their relatively 
large surface:volume ratio facilitates more extensive heat exchange with the 
environment (Figure 1). Corroboratively, the largest changes in Tb are found 
in mice and rats (Figure 3A). Kleiber’s law is an allometric law that describes 
an inverse relationship between metabolic rate and body size [Kleiber, 1947]. 
One of the pillars of this law is that smaller species need proportionally 
more energy than larger species to sustain their metabolism. Both principles 
essentially dictate that a reduction in Ztn can manifest itself faster and more 
profoundly in small species compared to larger species. Unfortunately, the 
distribution of the data in Figure 2 is slightly biased towards the smaller 
species (supplemental Table S2), which clouds the unequivocal manifestation 
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of these principles across all species included in the analysis. 
Nevertheless, a good illustration can be provided on the basis of mice 

(N = 62), rats (N = 96), and rabbits (N = 39) alone, as shown in Figure 3B-D, 
where the change in Tb was organized from greatest to lowest and plotted per 
compound following normalization to body weight (in kg). The upper limit 
and lower limit weights of these laboratory animals were used to demarcate 
the maximum and minimum boundaries of the Tb change per unit weight. 
This was done to semi-standardize the data because a considerable fraction 
of the articles from which the data were derived did not report the mean 
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Figure 3. (A) Change in core body temperature (ΔTb) per species plotted as a function of compound with the 
most profound effect on Tb (1, x-axis) to the compound with the least effect on Tb (up to 70, x-axis). The ΔTb 
represents the mean of all ΔTb’s reported for the respective compound in the respective species that were 
included in the analysis. Research data were included on the basis of the criteria described in section 3 and 
the legend of Figure 2. The complete data set containing all the species is provided in Table S3. The data were 
normalized to the maximum and minimum common body weights (BW) of laboratory mice (B), rats (C), and 
rabbits (D) and should be read vertically per compound, whereby the upper limit is the minimum ΔTb for the 
heaviest animals. The actual recorded values fall between the upper and lower bounds per compound. Note 
the different y-axis scaling of the inset plots. Common body weights were obtained from the internet (e.g., 
laboratory animal providers such as Harlan and Charles River). 



body weight or weight range of the animals used in the experiments. When 
normalized to body weight, the heat loss per kg body weight is most sizeable 
in mice and smallest in rabbits, confirming the observations in Figure 2 and 
clearly illustrating both principles described above.

Compounds with anapyrexic potential 

To identify anapyrexic agents, the data in Figure 2 were plotted according 
to the magnitude of Tb change, from the greatest decrease to the greatest 
increase in Tb (Figure 4). The magnitude of Tb decrease was used as the 
standard parameter to gauge anapyrexic signaling potential insofar as a 
downward modulation of Tb is the most important hallmark of anapyrexic 
signaling and does not occur in hibernators and non-hibernators in the 
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Figure 4. Ranked effect size of the change in Tb following exposure of an animal to a pharmacological agent. 
For the source of the data and inclusion criteria see the legend of Figure 2. All agent- species combinations 
(x-axis) were ranked by mean effect size (y-axis) with standard deviations (see legend within panel). The 
section marked with an asterix (*, top left) marks the agents that are discussed in more detail. A high-
resolution full-color version can be downloaded from the Dirkes et al. [Dirkes et al., 2015].



absence of a Ztn adjustment under non-stimulatory circumstances (e.g., 
under conditions of normoxia, abundant food supply, Ta ≈ Tb, etc.) [Geiser and 
Ruf, 1995; Dirkes et al., 2015; Lotti et al., 1965; Geiser, 2004]. Based on this 
figure, eight agents (eleven agent-species combination) with the largest Tb 
decrease were selected as the most promising agents in terms of anapyrexic 
potential. These agents include helium (hamster, ΔTb = −18.0 ± 12.7 °C), 
dimethylsulfoxide (DMSO, rat, ΔTb = −8.6 ± 10.5 °C), reserpine (mouse, ΔTb 
= −7.9 ± 4.8 °C), (oxo)tremorine (oxotremorine, mouse, ΔTb = −7.7 ± 3.6 °C; 
tremorine, rat, ΔTb = −6.9 ± 6.9 °C, mouse, ΔTb = −6.7 ± 2.7 °C), pentobarbital 
(mouse, ΔTb = −6.4 ±5.6 °C), (chlor)promazine (chlorpromazine, mouse, ΔTb 
= −4.4 ± 4.1 °C; promazine, mouse, ΔTb = −5.8 ± 5.8 °C), insulin (mouse, ΔTb = 
−5.3 ± 4.4 °C), and acetaminophen (mouse, ΔTb = −4.9 ± 3.3 °C). 

The observed reduction in Tb for these agents raises an important 
question: should the observed Tb reduction be diagnosed as anapyrexia 
or hypothermia, their sole difference being that the decrease in Tb is the 
result of a downward adjustment of the Ztn in case of anapyrexia? A direct 
measurement of the Ztn following administration of an agent would constitute 
the ultimate method to determine anapyrexic potential. However, due to 
the fact that we currently neither fully understand the body’s temperature 
integration system nor have the means to monitor it, direct measurement 
of the boundaries that make up the Ztn is impossible. Consequently, the gold 
standard in determination whether an organism is within the Ztn boundaries 
is based on the activity of thermal effectors (Figure 1). 

Therefore, in the next sections the eight most promising agents are 
addressed in the context of their effect on thermogenic and heat loss effectors 
such as shivering, BAT activity, sweating, vasoconstriction/ vasodilation, and 
behavioral accommodation (Figure 1). 

Helium 
Helium is a noble gas with minimal direct biological activity [Trudell et 
al., 1998]. Due to its biological inertness it is unlikely that helium induces 
cooling (Figure 2) via direct impact on the Ztn. Instead, the thermoregulatory 
mechanism of helium may be based on its ability to augment the rate of heat 
convection. 

63

Chapter 2



The thermal conductivity of helium is 5.75 times higher than that of 
nitrogen [Piantadosi and Thalmann, 180]. When inhaling a gas mixture in 
which nitrogen is replaced by helium (e.g., Helox), the increased thermal 
conductivity of helium can accelerate changes in Tb in a proportional 
manner to Ta. The efficiency with which the pulmonary vascular bed is able 
to exchange heat is reflected by the clinical use of helium gas as a tool to 
accelerate the rewarming of hypothermic patients in combination with 
regular heating therapy [Danzl and Pozos, 1994]. An important prerequisite 
for helium-mediated reduction in Tb, as shown in Figure 2, is that it must be 
accompanied by a low Ta, which indeed averaged 10.0 ± 13.3 °C (supplemental 
Table S1). 

Accelerated heat convection as the mechanism behind helium-induced 
hypothermia is further supported by the absence of change in behavioral 
thermoregulation in animals. In mice exposed to normoxic normobaric 
helium, there is no increase in heat avoidance, suggesting that helium does 
not have an effect on the Ztn [Pertwee et al., 1986]. The mechanism of helium-
induced hypothermia is therefore ascribable to its biophysical rather than its 
biochemical properties. 

Dimethyl sulfoxide 
DMSO has been widely exploited as an analgesic, anti-inflammatory agent, 
cryoprotectant, radioprotectant, transcutaneous transporter, barbiturates 
enhancer, and organ preservative [Armitage et al., 2005; Bradham and 
Sample, 1967; Kocsis, 1975; Rosenbaum et al., 1965]. However, the clinical 
use of DMSO was banned in 1965 by the Food and Drug Administration, 
restricting its applicability to experimental use. In the experimental setting 
the hypothermic effects of DMSO are markedly evident without inducing 
notable arterial and neuronal damage following systemic administration 
[Bakar et al., 2012], suggesting that DMSO may be an anapyrexic agent. 

In rats, exposure to DMSO resulted in a decreased Tb with a simultaneous 
decrease in oxygen consumption and respiratory quotient, which are 
characteristic of a hypometabolic state [Orlando and Panuska, 1972]. The 
reduction in metabolism was likely triggered by a reduction in Ztn, as a 
sustained Ztn would initiate a temporary increase in oxygen consumption (a 
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thermogenic effector mechanism) in an attempt to bring the Tb back to a 
thermoneutral level. 

Besides anapyrexic effects, it has been suggested that DMSO has the 
potential to act via the thyroid gland. Normally, the thyroid gland is under 
hypothalamic control to produce metabolism-promoting thyronines, which 
require iodine (I) for their synthesis. Upon exposure of mice to DMSO via 
intraperitoneal injection, the uptake of 131I was shown to be attenuated, 
suggesting that the mechanism of DMSO-induced hypometabolism may be 
co-regulated by the thyroid gland [Orlando and Panuska, 1972]. However, 
it cannot be excluded that the observed dose-dependent reduction in 131I 
uptake was a result of DMSO-induced reduction in Tb, or that it originated 
from a change in hypothalamic control (e.g., due to changes in Ztn). 

Nevertheless, the question remains whether the decline in Tb is 
anapyrexic in nature or mediated by peripheral factors. In an experiment 
focused on behavioral thermoregulation in rats, exposure to DMSO, which 
had a lowering effect on Tb, led to a 2-fold increase in the need for external 
heat reinforcement [Panuska, 1968]. This finding is in direct contradiction to 
anapyrexia, in which the lowered Tb would manifest itself by heat avoidance 
rather than reinforcement. In addition, the experiments performed in 
rats were performed in a temperature range of 0-26 °C [Clark and Clark, 
1981]. The observation that DMSO caused such a large change in Tb in a 
small species such as a rat (Figure 3A, C) may in part be explained by the 
heavy cold thermal load. Finally, the interaction between DMSO and H2O is 
exothermic in nature, causing erythema when applied on the skin [Bradham 
and Sample, 1967]. In spite of the initial warm sensation, the accompanying 
vasodilation can considerably augment the rate of heat loss, which may be 
further exacerbated by a DMSO-induced decrease in shivering [Orlando and 
Panuska, 1972]. It therefore appears that the physiological effects of DMSO 
do not completely fit the physiological response profile of an anapyrexic 
agent. 

Reserpine 
Reserpine is prescribed to patients as an antipsychotic or anti-hypertensive 
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drug. In the experimental setting the drug is often avoided because it induces 
hypothermia in small animals (Figure 2). 
The mechanism of reserpine-mediated hypothermia is supposedly based on 
massive depletion of monoamines. Experiments in which cerebral monoamine 
concentrations were measured following reserpine administration revealed 
that reserpine depletes dopamine, norepinephrine, and serotonin levels 
[Somerville and Whittle, 1967; Tricklebank et al., 1984]. More specifically, 
reserpine was shown to decrease monoamine levels in the hypothalamus, 
an important part of the thermoregulatory system, suggesting anapyrexic 
potential [Brodie et al., 1960]. 

Several studies have attempted to narrow down specific monoamines that 
may be involved in reserpine-induced hypothermia. These demonstrated that 
the reduction in cerebral serotonin levels by para-chlorophynylalanine was 
not accompanied by hypothermia [Somerville and Whittle, 1967]. Similarly, 
no hypothermic response was observed following a reduction in cerebral 
dopamine and norepinephrine levels by α-methyl-m-tyrosine [Somerville 
and Whittle, 1967]. 

However, exposure of reserpine-induced hypothermic mice to SKF-
38393, a D1-like (dopamine) receptor agonist, led to a significant reversal 
of hypothermia [Duterte-Boucher et al., 1989]. Subsequent addition of 
SCH-23390, a D1-like receptor antagonist, abrogated the Tb raising effects 
of SKF-38393, suggesting a central role for the D1-like receptor in reserpine-
induced hypothermia [Duterte-Boucher et al., 1989]. On the other hand, 
apomorphine, a non-specific dopamine receptor agonist, had the ability to 
induce hypothermia to a similar depth as reserpine, altogether indicating 
that the dopamine receptor plays an ambivalent but prominent role in the 
observed hypothermia following reserpine exposure [Lin et al., 1979]. 

The inconsistencies in reserpine-induced hypothermia mechanisms have 
been the focus of numerous reports [Cox, 1977]. However, most reports 
predominantly address augmentation of monoamines and their associated 
receptors of the central nervous system, while only a few reports describe 
the effects on (peripheral) thermogenic effectors. Reserpine has important 
inhibitory effects on thermogenic effectors such as BAT, where it has been 
shown to deplete norepinephrine stores [Weiner et al., 1962]. As BAT is under 
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adrenergic control, depleted norepinephrine stores can lead to severely 
impaired thermogenic activity [Cannon and Nedergaard, 2004]. 

Considering the current knowledge on reserpine, it could be postulated 
that reserpine constitutes the proverbial cannon to kill a mosquito. Generally, 
monoamine depletion causes many depressive effects that may encompass 
the POAH, and may therefore cause anapyrexia by a direct effect on the Ztn. 
Irrespective of the central effects, reserpine’s inhibitory effect on BAT will 
promote hypothermia indirectly by its inhibitory effect on thermogenesis 
through local norepinephrine depletion. These favorable properties 
notwithstanding, more specific knowledge on reserpine’s mechanism of 
action is required, particularly with respect to central effects, before it can 
be categorized as a legitimate anapyrexic agent and clinically implemented 
as such. 
 
(Oxo)tremorine 
The use of tremorine and its metabolite oxotremorine are limited to 
the experimental setting. Exposure to tremorine does not only lead to 
hypothermia, but also induces generalized tremor and rigidity, owing to its 
muscarinic acetylcholine transport agonism [Cho et al., 1962]. 

Induction of hypothermia with (oxo)tremorine coincides with an 
important anapyrexic-like change in thermoregulatory behavior in animals, 
namely the active search for a cooler environment [Cox and Tha, 1975; Gordon 
et al., 1988]. This effect can be readily reversed by addition of atropine, a 
muscarinic acetylcholine receptor antagonist, suggesting involvement of 
cholinergic receptors in the management of Ztn and Tb [Cox and Tha, 1975]. 
Further evidence supporting the anapyrexic effect of (oxo)tremorine is the 
profound hypothermia upon injection of tremorine directly into the POAH, a 
regulatory site involved in management of the Ztn. A hypothermic response 
is absent when tremorine is injected into other cerebral regions [Lomax and 
Jenden, 1966]. Cholinergic receptors are putatively associated with Tb control. 
However, as they have been shown to trigger both pyretic and anapyrexic 
responses, their exact role in Tb control remains unclear [Avery, 1971; Myers 
and Yaksh, 1969; Lomax et al. 1969]. 

Contrary to the central anapyrexia-like effects of (oxo)tremorine, the 
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effects on peripheral effectors are equivocal. In larger animals, exposure to 
oxotremorine produces shivering, vasoconstriction, and signs of inhibited 
panting, altogether culminating in a Tb increase [Decima and Rand, 1965; 
Johnson 1975]. Although the vasoconstrictive response does not necessarily 
imply pyretic signaling but rather an effect of low blood pressure associated 
with oxotremorine exposure, the shivering can be associated with pyrexia 
or constitute a local effect [Dage, 1979]. The increase in Tb could possibly be 
supported by BAT activity, albeit the direct effects of (oxo)tremorine on BAT 
are largely unexplored. However, due to the limited presence of cholinergic 
fibers in BAT and its predominantly adrenergic control, BAT most likely 
plays no role in the (oxo)tremorine-induced thermogenesis [Cannon and 
Nedergaard, 2004; Giordano et al., 2004].

The capacity of (oxo)tremorine to induce both anapyrexia (i.e., 
thermoregulatory behavioral patterns, POAH-specific effects) and pyrexia 
(i.e., shivering, inhibition of panting) gives rise to the clinically relevant 
question whether its pyretic responses are centrally or peripherally regulated. 
The emphasis on the underlying mechanism of the pyretic responses is 
related to the possibility to control one of the thermogenic effectors, namely 
shivering, by the use of muscle relaxants. If shivering accounts for the 
majority of thermogenesis after (oxo)tremorine administration, anapyrexia 
could be effectively induced by (oxo)tremorine during hypothermic surgery 
on the condition it is co-administered with muscle relaxants to suppress the 
shivering. 

Unfortunately, the amount of data on the peripheral mechanisms of 
(oxo)tremorine is very limited. To assess the anapyrexic potential of (oxo)
tremorine, its mechanism on peripheral thermal effectors must be elucidated 
first. 

Pentobarbital 
Pentobarbital-induced hypothermia is believed to be facilitated by an 
increase in heat loss via dilation of cutaneous blood vessels [Lomax, 
1966]. The lack of Ztn involvement in pentobarbital-induced hypothermia 
is supported by studies in rats, where no hypothermic response was 
observed following injection of pentobarbital into the POAH [Lomax, 1966; 
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Humphreys et al., 1976]. However, intracerebro-ventricular injection of 
a 6-fold higher pentobarbital concentration resulted in a Ta-dependent 
hypothermic response that was accompanied by cutaneous vasodilation 
[Lin, 1981]. Accordingly, the Ta-dependent decrease in Tb and vasodilation 
imply that high intracerebroventricular pentobarbital concentrations 
produce systemic triggers that result in hypothermia, but not via the Ztn. The 
absence of an anapyrexic effect is further supported by the lack of changes in 
thermoregulatory behavior in mice and rats [Strek et al., 1986]. 

Despite the widespread view that pentobarbital has no anapyrexic effects, 
more recent studies suggest that γ-amino-butyric acid (GABA) receptors, the 
main target of pentobarbital, may play a role in thermal homeostasis [Queva 
et al., 2003]. An in vitro study using hypothalamic medial preoptic slices 
revealed that both GABAA and GABAB receptor agonists inhibit neuronal 
tonic activity, implying a potential of GABA receptor agonists to modulate the 
Ztn [Yakimova et al., 1996]. In murine GABAB knockout and partial knockdown 
models, hypothermic responses were observed in GABAB+/- and wild type 
(GABAB+/+) mice but remained absent in GABAB-/- mice, supporting the notion 
that GABA receptors regulate temperature homeostasis via the Ztn [Queva 
et al., 2003]. Despite the established pentobarbital-GABA signaling link and 
the apparent relationship between GABA receptor agonism and Tb control, 
the evidence is presently too scant to classify pentobarbital as an anapyrexic 
agent. 

(Chlor)promazine 
Both chlorpromazine and promazine are drugs with antipsychotic effects. 
Chlorpromazine is used to treat schizophrenia, although promazine is the 
major metabolite found in chlorpromazine-treated schizophrenic patients 
and therefore constitutes the pharmacodynamically active compound. In rats 
chlorpromazine does not undergo metabolism as extensively as in in humans 
inasmuch as dechlorination results in less than 1/20 of the promazine plasma 
concentration in schizophrenic patients [Sgaragli et al., 1986]. 

Chlorpromazine acts as an antagonist of dopamine-, serotonin-, 
adrenergic-, and muscarinic acetylcholine receptors. With respect to 
muscarinic acetylcholine receptors, chlorpromazine has an opposite effect of 
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that of oxotremorine, which is a muscarinic acetylcholine receptor agonist. 
Considering that both (oxo)tremorine and chlorpromazine can induce 
hypothermia, it is unlikely that the induction of hypothermia is mediated 
solely by muscarinic receptors. 

The effects of chlorpromazine on thermal effectors are inconsistent. 
On the one hand, chlorpromazine injection into the POAH of primates led 
to hypothermia with concomitant cutaneous vasodilation and respiratory 
acceleration (panting), which is suggestive of anapyrexia [Chai et al., 1976]. 
The intraperitoneal administration of chlorpromazine in rats resulted in 
a Tb reduction, characterized by inhibition of thermogenic shivering and 
piloerection and an increase in heat loss mechanisms such as augmented 
blood flow in the tail [Kollias and Bullard, 1964]. On the other hand, 
intracerebral injection of chlorpromazine into the POAH of rats produced a 
Tb increase [Kirkpatrick and Lomas, 1971; Rewerski and Jori, 1968]. In mice, 
chlorpromazine was shown to substantially increase BAT activity [Som et al., 
1983]. This observation is particularly interesting since chlorpromazine has 
no sympathomimetic properties, indicating possible central control. 

Based on these contrasting reports, chlorpromazine does not 
unequivocally qualify as an anapyrexic agent. However, some of the 
pharmacodynamic features impart strong effects on the Tb, making them an 
important focus of further research. 

Insulin 
Hypothermia is a common response to systemic insulin exposure as an 
anticipatory coping mechanism for an impending hypoglycemic state 
[Buchanan et al., 1991]. Hypoglycemia-induced hypothermia is not only 
prevalent in many small animals, but is also observed in humans following 
e.g., insulin shock therapy [Mayer-Gross and Berliner, 1942]. Infusion of 
2-deoxyglucose, a metabolically inert glucose analogue, also results in 
lowering of Tb in humans, implying that hypoglycemia-induced hypothermia 
may comprise an evolutionary conserved mechanism across different species 
[Thompson et al., 1980]. 

The main question, however, is whether hypothermia following (insulin-
induced) hypoglycemia is anapyrexic in nature. In terms of anapyrexia, 
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insulin should exert an inhibitory effect on thermogenesis in combination 
with stimulation of heat loss mechanisms. In ectothermic toads, for instance, 
induction of hypoglycemia via both insulin and 2-deoxyglucose is associated 
with a behavioral drift towards lower temperatures [Branco, 1997]. This 
behavioral pattern ultimately causes a reduction in Tb and constitutes one 
of the hallmarks of Ztn-mediated thermoregulation. Similarly, humans who 
become hypoglycemic at the expense of insulin or 2-deoxyglucose activate 
heat loss mechanisms such as sweating, vasodilation, and hyperventilation 
[Thompson et al., 1980; Molnar and Read, 1974; Passias et al., 1996]. 

The major thermogenic effector BAT is under control of insulin, which 
stimulates its anabolic (endothermic) rather than its catabolic (thermogenic) 
activity [Cannon and Nedergaard, 2004]. It may, however, be the hypoglycemic 
state itself rather than the insulin that inhibits thermogenic signaling. 
Hypoglycemia-mediated inhibition of thermogenesis is in agreement with 
the finding that shivering is attenuated in cold-exposed human subjects who 
have become hypoglycemic [Passias et al., 1996]. 
It therefore appears that hypoglycemia, and not insulin per se, has anapyrexic 
potential. At this stage, however, hypoglycemia-induced anapyrexia is difficult 
to translate to a clinical application without understanding the underlying 
mechanism of action in the context of thermoregulation. 

Acetaminophen 
Acetaminophen is a well-known and widely used analgesic and antipyretic 
drug. Most research on the pharmacodynamics of acetaminophen is 
therefore mainly focused on the antipyretic properties. However, its role 
as an anapyrexic agent has been proposed, but remains controversial and 
inconclusive. Clinical studies have demonstrated a significant reduction 
in Tb following acetaminophen treatment of stroke, head trauma, and 
subarachnoid hemorrhage [Dippel et al., 2003; Mellergard, 1992]. However, 
these findings are inconsistent with other reports, in which acetaminophen 
treatment of stroke and administration after cardiac bypass surgery showed 
no significant effect on Tb [Kasner et al., 2002; Stevens and Fitzsimmons, 
1995]. The latter reports do not preclude the possibility that higher 
dosages may exhibit a thermomodulatory effect, but the amount of data on 
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acetaminophen-induced anapyrexic Tb reduction is too limited to draw solid 
conclusions at this point [Toussaint et al., 2010]. 

The thermoregulatory pharmacodynamics of acetaminophen remain 
elusive, although several advances in recent years have implicated the 
involvement of cyclooxygenase, peroxidase, nitric oxide synthase, cannabinoid 
receptors, and serotonin receptors [Toussaint et al., 2010]. In an effort to 
elucidate the pharmacological mechanism of acetaminophen, a study in 
mice revealed that acetaminophen can reduce Tb from euthermic levels, 
which is in support of anapyrexic properties [Li et al., 2008b]. However, the 
underlying mechanisms remain obscure, with data suggesting an effect on 
anti-glutamate and anti-oxidant capacities rather than on thermoregulatory 
mechanisms [Li et al., 2008b]. Moreover, the Tb-down modulatory properties 
of acetaminophen may have been falsely ascribed in instances where the 
thermoregulatory system was already activated, or functionally compromised. 
These instances include underlying disease or clinical trauma (e.g., cancer 
or stroke, such as cited in the previous paragraph [Dippel et al., 2003]) and 
bacterial and viral infections [Ayoub et al., 2004]. Finally, the hypothermic 
effect of acetaminophen has only been demonstrated in mice. Rats exposed 
to increasing acetaminophen dosages did not exhibit heat-avoiding behavior, 
indicating that no pharmacological modulation of the Ztn had occurred 
[Vitulli et al., 1999]. Accordingly, the effect of acetaminophen on behavioral 
thermoregulation pleads against its classification as an anapyrexic agent, 
and it is unclear whether this class of drugs would induce hypothermia in a 
normal subject. 

CONCLUDING REMARKS

Anapyrexia has yet to gain widespread acceptance as a clinically functional 
state. Acknowledgement of its implementation through clinical pharmacology 
will largely depend on three factors: the development of efficient methods to 
adjust the Ztn downward, the ability to accurately measure the boundaries of 
the Ztn, and the simultaneous use of external Tb control. 

As indicated in the sections on the pharmacological agents above, there 
are various agents such as reserpine, (oxo)tremorine, and (chlor)promazine 

72

Part I



that exhibit specific aspects suggestive of an anapyrexic potential. However, 
due to the primary research focus on aspects other than anapyrexia, 
the anapyrexic potential of these agents requires further examination. 
Combinational therapy and translation to larger animal models constitute 
important steps towards the elucidation and optimization of the anapyrexic 
candidate drugs. 

Ultimately, for clinical application, the simultaneous use of external Tb 
control alongside anapyrexic agents will be essential. Due to the high body 
surface:volume ratio of humans, passive lowering of Tb is too inefficient to 
support the depth of hypothermia that is dictated by the Ztn under conditions 
of anapyrexia. Therefore, the advantage of anapyrexic agents lies in the 
facilitation of hypothermic therapy by optimizing thermal effectors (i.e., 
inhibition of thermogenic effectors and activation of heat loss effectors), 
thereby preventing the manifestation of Ztn—Tb  mismatch-induced stressors 
during the induction of hypothermia. 
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ABSTRACT

Artificially induced hypometabolism in non-hibernating mammals may have 
considerable clinical implications. Numerous studies in small rodent models 
have demonstrated that hydrogen sulfide (H2S) induces hypometabolism, 
supposedly as a result of histotoxic hypoxia. However, the induction of 
hypometabolism is absent in large animals following H2S administration. 
To determine the cause of this animal size-dependent discrepancy in H2S 
pharmacodynamics, the effects of sodium H2S (NaSH; 5 mg/kg/h, 4-hour 
intravenous administration) on systemic, pneumocardial, hematological, 
biochemical, microvascular (sublingual), and histological parameters were 
investigated in pigs. After 4 h, no differences were observed between 
the NaSH and control group with respect to systemic, pneumocardial, 
hematological, biochemical, and histological parameters. However, NaSH 
triggered significant hyperperfusion in the sublingual microcirculation, as 
evidenced by an increased blood vessel diameter (154 ± 16 and 85 ± 25% 
vs. baseline for NaSH and NaCl, respectively), total vessel density (139 ± 18 
and 98 ± 13%, respectively), and perfused vessel density (139 ± 18 and 99 
± 13%, respectively). These phenomena are consistent with microvascular 
changes that occur during a panting response, an important heat loss 
mechanism (i.e., thermoregulatory effector) in pigs that is controlled by the 
thermoneutral zone (Ztn). On the basis of our findings and the literature, 
a mechanistic explanation is provided for the differential manifestation of 
hypometabolism between small and large animals. In large animals, H2S does 
not act via histotoxic hypoxia but likely triggers carotid bodies to transmit 
a hypoxic signal, which subsequently lowers the Ztn and activates heat loss 
mechanisms (e.g., panting) to align ATP consumption with ATP production 
through hypothermia. Since large animals have a small surface:size ratio, the 
cooling rate is too inefficient to accommodate hypothermia and subsequent 
hypometabolism. This is why large animals do not exhibit hypometabolism, 
despite the activation of thermoregulatory effectors. This is also a reason for 
the poor translatability of artificial hypometabolism to the clinical setting. 

78

Part II



INTRODUCTION

The induction of mild hypothermia in surgical patients is a relatively common 
perioperative procedure employed to maximally protect the organs and 
tissues from surgery-associated damage. At the basis of the protection lies 
a temperature-mediated deceleration of metabolic rate that is analogous 
to the principles of organ preservation by storing the organ on ice or at 
subnormothermic temperatures [Dirkes et al. 2013] before transplantation. 
However, the perioperative lowering of a patient’s body temperature 
by a few degrees Celsius does not produce the depth of hypometabolism 
that is achieved during organ storage at much lower temperatures. The 
artificial induction of a deeper level of hypometabolism in humans would 
therefore constitute a revolutionary breakthrough with enormous practical 
implications, not only for the surgical setting but also for other fields in 
medicine, biotechnology, and space travel. 

Hydrogen sulfide (H2S) has long been recognized as a toxic gas that 
induces severe neurological and pulmonary complications [Beauchamp 
et al., 1984; Dorman et a., 2000]. It was therefore surprising that, in 2005, 
Blackstone et al. [Blackstone et al., 2005] showed that H2S has the potential 
to cause a reversible state of hypometabolism in mice without harmful side 
effects. Since this discovery, the hypometabolic effects of H2S have been 
reproduced in various small animal models [Baumgart et al., 2010; Volpato 
et al., 2008], sparking renewed interest in the clinical applicability of artificial 
hypometabolism. 

Despite several successful experiments in small animals (i.e., mouse, rat) 
[Blackstone et al., 2005; Baumgart et al., 2010; Volpato et al., 2008], the 
exposure to H2S has produced conflicting results in large animals (i.e., sheep, 
pig) [Simon et al., 2008; Derwall et al., 2011; Drabek et al., 2010] with respect 
to the induction of hypometabolism. A reduction in core body temperature 
(Tb), which epitomizes a reduction in metabolism, is repeatedly found in small 
animals treated with H2S or sodium SH (NaSH), an established soluble H2S 
precursor [Blackstone et al., 2005; Aslami et al., 2010]. However, when larger 
animals are exposed to either SH or NaSH, a reduction in Tb fails to manifest 
itself [Drabek et al., 2010; Li et al., 2008a]. 
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The lacking hypometabolic response in large animals adds to the overall 
elusive nature of H2S-mediated physiological mechanisms. The putative 
mechanism of H2S is based on its potential to reversibly inhibit cytochrome 
c oxidase (CcO, complex IV) of the mitochondrial electron transport chain 
[Nicholls and Kim, 1982]. It has been suggested that the consequent 
cessation of oxidative phosphorylation is responsible for the lowering of Tb 
and the reduction in CO2 production [Blackstone et al., 2005; Aslami et al., 
2009]. However, the link between electron transport chain inhibition and 
H2S-induced hypometabolism remains hypothetical for the in vivo setting. In 
order to explain the animal size-related discrepancies observed in vivo after 
H2S exposure, the induction of hypometabolism must depend on additional 
mechanisms that extend beyond the current mechanistic paradigm and 
reported experimental evidence. 

Here we postulate that the physiological responses resulting from 
exposure to H2S can be explained by an additional mechanism that is also 
capable of inducing hypometabolism. This mechanism deviates from local 
(i.e., cellular) effects of H2S and approaches hypometabolic signaling from 
an integrated systems physiology angle with a central role for Tb-regulating 
systems. The rationale behind this mechanism is supported by a series of 
experiments in which we subjected pigs to a sublethal dose of NaSH (5 mg/
kg/h). Our experiments confirm the inability of H2S to induce hypometabolism/
hypothermia in pigs, whereas these effects have been observed in H2S-
exposed small animals. However, these experiments revealed effects of H2S 
on sublingual microvasculature that are suggestive of a Tb regulatory change 
in the absence of hypothermia. 

As a consequence of the proposed Tb-regulating mechanisms, we suggest 
that the hypo-metabolic effects of H2S are strongly dependent on body 
size and that the hypometabolic capacity decreases with increasing body 
size. The body size dependence of hypometabolism in non-hibernating 
mammals may therefore comprise a significant hurdle in translating artificial 
hypometabolism into the clinical setting, unless effective and safe means 
are found to modulate thermoregulatory mechanisms and rapidly cool the 
human body. 
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MATERIAL AND METHODS

Ethical Approval 
The animal experiments were approved by our institute’s animal ethics 
committee (BEX102342). Animals were handled and cared for in accordance 
with the European Institutional Animal Care and Use Committee Guidelines 
and the National Institute of Health Guidelines for the Care and Use of 
Laboratory Animals. It should be noted that the original experiments were 
planned to be performed in alert animals. However, due to the manifestation 
of severe H2S-induced pulmonary edema in pilot experiments, the animal 
ethics committee obliged us to conduct the study under general anesthesia. 

Experimental Design 
Fourteen female specific pathogen-free Landrace pigs (Sus scrofa domestica, 
49 ± 2 kg; Van Beek SPF Varkens, Lelystad, The Netherlands) were used. All 
animals were housed under standard laboratory conditions (12-hour light/
dark cycle) and acclimatized for 7 days with ad libitum access to water and 
food. Prior to the experiments, the animals were fasted for 2 h with free 
access to water. 

Animals were randomly allocated to either the NaSH or the NaCl group (n 
= 7 per group). After stabilization, baseline measurements were acquired as 
listed in table 1. Next, the thermal blanket was removed and infusion of NaSH 
or NaCl was started. The NaSH solution (Sigma Aldrich, St. Louis, Mo., USA) 
was freshly prepared before each experiment to a NaSH total [in milligrams, 
calculated as body weight (kg) × 4 h × 5] in 40 ml of 0.9% NaCl solution. The 
solution was loaded into a syringe and placed into a syringe pump (Harvard 
Apparatus, Holliston, Mass., USA). The pump volume was set to 10 ml/h, 
resulting in an infusion rate of 5 mg/ kg/h and a cumulative systemic NaSH 
concentration of 5.4 mM (assuming a blood volume of 65 ml/kg and using a 
NaSH molecular weight of 56.06). In the case of the control group, only 0.9% 
NaCl solution was loaded into the syringe and infused at the same rate (10 
ml/h). Both solutions were administered via the cephalic vein. 

During the experiment, sample and data collection were performed as 
listed in table 1. After 4 h, the animals were terminated by exsanguination. 
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Anesthesia Protocol 
All investigations were performed in the same operating room. Premedication 
consisted of an intramuscular injection of 10–15 mg/kg ketamine (Eurovet 
Animal Health, Bladel, The Netherlands), 1–1.5 mg/kg midazolam (Actavis, 
Parsippany, N.J., USA), and 0.1 mg/kg atropine (Centrafarm, Etten-Leur, 
The Netherlands). After inhalation of a mixture of O2 and isoflurane (2–3%, 
O2:air ratio 1.5:3 liters/min; Forene, Abott Laboratories, Queensborough, 
UK), the animals were placed in the supine position, and the left ear vein 
was cannulated (18G Vasofix; B. Braun, Melsungen, Germany) for the 
administration of anesthesia. Animals were intubated with an 8-mm 
endotracheal tube (Covidien, Athlone, Ireland) and ventilated using a Datex-
Ohmeda Aestiva/5 ventilator (GE Healthcare, Madison, Wisc., USA). 

Maintenance anesthesia consisted of 5–10 μg/kg/h sufentanil (Hameln 
Pharmaceuticals, Hameln, Germany), 10–15 mg/kg/h ketamine (Eurovet 
Animal Health), 1–2 mg/kg/h dormicum (Actavis), and 2–2.25 mg/kg/h 
rocuronium bromide (Sandoz, Holzkirchen, Germany). Fluid management 
consisted of 0.9% NaCl (Baxter Healthcare, Deerfield, Ill., USA) infused at 15 
ml/kg/h via the ear vein. Due to the pigs’ high basal glucose metabolism, 
plasma glucose concentration was maintained by infusion of 20% glucose at 
100 ml/h (Baxter Healthcare) via the cephalic vein through a BD Connecta 
cannula (Becton Dickinson Medical, Franklin Lakes, N.J., USA). All incision 
sites for the placement of catheters were pretreated locally with xylazine 
injections (total 0.3 mg/kg; Eurovet Animal Health). The right brachial artery 
was cannulated for blood pressure monitoring and collection of arterial 
blood samples using a 6-Fr enteral feeding catheter (Vygon, Ecouen, France). 
The bladder was approached transabdominally via a microlaparotomy and 
cannulated with a 20-Fr silicone bladder catheter (Bard Medical, Covington, 
Ga., USA). The right jugular vein was cannulated with a Swan- Ganz 
thermodilution catheter (5 Fr; Edward Lifesciences, Irvine, Calif., USA) and 
placed intrapulmonary according to the manufacturer’s instructions. 

The pigs were stabilized for at least 30 min after placement of the 
catheters. During the stabilization phase, the animals were covered with 
a thermal blanket (Travel Safe Healthcare, Mijdrecht, The Netherlands) to 
maintain body temperature, and pressure-controlled ventilation was set to 
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18 mm Hg with a FiO2 of 41.2 ± 1.7%, which was kept at these levels for the 
remainder of the experiment. 

Parameters 
Ambient temperature (Ta) was measured with a 51–54 Series II thermometer 
(Fluke, Everett, Wash., USA). Tb was measured with the Swan-Ganz catheter. 
Arterial blood gas analysis was performed using an ABL80 Flex gas analyzer 

Parameter  

Mean arterial presurea

Systolic pressurea 
Diastolic pressurea 
Heart rate (HR)a 
Cardiac output (CO)b 
Pulmonary wedge pressureb

Tb
b

Ta
c

Breathing frequencyd

End-tidal CO2
d

Fractional inspiratory O2
d 

Respiratory volumed

Pulmonary artery pressureb

Saturatione 
 
PPVf

TVDf

PVDf

BVdf

MFIf

pCO2
g

pO2
g  

ABEg  
HCO3- g  
Htg  
Hbg  
O2Hbg  
p50g  
pHg  
Gucoseh  

-30, 0, 60, 120, 180, 240 

-30, 0, 60, 120, 180, 240 

-30, 0, 60, 120, 180, 240 

-30, 0, 60, 120, 180, 240 

0, 60, 120, 180, 240 

Figure 1c

Figure 1a

Figure 1b

Figure 2a
Figure 2b
Figure 2c
Figure 2d
N.A.

Figure 1d

Sample time (min) Figure

Table 1. Summary of determined physiological parameters. The parameters measured in this study were 
obtained from the following devices: a pressure transducer; b Swan-Ganz thermodilution catheter; c external 
temperature sensor; d mechanical ventilator; e pulse oximeter on tail; f sublingually positioned MicroScan; g 
blood gas analyzer; h glucose meter. 
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(Radiometer, Brønshøj, Denmark). 
The microcirculation of the sublingual mucosa was examined using 

sidestream dark field (SDF) video microscopy (MicroScan Video Microscope 
System; MicroVision Medical, Amsterdam, The Netherlands) as described 
previously [Goedhart et al., 2007; Milstein et al., 2012]. Briefly, the SDF 
technique operates by epi-illuminating the tissue of interest with 530-nm 
light, resulting in images of intraluminally circulating erythrocytes (appearing 
as dark globules) contrasted by a pale background. The SDF instrument was 
mounted on the operating table, and after a stabilization period, a 2-min 
video recording was captured prior to infusion for baseline analysis and 
subsequently repeated at a 1-hour interval during infusion. Microvascular 
monitoring was unsuccessful in 2 experiments in the NaCl group and in 2 
experiments in the NaSH group due to unavailability of the equipment. The 
microvascular data used for analysis was therefore based on n = 5 per group. 
Microvascular (vessels <25 μm) parameters representing total vessel density 
(TVD; mm vessel/mm2), perfused vessel density (PVD; mm perfused vessel/
mm2), proportion of perfused vessels (PPV; %), and microvascular flow 
index [MFI; score based on identifying the predominant flow type in four 
quadrants, defined as being either absent (0), intermittent (1), sluggish (2), or 
normal (3)] were analyzed using Auto- mated Vascular Analysis software (AVA 
v3.02; MicroVision Medical). The analysis of blood vessel diameter (BVd) was 
performed by randomly selecting 5 blood vessels in each of the 4 image 
quadrants (i.e., 20 in total) in the AVA software (Figure 3). By selecting a 
specific location on a vessel segment (e.g., a bifurcation or vascular crossing) 
as a landmark, reproducible (sequential) BVd measurements for the same 20 
blood vessels could be analyzed in continuous mode (Figure 3). 

Statistical Analysis 
Data were analyzed in Matlab R2011a (MathWorks, Natick, Mass., USA). 
Differences between ordinal variables were tested with a Student’s t test in 
case of a normally distributed data set and with a Wilcoxon rank sum test 
for data sets that did not pass the normality test (i.e., the data related to 
microvascular dynamics). A Kolmogorov-Smirnov test was used as a normality 
test. A p-value <0.05 was considered statistically significant. The interval 
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estimate is given by a 95% confidence interval (CI). Data are presented as 
mean ± SD. 

RESULTS

The data discussed in this section were either found to be significantly 
different between the NaSH and NaCl group and/or to have implications for 
metabolic parameters. 

Temperature 
Over the course of 4 h, the Tb of animals in the NaCl and NaSH group declined 
from 37.4 ± 0.3 and 37.7 ± 0.4°C to 33.5 ± 1.5 and 33.2 ± 0.3°C, respectively 
(NaCl, p < 0.001, 95% CI = 2.73–5.10, and NaSH, p < 0.001, 95% CI = 4.01–
4.99; Figure 1a). Between these groups there were no significant differences 
at any of the time points (p ≥ 0.097). During the experimental period, the Ta 
was 20.9 ± 0.6°C for the NaCl group and 20.5 ± 0.3°C for the NaSH group over 
all time points, with no significant differences between these groups at any 
time point (p ≥ 0.059). 

Respiratory and Cardiovascular Parameters 
During the experiment, the respiratory volume remained stable from 477 ± 
46 and 458 ± 31 ml at t = 0 h (between groups: p = 0.472, 95% CI = –42.8 to 
81.9) to 416 ± 50 and 382 ± 27 ml at t = 4 h (between groups: p = 0.249, 95% 
CI = –30.82 to 97.96) for NaCl and NaSH, respectively. 

The mean end-expiratory CO2 level was 38.7 ± 2.3 and 38.3 ± 4.0 mmHg 
at t=0 h (p= 0.726, 95% CI = –4.9 to 3.6) and 33.6 ± 5.8 and 34.1 ± 3.6 mm 
Hg at t = 4 h (p = 0.823, 95% CI = –6.2 to 5.1) in the NaCl and NaSH groups, 
respectively (Figure 1b). 

The mean arterial pressure was 75 ± 10 and 77 ± 6 mm Hg at t = 0 h (p 
= 0.603, 95% CI = –11.7 to 7.4) and 71 ± 22 and 61 ± 9 mm Hg at t = 4 h (p 
= 0.220, 95% CI = –8.5 to 30.2) in the NaCl and NaSH groups, respectively 
(Figure 1c). During the experimental period the heart rate remained constant 
from 82 ± 10 and 78 ± 9 beats/min at t = 0 h (p = 0.352, 95% CI = –6.1 to 
14.7) to 61 ± 4 and 62 ± 9 beats/min after 4 h (p = 0.742, 95% CI = –11.6 to 
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8.7) in the NaCl and NaSH groups, respectively. Similarly, the cardiac output 
remained unaltered from 4.6 ± 0.4 and 4.5 ± 0.8 liters/min at t = 0 h (p = 
0.702, 95% CI = –0.7 to 1.0) and 4.3 ± 0.7 and 4.6 ± 1.0 liters/min at t = 4 h 
(p = 0.429, 95% CI = –1.3 to 0.6) in the NaCl and NaSH groups, respectively. 
Pulmonary artery pressure remained stable in both groups and did not 
exhibit differences between animals in the NaCl and NaSH group. The same 
applies to wedge pressure. 

Bloodgas analysis yielded a pO2 of 215±22 and 209±14 mmHg at t=0h 
(p=0.607, 95% CI = –22.7 to 35.6) that remained unaltered at 227 ± 25 and 
217 ± 20 mm Hg at t = 4 h (p = 0.522, 95% CI = –26.7 to 47.2) in the NaCl 
and NaSH groups, respectively. The arterial partial CO2 pressure (pCO2) was 
constant at 41 ± 3 and 39 ± 3 mmHg at t=0h (p=0.322, 95% CI = –2.5 to 6.4) 

Figure 1. Physiological and metabolic parameters as a function of time. a Tb (°C). b End-tidal expiratory CO2 
(mm Hg). c Mean arterial pressure (mm Hg). d Arterial pCO2 (mm Hg). Statistically significant differences 
between the NaSH group (black dotted line) and NaCl group (grey continuous line) are indicated with an 
asterisk (p < 0.05). 
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and 44 ± 5 and 44 ± 4 mm Hg at t = 4 h (p = 0.946, 95% CI = –5.2 to 5.6) in the 
NaCl and NaSH groups, respectively (Figure 1d). 
No significant differences in end values were found between the NaCl and 
NaSH groups with respect to ABE, HCO3

-, Ht, Hb, O2Hb, p50, pH, and blood 
glucose. 

Biochemical Parameters 
At t = 4 h, no statistically significant differences were observed between the 
NaCl and the NaSH group with respect to plasma AST, ALT, LDH, and creatinine. 
Microvascular Dynamics 

A representative time series analysis is presented in figure 3, and the 
quantification results are presented in figure 2. The PPV remained above 
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Figure 2. Microvascular parameters. a PPV (%). b TVD (%). c PVD (%). d BVd (%). Statistically significant 
differences between the NaSH group (black dotted line) and NaCl group (grey continuous line) are indicated 
with an asterisk (p < 0.05). 



96.6% in the both groups, indicating homogeneous microcirculatory 
perfusion in the region of interest (Figure 2a). Over the course of 4 h, the 
TVD in the NaSH group increased to 139 ± 18% of baseline (p = 0.008). No 
changes in TVD were observed in the NaCl group, comprising 98 ± 13% of 
baseline (p = 0.016 between groups at t = 4 h; Figure 2b). A similar trend was 
observed with respect to the PVD at t = 4 h, namely a 139 ± 18% increase 
versus baseline in the NaSH group, compared to no change (99 ± 13%) in the 
NaCl group (between groups at t = 4 h, p = 0.016; Figure 2c). 

In the course of 4 h, the BVd increased to 154 ± 16% of baseline in the 

Figure 3. Intraoperative SDF video microscopy images of porcine sublingual microcirculation before (baseline, 
BL) and 60, 120, 180, and 240 min after NaSH infusion. The images in the top panels illustrate the consistency 
with which microcirculatory anchor points (ovals) could be retrieved for image analysis over time throughout 
the entire experimental procedure. The progressive evolution of microvascular vasodilation (see e.g., the 
centrally positioned, vertically coursing blood vessel) with subsequent recruitment of microvessels (arrows) 
can be clearly observed during NaSH infusion. The overall darker shade of gray observed at 120, 180, and 240 
min indicates an increase in the amount of red blood cells and blood flow into the imaged tissue segment. The 
bottom panels coincide with the top microcirculation images and illustrate the completed processing of each 
video sequence for microcirculatory measurements. 
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NaSH group (p = 0.008) and decreased to 85 ± 25% of baseline in the NaCl 
group (p = 0.127). A difference in BVd between animals in the NaCl and NaSH 
group was already observed after 1 h (p = 0.016) and remained until the end 
of the experiment (t = 4 h, p = 0.008; Figure 2d). The mean MFI score over all 
time points was 2.9 ± 0.3 in the NaSH group and 3.0 ± 0 in the NaCl group, 
indicating adequate continuous microvascular perfusion throughout the 
experiment. 

Histology 
No histological aberrations or signs of damage were observed in biopsies 
obtained from the heart, intestine, kidney, liver, lung, muscle, and spleen in 
either group. Any signs of pulmonary edema associated with exposure to H2S 
(via its soluble precursor NaSH, see Discussion) were absent. 

DISCUSSION

These experiments confirm that, over the course of 4 h, exposure to a low 
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dose of NaSH (5 mg/kg/h) does not produce a hypometabolic response in 
pigs based on Tb and expiratory CO2, nor does it induce significant changes 
in cardiovascular or pulmonary parameters. This NaSH dose does, however, 
trigger significant vasodilation of the sublingual vasculature, as evidenced by 
the increase in BVd, and it significantly increases sublingual blood flow, as 
evidenced by the augmented PVD and TVD. 

It should be noted that intravenously administered NaSH, which is 
converted to H2S in the circulation and cells [Lee et al., 2011], was associated 
with pulmonotoxicity, despite the fact that the administered dose was lower 
than that used in mice [Han et al., 2011] and rats [Aslami et al., 2010]. 

Gaseous H2S and solubilized NaSH did not lead to pulmonotoxicity in 
these species [Aslami et al., 2010; Han, et al., 2011]. The reasons behind the 
interspecies differences in the response to NaSH/H2S are currently elusive. 
We deliberately chose to continue the research despite these phenomena 
because the pulmonary dysfunction was expected to impair gas exchange 
in the lung microcirculation and hence promote a state of circulatory 
hypoxia and corollary hypoxic signaling. As explained below, hypoxic 
signaling is considered one of the mechanisms underlying hypothermia. The 
consequences of pulmonotoxicity would therefore constitute instrumental 
support for the hypothesis. 

In the following sections, the two mechanisms that may play a role in 
H2S-mediated hypometabolism (Figure 4) are outlined in light of our findings. 
The first mechanism constitutes the current paradigm and is based on the 
histotoxic hypoxia-inducing properties of H2S (Figure 4; No. 1). The second 
mechanism proposed in this paper is hypoxic signaling (Figure 4; No. 2), 
with support of a body size dependence (Figure 4; No. 3). Although both 
mechanisms can coexist in H2S-subjected animals, our findings primarily 
support involvement of the second mechanism as the main modus operandi 
of H2S induced hypometabolism. 

Mechanism 1: Histotoxic Hypoxia 

The current mechanistic paradigm of H2S-induced hypometabolism (Figure 
4; histotoxic hypoxia) is based on the noncompetitive binding of H2S to 
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Figure 4. The mechanisms proposed to be involved in H2S-induced hypometabolism. Each mechanism is 
elaborated in the corresponding paragraph of the Discussion. Mechanism 1 (Histotoxic hypoxia): inhibition 
of CcO by H2S, resulting in lowered ATP production and subsequent lowering of Tb. Inhibition ATP production 
stimulates anaerobic metabolism, which concurs with elevated serum lactate levels and acidosis. Mechanism 
2 (hypoxic signaling): H2S-induced hypoxic signaling via CBs, leading to a downward adjustment of the Ztn in 
the preoptic anterior hypothalamus and con- sequent reduction in Tb. The lowered Ztn activates heat loss 
mechanisms such as panting to facilitate cooling. Mechanism 3 (body size dependence): the efficiency of Tb 
reduction via either the CcO or CB pathway is dependent on body size. Consequently, the reduction of Tb takes 
place in small animals but is impaired in large animals. 
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mitochondrial CcO, which results in the inhibition of aerobic respiration and 
leads to reduced ATP production [Beauchamp et al., 1984; Nicholls and Kim, 
1982; Collman et al., 2009]. This process is referred to as histotoxic hypoxia 
and occurs irrespective of the oxygen tension. Histotoxic hypoxia has been 
suggested to cause the hypometabolic effects found in H2S-exposed small 
animals, although currently there is no direct in vivo evidence linking the 
observed hypometabolism to CcO inhibition. 

The inhibition of CcO is caused by the binding of H2S to oxidized heme 
a3 and CuB sites, similar to what is observed during exposure to cyanide, 
a well-known histotoxic agent [Hill et al., 1984; Cooper and Brown, 2008; 
Scott et al., 1985]. As a result, the mitochondrial proton gradient required 
for ATP synthase functionality is abrogated, which leads to the cessation 
of ATP production. When assumed that the ATP-consuming processes are 
not blocked by H2S, the inhibition of CcO would ultimately culminate in 
intracellular ATP depletion. However, before intracellular ATP depletion 
takes place, ATP production is temporarily maximized via anaerobic 
respiration. Therefore, when H2S-induced histotoxic hypoxia manifests itself 
in the absence of hypothermia (hypothermia leads to hypometabolism and a 
reduced ATP consumption rate, precluding a switch to anaerobic respiration), 
an increase in anaerobic metabolism is expected. 

The outcomes in this study are not suggestive of a shift to anaerobic 
respiration, at least not on the basis of the pH data, which showed no 
difference between groups. Corroboratively, Drabek et al. [Drabek et al., 
2010] used a similar porcine model and also did not observe increased lactate 
production or decreased pH levels between animals that had received 5 mg/
kg/h NaSH and controls, indicating that anaerobic metabolism had not been 
activated following NaSH infusion. 

Presuming that the (bio-)chemical effects of H2S are species independent, 
the lacking increase in anaerobic respiration in larger animals indicates that 
the employed H2S concentration is either too low or entails an additional 
or different pathway. With respect to the former, the NaSH concentration 
employed in our experiments is relatively high compared to most studies 
in small animals, and higher H2S concentrations (10 and 15 mg/kg/h) led 
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to significantly augmented mortality rates in our model [unpublished data, 
Blackstone et al., 2005], essentially refuting the concentration argument 
[Aslami et al, 2009]. Although a concentration-dependent effect cannot be 
unequivocally ruled out, our findings regarding the microvascular parameters 
provide a compelling avenue for interpreting the data via additional 
mechanisms. 

Mechanism 2: Hypoxic Signaling 

The alignment of ATP production with consumption is paramount to 
survival and constitutes a hallmark of hypometabolism. Numerous small 
animal species take advantage of their ability to lower the Tb as a means 
to synchronize energy metabolism with energy needs [Frappell et al., 1992; 
Hayden and Lindberg, 1970; Kottke and Phalen, 1948; Steiner and Branco, 
2002]. This synchronization strategy is based on two principles: the downward 
adjustment of Tb (hypothermia) by hypoxia, for example, and the consequent 
induction of hypometabolism (i.e., reduced energy consumption) as a result 
of hypothermia (described by the Arrhenius equation). 

Changes in Tb, or thermoregulation, are thought to be governed by the 
thermoneutral zone (Ztn), which acts as an internal reference to the ideal Tb 
[Boulant, 2000]. Although the span of the Ztn in thermoregulation cannot be 
measured directly, it can be extrapolated from the activity of its thermogenic 
effectors (e.g., shivering, piloerection, activation of brown adipose tissue) 
and heat-loss effectors (e.g., sweating, panting). In pigs, the number of heat 
loss effectors is limited due to the lack of cutaneous sweat glands, shifting 
the thermoregulatory processes to panting as the main heat loss mechanism 
[Ingram, 1967]. 

Our experiments indicate that a change in panting behavior may take 
place upon exposure to NaSH. Over the course of 4 h, the flow and diameter 
of the sublingual microvasculature increased significantly in the NaSH group 
compared to the control group (Figure 2), which is consistent with the 
microvascular changes that occur during a panting response [Kindermann and 
Pleschka, 1973; Rönert and Pleschka, 1976]. If these microvascular changes 
had been a generalized microvascular response, it would have impacted 
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blood pressure, heart rate, and cardiac output [Steiner and Branco, 2002]. 
Instead, all systemic cardiovascular parameters remained stable and did not 
differ from the control group, indicating that NaSH affected a restricted and 
specific region of microcirculation. The microvascular changes therefore 
imply that NaSH invokes a panting response, which in turn strongly suggests 
that NaSH exerts an effect on the Ztn, given that this specific heat loss effector 
(i.e., panting) is controlled by the preoptic anterior hypothalamus [Hammel 
et al., 1960]. Although the underlying mechanism of this response cannot 
be definitively deduced from our experiments, it can be theorized to involve 
hypoxic signaling (in the absence of hypoxia, which is addressed in the next 
paragraph) based on the well-established link between hypoxia and heat loss 
effectors [Steiner and Branco, 2002]. In support of this argument, H2S has 
been shown to exert a direct effect on thermoregulatory parameters in the 
brain. A Tb-modulatory effect of exogenously administered H2S proceeded 
via the anteroventral preoptic region, albeit the decrease in Tb occurred only 
under hypoxic conditions and not under normoxia [Kwiatkoski et al., 2012]. 
This thermoregulation was mediated by cystathionine β-synthase, an enzyme 
that endogenously produces H2S in the brain. 

In light of our findings, it is unlikely that poor blood oxygenation was 
responsible for a hypoxic signal, given that there were no differences between 
the NaSH and control group with respect to the arterial pO2. In the absence 
of anaerobic metabolism, as discussed in the previous section, it is also 
unlikely that histotoxic hypoxia was extensive enough to produce a hypoxic 
signal. So, in sum, we observed a H2S-mediated panting response (heat loss 
effector) that constitutes an inherent part of Ztn-directed thermoregulation. 
This type of thermoregulation is innately triggered by hypoxia as part of a 
protective hypometabolism-inducing mechanism but, in the case of our 
experiments, occurred in the absence of hypoxia (i.e., no direct effect of H2S 
on the Ztn). Accordingly, it can be speculated that the hypoxic signaling action 
of H2S is more specific and circumventive, whereby H2S induces hypoxic 
signaling under normoxic conditions. One such signaling mechanism may be 
through carotid body (CB) sensing, via which H2S could mediate a decrease 
in the Ztn and subsequent activation of a panting response (Figure 4; hypoxic 
signaling) while ‘fooling’ the body into ‘thinking’ that it is experiencing 
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hypoxia. Corroboratively, the link between H2S and CB sensing has been well 
established in the last few years [Telezhkin et al., 2009; Prabhakar, 2012; 
Kemp and Telezhkin, 2014]. 

CBs are oxygen-sensing bodies located alongside the carotid artery, which 
contain chemoreceptors that provide essential neuronal feedback on arterial 
pO2 [Prabhakar, 2000]. In CB cells, it was demonstrated that exposure to 
NaSH produced a comparable excitatory effect as hypoxia [Li et al., 2010]. 
Moreover, endogenously produced H2S was shown to transmit a potent 
hypoxic signal in CBs [Peng et al., 2010]. Accordingly, these findings suggest 
that the hypoxia-mimicking properties of H2S on CBs may account for the 
hypoxic signal theorized to affect the Ztn and initiate the observed panting 
response, even at normophysiological pO2. 

However, even if CB signaling in general contributes to H2S-induced lowering 
of the Tb through lowering of the Ztn and subsequent hypometabolism, as is 
expected to be the case in small animals, it fails to account for the absence of 
cooling in pigs without the support of a body size-dependent element. 

Body Size Dependence 

Given the general unanimity of the published data, it can be concluded 
that H2S exposure in small animals produces a different metabolic response 
than in large animals. In light of figure 4, this raises an important question, 
namely whether the proposed mechanisms of histotoxic hypoxia and hypoxic 
signaling can explain both the induction of hypometabolism in small animals 
(e.g., mouse, rat) and an absence of these effects in large animals (e.g., pig, 
sheep). 

Both histotoxic hypoxia and (CB-emanating) hypoxic signaling must be 
accompanied by the lowering of Tb and metabolic rate in order to attune ATP 
consumption with production and thereby prevent excessive intracellular 
ATP depletion. The efficiency with which the Tb is lowered is not only affected 
by the activity and extent of heat loss mechanisms, but also depends highly 
on the body surface:size ratio. Small animals cool down at a faster rate than 
larger animals because their relatively large surface:size ratio facilitates 
more extensive heat exchange with the environment. Consequently, the 
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underdeveloped heat loss mechanisms in pigs, in combination with a small 
body surface:size ratio, deters the manifestation of a hypometabolic state 
during H2S exposure simply because cooling in these animals is too inefficient 
to properly accommodate the thermoregulated hypometabolic induction. 
This is why panting is observed in the absence of hypothermia; the pig’s body 
essentially wants to enter a hypometabolic state but cannot because it lacks 
the capacity to efficiently get rid of heat. 

Study Limitations 

There are several limitations to this study that need to be pointed out. 
First, additional control experiments were not performed to experimentally 
corroborate the panting response as well as the CB sensing hypothesis. With 
respect to experimental validation of the panting response, the vascular 
dynamics could have been measured by SDF microscopy in a different 
vascular bed to confirm that the microvascular hyperdilation was regional 
(i.e., confined to the sublingual microcirculation), as would be expected 
for panting. There is a possibility that the hyperdilation may have resulted 
from the vasodilatory properties of H2S [Pozsgai et al., 2012], despite the 
cardiovascular and pulmonary parameters that indicate the contrary. Also, 
the panting response encompasses other heat loss mechanisms than only 
increased sublingual blood flow, such as changes in the ventilation of alveolar 
versus dead space and evaporation from the upper airway. These parameters 
were not measured. In regard to CB sensing, the experiments could have been 
repeated following surgical severance of the respective CB-hypothalamus 
neural networks, for example Hering’s nerve. 

Second, the panting response in the pigs in our experiments was 
characterized by a ~40–70% increase in microvascular parameters (TVD, PVD, 
BVd). In panting dogs, the average sublingual blood flow increased from 11 
to 60 ml/min, with a maximum of 74.7 ml/ min [Rönert and Pleschka, 1976]. 
This represents a ~445% increase in blood flow, suggesting that the panting 
response was weak in pigs, notwithstanding any interspecies differences in 
panting behavior. 
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Concluding remarks

As the most important biochemical effect of H2S-induced hypometabolism, 
the long-standing paradigm of CcO inhibition does not hold for larger 
animals and therefore requires reconciliation. We propose an additional 
mechanism that can help consolidate H2S-mediated hypometabolic pathways 
across a wider variety of species. It was hypothesized that H2S acts on CBs, 
producing a hypoxic signal that lowers the Ztn and allows the activation of 
heat loss mechanisms through a panting response. This would make H2S a 
Ztn-modulatory rather than a hypometabolic agent. 

Our experimental findings provide only partial support for this mechanism 
and are confined to pigs. Unfortunately, thermal effector changes upon H2S 
exposure are relatively poorly reported in the literature and could therefore 
not be included as supporting material. The proposed mechanism therefore 
warrants further research and the results should be reproduced in other 
large animal species. 

If H2S-mediated hypometabolic signaling is indeed predicated on the rate 
of heat loss, the effectiveness of H2S to induce hypometabolism is expected 
to be inversely related to body size. As a result, H2S in large animals could 
reach an equal hypometabolic depth as in small animals, provided that they 
are actively cooled to facilitate sufficient heat loss. 

Chapter 3
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ABSTRACT

Hydrogen sulfide (H2S, 80 ppm) gas in an atmosphere of 17.5% oxygen 
reportedly induces suspended animation in mice; a state analogous to 
hibernation that entails hypothermia and hypometabolism. However, 
exogenous H2S in combination with 17.5% oxygen is able to induce hypoxia, 
which in itself is a trigger of hypometabolism/hypothermia. Using non-
invasive thermographic imaging, we demonstrated that mice exposed to 
hypoxia (5% oxygen) reduce their body temperature to ambient temperature. 
In contrast, animals exposed to 80 ppm H2S under normoxic conditions did 
not exhibit a reduction in body temperature compared to normoxic controls. 
In conclusion, mice induce hypothermia in response to hypoxia but not H2S 
gas, which contradicts the reported findings and putative contentions. 
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INTRODUCTION

Hibernation is a hypometabolic state characterized by a regulated decrease in 
core body temperature (Tb) (i.e., hypothermia) towards ambient temperature 
(Ta) and consequent reduction in oxygen (O2) consumption and carbon dioxide 
(CO2) production. It is engaged by several mammalian species [Heldmaier 
et al., 2004] to protect the organism from (environmental) stressors such 
as extreme cold, hypoxia [Gordon and Fogelson, 1991; Steiner and Branco, 
2002], and starvation [Dark et al., 1994; Planel et al., 2004] and ultimately 
death. 

The regulated decrease in Tb, which is termed anapyrexia, encompasses the 
downmodulation of the ‘internal thermostat’ outside of the thermoneutral 
zone [Heller and Colliver, 1974; Heller et al., 1977; Song et al., 1995; Song et 
al., 1997; Cannon and Nedergaard, 2004]. The thermoneutral zone constitutes 
a temperature range in which heat production (from basal metabolism) is 
in equilibrium with heat loss to the environment. The organism functions 
best when the Tb resides in the thermoneutral zone, but engages anapyrexia 
as a coping mechanism. How the anapyrexic signaling is biochemically and 
physiologically regulated and how the ‘internal thermostat’ is circumvented 
is largely elusive and hypothetical, but the ultimate outcome is unequivocally 
a state of hypometabolism. The natural purpose of the hypometabolism is 
to temporarily realign energy needs with reduced energy/O2 supply under 
conditions of stress in order to sustain life under circumstances that could 
otherwise have lethal consequences. 

The state of cold hypometabolism is believed to be a result of systematic 
deviation from homeothermy, which in turn is caused by a reduction in or 
cessation of metabolism. The resulting hypothermia assists, or propagates, 
the hypometabolic state in accordance with Arrhenius’ law. This law states 
that the rate of chemical reactions (i.e., metabolism) decreases when the 
temperature decreases [Arrhenius, 1889; Peleg et al., 2012]. Consequently, 
both the consumption of substrate (in this case O2) and the formation of 
product (in this case CO2, toxic metabolites such as lactate, and reactive 
O2 species) are reduced during hypothermia, as has been confirmed in 
natural hibernators during hibernation in terms of expired CO2 [Heldmaier 
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et al., 2004] The alignment of metabolic demand with supply as well as the 
decreased formation of cytotoxic metabolites confer sustenance of life and 
cytoprotection in the stress-exposed organism. 

In line with the above, mimicking these natural phenomena in non-
hibernators such as humans by artificially inducing hypometabolism holds 
tremendous potential in medicine, aviation and space travel, and sports. An 
artificially induced hypometabolic state has been hypothesized to impart 
similar protective effects on otherwise stressed cells. Accordingly, numerous 
studies have focused on identifying agents that are capable of inducing 
hypometabolism in non-hibernating mammals (i.e., anapyrexic agents), 
which have yielded 5'-AMP [Zhang et al., 2006; Daniels et al., 2010], DADLE 
[Dawe and Spurrier, 1969, Horton et al., 1998], 2-deoxyglucose [Planel et al., 
2004; Bechtold et al., 2012], thyronamines [Scanlan et al., 2004; Braulke et 
al., 2008], and exogenous hydrogen sulfide (H2S) [Blackstone et al., 2005] 
as potential anapyrexic agents. Of these, exogenous H2S has received the 
most attention in the last few years in response to the Science publication 
by Blackstone et al. [Blackstone et al., 2005]. However, our experiments in 
mice, which duplicated the experiments by Blackstone et al. [Blackstone 
et al., 2005], revealed that exogenous H2S does not induce hypothermia at 
normoxic conditions. Instead, the hypothermia observed in the experiments 
emanates from a hypoxia-induced anapyrexic response, which is a natural 
response in mice to hypoxic stress [Gordon and Fogelson, 1991; Steiner and 
Branco, 2002]. The results are described in this paper and addressed in the 
context of artificial hypometabolism. 

Exogenous H2S has been proposed to induce hypometabolism that is 
associated with a state of suspended animation [Blackstone et al., 2005]. Mice 
that were subjected to a gas mixture composed of 17.5% O2, 80% nitrogen 
(N2), and 80 ppm H2S exhibited a 22 °C reduction in Tb (Figure 1A) after 4 
h of exposure, yielding a Tb that was slightly above the Ta of 13 °C. At this 
point CO2 production and O2 consumption had decreased by approximately 
90%, suggesting that the animals had reached a state of hypometabolism 
by anapyrexia. Moreover, this state was reversible inasmuch as all metabolic 
parameters reverted to baseline within 4 h after the exposure to H2S was 
abrogated. During this recovery period the Tb also gradually restored to 
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baseline at a Ta of 24 °C. In another study by Volpato et al., inhalation of 
air containing 17.5% O2 and 80 ppm H2S induced similar anapyrexic effects 
in mice at a Ta of 27 °C as well as 35 °C (Figure 1B) [Volpato et al., 2008], 
altogether suggesting that inhaled H2S reduces the Tb to Ta levels. 

The mechanism behind exogenous H2S-induced suspended animation 
[Blackstone et al., 2005; Volpato et al., 2008] is generally ascribed to the 
direct inhibition of oxidative phosphorylation [Beauchamp et al., 1984] 
and consequent histotoxic hypoxia. Because of is its high membrane 
permeability, H2S is readily delivered to tissues via the circulation where it 
transgresses cell membranes and localizes to various intracellular organelles, 
including mitochondria [Cuevasanta et al., 2012]. H2S binds cytochrome 
c oxidase (complex IV) in the electron transport chain in a reversible and 
noncompetitive fashion. As a result, H2S prevents O2 binding to cytochrome 
c oxidase and thereby interferes with the reduction of O2 to water. 

Figure 1. Previously reported temperature effects of H2S. Temperature effects of inhaled H2S gas (80 ppm) 
on the Tb of mice as a function of exposure time as reported by Blackstone [Blackstone et al., 2005] (A) and 
Volpato [Volpato et al., 2008]. (B). In (A) mice were exposed to 80 ppm H2S and 17.5% O2 (n=7) or 17.5% O2 
(n=4) for 6h, followed by a recovery phase at 17.5% O2 in both groups (6–10 h, right part of red vertical line). 
The Ta was decreased during the exposure phase (dotted line). In (B) similar experiments were performed as 
in (A) but at fixed Ta’s of 27 °C (closed diamonds, n = 3) or 35 °C (open diamonds, n = 4). The 6-h H2S exposure 
phase was followed by a 3-h recovery phase in air at a Ta of 27 °C (6–9 h, right part of red vertical line). Data 
modified from [Blackstone et al., 2005; Volpato et al., 2008]. 

Concurrently, H2S interferes with the production of adenosine triphosphate 
(ATP) by ATPase due to H2S-induced perturbation of electron transfer and 
proton gradient over the mitochondrial inner membrane [Cooper and Brown, 
2008; Nicholls et al., 2013]. It should be noted, however, that H2S-mediated 
histotoxic hypoxia has never been proven to directly translate to H2S-induced 
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hypothermia. Similarly, experimental evidence that H2S triggers a downward 
shift of the thermoneutral zone directly remains at large. 

Although the hypometabolic effects of exogenous H2S seem convincing, 
the putative mechanism for the hypometabolic state induced by exogenous 
H2S, i.e., cytochrome c oxidase inhibition [Beauchamp et al., 1984], may not 
account for the observed effects. As H2S is a toxic, irritant gas [Beauchamp 
et al., 1984], inhalation is known to provoke epithelial damage in the upper 
[Lopez et al., 1987] and lower respiratory tract [Prior et al., 1988; Stein et al., 
2012] in rats and pulmonary edema in pigs [Simon et al., 2008; Althaus et al., 
2012]. The pulmonotoxicity of exogenous H2S may therefore be associated 
with hypoxemic hypoxia. 

Hypoxia, on the other hand, is a very potent inducer of anapyrexia, 
hypothermia, and hypometabolism and, thereby, of suspended animation 
[Steiner and Branco, 2002]. Several hibernating and non-hibernating 
mammalian species, including mice, exposed to different degrees of hypoxic 
atmospheres (i.e., FiO2 5–10%) immediately drop their Tb to enter a reversible 
state of hypometabolism [Frappell et al., 1992; Gautier, 1996; Branco et al., 
1997; Hinrichsen et al., 1998]. The hypothermic effects of hypoxia are known 
to be caused by downward adjustment of the ‘internal thermostat,’ and involve 
the preoptic anterior hypothalamus (POAH), as has been demonstrated in 
thermobehavioral experiments in rodents [Gordon and Fogelson, 1991]. 
Consequently, we proposed that the hypothermia in exogenous H2S-exposed 
mice, which constitutes a hallmark feature of hypometabolism, emanated 
from the combination of mild hypoxia (17.5% O2) and inhalation of H2S gas, 
and not the exogenous H2S gas per se. 

MATERIALS AND METHODS

Animals
Forty-eight female C57Bl/6 mice (Charles River, L’Arbresle, France; 10–12 
weeks of age) were acclimated for 2 weeks under standardized laboratory 
conditions with a 12 h light/dark cycle, a constant ambient temperature (Ta) 
of approximately 21 °C, and ad libitum access to standard chow and drinking 
water. The experimental protocol was evaluated and approved by the animal 
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ethics and welfare committee of the Academic Medical Center, University 
of Amsterdam under protocol number BEX102753. Animals were treated in 
compliance with institutional guidelines and the National Institute of Health 
Guidelines for the Care and Use of Laboratory Animals (NIH publication No. 
86–23, revised 2011). 

Experimental setup and gas mixtures
The hydrogen sulfide (H2S) and 17% oxygen (O2) gas mixtures were obtained 
from Westfalen (Münster, Germany) and consisted of (1) 80 ppm H2S, 21% 
O2, and 79% nitrogen (N2); (2) 80 ppm H2S, 17% O2, and 83% N2; or (3) 17% 
O2, and 83% N2. The 5% O2 gas mixture was obtained from Linde Gas (The 
Linde Group, Munich, Germany) and consisted of 5% O2 and 95% N2. Normo-
atmospheric air (21% O2 and 79% N2) was used as control. 

An experimental setup was custom-built to allow controlled gas exposure 
while unobtrusively assessing body temperature (Tb) with a thermographic 
camera (ThermaCAM SC2000, FLIR Systems, Wilsonville, OR) in non-
anesthetized mice. The setup consisted of gas-tight polypropylene chambers, 
length × depth × height of 109 mm × 109 mm × 61 mm) that were sealed 
at the imaging end with a thin, infrared light-permeable polyethylene 
sheet to permit thermal imaging from outside metal wires were secured 
longitudinally so that the animals could not reach the polyethylene sheet. 
Gas inflow and outflow tubes were connected to each box at the posterior 
end for modulation of experimental conditions. The gas permeability of the 
chambers was tested by air pressure decline experiments. Also, a thermistor 
(Fluke 51 II, Fluke Corporation, Everett, WA) was secured in the posterior 
wall to facilitate the measurement of the temperature in the chamber. The 
thermistor was used as a calibrator for the thermographic camera images, 
as the thermographic images display the temperature of the copper bolt 
retaining the thermistor. The experimental setup can be found in more detail 
in Hemelrijk et al. [Hemelrijk et al., 2018].

To ascertain sufficient inflow of gas in all experiments and prevent CO2 
accumulation, the flow rates were controlled on the basis of CO2 outflow 
concentrations (<600 ppm, CO2 Meter, Ormond Beach, FL). The system 
was also connected to an O2 and H2S meter (model OdaLog 7000, App-
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Tek International, Brendale, Australia), which was calibrated by a certified 
company prior to the experiments (Carltech, Maarheeze, the Netherlands). 
The O2 and H2S meter was post hoc tested for measurement accuracy. The 
experiments were performed at a mean ± SD Ta of 21.2 ± 0.6 °C. 

Experimental procedure
To test the hypothesis that H2S-induced hypothermia emanates from hypoxia 
and not H2S, all 48 animals were randomly divided among 5 experimental 
groups. Group A was exposed to 80 ppm H2S in 21% O2 and 79% N2 (H2S in 
21% O2 group, N=12), group B was exposed to 80 ppm H2S in 17% O2 and 83% 
N2 (H2S in 17% O2 group, N=6), group C was exposed to 5% O2 and 95% N2 (5% 
O2 group, N=12), group D was exposed to 17% O2 and 83% N2 (17% O2 group, 
N = 6), and group E was exposed to 21% O2 and 79% N2 (normoxia group, N 
= 12). 

Mice were placed in the chambers individually. After 1 h of exposure to 
normoxia (21% O2 and 79% N2), the mice were exposed to one of the gas 
mixtures (A – E) for 6 h, after which 6 of the animals per group were allowed 
to recover at normoxic conditions for 3 h before being terminated. The other 
6 animals of group A, C and E were terminated immediately after the 6 h of 
exposure for another study. No anesthetics were used before or during the 
experimental procedure. 

Thermal imaging and data processing
Animals were filmed every hour for 10 min with a thermographic 
camera (ThermaCAM SC2000, FLIR Systems, Wilsonville, OR) (Figure 2). 
Thermographic camera images (3 images per second) were processed 
and analyzed in ThermaCAM Researcher 2001 (FLIR Systems). The mean 
maximum superficial temperature was calculated per time point per group. 

The tail temperatures of animals in group A (N = 3), C (N = 3), and E (N = 
1) were obtained from the thermographic camera images at 0 h, just before 
the start of exposure, and approximately 4 min after the start of exposure. 
We noticed the intergroup differences in tail temperature during the 
experiments, as a result of which the tail temperature was measured in only 
7 animals. The mean difference in tail temperature between both time points 
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was calculated and compared for group A and C. 
Locomotor activity was assessed per time point using the same thermal 

images as were used for the calculation of superficial temperature. An 
analytics program was written in LabVIEW (LabVIEW, National Instruments, 
Austin, TX). The thermographic camera images were converted to grayscale 
images and loaded into LabVIEW. Locomotor activity was calculated per 
animal per time point (−1 up to 9 h) on the basis of fluctuations in pixel 
intensity. A pixel was considered to reflect ‘motion’ when the grayscale 
intensity difference between direct temporally consecutive pixels exceeded 

Figure 2. Schematic illustration of the experimental setup and design. The animals were allocated to one of the 
following experimental groups: (A) 80 ppm H2S in 21% O2 and 79% N2 (H2S in 21% O2 group, N = 12); (B) 80 ppm 
H2S in 17% O2 and 83% N2 (H2S in 17% O2 group, N=6); (C) 5% O2 and 95% N2 (5% O2 group, N=12); (D) 17% O2 
and 83% N2 (17% O2 group, N = 6); and (E) 21% O2 and 79% N2 (normoxia group, N = 12). The experiments were 
performed at a mean ± SD Ta of 21.2 ± 0.6 °C, measured with a thermistor. During the whole experiment the 
mice were solitarily housed in a custom-built airtight cage and recorded with a thermographic camera (CAM) 
for 10 min every hour (red markers) for skin temperature- and locomotor activity analysis. After 1 h of baseline 
21:79% O2:N2 exposure, each mouse was exposed to a gas mixture (A–E) for 6 h that was passed through the 
airtight cage, after which 6 of the animals in each group were allowed to recover at 21:79% O2:N2 for 3 h. The 
other 6 animals of group (A,C and E) were sacrificed for another study. 
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7 on a scale of 0 to 255. The intensity difference of at least 7 was based 
on the disappearance of background scatter present as intensity differences 
between 1 and 6. Values were expressed as the mean ± SEM amount of pixels 
with ‘motion’ per group per time point. 

Statistical analysis
Statistical analyses were performed using MatLab 2013a (MathWorks, Natick, 
MA). Homogeneity of variance in each group was tested using the Bartlett’s 
test. Based on equality of variances, either a one-way ANOVA or a Kruskal-
Wallis test was performed, followed by a Tukey’s range test or Dunn’s test, 
respectively, to compare ordinal variables related to maximum superficial 
temperature and locomotor activity between groups. Tail temperature 
values were compared using an unpaired student’s t-test. P-values less than 
0.05 were considered significant. All values were presented as mean ± SEM, 
unless otherwise mentioned. 

RESULTS

To test the hypothesis that exogenous H2S-induced hypothermia emanates 
from hypoxia and not H2S, we performed experiments in 48 female C57BL/6 
mice using a similar approach as was employed by Blackstone et al. 
[Blackstone et al., 2005]. The experiments, which are outlined in Figure 2 and 
the Materials & Methods section of this paper, encompassed the following 
groups: (A) 80 ppm H2S in 21% O2 and 79% N2 (H2S in 21% O2 group; N = 12 
mice); (B) 80 ppm H2S in 17% O2 and 83% N2 (H2S in 17% O2 group; N=6 mice); 
(C) 5% O2 and 95% N2 (5% O2 group; N=12 mice); (D) 17% O2 and 83% N2 (17% 
O2 group; N = 6 mice); and (E) 21% O2 and 79% N2 (normoxia group; N = 12 
mice). The effects of exogenous H2S and a hypoxic atmosphere on Tb at a Ta 
of ~21 °C were measured non-invasively with a thermographic camera and 
the locomotor activity of the animals was quantitated with dedicated motion 
analysis software. 

As shown in Figure 3, hypothermia and reduction in locomotor activity 
only occurred in mice subjected to hypoxic conditions. 5% O2-exposed animals 
immediately dropped their Tb to approximately 2 °C above the Ta (Figure 3B, P 
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< 0.0001) and reduced their locomotor activity to nearly nil compared to the 
H2S in FiO2 21% and normoxia groups (Figure 3C, P < 0.0001) during the entire 
exposure period. The exogenous H2S in 21% FiO2 group did not differ from the 
normoxia group during 6 h of 80 ppm H2S gas exposure in neither superficial 
temperature nor locomotor activity. At 3 h of exposure, however, animals in 
the H2S in 17% FiO2 group started to drop their Tb to approximately 4 °C above 
Ta, in contrast to FiO2 17%-exposed control animals (Figure 3B, P < 0.0001). 
Alleviation of the hypoxic conditions during the restoration phase resulted in 
complete reversal of the superficial temperature to baseline levels within 1 h 
in the FiO2 5% group, which is in agreement with previous reports [Blackstone 
et al., 2005; Volpato et al., 2008] (Figure 1). During the 3 h of restoration 
at normoxic atmosphere, the H2S in FiO2 17%-exposed animals remained 
hypothermic and only restored Tb to the level of the FiO2 17% and 21% control 
groups at 9 h (Figure 3B, P < 0.01). Mice in the H2S groups exhibited some 
discomfort during H2S exposure, as evidenced by the cringed posture, which 
occasionally concurred with vigorous locomotion. 

Peripheral vasodilation is one of the cooling mechanisms that is 
autonomically regulated in response to a mismatch between the Tb and the 
internal thermostat (i.e., Tb > thermoneutral zone) [Steiner and Branco, 2002; 
Nakamura, 2011; Kanosue et al., 1994]. Peripheral vasodilation is integral to 
anapyrexia [Steiner and Branco, 2002], which enables cooling. The cooling 
process is in turn facilitated by the blockade of thermogenic effectors and 
the enabling of peripheral vasodilation [Kanosue et al., 1994; Owens et al., 
2002; Rudaya et al., 2012]. Therefore, the extent of peripheral vasodilation 
was determined by measuring the change in tail temperature at baseline and 
at approximately 4 min after initiation of H2S - or hypoxia exposure. 

The tail of 5% O2-exposed animals warmed up right after the start 
of exposure (+2.1 ± 0.5 °C, N = 3, P < 0.05 versus the H2S group, unpaired 
student’s t-test), while the tail of H2S in 21% O2-exposed animals (−1.3 ± 1.1 °C, 
N = 3) and normoxia-exposed animals (+0.1 °C, N = 1) did not exhibit changes 
in temperature (P > 0.05, unpaired student’s t-test) (Figure 4). These results 
provide compelling evidence for the induction of peripheral vasodilation by 
hypoxia but not exogenous H2S, and hence for hypoxia-mediated anapyrexic 
signaling. The absence of a vasodilatory response in the exogenous H2S group 
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Figure 3. Temperature and locomotor effects of H2S compared to hypoxia. (A) Thermal images of H2S-exposed 
mice in 21% O2 (top row), in 17% O2 (middle row), and hypoxia-subjected mice (bottom row) before (baseline), 
during, and after (recovery) exposure. The color of the animals reflects their temperature (scale bar). (B) The 
difference between the maximum superficial temperature (Δ max. superficial T) of the hypoxia (FiO2 5% and 
17%) and H2S (FiO2 17% and 21%) groups versus the normoxia group (FiO2 21%) was plotted as a function 
of time before exposure (up to 0 h), during exposure (0–6 h), and after exposure (6–9 h). (C) Mouse mean 
locomotor activity per time point per group plotted as a function of time before exposure (up to 0 h), during 
exposure (0–6 h), and after exposure (6–9 h). Locomotor activity was derived from temporal changes in pixel 
grayscale intensity as described in the online supplemental information. In (B) and (C) the means ± SEM are 
plotted for N=12/group (group A, C and E) or N=6/group (group B and D) up to 6 h, and for N=6/group from 6 
to 9 h. Statistical significant intergroup differences: (A) * C vs. all, P<0.0001; ** C vs. A, D, E, P<0.0001; & B vs. 
A, C, E, p<0.01; && B vs. all, P<0.0001; § E vs. A, B, P<0.0001; §§ D vs. A, P<0.0001; # B vs. E, P<0.001; ## B vs. 
A, P<0.05; ### B vs. A, C, P<0.01. (B) * C vs. A, D, E, P<0.0001; **C vs. all, P<0.0001; *** E vs. A, D, P<0.01; & D 
vs. A, C, E and B vs. A, E, P<0.0001; && D vs. E, A, and B vs. A, P<0.001.
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is in agreement with the surface temperature data, which encompassed an 
absence of hypothermia (Figure 3). 

DISCUSSION

Based on the experimental evidence, namely Tb, tail temperature, and 
locomotion, it can be concluded that inhalation of H2S gas at 80 ppm in a 
native atmosphere of 21% O2 and 79% N2 does not induce hypothermia in 
mice, which contradicts what has been reported previously [Blackstone et 
al., 2005; Volpato et al., 2008]. Hypoxia, on the other hand, is a very potent 
inducer of hypothermia that, given the peripheral vasodilation observed in 
the tail vasculature, may comprise part of an anapyrexic response [Gordon 
and Fogelson, 1991; Steiner and Branco, 2002]. The subclinical thermal 
effects of mild hypoxia, however, are potentiated by combined 80 ppm H2S 
gas exposure. 

One consistent finding in mouse studies on the pharmacological induction 
of hypothermia is that the animal’s Tb or surface temperature approximates 
the Ta and subsequently enters a plateau phase that is sustained in the 
vicinity of Ta. Regardless of what actually caused the hypothermic signaling 
in the experiments by Blackstone et al. [Blackstone et al., 2005] and Volpato 
et al. [Volpato et al., 2008], the Tb was in all instances downmodulated 
to a depth at which the Tb was more or less in equilibrium with the Ta, 
irrespective of the magnitude of the Ta (i.e., 13 °C, 27 °C, or 35 °C). The same 
pattern was observed in our experiments (Ta = 21 °C), suggesting that the 
hypothermia may have been mediated via a common mechanism. Moreover, 
this decline-plateau pattern suggests that the cooling process is passive once 
the thermogenic effectors have been shut off. The cooling is halted upon 
reaching a thermodynamic equilibrium where Tb = Ta, i.e., a point at which the 
organism is not equipped to cool further. Unlike under normophysiological 
circumstances, where Tb is tightly regulated via engagement of cooling 
effectors or thermogenic effectors [Nakamura, 2011; Clapham, 2012], the 
hypothermic state seems to sustain itself through passive heat transfer only. 

The main differences between the results of Blackstone et al., Volpato et 
al., and our results are the rate of cooling and subsequently the time required 
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to reach the plateau phase (Tb = Ta). The cooling rate was approximately 1.3 
°C/h and 4.0 °C/h in the experiments of Volpato et al. and Blackstone et al., 
respectively, whereas in our experiments the cooling rate was approximately 
5.3 °C/h. The convergence of Tb with Ta required ~6 h in the study of Blackstone 

Figure 4. Tail temperatures in H2S and hypoxia-exposed mice. Representative thermographic camera images 
of mice approximately 4 min after initiation of exposure to H2S in 21% O2 (left), 5% O2 (middle), or normoxia 
(right). Yellow indicates a high surface temperature (31 °C), blue indicates a low surface temperature (20 °C) 
as indicated by the scale bar. Note the difference in tail temperature (on the basis of yellow intensity) of the 
hypoxic animal versus the H2S gas-exposed and normoxic animals. The warmer tail in the hypoxic mouse is 
indicative of peripheral vasodilation; a cooling effector that is induced by anapyrexia. 

et al., ~4 h in the study of Volpato et al., and 2 h in our study (Figure 3). 
The same animal species with similar animal weights were employed in all 
studies. Hence, it is unlikely that these discrepancies arose from differences 
related to physical laws such as Galilei’s square-cube law, the implication 
of which is that animals with a large body surface:mass ratio (i.e., small 
animals) cool faster than animals with a small body surface:mass ratio (i.e., 
large animals) [Heldmaier et al., 2004]. The discrepancies in cooling rate also 
did not emanate from differences in metabolism in accordance with Kleiber’s 
law, which states that small animals exhibit a relatively higher metabolic rate 
to maintain euthermia compared to larger animals [Heldmaier et al., 2004; 
Kleiber, 1947]. 

In light of the finding that exogenous H2S is not an inducer of hypothermia, 
the question that remains to be answered is “why did Blackstone et al. and 
Volpato et al. observe hypothermia in H2S-exposed mice?” Volpato et al. 
was able to reproduce the hypothermic effects of 80 ppm H2S of Blackstone 
et al. Consequently, we do not question the methodology and validity of 
their results. In our opinion, the answer lies in the hypoxic conditions that 
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were induced by the combination of subatmospheric FiO2 and the various 
mild forms of exogenous H2S-induced hypoxia. The 3.5% lower FiO2 versus 
native atmospheric FiO2 (17.5% versus 21%, respectively) is, in itself, not 
sufficient to trigger anapyrexia in mice, unless such mild hypoxic conditions 
are exacerbated by exogenous H2S. In line with our results obtained in the 
17% FiO2 groups, the exacerbation likely occurred in the experiments by 
Blackstone et al. and Volpato et al. for four possible reasons. First, as explained 
in the Introduction section, H2S can induce histotoxic hypoxia by inhibiting 
cytochrome c oxidase and corollary ATP production, resulting in reduced 
metabolic supply (energy). Consequently, the organism is forced to adapt 
its metabolic demand to survive by means of e.g., hypothermia (Arrhenius’ 
law). Secondly, H2S can limit the binding of O2 to hemoglobin’s O2 binding 
sites [Ríos-González et al., 2014], thereby causing O2 affinity hypoxia [Daniels 
et al., 2010]. Thirdly, H2S reduces cardiac output through its deregulatory 
and negative chronotropic effects on cardiac rhythm [Volpato et al., 2008; 
Stein et al., 2012], which leads to circulatory hypoxia [Myers et al, 2008]. 
Fourthly, H2S is pulmonotoxic [Lopez et al., 1987; Prior et al., 1988; Stein et 
al., 2012] and may impair pulmonary O2/CO2 exchange and the extent of O2 
saturation, which in turn may aggravate the circulatory hypoxia caused by the 
cardiovascular effects. In addition, based on ex vivo experiments, H2S seems 
to play an essential role in hypoxic pulmonary vasoconstriction [Madden 
et al., 2012]. Therefore, administration of exogenous H2S to the lungs may 
further compromise pulmonary blood flow during hypoxic conditions, 
which can augment hypoxemic hypoxia. Accordingly, all these forms of H2S-
mediated hypoxia may add to the mild hypoxia caused by subatmospheric 
FiO2 levels and culminate in a hypoxic state that is considerable enough 
to trigger anapyrexia. As addressed in Dirkes et al. [Dirkes et al., 2015], 
circulatory hypoxia is sensed through carotid bodies located in the carotid 
artery [Milson and Burleson, 2007; Prabhakar and Semenza, 2012] that, 
under non-hypometabolism-inducing, hypoxic conditions, relay arterial 
O2 tension (PaO2)-related information to the brain. The brain subsequently 
(hyper)activates certain physiological functions to remediate the hypoxia 
[Marshall, 1994], which include panting [Izumizaki et al., 2004; Peng et al., 
2010; Li et al., 2010; Teppema and Dahan, 2010; Sugimura et al., 2010] and 
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tachycardia [Sugimura et al., 2010; Lifson et al., 1977]. How this is blocked 
during the induction of anapyrexia is currently unclear. 

Endogenous H2S as well as intracerebrally administered exogenous H2S 
analogues inhibit the ventilatory and thermal response to hypoxia in the 
hypothalamus and brain stem. Contrastingly, microinjection of Na2S (H2S 
precursor) in the anteroventral preoptic hypothalamus of rats potentiates 
hypothermic signaling by hypoxia, but does not alter Tb under normoxic 
conditions [Kwiatkoski et al., 2012]. Microinjection of the endogenous H2S 
production inhibitor amino-oxyacetate in the sympathetic excitatory rostral 
ventrolateral medulla of rats attenuates hypoxia-induced hypothermia 
[Donatti et al., 2014]. As H2S passes the blood-brain barrier freely, central 
effects of inhaled H2S could have contributed to hypoxia-induced anapyrexia 
via the hypothalamus or brain stem [Beauchamp et al., 1984], albeit an 
unequivocal mechanistic explanation remains warranted in light of the 
contrasting results. 

In the experiments of Blackstone et al. and Volpato et al., Tb was 
determined by telemetry devices that record the core temperature 
(i.e., intra-abdominal temperature). In our experiments, the superficial 
temperature was determined. We believe that this approach is valid for the 
purpose of this study inasmuch as we were interested in temperature trends 
as a function of exposure time and gas composition, and not the real Tb per 
se. Since all groups were thermographically analyzed in the same manner, 
the resulting data yield credence to our conclusions. Moreover, the use of 
thermographic imaging has some benefits over intra-abdominal temperature 
determination, such as the determination of thermoregulatory vasoactivity 
by tail temperature measurement (Figure 4). 

Although this paper focused on the hypometabolic properties of H2S 
gas, several animal studies on the effects of liquid H2S analogues NaHS 
and Na2S have been published. After inhalation, H2S gas diffuses freely 
across the alveolar membrane and enters the blood as predominantly HS- 
and H2S [Beauchamp et al., 1984]. Accordingly, intravenous administration 
of solubilized H2S precursors/analogues is believed to follow the same 
pharmacodynamics as administration through inhalation, only without 
the detrimental effects on local pulmonary physiology and toxicity. The 
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hypothermic effects of NaHS and Na2S in small as well as in large animals 
have been reviewed before [Asfar et al., 2014]. Continuous administration of 
NaHS is assumed to induce hypothermia in anesthetized rats, although these 
studies lack essential control groups [Aslami et al., 2010; Aslami et al., 2013]. 
The evidence considering the hypothermic and hypometabolic effects of 
NaHS in large animals has been conflicting: in a pig study a small hypothermic 
effect was observed following 8 continuous hours of NaHS administration 
[Simon et al., 2008], whereas in several other studies in pigs [Dirkes et al., 
2015; Drabek et al., 2011] and sheep [Haouzi et al., 2008] such hypothermic 
effects were not reproducible. The differences between the effects of H2S 
in small and large animals have been contemplated by Dirkes et al. and are 
explained by the inability of large animals to lose heat sufficiently due to the 
low body surface:mass ratio [Dirkes et al., 2015]. 

In this paper, the tail temperature was used as a measure of central 
activation of peripheral cooling mechanisms (i.e., peripheral vasodilation), as 
has been used before in the determination of thermoregulatory peripheral 
vasoactivity in pyrexic mice [Rudaya et al., 2005]. However, as reviewed by 
Lim et al., H2S has biphasic effects on the vascular tone: at low concentrations 
H2S induces vasoconstriction and at higher doses vasodilation is induced, as 
evidenced in mouse and rat aortic tissue [Kubo et al., 2007; Ali et al., 2006; 
Lim et al., 2008]. Consequently, the absence of thermoregulatory vasodilation 
and a consequent increase in the tail temperature of three animals (Figure 4) 
could also be a direct vasoconstrictive effect of low-dose H2S. Nevertheless, 
H2S-induced vasoconstriction is unlikely to be responsible for the absence of 
H2S-induced hypothermia in our experiments. A ‘masked’ thermoregulatory 
vasodilative response would be accompanied by deactivation of brown 
adipose tissue (BAT) and shivering thermogenesis (i.e., major source of 
heat in mice at a Ta of 21 °C) [Heldmaier et al., 2004; Clapham et al., 2012]. 
Subsequently, the cessation of thermogenesis would be reflected in the Tb/
superficial temperature of H2S-exposed animals, which was not observed 
(Figure 3). 

Concluding remarks
In conclusion, exogenous H2S is not a hypometabolism-inducing agent. The 
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hypometabolism induced in mice that were subjected to exogenous H2S was 
caused by hypoxia. At subatmospheric FiO2 levels, exogenous H2S exacerbates 
the hypoxic conditions to such a degree that anapyrexia and hypothermia 
are triggered. Accordingly, exogenous H2S is a hypometabolic adjuvant rather 
than a hypometabolism-inducing agent. 
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ABSTRACT

Donor graft washout can be impaired by colloids in organ preservation 
solutions that increase the viscosity and agglutinative propensity of red blood 
cells (RBCs) and potentially decrease organ function. The colloid-induced 
agglutinative effects on RBCs and RBC retention after liver washout with 
Ringer’s lactate (RL), histidine tryptophan ketoglutarate solution, University of 
Wisconsin solution, and Polysol were determined as a function of the washout 
pressure (15 or 100 mm Hg) and temperature (4 or 37°C) in a rat liver washout 
model with 99mTc-pertechnetate–labeled RBCs. Colloids (polyethylene glycol 
in Polysol and hydroxyethyl starch in University of Wisconsin) induced RBC 
agglutination, regardless of the solution’s composition. RL was associated 
with the lowest degree of 99mTc-pertechnetate–labeled RBC retention after 
simultaneous arterial and portal washout at 37°C and 100 mm Hg. RL 
washout was also associated with the shortest washout time. A single portal 
washout with any of the solutions did not result in differences in the degree 
of RBC retention, regardless of the temperature or pressure. In conclusion, 
no differences were found in portal washout efficacy between colloidal 
solutions, histidine tryptophan ketoglutarate, and RL. Simultaneous arterial 
and portal washout with RL at 37°C and 100 mm Hg resulted in the least RBC 
retention and the shortest washout time. 
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INTRODUCTION

The procurement of a liver graft is preceded by organ washout with a 
preservation solution (perfusate) under hypothermic (4°C) conditions 
to prepare the organ for storage [Pegg et al., 1982]. The completeness of 
the washout has been proposed to be an important determinant for liver 
graft function [‘t Hart et al., 2004; Tojimbara et al., 1997]. During washout, 
perfusates prevent acidosis by providing a high buffer capacity, and they 
counteract cell swelling or hypo-osmotic extravasation of fluids because 
of added impermeants and/or colloids. Histidine tryptophan ketoglutarate 
solution contains mannitol as an impermeant. 

Although mannitol may not strictly act as an impermeant in the liver 
[Cereijo-Santalo, 1972; Klöppel et al., 1994], it yields similar or improved 
washout results in comparison with hydroxyethyl starch–containing 
University of Wisconsin (UW+) solution [Guerrara and Karim, 2008; Feng et 
al., 2007]. UW+ and polyethylene glycol–containing Polysol (PS+), which is 
an experimental perfusate, contain hydroxyethyl starch (HES) [Hessheimer 
et al., 2012] and polyethylene glycol (PEG) [Pegg et al., 1982], respectively, 
as colloids. 

The addition of colloids to a perfusate increases the viscosity of the 
solution, which is exacerbated by the low temperatures at which a perfusate 
is used to cool an organ [Post et al., 2012]. In addition, colloids have a hyper-
aggregatory effect on red blood cells (RBCs) that results in rouleaux formation 
[Zhao et al., 2011]. Consequently, the use of colloidal perfusates during a 
washout procedure may induce endothelial damage and lead to occlusion 
of the microvasculature and corollary no-reflow phenomena [Brodsky et al., 
2002]. Furthermore, the washout procedure is regarded as an important part 
of the organ preservation protocol inasmuch as the primary goals of the initial 
washout are to clear the organ of blood and to reduce its core temperature 
when hypothermic storage follows. Higher washout pressures (100 mm Hg) 
or normothermic temperatures (37°C) might prevent microcirculatory RBC 
entrapment and ensure proper distribution of the perfusate through the liver 
[‘t Hart et al., 2004; Tojimbara et al., 1996; Bishop et al., 2001; Yamauchi et 
al., 2000; Ong et al., 2011; Pirenne et al., 2001]. However, high pressures are 
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associated with increased shear stress, which can lead to endothelial lining 
perturbations or even affect cellular energy metabolism [Tisone et al., 1997; 
Tokunaga et al., 1988]. These potential complications during washout have 
been successfully circumvented by the application of Ringer’s lactate (RL) as 
a washout and short-term preservation solution [Tan et al., 2007; Kawashima 
et al., 1999]. 

Because the aforementioned effects of the perfusate temperature and 
colloid-induced RBC agglutination during liver washout had not been clarified, 
this study was designed to quantify RBC retention after liver washout at 
different temperatures and pressures. First, the agglutination of RBCs was 
assessed microscopically in perfusates in the presence or absence of colloids. 
Second, a rat liver washout model was employed to determine the washout 
efficacy of several perfusates through scintigraphic analysis of intrahepatically 
retained, 99mTc-labeled RBCs after hypothermic or normothermic washout 
at a low or high washout pressure. This study revealed that the extent of 
intrahepatic RBC retention was not affected by the applied pressure, solution, 
colloidal content or type, temperature, or washout time during liver washout 
via the portal vein. Simultaneous arterial and portal washout with RL at 37°C 
and 100 mm Hg resulted in the least RBC retention and the shortest washout 
time. 

MATERIALS AND METHODS 

Perfusates 
Two types of perfusates were used: colloid-containing perfusates and 
colloid-free perfusates. The colloid-free perfusates included RL (Baxter, 
Deerfield, IL); polyethylene glycol-free histidine tryptophan ketoglutarate 
(HTK-; Dr F Köhller-Chemie, Bensheim, Germany); and a custom-produced 
batch of polyethylene glycol-free Polysol (PS-; Organoflush, Amsterdam, the 
Netherlands), which is an experimental perfusate. The colloid-containing 
perfusates were polyethylene glycol-containing histidine tryptophan 
ketoglutarate (HTK+) enriched with PEG-35 (20 g/L; Sigma-Aldrich), UW+ 
solution (Fresenius Hemocare, Emmer -Compascuum, the Netherlands), and 
standard PS+ (containing PEG-35). 
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Assessment of RBC Agglutination With Brightfield Microscopy 
The RBCs that were used were prepared from fresh platelet- and leukocyte-
poor human RBC concentrates (packed cells; Sanquin, Amsterdam, the 
Netherlands) suspended in saline-adenine-glucose-mannitol medium 
in conformity with the blood bank’s donor protocol. The packed cells 
contained a mix of RBCs from at least 2 donors. RBCs were added to 
solutions approximately 5 minutes before imaging. A 2-μL RBC suspension 
was prepared 5 minutes before imaging in RL, HTK-, PS+, or UW+ with a 
hematocrit of 20% (Advia 2120, Siemens, Munich, Germany) and transferred 
to a microscope slide for imaging. Additionally, RBCs were added to HTK+ and 
PS- to demonstrate colloid-dependent RBC agglutination. The preparations 
were visualized through a 100x oil immersion objective on a Leica DMBL 
microscope (Leica Microsystems, Wetzlar, Germany) equipped with a Leica 
DC200 charged coupled device camera that was controlled with QWin 
software (Leica Microsystems). 

In Vivo Radioactive Labeling of RBCs 
The institute’s animal ethics committee approved all animal experiments 
(BEX102507), and animals were treated in accordance with the Guide for 
the Care and Use of Laboratory Animals (National Institutes of Health). Male 
Wistar rats weighing 254 ± 627 g were anesthetized with an intraperitoneal 
injection (0.27 mL/100 g of body weight) of Hypnorm (10 mg/mL fluanisone 
and 0.515 mg/mL fentanyl citrate; Veta-Pharma, Leeds, United Kingdom), 
Dormicum (5 mg/ mL; Actavis Group, Zug, Switzerland), and water in a 1:1:2 
ratio. RBCs were labeled in vivo with the 99mTc-pertechnetate procedure 
adapted for small laboratory animals [Hascalik et al., 2008]. Briefly, 50 μg 
of freshly prepared pyrophosphate (PYP; Technescan, Covidien, Petten, the 
Netherlands) in a 0.2-mL saline solution was injected intravenously into the 
tail vein, and this was followed by 40 MBq of 99mTc-pertechnetate (Ultra-
Technekow, Covidien) in a 0.2-mL saline solution after 30 minutes. 

Liver Washout 
After 10 minutes of 99mTc-pertechnetate circulation, washout was performed 
according to a previously described procedure [Bessems et al., 2005]. After 
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mobilization of the liver and intestines, a blood sample was obtained from 
the inferior caval vein (radioactive RBC reference) and weighed on a precision 
scale (AB204, Mettler Toledo, Greifensee, Switzerland). Next, heparin (1000 
U/animal; Leo Pharma, Breda, the Netherlands) was administered via 
the tail vein. After 5 minutes, the aorta was ligated cranially of the celiac 
trunk and at the level of the iliacal bifurcation, and cannulated with a 4-Fr 
enteral feeding tube (Vygon, Ecouen, France) in case of arterial washout. 
All groups underwent a portal washout procedure for which the portal vein 
was ligated proximally, dissected, and cannulated with a 6-Fr enteral feeding 
tube (Vygon). The inferior caval vein was ligated just above the renal vein 
and thereafter cut at the level of the iliac bifurcation and suprahepatically to 
prevent congestion. Subsequently, the liver was washed out with 50 mL of 
PS+, UW+, HTK-, or RL (n=6 per solution) at 4 or 37°C (n=6 per temperature) 
and at a pressure of 15 (standard) or 100 mm Hg (n=6 per pressure) [‘t Hart 
et al., 2004] through aortic and portal catheters while washout times were 
recorded with a stopwatch (Figure 1). The washout pressure was calibrated 
before each experiment with a pressure transducer used in intravenous lines 
(Edward Life- sciences, Irvine, CA) that was positioned proximally to the portal 
vein and/or hepatic artery. After the 50-mL washout, the liver was removed 
and weighed. In the control group (no washout), the suprahepatic and 
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infrahepatic caval vein, portal vein, and hepatic artery were simultaneously 
ligated, which trapped all the blood in the liver before removal. Rats were 
sacrificed by heart dissection during the wash-out or excision of the liver. 

RBC Retention and 99mTc-Pertechnetate Distribution After Washout 
Analysis of radioactive RBCs in blood samples and livers was performed with 
a γ-counter (Auto-Gamma 5530, Packard Instruments, Downers Grove, IL). 
The intrahepatic blood content was calculated as the weight percentage of 
radioactive RBCs in the liver by the total liver γ-count divided by the liver 
weight and corrected for the reference blood sample ((total liver γ-count/
liver weight)/(blood γ-count/blood weight)x100%). The amount of residual 
radioactive RBCs was expressed as a percentage difference from control 
livers. 

On the basis of the high residual RBC retention after portal vein washout 
(discussed later), the RBC labeling dynamics of 99mTc-pertechnetate/PYP were 
verified with a dynamic γ-scan in four rats. Two rats underwent standard in 
vivo RBC labeling (as discussed previously), whereas PYP was omitted for the 
other two rats and was replaced with a physiological saline solution that does 
not interact with 99mTc-pertechnetate [Dewanjee, 1974]. Images were acquired 
on a dual-head γ-camera (E.cam with 180 frames/5 seconds at 128 x 128 
pixel resolution, Siemens, Erlangen, Germany) to study the distribution and 
excretion of 99mTc-pertechnetate and 99mTc-pertechnetate/PYP. Furthermore, 
a pinhole collimator (3-mm insert, 128 x 128 pixel resolution)–equipped 
γ-camera (ADAC ARC 3000, Philips, Amsterdam, the Netherlands) was used to 
magnify the duodenal region to assess the possibility of radioactive duodenal 
excretion via the biliary system in the absence of a gallbladder in rats. The 
scintigraphic images were processed with Hermes image software (Hermes 
Medical Solutions, Stockholm, Sweden). 

Histology 
Livers after washout were sectioned into 3 parts and placed in a 10% (vol/
vol) buffered formalin solution at 4°C for 5 days to allow radioactive decay. 
Subsequently, the parts were embedded in paraffin, cut into 5-μm sections, 
deparaffinized, and stained with hematoxylin and eosin. An experienced liver 
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pathologist who was blinded to the experimental procedure assessed the 
liver sections for washout-induced injury according to the scoring method 
presented in Post et al. [Post et al., 2013]. Images were acquired on an 
Olympus BX41 microscope equipped with a UC30 charged coupled device 
camera (Olympus, Tokyo, Japan). 

Statistical Analysis 
Data were processed in GraphPad (GraphPad Software, La Jolla, CA), and 
arterial liver washout times were analyzed with the Kruskal-Wallis test with 
Dunn’s post hoc test. All other liver washout and histological scoring data 
were tested for intragroup and intergroup differences via a 2-way analysis of 
variance with the Bonferroni post hoc test. Results are expressed as means 
and standard deviations, and a P-value < 0.05 was considered statistically 
significant. 

RESULTS 

Agglutination of RBCs 
Brightfield microscopy revealed extensive agglutination of RBCs suspended 
in colloid-containing perfusates; this was evidenced by rouleaux formation 
and morphological alterations of cells in HTK+, PS+, and UW+ (Figure 2C, D, 
F). RBC agglutination was not observed in solutions not containing colloids; 
as shown for RL, HTK-, and PS- (Figure 2A, B, E). 
HTK+ and PS- confirmed that the RBC agglutination was colloid-induced and 
not attributable to other perfusate constituents. Furthermore, impermeant- 
and colloid-free RL led to extensive RBC blebbing (shedding of bullae from 
the cell surface), as shown in Figure 2A. 

Liver Washout 
When RBC retention was averaged over all perfusate groups, portal washout 
was found to have reduced the mean RBC retention to 44.5% ± 1.7% (P < 0.05) 
of the liver weight (8.1 ± 2.5 g), whereas the retention in the control group 
(no washout) was 91.2% ± 17.5%. In contrast to the controls, simultaneous 
arterial and portal washout at 37°C and 100 mm Hg further reduced the 
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Figure 2. Brightfield micrographs of RBC-containing suspensions diluted with different solutions to a hematocrit 
of 20%: (A) RL; illustrating blebbing of RBCs without agglutinative effects, (B) HTK-; illustrating no agglutination, 
(C) HTK+; illustrating extensive rouleaux formation, (D) PS+; illustrating extensive rouleaux formation, (E) PS-; 
illustrating no agglutinative effects, and (F) UW+; illustrating agglutinative effects microscopically comparable 
to those shown in panels C and D. 

retention (averaged over all perfusates) to 29.3% ± 7.9% (P < 0.001; Figure 
3A). 

A perfusate-dependent reduction in RBC retention was achieved when 
RL was used for simultaneous arterial and portal washout at 37°C and 100 
mm Hg (18.7% ± 9.4%) versus portal washout with RL at 4°C and 15 mm 
Hg (45.6% ± 5.1%, P < 0.01) and at 4°C and 100 mm Hg (50.5% ± 24.1%, P < 
0.001). Also, portal washout with RL at 37°C and 15 mm Hg resulted in higher 
RBC retention (45.7% ± 30.5%, P < 0.01) than simultaneous arterial and portal 
wash-out with RL at 37°C and 100 mm Hg. However, simultaneous arterial 
and portal washout with RL at 37°C and 100 mm Hg was significantly different 
only from simultaneous arterial and portal washout with UW+ (37.4% ± 6.6%, 
P < 0.01).

A significant portal washout time reduction (P < 0.001) was achieved 
through washout with UW+ and PS+ at 4°C and 100 mm Hg (18.3 ± 8.0 and 
15.1 ± 1.8 seconds, respectively) versus washout at 4°C and 15 mm Hg (84.4 
± 23.8 and 71.4 ± 35.3 seconds, respectively), as shown in Figure 3B. Also, 
portal washout with HTK-, UW+, and PS+ at 37°C and 100 mm Hg significantly 
reduced washout times (7.0 ± 2.0, 13.3 ± 2.7, and 22.6 ± 28.3 seconds, 
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respectively) in comparison with washout at 37°C and 15 mm Hg (49.7 ± 38.2, 
106.0 ± 20.2, and 79.3 ± 6.5 seconds, respectively; P < 0.001). The influence 
of pressure instead of temperature on the washout time was evidenced by 
the significant reduction (P < 0.001) in the washout times at 4°C and 100 mm 
Hg with HTK-, UW+, and PS+ (10.5 ± 8.1, 18.3 ± 8.0, and 15.1 ± 1.8 seconds, 
respectively) versus the washout times at 37°C and 15 mm Hg. The arterial 
washout time was reduced with HTK- (29.7 ± 3.8 seconds, P < 0.05) and RL 
(21.6 ± 7.7 seconds, P < 0.001) at 37°C and 100 mm Hg versus UW+ at 37°C 
and 100 mm Hg (96.3 ± 7.2 seconds).

Figure 3. (A) Residual 99mTc-pertechnetate–labeled RBC content in the liver categorized by the washout 
pressure group. The 4°C group is shown in blue, the 37°C group is shown in red, and the control group (no 
washout) is shown in black. Simultaneous arterial and portal washout with RL at 37°C and 100 mm Hg showed 
significantly less retention than the other washout modalities (P<0.001). (B) Times needed for 50-mL washout 
via the portal vein are depicted in blue (4°C) and red (37°C), with black used for the arterial washout time of 
simultaneous arterial and portal washout at 37°C and 100 mm Hg. The use of noncolloidal solutions or the 
application of a washout pressure of 100 mm Hg significantly reduced the washout times (P < 0.001). 
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99mTc-Pertechnetate Distribution in Rats 
Intravenously injected PYP, bound to the β-chain of hemoglobin, chemically 
reduces intracellular pertechnetate and causes 99mTc to become trapped in 
RBCs after intravenous administration. Renal accumulation of radioactivity 
and subsequent excretion into the bladder were seen in rats that received 
PYP and 99mTc-pertechnetate (Figure 4A,C). The thyroid and salivary glands 
could be distinguished with low-level radioactivity because of the small 
fraction of 99mTc-pertechnetate unbound to PYP. In rats receiving 99mTc-
pertechnetate without PYP, the accumulation of 99mTc-pertechnetate in the 
thyroid and salivary glands was slightly higher than that in PYP-receiving 
rats, and excretion was predominantly visualized in the gastric mucous 
membrane in the absence of renal excretion (Figure 4B,D). With intrahepatic 
RBC retention after arterial and portal washout with RL at 37°C and 100 mm 
Hg, questions arose about whether the RBCs were hepatically cleared. Low-
level radioactive biliary excretion into the duodenal loop was observed after 
approximately 20 minutes of circulation of 99mTc-per-technetate/PYP, and this 
potentially accounted for or contributed to the residual radioactivity (18.7%). 

Histology 
A histological assessment of the livers did not show differences between 
the washout groups or perfusates. Furthermore, injury scores were very low 
with a mean of 6.5 ± 0.5 out of a 40-point maximum score. The obtained 
histological scores were 6.3 ± 1.1 for 37°C and 15 mm Hg, 6.5 ± 0.2 for 37°C 
and 100 mm Hg, 6.6 ± 0.8 for 4°C and 15 mm Hg, 6.6 ± 0.6 for 4°C and 100 
mm Hg, and 6.6 ± 0.6 for combined washout. 

DISCUSSION 

This study has shown that PEG and HES cause agglutination of RBCs, regardless 
of the preservation solution used, whereas simultaneous arterial and portal 
washout with RL at 37°C and 100 mm Hg significantly reduces RBC retention 
and washout times. In light of this colloid-induced RBC agglutination, the 
need for colloids in washout solutions has been questioned [Bessems et al., 
2006; Mosbah et al., 2006]. Moreover, liver washout with solely RL has been 
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shown to yield good functional results, even though RL is not suitable for 
preservation that encompasses prolonged storage [Kawashima et al., 1999; 
Dinant et al., 2009]. Our study has confirmed that RL is best at reducing RBC 
retention after simultaneous arterial and portal washout at 37°C and 100 mm 
Hg. Although RL is equally as viscous as HTK- at 37°C [Post et al,. 2012], HTK- 
did not lead to reduced RBC retention. Any potential coagulation-related side 
effects of RL during intravenous infusions, as reported previously [Levac et 
al., 2010], can be overcome by full heparinization. 

Although perfusate compositions with respect to colloidal solutions 
versus non-colloidal solutions are the basis of the ongoing washout debate, 
the perfusates in this study did not differ in RBC retention after portal 
washout. Thus, colloid-induced agglutination does not appear to cause 
solution- and corollary viscosity-dependent changes in washout efficacy in 
rat livers as previously suggested [Zhao et al,. 2011]. The viscosities of the 
solutions applied here were determined previously by our group and were 
found to be equal with respect to HES- and PEG-containing solutions [Post 

Figure 4. Biodistribution of 99mTc-pertechnetate in rats. (A) In the presence of PYP, 99mTc-pertechnetate/PYP 
was excreted via the urinary tract, whereas (B) in the absence of PYP, 99mTc-pertechnetate was taken up by 
the salivary and thyroid glands as well as the gastric mucosa. (C,D) The percentages of the administered 
radioactive dose that accumulated or excreted over time per ROI are depicted for conditions A and B, 
respectively. The ROIs were located over (1) the heart, (2) liver, (3) right kidney, (4) left kidney, (5) urinary 
bladder, (6) stomach, (7) abdominal background, (8) peripheral background, (9) thyroid gland, (10) parotid 
gland, and (11) submandibular gland. 
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et al,. 2012]. However, colloid-lacking solutions were 2.5-fold less viscous, 
regardless of the temperature. Despite these differences in viscosity, no 
acute histological damage that might affect liver function was observed in 
livers washed out with colloid-containing solutions, despite the pressure of 
100 mm Hg and the relatively high shear stresses imparted by these solutions 
[Morariu et al., 2003]. 

A potential difference in perfusates when they are employed under 
hypothermic and normothermic conditions is the pH. Higher temperatures 
will result in a slightly lower pH [Gómez et al., 2001; Bonventre and Cheung, 
1985]. However, adjusting the pH with sodium hydroxide to correct for 
temperature-induced differences would alter the osmolarity and Na2+/K+ 
ratio of perfusates [Bessems et al., 2005; Pegg et al., 1982]. Because an acidic 
milieu may exert a protective effect on parenchymal cells [Gómez et al., 2001; 
Bonventre and Cheung, 1985] and we did not anticipate significant effects 
from minor differences in the pH on liver washout outcomes, we chose not to 
alter the pH. This consideration was also made in light of the short exposure 
times during normothermic washout. 

Interestingly, a remnant RBC fraction of 18.7% was present after 
simultaneous arterial and portal wash-out with RL at 37°C and 100 mm Hg, 
and this led to the question whether RBCs were cleared hepatically. Despite 
the comparable 99mTc-pertechnetate kinetics in rats and humans, more rapid 
elimination in the rat biliary system was found. Radioactive biliary excretion in 
the gallbladder or ileal loop after RBC labeling in humans is a rare finding, but 
it has been observed 24 hours after the administration of 99mTc-pertechnetate 
[Wood and Hennigan, 1984; Brill, 1985; Kotlyarov et al., 1988; Sato et al., 
1988; Abello et al., 1991]. Although rats do not have a gallbladder, a pinhole 
collimator–equipped camera revealed radioactive bile being excreted into 
the duodenum after approximately 20 minutes in our experiments. With 
a mean bile flow of 0.6 μL/g of liver/minute in rats [Spiegel et al., 1998], 
accumulation in the intrahepatic biliary tract occurred before visualization by 
the pinhole camera; as a result, higher residual radioactivity could be found 
in the liver after washout. 

The livers were washed out via the portal vein (as in the rat model 
described by ’t Hart [‘t Hart et al., 2004]) or simultaneously via the portal 

133

Chapter 5



vein and hepatic artery. If a colloidal solution were used for arterial washout 
during hypothermia, a time up to 10 times the time of portal vein washout 
would be needed. In that scenario, the times needed for portal washout and 
arterial washout would differ greatly, and this would result in a nonperfused 
portal vein for the extra duration of the arterial washout. 

Prolonged washout times were predominantly observed with colloidal 
solutions, but in the case of portal washout only, they were shortened by 
the application of 100 mm Hg washout pressure. However, a high pressure is 
associated with increased shear stress and has previously been reported to 
induce endothelial damage [Tisone et al., 1997]. Endothelial damage, in turn, 
may lead to graft dysfunction as a result of per- fusion defects [Basile et al., 
2011; Kliche et al, 2011]. Contrastingly, increased washout pressure and thus 
shear stress have been shown to result in improved early organ function [‘t 
Hart et al., 2004; Tisone et al., 1997; Tokunaga et al., 1988]. Increased shear 
stress with higher washout pressures actually reduced endothelial damage 
by 20% in kidney grafts in comparison with standard-pressure washout with 
colloidal and noncolloidal perfusates [‘t Hart et al., 2004]. In the latter study 
by ’t Hart, the presence of a colloid in the perfusate did result in small and 
large venule injury, whereas large venule injury was observed only in the 
noncolloidal group. The histological analysis performed in this study did not 
reveal any differences between the perfusate groups with respect to these 
types of vascular injury. 

In the final analysis, RL at 37°C and 100 mm Hg appeared to be the most 
optimal washout solution in an organ retrieval setting [Bessems et al, 2006; 
Thuillier et al., 2011; Hughes et al., 1996; Gastaca et al., 2012; Treckmann 
et al., 2012]. Accordingly, this study evinced that simultaneous arterial and 
portal vein washout with RL at 37°C and 100 mm Hg resulted in the least RBC 
retention in the liver. These results suggest that our long-held concept of 
cold washout with an organ preservation solution as the first step in effective 
organ storage should be reconsidered. However, further combined analysis 
of improved washout, the contributory role of arterial washout [Gastaca et 
al., 2012], different solutions [Treckmann et al., 2012; Wilson et al., 2012], 
and subsequent graft outcomes after transplantation should first confirm 
these findings. 
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ABSTRACT

Machine perfusion (MP) is a potential method to increase the donor pool for 
organ transplantation. However, MP systems for liver grafts remain difficult to 
use because of organ-specific demands. Our aim was to test a novel, portable 
MP system for hypothermic preservation of the liver. A portable, pressure-
regulated, oxygenated MP system designed for kidney preservation was 
adapted to perfuse liver grafts via the portal vein (PV). Three porcine livers 
underwent 20 h of hypothermic perfusion using Belzer MP solution. The 
MP system was assessed for perfusate flow, temperature, venous pressure, 
and pO2/pCO2 during the preservation period. Biochemical and histological 
parameters were analyzed to determine post-preservation organ damage. 
Perfusate flow through the PV increased over time from 157 ± 25 mL/min at 
start to 177 ± 25 mL/min after 20 h. PV pressure remained stable at 13 ± 1 
mm Hg. Perfusate temperature increased from 9.7 ± 0.6°C at the start to 11.0 
± 0.0°C after 20 h. Aspartate aminotransferase and lactate dehydrogenase 
increased from 281 ± 158 and 308 ± 171 U/L after 1h to 524 ± 163 and 537 
± 168 U/L after 20 h, respectively. Blood gas analysis showed a stable pO2 of 
338 ± 20 mm Hg before perfusion of the liver and 125 ± 14 mm Hg after 1 h 
perfusion. The pCO2 increased from 15 ± 5 mm Hg after 1 h to 53 ± 4 mm Hg 
after 20 h. No histological changes were found after 20 h of MP. This study 
demonstrated the feasibility of a portable MP system for preservation of the 
liver and showed that continuous perfusion via the PV can be maintained 
with an oxygen-driven pump system without notable preservation damage 
of the organ. 
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INTRODUCTION

Organs that meet extended criteria for donors (ECD), such as those from the 
elderly and nonheart-beating donors as well as steatotic livers, are known to 
be more prone to preservation-induced damage than healthy donor organs 
[Desphande and heaton, 2006]. Continuous artificial circulation through an 
organ during machine perfusion (MP) has the potential to keep ECD organs in 
a better functional condition. 

For decades, MP of the liver was primarily confined to the experimental 
setting and thus far only one clinical (phase 1) series has been reported 
[Guarrera et al., 2010]. Although this trial has presented encouraging results 
for MP of liver grafts, widespread implementation tends to be constrained 
by the difficulty to practically implement the technology necessary for the 
preservation of livers. Currently, the major obstacle preventing large-scale 
clinical application of MP for liver grafts is the lack of portable, oxygenated 
hypothermic (4°C) MP systems that are compatible with the size of liver 
grafts and the associated perfusion demands [Schreinemachers et al., 2007]. 

We have developed a disposable oxygenated MP system (Airdrive, Portable 
Organ Perfusion, Amsterdam, The Netherlands) that has demonstrated its 
value in experimental hypothermic kidney preservation [Schreinemachers et 
al., 2010]. The system is based on an oxygen-driven, positive displacement 
pump that allows pressure-controlled pulsatile perfusion and oxygenation of 
the perfusion medium. In this study, the settings, perfusion dynamics, and 
peri- and post-transplantation organ quality were assessed in the Airdrive MP 
system during 20-h hypothermic preservation of porcine liver grafts.

MATERIALS AND METHODS 

Airdrive system 
The Airdrive system (Portable Organ Perfusion) is based on pressurized 
oxygen as the driving force, which is used for three purposes: (I) to drive 
a positive displacement pump; (II) to supply the oxygenator; and (III) to 
induce overpressure in the organ chamber to support sterility. The oxygen 
is provided by a standard onboard 2-L pressurized cylinder containing 
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medical grade oxygen (Medidis, Lelystad, The Netherlands). A 12-V, non-
rechargeable battery powers the gas valves and pressure feedback systems 
via a proportional-integral-derivative controller. 

The pump design is based on a low-energy, reciprocating positive 
displacement membrane pump (Figure 1). The pump contains an embedded 
filter (15 micron, DEHP-free PVC) and has a maximum output of 13.9 mL 
perfusate per cycle. During the pump cycle, a software-embedded maximum 
pressure limit prevents overshoot of pressure and flow to the organ. 
Transducer P2 (Figure 2) can limit the pressure to 6.0 kPa (45 mm Hg). When 
P2 exceeds the maximum pressure, the system switches to a burst of short 
pump actions to relieve the oxygen in the system, lowering P2 to within the 
designated limits. Once baseline levels are reached, normal operation is 
resumed. Excess usage of the oxygen supply and batteries are prevented by 
flow limitation. The flow rate is limited to 250 mL/min for portal vein (PV) 
perfusion. A temperature sensor is embedded in the pump design, which, 
during normal pump action, provides an identical temperature to the afferent 
organ tube temperature (unpublished data). 

The oxygenator is comprised of a coil of porous silicone tubing that is 
placed inside a pressurized oxygen container prior to an expansion chamber 
and a bubble trap. The oxygen used for the pump and oxygenator dissipates 
into the chamber to induce overpressure. This pressure is limited by two 
outlets in the lid covered with breathable fabric (Porex, Aachen, Germany), 
maintaining an overpressure in the organ chamber during perfusion.

During preservation, the flow, pressure, intra-organ vascular resistance 
(VR), temperature, and preservation time are continuously displayed and 
stored. All components are embedded in polystyrene (Neopor, Medisize, 
Hillegom, The Netherlands) to provide optimal isolation. Four pre-cooled 
packs (stored at -20°C) are placed underneath the organ chamber inside the 
transporter box for temperature control. 

Experimental procedure 
All animal experiments were approved by the institute’s animal ethics 
committee and animals were treated in accordance with the National Institute 
of Health Guidelines for the Care and Use of Laboratory Animals. Three 
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Figure 1. Airdrive pump mechanism. 1 Pump inlet, 2 body for erythrocyte filter, 3 temperature sensor, 4 
erythrocyte filter, 5 perfusion liquid output connector, 6 upper pump body, 7 valve, 8 membrane with central 
weight, 9 lower pump body.  
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obtained and the gallbladder was flushed with saline solution via a puncture. 
The gall bladder was cannulated and left in place in this experimental setup 
to serve as a bile collection reservoir. 

The Airdrive system was primed with 1 L of Belzer MPS (Bridge to Life, 
Columbia, SC, USA) according to the manufacturer’s instructions. One gram 
of ceftriaxone (Fresenius Kabi, Bad Homburg, Germany) was added to the 
perfusion medium. The liver was placed in a suspended polyurethane 
hammock (Inoac USA, Bardstown, KY, USA) inside of the organ chamber of the 

Figure. 2. Schematic view of oxygen and 
perfusate flow in the Airdrive system. A. 
Oxygen pressure is reduced to 12.5 (±2.5) 
kPa from the oxygen cylinder (160 kPa). 
Gas valves V1 and V2 are controlled by a 
proportional-integral-derivative controller. 
Expansion chambers are denoted as B1 (10–
15 kPa) and B2 (1.6 kPa). Transducers P1 and 
T are monitored, and their data stored during 
the preservation period, whereas P2 and P3 
are used for feedback control. 

female landrace pigs weighing 50.3 ± 
3.1 kg underwent a liver procurement 
procedure under general anesthesia 
according to a previously described 
anesthesia protocol [Schreinemachers 
et al., 2010]. 

The celiac trunk and PV were 
cannulated using a 9-Fr (3-mm) 
polyamide luer lock cannula (VBM 
Medizintechnik, Sulz am Neckar, 
Germany) after administration of 
25.000 IU of heparin (Leo Pharma 
BV, Breda, The Netherlands). The 
common bile duct was ligated. A 
washout system with 4 L cold (4°C) 
histidine-tryptophan-ketogluterate 
solution (Custodiol, Dr. Franz Köhler 
Chemie, Bensheim, Germany) was 
used at 100-cm hydrostatic pressure 
for both hepatic artery (HA) and PV. 
Ice slush was placed in the abdomen 
to facilitate cooling of the organ. After 
2 L of washout solution had passed 
through the liver, the organ was 
removed and the washout continued 
on the back-table with an additional 2 
L, during which a peripheral biopsy was 
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assessment (lactate dehydrogenase (LDH), aspartate aminotransferase (AST), 
and total bilirubin) were obtained at similar time intervals as the blood gas 
analysis. The flow (number of pumpstrokes x 13.9 mL), pressure (P2), VR 
(flow/ pressure), and temperature were recorded hourly from the display. 

Biopsies for histological examination were obtained at two time points: 
a peripheral biopsy after the flush but before placement in the Airdrive 
(control sample) and a peripheral and core biopsy after 20 h of perfusion in 
the Airdrive. Biopsies were fixed and imaged as described previously [Heger 
et al., 2011]. 

The sections were scored (10 fields per section) in a randomized blinded 
fashion by a liver pathologist, according to a modified liver scoring system. 
The data were analyzed using Matlab (Mathworks, Natick, MA, USA) and 
presented as mean ± standard deviation. 

RESULTS 

PV flow exhibited a gradual increase over time from 157 ± 25 mL/min at start 
to 177 ± 25 mL/min after 20 h of perfusion (Figure 4A). The mean PV pressure 
remained constant throughout the entire preservation period (13 ± 1 mm 
Hg) (Figure 4C). VR remained constant with 0.08 ± 0.02 mm Hg/min/L at start 
of perfusion and 0.07 ± 0.02 mm Hg/min/L after 20 h (Figure 4C). Perfusate 
temperature showed an increase from 9.7 ± 0.6°C at start to 11.0 ± 0.0°C 

Figure 3. Pressure profile of a pump cycle. The 
cycle is comprised of three phases indicated 
by A, B, and C, where the white plane 
demarcates one cycle. The arrow designates 
closure of V2 coinciding with maximum O2 
pressure build-up in B2 (Figure 2)

Airdrive and, the PV was connected to 
the pump tubing. After connecting 
the organ, the liver software program 
was initiated and perfusion of the 
organ was commenced. 

Blood gas analysis (pO2 and pCO2) 
was performed on the circulating 
perfusate using an ABL80 Flex gas 
analyzer (Radiometer, Brønshøj, 
Denmark) before placement of the 
liver in the Airdrive (t = 0 h) and at 
1, 3, 5, 10, and 20 h of perfusion. 
Perfusate samples for biochemical 
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after 20 h of perfusion (Figure 2A). Mean liver weight was 1.3 ± 0.3 kg. Bile, 
probably residual, had accumulated in the gallbladder after 20 h of perfusion, 
totaling 7 ± 2 mL. 

Biochemical parameters showed an increase in AST and LDH from, 
respectively, 281 ± 158 and 308 ± 171 U/L after the first hour, to, respectively, 
524 ± 163 and 537 ± 168 U/L after 20h (Figure 4F). The bilirubin concentration 
remained below detection levels at all times (<1 μmol/L), indicating no bile 
leakage. Blood gas analysis before placement of the liver yielded a pO2 of 338 
± 20 mm Hg and a pCO2 of <1 mm Hg (Figure 4E). After organ placement in the 
Airdrive, the pO2 dropped to 125 ± 14 mm Hg and the pCO2 increased to 15 
± 5 mm Hg. After 20 h of perfusion, the pO2 remained stable at 124 ± 14 mm 
Hg and the pCO2 increased further to 53 ± 4 mm Hg. Histological scoring is 
shown in Figure 4B. None of the biopsies showed evidence of portal edema, 
parenchymal necrosis, or mitosis (score = 0). All biopsies showed signs of 
sinusoidal dilation (mean score 2 ± 0.7 on 1 to 3 scale), with no apparent 
differences after MP (pre-MP of 2 ± 1 vs. post-MP of 2 ± 1). Three post-MP 
biopsies (2 peripheral, 1 core) showed signs of apoptosis, as evidenced by the 
presence of Councilman bodies (all scored 1 out of 4). 

DISCUSSION 

This study sought to demonstrate the feasibility of a portable MP device that 
meets the flow and pressure demands considered suitable for preservation 
of a liver graft while retaining dependability and port- ability. We have shown 
that these demands can be met using an oxygen-driven pump system. 

We examined both biochemical (AST, LDH) and histological parameters 
to assess the damage profile after MP (Figure 4). During perfusion, the 
biochemical parameters showed a gradual increase, as usually found in a 
recirculating perfusion device. These values are in agreement with earlier 
reports on porcine and clinical liver MP when corrected for circulating 
volume, indicating minimal hepatocellular injury [Guarrera et al., 2010; van 
der Plaats, 2006]. 

Histologically, we have shown preservation of architectural integrity of 
the parenchyma and absence of edema after 20-h MP. The ultimate test is 
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Figure. 4. (A) Perfusion flow (mL/min) and temperature (°C). (B) Histological scores: sinusoidal dilatation: 0, 
absent; 1, less than 1/3 of parenchyma; 2, less than 2/3; 3, more than 2/3. Portal edema: 0, absent; 1, less than 
25%; 2, between 25–50%; 3, between 50–75%; 4, more than 75%. Areas of confluent parenchymal necrosis: 0, 
absent; 1, affecting less than 25% of parenchyma; 2, affecting 25–50%; 3, affecting 50–75%; 4, affecting >75%. 
Hepatocellular mitosis: 0, absent; 1, in case of <2 foci per 8 fields (40x objective); 2, in case of 2–4 foci; 3, in 
case of 5–10 foci; 4, in case of >10 foci. Councilman bodies (cytosegresome formation): 0, absent; 1, in case of 
<2 foci (10x objective); 2, in case of 2–4 foci; 3, in case of 5–10 foci; 4, in case of >10 foci. (C) Pressure (mm Hg) 
and vascular resistance (mm Hg/min/mL). (D) Representative hematoxylin and eosin-stained liver sections. (E) 
Perfusate pO2 and pCO2 (mm Hg). (F) Perfusate aspartate aminotransferase (AST) and lactate dehydrogenase 
(LDH) concentrations (U/L). All values are depicted as mean ± SD. 
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graft outcome in a large animal liver transplantation model. In large animal 
kidney transplantation, MP using the Airdrive has proven to be beneficial over 
conventional cold storage in pre-damaged kidney grafts [Schreinemachers et 
al., 2010]. However, large animal liver transplantation encompasses surgical 
restrictions (e.g., absence of collateral hepatic circulation) that make the 
model less comparative. 

One of the main concerns in the use of an MP system, as reflected by the 
technical diversity of the experimental and commercial systems produced to 
date, is implementation of the pump. Currently, most available MP systems 
are based on a roller pump mechanism to recirculate the perfusate [Horpácsy 
et al., 1979; Moers et al., 2009; Guarrera et al., 2004; Metcalfe et al, 2002]. 
However, a significant technical obstacle associated with roller-type pumps is 
their extensive power consumption, which imposes considerable restrictions 
on portable systems [Guarrera et al., 2010; Brockmann et al., 2009]. To 
circumvent this major hurdle, the Airdrive makes use of a 2-L oxygen cylinder 
to drive the pump while sustaining an average PV flow of >150 mL/min for 
up to 20 h. 

The current configuration of perfusion dynamics is aimed at perfusion via 
the PV only. It is arguable that a dual pump system could provide flow for both 
the portal venous system as well as the HA system. It can be conceived that 
dual MP can be beneficial due to oxygenation of the biliary system [Michels, 
1966]. However, studies assessing this effect in a clinically representative 
model are yet to be conducted. 

The required flow through a liver graft during MP remains a subject of 
debate and can be of critical importance for optimal preservation of the graft. 
Hypothermia causes an initial afferent vasoconstriction resulting from surgical 
handling and a reduced Ca2+-ATPase activity in vascular smooth muscle cells 
[Jackson et al., 2000]. Therefore, hypothermic MP has been suggested to be 
safe at 25% of physiological flow [‘t Hart et al., 2007; Debbaut et al., 2011]. 
Given the fact that physiological portal flows at normothermic temperatures 
are typically around 1000 mL/min, the recorded perfusate flow of 177 ± 25 
mL/min in our study is consistent with a safe range [Jakimowicz et al., 1998]. 

Preservation of organs at 4°C constitutes the gold standard in organ 
preservation. In this study, the MP system showed moderately higher 
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temperatures during perfusion, reaching an average of 10 ± 0.5°C. In our 
experiments, metabolic activity was evident from the increase in perfusate 
pCO2 and decrease in pO2, collectively typifying a metabolically active organ. 
Taking this into consideration, it is arguable whether extreme lowering of 
metabolism is required during MP as nutrients and oxygen are continuously 
available. And, in line with this view, there is growing consensus on the use of 
(sub)normothermic preservation temperatures during MP. The preservation 
of suboptimal organs, such as those from elderly or nonheart-beating donors 
as well as steatotic livers, may benefit from MP and from preservation at 
higher temperatures [Hessheimer et al., 2012]. In that respect, the Airdrive 
MP system is capable of operating at any temperature within the spectrum 
of hypothermic and (sub)normothermic perfusion. However, this study has 
merely demonstrated the feasibility of the Airdrive as a liver MP system. A 
possible benefit of MP using marginal livers cannot be presumed based on 
these findings and remains to be shown in the Airdrive. 

Allocation of organs is rarely restricted to a single center, making portability 
of an MP system essential to its implementation. By using disposable light-
weight materials, the Airdrive weight remains below 15 kg when operational 
(i.e., including embedded oxygen cylinder), which is below the maximum 
one-person manual handling weight enforced by occupational health codes 
in many countries. 

This study has demonstrated the feasibility of a portable machine 
perfusion system for preservation of the liver. Using an oxygen-driven pump 
system, continuous perfusion via the pulmonary can be maintained for a 
clinically relevant preservation time without notable preservation damage to 
the organ. These results support further research on the use of the Airdrive 
for marginal liver grafts.
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Supplemental table S2

Species  Number of reports

Alpaca  9
Armadillo  1
Bear  2
Cat  720
Cattle  36
Crab  1
Crayfish  1
Deer  1
Desert rat  19
Dog  368
Duck  7
Echnida  9
Fish  42
Frog  3
Gerbil  44
Goat  65
Goose  2
Ground squirrel 86
Guinea pig  281
Hamster  101
Hedgehog  4
Horse  16
Human  1285
Leopard  1
Lion  1
Lizard  10
Lobster  1
Mouse  3549
Pigeon  238
Pig  78
Primate  328
Quail  5
Rabbit  2008
Rat  6154
Salamander  13
Scorpion  2
Sheep  251
Shrimp  1
Toad  1
Turkey  3
Turtle  2
Woodchuck  5
Zebu  1
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SUMMARY

The work described in this dissertation, On the Physiology of Artificial 
Hibernation, aims to translate insights from the physiology of natural 
hibernators to a model of artificial hibernation that could aid clinical 
applications.

In Part I, the governing physiological elements that are responsible for 
the induction of (artificial) hibernation are discussed. Translation of natural 
hibernation to its artificial counterpart is currently hampered by incomplete 
understanding of the exact mechanisms responsible for induction of 
hibernation. 

To facilitate this translation, in Chapter 1, a model was developed that 
identifies the necessary physiological changes for induction of artificial 
hibernation. This model encompasses six essential components: metabolism 
(anabolism and catabolism), body temperature, thermoneutral zone, 
substrate, ambient temperature, and hibernation-inducing agents. The 
individual components are interrelated and collectively govern the induction 
and sustenance of a hypometabolic state. To illustrate the potential validity 
of this model, various pharmacological agents (hibernation induction trigger, 
delta-opioid, hydrogen sulfide, 5’-adenosine monophosphate, thyronamine, 
2-deoxyglucose, magnesium) are described in terms of their influence on 
specific components of the model and corollary effects on metabolism. 

Then, Chapter 2 dives deeper into one of the critical elements to gain 
control over induction of (artificial) hibernation, to achieve a significant and 
sustained reduction in body temperature. A reduction in body temperature 
can be achieved by a downward adjustment of the thermoneutral zone, a 
process also described as anapyrexia. Pharmacological induction of anapyrexia 
could enable numerous applications in medicine. To identify the potential of 
pharmacological agents to induce anapyrexic signaling, experimental findings 
of over a thousand pharmacologically active compounds are analyzed for 
their ability to induce anapyrexia in animals. Based on this analysis, eight 
agents (helium, dimethyl sulfoxide, reserpine, (oxo)tremorine, pentobarbital, 
(chlor)promazine, insulin, and acetaminophen) are identified as potential 
anapyrexia-inducing compounds and discussed in detail, along with the 
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translational pitfalls for each candidate compound. Of the agents discussed, 
reserpine, (oxo)tremorine, and (chlor)promazine may possess true anapyrexic 
properties based on their ability to either affect the thermoneutral zone or 
its effectors and facilitate hypothermic signaling. 

In Part II, the effects of a popular biochemical agent for inducing artificial 
hibernation, hydrogen sulfide (H2S), are evaluated for use in large and small 
non-hibernating animals. 

Chapter 3 starts with a series of experiments that demonstrated several 
adverse effects of H2S in a large-animal model. Numerous studies in small 
rodents have demonstrated that H2S induces hypometabolism, supposedly 
as a result of histotoxic hypoxia. However, other studies have shown that the 
induction of hypometabolism by H2S is absent in large animals. To determine 
the cause of this animal size-dependent discrepancy in H2S pharmacodynamics, 
the effects of sodium H2S on systemic, pneumocardial, hematological, 
biochemical, microvascular (sublingual), and histological parameters are 
investigated in pigs. After four hours following H2S administration, no effects 
are observed with respect to systemic, pneumocardial, hematological, 
biochemical, and histological parameters. However, H2S does trigger 
significant hyperperfusion in the sublingual microcirculation, as evidenced 
by an increased blood vessel diameter, total vessel density, and perfused 
vessel density. These phenomena are consistent with microvascular 
changes that occur during a panting response; an important heat loss 
mechanism (i.e., thermoregulatory effector) in pigs that is controlled by the 
thermoneutral zone (Ztn). On the basis of our findings and the literature, 
a mechanistic explanation is provided for the differential manifestation of 
hypometabolism between small and large animals. In large animals, H2S does 
not act via histotoxic hypoxia but likely triggers carotid bodies to transmit 
a hypoxic signal, which subsequently lowers the Ztn and activates heat loss 
mechanisms (e.g., panting) to align ATP consumption with ATP production 
through hypothermia. Since large animals have a small surface:size ratio, the 
cooling rate is too inefficient to accommodate hypothermia and subsequent 
hypometabolism. This is why large animals do not exhibit hypometabolism, 
despite the activation of thermoregulatory effectors. This is also a reason for 
the poor translatability of artificial hypometabolism to the clinical setting. 
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Chapter 4, subsequently, goes back to a small-animal model (mice) and 
compares the effects of H2S to – what turns out to be – the more potent 
effects of hypoxia for the induction of artificial hibernation. H2S gas in an 
atmosphere of mild hypoxia reportedly induces suspended animation 
in mice; a state analogous to hibernation entailing hypothermia and 
hypometabolism. However, using non-invasive thermographic imaging, we 
demonstrate that mice exposed to more severe hypoxia reduce their body 
temperature to ambient temperature, while mice exposed to H2S gas under 
normoxic conditions did not exhibit this behavior. This suggests that mice 
undergo hypothermia in response to hypoxia, not as a direct effect of H2S 
gas, which contradicts many of the previously reported findings and putative 
contentions. 

Part III ends with a description of practical systems and strategies for 
bringing this model to single organ application in the liver, ultimately to be 
used to improve organ viability and transplantation success rates in clinical 
scenarios. 

Chapter 5 describes the necessary preparations to the liver to maintain 
stable extracorporeal hepatic physiological function. In this context, an 
important aspect is donor graft washout, which can be impaired by colloids 
in organ preservation solutions that increase the viscosity and agglutinative 
propensity of red blood cells (RBCs) and potentially decrease organ function. 
Here, the colloid-induced agglutinative effects on RBCs and RBC retention after 
liver washout with Ringer’s lactate (RL), histidine tryptophan ketoglutarate 
solution, University of Wisconsin solution, and Polysol are determined as 
a function of the washout pressure and temperature in a rat liver washout 
model with radiolabeled RBCs. Colloids (polyethylene glycol in Polysol and 
hydroxyethyl starch in University of Wisconsin) induce RBC agglutination, 
regardless of the solution composition. A single portal washout with any of 
the solutions does not result in differences in the degree of RBC retention, 
regardless of the temperature or pressure. After simultaneous arterial and 
portal washout at 37°C and 100 mm Hg of perfusion pressure, RL is associated 
with the lowest degree of radiolabeled RBC retention, and also required the 
shortest washout time. 

Chapter 6 closes with the proposal of a machine perfusion system that 
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allows extended extracorporeal control of several of the model’s elements. 
A potential method to increase the donor pool for organ transplantation is 
machine perfusion (MP). However, MP systems for liver grafts remain difficult 
to use because of organ-specific demands. Here, a novel, portable, pressure-
regulated, oxygenating MP system for hypothermic preservation of the liver 
is developed, perfusing liver grafts via the portal vein (PV). In three porcine 
livers undergoing twenty hours of hypothermic perfusion using Belzer MP 
solution, the perfusate flow, temperature, venous pressure, and pO2 and pCO2 
are monitored and biochemical and histological parameters are analyzed to 
determine post-preservation organ damage. Perfusate flow through the PV 
increases over time, while the PV pressure remains stable, and the perfusate 
temperature increases slightly. Aspartate aminotransferase and lactate 
dehydrogenase are increase significantly post-perfusion. Blood gas analysis 
shows a stable pO2 before perfusion of the liver, which significantly reduces 
during MP, accompanied by a significantly increasing pCO2. This demonstrates 
the feasibility of a portable MP system for preservation of the liver and shows 
that continuous perfusion via the PV can be maintained with an oxygen-
driven pump system without notable preservation damage of the organ.
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SAMENVATTING

Het onderzoek in dit proefschrift, On the Physiology of Artificial Hibernation, 
richt zich op het vertalen van inzichten uit de fysiologie van natuurlijke 
winterslapers naar een model voor kunstmatige winterslaap dat kan bijdragen 
aan orgaanpreservatie bij klinische toepassingen.

In Deel I worden de elementen die verantwoordelijk zijn voor de inductie 
van (kunstmatige) winterslaap besproken. Onvolledige kennis van de exacte 
mechanismen die verantwoordelijk zijn voor de inductie van winterslaap 
beperkt tot op heden de vertaling van een natuurlijke naar een kunstmatige 
winterslaap.

Om deze vertaling te faciliteren is in Hoofdstuk 1 een model ontwikkeld 
dat de vereiste fysiologische factoren voor inductie van kunstmatige 
winterslaap identificeert. Dit model bestaat uit zes essentiële componenten: 
metabolisme (anabolisme en catabolisme), lichaamstemperatuur, 
thermoneutrale zone, substraat, omgevingstemperatuur, en winterslaap-
inducerend middel. Deze individuele bouwstenen staan onderling met 
elkaar in verband en bepalen samen de inductie en de instandhouding 
van een hypometabole staat. Om de impact van dit model te illustreren, 
worden verschillende winterslaap-inducerende middelen beschreven – 
hibernation induction trigger, delta-opoiden, waterstof sulfide, 5’-adenosine 
monofosfaat, thyronamine, 2-deoxyglucose en magnesium – en hun werking 
op de verschillende elementen van het model, alsmede de daaropvolgende 
metabolische effecten.  

Vervolgens gaat Hoofdstuk 2 dieper in op één van de essentiële 
factoren die controle geven over de inductie van (kunstmatige) winterslaap: 
anapyrexie. Een daling in lichaamstemperatuur kan worden bewerkstelligd 
door het naar beneden bijstellen van de thermoneutrale zone, een proces dat 
wordt beschreven als anapyrexie. Farmacologische inductie van anapyrexie 
maakt talrijke medische toepassingen mogelijk. Om het vermogen van 
farmacologische middelen om anapyrexie te induceren te identificeren, 
heeft deze studie via literatuuronderzoek een analyse van meer dan duizend 
farmacologische middelen gemaakt. Hierbij is het vermogen om anapyrexie 
te induceren in verschillende diermodellen getoetst. Op basis van deze 
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analyse zijn acht middelen geïdentificeerd die over de potentie beschikken 
om anapyrexie te induceren, namelijk helium, dimethyl sulfoxide, reserpine, 
(oxo)tremorine, pentobarbital, (chlor)promazine, insuline en acetaminophen. 
Elk van deze middelen wordt in detail besproken, en in relatie tot de valkuilen 
van translatie. Van de besproken middelen is bij reserpine, (oxo)tremorine, 
en (chlor)promazine op basis van de effecten op de thermoneutrale zone 
aanleiding om ervan uit te gaan dat deze middelen anapyrexie kunnen 
induceren, of faciliteren via hypotherme signallering. 

In Deel II worden de effecten van het veelgebruikte biochemische 
winterslaap-inducerend middel waterstofsulfide (H2S) geëvalueerd voor 
gebruik in grote en kleine dieren zonder natuurlijke winterslaap. 

Hoofdstuk 3 begint met een serie experimenten die de nadelige effecten 
van H2S in grote dieren demonstreren. Talrijke studies lieten al eerder zien 
dat H2S hypometabolisme in kleine dieren kan induceren, vermoedelijk als 
resultaat van histotoxische hypoxie. Andere studies laten echter zien dat deze 
inductie in grote dieren afwezig is bij het gebruik van H2S. Om te bepalen wat 
de oorzaak is van deze discrepantie in de resultaten tussen kleine en grote 
dieren, zijn de effecten van natrium H2S onderzocht in een varkensmodel op 
systemisch, pneumocardiaal, hematologisch, biochemisch, microvasculair 
(sublinguaal) en histologisch niveau. Na vier uur blootstelling aan H2S werden 
geen effecten geobserveerd op systemisch, pneumocardiaal, hematologisch, 
biochemisch, en histologisch niveau. Op microvasculair niveau liet H2S echter 
subliguale hypoperfusie zien in de vorm van toename in bloedvat diameter, 
totale vaatdichtheid en dichtheid van geperfuseerde vaten. Dit fenomeen is 
in overeenkomst met de microvasulaire veranderingen die plaatsvinden bij 
hijgen; een belangrijk mechanisme om warmte kwijt te raken bij varkens (ook 
wel thermoregulatoire effector genoemd),  dat onder controle staat van de 
thermoneutrale zone (Ztn). Op basis van deze bevindingen en de literatuur 
geeft dit hoofdstuk een mechanistische verklaring voor de verschillende 
manifestaties van hypometabolisme in kleine en grote dieren. In grote dieren 
werkt H2S niet via de histotoxische hypoxie, maar vermoedelijk via transmissie 
van een hypoxisch signaal vanuit chemoreceptoren in de carotiden. Dit 
signaal heeft een Ztn-verlagend effect welke aanzet tot mechanismen om 
warmte kwijt te raken, zoals hijgen, met als doel om de energieconsumptie 
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met energieproductie te balanceren via hypothermie. Aangezien grote 
dieren een relatief kleine oppervlakte:inhoud ratio hebben, is de snelheid 
van afkoelen niet efficiënt genoeg om de lichaamstemperatuur te doen dalen 
voor hypometabolisme. Dit is waarom grote dieren geen hypometabolisme 
laten zien, ondanks activatie van thermoregulatoire effectoren. Dit is ook 
de reden waarom kunstmatige winterslaap slecht om te zetten is naar de 
klinische situatie. 

Hoofdstuk 4 gaat vervolgens terug naar kleinere dieren (muis), om de 
effecten van H2S te vergelijken met de –  naar zal blijken potentere – effecten 
van hypoxia voor de inductie van kunstmatige winterslaap. Blootstelling 
aan H2S gas met milde hypoxie veroorzaakt naar verluidt een staat van 
suspended animation in muizen; een staat die analoog is aan winterslaap 
met karakteristieke effecten als hypothermie en hypometabolisme. Echter, 
door middel van niet-invasieve thermografische imaging demonstreren 
we dat muizen die worden blootgesteld aan sterkere hypoxie hun 
lichaamstemperatuur laten dalen tot de omgevingstemperatuur. Dit in 
tegenstelling tot muizen die worden blootgesteld aan H2S gas met een 
normaal zuurstofgehalte (normoxie), die dit gedrag niet laten zien. Dit 
suggereert dat muizen hypothermie ondergaan in reactie op hypoxie, en niet 
als direct effect van H2S. Dit komt niet overeen met eerder gepubliceerde 
bevindingen en vermeende stellingen. 

Deel III eindigt met een beschrijving van praktische systemen en 
strategieën die dit model vertalen naar de toepassing op één enkel orgaan, 
de lever. Het doel hiervan is de optimalisatie van donororgaankwaliteit en de 
verhoogde slagingskans van transplantaties in klinische scenario’s. 

Hoodstuk 5 beschrijft de noodzakelijke voorbereidingen om de lever 
buiten het lichaam in een stabiele staat te kunnen bewaren met behoud 
van de fysiologische functie. Het schoonwassen van een graft is in deze 
situatie belangrijk, maar kan beïnvloed worden door colloiden die in 
orgaanpreservatievloeistoffen zitten. Colloiden kunnen de viscositeit en 
agglutinatie-eigenschappen van rode bloedcellen versterken, en uiteindelijk 
de orgaanfunctie beperken. Na het spoelen van de lever met Ringer lactaat 
(RL), histidine tryptofaan ketogluteraat (HTK), University of Wisconsin (UW) 
en Polysol (PS), worden hier colloid-geïnduceerde agglutinatie-effecten van 
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rode bloedcellen, en retentie van deze cellen in de lever, bepaald als functie 
van druk en temperatuur in het ratmodel met radioactief gelabelde rode 
bloedcellen. Colloiden (polythyleen glycol in PS en hydroxyethyl starch in UW) 
induceren agglutinatie van rode bloedcellen, ongeacht de samenstelling van 
de vloeistof. Spoeling via de vena porta laat geen verschillende uitkomsten 
zien in retentie van rode bloedcellen tussen de verschillende vloeistoffen, 
ongeacht de temperatuur en/of de druk. Na gelijktijdige spoeling via de vena 
porta en arteria hepatica op 37 °C met 100 mm Hg druk, laat RL de laagste 
retentie van gelabelde rode bloedcellen zien, met de kortste spoelingstijd.

Hoodstuk 6 sluit met een voorstel voor een perfusiemachine die 
langdurige extra-corporale controle biedt van verschillende elementen uit 
het model. Een potentiële manier voor het vergroten van de poel van organen 
voor transplantatie is het gebruik van machineperfusie (MP). Echter, MP van 
de lever blijft moeilijk vanwege de orgaanspecifieke eisen. In dit hoofdstuk 
wordt een nieuw, draagbaar, druk-gereguleerd, en geoxygeneerd MP 
systeem voorgesteld dat is ontwikkeld voor gebruik van de lever met perfusie 
via de vena porta. In het bijbehorende onderzoek werden stroomsnelheid 
van perfusaat, temperatuur, veneuze druk, pO2 en pCO2 bepaald tijdens 20 
uur perfusie van drie varkenslevers met Belzer MP vloeistof. Biochemische 
en histologische parameters werden gebruikt om preservatieschade vast 
te stellen. Stroomsnelheid via de vena porta liep geleidelijk terug, bij een 
stabiele druk en licht stijgende temperatuur. Aspertaat aminotransferase en 
lactaat dehydrogenase stegen significant na de perfusie. Bloedgasanalyse 
liet een stabiele pO2 zien voor aanvang van perfusie, en een significante 
daling tijdens perfusie die samenging met een significante stijging in pCO2. 
Deze studie demonstreert de haalbaarheid van draagbare machineperfusie 
voor preservatie van de lever, en laat zien dat perfusie via de vena porta 
behouden kan blijven via een zuurstof-gedreven pompsysteem zonder 
noemenswaardige schade aan het orgaan. 
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