7%
university of 5%,
groningen % %

i

University Medical Center Groningen

University of Groningen

Hyperthermia-induced changes in liver physiology and metabolism

Thorne, Adam; Ubbink, Rinse; Bruggenwirth, | M A; Nijsten, Maarten W; Porte, Robert J. ; de
Meijer, Vincent E.

Published in:
American Journal of Physiology-Gastrointestinal and Liver Physiology

DOI:
10.1152/ajpgi.00101.2020

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Final author's version (accepted by publisher, after peer review)

Publication date:
2020

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Thorne, A., Ubbink, R., Bruggenwirth, I. M. A., Nijsten, M. W., Porte, R. J., & de Meijer, V. E. (2020).
Hyperthermia-induced changes in liver physiology and metabolism: a rationale for hyperthermic machine
perfusion. American Journal of Physiology-Gastrointestinal and Liver Physiology, 319(1), G43-G50.
https://doi.org/10.1152/ajpgi.00101.2020

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 28-11-2022


https://doi.org/10.1152/ajpgi.00101.2020
https://research.rug.nl/en/publications/b291e1b6-9f27-40c1-9eba-9100c767b4ca
https://doi.org/10.1152/ajpgi.00101.2020

10

11

12

13
14
15
16
17
18
19
20
21
22
23
24
25
26

27
28

Hyperthermia Induced Changes in Liver Physiology and Metabolism: A
Rationale for Hyperthermic Machine Perfusion

Adam M. Thorne', Rinse Ubbink?, Isabel M.A. Briiggenwirth®, Maarten W.N. Nijsten®, Robert J. Porte’,

Vincent E. de Meijer'*

'Department of Surgery, Section of HPB Surgery & Liver Transplantation, University of Groningen,

University Medical Center Groningen, Groningen, The Netherlands.

’Organ Preservation and Resuscitation Unit, University of Groningen, University Medical Center

Groningen, Groningen, The Netherlands.

*Department of Critical Care, University of Groningen, University Medical Center Groningen,

Groningen, The Netherlands.

*Corresponding author: Vincent E. de Meijer

Abstract word count: 249

Main body word count: 3060/3000

Figure count: 5/3

Reference count: 52/50

Running title: Hyperthermic Machine Perfusion and Liver Physiology

Key Words: Hyperthermia; liver physiology; metabolism; liver transplantation; machine

perfusion



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Abstract

Liver transplantation is the standard treatment for end-stage liver disease. However, due to the
ongoing disparity between supply and demand for optimal donor organs, there is increasing usage of
extended criteria donor organs, including steatotic liver grafts. To mitigate the increased risks
associated with extended criteria donor livers, ex-situ oxygenated machine perfusion (MP) has
received increasing attention in recent years as an emerging platform for dynamic preservation,

reconditioning and viability assessment to increase organ utilisation.

MP can be applied at different temperatures. During hypothermic MP (4-12°C), liver metabolism is
reduced, while oxygenation restores the intracellular levels of adenosine triphosphate. The liver is
quickly ‘recharged’ to support metabolism when at normothermia (35-37°C), and to ameliorate the
detrimental effects of ischemia/reperfusion injury during transplantation. During normothermia, MP
can be applied to assess hepatocellular and cholangiocellular viability. MP at hyperthermic (>38°C)

temperatures (HyMP), however, remains relatively understudied.

The liver is an important component in the regulation of core body temperature and, as such,
displays significant physiological and metabolic changes in response to different temperatures.
Hyperthermia may promote vasodilation, increase aerobic metabolism and induce production of
protective molecules such as heat shock proteins. Therefore, HyMP could provide an attractive

reconditioning strategy for steatotic livers.

In this review, we describe current literature on the physiological and metabolic effects of the liver at
hyperthermia for human, rodents and pigs, and provide a rationale for using therapeutic HyMP
during isolated liver machine perfusion to recondition extended criteria donor livers, including

steatotic livers, prior to transplantation.
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1. Introduction

Core body temperature is closely regulated by the anterior hypothalamus, and is maintained at
approximately 37°C in humans, 39°C in pigs, and 37°C in rats. Depending on a variety of factors, this
can vary as much as 1°C across healthy species [6, 17, 19, 29]. Many physiological processes rely on a
stable temperature for optimal function, and so disruption of the hypothalamus or overriding
through external stimuli can result in dysregulation of body temperature and lead to irreversible
pathology [9]. Hyperthermia, considered as a rise in core body temperature >38.3°C in humans [30],
is a common occurrence in a range of natural physiological responses and medical conditions, and
has been investigated periodically over the past 50 years for its effect on healthy liver physiology and
how such effects could be utilized as a therapeutic aid [21, 22]. Although a frequently used medical
term, there is no universally agreed definition of what temperatures constitute hyperthermia, and as
such, the majority of research defines hyperthermia simply as an increase of core body temperature

regardless of extent.

In the following, a concise review of the physiological and metabolic changes in the liver as observed
in rodents, pigs and humans in response to hyperthermia will be provided, as well as the subsequent
cellular and molecular response. We will introduce ex-situ machine perfusion (MP) as an emerging
and valuable platform for isolated liver preservation prior to transplantation, providing a rationale
for the combination of hyperthermia and machine perfusion (MP) as a potential strategy to increase
utilization and viability of steatotic liver grafts. To this regard, we will briefly demonstrate a
measureable increase in metabolism of liver-derived mitochondria in hyperthermic conditions, and
we suggest that CO, production directly measured from the perfusion circuit has the potential to

continuously monitor the increased mitochondrial respiration.

2. Hepatic response to hyperthermia

2.1. Physiological response
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The physiological response of the liver to hyperthermia remains fairly consistent between
mammalian species, with significant changes to systemic and peripheral vasculature. During heat
stress, vasodilation and subsequent selective hyperperfusion causes a redirection of blood from the
visceral tissue to the periphery to maximize heat dissipation [13]. The liver reacts independently to
systemic hepatic flow-determining factors during whole-body hyperthermia (41.8-42.2°C) in humans
[13]. Where cardiac output was doubled, hepatic blood flow was significantly reduced, indicative of
peripheral vasodilation often observed in response to radiant heat [13]. In pigs with halothane-
induced progressive malignant hyperthermia (>41.2°C) until death, estimated liver blood flow can
drop by as much as 75% [18]. Histological analysis of centrilobular, biliary and intralobular vessels
showed dilation when rats were progressively warmed in an incubator to a core body temperature of
40.5°C [46]. Systemic and local vasodilatory effects of whole-body hyperthermia in these rats can be
so profound that blood flow in the hepatic microvasculature may be reduced to the point of vascular
stasis, resulting in insufficient oxygen supply to visceral tissue causing hypoxia-induced cell damage
[46]. Despite rapid vascular responses to heat, overall physiological structure of the rat liver remains

undisturbed, and blood flow is quickly restored upon return to normothermia [18, 24, 46].

In mice, hyperthermia of 42°C induced by a heat chamber also caused hypoxia-induced cell damage
by an increase of thrombotic responses, resultant from reduced circulating antithrombin [20]. This,
coupled with vascular stasis, led to increased thrombi in the vasculature and cellular ischemia [20].
Drug-induced hyperthermia in humans can occur through disruption of hypothalamic
thermoregulatory processes and increased vascular constriction in the periphery, inhibiting effective
heat dissipation. This has been widely documented as a severe complication of ecstasy (MDMA)
consumption, leading to core body temperatures >40°C [31]. This results in disseminated
intravascular coagulation and organ failure, in keeping with aforementioned effects across

experimental animal models [31].
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Additionally, hyperthermia may disrupt a variety of cellular functions and can be directly cytotoxic,
with cell death occurring at temperatures exceeding 41°C in humans [21] and possible fatality when
core body temperatures exceed 42°C [31]. While some amount of hepatic injury is a common
symptom of exertional heat stroke (>39°C), it is rare that the level of hepatocellular damage incurred
results in death [13, 26]. Cellular damage may be caused as a result of cell membrane instability and
dysfunction of mitochondria and protein transport, and may decrease cell viability by 35% in isolated
mouse hepatocytes after heat exposure to 40.5°C [3]. While research into effects of lower
hyperthermic temperatures on specific hepatic cell types is scarce, mononuclear cells from the liver
sinusoid in rats showed a decrease in cytotoxic activity when experiencing whole body hyperthermia
at 40°C for 4 hours, measured by clearance of an i.v. injected, labelled leukemia cell line (K562).
Additionally, natural killer cells from rat sinusoid washout, incubated at 41°C in-vitro for 4 hours,
showed decreased cytotoxic activity due to a disruption of target cell binding [42]. This can be
directly attributed to increased cell membrane fluidity and instability, as mentioned previously [3,
10]. Liver sections from rats heated to 41.5°C in a heat chamber also showed pyknosis and nuclear
fragmentation in Kupffer cells [16]. Furthermore, increasing denaturation of proteins occurs as
temperatures exceed 41°C. While more abundant proteins have higher resistance to changes in
temperature, lower abundant proteins are degraded and increase aggregation, subsequently
promoting apoptotic pathways. Such processes recover quickly after cessation of hyperthermia,

although DNA synthesis and related processes take longer to recover [49].

The effect hyperthermia has on vasodilation, blood flow and cellular integrity has given rise to the
use of hyperthermia as a therapeutic intervention in combination with chemotherapy. Targeted
hyperthermic (40-43°C) intraperitoneal chemotherapy (HIPEC) induces local and specific vasodilation,
and allows administered chemotherapeutics to be redirected to the target area. Furthermore, the
increased susceptibility of malignant cells to damage caused by hyperthermia and reduced cellular

integrity enhances the cytotoxic properties of some chemotherapeutic compounds [8, 23].
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2.2. Metabolic response

Whilst looking at the physiological changes, it is also important to consider metabolic responses of
the liver to hyperthermia. In humans, metabolic rate increases, plateaus and then rapidly declines
with increasing temperature [40]. The reverse is demonstrated through cooling of febrile, critically ill
patients who showed a significant decrease in metabolic rate as assessed by oxygen consumption
(VOy) and CO2-production (VCO,) when cooled from 39°C to 37°C [33]. In pigs with halothane-
induced malignant hyperthermia to 41.5°C, a substantial rise in blood glucose released from
hepatocytes was also observed primarily as a result of increased glycogenolysis in the liver [18, 32].
Furthermore, whole body experiments in humans also show that 30-minute periods of acute heat
stress in a 73°C heat chamber increased free glucose levels, which may be associated with an

increased metabolic state similar to that seen during exercise [28].

Additionally, there was a significant increase in hepatic lactate uptake through gluconeogenesis,
despite some impairment, although it was not sufficient to completely restore the increased lactate
levels resulting from lactate produced by hyperthermic muscles [18, 32]. Significant changes to
metabolic pathways are also seen in mouse-derived hepatic cells. A temperature change from 37°C
to 40.5°C resulted in profound changes to the metabolomic profile, including a decrease in TCA cycle
components (fumerate, malate and 2-ketogluterate), a change in levels of synthesis of various amino
acids and alterations to the urea cycle. These were shown to contribute directly to hyperthermia-

induced hepatocyte damage [3].

Following these data, we hypothesized that an increase in temperature and subsequent increase in
liver metabolism would be directly observable via mitochondrial oxygen consumption or concomitant
CO2 production. Therefore, we have isolated mitochondria from pig (Figure 1a) and human (Figure
1b) livers and found a 22-43% increase in mitochondrial respiration, when comparing normothermia

to mild hyperthermia of 42°C (pig) and 40°C (human), respectively. The respiratory control ratio



152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

(calculated as the ratio of state lll versus state IV respiration) for these mitochondria was not
impaired, suggesting preserved mitochondrial viability at mild hyperthermia (Figure 1c).
Furthermore, a subsequent drop in oxygen consumption at higher temperatures (i.e. >42°C in pigs
and >40°C in human) was observed in both models, suggesting deterioration of oxidative

phosphorylation as shown in aforementioned studies.

2.3. Molecular response

During hyperthermia, the hepatocellular response results in increased production of a variety of both
protective and pro-inflammatory molecules. Heat-shock proteins (HSPs) are a family of proteins
expressed in the cell in response to a variety of stresses, demonstrating a range of protective effects.
Many HSPs act primarily as chaperones that aid in the folding of new proteins and refolding of
denatured or misfolded proteins. This action is important as it results in the maintenance of protein
transport within the cell, reduces protein aggregation, and ultimately limits cell apoptosis [49, 50].
Furthermore, HSPs play a role in metabolism. Rats with diet-induced fatty liver disease immersed in a
42°C water bath until core body temperature reached 41-41.5°C increased expression of HSP72,
which was associated with a marked improvement of skeletal muscle mitochondrial function and
improved glucose tolerance [4]. Upregulation of HSP72 through heat treatment reduced triglyceride
stores in rat hepatocytes and, conversely, loss of HSP72 increased lipid accumulation and reduced
fatty acid oxidation [52]. Hyperthermic induction of HSP72 in rats using a water bath was
temperature-dependent and varied between tissues. In hepatic tissue, no significant rise in HSP72
was observed until >40°C, suggesting that the rat liver has some resistance to milder changes in core
body temperature [38]. Although HSPs are generally considered protective, studies have suggested
that subsets of HSPs can be immuno-stimulatory, inducing the production of cytokines and providing

recognition sites for immune cells [43].
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Not only HSPs, but hyperthermia in general, can induce an increased response from cytokines and
inflammatory mediators [49]. Due to a large number of cytokine receptors, hepatocytes are highly
susceptible to the action of cytokines [37] and thus are more likely to have a marked protein
synthesis response, particularly for acute phase proteins such as C-reactive protein [14].
Furthermore, hepatocyte receptors for growth factors have the ability to influence hepatocyte
proliferation and protection in response to injury or stress [37]. For example, interleukin (IL)-6 had a
protective role in the intestine of mice heated in an incubator to 42.4°C. IL-6 pre-treated mice also
took longer to reach the target temperature, suggesting a potential role of IL-6 in thermoregulation
[36]. Furthermore, IL-6 overexpression has been associated with protective effects in hepatic

ischemia/reperfusion injury (IRl) and the attenuation of pro-inflammatory cytokines in rats [7].

3. Machine perfusion

Liver transplantation is the current standard treatment for end-stage liver disease [35]. An ongoing
worldwide disparity between supply and demand for suitable donor organs has resulted in increasing
usage of organs from suboptimal, or extended criteria donors (ECD). These include donation after
circulatory death donors, elderly donors and, in particular, grafts with considerable steatosis as seen
in non-alcoholic steatohepatitis (NASH); the most common chronic liver disease with a rapidly rising
global prevalence [5, 41, 47]. Although usage of suboptimal grafts can provide lifesaving treatment,
they often come with a variety of complications. Steatotic livers are more vulnerable to surgery [12]
and IRI, and as a result are more likely to perform poorly in the recipient [1]. The process of
transplantation inevitably involves periods of both warm ischemia during donor management and
organ procurement, and cold ischemia as a result of traditional static cold storage. Therefore it has
become increasingly important to find therapeutic strategies to lessen the risks associated with ECD
liver grafts. One such strategy that has been gaining attention in recent years, is ex-situ oxygenated

machine perfusion (MP) [11].
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To mitigate the effects of ischemia and subsequent reperfusion injury during organ transplantation,
MP has become an emerging platform for dynamic organ preservation. MP allows the opportunity to
recondition, assess viability and improve utilisation of potentially transplantable organs [11, 34]. MP
also provides flexibility to organ preservation and, as such, has been used in a multitude of
experimental and clinical settings, with temperature as an important and highly debated variable [11,

27].

At hypothermic temperatures (4-12°C), such as in traditional static cold storage (SCS), organ
metabolism is significantly reduced, but ischemia can result in severely diminished levels of
adenosine triphosphate (ATP). Moreover, this promotes increased production of reactive oxygen
species (ROS) which, when the organ is reperfused with oxygenated blood after implantation in the
recipient, causes substantial release of danger associated molecular patterns (DAMPS), cellular
damage, and contributes significantly to early allograft dysfunction and increased risk of re-
transplantation [39]. To combat this, (dual) hypothermic oxygenated machine perfusion ([D]JHOPE),
has been used to simultaneously reduce metabolic demands in the liver while providing oxygen to
support aerobic ATP production in the mitochondria, mitigating the production of ROS (Figure 2).
This, in turn, alleviates the inflammatory response and subsequent biliary damage upon reperfusion

[45].

MP at normothermic temperatures (35-37°C) (NMP), is currently the closest MP strategy to a near-
physiological state (Figure 2). At normothermia, functional assessment of livers is possible as
metabolism returns to normal, allowing the physiological state to be monitored, measured and
observed in real-time [51]. This has proven invaluable for assessing liver grafts and can significantly
increase utilization of ECD and otherwise discarded organs [44]. Performance of long term (7-day) ex-
situ perfusions has recently been established using sub-normothermic (34°C) perfusion of the liver.
Grafts remained functioning after 7 days of perfusion, which may provide a time frame in which

defatting and other therapeutic interventions could be possible [15].
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3.1. Rationale for hyperthermic machine perfusion

Despite extensive research into MP and the effects of hyperthermia in both animal models and
humans for a variety of clinical therapeutic interventions, MP of the liver at hyperthermia remains
relatively understudied. The vast majority of current studies tend to focus on whole-body induction
of hyperthermia and it is likely that subsequent analysis specific to the liver could then be influenced
by systemic factors. During MP, however, autonomic nervous system control of hepatic lipid
metabolism is eliminated, circulating nutrients and medications are controlled, and metabolic
parameters can be measured directly (Figure 3). Therefore, ex-situ isolated MP of the liver is an
attractive strategy for directly investigating the physiological and metabolic responses of the organ to

various hyperthermic temperatures.

Hyperthermia may have interesting implications for MP, particularly in liver grafts with high levels of
steatosis (Figure 4). Firstly, steatotic livers often display poor peripheral perfusion, resulting from
impaired vasodilation of the microvasculature due to fat deposits in hepatocytes [2]. Hyperthermia-
induced vasodilation and increased vascular compliance could improve perfusion, increasing oxygen
supply to the peripheral hepatic tissue and therefore help to mitigate the detrimental effects of
reactive oxygen species (ROS). Secondly, heat-induced production of HSPs was shown to protect
hepatocytes from heat-associated membrane dysfunction, protein degradation and decreased the
inflammatory response. Finally, the hyper-metabolic state caused by increased temperature
increases lipolysis and glycogenolysis, leading to reduced hepatic glycogen and triglyceride content.
During ex-situ isolated liver perfusion, hyperthermic machine perfusion (HyMP) may reduce lipid
content of hepatocytes and in turn, reduce nuclear displacement within the cell and decrease

restriction of the vasculature (Figure 4).

Further to this, transient HyMP (42°C for 10 minutes) in ex-situ MP of isolated rat livers showed

significant upregulation of HSP70, improvement of bile production upon reperfusion of the liver and
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showed limited mitochondrial damage. This suggests that ex-situ HyMP seems a promising strategy

to recondition ECD liver grafts, including steatotic livers, prior to transplantation [48].

4. Real-time measurement of liver metabolism during MP

The production of CO, in (an)aerobic metabolism comes as a product of oxidative phosphorylation in
the inner membrane of mitochondria during the production of ATP. While direct measurement of O,
in mitochondria isolated from hepatic tissue can give information on quality and activity of
mitochondria ex-situ, it does not provide a real-time, point-of-care overview of the metabolic state
within the isolated perfused organ. Real-time measurement of mitochondrial metabolism is currently
not available clinically. Furthermore, isolated mitochondrial studies only focus in a small and
superficial group of cells. Therefore, metabolic rate of the liver during MP largely remains an
assumption. To approach this issue, the measurement of CO, production directly from the MP circuit
oxygenator provides an accurate, non-invasive and immediate insight into the metabolic state of the
organ. Moreover, CO, measurement provides an advantage in that measurement of whole organ
metabolism could be possible. The closed perfusion system and isolated organ may even enable
evaluation of the respiratory quotient (RQ; VCO,/VO,). When the energy substrates being used are
carbohydrates, mitochondrial CO, and O, stoichiometry is 1:1, with an RQ of 1.0. When lipids are
being oxidised, the RQ is 0.7 [25]. This distinction may prove to be useful, especially in steatotic livers
where inhibited peripheral perfusion of the organ may give an unreliable account of metabolism, not
indicative of the organs overall metabolic state. CO, and RQ measurements may also be useful when
studying HyMP, as metabolic state could be correlated with rates of glycogenolysis and lipolysis. To
this extent, we present a representative example of a discarded human donor liver undergoing a
combined program of end-ischemic DHOPE at 10°C, controlled oxygenated rewarming (COR) to NMP
at 37°C, and a subsequent temperature increase to HyMP at 40°C using the Liver Assist device (Organ

Assist, OA; Figure 5). CO, production was measured using a custom designed device attached to the
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oxygenator gas outlet of the perfusion system. Figure 5 shows CO, production throughout the
perfusion. An increase of CO, production with an increase of temperature during COR, followed by a
period of consistent CO, production during NMP is observable. Moreover, an immediate increase of
CO, production can be observed during the temperature increase to HyMP (40°C). Remarkably, in
this example the CO, production closely follows the Arrhenius equation which determines the

reaction rate for different temperatures.

5. Summary

In summary, although overall structure of the liver remains intact during hyperthermia, there are
significant changes to the vasculature, cellular and metabolic processes. In whole-body mild
hyperthermia (38-40°C), vasodilation redirects blood flow away from hepatic tissue resulting in a
marked change in cellular protein and metabolite production. HSP responses increase to protect cells
from heat stress-related membrane protein dysfunction. Altered metabolism increases
glycogenolysis and reduces triglyceride stores through lipolysis in hepatic tissue. Mitochondrial
respiration is increased during HyMP, indicating a hyper-metabolic state within the organ at mild
hyperthermia. Consequently CO, production also increases with temperature, and may act as an
accurate and immediate, real-time indicator of metabolism during MP. We postulate that HyMP
could be a promising therapeutic strategy for optimization of steatotic livers (Figure 4). Initial
evidence suggests that effects of mild hyperthermia may have potential value in conditioning

steatotic livers before transplantation.
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Figures

Figure 1. Oxygen consumption of isolated pig and human liver mitochondria, and CO, production of
an isolated, ex-situ machine perfused human liver. Mild hyperthermia increased oxygen
consumption by 43% and 22% in (A) human (n=4) and (B) pig (n=4) isolated liver mitochondria,
respectively. (C) Maintenance of human liver mitochondrial viability for each temperature category is
suggested by the respiratory control ratio (calculated as the ratio of state Ill (ATP turnover and
substrate oxidation) divided by state IV (proton leak)) in response to the substrates

malate/glutamate or malate/pyruvate.

Figure 2. Schematic representation of machine perfusion strategies and level of metabolism. This
graph represents the change in metabolic rate in relation to increase in temperature. Percentage of
metabolism (y-axis) refers to change in metabolic rate assuming 100% metabolism at 37°C
(normothermia). SCS = static cold storage, HMP = hypothermic machine perfusion, MMP =
midthermic machine perfusion, SNMP = subthermic machine perfusion, NMP = normothermic

machine perfsuion, HyMP = hyperthermic machine perfusion.

Figure 3. Schematic of an ex-situ isolated liver machine perfusion model. The isolated liver machine
perfusion model allows direct assessment and prompt analysis of liver function and metabolism.
Perfusate samples from the portal vein, hepatic artery and bile, as well as tissue biopsies are freely

available. FFA = free fatty acids, TG = triglycerides, VLDL = very-low-density lipoproteins.

Figure 4. Schematic representation summarizing expected effects of hyperthermia on liver

physiology and metabolism. Graphical summary of described physiological, metabolic and molecular
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responses in the liver at hyperthermia. HSP = heat shock protein, IR = ischemia reperfusion VLDL =

very-low-density lipoprotein, FFA = free fatty acid.

Figure 5. Representative example of a human liver during ex-situ machine perfusion, from
hypothermia (<10°C) to mild hyperthermia (40°C). An immediate increase in CO, production (blue
line) occurs in line with a temperature increase (green line) during controlled oxygenated rewarming
(10°C to 37°C), followed by a plateau during perfusion at normothermia (37°C). A further, immediate
increase in CO, production can be seen when the liver temperature is increased to mild hyperthermia

(40°C), implying an increased metabolic rate.



-
<
-
®
bo
s |9
-
=
1 | | (=]
(=] o (=] o
D o D
A -
{2,6€ 0 %) uondwnsuod uadixg
(a'a]
_o
1)
| =
(1]
£
=
£

200-

] ]
n o
- b

(9.LE 30 %) uoirdwnsuoa uaSAxo

Temperature (°C)

Temperature (°C)

B Malate glutamate
W Malate pyruvate

T
o wn
N -—

(youd oyw By

o

T T
o wn

wy/jowu) xnj} ¢

1
o

Temperature °C



NMP

SNMP

MMP

SCS/HMP

150 -

T T T T T
o o o o o
(e} [ee] ~ o LN

140 -
130 -
120 +
110 -

o
o
—

(%) wsijogelsw Jo 98e3Ud249d

T
o
<

T
o
o™

T
o
(g}

T
o
i

o

50

45

40

35

30

25

20

15

10

Temperature (°C)



l Perfusate sampling m—————

1 I L

Analysis

VLDL
ApoB100

- _ Ketone
Liver biopsy bodies

TG
Hepatocyte

Nucleus FFA AcetylCoA

Fat
Cholesterol Mitochondrion
Phospholipids
Bile acids

Beta-oxidation
VLDL secretion

Phospholipid secretion

FFA Free fatty acids ——— Bile
TG  Triglycerides A ')
VLDL Very-low-density lipoprotein ‘ —’ Bile sampling




1‘ HSP induction
‘L IR injury

CO, production
Beta-oxidation

»I« O, consumption

Vascular compliance

A VLDL secretion Peripheral perfusion

FFA
Glycogenolysis
Beta-oxidation

T Vascular dilation




Carbon dioxide (kPa)
Oxygen inflow (dl/min)

20 -

=3
o))
1

=
o
1

&)
1

=C0O2 gasflow out
=02 gasflow in
=Temperature return

W "

=40

T
w
o

T
N
o

T
=
o

100

time (min)

200

300

(o) aianjesadwa)



Hyperthermia Induced Changes in Liver Physiology and Metabolism:
A Rationale for Hyperthermic Machine Perfusion

1’ HSP induction
.l, IR injury

CO, production
Beta-oxidation

T 0O, consumption

Vascular compliance
Peripheral perfusion

T Vascular dilation

VLDL secretion
FFA

Glycogenolysis
Beta-oxidation



	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Graphical Abstract

