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Despite important advancements in addressing cardiovascular diseases (CVDs), there has been an 
overall lack of progress in the field, leading to a slower decline in the rate of CVDs related deaths, 
and even an increase for some risk groups (e.g. increase in stroke mortality) exacerbated by an aging 
and obese population. While a multi-faceted problem, this deceleration may be influenced by the 
preferred model systems utilized in translation research. Cardiac cell lines, although easier to handle, 
lack biological accuracy due to the unnatural modifications required for successful culture and may 
not recapitulate complex 3-dimensional structural and environmental factors. At the same time, 
whole animal experimentation provides unwanted complexity during initial scientific development. 
Alternatively, ex vivo perfusion of isolated rodent hearts provides the needed biological accuracy 
with decreased organismal complexity. This platform facilitates the evaluation of the isolated 
heart, without neuro-reflexes and/or humoral contributions, unveiling the direct effects of stimuli in 
heart function/homeostasis. This manuscript leverages the wide array of perfusion parameters (i.e. 
perfusate, flow rate, coronary pressures), to demonstrate the capability of ex vivo heart perfusion 
protocols to accommodate a large range of experimental needs. Through this work, it was determined 
that the use of physiological perfusion pressures leads to increased left ventricular (LV) pressures but 
results in a loss of function over time, making it ideal conditions for organ assessment. Conversely, 
lower-than-physiological perfusion pressures lead to decreased LV pressures but prevent loss of 
function over time, which is preferable when longer perfusion times are relevant to experimental 
needs. Similarly, the use of adenosine as a pharmacological intervention was found to decrease both 
edema formation and inflammatory responses. In contrast, the use of packed red blood cells as oxygen 
carriers appears to induce a pro-inflammatory response and cause greater cardiac damage, particularly 
when combined with low perfusion pressures.

Despite important advancements in cardiovascular diseases (CVDs) research, CVDs remain the leading cause 
of death globally, accounting for > 900,000 deaths per year in the United States alone1,2. These disquieting figures 
highlight the absolute need for increased advancements in CVDs research3. Unfortunately, the field has seen a 
lack of progress, leading to a slower decline in the rate of CVDs related deaths and even an increase for some risk 
groups (e.g. increase in stroke mortality)4. This deceleration of progress can be partly attributed to the lack of 
accurate and predictive model systems for early-stage scientific testing in the cardiovascular field.

Early basic research is heavily dependent on in vitro cell culture methods as initial testing grounds due to its 
simplicity, low cost, controllability and reproducibility5. However, the field of CVDs is severely underserved by 
cellular model systems6. In vivo models of CVDs offer high physiological relevance but introduce unnecessary 
complexity in early research stages7,8. Alternatively, rodent ex vivo heart perfusion (Langendorff perfusion) 
offers the much-needed middle ground complexity, providing several advantages over traditional in vitro and 
in vivo models. It preserves the intricate interplay of cardiac cells and their immediate microenvironment while 
eliminating the cofounding effects of neuro-reflexes, humoral and systemic contributions9. Furthermore, ex vivo 
heart perfusion is a highly dynamic and modifiable technique allowing the precise manipulation and monitoring 
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of experimental settings. This flexibility facilitates the access to a wide array of cardiac processes, including 
electrophysiology, contractility, metabolism, and responses to pharmacological interventions10–12.

However, despite centuries since its inception and decades of implementation, the field has completely 
exploited the most versatile aspect of ex vivo heart perfusion: the wide array of easily adjustable perfusion 
parameters (i.e. coronary flow, coronary perfusion pressures, circulating solution, temperature, etc.)13,14. The 
ability to modify these parameters independently makes this technique immensely customizable, allowing an 
impressive degree of tailoring toward specific scientific needs. Despite this capability, the field has historically 
utilized perfusion parameters that strictly mimic physiological conditions (i.e. perfusion pressures between 60 
and 80 mmHg, perfusate temperature at 37 °C, etc.) without considering specific experimental needs15–18. For 
instance, previous work by our group demonstrated low-pressure (30–35 mmHg) perfusion are more suitable 
for preservation purposes or for experiments that require longer perfusion times14. In contrast, high-pressure 
perfusions are more suitable for functional assessment purposes.

In effect, this manuscript aims to further explore and determine the effects that easily adjustable perfusion 
parameters (i.e. high vs. low perfusion pressures, cellular vs. acellular perfusate, ionotropes vs. no ionotropes, 
vasodilators vs. no vasodilators) have on cardiac viability, functionality, and injury markers. It also seeks to 
establish a baseline of knowledge from which researchers can determine the perfusion parameters that 
maximize the technique’s potential based on experimental needs. In doing so, we highlight the capability of ex 
vivo machine perfusion to accommodate a large range of experimental scenarios through thoughtful selection 
of perfusion parameters.

Methods
Ethical statement
All research complies with the ethical standards and regulations set forth by National Research Council 
guidelines and in the experimental protocol 2018N000094 approved by the Institutional Animal Care and Use 
Committee (IACUC) of Massachusetts General Hospital (Boston, MA, USA) and the ARRIVE guidelines.

Animals
Both male and female Lewis rats (250–300 g body weight, 8–9 weeks old) were purchased from Charles River 
Laboratories (Boston, MA, USA). All animals were maintained in accordance with National Research Council 
guidelines and were approved by the Institutional Animal Care and Use Committee (IACUC) at Massachusetts 
General Hospital (Boston, MA, USA). A total of 8 animals were ran for each group, 4 to obtain biochemical, 
inflammatory and injury markers and 4 for functional assay involving an intraventricular balloon.

Heart procurement
The animals were anesthetized with 3% isoflurane (Piramal Critical Care Inc., Bethlehem, PA, USA). Male rats 
were heparinized through an injection (30 U) through the dorsal penile vein. Female rats were heparinized after 
abdominal incision by injection in the vena cava. The surgical site was shaved, and a horizontal midline incision 
was made in the abdominal wall. The sternum was retracted cranially using Halstead forceps and the abdominal 
organs were displaced to expose the portal vein. The portal vein was cannulated using a 16 g angiocath and 
the inferior vena cava/abdominal aorta were cut to vent. Heparinized saline (60mL, 33.3 U/mL) was flushed 
through the portal vein, maintaining the flush pressures around 10 mmHg. The animal was euthanized via 
exsanguination. Upon completion of the portal flush, the diaphragm was cut on both sides of the sternum 
exposing the thoracic cavity. The heart was removed from the thoracic cavity and immediately placed in 4ºC 
heparinized saline to arrest the organ. The aorta was exposed, cleaned of any remaining connective tissue, and 
the brachiocephalic artery branch on the aorta was localized. The aorta was cut halfway below the branch and 
cannulated with a 14 g angiocath (BD, Franklin Lakes, NJ, USA) primed with saline.

Heart perfusion
All chemicals were purchased from Sigma Aldrich unless stated otherwise. All hearts were retrogradely perfused 
for 4  h in a double jacketed organ chamber (Radnoti LLC, Covina, CA, USA) at 37 °C with 75mL of base 
perfusate containing 0.96% Krebs-Henseleit Buffer, 0.125 mM Dextran, 25 mM Sodium Bicarbonate, 1.054 
mM Bovine Serum Albumin, 1% Pen Strep (10,00 U/mL), 0.13% Insulin (100 U/mL), 0.02% Hydrocortisone 
(50 mg/mL), 0.5% Heparin (1000 U/mL), and 2.75 mM Calcium Chloride. Perfusate was oxygenated with 95% 
O2–5% CO2 using a porous silicone coil oxygenator (Radnoti LLC, Covina, CA, USA) and circulated through 
a bubble trap (Radnoti LLC, Covina, CA, USA) to avoid insertion of air into the coronaries. After procurement, 
hearts were weighted and connected to the perfusion system starting at a flow rate of 1mL/min. Flow rates 
were increased by 0.2mL/min quickly, while monitoring the coronary pressures until the desired pressure was 
reached. A total of six experimental groups (Table 1, n = 4 each) were tested to determine the effects of different 
perfusion parameters on viability, functionality, and injury markers.

Hearts were retrogradely perfused at high (60–80 mmHg) or low pressures (30–35 mmHg), with or without 
packed red blood cells, and with or without a direct drug drip. Packed red blood cells (pRBCs) were isolated 
by centrifuging (3000 rpm) 10–12 mL of whole rat blood (obtained via cardiac puncture of donor animals) for 
10 min. After initial centrifugation, the plasma/buffy coat layer was removed, followed by resuspension of the 
pRBCs in base perfusate without CaCl at a 1:1 ratio (e.g. 5 mL pRBCs: 5mL perfusate). pRBCs were washed a 
total of three times. After the last wash, the pRBCs were added to the perfusion system and allowed to distribute 
homogeneously before connecting the heart. Hematocrit levels were measured using a hematology analyzer 
(Sysmex, Kobe, Hyogo, Japan) and ranged from 5 to 7%. Hearts in three groups were treated with a direct drug 
drip (Table 1), delivered via a syringe pump connected to the system as close as possible to the organ. Adenosine 
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was diluted in 50 mL of perfusate and delivered at a rate of  1.66 ug/min. Epinephrine was diluted in 50mL of 
saline and delivered at a rate of 0.1 mcg/kg/min.

Viability assessment
Oxygen and lactate measurements were quantified from perfusate samples via a blood gas analyzer (Siemens 
Medical Solutions, Malvern, PA, USA) 20 min after initiating perfusion and every hour thereafter. The oxygen 
uptake rate (OUR) was determined following the below formulas:

	

Blood perfusions − (aO2 ∗ F low ∗ (aortic pO2 − venous pO2) + Hb

∗ cHb ∗ F low ∗
(

aortic sO2 − venous sO2

100

))
∗ 1

Heart W eight

	
Acellular perfusions − (aO2 ∗ AorticF low ∗ (aortic pO2 − venous pO2)) ∗ 1

Heart W eight

Where aO2 is oxygen solubility coefficient (0.00314 µLO2/mmHgO2/mL); Aortic pO2 is the partial oxygen 
pressure (mmHg) of perfusate going to the coronaries; Venous pO2 is partial oxygen pressure (mmHg) of 
perfusate coming out of the coronary sinus; Flow is flow rate (ml/min); aortic sO2 is hemoglobin saturation (%) 
of perfusate going into the coronaries; venous sO2 is hemoglobin saturation (%) of perfusate coming out of the 
coronary sinus; cHb is hemoglobin oxygen-binding capacity (1.34 ml O2/g); Hb is hemoglobin (g/ mL)19.

Hearts were weighed immediately before being placed on the perfusion system on a precision weight scale 
and immediately after removal from the system. These values were utilized to calculate percent weight gain, 
a proxy for edema. The energetic status of cardiac cells was calculated via the energy charge of the adenylate 
system20. The metabolic cofactors (ATP, AMP, and ADP) were obtained via Mass Spectrometry, as described 
previously21. Briefly, the apex of the hearts was cut transversely at the end of the perfusion time, flash-frozen in 
liquid nitrogen, and stored at – 80 °C. Flash-frozen tissue was homogenized and analyzed using a 3200 triple 
quadrupole liquid chromatography-mass spectrometry system (AB Sciex, Toronto, Canada). The remaining 
portion of the heart was fixed in 5% formaldehyde for a minimum of 24 h, transferred to 70% Ethanol, and 
embedded in paraffin. Fixed samples were subsequently stained with hematoxylin and eosin.

Injury and pro-inflammatory assessment
Troponin I was measured from outflow perfusate samples using cTnI i-STAT cartridges and blood-gas 
analyzer (Abbott, Chicago, IL, USA). Troponin T, creatine kinase muscle (CKM) and myosin light chain 3 
(MYL3,  MilliporeSigma, Burlington, MA), as well as intracellular adhesion molecule (ICAM), interleukin 6 
(IL-6) and chemokine (C-X-C motif) ligand 1 (CXLC1, R&D systems, Minneapolis, MN) were measured via 
bead-based immunoassay (Luminex), following the manufacturer’s instructions. Outflow perfusate samples at 
20 min (T0) and 4 h (T5) were concentrated via 30 kDa centrifugal filters by centrifuging for 1 h, 4000 rpm at 4 
°C. The concentrate was store at 4 °C until ready to use. The wash through was further concentrated via a 3 kDa 
centrifugal filter by centrifugation with same settings. The concentrates from both filters were combined and 
utilized in the immunoassay. Analyte readings were normalized by subtracting T0 from T5 readings.

Functional assessment
Vascular resistance was calculated by dividing the coronary pressure by flow rate and corrected for weight of the 
heart after procurement. Left ventricular pressures were acquired via a pressure balloon (Radnoti LLC, Covina, 
CA, USA) attached to a fluid-filled pressure sensor (iWorx, Dover, NH). Briefly, after 20 min of perfusion time, 
a small orifice was made in the left atrium. The balloon was inserted through this orifice, into the atrium and 
advanced through the mitral valve to reach the left ventricle. Once situated, the balloon was filled with saline 
until pressure during diastole read 0 mmHg. The left ventricular pressure was continuously recorded using 
Labscribe software (iWorx, Dover, NH, USA), and the data processed with MATLAB (The MathWorks Inc, 
Natick, MA). Heart rate was calculated by counting the number of peaks per second from the balloon recordings 
and multiplied by 60 to obtain beats per minute. The resulting heart rate numbers were averaged over a period 
of 10 s and graphed overtime.

Group Pressure pRBCs Drip

Cellular high-pressure High Yes No

Cellular low-pressure Low Yes No

Acellular high-pressure 
Adeno High No Adenosine

Acellular low pressure
Adeno Low No Adenosine

Acellular low-pressure
Adeno/Epi Low No Adenosine + Epinephrine

Acellular low-pressure
no treatment Low No No

Table 1.  Experimental groups.
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Statistical analysis
All data were analyzed for outliers using the ROUT method with Q = 1%, statistical outliers were excluded from 
data graphs. Over-time data were analyzed using repeated measures two-way ANOVA and Tukey-Kramer HSD 
post-hoc analysis on standard least squares means. Column data were analyzed via Wilcoxon/Kruskal-Wallis 
Test with Dunn post-hoc analysis on non-parametric medians. All data are expressed as median ± interquartile 
range (IQR). Statistical significance is defined at p < 0.05.

Results
The results in this study have been arranged to facilitate the determination of the effects of high vs. low perfusion 
pressures, as well as the differences between cellular and acellular perfusates. As important effects on graft 
homeostasis were observed with the use of high perfusion pressures and oxygen carriers, acellular low-pressure 
perfusion was employed to test the effects of pharmacological interventions (i.e. adenosine, epinephrine) without 
the confounding influence of damage caused by the perfusion parameters.

Perfusion without oxygen carriers results in lower oxygen consumption rate but does not 
incur in a significant decrease of adenylated energy charge
The use of oxygen carriers in normothermic machine perfusion (NMP) has been considered a necessity due to 
the prevailing belief that perfusates without these provide inefficient oxygen delivery and maintains the organ in 
a state of moderate ischemia22,23. To address this, this study employed perfusates, both with (cellular perfusate) 
and without (acellular perfusate) oxygen carriers (packed red blood cells - pRBCs), to investigate their respective 
impact on oxygen delivery and metabolic support during retrograde perfusion. This resulted in hearts perfused 
with acellular perfusate displaying lower rate of oxygen consumption (Fig.  1A), than hearts perfused with 
cellular perfusates, with this difference not translating into significant changes in the levels of adenylated energy 
charge (Fig. 1D). The use of pRBCs, irrespective of perfusion pressure, did result in an overtime, significant 
increase in lactate levels, a phenomenon not seen in hearts perfused with acellular perfusate (Fig. 1B). Similarly, 
coronary vascular resistance, a metric of vascular health, was higher in hearts perfused with cellular perfusate 
when compared with hearts perfused with acellular perfusate (Fig. 1C). Interestingly, however, the endothelial 
cell lining in the coronary arteries was retained irrespective of perfusion parameters (Fig. 1E–H).

Coronary perfusion pressures, more so than oxygen carrying capacity, drive left ventricular 
pressures
Perfusion pressures directly correlate with the pressures experienced by the coronary vasculature, which are 
known to directly control cardiac performance24–27. Physiological pressures (60–80 mmHg) resulted in slightly 
higher heart rate (Fig. 2A and C) and left ventricular pulse pressure (Fig. 2B and D) when compared to low 
pressure groups. Interestingly, no difference in myocardial contractility (Fig.  2E, p = 0.242) and relaxation 
(Fig. 2F, p = 0.686) were present between hearts perfused at high pressures, irrespective of perfusate cellularity, 
whereas hearts perfused at low pressures demonstrated significantly lower contractility and relaxation. The 
increased LV pressures produced by hearts perfused at high pressures, irrespective of perfusate cellularity, led 
to an overtime loss of function, resulting in a significant decrease in LV pulse pressure (Fig. 2D), contractility 
(Fig. 2E) and relaxation (Fig. 2F) at different times into the perfusion when compared to their initial values at 
20 min. Interestingly, despite the difference in oxygen carrying capacity between high-pressure hearts perfused 
with and without pRBCs (Fig. 1A, p < 0.0001) the overall ventricular pressures by hearts in both groups and 
the loss of function trend is remarkably similar. Hearts in both groups produced similar magnitudes of LV 
pulse pressure (p20min = 0.393), contractility (p20min = 0.043) and relaxation (p20min = 0.582) during the initial 
stages of perfusion and thereafter, and even experiencing similar loss of function overtime maintaining all 
functional metrics statistically the same (LV pulse pressure – p4h = 0.999, Contractility – p4h > 0.999, Relaxation 
– p4h = 0.17).

Langendorff perfusion at higher pressures (60–80 mmHg) lead to increased edema and 
moderate organ damage
Higher perfusion pressures, while physiological, when combined with the non-physiological components of 
ex vivo machine perfusion, lead to slight adverse effects on organ homeostasis. Increased myocyte bundle 
separation was observed in, both the left and right ventricle of the hearts perfused at high-pressures (Fig. 3C, 
D, G, H), irrespective of perfusate cellularity. Whereas no bundle separation was observed in either ventricle 
of hearts perfused with acellular perfusate at low pressures (Fig. 3A, B). Interestingly, bundle separation was 
present in the right ventricle of hearts perfused at low pressures with pRBCs (Fig. 3E) but not in the left ventricle 
(Fig. 3F). The bundle separation seen in high-pressure hearts translated to higher percent weight gain (p = 0.002) 
compared to low-pressure hearts (Fig. 3I). Similarly, higher perfusion pressures led to a significant increase in 
Troponin I over time (w/o pRBCs: p2h = 0.001, p3h = 0.001, p4h < 0.0001, w pRBCs: p4h = 0.015), regardless of 
perfusate cellularity when compared to initial Troponin I values (20 min). This phenomenon was not observed 
in low-pressure hearts perfused without pRBCs but was, again, present in low-pressure hearts perfused with 
pRBCs (Fig. 4A). Despite some evidence of damage, cardiomyocytes in both ventricles of hearts from all groups 
seem to remain viable after 4 h of perfusion without signs of distress and/or cell death (Fig. 3A–H).

Langendorff perfusion at low pressures (30–35 mmHg) with pRBCs result in significant organ 
damage and heighten inflammatory response
The combination of pRBCs with low perfusion pressures, or more likely the accompanying low flows, led 
to significant organ damage and inflammatory activation. Troponin I levels were statistically higher as early 
as 2  h (p = 0.001) into perfusion compared to initial values (20  min) and continued to increase over time 
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Fig. 1.  Viability markers of hearts perfused with or without pRBCs at low (30–35 mmHg) and higher (60–80 
mmHg) pressures. Oxygen uptake rate (A), lactate accumulation over perfusion time (B), vascular resistance 
(C), adenylated energy charge (D), representative H&E images of coronary arteries (E-H). Scale bar 50 μm. 
Data presented as median ± interquartile range. Wilcoxon/Kruskal-Wallis Test with Dunn post-hoc analysis on 
non-parametric medians. Repeated measures two-way ANOVA and Tukey-Kramer HSD post-hoc analysis on 
standard least squares means. * = p < 0.05, ** = p ≤ 0.01, **** = p ≤ 0.0001.
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(p3h < 0.0001, p4h < 0.0001, Fig. 4A). These perfusion conditions also led to an increased release of other cardiac 
myocyte-associated proteins into the perfusate, a proxy for cardiac injury, including troponin T (Fig.  4B), 
creatine kinase (CKM, Fig. 4C), and myosin light chain 3 (MYL3, Fig. 4D), as well as an increased secretion 
of key pro-inflammatory proteins such as ICAM (Fig.  4E), IL-6 (Fig.  4F) and CXCL1 (Fig.  4G)28–30. Hearts 
perfused with pRBCs at high pressures also experienced an increased secretion of ICAM (p > 0.999) and CXCL1 
(p > 0.999) being non-statistically different than low-pressure, pRBCs hearts, while IL-6 remained under the 
limit of detection. Hearts perfused with acellular perfusate at low pressures experienced the lowest inflammatory 
activation with ICAM and IL-6 being under the limit of detection, and the secretion of CXCL1 being much lower 
than that of hearts perfused with pRBCs, irrespective of perfusion pressure. Perfusion with acellular perfusate at 
high pressures, resulted in ICAM secretion being slightly higher than that of low-pressure, acellular hearts, but 
slightly lower than that of hearts perfused with pRBCs. Meanwhile IL-6 remained under the limit of detection 
and CXCL1 secretion was statistically similar to that in acellular, low-pressure hearts.

Continuous use of adenosine during Langendorff perfusion reduces vascular resistance, 
cardiac edema and pro-inflammatory activation while increasing oxygen uptake rate
Among the many advantages of ex vivo machine perfusion is the ability to incorporate pharmacological 
treatments to better tailor towards specific experimental needs31. For instance, pharmacological interventions 

Fig. 2.  Influence of cellularity and perfusion pressures in cardiac functional markers. Heart rate, obtained 
from intraventricular balloon recordings. Solid line indicates median of the experimental replicates, the 
shaded area indicates interquartile range (A), maximum systolic pressure over time, denoted as left ventricular 
pulse pressure (LVPP). Solid line indicates median of the experimental replicates, the shaded area indicates 
interquartile range (B), area under the curve (AUC) of heart rate data for every hour of perfusion (C), the area 
under the LVPP curve (AUC) for every hour of perfusion (D), cardiac muscle contractility quantified from 
the maximum derivative of the pressure pulse (E), cardiac muscle relaxation quantified from the minimum 
derivative of the pressure pulse (F). Repeated measures two-way ANOVA and Tukey-Kramer HSD post-hoc 
analysis on standard least squares means. All data are expressed as median ± interquartile range. * = p < 0.05, ** 
= p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
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with vasodilators are common practice in clinical NMP and have been demonstrated to be crucial for achieving 
microcirculatory homeostasis in other organs (i.e. livers)32. In heart perfusion, the administration of adenosine, 
a well-known vasodilator, in combination with low perfusion pressures seemed to reduce vascular resistance 
and completely avoid the formation of cardiac edema33. Hearts perfused with only Adenosine demonstrated 

Fig. 3.  Effects of high and low prefusion pressure in cardiac edema. Representative H&E images of right and 
left ventricle (A-H) and percent weight gain (I). Scale bar ventricle images 200 μm. Wilcoxon/Kruskal-Wallis 
Test with Dunn post-hoc analysis on non-parametric medians. All data are expressed as median ± interquartile 
range. * = p < 0.05.
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statistically lower vascular resistance, when compared with non-treated hearts (Fig. 5A, p < 0.0001). Interestingly, 
the addition of Epinephrine into the Adenosine drip (Epi/Adenosine) caused a slight increase in vascular 
resistance, being statistically higher than Adenosine-only hearts (p = 0.0014) but still lower than no-treatment 
hearts (p = 0.0021). These differences in vascular resistance, however, were not associated with endothelial cell 
damage as the endothelial cell lining in the coronary arteries were retained irrespective of perfusion drip as 
seen in H&E images (Fig. 5G, J, M). Similarly, no myocyte bundle separation was observed in either ventricle 
of hearts perfused at low pressures with adenosine drip (Fig. 5H & I). Alternatively, despite causing less edema 
than high perfusion pressures, perfusion at low pressures, without Adenosine, were not enough to completely 

Fig. 4.  Influence of cellularity and perfusion pressures in cardiac injury and inflammatory markers. 
Concentration of Troponin I in the perfusate over time (A). Concentration of cardiac myocyte-associated 
proteins, a proxy for cardiac injury, quantified from the perfusate after 4 h (240 min) of perfusion, including 
Troponin T (B), creatine kinase – CKM (C), and myosin light chain 3 - MYL3 (D). Concentration of pro-
inflammatory proteins including ICAM (E), IL-6 (F), and CXCL1 (G). Repeated measures two-way ANOVA 
and Tukey-Kramer HSD post-hoc analysis on standard least squares means. All data are expressed as 
median ± interquartile range. * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
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Fig. 5.  Viability markers of hearts perfused without pharmacological treatment, with infusion of adenosine 
only or infusion with adenosine and epinephrine. Vascular resistance (A), percent weight gain (B), adenylated 
energy charge (C), oxygen uptake rate D), representative H&E images of right and left ventricle and coronary 
arteries (E-M). Scale bar ventricle images 200 μm. Scale bar coronary arteries 50 μm. Data presented as median 
± interquartile range. Wilcoxon/Kruskal-Wallis Test with Dunn post-hoc analysis on non-parametric medians. 
Repeated measures two-way ANOVA and Tukey-Kramer HSD post-hoc analysis on standard least squares 
means. * = p < 0.05, ** = p ≤ 0.01, **** = p ≤ 0.0001.
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avoid edema formation as significant myocyte separation was present in the right ventricle (Fig. 5E) and slight 
separation in the left ventricle (Fig. 5F) of hearts perfused at low perfusion pressures without adenosine. The 
difference in the magnitude of bundle separation between the two ventricles may likely be attributed to several 
distinct characteristics that differentiate them. For instance, the increased thickness of the left ventricular wall 
results in higher vascular resistance, which helps prevent excessive flow into the left ventricle34. Additionally, 
studies have shown that left ventricular coronary perfusion is more effectively regulated through pressure-flow 
autoregulation than right ventricular perfusion, which may help reduce flow-induced damage35. Interestingly, 
inotrope (epinephrine) administration caused slight bundle separation in the left ventricle (Fig. 5L), despite 
the implementation of adenosine and low perfusion pressure, while no separation was present in the right 
ventricle (Fig. 5K). This bundle separation, or lack thereof, translated into hearts perfused with adenosine drip 
to gain the least percent weight, although non-statically significant, than hearts in the other two groups which 
demonstrated very similar changes in weight (Fig.  5B). Intriguingly, the use of Adenosine with (p = 0.0009) 
or without (p = 0.0087) the addition of Epinephrine caused grafts to experience a statistically higher oxygen 
uptake rate compared to acellular grafts perfused without treatment (Fig.  5D) while the adenylated energy 
charge remained statistically the same among all low-pressure hearts, regardless of pharmacological intervention 
(Fig. 5C). Additionally, the implementation of adenosine as a continuous drip resulted in the lowest secretion of 
inflammatory markers as, both ICAM (Fig. 7E) and IL-6 (Fig. 7F) where under the limit of detection and CXCL1 
(Fig. 7G) was lower, although not statistically significant, than that detected in no Drip and Epinephrine.

Continuous use of epinephrine during Langendorff perfusion leads to overtime loss of 
function and organ damage
Pharmacological interventions with inotropes are also common practice, both in experimental settings and 
clinical practice36. Constant infusion of epinephrine via a direct drip leads to statistical higher heart rate (Fig. 6A 
& C, p = 0.001), left ventricular pulse pressure (Fig. 6B & D, p < 0.0001), contractility (Fig. 6E, p = 0.0003) and 
relaxation (Fig. 6F, p = 0.018) than non-treated hearts when exposed to same perfusion pressures (30–35 mmHg). 
However, similar to hearts perfused at higher pressure, the extra cardiac demand induced by inotrope exposure 
resulted in overtime loss of cardiac function, with left ventricular pulse pressure being statistically lower at 
the beginning of the 3rd hour of perfusion (p = 0.0129) and thereafter (p4h = 0.0074) than that recorded at the 
begging of perfusion (20 min). No loss in function was seen in no-treatment hearts (20 min vs. 4 h, p = 0.775) or 
hearts infused with adenosine (20 min vs. 4 h, p = 0.867). Commensurate with increased demand for LV pressure 
in this non-physiological setting, the use of inotropes resulted in increased release of cardiac myocyte-associated 
proteins with the accumulation of Troponin I in the perfusate being statistically higher than initial values as early 
as 2 h (Fig. 7A, p = 0.0031) into the perfusion time and thereafter (p3h < 0.0001 and p4h < 0.0001). Similarly, the 
concentration in the perfusate of CMK (Fig. 7C) and MYL3 (Fig. 7D, pno-treatment = 0.064, pAdenosine = 0.076) of 
hearts infused with inotropes were much higher than those found in no-treatment and Adenosine infused hearts. 
The concentration of Troponin T was slightly lower in Adenosine infused hearts, but not significantly (Fig. 7B). 
Similarly, a significant increase in lactate accumulation was seen in inotrope treated hearts with statistically 
higher levels being recorded as early as 2 h (p = 0.0128) into perfusion time (Fig. 7H, p3h = 0.0011, p4h = 0.0001), 
with no increase in lactate recorded in hearts perfused with or without adenosine-only.

Discussion
Ex vivo heart perfusion has significantly advanced cardiovascular research, expanding the organ donor pool 
by enabling the transplantation of previously marginal hearts37. However, the impact of perfusion parameters 
on heart viability remains unclear. For instance, the perceived inefficiency of acellular perfusates in providing 
adequate oxygenation has fueled debate over the necessity of oxygen carriers during ex vivo perfusions22,38. The 
results in this manuscript challenge the notion of insufficient oxygen delivery by acellular perfusates, at least in 
the rodent model. Despite decreased oxygen consumption, likely caused by complete dependence on oxygen 
diffusion for oxygenation, no difference in adenylated energy charge (Fig. 1D) was observed between hearts 
perfused with or without oxygen carriers. This was the case even though the amounts of produced LV pressures 
varied widely among the hearts in the different perfusion groups (Fig. 2). This, combined with the observation 
that hearts perfused with acellular perfusate (i.e. less efficient oxygen delivery) at high pressures seem to produce 
slightly less LV pressures than those perfused cellularly (i.e. more efficient oxygen delivery) at similar pressures, 
suggests the possibility of a self-regulatory mechanism in which hearts produce the amount of LV pressure that 
allows the maintenance of energetic homeostasis. In effect, despite the lower efficiency of acellular perfusates in 
oxygen delivery, these results suggest the possibility that energetic demands are correspondingly decreased when 
perfused in retrograde mode regardless of the presence or absence of oxygen carriers.

The ability of acellular perfusates to provide sufficient oxygenation in the rodent model likely comes from the 
extremely high partial pressures of oxygen reached in the perfusate by artificial oxygenation – 450 ± 53 mmHg in 
acellular perfusions in this study – being over 4-fold higher than physiological oxygen partial pressures (75–100 
mmHg)39. Furthermore, the oxygen saturation levels of these perfusates are not significantly increased by the 
addition of red blood cells, resulting in the partial pressure of oxygen of cellular perfusates (482 ± 73 mmHg) 
being very similar to that of acellular ones. It is important to highlight that while the high partial pressure 
of oxygen may ensure adequate oxygen delivery, it also raises concerns about potential risks associated with 
hyperoxia. Despite not being well characterized in hearts, some identified effects can negatively influence results 
and more importantly skew scientific conclusions if not taken into consideration. Hyperoxia has been reported 
to result in changes in heart rate, stroke volume, and cardiac output because of vasoconstriction, as well as 
heighten inflammatory response and cytotoxicity even after short periods of hyperoxia exposure40–44.

The addition of red blood cells, in combination with high perfusion pressures, seems ideal for experimental 
setups were maximizing cardiac demand is relevant. However, the use of these oxygen carriers in this particular 
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setup appears to lead to a range of unfavorable effects. Red blood cells are major producers of lactate and are likely 
responsible for the progressive increase observed in hearts perfused with pRBCs (Fig. 1B)45. Experimentally, this 
increase in lactate can cause drops in perfusate pH due to lactic acidosis, though this can be easily countered 
with clinically used basic solutions46. A more severe consequence of this large increase in recorded lactate is its 
impact on the ability to assess heart health and viability. Despite growing evidence questioning its predictive 
power47,48, in-perfusate lactate levels are broadly used, both in-clinic and in experimental settings, as one of the 
few quantitative markers of organ health49–56. The inability to distinguish between lactate secreted by the heart 
due to poor perfusion or damage and that released by red blood cells undermines the decision-making power 
and may lead to inaccurate results and unfounded medical decisions.

In addition to lactate related issues, increased vascular resistance is another effect of using red blood cells in 
this experimental setup (Fig. 1C). The addition of red blood cells increases perfusate viscosity, which, in turn, 
raises the resistance within the vascular system57. Although this increase in resistance means target perfusion 

Fig. 6.  Influence of pharmacological treatment in cardiac functional markers. Heart rate, obtained from 
intraventricular balloon recordings. Solid line indicates median of the experimental replicates, the shaded 
area indicates interquartile range (A), maximum systolic pressure over time, denoted as left ventricular 
pulse pressure (LVPP). Solid line indicates median of the experimental replicates, the shaded area indicates 
interquartile range (B), area under the curve (AUC) of heart rate data for every hour of perfusion (C), the area 
under the LVPP curve (AUC) for every hour of perfusion (D), cardiac muscle contractility quantified from 
the maximum derivative of the pressure pulse (E), cardiac muscle relaxation quantified from the minimum 
derivative of the pressure pulse (F). Repeated measures two-way ANOVA and Tukey-Kramer HSD post-hoc 
analysis on standard least squares means. All data are expressed as median ± interquartile range.   * = p < 0.05, 
** = p ≤ 0.01
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Fig. 7.  Influence of pharmacological treatment in cardiac injury and inflammatory markers. Concentration 
of Troponin I in the perfusate over time (A). Concentration of cardiac myocyte-associated proteins, a proxy 
for cardiac injury, quantified from the perfusate after 4 h (240 min) of perfusion, including Troponin T (B), 
creatine kinase – CKM (C), and myosin light chain 3 - MYL3 (D). Concentration of pro-inflammatory proteins 
including ICAM (E), IL-6 (F), and CXCL1 (G). Lactate accumulation over perfusion time (H). Repeated 
measures two-way ANOVA and Tukey-Kramer HSD post-hoc analysis on standard least squares means. All 
data are expressed as median ± interquartile range. * = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
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pressures are reached at lower flow rates, no evidence of underperfusion or ischemia was observed in hearts 
perfused with pRBCs. However, due to the non-physiological nature of perfusion setups, red blood cell lysis is 
unavoidable, leading to the release of red blood cell damage-associated molecular patterns (DAMPs) and red 
blood cell aggregation. Red blood cell DAMPs are endogenous molecules that are exclusively released upon red 
blood cell damage and are known to modulate significant immune system activation and may be responsible for 
the heightened inflammatory response observed in hearts perfused with pRBCs (Fig. 4E–G)58–61. Concerningly, 
this heightened inflammatory response is present when using isolated red blood cells alone, suggesting the 
inflammatory activation when using whole blood may be more severe, as both leukocytes and platelets are 
known orchestrators of immune response activation62–64.

A third plausible cause of increased inflammation in hearts perfused with pRBCs—and a probable reason 
why hearts perfused with pRBCs at low pressure show higher inflammatory response and higher indices of 
damage (Fig. 4A–D) than hearts in all other groups—is red blood cell aggregation. Red blood cell aggregation 
has been widely correlated to inflammation, unfavorable effects to tissue perfusion and suppression of nitric 
oxide synthetizing mechanisms60,65,66. It occurs when red blood cells are suspended in aqueous solutions 
containing large plasma proteins or polymers and exposed to low shear rates caused by low flows67,68. Both of 
these conditions are unfortunately well met in these experiments. The perfusate solution (Krebs-Henseleit) in 
these experiments was supplemented with bovine serum albumin (BSA) to provide an oncotic agent with the 
purpose of reducing heart edema. Although effective at reducing edema (Fig. 3I), BSA is a large plasma protein 
that likely facilitates aggregate formation. In addition, the lower-than-physiological flows (13 ± 2 mL/min in 
rodent) required to achieve even high perfusion pressures (8.3 ± 3.3 mL/min) likely contribute further towards 
red blood cell aggregation69. This aggregation is probably exacerbated by the even lower flows (4 ± 0.624 mL/
min) in low pressure perfusions.

It is important to highlight that some of the negative effects of pRBCs perfusion observed in this study might 
be exacerbated by the comparatively small size of rodent vasculature, and some of these effects might either 
not be present or be less severe in larger mammalian hearts. Moreover, red blood cells or other types of oxygen 
carriers would likely be necessary to achieve working-mode perfusion in larger mammals. Although there are 
few studies achieving working-mode perfusion of rodent hearts with acellular perfusates this is likely achievable 
due to the absolute lower volume of myocardium in rodent hearts. The increased myocardial volume plus higher 
metabolic demand in large mammalian hearts may necessitate the use of oxygen carriers despite the potential 
negative effects38,70–72.

Additional to the effects caused by the lack/presence of red blood cells, the use of both pharmacological 
interventions (Epinephrine and/or Adenosine) utilized in this study also seemed to have considerable outcomes. 
Adenosine, a well-known vasodilator, is utilized in clinical ex vivo machine perfusion to aid in the stabilization 
and control of the aortic root pressure. It achieves this by dilating the coronary arteries and reducing coronary 
vascular resistance, ensuring proper blood flow during preservation37,73. Furthermore, recent clinical studies have 
shown a correlation between higher dosages of adenosine, likely needed to counteract increased coronary vascular 
resistance, and higher demand for ECMO implementation post-transplant44. In effect, the implementation of 
adenosine results in lower vascular resistance in all hearts treated with the agent (Figs. 1C and 5A), but also in a 
notably reduction of inflammatory responses (Figs. 4E-G and 7E–G). The anti-inflammatory role of adenosine 
in the systemic circulation has been widely reported, with notably effects in the inhibition of recruitment and 
activation of immune cells such as neutrophil and monocytes, as well as the reduction of thrombin-mediated 
proinflammatory responses in endothelial cells74–76. In the absence of the key players in inflammatory effects, the 
anti-inflammatory effects of adenosine may be attributed to the adenosine receptors expressed on endothelial 
cells, which upon exposure to ischemia and inflammation inhibit the release and expression of cytokines and 
adhesion molecules76,77. These results suggest that adenosine not only optimizes hemodynamic parameters but 
may also contribute to a more stable and less inflammatory perfusion environment, further enhancing its utility 
in cardiac perfusion protocols.

The use of epinephrine, on the other hand, appears to be less beneficial in the ex vivo perfusion setting. 
Epinephrine is reportedly used in ex vivo machine perfusion to help regulate aortic pressures and coronary flow, 
as it increases diastolic time, heart rate and to maintain physiological levels of circulating catecholamines78–80. 
However, the long-term use of epinephrine has been associated with myocardial toxicity, apoptosis and damage 
to the arterial walls both in vivo and ex vivo79,81. Although 4 h is not typically considered long-term in the 
realm of physiology, some negative effects were observed in hearts exposed to a continuous drip of epinephrine. 
For instance, increased edema was observed in the left ventricle of these hearts (Fig. 5L), an effect either not 
present or in a lesser degree in other hearts perfused at low pressure, possibly caused by deterioration of the 
arterial walls. Similarly, a gradual loss of function was noted (Fig. 6), although likely caused by the increased 
cardiac demand in a non-physiological setting rather than apoptosis, as there is no evidence of myocyte death 
in the histology images (Fig. 5E–M). Lastly, is important to point out that although not evident in the results of 
this study exposure to non-physiological low perfusion pressures could potentially result in pathophysiological 
response within the organ and would benefit from further research.

Limitations
Cardiac ex vivo machine perfusion involves a wide range of protocol variables, each of which can significantly 
influence outcomes (e.g., perfusion pressure, flow rate, temperature, oxygenation levels, perfusate composition, 
pharmacological interventions, etc.). Since the aim of this study was to identify the optimal combination 
of these variables for a limited number of experimental scenarios based on specific scientific needs (i.e., 
assessment vs. preservation), multiple variables were altered between experimental groups. This complicates the 
interpretation of the effects of individual variables and makes it difficult to isolate the contribution of any single 
factor. Regardless, the results in this study provide an important knowledge base regarding the effects that the 
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combination of perfusion variables have on rodent cardiac graft outcomes during Langendorff. It should also be 
noted that there are important anatomical, physiological, and metabolic differences between rodent and human 
hearts, thereby limiting the direct applicability of these findings to human cardiac grafts during perfusion. 
Nonetheless, this work highlights the importance of perfusion protocol tailoring and can provide a starting 
point for perfusion research employing more complex models, such as larger mammals commonly employed 
in experimental transplantation, including pig or sheep. These larger animal models may help ameliorate the 
translational gap between rodent and human research and lead to more applicable protocol development for 
human heart perfusion and assessment.

Conclusion
This study highlights the impact of different perfusion parameters and pharmacological interventions on 
rodent organ viability, function, and injury in ex vivo machine perfusion. It emphasizes the need to tailor 
these parameters to suit experimental goals. For longer perfusion times, lower pressures are ideal to minimize 
damage (e.g., gene editing, organ preservation, drug treatments), while higher pressures and oxygen carriers 
are better for cardiac assessments. Immunogenic effects can be adjusted with red blood cells or whole blood for 
higher responses, or acellular perfusates and adenosine for lower ones. Similar to these examples, the myriads of 
perfusion parameters during Langendorff can be modified and selected to create experimental conditions that 
would enhance the scientific results. As a result, this work contributes to the broader cardiovascular research 
community by providing valuable insights into the complex factors influencing heart ex vivo machine perfusion. 
It offers a foundation for refining protocols that can be applied to both rodent and eventually larger mammalian 
models, while highlighting the importance of thoughtful selection of perfusion parameters.

Data availability
All data generated or analyzed during this study are included in this published article.
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