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Abstract

In endurance athletes, cardiovascular oxygen delivery is the primary limitation to performance. While the focus of athletes
and regulatory bodies has been on hemoglobin and red blood cells, the increased oxygen-delivering capacity resulting
from training is also a consequence of the expanded blood volume, which requires vascular adaptation. Angiogenesis—the
formation of new blood vessels from pre-existing ones—is an understudied area in exercise physiology due to the need for
invasive procedures. Among the vascular endothelial growth factors, VEGF-A and VEGF-D are the most potent angiogenic
inducers and thus candidates for doping purposes. VEGF expression can be stimulated by several external factors, of which
oxygen deprivation and its mimics are the most significant in the context of doping. A controlled overexpression of VEGF-A
or VEGF-D, and the resulting blood vessel formation, could directly increase vascular space and indirectly increase blood
volume and athletic ability. A master regulatory gene such as HIF-1a would be a preferred target over any single growth
factor, as it would affect red blood cell production and vascular expansion synchronously. Currently available compounds
may already be misused, with potential unintended consequences, including the aggravation of inflammatory diseases or
tumor progression. Due to the ease of implementation and difficulty of detection, angiogenic doping and possible detection
strategies deserve to be studied further.
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Angiogenic Doping

Doping based on new blood vessel formation (‘angio-
genic doping’) can likely boost athletic performance and
would be difficult to detect.

Angiogenic doping could target growth factors for blood
vessels or regulatory proteins. Suitable pharmacologic
agents, currently not subject to doping controls, are read-
ily available.

Despite the risk of serious side effects, angiogenic dop-
ing is likely already a reality, and its use will increase
with the emergence of effective advanced medical proce-
dures such as gene therapy and gene editing.

1 Introduction

Until about 20 years ago, with blood doping and erythro-
poietin, cheating endurance athletes had a head start in the
cat-and-mouse game with the World Anti-Doping Agency
(WADA). In their efforts, the cardiovascular system and
its oxygen-transport capacity have been central targets for
manipulation. It is generally believed that the introduction of
the Athlete Biological Passport (ABP) has largely kept the
use of blood doping and erythropoietin at bay [1]. However,
a new front is opening up: next-generation doping. We use
this term to collectively describe the use of recent advances
in medicine, such as gene therapy, gene editing, and targeted
drug delivery, for doping purposes. As molecular biology
and gene therapy technologies improve, the risk of misuse
to enhance athletic performance in both human and non-
human animal athletes increases [2-5]. WADA predicted
this over 20 years ago, when, in 2003, it added gene doping
to its list of prohibited substances and methods, responding
to the rapid development in this area [6].

While some form of doping has been used by elite ath-
letes since ancient Greece and Rome [7], doping opportuni-
ties have been on the rise, facilitated by the discovery and
development of effective drugs to treat diseases. With the
arrival of unprecedentedly powerful new drug classes within
the last decades (recombinant proteins, targeted drug deliv-
ery, gene therapy, and gene editing), doping has become a
considerable liability to the integrity of sports [8].

To maximize the blood’s oxygen-carrying capacity,
erythropoietin has famously been used to increase the red
blood cell (RBC) count, and before that (and perhaps again
increasingly) blood doping, which dates back to the early
1970s, when the first successful attempts were, by rumor
and admission, made by Finnish long-distance runners [9].

Although there is likely substantial heterogeneity among
athletes [10], the major bottleneck in top endurance ath-
letes is believed to be the cardiovascular system’s ability to
deliver oxygen (“flow-limited athletes”) [11, 12]. Stimulat-
ing red blood cell production with erythropoietin injections
has received considerable attention due to its use by promi-
nent cyclists [13]. In the context of endurance sports, public
perception and doping control have focused on increases
in hemoglobin and RBC density, as well as on concurrent
hematological parameters [14, 15]. However, a substantial
part of the increased ability to deliver oxygen to muscles that
results from endurance training is attributed to an increase in
total blood volume [16]. In line with this, the total circulat-
ing mass of hemoglobin displays a stronger relationship with
maximum oxygen uptake than hemoglobin concentration or
blood volume alone [16-18].

Endurance training increases red blood cell production.
Yet, the majority of this increase is not visible as an increase
in hemoglobin or RBC concentration, but rather is absorbed
by the larger blood volume. An increase in blood volume
inevitably requires an expansion of the intravascular com-
partment (the fluid-filled space within blood vessels) to
accommodate the blood. Both blood composition and blood
volume have been extensively researched, but the changes
to the vascular space itself have been much less studied.
The scarcity of studies in humans is not surprising since the
study of blood vessels in skeletal muscles requires repeated
invasive procedures that are prohibitive for competitive ath-
letes. While erythropoietin acts primarily on the RBC pro-
duction, prolyl hydroxylase domain (PHD) inhibitors induce
a broader hypoxia-responsive transcriptional program. In
addition to increasing erythropoietin expression, they upreg-
ulate genes of the VEGF family, most notably VEGFA, the
central angiogenic growth factor. VEGF-A plays a key role
in regulating capillary density by stimulating endothelial
cell proliferation and migration. Endothelial cells form the
inner lining of all blood vessels and constitute the critical
interface between circulating blood and surrounding tissues
[19]. Also, erythropoietin itself exerts effects beyond RBC
formation, including direct actions on the vascular system
[20]. However, to date, none of the published human clinical
studies has examined the effect of PHD inhibitors on total
blood volume or capillary density.

When increasing the total blood volume by transfusion,
the body rapidly normalizes hematological parameters [21].
Although blood doping has repeatedly been shown to be
effective (reviewed by [22]), the basis of this enhanced
performance remains unclear [21]. The performance gains
do not only result from changes in blood composition,
but the blood vessels themselves also play a critical role,
as their collective internal volume imposes constraints on
the maximal blood volume, which limits in turn red blood
cell numbers. Hence, the factors that regulate blood vessel
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growth—notably the VEGFs—have become particularly
interesting in efforts to increase exercise performance, not
least because they and their effects are relatively difficult
to detect.

The vascular system is essential for athletic performance
as it delivers the oxygen and nutrients needed for sustained
exercise while removing CO, and waste products. Endur-
ance performance is primarily limited by the maximal rate
of oxygen uptake (VO,max), which is governed by a series
of convective and diffusive resistances. The convective path-
way is defined by maximal cardiac output and arterial oxy-
gen content, ensuring bulk delivery to the microcirculation.
The diffusive pathway is determined by the oxygen pressure
gradient between the capillary and the mitochondria and the
muscle's diffusing capacity (see Fig. 1) [27].

Enhancing capillary density through angiogenesis is a
fundamental physiological adaptation to exercise training
because it increases the mean transit time of red blood cells
and expands the surface area for exchange. A higher cap-
illary density reduces diffusion distances and prevents the
‘functional shunting’ of oxygen at high flow rates, thereby
optimizing the microenvironment for oxidative metabolism
and elevating the ceiling for aerobically generated power
[28].

Targeting oxygen transport has been proven to be
a successful doping strategy in the past. The use of

erythropoietin among cyclists was largely unchecked
before WADA began testing in 2000, after piloting test-
ing schemes since 1996. Still, despite testing, elaborate
techniques were deployed to evade detection [29]. For
example, erythropoietin was combined with intravenously
administered volume expanders, such as hydroxyethyl
starch (HES), which has been marketed under trade names
such as Voluven® and is included on the WADA Prohibited
List [30], to lower otherwise suspiciously elevated hemo-
globin levels [31]. Manipulating VEGFs in a controlled
manner to expand the blood volume the cardiovascular
system can hold could increase its oxygen-carrying capac-
ity without increasing hemoglobin levels or RBC concen-
tration [8].

This narrative review examines angiogenic doping as
an emerging threat to sports integrity. The aims are to (1)
evaluate the biological basis for angiogenesis-based per-
formance enhancement, focusing on VEGF family growth
factors as the primary and direct regulators of angiogen-
esis and their transcriptional activators; (2) assess the
feasibility and accessibility of such angiogenic doping
methods, from pharmacological agents to gene therapy and
gene editing; and (3) analyze current detection challenges
and potential countermeasures. An initial systematic lit-
erature search (see Supplemental Fig. 1 in the electronic
supplementary material [ESM]) revealed that angiogenic

Fig. 1 Increasing oxygen availability has been a central goal of train-
ing and doping. For doping purposes, angiogenesis—the growth of
new blood vessels—has received less attention than the composi-
tion of the blood itself. A Laminin staining in a cross-section of
human skeletal muscle shows the basement membrane surrounding
each myofiber and capillary. The partial pressure gradient of oxygen
between the capillary and the mitochondria, together with the dif-
fusion distance, is a primary determinant of the rate of oxygen flux
in the terminal diffusion pathway. Image CC-licensed from [23]. B

Angiogenic growth factors which mediate the physiological increase
in vascular density resulting from training, can also be applied exog-
enously. To assess the angiogenic effect of VEGF-A, the disc on
the left was coated with VEGF-A and applied to the chorioallantoic
membrane (CAM) of a developing chicken, resulting in a denser vas-
cular network and more angiogenic sprouts. The CAM assay is fre-
quently used to test the angiogenic potential of compounds [24, 25].
Analogous to sports performance, the CAM’s ability to deliver oxy-
gen is a limiting factor for the speed of embryonic development [26]
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Table 1 Biological effects of VEGFs

Interacting receptors Biological effects References
VEGFR-1 VEGFR-2 VEGFR-3 Angiogenesis Vascqlgr per- Lymphangiogenesis ggssctripti on(s)/
meability recent review(s)

VEGF-A + + +++ ++ Conflicting reportsl [53, 541/ [55, 56]
PIGF + lndirectly2 - Not determined [57]17 58]
VEGF-B + Conflicting reports3 - - [59]/[56]
VEGF-C + + (+)* + +++ [60, 61]/[62, 63]
VEGF-D + + (+++)* + ++ [64-66]/ [67, 68]
VEGF-E? + + ++ Not determined [69]/[56]
VEGF-F° + + +++ Not determined [701/[71]

PIGF placenta growth factor, VEGF vascular endothelial growth factor, VEGFR vascular endothelial growth factor receptor

'VEGF-A can be lymphangiogenic [72, 73], but the effect is likely indirect (blood vessels produce VEGF-C, interstitial pressure renders

VEGFR-3 more sensitive to VEGF-C, inflammation upregulates VEGF-C)

2PIGF competes with VEGF-A for binding to VEGFR-1, thus pushing VEGF-A onto the pro-angiogenic VEGFR-2 [74]
3The angiogenic effect of VEGF-B seems to be species- and heart-specific [75]. It is unclear whether the effect is direct or whether VEGF-B

leads to hypertrophy, which in turn stimulates angiogenesis [75, 76]

“Both VEGF-C and VEGF-D can be angiogenic but only after processing by specific proteases [55, 77, 78]. This processing increases their
affinity for VEGFR-2. In the case of VEGF-D, the growth factor simultaneously loses its affinity for VEGFR-3, making it the only endogenous
growth factor that binds exclusively to VEGFR-2, which explains its strong angiogenic potential, observed e.g. in rabbit and pig studies [79, 80]

SVEGF-E and VEGF-F are not present in mammals. VEGF-Es are viral homologs, and VEGF-Fs are homologs found primarily in snake venom

doping remains an understudied area. The initial draft was
therefore enriched with expert contributions to corroborate
the findings with evidence from vascular and molecular
biology, exercise physiology, clinical trials, and anti-
doping research. Unless explicitly specified otherwise
or obvious from the context, the data referenced in this
review are derived from human studies. In Sects. 2 through
3.1, we only indicate exceptions to the rule of thumb that
basic biomedical research is performed in rodents if there
are reasons to believe that significant species differences
might exist.

2 The Vascular Endothelial Growth Factor
(VEGF) Family

The vascular endothelial growth factors (VEGFs) are
potential targets for next-generation doping due to their
blood vessel growth-inducing (angiogenic) effects. The
VEGF family consists of VEGF-A, VEGF-B, VEGF-C,
VEGF-D, VEGF-E, VEGF-F, and placenta growth factor
(PIGF), each encoded by its own gene [32, 33]. Of these,
VEGF-A through VEGF-D and PIGF are endogenous
to humans (see Table 1). VEGF-A (often simply called
VEGF in older literature) is the primary angiogenic factor
[32], and its potential for gene doping has been previously
recognized [34-38].

VEGF concentrations are highest during embryogen-
esis and fetal development, where, for example, VEGF-A

is first essential for the survival of hemangioblasts, the
common developmental ancestors of blood and endothe-
lial cells [39-41], and subsequently for the growth and
development of the cardiovascular system [42, 43]. The
close relationship between blood and endothelial cells is
maintained into adulthood through many shared cell sur-
face receptors [44, 45].

VEGF-C is primarily known for its role in the develop-
ment and growth of the lymphatic system [46—48] and in
cancer metastasis via lymphatic dissemination [49-51].
In adults, VEGF-C regulates lymphangiogenesis during
tissue regeneration, such as wound healing [52].

The other human VEGFs have more specialized roles.
VEGF-B is prominently expressed during early embryonic
development, acting in a species-specific manner in heart
vascularization and as a general vascular survival factor
[75, 76, 81, 82]. Unlike VEGF-C, which is primarily lym-
phangiogenic, VEGF-D can also be a potent angiogenic
inducer, sometimes even outperforming VEGF-A [79]. In
humans, it is believed to replace VEGF-A and thus allow
tumors to resist drugs that target VEGF-A [83, 84].

PIGF, named for its high expression in the placenta [57],
is vital for the endometrial cycle and fetal development. Out-
side the reproductive system, it indirectly boosts angiogen-
esis and vascular permeability by displacing VEGF-A from
the inhibitory VEGFR-1, allowing VEGF-A to bind to the
mitogenic receptor VEGFR-2 [74, 85, 86]. In mice, PIGF,
VEGEF-B, and VEGF-D contribute to, but are not essential
for, angiogenesis, as studies have shown only minor changes
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in the cardiovascular system when each gene was deleted
individually [87-94].

2.1 The Regulation of VEGF Expression

VEGF-A is regulated by a complex array of external fac-
tors at multiple levels, from gene transcription to mRNA
translation [95-98]. In adults, VEGF-A levels are typi-
cally low in most organs, but are increased during wound
healing [99, 100], muscle growth [101, 102], tissue repair
[103], and the hair growth [104] and female reproductive
cycles [105, 106], for example, but also during inflam-
mation [107-109] (reviewed by [56]) and in pathologi-
cally oxygen-depleted tissues, such as tumors (reviewed
by [110]). There is a rich literature about hypoxia-
induced VEGF-A expression (reviewed by [111]). In
contrast, the evidence for hypoxia-induced upregulation
of other VEGF family members is either negative [112] or
sparse, and often limited to pathological situations [113,
114]. Upregulation of VEGF-A expression is mediated
by hypoxia-inducible factor-1 (HIF-1) [115, 116] (see
Fig. 2). Under hypoxic conditions, HIF-1 degradation is

Prolyl hydroxylase

Carbon monoxide (Xis‘&’l‘b";tce) (PHD) inhibitors
Hydroxylation by prolyl
Dehydro-
hydroxylase domain enzymes ascorbate
D@ >
2 /402 P564
HO" |/

mitochondrial
ROS (H,0,)

Hypoxia-inducible
factor-1 alpha

Fig.2 Induction of VEGF-A expression by HIF-1a. Prolyl hydroxy-
lases limit the physiological activation of HIF-1a, the oxygen-sensi-
tive subunit of the HIF-1 complex, and are central enzymes targeted
by many interventions aimed at inducing hypoxia-responsive genes.
Fe?* in the active site of PHDs participates in the prolyl hydroxyla-
tion as a cofactor, being oxidized to Fe* (the same mechanism
underlies the connective tissue phenotype in scurvy, where ascorbate
deficiency prevents the reduction of Fe** to Fe?* and thus the prolyl
hydroxylation required for collagen maturation). Carbon monoxide is
not only a toxic gas, but also an endogenously produced gasotrans-
mitter. It is generated when heme oxygenases-1 and -2 degrade heme.

L

suppressed, allowing it to move into the nucleus. There,
it acts as a transcription factor interacting with hypoxia-
responsive elements in hypoxia-inducible genes, includ-
ing EPO and VEGFA [115, 117-120]. One goal of this
hypoxia-induced change in gene expression is to improve
oxygen transport to hypoxic tissue by increasing vascular-
ization. Besides hypoxia, other factors and variables, such
as growth factors, inflammatory cytokines, and an acidic
pH, can increase HIF-1 levels and, therefore, VEGF-A
expression [97].

2.2 The VEGF Receptors

VEGFs bind to VEGF receptors (VEGFRs), which are
tyrosine kinase receptors [40]. Placental mammals such
as humans and mice feature three VEGFRs (VEGFR-1,
VEGFR-2, and VEGFR-3), while marsupial mammals fea-
ture one more (VEGFR-4, aka Kdr-like). The different recep-
tors mediate distinct effects (Fig. 3). VEGFR-2 is the best-
known of these, as it mediates most of the known responses
to VEGF-A, including angiogenesis and vascular permeabil-
ity [122—-124]. VEGFR-1 is thought to limit angiogenesis

von Hippel-Lindau protein (pVHL,
part of the E3 ubiquitin ligase complex)

@ Ubiquitination
(degradation signal)

Pro
HO/ /P564
HO o2 p
HO' /' 564
HO

Degradation

Heme oxygenase-1 is strongly upregulated by hypoxia, and the gener-
ated CO further enhances the expression of hypoxia-response genes,
such as VEGFA. Cytochrome c¢ oxidase (Complex IV) is a heme-con-
taining enzyme in the mitochondrial electron transport chain. Under
hypoxia, reduced cytochrome c oxidase activity leads to ROS genera-
tion and HIF-1 stabilization [121]. ARNT Aryl hydrocarbon receptor
nuclear translocator, HIF hypoxia-inducible factor, P proline, PHD/
EGLN prolyl hydroxylase domain enzyme/egg-laying defective
gene 9, ROS reactive oxygen species, Ub ubiquitin, VEGF vascular
endothelial growth factor, VHL von Hippel-Lindau protein
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Fig.3 The VEGFs and VEGF
receptors. Humans feature five
endogenous VEGF growth
factors, each of which inter-

acts with a specific set of
receptors, resulting in distinct
biological effects. As elabo-
rated in Sect. 4.6, VEGF-A

and VEGF-D are the most
promising targets for therapy
and performance enhancement.
Despite its ability to interact
with VEGFR-2, in vivo applica-
tion of VEGF-C is surprisingly
specific for the lymphatic sys-
tem, perhaps due to its unique
activation by ADAMTS-3/14
[137, 138]. VEGF-D, on the
other hand, can lose all of its
affinity for VEGFR-3—and thus
its lymphangiogenic potency—
if activated by cathepsin D [139,
140]. VEGF vascular endothe-
lial growth factor, VEGFR
vascular endothelial growth
factor receptor, PIGF placenta .
growth factor Main
activities

by trapping VEGF-A and thus decreasing signaling via the
angiogenic VEGFR-2 [125, 126]. VEGFR-1 also medi-
ates some of the disease-related signaling of VEGFs [127].
VEGEFR-3, on the other hand, mediates the effects of VEGF-
C and VEGF-D on the lymphatic system, as these receptors
are found mainly on lymphatic endothelial cells [128, 129].
All VEGFRs are primarily found on the surface of endothe-
lial cells [130], but there are numerous exceptions, including
immune cells [45, 129, 131], vascular smooth muscle cells
[132, 133], and neurons [134-136].

3 VEGF-A: the Prototypical Angiogenic
Growth Factor

VEGF-A, discovered by Senger et al. in 1983 [53], is the
most critical promoter of blood vessel growth, during both
normal human development and abnormal pathological
processes [40]. VEGF-A stimulates the growth and move-
ment of endothelial cells and inhibits their apoptosis [32,
54, 141, 142]. Its expression can be induced in a wide
variety of cell types and tissues [143], including muscle
fibers [144, 145], myofibroblasts [146], endothelial cells
[119, 147], and vascular smooth muscle cells [132]. The
VEGF-A gene generates several isoforms by alternative
mRNA splicing, each with slightly different effects on

VEGF-A
PIGF
VEGF-B

VEGFR-1

Decoy
receptor

VEGF-A

VEGF-C
(VEGF-D)

(VEGF-C)
VEGF-D

! ! '

VEGFR-2 VEGFR-3

Indirect
increase

of VEGFR-2
activity by PIGF
and VEGF-B

Angiogenesis

Vascular
permeability

Lymph-
angiogenesis

the vascular system [32, 127, 148]. VEGF-A expression
requires tight control during embryogenesis [42, 43] and
in postnatal life [149, 150].

VEGF-A plays an essential role not only in angiogenesis
but also in vasculogenesis (the embryonic de novo formation
of blood vessels) [151] and embryonic hematopoiesis [41],
for which it remains important in adult life by protecting the
hematopoietic stem cells from apoptosis [171, 172]. VEGF-
A also increases vascular permeability and vasodilation
[53, 152], effects linked to pathological conditions in which
VEGF-A is overexpressed [40], though their physiological
relevance remains uncertain.

3.1 The Pathogenic Roles of VEGF-A

Because blood vessels penetrate virtually all tissues, VEGF-
A is integral to many pathological processes [56]. VEGF-A
enables tumor growth (Fig. 4A) and metastasis [153, 154].
VEGF-A also drives pathological angiogenesis in neovas-
cular eye diseases, such as diabetic retinopathy [155, 156],
and inflammatory diseases, such as rheumatoid arthritis or
osteoarthritis [157, 158]. In atherosclerosis, rather than stim-
ulating beneficial neovessel formation, VEGF-A seems to
contribute to plaque buildup by promoting foam cell forma-
tion [159, 160]. However, unregulated, pathological VEGF-
A expression produces irregular, leaky, dysfunctional vessels
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Fig.4 A potential consequence of angiogenic doping is to promote
the growth of otherwise clinically dormant micro-tumors. A The
original concept of tumor blood vessel dependency [162] was sup-
ported by experimental evidence, including the discovery of VEGF-A
[53, 54] and the angiogenic switch [163, 164]. B Tumors also dem-

(Fig. 4B) [161], and anti-VEGF-A therapies have improved
the therapeutic outcomes in several neovascular diseases,
in some cases even dramatically [110, 161]. Conversely,
VEGF-A doping (as well as pro-angiogenic therapy for heart
diseases) has the potential to trigger or exacerbate the same
diseases in which antiangiogenic therapy is beneficial.

3.2 The Role of VEGF-A in Increasing Sports
Performance

There is ample evidence from both animal and human
studies for the role of VEGF-A in the vascular response to
endurance training (reviewed by [166, 167]). In a study by
Richardson et al., the amount of VEGF-A mRNA in skeletal
muscle increased more than tenfold in untrained human sub-
jects within 1 h after endurance exercise, while the response
in trained subjects was less pronounced. Muscle capillari-
zation increased on average by 18% after 8 weeks of train-
ing, but the capillary density remained largely the same as
the muscle fiber area increased to a similar degree [102].
However, angiogenesis is not governed by VEGF-A alone,
but rather by a dynamic balance of pro- and antiangiogenic
factors. While VEGF-A is the primary direct driver, some
of the capillary response persisted even when VEGFR-2 was
blocked in a rat exercise model [168], indicating that other
pro-angiogenic players contribute. For instance, in both
human and animal studies, endurance exercise upregulated
Ang-2 and downregulated Ang-1 [168—171], destabilizing
the vessel and thereby permitting endothelial cells to prolif-
erate and migrate in response to VEGF-A. For a review that
discusses non-VEGF angiogenic factors, see [172].

Key physical stimuli that upregulate VEGF-A in skel-
etal muscle include mechanical forces, such as increased
hemodynamic shear stress on the capillary endothelium from
elevated blood flow, and passive stretch and compression

Oxygen- and nutrient supply by perfusion

onstrate that VEGF-A alone does not create a functional, hierarchical
network. VEGF-A expression by this mouse ovarian tumor resulted
in higher capillary density, but did not produce a hierarchical network
optimized for oxygen delivery (see also [24, 25]); image CC-licensed
from [165]. VEGF vascular endothelial growth factor

of the vascular network during muscle contractions [173,
174]. Both VEGFR-2 and VEGFR-3 are part of mechano-
sensing complexes [175, 176]. The same forces also upregu-
late endothelial nitric oxide synthase (eNOS), a key enzyme
whose product, nitric oxide (NO), is itself a potent stimula-
tor of VEGF-A expression [166, 177]. The relative hypoxia
experienced by muscle fibers during intense exercise acti-
vates HIF-1a [169, 178]. This process is further modulated
by the transcriptional coactivator PGC-1a, which coordi-
nates mitochondrial biogenesis with angiogenesis [179].
However, the association between HIF-1a and VEGF-A
mRNA expression in endurance-trained skeletal muscle is
surprisingly weak [180], and HIF-1a knockout (KO)-mice
show no significant difference in VEGF-A mRNA response
to acute exercise compared with wild-type mice. Even more
surprisingly, HIF-1ao KO mice exhibit greater basal capil-
larization than wild-type littermates [181]. Lindholm and
Rundqyvist [182] proposed that while acute exercise activates
HIF-1, long-term endurance training blunts the HIF-1a
response by inducing its negative regulators, most notably
the PHD enzymes and factor inhibiting HIF-1 (FIH), and a
similar blunting has also been seen in the heart muscle of
mice as a response to prolonged training [183]. Hence, the
attention has shifted to HIF-1-independent pathways. For
example, metabolic byproducts of exercise, such as adeno-
sine and lactate, have been identified as important chemi-
cal signals that promote VEGF-A expression and secretion
[184-186].

Beyond gene expression, the local bioavailability of
VEGF-A protein has been shown to be critical in several
human studies. VEGF-A levels in the abluminal, muscle
interstitium increased several-fold during an exercise bout
[187, 188] (see also Sect. 5.5 for why blood VEGF-A levels
are not relevant). This VEGF-A release is mediated, at least
in part, by adenosine acting on A,y receptors on muscle cells
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[184]. During endurance training, while the acute exercise-
induced increase in VEGF mRNA is attenuated, the basal
protein level of VEGF-A within the muscle tissue is often
elevated. This adaptation ensures that a readily available
pool of VEGF-A is stored and can be rapidly secreted in
response to subsequent exercise bouts, thereby sustaining
the angiogenic drive [170, 189].

Direct evidence for an endurance performance-enhanc-
ing effect of isolated increased vascular density is lacking,
as all interventions (training, HIF-1a inhibitors, etc.) have
effects beyond increasing vascular density. Nevertheless,
a plethora of indirect evidence points to the importance of
neovascularization for improving endurance performance.
Both untrained and trained human individuals respond to
endurance exercise training with increases in VEGF-A lev-
els [170, 190] and, subsequently, in vascular density [167,
191]. In line with the importance of peripheral flow for
endurance performance is the observation that the size and
blood flow capacity of major vessels vary with the muscle
groups experiencing the highest activity (e.g., the subcla-
vian arteries in tennis players and the femoral arteries in
cyclists) [192, 193]. Furthermore, polymorphisms in the
VEGFA gene appear to be among the genetic determinants
of human endurance performance, acting through VEGFA
gene expression and maximal oxygen consumption [194,
195].

4 The Practicalities of Angiogenic Doping

Because of the critical role of VEGF-A in the angiogenic
response to endurance training, could VEGF-A be misused
for angiogenic doping? Furthermore, could other interven-
tions known to upregulate the VEGFA gene be exploited to
achieve angiogenic doping indirectly?

4.1 The Current State of Pro-Angiogenic Therapies

The same technologies developed for gene therapy in
ischemic diseases could be utilized for doping, in the hope
of improving athletic performance. Currently, the use of
VEGFs and other pro-angiogenic growth factors for gene
doping is generally considered theoretical only. The first
clinical trials targeting ischemic hearts were conducted
more than 30 years ago by the research group of Jeffrey
Isner [196—-199]. The understanding of what does and does
not work for pro-angiogenic therapy has increased over the
years [200, 201]. Although no FDA-approved drug or pro-
cedure exists yet, the technology has been refined through
successive clinical trials to the point that many experts are
cautiously optimistic that the first breakthroughs may occur

soon [202-204]. The key features that characterize most
ongoing phase II and III trials are the use of secreted angio-
genic factors (VEGF-A, VEGF-D, FGF, HGF), local highly
efficient viral or mRNA delivery, and preclinical large-ani-
mal models (pigs) to optimize dose, safety, and pharmacol-
ogy [201]. The technological barriers to achieving clinically
meaningful delivery—such as the need for multiple targeted
injections of high-titer viral vectors via catheter—currently
limit the application of this technology to therapeutic use
in patients. However, as treatment methods evolve and
become more accessible, there is a potential risk that such
technologies could eventually be exploited for performance
enhancement.

4.2 Erythropoietin ahead of VEGFs in the mRNA
Doping Landscape

Currently, commercially available gene doping products
likely do not contain any VEGF-A or VEGF-D coding
sequences, but have been shown to contain erythropoietin
complementary DNA (cDNA). However, the amount of
genetic material was deemed insufficient to produce an effect
[205]. It is noteworthy that among the first commercially
available off-the-shelf lipid nanoparticle (LNP)-encapsu-
lated mRNA products were formulations designed to pro-
duce human erythropoietin upon injection [206, 207]. LNP-
encapsulated mRNA is the technology that first debuted with
the Moderna and BioNTech/Pfizer SARS-CoV-2 vaccines
[208]. Depending on the injection site, different cell types
would produce the erythropoietin (hepatocytes after intra-
venous injection, muscle cells after intramuscular injection,
etc.). There are no published data on whether erythropoi-
etin produced from synthetic mRNA in these cells can be
distinguished from erythropoietin originating from mRNA
transcribed from endogenous genes by its glycosylation
patterns. In any case, the COVID-19 vaccines and mouse
experiments with Epo-mRNA-containing LNPs demonstrate
that this technology produces functional protein [209].

4.3 Doping and Anti-Ischemic Therapy Do Not Have
the Same Goals

Do the modest results and technological barriers mean that
angiogenic gene therapy would not work for doping? Not
necessarily, because the treatment goals and the target popu-
lation for gene therapy for ischemic diseases are quite differ-
ent from those for angiogenic doping. Highly trained young
athletes presumably have a different response to angiogenic
stimuli than the predominantly elderly population with coro-
nary artery disease. While small improvements in capillari-
zation and oxygen extraction efficiency (such as has been
shown by Mortensen et al. in untrained males [210]) might
not be clinically meaningful in a patient population, such
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differences may be significant for athletes, where differences
are measured in tenths of a second.

4.4 VEGF-A-Based Biological Drugs to Treat
Ischemia

Neither the FDA nor the EMA have approved any VEGF-
A therapy (protein, mRNA, or gene) for ischemic diseases.
However, a gene therapy that delivers the VEGFA gene has
been approved in Russia, under the name cambiogenplasmid
(marketed as Neovasculgen®), for the treatment of periph-
eral arterial disease [211]. Its ‘naked plasmid’ technology
is comparable to that used in phase II and III trials by the
Isner group 30 years ago, none of which showed definitive
clinical benefits, most likely due to very inefficient gene
delivery [212].

Presumably similarly unsuitable for angiogenic doping
purposes is telbermin (also known as SNN0029 in the con-
text of amyotrophic lateral sclerosis treatment), an earlier
attempt by Genentech to use VEGF-A protein as a pro-angi-
ogenic drug to treat diabetic foot ulcers, which failed to meet
the required efficacy in phase II. As a topical application,
telbermin was designed to have a local effect only, relying on
the wound to enter the body and unable to penetrate healthy
skin [213, 214]. Previously, the same recombinant human
VEGF-A had been used via intracoronary delivery in the
VIVA trial for myocardial ischemia/coronary artery disease,
with equally unimpressive results, likely due to poor uptake
from the circulation, a short half-life, and the dose-limiting
blood pressure-lowering effect of VEGF-A [215].

Merely changing to an intramyocardial delivery strategy
did not improve the outcomes, with the REVASC (adenovi-
ral VEGF-A ,,) and NORTHERN (intramyocardial plasmid
VEGF-A |¢5) trials similarly ineffective [216, 217]. Distinct
from previous VEGF-A-based therapies is the currently still
ongoing phase IIb trial to treat refractory angina with enc-
oberminogene rezmadenovec (‘Adenovirus XC001’). This
gene therapy produces three different VEGF-A isoforms
(VEGF-A,,;, VEGF-A¢s, and VEGF-A g¢) from a single
hybrid sequence, more closely mimicking the endogenous
isoform distribution [218, 219].

4.5 Gene Therapy and Gene Editing

Gene therapy is the delivery of external genetic information
into cells, causing them to produce the protein of interest.
Gene delivery can be achieved in different ways. Currently,
viruses are the vectors of choice because they have evolved
to efficiently transfer genetic material into cells [217], and
many studies on angiogenic growth factor gene delivery have
used viral vectors [200, 202, 204, 220-222]. Howeyver, alter-
native non-viral vectors do exist, such as liposomes, which
have been used to deliver mRNA in the Comirnaty and

Spikevax Covid-19 vaccines [223]. Vectors can be adminis-
tered directly (e.g., by injection) into target tissues, such as
skeletal or cardiac muscle, in a process referred to as in vivo
gene therapy [224]. Alternatively, target cells may be geneti-
cally modified outside the body (ex vivo) under controlled
culture conditions before reintroduction into the patient
[225, 226]. In addition to gene delivery, endogenous genes
can be selectively altered through gene editing techniques.
Since its introduction in 2012, the clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-asso-
ciated protein (Cas) system has rapidly replaced previous
gene editing technologies in preclinical and clinical stud-
ies [227]. Although there is only one FDA/EMA-approved
drug on the market [226], the theoretical possibilities of gene
editing for both therapeutic and doping purposes are enor-
mous, as reflected by approximately 250 ongoing clinical
trials [228]. One major implementation hurdle remains the
effective and specific delivery of CRISPR agents into target
cells. Ex vivo editing of blood cells and liver targeting are
low-hanging fruits expected to cover most of the CRISPR
drugs anticipated to receive market authorization over the
next few years [229]. However, possibly superior technolo-
gies based on CRISPR-related systems are being discovered
and developed [230].

4.6 Which VEGF Would Work Best?

Among the angiogenic growth factors, VEGFs are consid-
ered the most specific, with VEGF-A and VEGF-D being
the most promising targets for pro-angiogenic gene therapy
[2]. While VEGF-A is the primary angiogenic factor dur-
ing embryogenesis [42, 43], recent research suggests that
other VEGFs may be superior during adulthood, particularly
VEGF-D [79, 202, 204]. Specifically, the mature form of
VEGF-D (also called ANAC-VEGF-D) might be a superior
option, because—unlike VEGF-A and VEGF-B [231]—it
does not interact with VEGFR-1 and thus does not attract
large amounts of inflammatory immune cells to the target
tissue, and also is much more soluble since it does not—
unlike the main isoform of VEGF-A—strongly interact with
extracellular matrix and cell-surface associated proteogly-
cans [232]. Interestingly, active VEGF-D exists endoge-
nously in two primary forms, one that is almost exclusively
angiogenic [139] and another that supports both angiogen-
esis and lymphangiogenesis [78, 140], as reviewed by [55].
In addition, enhanced versions of VEGF-D with improved
biological activity have been developed [233]. Lymphangio-
genesis, which VEGF-C and VEGEF-D can stimulate, appears
beneficial in the experimental therapy of ischemic mouse
hearts [234], and VEGF-C acts as a growth factor for the
coronary vasculature [235]. Exercise increases the capillary
filtrate, which needs to be drained, which is the primary task
of the lymphatics [236, 237], but the effect of stimulating



Angiogenic Doping

lymphangiogenesis on athletic performance is unknown.
Apart from their angiogenic function, both VEGF-A and
VEGF-C reportedly affect blood cell formation at the
hematopoietic stem cell level [44, 238], and VEGF-A in the
erythropoietic lineage [239]. Notably, based on mouse stud-
ies, VEGF-A has been proposed as a direct non-canonical,
hypoxia-independent inducer of erythropoietin expression
in perivascular stromal cells [240].

4.7 Would Hypoxia-Inducible Factor-1a be Superior
to VEGFs in Boosting Tissue Oxygenation?

The use of any single angiogenic factor might not be suffi-
cient to establish a physiological vascular network. Because
the transcription factor HIF-1 acts as a master regulator of
a large number of hypoxia-responsive genes, including
VEGFA (see Sect. 2.1), it might provide superior vasculari-
zation results compared with the angiogenic factors them-
selves [241-243], also due to the cell type-specific responses
[115, 244]. A study by Elson et al. [245] demonstrated that
the expression of a stable HIF-1a mutant transgene in mice
led to the formation of an organized, functional blood ves-
sel network. HIF-1’s suitability is further supported by the
effects on the vascular system demonstrated by HIF-stabi-
lizing drugs. HIF-stabilizing drugs target the same genes as
HIF-1a itself, including EPO and VEGFA. PHD inhibitors,
such as roxadustat, which is approved for the treatment of
renal anemia in numerous countries [246], target not only
erythropoietin but also upregulate VEGF-A levels in animal
studies [247]. However, the effects of PHD inhibitors on
angiogenesis and vascular parameters, such as capillary den-
sity and branching patterns, have not been reported in any of
the clinical trials. Roxadustat doping was first seen in 2015,
before the drug had received market authorization [248]. The
emergence of structurally diverse roxadustat analogs poses
challenges for standard detection by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) [249]. A method
to detect all HIF stabilizers in a single assay, based on their
common function, has been developed but may not yet be
sensitive enough [250]. Beyond LC-MS-based methods,
alternative rapid screening approaches are emerging. For
example, a recently described surface-enhanced Raman
spectroscopy (SERS) platform enabled sensitive detection
of PHD inhibitors in aqueous media and saliva at sub-ug/L
levels [251].

4.8 Hypoxic Mimicry Targets Both Red Blood
and Endothelial Cells

A chemically diverse range of chemical compounds
(‘hypoxia mimetics’) can simulate low-oxygen conditions
in the presence of normal oxygen levels and phenocopy the
cellular and physiological responses to hypoxia. Such agents

are widely used in research, as true hypoxia chambers for
cell culture or animal husbandry are relatively expensive
and cumbersome to use [252]. Because of the relative ease
of access, hypoxia mimetics have already been experimented
with for doping purposes as substitutes or enhancers of high-
altitude training. In the following, we discuss carbon monox-
ide (CO), but it is only one of many compounds, including,
among others, xenon and cobalt [253-255].

Unlike the unstable gasotransmitter nitric oxide (NO),
which endothelial cells deploy as a signaling molecule
in angiogenesis [256, 257], CO is stable and has been
researched as a pharmacological agent [258-261]. Lim-
ited exposure to CO or CO-releasing molecules (CORMs)
might be a means of increasing vascularization. In cul-
tured vascular smooth muscle cells, which are a source of
endogenous VEGF-A, a 1% CO atmosphere resulted in a
very large 20-fold increase in VEGF-A generation [262].
While high concentrations of CO inhibit erythropoietin
expression in cell culture [263], much lower concentrations
can still inhibit prolyl hydroxylases and displace O, from
hemoglobin, resulting in hypoxia, which in turn upregulates
erythropoietin and other hypoxia-responsive genes, such as
VEGFA. Unsurprisingly, CO has emerged as a new doping
agent [264]. As CO is highly lethal when overdosed [265],
CORMs are considered safer than direct CO administra-
tion, and their action could be made more specific by cou-
pling them to cell-specific antibodies to target their activ-
ity to particular organs or cell types, such as endothelial
or smooth muscle cells. A safe CO delivery device (Covox
DS) was developed by Ikaria, Inc. more than 20 years ago.
Still, direct CO application was largely abandoned in favor
of CORMs. In 2015, Ikaria was acquired by Mallinckrodt
Pharmaceuticals, a company that later became infamous for
its role in the US opioid crisis [266]. The use of CO is still
somewhat common in exercise research as ‘CO rebreath-
ing’ is an established research method for measuring the
total hemoglobin mass in athletes [267]. CO—and, for that
matter, all hypoxia mimetics when used systemically—not
only target angiogenesis but also upregulate other hypoxia-
responsive genes, most notably EPO. While most hypoxia
mimetics have not been tested for effects on athletic perfor-
mance, there is moderate evidence that some, including CO,
may improve endurance performance [264].

4.9 No Angiogenesis Response to Moderate
Hypoxia without Exercise

Two or eight weeks of 4100-m altitude-induced increase in
HIF-1a expression were not sufficient to increase VEGF-A
mRNA expression or capillary density. However, the sub-
jects in this study were not athletes, but rather regular peo-
ple who continued their usual level of physical activity at
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altitude [268]. At an altitude of 4100 m, the oxygen pressure
is reduced from ~21 kPa (sea level) to about 12.8 kPa [269].
While this is a 40% reduction, it is not comparable to the
decrease in oxygen pressure at the muscle cell level during
exercise, which can drop from ~4 kPa at rest [270, 271] to
approximately 0.3-0.5 kPa during heavy exercise [270, 272],
with mitochondrial PO, potentially falling below 0.13 kPa
(1 mmHg) under maximal exercise conditions [273].

The results of Lundby et al. [268] indicate that, on aver-
age, the cardiovascular reserve of most people is sufficient
not to require any neovascular response to moderately high
altitudes. They also agree with our shared experience of air
travel: cabin pressure, typically corresponding to an alti-
tude of 2400 m, does not appreciably cause breathlessness
in most people, even though the oxygen pressure is reduced
by more than 25%.

In rat studies, moderately low oxygen levels (12%, equiv-
alent to ~4400 m of altitude) did not induce neovasculariza-
tion in largely inactive muscles, but did so in active muscles.
Interestingly, regional heterogeneity in angiogenesis was not
only observed between different muscles but also within
a single muscle [274, 275], discussed in detail by [276].
Likely, angiogenesis does not result solely from increased
transcription of VEGF-A mRNA, but translational control
mechanisms might also be at work [98, 277], which would
not be reflected in the mRNA levels. After the angiogenic
adjustment of capillary density, which occurs relatively
early in endurance training [167], the VEGF-A concentra-
tions required to maintain a vascular network are likely very
similar, largely independent of its density.

4.10 Pseudoanemia

The finding that some endurance athletes have relatively low
hematocrit and hemoglobin levels is sometimes referred to
as “sports anemia” or “pseudoanemia.” Despite relatively
low hemoglobin and RBC concentrations, these athletes can
have a large total hemoglobin mass due to their large total
blood volume. While this phenomenon is not observed in all
athletes, it is widespread because blood volume expansion
is an early and consistent response to endurance training
[278-281].

To what degree and by which mechanisms pseudoanemia
contributes to improved performance has been controversial.
Enhanced cardiac performance [282], reduced blood viscos-
ity [283] and cardiovascular strain [284], as well as increased
thermoregulatory capacity (more blood flow to the skin to
cool down) [285, 286] have been proposed to contribute
to the effect. Specific to runners is the controversial ‘foot-
strike hypothesis’, according to which older, less functional
RBCs are mechanically destroyed during footstrike, thereby
rejuvenating the RBC population [287-289]. Interestingly,
the possible beneficial role of blood volume expansion as

a compensatory mechanism has been re-examined, even in
pathological contexts such as heart failure [290].

Beyond its relevance for masking erythropoietin dop-
ing, pseudoanemia could have significant implications for
detecting angiogenic doping via the ABP. When new ves-
sels form or existing vessels dilate without concurrent RBC
stimulation, compensatory plasma volume expansion would
decrease hemoglobin and RBC concentrations, creating a
detectable hematological signature analogous to post-dona-
tion hemodilution.

4.11 Risks and Problems Associated
with the Execution of Angiogenic Doping

If pro-angiogenic responses are achieved through gene deliv-
ery or gene editing, all commonly known risks associated
with such therapies become relevant [225, 291, 292]. While
today’s regulatory requirements ensure relative safety and
the highest possible quality in vector production [293], this
is not the case when such tools are produced in rogue labs
or administered outside a regulated healthcare system. Off-
target effects can result from viral integration [8] or spurious
annealing of the CRISPR guide RNA [292]. Repeated injec-
tions may induce immune reactions [225], and local overdos-
ing may occur [294]. In addition to these generic side effects,
specific side effects are associated with the overexpression
of any particular gene. For angiogenic growth factors, con-
cerns have included the vascularization of dormant tumors
and other forms of aberrant angiogenesis (VEGF-A, VEGF-
D) [83, 84, 154], heightened immune responses (VEGF-C)
[295, 296], and inflammation (VEGF-A, VEGF-B) [231,
297]. Atherosclerosis, neovascular eye disorders, and many
other diseases have been associated with the overexpression
of VEGFs [156, 298]. It is unknown currently whether there
would be any specific risks associated with a doping-induced
denser vascular network, similar to the particular risk of
erythropoietin-induced hyperviscosity syndrome (‘blood
sludging’) leading to blood clots and possibly even sudden
cardiac death.

5 Detection of Angiogenic Doping
5.1 Detecting Angiogenic Gene Doping

Shortly after it was banned in sports, WADA began funding
research into detecting gene doping [299]. Yet, two decades
later, there is no standardized detection method [300]. The
tests that could be used to screen for gene doping include
detection of the doping agent itself, specific biomarkers in
blood samples, and atypical DNA signatures by real-time
PCR and next-generation sequencing (NGS) [225, 301].
While methods have been proposed to detect atypical DNA
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Fig.5 Detection of angiogenic gene doping. A Even the most
advanced and sensitive detection methods rely on some form of
discriminatory PCR, e.g., using exon junction-spanning prim-
ers to detect cDNA or next-generation sequencing to detect miss-
ing exon—intron junctions or novel junctions [205, 302]. However,
large-capacity vectors can accommodate full genes, while low- and
medium-capacity vectors can use intron grafting to evade detection.
B Unlike the unique EPO gene, there are five VEGF genes with sig-
nificant homology. Due to the degeneracy of the genetic code, silent
mutagenesis can create thousands of different nucleotide sequences
for VEGF genes while maintaining their amino acid sequence. In
the example shown, the VEGF-A ;s cDNA sequence was maximally

signatures [205, 301-305], multiple methods exist to bypass
them. For example, detecting exon—exon junctions, which
are absent in genomic DNA, can be bypassed using intron
grafting (see Fig. 5).

Notably, the human genomic VEGF-B sequence—includ-
ing six introns—measures only 3.5 kb, from start-ATG to
stop-TGA [307], and can fit into cargo-limited viral vectors.
Cargo up to~38 kb has been inserted into baculoviruses
[308], long enough to accommodate most human genes,
which have a mean length of ~28 kb [309] and a median
of ~24 kb [310]. An upper limit on the insert length for bac-
ulovirus genomes has not been established, as the capsid size
appears to adapt to genome size, potentially allowing up to
100-kb inserts [311], thereby eliminating the need for intron
grafting for all but the largest genes. Silent mutagenesis is
another effective countermeasure to PCR-based detection
methods. However, it remains to be shown how maximized
codon optimization would perform against hybridization-
based methods such as those proposed by de Boer et al.
[301].
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modified by silent mutagenesis to become almost as different from its
wild-type sequence as it is from the paralogous VEGF-B,s; cDNA
sequence. Due to their close evolutionary relationship [306], this is
possible for all VEGFs. DNA swarms, all coding for the same pro-
tein, can be used to increase the detection threshold. The numbering
of the nucleotides is according to NM_001171626 (VEGF-A) and
NM_001243733.2 (VEGF-B). Exons are not drawn to scale. The %
identities refer to the cDNAs of the entire mature proteins, not only
to the exon 3 sequence shown. A exon/intron VEGF-A exon/intron,
B exon/intron VEGF-B exon/intron, bp base pairs, cDNA comple-
mentary DNA, NGS next-generation sequencing, pA polyadenylation
sequence, PCR polymerase chain reaction, wt wild type

5.2 Detecting Angiogenic Protein Doping

Crucially, in gene doping, the active pharmaceutical protein
is produced by the athlete’s cells and is therefore potentially
indistinguishable from the ‘normal’ protein if expressed
orthotopically. Not only is the molecular identity of angio-
genic proteins in question, their levels also might not reliably
distinguish between endogenous and doping-induced angio-
genic factors, because the levels of angiogenic proteins in
the blood plasma of normal healthy human individuals vary
substantially. For example, VEGF-A levels in blood plasma
can range from undetectable to nearly 500 pg/mL [312, 313],
making the use of cutoff values challenging. On the upside,
despite significant interindividual variability, plasma and
serum VEGF-A levels in any given individual seem to be
relatively stable, at least up to 6 months, and show no circa-
dian variation [314, 315].

The detection of the angiogenic protein itself presumes
that the protein (a) is a secreted protein and (b) enters the
circulation or urine. Neither can be assumed. The transcrip-
tion factor HIF-1a (see Fig. 2) is highly angiogenic but not
secreted from cells [242]. Furthermore, VEGF-A is a tis-
sue hormone, that is, unlike erythropoietin, not systemically
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Fig.6 Current model of VEGF-
A action via hypoxia-generated
growth factor gradients and
negative feedback. A Cells

that experience hypoxia (due

to tissue growth, decreased
oxygen delivery, or increased
consumption) upregulate
hypoxia-regulated genes in a
cell-type—specific manner; for
example, muscle cells begin to
produce VEGF-A [171], and
renal cells erythropoietin [317].
Many cell types can respond to
hypoxia by increasing VEGF-A
expression, which attempts to
restore normoxia via increased
vascularization. B It is generally
thought that by their differential
affinity to extracellular matrix
and cell surface heparan sulfate
proteoglycans, the various
VEGF-A isoforms lay down a
growth factor gradient, which is
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distributed by the blood. Instead, VEGF-A is secreted into
the extracellular space and encounters the VEGF receptors
on endothelial cells via the interstitium from the ablumi-
nal side [187, 316]. While the soluble VEGF-A ,, isoform
might leak into the circulation to some extent, the longer
heparin-binding isoforms of VEGF-A are much less likely
to show up in the blood as they are bound tightly to the
extracellular matrix and cell surfaces (see Fig. 6).

5.3 Indirect Detection Methods

Indirect methods attempt to detect the means or conse-
quences of doping. For example, tests could screen for the
gene-doping delivery vector or recent blood vessel growth.
Viruses used to deliver the genetic cargo would result in a
measurable immune response [225]. Also, other delivery
systems, such as lipoprotein nanoparticles or engineered
extracellular vesicles, would leave traces for at least a short
time in the athlete’s body. Because the ABP has proven to

be a valuable tool [320, 321], its use could be expanded
to encompass additional indirect biomarkers that may indi-
cate angiogenic doping. It is unclear what biomarkers these
would be, especially since tissue biopsies are currently the
only reliable method for quantifying parameters indicative
of pro-angiogenic interventions at the capillary level, such as
vascular and branching density, vessel diameter and length,
or vascular volume. Currently, there is no non-invasive
imaging technology that can quantitatively image the micro-
vasculature at the required resolution (< 1 um) and depth for
large leg muscles [322]. However, microRNA in the blood
might serve as a proxy, at least for HIF-upregulating agents
[255, 323], as hypoxia-mediated regulation of angiogenesis
involves several specific microRNAs [324].

Unlike in the pre-ABP era, with fixed cut-off values (e.g.,
hemoglobin 150 and 175 g/L for women and men, respec-
tively), the ABP uses, among many other parameters, previ-
ous test results to predict individualized upper and lower
limits for blood parameters [325]. While retrospective
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studies suggest that athletes have ‘taken the fast lane’ in the
past [320], slow changes that do not result in an abnormal
blood profile score may represent a potential ‘Achilles heel’
of the ABP. Doping, increased slowly over several years,
could produce physiological changes that fall within nor-
mal biological variation or phenocopy improvements gained
through a sustained training effort [325].

5.4 Gene Doping Versus Gene Editing

In the long run, the single most critical technology to moni-
tor is CRISPR, as it can perform precise genetic modifica-
tions to existing genetic material in a live organism. While
FDA-approved treatments are currently limited to a sin-
gle ex vivo drug [226], there is little doubt that CRISPR
and similar gene-editing technologies will be the future of
biologicals [227]. If the delivered gene-editing agents are
transient enough and the editing is limited to single base-
pair mutations, the results could only be distinguished from
hereditary mutations by genome sequencing. Even with
great technological advances, it is unlikely that we will
achieve editing efficiency in vivo of close to 100% in the
near future. But since genetic mosaics do also occur natu-
rally, the mere existence of a mixed genotype would not
constitute proof of editing. A detailed genomic analysis,
including single-cell sequencing, might be required. How-
ever, single-cell sequencing is not only expensive but also
requires an invasive biopsy. Since CRISPR technology can
also arbitrarily change gene expression without modifying
DNA by targeting methylating enzymes or transcription
factors, detecting the CRISPR delivery system—despite its
transient nature—may be easier than detecting the CRISPR
effect.

Science has already identified a few naturally occurring
mutations that can increase athletic performance [326]. Fea-
sibility studies of such modifications have been performed
in mice [327]. Once an athlete is found to carry a known
performance-enhancing mutation, what would be the conse-
quences? If it was acceptable when the mutation originated
from ‘natural’ inheritance or from a spontaneous mutation
during embryonic development, why would an ‘artificially’
acquired mutation be treated differently? Assuming suffi-
ciently advanced technology, there appears to be no way to
determine whether a person is mutated by nature or genetic
engineering. Even genotyping all alive and deceased ath-
lete's relatives would leave doubt as humans naturally
acquire surprisingly many mutations during embryonic
development [328].

5.5 Plasma VEGF-A: An Unreliable Epiphenomenon

There are several methods for measuring VEGF levels in
biological samples, such as bioassays and enzyme-linked
immunosorbent assays (ELISAs). Bioassays use growth
factor—sensitive cell lines, whereas ELISAs are based on
VEGF-A-specific antibodies. ELISA tests have been the
method of choice in most preclinical studies [329-331].
The best current ELISAs detect VEGF-A levels down to
the single-digit pg/mL range [312], and typical VEGF-A
concentrations in blood plasma are in the double-digit pg/
mL range, below what is considered necessary for a biologi-
cal effect.

Currently, none of these tests has FDA clearance, and
thus they are not widely available. However, unlike erythro-
poietin, whose producer cells are in close contact with per-
meable capillary networks [332], hypoxia-induced VEGF-
A is, by definition, produced far distant from capillaries,
and there is no reason to believe that it serves—the platelet
VEGF-A pool excluded [333]—any purpose in the systemic
blood; its presence in plasma is likely an epiphenomenon.

Since VEGF-A can be produced by most cell types
in the human body that are exposed to hypoxia, the gly-
cosylation pattern of endogenous human VEGF can be
heterogeneous [334]. Detecting recombinant CHO- or
HEK-293—produced VEGFs might therefore be less
straightforward than detecting recombinant erythropoietin,
whose production is almost exclusively limited to a sin-
gle cell type in the kidneys [335], and any size aberration
of erythropoietin is likely to represent exogenous protein.
Unlike erythropoietin, VEGF-A also exists in a variety
of different isoforms. Only the smallest isoforms (VEGF-
Ay VEGF-A,,,, VEGF-A 5, VEGF-A 45) are thought
to be soluble and to leak into the vasculature, because the
longer VEGF-A isoforms are strongly ‘heparin-binding’,
meaning they bind to cell surfaces and extracellular matrix
due to their interaction with heparan sulfate proteoglycans
(HSPGs) [55]. However, these longer VEGF-A forms are
essential for angiogenesis [336, 337]. The major isoform in
humans (VEGF-A 45) is partly soluble and partly HSPG-
bound, but in some mammals, isoforms corresponding to
the human VEGF-A 45 do not exist, and the major isoform
(VEGF-A |gq/159) is strongly HSPG-binding [306], indicat-
ing that VEGF-A g9 might also work well in humans (see
Fig. 6).

Once produced by hypoxic cells, VEGF-A distributes in
the interstitial space, and its interactions with VEGF recep-
tor-1 or -2 are thought to happen on the abluminal side of
the endothelial cell [338, 339]. Thus, the VEGF-A measured
in blood plasma represents leakage, transendothelial trans-
port, or is introduced into the blood via lymphatic drainage.
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This view is supported by the typically low VEGF-A plasma
concentrations, which are often a fraction of what is needed
to elicit an angiogenic response. In line with this view is the
fact that the correlation of plasma or serum VEGF-A with
angiogenesis is not very strong. While an increase in intersti-
tial VEGF-A will also increase plasma VEGF-A, individual
differences in permeability (how much VEGF-A leaks into
the blood) and lymphatic function (how much VEGF-A is
carried into the blood via interstitial fluid drainage) easily
explain the variation between individuals. In cancer patients,
plasma VEGF-A levels are significantly higher, most likely
due to VEGF-A entering the blood via the tumor’s leaky
vessels [340]. High VEGF-A plasma levels have consist-
ently been associated with disease severity (as a prognostic
marker), but their use as a biomarker to predict the response
to antiangiogenic cancer treatment remains elusive [341,
342], and may even depend on the sampling method [330].

The distribution of receptors on the luminal and ablu-
minal sides of the cell has been modelled. While the model
was relatively simple (i.e., it included only two VEGF-A
isoforms, two receptors, and one co-receptor), an increase
in VEGF-A production in this model, first and foremost,
increased the internalization of VEGFR-1, which primar-
ily functions as a non-angiogenic decoy receptor [316]. Not
much wetlab research has compared luminal and abluminal
signaling; however, based on the available literature, it is
very likely that the spatial distribution of signaling is a cru-
cial factor in the response to VEGF-A [187, 188, 343].

6 Can Angiogenic Doping Boost Athletic
Performance?

Can angiogenic doping increase athletic performance?
While delivering VEGF-A results in an angiogenic
response, it has been shown not to increase blood supply
in healthy tissues that already have an adequate blood sup-
ply. VEGF-A gene therapy effects are more pronounced
in tissues with impaired blood flow, such as ischemic tis-
sues [200, 216]. Studies have shown that overexpressing
or overdelivering VEGF-A leads to the formation of a
chaotic, leaky, and irregular blood vessel network that is
incapable of upgrading the vascular system [153]. It is not
entirely clear how a sophisticated vascular patterning is
achieved, which optimizes blood oxygen uptake and deliv-
ery, but growth factor gradient formation, exploiting the
differential affinities of the multiple VEGF-A isoforms, is
thought to play a central role [318, 319] (see Fig. 6).

The treatment of ischemic diseases with VEGF-A has
shown that many hurdles have to be overcome to achieve
clinically relevant results [200]. However, in highly

ischemic tissues of coronary artery disease patients,
impaired blood flow is better than none. It has also been
speculated that VEGF-A alone may not be sufficient to
improve blood flow, and that a combination of angiogenic
growth factors in appropriate ratios might be necessary
[344]. For example, combining VEGF-A with angiopoi-
etin-1 could reduce the leakiness of newly formed vessels,
leading to more physiological outcomes [344, 345].

6.1 SystemicVersus Local Delivery
and the Importance of Gradients

The current view is that effective direct VEGF application
requires complex and tightly controlled delivery meth-
ods, making it largely impractical for doping attempts
currently. Systemic administration of larger amounts is
considered hazardous due to the vasodilatory effect of
VEGF-A observed in early clinical trials and animal stud-
ies [215, 346]. Systemic administration of VEGF-A might
not have any positive impact on angiogenesis. In one study,
intravenous delivery of a VEGF-A form engineered for
prolonged half-life actually resulted in a reduction in capil-
lary density in the kidney target organ [347].

Hence, as a protein, VEGF-A can presently only be
applied locally. However, the distribution of locally
applied VEGF-A does not replicate the endogenous growth
factor gradients necessary to organize angiogenic sprouts
and ultimately result in a hierarchical, functional network.
In the absence of these instructive gradients, VEGF-A
application typically results in nondirectional growth,
which does not necessarily improve oxygen and nutri-
ent supply (see Fig. 4B). For example, topically applied
VEGF-A in the chorioallantoic membrane assay results in
extensive angiogenesis, but not in a hierarchical, stream-
lined network [24, 25]. The early clinical trials to increase
vascularization of ischemic hearts using VEGF-A had no
clinically meaningful effects, at least partly for the same
reasons, despite measurable angiogenesis [200].

6.2 Angiogenic Doping—without Genes
and without Increasing VEGF Levels

The goal of angiogenic doping is to increase vascular den-
sity slightly and uniformly across large areas of the body,
particularly in skeletal muscle. This goal has been achieved,
but with lymphatic vessels rather than blood vessels. Kataru
et al. increased lymphatic vascular density in mice through-
out the body without altering VEGF-C levels [348]. This
increase was achieved by conditionally inactivating a gene
that negatively regulates VEGF-C-mediated intracellular
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signaling in lymphatic endothelial cells. The same para-
digm should work equally well in blood vascular endothe-
lial cells with VEGF-A signaling. Kataru et al. used genetic
engineering to implement ‘molecular nudging’ of the PTEN
gene, but pharmacological inhibitors of PTEN or other phos-
phatases could enable targeting of the intracellular signaling
of VEGFR-2 [349]. Nobody has been searching intensively
for suitable compounds, as the primary goal of the phar-
maceutical industry was the opposite: to find inhibitors of
intracellular signaling downstream of the VEGF receptors,
such as receptor tyrosine kinase (RTK) inhibitors [350].
Protein tyrosine phosphatase (PTP) inhibitors, on the other
hand, target the off switches for RTK signaling. VE-PTP and
PTP1b are examples of endothelial cell-specific PTPs [351,
352]. The VE-PTP inhibitor razuprotafib has been tested
in clinical trials, but nothing is known about its effects on
sports performance [353, 354].

Small-molecule drugs such as PTP and PHD inhibitors
could also be targeted to the vasculature. Targeting pericytes
or vascular smooth muscle cells, which are natural sources
of VEGF-A, could be done with an antibody conjugate
directed against platelet-derived growth factor receptor-p
or other mural or endothelial cell surface markers. Target-
ing would allow for a sufficient local concentration despite
almost undetectable systemic levels.

6.3 Current Technical Barriers and Suspected
Current Adoption

Based on the technical limitations of delivery described
in Sects. 4.1 through 4.5, it appears unlikely that currently
available pro-angiogenic gene therapies, CRISPR or mRNA-
based drugs, will be misused for doping purposes in the near
future. However, the same cannot be said for erythropoietin
delivery, as microdosing of mRNA drugs appears fully fea-
sible with currently available agents.

The leading VEGF candidate for future misuse would
likely be VEGF-D, not only because of its superior bio-
logical properties, but also because many fewer methods
exist for its detection, as it is the most recently discovered
and arguably least researched VEGF. Very different from
VEGFs are hypoxia mimetics and phosphatase inhibi-
tors, which are currently available and easy to administer.
Microdosing of hypoxia mimetics, including CO, could
produce a small but meaningful effect on erythropoiesis,
which might go undetected due to the concurrent effect
on angiogenesis and blood volume expansion. From a
detection point of view, CO is very similar to high-alti-
tude training and indistinguishable from environmental
exposure [355]. Similarly, systemically microdosed phos-
phatase inhibitors could slightly increase the response to
normal levels of VEGF-A. Moreover, the development
of small-molecule analogs is well understood [356], and

current detection efforts do not even cover all known
compounds.

While all such pharmacological interventions carry sig-
nificant risks, moderate high-altitude hypoxia, in contrast,
appears to be cardioprotective in both animal models and
humans [357, 358]. However, the mechanisms underlying
protection remain unclear because the multitude of concur-
rent physiological changes associated with high-altitude
exposure creates uncertainty about which changes are causa-
tive [359]. Additionally, similar benefits may be achieved
through different adaptive strategies, as genetic variation
shows [360]. In the absence of high-altitude hypoxia, aerobic
exercise is the most effective way to achieve a similar effect
[361]. Table 2 summarizes the existing and potential meth-
ods to stimulate angiogenesis for doping purposes, along
with their detectability and practical considerations.

7 Conclusions

While the ABP has significantly curbed traditional blood
doping and erythropoietin misuse, the evolving landscape of
performance enhancement now faces the formidable chal-
lenge of next-generation doping. Angiogenic doping might
be an attractive use case for athletes aiming to implement
next-generation doping, particularly through the manipula-
tion of VEGF signaling via HIF-1a, prolyl hydroxylases,
or protein tyrosine phosphatases. Perhaps we are failing
already to detect some of the cutting-edge angiogenic dop-
ing techniques. For example, PTP inhibitors are not routinely
checked by WADA, and targeted small-molecule drugs could
easily fall below the detection threshold. If this is the case,
the true prevalence of doping among top athletes might be
much higher than typically assumed [362].

Enhancing oxygen delivery, a critical determinant
of endurance performance, can be achieved not only by
altering blood composition but also by increasing vascu-
larization through angiogenesis. The observed interplay
among hypoxia-inducible factors, prolyl hydroxylases, and
emerging agents such as targeted hypoxia mimetics sug-
gests ample potential for illicit manipulation. In contrast,
achieving functional and beneficial angiogenesis by direct
application of angiogenic factors such as VEGF-A or
VEGF-D is complex, requiring precise control of growth
factor gradients and isoform-specific effects, which are
not easily achievable in the context of doping at this time.

The pursuit of angiogenic doping carries significant and
unpredictable health risks, including the potential for trig-
gering tumor progression and the exacerbation of various
non-malignant diseases. In the long run, the detection of
angiogenic gene doping or editing poses formidable chal-
lenges, given the possible orthotopic expression of endog-
enous proteins, the limitations of current non-invasive
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imaging technologies for the skeletal muscle microvas-
culature, and the improvements of advanced gene-editing
techniques such as CRISPR.

If history is any guide, athletes will experiment with
pro-angiogenic drugs and regimens in the hope of gaining
a performance advantage—even before the FDA approves
such agents. Some of these substances are already acces-
sible, while others, such as gene doping and gene editing,
still face significant technical challenges before becoming
practical for doping purposes. Angiogenic doping, along
with its potential long-term physiological consequences
and the difficulties of detection, warrants dedicated
research to safeguard both the integrity of competitive
sport and the health of athletes.
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