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Abstract

Human erythrocytes participate in the regulation of
vascular diameter in the microcirculation through the controlled
release of the vasodilator adenosine triphosphate (ATP) in
response to physiological stimuli, including exposure to low
oxygen tension as occurs in the microcirculation of skeletal
muscle. The localized release of this vasodilator has been
suggested to be an important mechanism for matching perfusion
(oxygen delivery) with need in this tissue. However, in certain
diseases, such as type 2 diabetes (DM2), the ability of
erythrocytes to release ATP in response to this stimulus is
severely compromised. This defect in erythrocyte physiology
could contribute to impairment of vasodilation in the peripheral
circulation leading to vascular insufficiency and delayed wound
healing. It has been shown that inhibitors of specific
phosphodiesterases (PDEs) can augment low oxygen-induced
ATP release from erythrocytes of humans with DM2. However,
these drugs are associated with serious side effects that limit their
use in clinical medicine.

Here we summarize the evidence in support of the
hypothesis that delivery of PDE3 inhibitors encapsulated in
liposomes to erythrocytes could provide a new approach for the
treatment of DM2. In addition we report that inhibitors of PDE5
can also rescue low oxygen-induced ATP release from DM2
erythrocytes making this class of drugs another that could be
targeted to erythrocytes.
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Introduction:

It is estimated that there are more
than 300 million individuals with type 2
diabetes (DM2) world-wide making this
disease a major public health challenge [1].
Impaired vascular function is a significant
complication of DM2 with cardiovascular
disease accounting for nearly half of the
deaths in humans with this condition [2,3].
Individuals with DM2 have a four-fold
increased risk for claudication [1] and as
much as a sixteen-fold increased risk for
lower limb amputation [3-6]. Although this
vascular disease is, in part, the result of an
increased incidence of atherosclerosis in
large conduit vessels [16], there is also
extensive evidence that microvascular
circulatory control is abnormal in humans
with DM2 [7-10].

Patients with DM2 have diminished
muscle blood flow both at rest [9] and with
exercise [10]. Although direct studies of the
skeletal muscle microcirculation are not
possible in humans, such studies have been
undertaken in several animal models of
diabetes [11-13]. These studies demonstrate
marked reductions in: 1) oxygen delivery
[11,12], 2) capillary erythrocyte flux [12]
and 3) convective oxygen delivery and
Taken

together, these reports indicate that, in DM2,

diffusive oxygen transport [11].
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oxygen delivery to skeletal muscle in
amounts required to appropriately meet
metabolic need is impaired.

It has been suggested that both
endothelium-dependent and endothelium-
independent vasodilation is impaired in
humans with DM2 [14-18]. It has also been
suggested that there is reduced nitric oxide
(NO) [19], NO
degradation [20] and/or abnormalities in the

synthesis increased

vascular smooth muscle [21] in these
individuals. These reports demonstrate that,
although vasodilation in response to both
pharmacological and physiological stimuli is
impaired in humans with DM2, the
mechanisms responsible for this impairment

have not been fully characterized.

Role of erythrocytes in the control of the
distribution of  perfusion in the
microcirculation:

Although the erythrocyte is often
considered to be primarily a cell dedicated
to the transport and delivery of oxygen to
the tissues, this cell has also been shown to
participate in the regulation of vascular
caliber [22-28]. In skeletal muscle, a critical
stimulus for local dilation of blood vessels is
the release of the vasodilator, adenosine
(ATP) erythrocytes

exposed to low oxygen tension [22-28].

triphosphate from
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Indeed, this property of erythrocytes to
stimulate vasodilation specifically in areas
of decreased oxygen tension (increased
oxygen utilization relative to supply) can
influence the distribution of blood flow in
the microcirculation of skeletal muscle
resulting in optimal matching of the delivery
of oxygen with need [27-29]. In humans
with type 2 diabetes (DM2), the ability of
erythrocytes to release ATP in response to
exposure to low oxygen tension is severely

impaired [30-33].

A signaling pathway for low oxygen-
induced ATP release from erythrocytes:
ATP is a highly charged molecule
that does not freely cross cell membranes.
Therefore, the regulated release of ATP
from erythrocytes requires the presence of
signaling pathways that respond to discrete
stimuli (Figure 1). Low oxygen tension-
induced ATP release requires activation of
the heterotrimeric G-protein G; [34]. In this
signaling pathway, the next steps require
sequential activation of adenylyl cyclase
(AC) [35,36], protein kinase A (PKA) [37]
and the cystic fibrosis transmembrane
conductance regulator (CFTR) [38,39]. The
final ATP conduit in this signaling pathway
is pannexin 1[40]. Importantly, it has been

shown that expression of a single G; isoform
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(Gi2) is reduced in erythrocytes of humans
with DM2 [30,31] and is associated with
markedly reduced ATP release in response
to exposure of these cells to low oxygen
tension [31,32]. Although no mechanism to
increase Gi, expression in DM2 erythrocytes
has been proposed, it has been reported that
pharmacological approaches can increase
the activity of the low oxygen signaling
pathway for ATP release from these cells.
Cyclic AMP is a critical second
messenger in pathways for ATP release
from erythrocytes [35,36].
CAMP levels must be tightly regulated to

In all cells,

keep activation of signaling pathways and
associated cellular responses discrete. In the
low oxygen pathway for ATP release from
erythrocytes, levels of CAMP are regulated
by phosphodiesterase 3 (PDE3) [41,42]
(Figure 1). Importantly, inhibitors of PDE3
activity have been shown to potentiate
CAMP levels and increase ATP release in
response to tension in
erythrocytes of humans with DM2 [43].

However, in

low oxygen

clinical use, systemic
administration of PDE3 inhibitors has been
reported to have adverse cardiovascular
effects that limit the use of such drugs in
humans with DM2 [44]. If PDE3 inhibitors
could be

delivered  selectively to

erythrocytes, it is possible that such adverse
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effects could be minimized. One approach
for the selective delivery of drugs to
erythrocytes is via the use of liposomes [45].

Liposome construction:

Liposomes may be composed of one
or many bilayer membranes (unilamellar or
multilamellar). They can range in size from
a few nanometers to several micrometers in
diameter. Measurement of liposomal size
can be determined by several methods
including light scatter [46], flow cytometry
[47], and electron microscopy [48]. In
addition to size, the number of membranes
in a liposome can affect its ability to release
its contents into a cell once it fuses with the
membrane of the target cell [49].

When

different phospholipids can be selected on

constructing  liposomes,
the basis of their charge to result in desired

surface  properties of the liposomal

membrane.  The electrical charge of a
liposome can affect its binding affinity for
different cell types [49,50].

negative charges appear to be beneficial for

Specifically,

the fusion of liposomes with erythrocytes
[48,49].

also been used, the incidence of hemolysis

Although positive charges have

of erythrocytes was increased under these
conditions [48,51].
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In addition to total charge, different
lipids used to construct liposomes contain
different numbers and/or arrangements of
atoms as well as single or double bonds
which allow these molecules to be even
more individualized [49].

Cholesterol and other components
are often added to liposomes to stabilize
their membranes, to more closely model
cellular membranes, and/or to alter binding
or fusion of liposomes to cells [52,53].
These alterations can affect the fluidity of
the liposomal membrane. Membrane
fluidity strongly affects the likelihood of
fusion between liposomes and cells [54].
Importantly, liposomes with increased
membrane fluidity were reported to display
enhanced binding with erythrocytes [55].
Other components that may be added to
liposomes to enhance selective binding of
liposomes to specific cell types or tissues
include selective antibodies [56-58] or other
molecules to decrease recognition of
liposomes by the immune system [46]. In
addition to the molecular constituents of
liposomes, the medium in which liposomes
and cells are incubated as well as the length
of time, concentration, and temperature can
also strongly influence the effectiveness of
subsequent liposome-cell interactions and

fusion events [52,59]. Thus, liposome-
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erythrocyte interactions are complex and not
all liposome compositions are "erythrocyte-
friendly" [51, 59, 60].

Liposomal delivery of a PDE inhibitor to

human erythrocytes: Effect on low
oxygen-induced ATP release:

Liposomes are capable of selectively
delivering drugs to erythrocytes [59,61].
Recently, the ability to use liposomes to
target a PDE3 inhibitor to human eryth-
rocytes was shown by Dergunov, et al. [62].
In this study it was established that
liposomes

phosphatidylcholine (DMPC): 1) have no

composed of dimyristoyl-
adverse effect on erythrocyte morphology
and 2) can transport the PDE3 inhibitor,
cilostazol [62]. These investigators demo-
nstrated that erythrocytes of patients with
DM2 did not release ATP in response to
exposure to low oxygen in the presence of
liposomes that did not contain cilostazol.
However, in contrast, incubation of DM2
erythrocytes with cilostazol-loaded lipo-
somes restored the physiological release of
ATP to these cells in response to low

oxygen tension [62].
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Potential role of PDE5 inhibitors in the
regulation of low oxygen-induced ATP
release from human erythrocytes:

It is important to note that, in
addition to selective pharmacological
agents, PDE3 is also inhibited endogenously
by cGMP [63,64].

contain

Human erythrocytes
soluble guanylyl and
generate cGMP [42,65].
cells contain PDE5, a PDE that hydrolyzes
cGMP [42] (Figure 1). Thus, inhibition of

PDES that results in increased cGMP levels

cyclase
In addition, these

in the erythrocyte would, in turn, inhibit
PDE3 activity and increase low oxygen-
Here we
DM2

erythrocytes with either of two chemically

induced ATP release (Figure 1).

report that that treatment of
dissimilar PDES5 inhibitors (zaprinast or
tadalafil) rescues the ability of these cells to
release ATP when exposed to low oxygen
tension (Figure 2).  Studies are currently
underway to determine if PDE5 inhibitors
can be incorporated into liposomes and

targeted to human erythrocytes.

Summary:

Liposomal drug delivery has been
studied for decades. However, the challenge
remains in finding the right combination of
liposomal components to allow for the

effective incorporation of specific drugs into
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the liposome to provide selective delivery of
the  liposome-encapsulated
erythrocytes. The feasibility of

drugs to
this
approach is confirmed by studies described
here demonstrating that selective delivery of
PDE3 inhibitors to DM2 erythrocytes can be
effective in rescuing the physiological
response (ATP release) to the stimulus of
low oxygen tension. We propose that
liposomal

erythrocyte

delivery of drugs to the
should be

considered as a new therapeutic strategy for

more seriously

the treatment or management of the vascular

disease associated with DM2.

Acknowledgements:
The authors would like to thank J. L.

Sprague and J. E. Bowles for inspiration.

References:

1. Collison DJ, Rea R and Donnelly R:
Masterclass series in peripheral arterial
disease. Vasc Med. 9:307-10, 2004.

2. Stern MP: The effect of glycemic control

on the incidence of macrovascular
complications of diabetes. Arch Fam Med.
7:155-62, 1998. http://dx.doi.org/10.1001/

archfami.7.2.155

Liposomal drug delivery to RBCs

Dec. 2016

3. Morrish NJ, Wang S-L, Stevens LK,
JH, Keen H and the WHO
Multinational Study Group: Mortality and

Fuller

causes of death in the WHO multinational

study of wvascular disease in diabetes.
Diabetologia 44:5S14-21, 2001. http://dx.doi.

0rg/10.1007/PL00002934

4. Uusitipa M, Niskanen L, Siitonen O and

Pyorala K: 5-year incidence of
atherosclerotic vascular disease in relation to
gender, risk factors, insulin level and
abnormalities in lipoprotein composition in
non-insulin dependent diabetic and non-
diabetic individuals. Circulation 82:27-36,

1990.

5. Fowkes FG: Epidemiological research on

peripheral  vascular disease. J Clin

Epidemiol. 54:863-8, 2001.

6. Melher P, Jeffers B, Estacio R and
Schrier R: Association of hypertension and
complications in NIDDM. Am J Hypertens.
10:152-61, 1997. http://dx.doi.org/10.1016/
S0895-7061(96)00344-5

7. Jaap A.J, et al.: Reduced microvascular
hyperaemia in subjects at risk of developing

type 2 (non-insulin-dependent) diabetes

Copyright 2016 Internal Medicine Review. All Rights Reserved. Vol. 2, Issue 11

6



Internal Medicine Review

mellitus. Diabetologia 37: 214-6, 1994.
http://dx.doi.org/10.1007/s001250050096

8. Jaap AJ, Shore AC and Tooke JE:

Relationship of insulin resistance to
microvascular dysfunction in subjects with
fasting hyperglycemia. Diabetologia 40:
238-43, 1997. http://dx.doi.org/10.1007/

5001250050669

9. Regensteiner JG, et al.: Oral L-arginine
and vitamin E and C improve endothelial
function in women with type 2 diabetes.
Vasc. Med. 8:169-75, 2003. http://dx.
doi.org/10.1191/1358863x03vm4890a

10. Kingwell BA, Formosa M, Muhlmann
M, Bradley SJ and McConell GK: Type 2
diabetic individuals have impaired leg blood
Role of
endothelium-dependent vasodilation.
Diabetes 26:899-904, 2003.
http://dx.doi.org/10.2337/diacare.26.3.899

flow responses to exercise:

Care

11. Padilla DJ, McDonough P, Behnke BJ,
Kano, Y, Hageman KS, Musch Tl and Poole
DC: Effects of type Il diabetes on capillary
hemodynamics in skeletal muscle. Am J

Physiol. 291:H2439-44, 2006.

Liposomal drug delivery to RBCs

Dec. 2016

12. Behnke, BJ, Kinding CA, McDonough
P, Poole DC and Sexton WL: Dynamics of
microvascular oxygen pressure during rest-
contraction transition in skeletal muscle of
diabetic rats. Am J Physiol. 283:H926-32,
2002.

13. Frisbee JC: Impaired dilation of skeletal
muscle microvessels to reduce oxygen
tension in diabetic obese Zucker rats. Am J

Physiol. 281:H1568-74, 2001.

14. Hsueh WA and Quinones MJ: Role of
endothelial dysfunction in insulin resistance.
Am J Cardiol. 92(suppl):10j-17j, 2003.
http://dx.doi.org/10.1016/S0002-9149(03)0
0611-8

15. McVeigh GE, Brennan GM, Johnston
BJ, McGrath LT, Henery WR, Andrews JW
and Hayes J.R: Impaired endothelium-
dependent and independent vasodilation in
patients with type 2 (non-insulin-dependent)
diabetes mellitus. Diabetologia 35:771-776,

1992.

16. Williams SB, Cusco JA, Roddy M-A,
Johnstone MT and Creager MA: Impaired
vasodilation in

nitric  oxide-mediated

patients with non-insulin-dependent diabetes

Copyright 2016 Internal Medicine Review. All Rights Reserved. Vol. 2, Issue 11

7


http://dx.doi.org/10.1007/s001250050096
http://dx.doi.org/10.2337/diacare.26.3.899

Internal Medicine Review

mellitus. J Am Coll Cardiol.

1996.

27:567-574,

17. Yugar-Toledo JC et al.: Uncontrolled

type I
smoking have different

Chest

hypertension, uncompensated

diabetes, and
patterns of vascular dysfunction.

125:823-830, 2004.

18. Bagi Z, Koller A and Kaley G:
Superoxide-NO interaction decreases flow-
and agonist-induced dilations of coronary
arterioles in Type 2 diabetes mellitus. Am J
Physiol. 285:H1404-H1410, 2003.

19. McVeigh GE, Brennan GM, Johnston
BJ, McGrath LT, Henery WR, Andrews JW
and Hayes J.R: Impaired endothelium-
dependent and independent vasodilation in
patients with type 2 (non-insulin-dependent)
diabetes mellitus. Diabetologia 35:771-776,

1992.

20. Williams SB, Cusco JA, Roddy M-A,
Johnstone MT and Creager MA: Impaired
nitric  oxide-mediated  vasodilation in
patients with non-insulin-dependent diabetes
mellitus. J Am Coll Cardiol. 27:567-574,
1996. http://dx.doi.org/10.1016/0735-1097

(95)00522-6

Liposomal drug delivery to RBCs

Dec. 2016

21. Yugar-Toledo JC et al.: Uncontrolled
type I
different
patterns of vascular dysfunction. Chest
125:823-830, 2004. http://dx.doi.org/10.13
78/chest.125.3.823

hypertension, uncompensated

diabetes, and smoking have

22. Ellsworth ML, Forrester T, Ellis CG and
Dietrich HH. The erythrocyte as a regulator
of vascular tone. Am J Physiol-Heart C.
269:H2155-H2161, 1995.

23. Sprague RS, Hanson MS, Achilleus D,
Bowles EA, Stephenson AH, Sridharan M,
Adderley S, Procknow J and Ellsworth ML.
Rabbit erythrocytes release ATP and dilate
skeletal muscle arterioles in the presence of
reduced oxygen tension. Pharmacol Rep.
61:183-190, 2009. http://dx.doi.org/10.1016
/S1734-1140(09)70020-9

24. Ellsworth ML and Sprague RS.
Regulation of blood flow distribution in
skeletal muscle: role of erythrocyte-released
ATP. J Physiol. 590:4985-4991, 2012.
http://dx.doi.org/10.1113/jphysiol.2012.233
106

25. Dietrich HH, Ellsworth ML, Sprague RS
and Dacey RG. Red blood cell regulation of

microvascular tone through adenosine

Copyright 2016 Internal Medicine Review. All Rights Reserved. Vol. 2, Issue 11

8



Internal Medicine Review

triphosphate. Am J Physiol 278:H1294-

H1298, 2000.

26. Sprague RS, Bowles EA, Achilleus D
Ellsworth  ML. Erythrocytes as
controllers of perfusion distribution in the

and

microvasculature of skeletal muscle. Acta
Physiol. 2002:285-292, 2011. http://dx.doi.
0rg/10.1111/5.1748-1716.2010.02182.x

27. Ellsworth ML, Ellis CG, Goldman D,
Stephenson AH, Dietrich HH and Sprague
RS. Erythrocytes: Oxygen sensors and
modulators of vascular tone. Physiology.
(Bethesda) 24:107-116, 2009. http://dx.doi.

0rg/10.1152/physiol.00038.2008

28. Ellsworth ML, Ellis CG and Sprague
RS. Role of erythrocyte-released ATP in the
regulation of microvascular oxygen supply
in skeletal muscle. Acta Physiol. 216:265-
276, 2016. http://dx.doi.org/10.1111/apha.
12596

29. Goldman D, Fraser GM, Sprague RS,
Ellsworth ML, Ellis CG and Stephenson,
AH: Toward a multiscale description of
microvascular flow regulation: the pathway
for O2-dependent release of ATP from
human erythrocytes and the distribution of

ATP in capillary networks. Frontiers in

Liposomal drug delivery to RBCs

Dec. 2016

Physiology, 3: article 246, 2012.

http://dx.doi.org/10.3389/fphys.2012.00246

30. Sprague RS, Stephenson AH, Bowles
EA, Stumpf MS, Ricketts G and Lonigro A.:
Expression of the heterotrimeric G protein
Gi and ATP
erythrocytes of humans with diabetes
mellitus. Adv. Exp. Med. & Bio. 588:207-
16, 2006. http://dx.doi.org/10.1007/978-0-
387-34817-9_18

release are impaired in

31. Sprague RS, Stephenson AH, Bowles
EA, Stumpf MS and Lonigro AJ: Reduced
expression of G; in erythrocytes of humans
with diabetes type 2 is associated with
impairment of both cAMP generation and
ATP release. Diabetes 55:3588-3593, 2006.
http://dx.doi.org/10.2337/db06-0555

32. Sprague RS, Goldman D, Bowles EA,
Achilleus D, Stephenson AH, Ellis CG and
Ellsworth ML: Divergent effects of low O,
tension and iloprost on ATP release from
erythrocytes of humans with type-2
diabetes: Implications for O2 supply to
skeletal muscle. Am J Physiol-Heart C.
299:H566-H573, 2010. http://dx.doi.org/10.

1152/ajpheart.00430.2010

Copyright 2016 Internal Medicine Review. All Rights Reserved. Vol. 2, Issue 11

9


http://dx.doi.org/10.1007/978-0-387-34817-9_18
http://dx.doi.org/10.1007/978-0-387-34817-9_18
http://dx.doi.org/10.2337/db06-0555

Internal Medicine Review

33. Wasanthi

Simultaneous determination of cell aging

S and Spence DM:
and ATP release from erythrocytes and its
implications in type 2 diabetes. Anal Chim
Acta 618:227-233, 2008. http://dx.doi.org/
10.1016/j.aca.2008.04.061

34. Olearczyk JJ Stephenson AH, Loingro
AJ and Sprague RS. Heterotrimeric G
protein G; is involved in a signal
transduction pathway for ATP release from
erythrocytes. Am J Physiol-Heart C. 2004;
286(3):H940-H945. http://dx.doi.org/10.115

2/ajpheart.00677.2003

35. Sprague RS, Ellsworth ML, Stephenson
AH and Lonigro AJ: Participation of CAMP
in a signal-transduction pathway relating
erythrocyte deformation to ATP Release.
Am J Physiol. 281: C1158-C1164, 2001.

36. Sprague RS, Bowles EA, Stumpf M,
Ricketts G Freidman A, Hou W-H,
Stephenson A and Lonigro A: Rabbit
erythrocytes possess adenylyl cyclase type Il
that is activated by the heterotrimeric G
Proteins Gs and G;. Pharmacol Rep 57:222-
228, 2005.

37. Adderley SP, Sridharan M, Bowles EA,
Stephenson AH, Ellsworth ML and Sprague

Liposomal drug delivery to RBCs

Dec. 2016

RS: Protein Kinases A and C regulate
receptor-mediated increases in CAMP in
rabbit erythrocytes. Am J Physiol-Heart C.
298:H586-93, 2010. http://dx.doi.org/10.115
2/ajpheart.00975.2009

38. Sprague RS, Ellsworth ML, Stephenson
AH, Kleinhenz ME and Lonigro AJ:
Deformation-induced ATP release from red
blood
transmembrane
activity. Am J Physiol 275:H1726-H1732,
1998.

cells requires cystic fibrosis

conductance  regulator

39. Liang G, Stephenson AH, Lonigro AJ
and Sprague RS: Erythrocytes of humans
with cystic fibrosis fail to stimulate nitric
oxide synthesis in isolated rabbit lungs. Am
J Physiol 288:H1580-H1585, 2005. http://
dx.doi.org/10.1152/ajpheart.00807.2004

40. Sridharan M, Sprague RS, Adderley SP,
Bowles EA, Ellsworth ML and Stephenson
AH. Diamide decreases deformability of
rabbit erythrocytes and attenuates low
oxygen tension-induced ATP release. Exp
Biol Med. 235(9):1142-1148, 2010. http://

dx.doi.org/10.1258/ebm.2010.010118

41. Adderley SP, Sprague RS, Stephenson
AH and Hanson MS. Regulation of cAMP

Copyright 2016 Internal Medicine Review. All Rights Reserved. Vol. 2, Issue 11

10



Internal Medicine Review

by phosphodiesterases in erythrocytes.
Pharmacol Rep. 62(3):475-482, 2010. http://

dx.doi.org/10.1016/S1734-1140(10)70303-0

42. Adderley SP, Thuet KM, Sridharan M,
Bowles EA, Stephenson AH, Ellsworth ML
and Sprague RS. Identification of cytosolic
phosphodiesterases in the erythrocyte: a
possible role for PDE5. Med Sci Monitor
17(5):CR241-CR247, 2010. http://dx.doi.org
/10.12659/MSM.881763

43. Sprague RS, Bowles EA, Achilleus D,
Stephenson AH, Ellis CG and Ellsworth
ML: A selective phosphodiesterase 3
low POg-induced ATP

release from erythrocytes of humans with

inhibitor rescues

type 2 diabetes: Implication for vascular
control, Am J Physiol 301:H2466-72, 2011.
http://dx.doi.org/10.1152/ajpheart.00729.20
11

44. Packer M, Carver JR, Rodeheffer RJ,
Ivanhoe RJ, DiBianco R, Zeldis SM, et al.:
Effect of oral milrinone on mortality in
severe chronic heart failure: The PROMISE
Study Research Group, N Engl J Med
325:1468-1475, 1991. http://dx.doi.org/10.
1056/NEJM199111213252103

Liposomal drug delivery to RBCs

Dec. 2016

45. Chang H-1 and Yeh M-I. Clinical
development of liposome-based drugs:

formulation, characterization, and
therapeutic efficacy. Int J Nanomed. 7:49-

60, 2012.

46. Immordino ML, Dosio F and Cattel L.
Stealth liposomes: review of the basic
science, rationale, and clinical applications,
existing and potential. Int J Nanomed.

1:297-315, 2006.

47. Vorauer-Uhl K, Wagner A, Borth N and
Katinger H. Determination of liposome size
distribution by flow cytometry. Cytometry
39:166-171, 2000. http://dx.doi.org/10.1002/
(SICI)1097-0320 (20000201)39:2%3C166::
AID-CYTO10%3E3.3.CO;2-D

48. Martin FJ and MacDonald RC. Lipid

vesicle-cell interactions. 1. Hemaggluti-
nation and hemolysis. J Cell Biol. 70:494-
505, 1976. http://dx.doi.org/10.1083/jcb.70.

3.494

49. Holovati JL, Gyongyossy-Issa MIC and
Acker JP. Effect of liposome charge and
composition on the delivery of trehalose into
red blood cells. Cell Preserv Technol. 6:207-
218.49, 2008.

Copyright 2016 Internal Medicine Review. All Rights Reserved. Vol. 2, Issue 11

11


http://dx.doi.org/10.1152/ajpheart.00729.2011
http://dx.doi.org/10.1152/ajpheart.00729.2011

Internal Medicine Review

50. Martin FJ and MacDonald RC. Lipid
vesicle-cell interactions. 1. Induction of cell
fusion. J Cell Biol. 1976; 70:506-514.
http://dx.doi.org/10.1083/jcb.70.3.506

51. Senior JH, Trimble KR and Maskiewicz
R.  Interacton of  positively-charged
liposomes with blood: implications for their
application in vivo. Biochim Biophys Acta.
1070:173-179, 1991. http://dx.doi.org/10.

1016/0005-2736(91)90160-A

52. Briuglia M-L, Rotella C, McFarlane A
and Lamprou DA. Influence of cholesterol
on liposomes stability and on in vitro drug
release. Drug Deliv Transl Res. 5:231-242,
2015. http://dx.doi.org/10.1007/s13346-015-
0220-8

53. Kirby C, Clarke J and Gregoriadis G.
Effect of the cholesterol content of small
unilamellar liposomes on their stability in
vivo and in vitro. Biochem J. 186(2):591-
598, 1980. http://dx.doi.org/10.1042/bj1860
591

54. Drulis-Kawa Z and Dorotkiewicz-Jach
A. Liposomes as delivery systems for
antibiotics. Int J Pharm. 387:187-198, 2010.
http://dx.doi.org/10.1016/j.ijpharm.2009.11.
033

Liposomal drug delivery to RBCs

Dec. 2016

55. Tomita T, Wtanabe M and Yasuda T.
Influence of membrane fluidity on the
assembly of Staphylococcus aureus alpha-
toxin, a channel-forming protein, in
liposome membrane. Biol Chem. 267(19):

13391-13397, 1992.

56. Singhal A, Bali A and Gupta CM.
Antibody-mediated targeting of liposomes to
erythrocytes
Biophys Acta 880:72-77, 1986. http://dx.
doi.org/10.1016/0304-4165(86)90121-2

in whole blood. Biochim

57. Smirnov VN, Domogatsky SP, Dolgov
VV, Hvatov VB, Kibanov AL, Koteliansky
VE, Muzykantov VR, Repin VS, Samokhin
GP, Shekhonin BV, Smirnov MD, Sviridov
DD, Torchilin VP and Chazov El: Carrier-
directed targeting of liposomes and
erythrocytes to denuded areas of vessel wall.
P Natl Acad Sci USA 83:6603-6607, 1986.

http://dx.doi.org/10.1073/pnas.83.17.6603

58. Heath TD, Fraley RT, Bentz J, Voss
EW, Jr., Herron JN and Papahadjopoulos D.
Antibody-directed liposomes: determination
of affinity constants for soluble and
liposome-bound antifluorescein. Biochim
Biophys Acta. 770:148-158, 1984. http://dx.

doi.org/10.1016/0005-2736(84)90124-X

Copyright 2016 Internal Medicine Review. All Rights Reserved. Vol. 2, Issue 11

12


http://dx.doi.org/10.1083/jcb.70.3.506
http://dx.doi.org/10.1007/s13346-015-0220-8
http://dx.doi.org/10.1007/s13346-015-0220-8
http://dx.doi.org/10.1016/j.ijpharm.2009.11.033
http://dx.doi.org/10.1016/j.ijpharm.2009.11.033
http://dx.doi.org/10.1073/pnas.83.17.6603

Internal Medicine Review

59. Chandra S, Agrawal AK and Gupta CM.
Chloroquine delivery to erythrocytes in
Plasmodium berghei-infected mice using
antibody-bearing  liposomes as  drug
vehicles. J Bioscience 16(3):137-144, 1991.

http://dx.doi.org/10.1007/BF02703366

Shlomo N.
Mechanisms and kinetics of liposome-cell

61. Dduzgines N and
interactions. Adv Drug Deliver Rev. 40:3-
18, 1999. http://dx.doi.org/10.1016/S0169-
409X(99)00037-X

62. Owais M, Varshney GC, Choudhury A,
Chandra S and Gupta CM. Chloroquine
encapsulated in malaria-infected
erythrocyte-specific antibody-bearing
liposomes effectively controls chloroquine-
resistant Plasmodium berghei infections in
mice. Antimicrob Agents Ch. 39(1):180-
184, 1995. http://dx.doi.org/10.1128/AAC.

39.1.180

63. Dergunov SA, Bowles EA, Gordon W,
Green M, Bierman A, Ellsworth ML
Pinkhassik E and Sprague RS: Liposomal

delivery of a phosphodiesterase 3 inhibitor

Liposomal drug delivery to RBCs

Dec. 2016

rescues low oxygen-induced ATP release
from erythrocytes of humans with type 2
diabetes. Biochem Biophys Rep. 2:137-142,
2015. http://dx.doi.org/10.1016/j.bbrep.
2015.05.011

63. Conti M, and Beavo J. Biochemistry and

physiology of cyclic nucleotide
phosphodiesterases: essential components in
cyclic nucleotide signaling. Annu Rev
Biochem. 76: 481-511, 2007. http://dx.doi.
org/10.1146/annurev.biochem.76.060305.15

0444

64. Zhang W, and Colman RW. Thrombin
AMP

concentration in human platelets through

regulates  intracellular  cyclic
phosphorylation/activation  of
diesterase 3A. Blood 110: 1475-1482, 2007.
http://dx.doi.org/10.1182/blood-2006-10-

052522

phosphor-

65. Petrov V and Lijnen P. Regulation of
human erythrocyte Na*/H™ exchange by
soluble and particulate guanylyl cyclase. Am
J Physiol-Cell Ph. 1996; 271(5 Pt 1):C1556-
C1564.

Copyright 2016 Internal Medicine Review. All Rights Reserved. Vol. 2, Issue 11

13


http://dx.doi.org/10.1016/S0169-409X(99)00037-X
http://dx.doi.org/10.1016/S0169-409X(99)00037-X
http://dx.doi.org/10.1182/blood-2006-10-052522
http://dx.doi.org/10.1182/blood-2006-10-052522

Internal Medicine Review Liposomal drug delivery to RBCs Dec. 2016

Pannexin 1

ATP
CFTR

AC  pKA

Figure 1: Proposed signaling pathway for low oxygen-induced ATP release from erythrocytes.
Exposure to low oxygen results in activation of the heterotrimeric G protein, Gi. This leads to activation
of AC and an increase in CAMP that is regulated by PDES3 activity. Increases in CAMP activate PKA and,
subsequently, CFTR. The final conduit for ATP release in this pathway is pannexin 1.

Abbreviations: G; = heterotrimeric G protein, G;; AC = adenylyl cyclase; ATP = adenosine triphosphate;
cAMP = cyclic adenosine monophosphate; AMP = adenosine monophosphate; PKA = protein kinase A;
CFTR = cystic fibrosis transmembrane conductance regulator; GTP = guanosine triphosphate; cGMP =
cyclic guanosine monophosphate; GMP = guanosine monophosphate; sGC = soluble guanylyl cyclase;

PDE3 = phosphodiesterase 3; PDES5 = phosphodiesterase 5; (+) = activation and (—) = inhibition.
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Figure 2: Effect of exposure to reduced oxygen (O,) tension on ATP release from erythrocytes of humans
with DM2 in the absence and presence of the PDE5 inhibitors zapranast (10 uM) (panel A, n=6) or
tadalafil (10 uM) (panel B, n=4), or their vehicle, dimethylformamide (DMF). The methods have been
described in detail previously (23, 32, 43) Briefly, washed erythrocytes were diluted to a 20% hematocrit
in a Ringers buffer containing bicarbonate, in mM; 4.7 KCI, 2.0 CaCl,, 140.5 NaCl, 1.2 MgSQO,, 5.5
glucose, 21.4 NaHCO3;, 0.5% BSA, pH 7.4 at 37°C (43). Cells were equilibrated for 30 min with a gas
mixture containing 15% O,, 6% CO,, balance N, (pH = 7.41+ 0.03, pCO, = 36 £ 2 mm Hg and pO, =
107 £ 5 mmHg; Normoxia) in a thin-film tonometer (model 237; Instrumentation Laboratory) in the
absence and presence of blank liposomes (vehicle, black bars) of liposomes containing a PDE5 inhibitor
(open bars). The gas mixture was then changed to one containing 0% O,, 6% CO,, balance N, (pH =
7.42+ 0.02, pCO, = 38 + 2 mm Hg and pO, = 10 £ 1 mm Hg; Low O,). ATP release was determined 30
min after exposure to 15% O, and 10 min after exposure to 0% O, using the luciferin-luciferase method
(23,32,43) . Values are the means + SE. Greater than respective normoxia value (* =p <0.05. t =p <
0.01).
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