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Abstract 

Background:  Rewarming from hypothermia is associated with severe complications, one of which is hypothermia-
induced cardiac dysfunction. This condition is characterized by decreased cardiac output accompanied by increased 
total peripheral resistance. This contributes to mortality rate approaching 40%. Despite this, no pharmacological 
interventions are recommended for these patients below 30 °C. Raising the intracellular levels of cAMP and/or cGMP, 
through PDE3- and PDE5-inhibitors respectively, have showed the ability to alleviate hypothermia-induced cardiac 
dysfunction in vivo. Drugs that raise levels of both cAMP and cGMP could therefore prove beneficial in patients suffer‑
ing from hypothermia-induced cardiac dysfunction.

Methods:  The unselective PDE-inhibitor pentoxifylline was investigated to determine its ability to reach the intracel‑
lular space, inhibit PDE3 and PDE5 and inhibit cellular efflux of cAMP and cGMP at temperatures 37, 34, 30, 28, 24 and 
20 °C. Recombinant human PDE-enzymes and human erythrocytes were used in the experiments. IC50-values were 
calculated at all temperatures to determine temperature-dependent changes.

Results:  At 20 °C, the IC50-value for PDE5-mediated enzymatic breakdown of cGMP was significantly increased 
compared to normothermia (IC50: 39.4 µM ± 10.9 µM vs. 7.70 µM ± 0.265 µM, p-value = 0.011). No other significant 
changes in IC50-values were observed during hypothermia.

Conclusions:  This study shows that pentoxifylline has minimal temperature-dependent pharmacodynamic changes, 
and that it can inhibit elimination of both cAMP and cGMP at low temperatures. This can potentially be effective treat‑
ment of hypothermia-induced cardiac dysfunction.

Trial registration: Not applicable.

Keywords:  Hypothermia, PDE-inhibitors, Cyclic AMP, Cyclic GMP, Blood viscosity, Inotropy, Afterload reduction, 
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Background
Accidental hypothermia is defined as an involuntary drop 
in body core temperature to < 35 °C and is associated with 
multiple complications, such as hypothermia-induced 
cardiac dysfunction (HCD) [1]. This contributes to the 
high mortality of accidental hypothermia estimated to be 
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between 20 and 40% [2, 3]. In addition to being an acci-
dental condition, hypothermia is also used therapeuti-
cally. Patients suffering from cardiac arrest are cooled to 
32–36  °C after successful resuscitation, during targeted 
temperature management (TTM) [4], thought to be ben-
eficial mainly due to avoidance of hyperpyrexia but each 
°C of temperature reduction below 35 °C does also reduce 
brain metabolism by ~ 7% [5]. Moreover, HCD is a threat 
in patients treated with TTM [6] and pharmacological 
interventions should be explored to increase survival in 
these two patient groups.

The underlying mechanisms for HCD have been largely 
unknown. Recent animal studies have suggested that 
cardiac output (CO) reduction is related to increased 
total peripheral resistance (TPR) [7, 8]. In  vivo experi-
ments testing epinephrine, traditionally used to elevate 
CO in emergency and critical care medicine, have shown 
reduced inotropic effect when used during hypothermia 
[9, 10]. However, the phosphodiesterase 3 (PDE3)-inhib-
itors milrinone and levosimendan had maintained abil-
ity to increase CO and reduce TPR during hypothermia, 
thus preventing HCD [11, 12].

PDE3-inhibitors impede the enzymatic breakdown of 
cAMP, causing raised intracellular levels of this cyclic 
nucleotide and activation of PKA. As the PDE3-enzyme 
is found both in the heart and in vascular smooth muscle, 
inhibitors cause increased cardiac inotropy and periph-
eral vasodilation, which in turn decreases TPR [13]. In 
a previous experiment, we showed that PDE3-inhibi-
tors milrinone, amrinone and levosimendan inhibit the 
PDE3-enzyme in therapeutic concentrations down to 
20 °C [14].

Reduction of TPR could also be achieved through 
increased smooth muscle cell-levels of cGMP, which is 
metabolized by phosphodiesterase 5 (PDE5). cGMP-ele-
vation has also proved a promising strategy during hypo-
thermia, indirectly increasing CO, by reduction of TPR 
[8]. PDE5-inhibitors sildenafil and vardenafil have shown 
ability to inhibit the PDE5-enzyme and increase cGMP in 
therapeutic concentrations down to 20 °C [15].

In addition to enzymatic elimination of cAMP and 
cGMP, mainly through PDE3 and PDE5, cAMP and 
cGMP are also eliminated by efflux pumps in the cell 
membranes [16, 17]. The efflux of cAMP is primarily 
through ATP-binding cassette subfamily-C 4 (ABCC4) 
and cGMP through ABCC5 [18]. We therefore hypoth-
esized that an unselective inhibitor of both PDE3, PDE5, 
ABCC4 and ABCC5 could be beneficial in treatment of 
HCD. Accordingly, we investigated the ability of pen-
toxifylline, an unselective PDE-inhibitor that is in clini-
cal use, to reach its intracellular site of action and inhibit 
PDE3 and PDE5, as well as ABCC4 and ABCC5, during 
hypothermia.

Materials and methods
Pentoxifylline (Sigma-Aldrich, St. Louis, MO, USA) was 
used in all experiments. Detailed methods for assessing 
intracellular access, enzyme inhibition and cellular efflux 
were first described in earlier publications [14, 15].

Temperatures
According to the European Resuscitation Council, hypo-
thermia is divided into mild (35–32  °C), moderate (32–
28 °C) and severe (below 28 °C) [19]. To get a broad view 
of the pharmacodynamics of pentoxifylline, we included 
several temperatures ranging from normothermia 
through all stages of hypothermia. The included temper-
atures were 37 °C, 34 °C, 32 °C, 28 °C, 24 °C and 20 °C.

Intracellular access
A review of the literature was performed to get an esti-
mate of relevant therapeutic concentration of pentoxi-
fylline. We searched PubMed with the following mesh 
terms: (Pentoxifylline) AND (intravenous) AND (plasma 
concentration) OR (serum concentration). The articles 
had to report adult human data and cardiovascular con-
dition to be considered. Pentoxifylline was incubated at a 
final concentration of 100 µM as this corresponded to the 
highest concentrations found in the review [14, 15].

Blood was provided by Blodbanken UNN (Department 
of Immunohematology and Transfusion Medicine, Uni-
versity Hospital of North Norway) where all participants 
(n = 18) were pre-screened and only admitted as donors 
if they were healthy. Each parallel only included blood 
from one donor. Experiments were initiated by washing 
and centrifuging recently (< 24  h) drawn EDTA-blood 3 
times with Krebs–Ringer-Phosphate-Buffer containing 
glucose (KRPB/G, pH ~ 7,4). Final Hct was of 0.40 in the 
incubate solution. Blood suspension was added to tubes 
containing 50  µL of either pentoxifylline or MQ-water 
(negative control). Each experiment contained triplicates 
of both drugs and control, and 3 experiments at each 
temperature were conducted – in total 9 parallels. The 
reactions were stopped after 30 min by putting the tubes 
on ice and adding 4 mL ice cold KRPB/G. The solutions 
were washed and centrifugated 3 times with ice cold 
KRPB/G. 50 µL of the remaining solution was then added 
to Eppendorf tubes along with 50 µL internal stand-
ard (IS), containing [13C,2H3]-Pentoxifylline, 250  nM 
(Alsachim, Illkirch Graffenstaden, France). 5 samples 
contained 50 µL known concentrations of pentoxifylline, 
and 50 µL IS, and served as controls for accurate analy-
sis. All samples were added 200  mL 0.1  M ZnSO4, to 
lyse the erythrocytes, and then centrifugated. 30 µL was 
taken from Eppendorf tubes for measurements of protein 
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concentration before adding 500 µL acetonitrile. 100 µL 
from each tube was collected for analysis using mass 
spectrometry (MS) [14, 15].

Enzyme inhibition
Assessment of pentoxifyllines ability to inhibit the phos-
phodiesterase enzymes were performed by incubating 
cAMP or cGMP with seven different concentrations of 
pentoxifylline. The concentrations were increasing by a 
factor of 10 ranging from 1.00 nM to 1.00 mM. For PDE3 
assessment, the incubation solution included cAMP and 
for PDE5 assessment it included cGMP. Experiments 
were performed in triplicates each day at three separate 
days - in total 9 parallels. The reaction was started by 
adding either a solution containing 0.016 units/µg pro-
tein of PDE3 (Abcam, Cambridge UK), or 0.022 units/µg 
protein of PDE5 (Sigma-Aldrich, St. Louis, USA), to the 
Eppendorf tubes. Control samples were free of drug and 
was either with or without PDE3 or PDE5. This was done 
to assure that only the relevant PDE was responsible for 
breakdown of the cyclic nucleotide, as no other enzyme 
nor cellular material was added to the incubations. The 
incubation time was 30  min. Reaction was stopped 
by adding methanol to the tubes. Internal standard of 
cGMP/GMP or cAMP/AMP (Sigma-Aldrich, St. Louis, 
MO, USA, Germany and Toronto Research Chemicals 
Inc., Ontario, Canada) were added to each sample. 5 
samples contained only known concentrations of cGMP/
GMP or cAMP/AMP and served as calibrators. Samples 
were analyzed for cGMP/GMP and cAMP/AMP content, 
using MS [14, 15].

Cellular efflux inhibition
Cellular efflux was estimated with inside-out vesicles 
(IOV)s where erythrocytes from healthy, human donors 
were sampled. Donors were pre-screened and only 
admitted as donors by Blodbanken UNN (Department 
of Immunohematology and Transfusion Medicine, Uni-
versity Hospital of North Norway) if they were healthy. 
The erythrocytes were separated from plasma by centrif-
ugation and washed. Inside-out vesicles were prepared 
according to Orvoll et al. [20] with minor modifications. 
Percentage IOV was verified using acetylcholinesterase 
accessibility test [21]. Batches of IOVs used in the paral-
lels were made 8 times, including blood from a total of 35 
healthy donors [14, 15].

IOVs were then incubated with or without 2  mM 
ATP and 7 different concentrations of pentoxifyl-
line increasing by a factor of 10 ranging from 1.00 nM 
to 1.00  mM. The incubation solutions also included 
radioactive labeled [3H]-cGMP or [3H]-cAMP (Per-
kin Elmer, Boston, MA, USA), at a concentration of 
respectively 2 µM and 20 µM. [3H]-cAMP was used to 

assess ABCC4-inhibition and [3H]-cGMP for ABCC5-
inhibition. The assays were performed in triplicates 
at 3 different days: In total 9 parallels were performed 
to calculate results for each concentration of pentoxi-
fylline at all temperatures. Incubation time of 60  min 
was chosen to ensure sufficient quality of the samples 
for each parallel. The transport was stopped by adding 
ice cold buffer. The IOVs were then filtered through a 
nitrocellulose membrane (Bio-Rad Laboratories, Feld-
kirchen Germany), and the membrane was dried. The 
dried membranes were later added scintillation fluid 
and radioactivity was measured using a Packard Top-
Count NXT (Packard, Downers Grove, IL, USA) [14, 
15].

Mass spectrometry (MS) analysis
Quantification of cAMP/AMP, cGMP/GMP and pentoxi-
fylline in PDE- and intracellular access experiments were 
performed with liquid chromatography tandem mass 
spectrometry (LC–MS/MS). Preparation of samples for 
LC–MS/MS-analysis is described in paragraphs above. 
The method was found to be linear from 0.2  nM to at 
least 2000  nM (r2 > 0.998) for cAMP, cGMP and AMP. 
For GMP the method was linear from 2  nM to at least 
2000 nM (r2 > 0.998), and 10 nM to at least 5000 nM for 
pentoxifylline (r2 > 0.998). Lower  limit of quantification 
(LLOQ) was found to be 0.2  nM for cAMP, cGMP and 
AMP, 2 nM for GMP and 10 nM for pentoxifylline (2 µl 
injection volume) [14, 15].

Data analysis
Analysis and graph production were performed in Sigma-
Plot 14.0 (Systat Software, San Jose, CA, USA.). Ability to 
inhibit the different elimination pathways, enzymes and 
efflux pumps, were calculated as IC50-values, as according 
to Chou [22]. Ki-values were obtained by using the meth-
ods described by Cheng and Prustoff [23]. Measurement 
of intracellular concentrations of drugs were adjusted for 
protein concentrations in each sample. The incubation 
concentrations were also adjusted for protein concentra-
tion in each sample to evaluate the access in percentage. 
Analysis of variance (ANOVA) with Holm-Sidak mul-
tiple comparison post-hoc test was performed to evalu-
ate changes in IC50-values compared to baseline (37  °C) 
for all elimination pathways. The same analysis was per-
formed for intracellular concentrations of pentoxifylline 
during hypothermia compared to baseline (37 °C). When 
data was not normally distributed ANOVA on ranks and 
Dunn`s post hoc test was performed. Data are presented 
as mean ± standard error of the mean (SEM). p-values 
were considered significant when < 0.05.
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Results
Intracellular access
Pentoxifylline incubated at a final concentration of 
100 µM was able to reach its intracellular site of action 
at all temperatures down to 20  °C. No significant 
changes were detected between temperatures for either 
absolute intracellular drug concentration in nmol/g or 
percent (%) of added pentoxifylline concentration per 
gram protein. (Table 1).

Phosphodiesterase‑activity
PDE3-activity was inhibited at all temperatures rang-
ing from 37 to 20 °C. No statistically significant changes 
were observed for IC50 – and Ki-values during hypo-
thermia (Tables 2, 3) (Figs. 1, 2).

During hypothermia down to 20 °C pentoxifylline was 
able to inhibit PDE5-mediated breakdown of cGMP. At 
20  °C, the IC50-values, and Ki-values for PDE5-inhibi-
tion by pentoxifylline was significantly increased com-
pared to normothermia (IC50: 39.4  µM ± 10.9  µM vs. 
7.70  µM ± 0.265  µM, Ki: 10.0 ± 2.78 vs. 1.95 ± 0.067, 
p-value = 0.011).

Cellular efflux
At temperatures below 28  °C, we observed no inhibi-
tion of cAMP-efflux and thus no results below 28 °C are 
presented.

Pentoxifylline was able to inhibit both cAMP-efflux 
and cGMP-efflux at all temperatures included in our 
hypothermia protocol. The observed IC50-values and 
Ki-values at different temperatures showed no statisti-
cally significant changes during hypothermia compared 

to normothermia for either cAMP- or cGMP-efflux 
(Tables 2, 3) (Figs. 3, 4).

Drug selectivity
Comparison between IC50-values at different tempera-
tures were performed to evaluate drug selectivity changes 
during hypothermia. (Table 4). The ratio between PDE3-
inhibition/PDE5-inhibition, showed an apparent decrease 
during reduction in temperature from 2.05 at 37  °C to 
0.788 at 20 °C. The ratio between IC50-values for cAMP-
efflux inhibition/cGMP-efflux inhibition, remained sta-
ble from 2.50 at 37 °C to 2.27 at 28 °C. The ratio between 
PDE3-inhibition/cAMP-efflux inhibition also remained 
stable during cooling (11.9 at 37 °C and 11.6 at 28 °C). The 
ratio between IC50 for PDE5-inhibiton/cGMP-efflux inhi-
bition increased during hypothermia from 14.5 at normo-
thermia to 102 at 20 °C, meaning that inhibition of cGMP 
elimination by pentoxyfilline is increasingly dependent on 
efflux-inhibition at low temperatures.

Table 1  Values depicting intracellular availability of pentoxifylline 
at temperatures ranging from 37 to 20 °C

Values are mean ± SEM. No significant change from 37 °C was detected for either 
absolute concentration nor %-difference

Intracellular 
availability

Pentoxifylline (nmol/g 
protein)

Pentoxifylline [% 
of added (drug)/g 
protein]

37 °C 17.7 ± 3.07 0.15 ± 0.021

34 °C 11.5 ± 0.755 0.15 ± 0.005

32 °C 21.5 ± 3.28 0.15 ± 0.018

28 °C 15.2 ± 2.19 0.15 ± 0.021

24 °C 31.5 ± 8.22 0.13 ± 0.018

20 °C 12.1 ± 3.07 0.12 ± 0.011

Table 2  IC50-values for inhibition of phosphodiesterase-3 (PDE3), 
phosphodiesterase-5 (PDE5), and inhibition of cAMP- and cGMP-
efflux at temperatures ranging from 37 to 20 °C

Values are mean ± SEM and given in µM. * Significant difference (p-value < 0.05), 
when compared to normothermic baseline. No inhibition of ABCC4-activity was 
detectable below 28 °C

Temperature PDE3 PDE5 cAMP-efflux cGMP-efflux

37 °C 15.8 ± 4.25 7.70 ± 0.265 1.33 ± 0.566 0.531 ± 0.338

34 °C 14.2 ± 1.51 10.7 ± 1.92 3.61 ± 2.59 0.893 ± 0.401

32 °C 26.7 ± 4.70 15.5 ± 0.753 2.01 ± 0.819 0.724 ± 0.206

28 °C 22.4 ± 6.36 24.3 ± 5.58 1.93 ± 1.11 0.851 ± 0.281

24 °C 29.2 ± 4.72 25.2 ± 6.57 – 0.502 ± 0.315

20 °C 31.0 ± 9.47 39.4 ± 10.9* – 0.388 ± 0.070

Table 3  Ki-values for inhibition of phosphodiesterase-3 (PDE3), 
phosphodiesterase-5 (PDE5), and inhibition of cAMP- and cGMP-
efflux at temperatures ranging from 37 to 20 °C

Values are mean ± SEM and given in µM. * Significant difference (p-value < 0.05), 
when compared to normothermic baseline. No inhibition of ABCC4-activity was 
detectable below 28 °C

Temperature PDE3 PDE5 cAMP-efflux cGMP-efflux

37 °C 0.723 ± 0.195 1.95 ± 0.067 0.805 ± 0.343 0.300 ± 0.191

34 °C 0.651 ± 0.069 2.71 ± 0.487 2.03 ± 1.46 0.505 ± 0.226

32 °C 1.22 ± 0.215 3.94 ± 0.191 1.16 ± 0.526 0.409 ± 0.116

28 °C 1.02 ± 0.291 6.17 ± 1.42 0.918 ± 0.465 0.481 ± 0.159

24 °C 1.34 ± 0.216 6.40 ± 1.67 – 0.320 ± 0.183

20 °C 1.42 ± 0.434 10.0 ± 2.78* – 0.602 ± 0.174
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Discussion
The present study shows that pentoxifylline has sustained 
effects on inhibiting elimination of cAMP and cGMP, 
through both inhibiting enzymatic breakdown and cel-
lular efflux, at temperatures down to 20 °C. The only sig-
nificant difference from baseline (37 °C) was detected at 
20 °C for PDE5-inhibition.

A large review on cardiovascular effects of pentoxifyl-
line from 2016 suggests the clinical serum concentra-
tions to be in the 1–10 µM range [24]. This corresponds 
to most of the IC50-values from our study, indicating 
that pentoxifylline may effectively inhibit both cAMP-
elimination and cGMP-elimination through PDE- and 
efflux inhibition during normo- and hypothermia. Inhib-
iting both cAMP and cGMP elimination could prove 
promising as both increased inotropy and increased 
vasodilation have alleviated HCD in vivo [8, 25]. Patients 

suffering from hypothermia show a high mortality rate 
and patient studies suggest that decreased cardiac func-
tion [19, 26] and altered hemodynamics play a role in the 
pathophysiology. While difficult to measure in humans 
suffering from hypothermia, the beforementioned 
in vivo experiments suggest decreased CO and increased 
TPR among the underlying mechanisms, causing HCD.

Increased TPR can also be a complication to veno-
arterial extra-corporeal membrane oxygenation (VA-
ECMO) [27], the gold-standard treatment of accidental 
hypothermia victims that require cardiovascular sup-
port during rewarming [1, 19]. During the VA-ECMO 
treatment when venous blood is drawn from the patient, 
pumped through an oxygenator and back to the arterial 
side, some blood still runs through the atriums, pulmo-
nary circulation, and ventricles of the heart. As the VA-
ECMO increases the blood flow and blood pressure, a 

Fig. 1  Temperature-dependent inhibition of phosphodiesterase-3 (PDE3) by pentoxifylline A Pentoxifylline inhibition curves for PDE3-activity 
at temperatures ranging from 37 to 20 °C. The doses of pentoxifylline are in logarithm of the concentration in mol/L. B Inhibition curves for 
PDE3-activity by pentoxifylline in % of normothermic inhibition curve at temperatures ranging from 37 to 20 °C. The doses of pentoxifyllne are in 
logarithm of the concentration in mol/L
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common complication is left ventricle (LV) failure, as the 
LV has to overcome increased afterload in order to eject 
blood through the aortic valve [27]. This, in turn, leads 
to decreased cardiac output and makes it problematic to 
wean patients off the VA-ECMO when rewarmed. Strat-
egies to overcome this VA-ECMO induced LV-failure 
include inotropes and vasodilators [27]. As IC50-values 
for PDE3- and PDE5-inhibition by pentoxifylline show 
similar concentrations both during hypothermia and 
normothermia, it is possible that administration of pen-
toxifylline in hypothermic patients on VA-ECMO can 
be beneficial as it provides both increased inotropy and 
vasodilation.

Traditionally, pentoxifylline is known as a drug used to 
treat patients with intermittent claudication [28]. Among 
the underlying mechanisms for its benefits is increased 

cAMP in erythrocytes, leading to increased flexibility 
of the erythrocytes and decreased blood viscosity [24]. 
The reduced viscosity eases blood passage past the ath-
erosclerotic plaques in intermittent claudication patients, 
increases peripheral blood flow and thus reduces leg 
pain. The same decrease in blood viscosity caused by 
pentoxifylline might also be useful for hypothermic 
patients. During hypothermia, blood viscosity increases 
and decreased organ specific blood flow is observed [29]. 
By lowering the blood viscosity, organ specific blood per-
fusion may increase as the erythrocytes become more 
flexible and increases the ability to reach organs through-
out the body [30]. In  vivo, a combination of inotropic 
support and vasodilation has shown promising effects 
for increasing the organ specific blood flow during hypo-
thermia and rewarming [25]. This effect was caused by 

Fig. 2  Temperature-dependent inhibition of phosphodiesterase-5 (PDE5) by pentoxifylline A Pentoxifylline inhibition curves for PDE5-activity 
at temperatures ranging from 37 to 20 °C. The doses of pentoxifylline are in logarithm of the concentration in mol/L. B Inhibition curves for 
PDE5-activity by pentoxifylline in % of normothermic inhibition curve at temperatures ranging from 37to 20 °C. The doses of pentoxifyllne are in 
logarithm of the concentration in mol/L
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a PDE3-inhibitor, levosimendan, which increases cAMP 
in both cardiac muscle and vascular smooth muscle. As 
these effects could be achievable with administration of 
pentoxifylline, the additional benefit of reduced blood 
viscosity advocates further assessment for use in hypo-
thermic patients.

Pentoxyfilline could however cause adverse effects, 
such as arrythmias and altered blood pressure [31]. Such 
complications are not uncommon in hypothermia per se 
[29], and it is possible that administering pentoxifylline 
to hypothermic patients, could lead to increased risk. 
Both in vivo, ex vivo and human data show that there is 
an increased risk of ventricular fibrillation (VF) in hypo-
thermia, when the core temperature is around 30  °C 
[32–34]. Potential aggravation of such lethal side effects 

should be further assessed in the experimental setting 
before clinical implementation of pentoxifylline for treat-
ment of hypothermic patients is considered.

Conclusion
IC50-values for cAMP- and cGMP-elimination appear 
similar for pentoxifylline in hypothermic conditions. 
This is clinically relevant as both increased inotropy 
and vasodilation through intracellular cAMP and 
cGMP increase are promising pathways to treat hypo-
thermic patients and prevent HCD. It is, however, 
important to assess the physiological and pharmacoki-
netic properties, as well as risk of possible side effects, 
to evaluate the safety of pentoxyfilline in hypothermic 
patients.

Fig. 3  Temperature-dependent inhibition of cAMP-efflux by pentoxifylline A Pentoxifylline inhibition curves for cAMP-efflux activity at 
temperatures ranging from 37 to 20 °C. The doses of pentoxifylline are in logarithm of the concentration in mol/L. B Inhibition curves for 
cAMP-efflux activity by pentoxifylline in % of normothermic inhibition curve at temperatures ranging from 37 to 20 °C. The doses of pentoxifyllne 
are in logarithm of the concentration in mol/L
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Fig. 4  Temperature-dependent inhibition of cGMP-efflux by pentoxifylline A Pentoxifylline inhibition curves for cGMP-efflux activity at 
temperatures ranging from 37 to 20 °C. The doses of pentoxifylline are in logarithm of the concentration in mol/L. B Inhibition curves for 
cAMP-efflux activity by pentoxifylline in % of normothermic inhibition curve at temperatures ranging from 37 to 20 °C. The doses of pentoxifyllne 
are in logarithm of the concentration in mol/L

Table 4  Values depicting selectivity of pentoxifylline for the different elimination pathways of cAMP and cGMP at temperatures 
ranging from 37 to 20 °C

Values are ratios between IC50-values

Temperature [PDE3-inhibition]/[PDE5-
inhibition]

[cAMP-efflux inhibition]/[cGMP-
efflux inhibition]

[PDE3-inhibition]/[cAMP-
efflux inhibition]

[PDE5-inhibition]/
[cGMP-efflux 
inhibition]

37 °C 2.05 2.50 11.9 14.5

34 °C 1.33 4.04 3.94 12.0

32 °C 1.72 2.78 13.3 21.4

28 °C 0.920 2.27 11.6 28.6

24 °C 1.16 – – 50.2

20 °C 0.788 – – 102



Page 9 of 10Selli et al. Scand J Trauma Resusc Emerg Med           (2022) 30:73 	

Author contributions
ALS, AKK, NS and TK conducted the experiments in the lab. O-MF analyzed 
the experiments using mass spectrometry. GS and ESD planned the study and 
contributed with their clinical knowledge and helped with technical issues. 
ALS performed the statistics and interpreted the results with ESD. ALS, AKK, 
and ESD wrote the manuscript. All authors read and approved the final version 
of the manuscript.

Funding
Open access funding provided by UiT The Arctic University of Norway (incl 
University Hospital of North Norway). The project was funded by the medi‑
cal research student program (Forskerlinjen) at UiT – The Arctic University 
of Tromsø to ALS, Stiftelsen Norsk Luftambulanse to AKK and the Northern 
Norwegian Health Authority [HNF1337-17] to ESD.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Ethical review and approval was not required for the study on human 
participants in accordance with the local legislation and institutional require‑
ments. The patients/participants provided their written informed consent to 
participate in this study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Medical Biology, Experimental and Clinical Pharmacology, 
UiT – The Arctic University of Norway, Tromsø, Norway. 2 Research and Devel‑
opment Department, Norwegian Air Ambulance Foundation, Oslo, Norway. 
3 Center for Psychopharmacology, Diakonhjemmet Hospital, Oslo, Norway. 
4 Anesthesia and Critical Care Research Group, Department of Clinical 
Medicine, UiT - The Arctic University of Norway, Tromsø, Norway. 5 Division 
of Diagnostic Services, Department of Laboratory Medicine, University Hospi‑
tal of North Norway, Tromsø, Norway. 6 Division of Surgical Medicine and Inten‑
sive Care, University Hospital of North Norway, Tromsø, Norway. 

Received: 16 September 2022   Accepted: 30 November 2022

References
	1.	 Paal P, Pasquier M, Darocha T, Lechner R, Kosinski S, Wallner B, et al. 

Accidental hypothermia: 2021 update. Int J Environ Res Public Health. 
2022;19(1):501.

	2.	 Vassal T, Benoit-Gonin B, Carrat F, Guidet B, Maury E, Offenstadt G. Severe 
accidental hypothermia treated in an ICU: prognosis and outcome. Chest. 
2001;120(6):1998–2003.

	3.	 Takauji S, Hifumi T, Saijo Y, Yokobori S, Kanda J, Kondo Y, et al. Associa‑
tion between frailty and mortality among patients with accidental 
hypothermia: a nationwide observational study in Japan. BMC Geriatr. 
2021;21(1):507.

	4.	 Colls Garrido C, Riquelme Gallego B, Sánchez García JC, Cortés Martín J, 
Montiel Troya M, Rodríguez BR. The effect of therapeutic hypothermia 
after cardiac arrest on the neurological outcome and survival-a system‑
atic review of RCTs published between 2016 and 2020. Int J Environ Res 
Public Health. 2021;18(22):11817.

	5.	 Luscombe M, Andrzejowski JC. Clinical applications of induced hypother‑
mia. Contin Educ Anaesth Crit Care Pain. 2006;6(1):23–7.

	6.	 Dankiewicz J, Cronberg T, Lilja G, Jakobsen JC, Levin H, Ullén S, et al. 
Hypothermia versus normothermia after out-of-hospital cardiac arrest. N 
Engl J Med. 2021;384(24):2283–94.

	7.	 Dietrichs ES, Håheim B, Kondratiev T, Traasdahl E, Tveita T. Effects of hypo‑
thermia and rewarming on cardiovascular autonomic control in vivo. J 
Appl Physiol. 2018;124(4):850–9.

	8.	 Håheim B, Kondratiev T, Dietrichs ES, Tveita T. The beneficial hemody‑
namic effects of afterload reduction by sodium nitroprusside during 
rewarming from experimental hypothermia. Cryobiology. 2017;77:75–81.

	9.	 Dietrichs ES, Schanche T, Kondratiev T, Gaustad SE, Sager G, Tveita T. 
Negative inotropic effects of epinephrine in the presence of increased 
β-adrenoceptor sensitivity during hypothermia in a rat model. Cryobiol‑
ogy. 2015;70(1):9–16.

	10.	 Tveita T, Sieck GC. The physiologic responses to epinephrine during cool‑
ing and after rewarming in vivo. Crit Care. 2011;15(5):R225.

	11.	 Dietrichs ES, Kondratiev T, Tveita T. Milrinone ameliorates cardiac mechan‑
ical dysfunction after hypothermia in an intact rat model. Cryobiology. 
2014;69(3):361–6.

	12.	 Dietrichs ES, Håheim B, Kondratiev T, Sieck GC, Tveita T. Cardiovascular 
effects of levosimendan during rewarming from hypothermia in rat. 
Cryobiology. 2014;69(3):402–10.

	13.	 Omori K, Kotera J. Overview of PDEs and their regulation. Circ Res. 
2007;100(3):309–27.

	14.	 Kuzmiszyn AK, Selli AL, Smaglyukova N, Kondratiev T, Fuskevåg OM, Lyså 
RA, et al. Treatment of cardiovascular dysfunction with PDE3-inhibitors 
in moderate and severe hypothermia-effects on cellular elimination of 
cyclic adenosine monophosphate and cyclic guanosine monophos‑
phate. Front Physiol. 2022;13: 923091.

	15.	 Selli AL, Kuzmiszyn AK, Smaglyukova N, Kondratiev TV, Fuskevåg O-M, Lyså 
RA, et al. Treatment of cardiovascular dysfunction with PDE5-inhibitors—
temperature dependent effects on transport and metabolism of cAMP 
and cGMP. Front Physiol. 2021. https://​doi.​org/​10.​3389/​fphys.​2021.​695779.

	16.	 Jedlitschky G, Burchell B, Keppler D. The multidrug resistance protein 5 
functions as an ATP-dependent export pump for cyclic nucleotides. J Biol 
Chem. 2000;275(39):30069–74.

	17.	 Sellers ZM, Naren AP, Xiang Y, Best PM. MRP4 and CFTR in the regulation 
of cAMP and β-adrenergic contraction in cardiac myocytes. Eur J Pharma‑
col. 2012;681(1–3):80–7.

	18.	 Sager G, Ravna AW. Cellular efflux of cAMP and cGMP—a question about 
selectivity. Mini Rev Med Chem. 2009;9(8):1009–13.

	19.	 Lott C, Truhlář A, Alfonzo A, Barelli A, González-Salvado V, Hinkelbein J, 
et al. European resuscitation council guidelines 2021: cardiac arrest in 
special circumstances. Resuscitation. 2021;161:152–219.

	20.	 Elin Orvoll RAL, Ravna AW, Georg S. Misoprostol and the sildenafil analog 
(PHAR-0099048) modulate cellular efflux of cAMP and cGMP differently. 
Pharmacol Pharm. 2013;4:104–9.

	21.	 Ellman GL, Courtney KD, Andres V Jr, Feather-Stone RM. A new and rapid 
colorimetric determination of acetylcholinesterase activity. Biochem 
Pharmacol. 1961;7:88–95.

	22.	 Chou TC. Derivation and properties of Michaelis-Menten type and Hill 
type equations for reference ligands. J Theor Biol. 1976;59(2):253–76.

	23.	 Cheng Y, Prusoff WH. Relationship between the inhibition con‑
stant (K1) and the concentration of inhibitor which causes 50 per 
cent inhibition (I50) of an enzymatic reaction. Biochem Pharmacol. 
1973;22(23):3099–108.

	24.	 McCarty MF, O’Keefe JH, DiNicolantonio JJ. Pentoxifylline for vascular 
health: a brief review of the literature. Open Heart. 2016;3(1): e000365.

	25.	 Håheim B, Kondratiev T, Dietrichs ES, Tveita T. Comparison between two 
pharmacologic strategies to alleviate rewarming shock: vasodilation vs. 
inodilation. Front Med. 2020. https://​doi.​org/​10.​3389/​fmed.​2020.​566388.

	26.	 Oksanen T, Skrifvars M, Wilkman E, Tierala I, Pettilä V, Varpula T. Postresusci‑
tation hemodynamics during therapeutic hypothermia after out-of-
hospital cardiac arrest with ventricular fibrillation: a retrospective study. 
Resuscitation. 2014;85(8):1018–24.

	27.	 Rao P, Khalpey Z, Smith R, Burkhoff D, Kociol RD. Venoarterial extracorpor‑
eal membrane oxygenation for cardiogenic shock and cardiac arrest. Circ 
Heart Fail. 2018;11(9):004905.

	28.	 Salhiyyah K, Senanayake E, Abdel‐Hadi M, Booth A, Michaels JA. Pen‑
toxifylline for intermittent claudication. Cochrane Database Syst Rev. 
2012;1:CD005262. https://​doi.​org/​10.​1002/​14651​858.​CD005​262.​pub2. 
Update in: Cochrane Database Syst Rev. 2015;9:CD005262.

	29.	 Bjertnæs LJ, Næsheim TO, Reierth E, Suborov EV, Kirov MY, Lebedinskii 
KM, et al. Physiological changes in subjects exposed to accidental 

https://doi.org/10.3389/fphys.2021.695779
https://doi.org/10.3389/fmed.2020.566388
https://doi.org/10.1002/14651858.CD005262.pub2


Page 10 of 10Selli et al. Scand J Trauma Resusc Emerg Med           (2022) 30:73 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

hypothermia: an update. Front Med (Lausanne). 2022;9:824395. https://​
doi.​org/​10.​3389/​fmed.​2022.​824395.

	30.	 Calzia E, Iványi Z, Radermacher P, editors. Determinants of blood flow 
and organ perfusion. Functional hemodynamic monitoring; 2005 2005//; 
Berlin, Heidelberg: Springer Berlin Heidelberg.

	31.	 Annamaraju P, Baradhi KM. Pentoxifylline. StatPearls. Treasure Island (FL): 
StatPearls Publishing. Copyright © 2022, StatPearls Publishing LLC.; 2022.

	32.	 Dietrichs ES, Tveita T, Myles R, Smith G. A novel ECG-biomarker for 
cardiac arrest during hypothermia. Scand J Trauma Resusc Emerg Med. 
2020;28(1):27.

	33.	 Dietrichs ES, McGlynn K, Allan A, Connolly A, Bishop M, Burton F, et al. 
Moderate but not severe hypothermia causes pro-arrhythmic changes in 
cardiac electrophysiology. Cardiovasc Res. 2020;116(13):2081–90.

	34.	 Dietrichs ES, Selli AL, Kondratiev T, McGlynn K, Smith G, Tveita T. Resist‑
ance to ventricular fibrillation predicted by the QRS/QTc—ratio in an 
intact rat model of hypothermia/rewarming. Cryobiology. 2021;98:33–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.3389/fmed.2022.824395
https://doi.org/10.3389/fmed.2022.824395

	Pharmacodynamic properties for inhibition of cAMP- and cGMP elimination by pentoxifylline remain unaltered in vitro during hypothermia
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Temperatures
	Intracellular access
	Enzyme inhibition
	Cellular efflux inhibition
	Mass spectrometry (MS) analysis
	Data analysis

	Results
	Intracellular access
	Phosphodiesterase-activity
	Cellular efflux
	Drug selectivity

	Discussion
	Conclusion
	Acknowledgements
	References


