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ATHEROSCLEROSiS - FROM A “CHOLESTEROL” TO A “CHRONiC iNFLAMMATORY 
DiSEASE”

Atherosclerosis, or hardening of  the arteries, is a chronic condition in which plaque 
builds up at the inner lining of  an artery and describes sedimentation of  cholesterol, fatty 
substances, cells and cellular debris and waste products, calcium and fibrin, affecting the 
large and medium-sized arteries (1).

Atherosclerosis is the major underlying cause of  coronary artery disease (CAD), 
peripheral artery disease (PAD) and stroke, which are respectively caused by blood clots 
in heart, arteries and brain resulting in blood flow obstruction in heart, peripheral tissues 
and brain. CAD, PAD and stroke cumulatively account for 80% of  all cardiovascular 
disease (CVD) deaths worldwide. In turn, an estimated 31% of  all deaths worldwide are 
attributed to CVD (2). Thus approximately one in four deaths worldwide is linked to 
atherosclerosis (80% atherosclerosis of  31% CVD worldwide). 

Originally, atherosclerosis was thought of  as a cholesterol-driven disease. In as early 
as 1913, Nikolai Anichkov could show that cholesterol alone induced atheromatous 
changes in vascular walls of  rabbits (3). A finding that was later extended to chickens 
(4–6). It was Virchow (end 19th century) and later Aschoff  (1920s), who revolutionized 
the field by studying pathophysiology of  disease, thus combining careful clinical 
observation in humans with intelligent experimentation (7). For atherosclerosis this 
yielded the theory by Aschoff  of  mechanical damage to the inner lining of  the vessel 
to underlie the entry of  blood plasma into the arterial wall (8). Indeed, this notion 
could be experimentally confirmed by others, linking hypertension with atherosclerosis 
advancement in hypercholesterolemic dogs (9). It was then indeed realized that only in 
highly sensitive animals, such as rabbits elevated serum cholesterol levels were sufficient 
to induce atherosclerosis, whereas in others, e.g. mice, additional triggers were required, 
including mechanical endothelium injury (e.g. via hypertension), bile salts, vitamin D 
administration or immunization with foreign proteins (10). Around that time, attention 
was drawn to the observation that atherosclerosis already develops early on in life, 
as analyzed in a cohort of  young soldiers killed in the Korean War (average age 22), 
suggesting a chronic, slow disease progression (11). 

Based on the cellular composition of  atherosclerotic plaques, inflammation was proposed 
as an additional factor in atherosclerosis in the 1970s (8). Studies in rabbits using anti-
inflammatory agents confirmed this theory, as they could reduce plaque growth (10). 
These initial approaches were followed by extensive studies on monocyte/macrophage 
function in murine models and in vitro studies, clearly showing an inflammatory 
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contribution to the disease progression (8,12,13). Taken all the evidence together, 
atherosclerosis is nowadays considered a chronic lipid-driven, inflammatory disease (14). 

Ca. 100 years after the initial studies on atherosclerosis, low-shear stress-mediated sub-
endothelial cholesterol retention and inflammatory changes in the endothelium are 
believed to initiate the atherogenic process (15,16). In response to low shear stress, 
injury to the endothelium (e.g. by hypertension), sub-endothelial lipid accumulation or 
inflammatory triggers, the arterial endothelial layer becomes more permeable, secretes 
reactive oxygen species (ROS) and cells express adhesion molecules (e.g. VCAM-
1, selectins) that capture leukocytes. This, together with changes in composition of  
the extracellular matrix, can then promote entry and retention of  cholesterol-laden 
lipoproteins (17). Subendothelial lipoproteins are subsequently biochemically modified 
within the arterial wall and thereafter endocytosed by macrophages, resulting in 
intracellular cholesterol accumulation (foam-cell formation) and inflammatory activation 
of  cells. In turn, this triggers chemoattractant-mediated leucocyte recruitment to the site 
of  cholesterol retention, namely the intima (luminal layer of  the artery). Numerically, 
monocytes present the most prominent infiltrating cell type. Once inside the lesion, they 
differentiate to macrophages but also local macrophages can proliferate, adding to the 
vicious circle of  monocyte recruitment – foam cell formation – release of  inflammatory 
cytokines, angiogenic growth factors and ROS – formation of  leaky microvessels – 
recruitment of  more inflammatory cells. Eventually, (lipid-laden) macrophages and other 
cells will undergo apoptosis, due to cholesterol overload/ROS production and other 
stress signals. Under physiological conditions dead cells are cleared by macrophages in 
a process called efferocytosis. In the event of  inefficient efferocytosis, dead cells will 
undergo “secondary necrosis” and form the lipid-rich necrotic core of  atherosclerotic 
plaques (18,19). Additionally, smooth muscle cells (SMCs) locally proliferate and migrate 
from the media (middle layer of  the artery) into the intima, where they proliferate and 
produce extracellular matrix molecules, such as collagen and elastin, contributing to 
the fibrous cap that covers the plaque (20). Up to this stage of  atherosclerotic plaque 
development, atherosclerosis is not associated with clinical symptoms, in parts due to 
outward remodeling of  the vessel wall (21), but also due to the stable nature of  the 
plaque (e.g. large fibrous cap). Rather, most complications arise from rupture of  an 
unstable plaque. Unstable plaques are typically characterized by a thin fibrous cap with a 
large lipid/necrotic core (22–24). Upon rupture and thus contact of  intra-plaque content 
with the blood stream, an immediate thrombotic response is initiated by platelets (25), 
resulting in thrombus formation, which might occlude vessels further along the blood 
stream. 
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CHOLESTEROL METABOLISM

Considering that atherosclerosis is a cholesterol-driven disease, available therapies to 
reduce atherosclerosis development and cardiovascular risk focus on cholesterol-lowering. 
Hypercholesterolemia remains a great clinical burden in the western world. 

Cholesterol exists in two forms: unesterified and as ester. Unesterified cholesterol 
contains a charged hydroxyl group, making it amphiphilic with the hydrophilic part being 
soluble in water/blood. Cholesteryl ester, derived upon esterification of  that hydroxyl 
group, results in a highly lipophilic, thus hydrophobic cholesterol form, which requires to 
be packaged into the hydrophobic core of  lipoproteins to be carried in blood. Principle 
plasma lipoproteins are chylomicrons, very low density lipoproteins (VLDL), LDL and 
high density lipoproteins (HDL.) In the context of  atherosclerosis, cholesterol contained 
in chylomicron remnants, VLDL and LDL are considered to forward atherosclerosis, 
while HDL lipoproteins oppose atherosclerosis development (reviewed in (26,27).

The circulation of  cholesterol and triglycerides starts with secretion of  triglyceride-
rich chylomicrons by the enterocyte into the lymph system, from where the particles 
subsequently enter the blood circulation. Within the enterocyte, microsomal triglyceride 
transfer protein (MTP) facilitates triglyceride binding to ApoB48 to form chylomicrons 
(28). While circulating in blood, triglycerides from chylomicrons are hydrolyzed by 
lipoprotein lipase (LPL), and the chylomicron remnant is subsequently cleared via 
the LDL receptor-like proteins (LRPs) in the liver (29). In order to further transport 
triglycerides and cholesterol to tissues, triglycerides are packaged with ApoB100, again 
under control of  MTP (28), and unesterified cholesterol is added to the particle to 
form the VLDL particle. In the circulation, triglycerides are hydrolyzed again from the 
VLDL particle via LPL. Also VLDL can then acquire cholesteryl esters from LDL and 
HDL, with the help of  the cholesteryl ester transfer protein (CETP). These processes 
result in the transformation of  VLDL to the smaller cholesteryl ester-rich LDL particle. 
The small-sized (20-25nm) LDL particle can then cross vascular endothelium, where it 
supplies tissues with cholesterol or in case of  atherosclerosis is oxidized. Additionally, 
LDL is removed from the circulation via hepatic LDL receptors. 

While LDL thus delivers cholesterol to tissue, HDL in turn carries excessive cholesterol 
from tissue back to the liver. In that sense, HDL forms part in the atheroprotective 
movement from peripheral tissue to the liver, subsequent excretion via bile and loss 
though feces, called reverse cholesterol transport (RCT) (30–32). In peripheral tissue, 
ATP-binding cassette, subfamily A, member 1 (ABCA1) is the rate-limiting step in 
nascent HDL production, mediating efflux of  cholesterol and phospholipid from 
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cells to lipid-free ApoA1 (33–37). More recently, also ABCG1 was shown to mediate 
cholesterol efflux to HDL (38).  

TrAns-intestinAl Cholesterol Excretion

Next to traditional cholesterol regulation, it has recently been realized that under certain 
conditions, fecal neutral sterol output can remain persistent, despite surgical or genetic 
inhibition of  biliary cholesterol efflux (see figure 1). This has led to the concept of  
an additional route of  cholesterol excretion, namely non-biliary cholesterol excretion 
directly from the blood into the intestinal lumen, termed trans-intestinal cholesterol 
efflux (TICE). 

cholesterol 

SR-B1 

ABCG5/8 

NPC1L1 

bile acids 

ABCB11 ABCB1a/b 

phospholipids 

MDR2 

ABCB4 

ATP8B1 

Liver 

Bile duct 

Figure 1: Bile transporters involved in intrahepatic lipid regulation.
Specific transporters are responsible for cholesterol, bile acid or phospholipid excretion into and reabsorption from bile. 
Deletion of  for example ATP-binding cassette subfamily G member 5/8 (ABCG5/8) deficiency results in reduced 
biliary cholesterol excretion, nonalcoholic fatty liver disease (39) and subsequent upregulation of  non-biliary TICE (40). 
Additionally, enhanced cholesterol-reabsorption from the bile in Niemann-Pick C1-like 1 (NPC1L1) transgenic hepatic 
overexpression models can enhance TICE (41).

Since the discovery of  TICE, its regulatory mechanisms still remain largely unknown. 
Until now, only high-fat diet (42), plant sterols (43), liver x receptor (LXR) activation 
(44) and peroxisome proliferator-activated receptor δ (PPARδ) ligands (45) have been 
conclusively identified to trigger TICE. A logical site of  regulation would be intestinal 
cholesterol transporters. Indeed, intestinal ABCG5 deficiency could reduce TICE 
by 40% (44), while ABCG8 had no effect(46). Additionally, whole body ABCB1a/b 
deficient mice presented with a 27% reduction in TICE (47). However, none of  these 
two transporters represent a clear on/off  switch for TICE. 
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Additional efforts have aimed at identifying the cholesterol-donating lipoprotein for 
TICE. After initial conflicting data (47), HDL could be excluded as donor for TICE in 
cholesterol tracing studies (45). In line with this, enhanced ability of  VLDL to deliver 
cholesterol in acyl-CoA: cholesterol O-acyltransferase 2 (ACAT2) deficient mice showed 
increased fecal neutral sterol excretion without affecting biliary sterol secretion (48), thus 
suggesting VLDL as cholesterol donor for TICE.  Also, LDL remains a likely candidate 
though, as uptake rates of  LDL cholesterol into the intestine are relatively high (49). 
Receptors for VLDL and LDL include LDLr, VLDLr, LRP and low-density lipoprotein 
receptor-related protein 8 (LRP8) (also apolipoprotein E receptor 2, apoER2), all of  
which are expressed in the gut (50,51). However LXR activation, shown to promote 
TICE and to regulated a great range of  target genes in cholesterol, fatty acid and glucose 
metabolism, can also indirectly target LDLr, VLDLr and apoER2 for proteasomal 
degradation (52,53). Thus LDLr, VLDLr and apoER2 are again unlikely to be involved 
in TICE and the receptor for cholesterol uptake from apoB-containing lipoproteins in 
the intestines for TICE remains unknown.  

CURRENT THERAPY OF ATHEROSCLEROSiS

Currently available strategies against atherosclerosis progression include surgical 
removal (carotid endarterectomy), coronary artery bypass grafting and stent-placement, 
and reduction of  risk factors for atherosclerosis. Next to lifestyle changes, this includes 
adequate hypercholesterolemia, hypertension and diabetes management, with mainly 
cholesterol lowering therapies being investigated and applied as prevention strategies at 
this moment:

Epidemiological evidence has linked high high-density lipoprotein-cholesterol (HDL-C) 
levels with reduced CVD risk and HDL-C raising strategies have therefore been 
explored already since the 1970s (54). However, the progression of  HDL-C raising 
drugs has been complicated by the great heterogeneity of  HDL subpopulations and 
different features associated with normolipidemic as compared to dyslipidemic state 
of  HDL (55). Probably more importantly, it has become clear that rather than linking 
absolute HDL-C levels to cardiovascular risk, cholesterol efflux capacity (thus RCT) is 
the better measure of  and target to reduce atherosclerotic burden and cardiovascular 
incidence (56,57). Actually, multiple HDL-C raising agents, purely enhancing HDL 
numbers have recently failed in clinical trials: Two CETP inhibitors, raising HDL by 
inhibiting cholesteryl ester transfer from HDL to VLDL (58), have failed to show 
effects on coronary events (59,60). A third trial on the CETP inhibitor evacetrapid in 
atherosclerotic disease was recently discontinued (61). Also trials on niacin, a general 
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lipid metabolism regulating but also HDL raising drug, have failed or been aborted due 
to lack of  effects (on top of  standard statin treatment) (62,63). Also HDL-mimetic 
infusion could not affect incidence of  major cardiovascular events, such as myocardial 
infarction, stroke, unstable angina and heart failure (64). One other study showed 
improved lipoprotein profiles, stimulated cholesterol mobilization and reduced arterial 
wall dimension and inflammation in familial hypoalphalipoproteinemia patients (65), but 
long term outcomes remain to be assessed in this study.

Next to HDL-C raising, several  low density lipoprotein-cholesterol (LDL-C) lowering 
therapies are explored at the moment. Indeed, the main drugs used for cholesterol-
lowering in clinical use nowadays are statins, which act by lowering LDL-C. Statins 
inhibit 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) expression, the rate-
limiting step in cholesterol biosynthesis. The resulting SREBP-dependent feedback 
response leads to increased LDLr expression by hepatocytes, which in turn can enhance 
clearance of  LDL from the circulation. However, while on the one hand statins are 
very effective in lowering cholesterol and cardiovascular risk, only fewer than 1 in 3 
adults in the US with elevated low density lipoprotein-cholesterol (LDL-C) levels 
achieve desired LDL-C lowering with statins (66). This is partially due to wrong dosing 
of  statins, but also statin resistance (67,68) and even intolerance has been described (69). 
Alternatives include proprotein convertase subtilisin–kexin type 9 (PCSK-9) targeting 
with inhibitors, monoclonal antibodies and antisense methods. PCSK-9 interference 
inhibits PCSK-9-mediated degradation of  LDLr, thereby increasing the concentration 
of  LDLr exposed on the cell surface both in the liver and the periphery. Clinical trials on 
cardiovascular outcome of  PCSK-9 inhibition are ongoing (70), with the first positive 
outcomes on cholesterol-lowering recently published (71).

As an alternative for lipoprotein modulation, pharmacological targeting of  the non-
biliary TICE pathway has recently even been shown to reduce atherosclerosis. Using 
pharmacological activation of  intestine-specific liver x receptor (LXR), Yasuda et al. 
could recently enhance “intestinal RCT”, thus enhanced RCT via TICE in mice (72). In 
accordance, an independent study shows increased RCT (biliary and non-biliary) upon 
intestinal LXR activation with subsequent protection against atherosclerosis in mice 
(73). Though this is not direct evidence, it is highly suggestive of  an anti-atherosclerotic 
effect of  TICE stimulation via LXR activation. Similarly, ezetimibe, an inhibitor of  
intestinal NPC1L1-mediated cholesterol absorption (74), lowers plasma cholesterol 
levels without affecting biliary cholesterol excretion, yet increasing fecal neutral sterol 
output (75). However, in a big clinical trial (IMPROVE-IT), ezetimibe showed only 
marginal additional reduction in cardiovascular death, major coronary event, or 
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non-fatal stroke on top of  simvastatin treatment (76). Overall, non-biliary cholesterol 
excretion and reducing intestinal cholesterol absorption might present valid new targets 
in reducing plasma cholesterol levels and protecting from atherosclerosis progression. In 
fact, enhancing biliary cholesterol excretion as in traditional HDL-mediated RCT, might 
even not be desirable as it promotes cholesterol gallstone disease (77,78).

Next to cholesterol-lowering, recent efforts aim at reducing inflammatory aspects of  
atherosclerosis, by inhibiting inflammatory mediator biosynthesis and/or signaling or 
by inducing immune tolerance by means of  vaccination. Multiple agents are undergoing 
clinical trials at the moment (reviewed in (79)), however also here, results are partially 
disappointing. While most randomized controlled trials on anti-inflammatory agents 
show reduction in biomarkers, imaging and functional parameters, this does not always 
translate to improved cardiovascular outcome. In fact, increased rather than reduced 
cardiovascular risk was observed for cyclooxygenase 2 (COX-2) inhibitors (80), as well 
as for the nonselective secretory phospholipase A2 (sPLA2) inhibitor, varespladib, aimed 
to reduce formation of  bioactive pro-atherogenic phospholipid generation (81) and for 
monoclonal antibodies directed against the pro-inflammatory IL-12/IL-23 subunit p40 
(82). 

Overall, these trials emphasize the complexity of  cholesterol metabolism and 
atherosclerosis development and the need of  refinement of  current strategies. For 
example, more detailed knowledge on individual plaque progression and stage (e.g. 
stable or unstable plaque) might allow more “personalized treatment”, thereby rendering 
current therapies more successful. On top of  that, novel strategies targeting cholesterol, 
inflammation or other pathways in plaque progression are desirable, which naturally 
need to compete with statins and should thus work independently and as adjuvant for 
the current gold standard statin intervention. 

HYPOXiA AND OXYGEN SENSORS iN ATHEROSCLEROSiS

A novel strategy to reduce atherosclerotic plaque growth might be targeting the oxygen 
shortage (hypoxia) within the plaque. Already inn 1974, this concept was introduced, 
when Vesselinovitch et al. studied plaque regression in rabbits. When switching high 
cholesterol diet fed rabbits back to normal diet, they could show profound plaque 
regression. Plaque regression was even more pronounced, when adding oxygen therapy 
on of  top of  the diet-switch (83). 

The current state-of-literature on hypoxia in atherosclerosis is discussed in more 
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detail in chapter 2. In short, already in the 1970s, Heughan et al. could show reduced 
oxygen tension in atherosclerotic aortas in comparison to healthy controls, by applying 
microelectrodes to infrarenal aortas in anesthetized rabbits. Intriguingly, lowest oxygen 
tension values were recorded actually close to the lumen of  the plaques (84). This suggests 
that oxygen diffusion is not the limiting factor for oxygen availability in atherosclerotic 
plaques in rabbits. Indeed, atherosclerotic plaque hypoxia can result from decreased 
oxygen diffusion to the core of  the plaque, due to fibrous cap formation and plaque 
expansion, or result from enhanced oxygen consumption by cells within the plaque. Also 
in mouse models, oxygen diffusion distance is less likely to underlie hypoxia. In fact, the 
oxygen diffusion distance in LS714T tumors in SCID mice from blood vessel into the 
interstitial space is about 100-250µm. This is taking into account oxygen consumption 
in the interstitial space (85). Thus, the net oxygen diffusion distance is potentially even 
bigger. Cellular oxygen consumption is therefore likely to contribute to atherosclerotic 
plaque hypoxia. More recently, imidazole-derivates, such as pimonidazole were used to 
detect tissue hypoxia. Imidazoles form adducts with thiol groups in proteins, peptides 
and amino acids in case of  hypoxia (pO2<10mmHg) (86). Thus at an oxygen saturation 
below approx. 1% oxygen (87) imidazole binding can be expected and thiol adducts 
can ex vivo be analyzed by immunohistochemistry. While detection of  a pimonidazole 
gradient within plaques is difficult, co-localization of  imidazoles with inflammatory 
markers (88), might again suggest enhanced cellular oxygen demand to contribute to 
plaque hypoxia.

To conclude, plaque hypoxia is present across species (89–91); but a causal role 
of  plaque hypoxia in atherosclerotic plaque development remains to be shown.

Hypoxia responses can be modulated in two ways: either by enhancing oxygen delivery 
to the plaque or decreasing oxygen consumption within the plaque.

Enhanced oxygen delivery is already exploited in the clinics for conditions where oxygen 
flow is obstructed, such as pneumonia, asthma, chronic obstructive pulmonary disease 
and cystic fibrosis (92). Nowadays, oxygen can be delivered to patients as compressed 
gas, as liquid (portable oxygen containers) or it can be concentrated from air (oxygen 
concentration filters). Application of  the gas then involved face masks, nasal cannulas, 
transtracheal oxygen therapy or delivery through breathing-supporting machines, e.g. 
continuous positive airway pressure (cPAP) devices or ventilators. However, these 
methods are not very feasible in experimental settings. In turn, hyperbaric oxygen therapy 
and oxygen gas breathing can be used. In fact, hyperbaric oxygen (HBO) therapy, using 
100% oxygen, has already been shown to reduce atherosclerotic formation in rabbits and 
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mice (93–95), though the authors did not study, if  the oxygen actually reached plaque 
tissue. In the clinic, HBO is mainly applied to ischemic conditions, where it could e.g. 
improve cerebral perfusion (96) and peripheral extremity ischemia (97). Nevertheless, 
hyperbaric oxygen therapy can result in severe side effects, such as damage to the lungs, 
oxygen poisoning and build-up of  fluid or rupture of  the middle ear  (98). Therefore, 
normobaric carbogen gas (95% oxygen, 5% carbon dioxide) presents a valid alternative. 
Carbon dioxide is added to the mixture to prevent pulmonary vasoconstrictive effects 
of  pure oxygen, again a downside of  HBO (99). Also in clinics, carbogen gas is applied 
in hypoxia modification during radiotherapy (100), hearing loss therapy (101) and has 
recently been tested in brain oxygenation for subsequent cerebral ischemia application 
(102). In contrast to HBO, carbogen gas has also been shown to improve tissue 
oxygenation in prostate tumors recently (103). Also, while in radiotherapy, improving 
oxygenation status allows enough oxygen radicals formation for effective induction of  
DNA damage in cancer cells, oxygen radical formation or ROS production has not been 
studied for hearing loss and brain oxygenation. Carbogen gas might thus present a valid 
method to increase oxygen delivery to plaques in experimental atherosclerosis. 

Decreasing oxygen consumption is partly achieved as “natural doping” sportsmen 
taking beetroot juice already. Beetroot contains high amounts of  dietary nitrate, which 
in turn has been shown to increase mitochondrial efficiency upon conversion to nitrite 
and nitric oxide in the plasma (104). Thereby, cells use up less oxygen in the electron 
transport chain, resulting in reduced alterations in tissue oxygenation in skeletal muscle 
upon exercise and improved exercise performance (104–107). Next to that, however, 
dietary nitrate has multiple other systemic effects. In fact, one week dietary nitrate and 
nitrite supplementation reduced infarct size in a murine myocardial ischemia/reperfusion 
model, not by affecting oxygenation, but by replenishing nitrate and nitrite stores 
during infarction (108). Also, short term dietary nitrate supplementation has been 
shown to lower resting blood pressure in humans (109) and dietary nitrate resulted in 
enhanced cardiorespiratory function (110) and improved glucose tolerance in diabetic 
rats (111). Further, an anti-inflammatory effect has been linked to dietary nitrate and 
nitrite consumption (112). All these effects hint towards an atherosclerosis-protective 
role of  dietary nitrate supplementation, which has not yet been studied. However, 
also discrimination between the different effects and their relative contribution to 
atherosclerosis is difficult. 
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OXYGEN SENSORS iN CARDiOVASCULAR DiSEASE

An alternative to reduce cellular oxygen consumption is cellular reprogramming. Recently, 
deficiency of  the HIF-prolyl hydroxylase 1 (PHD1) deficiency has been described to 
reduce cellular oxygen consumption in skeletal muscle (113). PHDs in general are prolyl 
hydroxylases, where they belong to the family of  ferrous iron (Fe2+) and 2oxo-glutarate 
(2-OG) dependent dioxygenase enzymes. PHDs play an important role in oxygen sensing, 
as on top of  Fe2+ and 2-OG, the enzymes require oxygen for their enzymatic activity 
in hydroxylating hypoxia-inducible factor α (HIF-α) subunits at two (oxygen-dependent 
degradation domains) proline 402 and 564. This hydroxylation targets HIF-α for von 
Hippel-Lindau (vHL) protein-mediated ubiquitination and proteasomal degradation 
(114). In turn, during hypoxic conditions, PHDs lose their activity of  degrading HIF, 
thereby starting a HIF-mediated program on cellular adjustment to hypoxia. Via 
stabilization of  mainly HIF-2α, PHD1 deficiency has been shown to reduce cellular 
oxidative phosphorylation and increase anaerobic cellular glycolysis (113).

HIFs are a family of  basic helix-loop-helix/PAS 9PER/ARNT/SIM) transcription 
factors, with HIF-1, HIF-2 and HIF-3 described so far. Transcriptionally functional HIF 
is a heterodimer, composed of  HIF-α and HIF-β subunits, with all three HIF homologs 
sharing the same β-subunit (115). In most cell types, HIF-1α is stabilized upon acute 
hypoxia (116–118). HIF-1α upon heterdimerization mediates transcription of  target 
genes involved in angiogenesis, glucose metabolism, growth and survival, invasion and 
metastasis and others, thereby adjusting to hypoxic conditions (119). HIF-2α and 
HIF-3α have a more restricted expression pattern in acute hypoxia, partially share target 
genes, with HIF-1α being the predominant glycolysis inducer (120–122).

While HIF has been extensively studied in atherosclerosis in a cell-type specific manner, 
oxygen sensor PHD inhibition has not yet been investigated in this context. The first 
homolog of  PHD was identified in 2001 in c. elegans in 2009 (egg-laying abnormal 9, 
or egl nine homolog EGLN) (114). Four isoforms have subsequently been discovered: 
PHD1, 2, 3, 4 and the related enzyme Factor-inhibiting HIF (FIH) (123). 

Oxygen levels are the most ubiquitous factor controlling PHD activity. Naturally also 
availability of  co-factors Fe2+ and 2-OG determines catalytic activity of  PHDs. For 
example, ROS can chelate and oxidize PHD bound Fe2+ (126,127). In line, competitive 
inhibition of  2-OG, by TCA cycle-generated fumarate and succinate, which compete 
with 2-OG binding to the active site of  PHDs, has been described (128). Next to this 
regulation at enzyme/protein level, PHD2 and PHD3 genes contain hypoxia-responsive 
elements (129,130), showing transcriptional regulation of  PHDs. Also, PHD1 and PHD3 
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can be targeted for poly-ubiquitination and proteasomal degradation by Siah1a/2 (131). 
In fact, Siah2 is actually upregulated in hypoxia, therefore contributing to accelerated 
degradation of  mainly PHD3 (131). In turn, PHD3 is also the isoform with greatest 
transcriptional upregulation in hypoxia, again presenting a tightly regulated feedback 
loop system of  PHD regulation.   

Structure function analyses have revealed great homology of  PHDs 1 – 3 in the ferrous 
iron binding catalytic domain. Yet, PHD isoforms have diverse affinity for HIF-1α 
hydroxylation (132). Also, while all PHDs hydroxylate HIF prolines at highly-conserved 
LXXLAP sequence motifs, in vitro systems reveal similar to high activity of  PHD2 and 
PHD3, and lower activity of  PHD1 (132,133). Additionally, only PHD1 and PHD2 can 
hydroxylate proline 402 at a Km value that exceeds that for proline 465 hydroxylation 
by 20 to 50 times (133). Also, PHD1 and PHD3 are more active on HIF-2α than HIF-
1α, whereas PHD2 hydroxylates HIF-1α more efficiently (134). Intracellular localization 
of  the enzymes is also distinct. PHD1 is exclusively localized to the nucleus, PHD2 
predominantly found in the cytoplasm and PHD3 is detectable uniformly in both 
cytoplasm and nucleus (135). Differential function might thus be explained by structural 
differences in the N-termini of  the three enzymes and/or unrevealed differences in 
transcriptional/ (post-) translational regulation.

Next to HIF stabilization, different substrates or at least binding partners of  PHDs 
have been identified. PHD1 an PHD2 have been shown to regulate transcriptional 
activity of  NKκB in a HIF-α-independent fashion (136), by hydroxylating IKKβ. PHD1 
in turn could be shown to destabilize FOXO3a and consequently, loss of  PHD1 led 
to accumulation of  FOXO3a  (137). Also activating transcription factor 4 (ATF4) is 
oxygen-dependently regulated by PHD3, where PHD3 silencing resulted in ATF-4 
stabilization under normoxic conditions (138). Next to that, the β2-adrenergic receptor 
could be hydroxylated by PHD3 (139) and also PKM2 hydroxylation by PHD3 has been 
described to increase binding of  PHD3 with HIF, thereby enhancing transactivation of  
HIF-1 target genes (140). However, direct hydroxylation of  HIF-independent factors 
has been difficult to demonstrate, possibly due to technical factors. 
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PHDs in MyocArdiAl infArction And ischemiA/Reperfusion injury

Due to their oxygen sensing function, PHDs have up to date mainly been studied in 
ischemia/reperfusion models. Indeed, general PHD inhibition (pan-PHD inhibition) 
using the iron-chelator Dimethyloxallyl Glycine (DMOG) could reduce myocardial 
infarct size in mice and rabbits as studied by multiple groups (141,142). Additionally, 
pre- and post- conditional administration of  mice undergoing myocardial infarction with 
another PHD inhibitor (2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido) acetate, 
ICA) resulted in HIF-α stabilization in heart muscle cells and reduced infarct size 
(143). However, the diversity in PHD isoform function suggests differential function in 
physiology and pathology. Indeed, Rohrbach et al. could show differential expression of  
PHDs in ischemic hearts of  mice and men, with induction of  PHD3 in ischemic as well 
as healthy ageing hearts, suggesting differential function (144). Also under physiological 
conditions, PHD3 expression is highest in the heart compared to PHD1 and PHD2 
(145). Infarcted rat hearts on the other hand mainly express PHD2 and PHD3 (both 
on mRNA and protein) rather than PHD1 (146), however rat studies should be handled 
with caution with respect to PHDs, as they express a truncated from of  PHD3. 

PHD Manipulation Model Outcome Process Refs 

PHD2 Cardiac-specific MI reduced infarct size increased capillary area (153,154) 

haplodeficiency stroke improved cerebral blood 
flow ND (155) 

hypomorphism hindlimb ischemia reduced ischemia enhanced capillary size (not number) (156) 

sh interference hindlimb ischemia enhanced neovascularization angiogenesis induced (157) 

haplodeficiency hindlimb ischemia reduced ischemia macrophage skewing to M2 and 
arteriogenesis (158) 

PHD1 sh interference hindlimb ischemia Less neovascularization 
compared to PHD2&3 - (157) 

wb KO hindlimb ischemia reduced ischemia switch to glycolysis, less ROS (113) 

wb KO hindlimb ischemia recovery of perfusion and 
motor function  increased capillary density (159) 

wb KO MI ex vivo reduced infarct size reduced apoptosis and ROS (160) 

wb KO stroke reduced infarct size switch to oxidative pentose 
phosphate pathway scavenging ROS (161) 

wb KO / 
hepatic silencing liver ischemia reduced ischemia reduced oxidative stress (162) 

PHD3 wb KO MI reduced infarct size/ 
preserved function increased capillary density (163) 

sh interference hindlimb ischemia enhanced neovascularization angiogenesis induced (157) 

Cardiac KI MI enhanced infarct size Reduced HIF accumulation (164) 

 
Table 1: PHDs in myocardial infarctiona and ischemia/reperfusion injury.
KO – deficiency; KI – knockin; ND – not determined; MI – myocardial infarction; WB – whole body; sh – short 
hairpin interference.



21

GenerAl introduction And outline of the dissertAtion | 1 1
The respective effects of  PHD isoform inhibition on ischemia/reperfusion injury and 
the pathways involved are summarized in table 1. Overall, PHD2 and PHD3 deficiency 
reduce ischemic injury by promoting vessel formation ensuring oxygen supply, whereas 
PHD1 deficiency protects from ischemia by adjusting cellular metabolism to less ROS 
production.  

As a note of  caution on PHD2 inhibition in cardiovascular disease though, there are also 
reports on cardiac-specific PHD2 inactivation causing cardiomyopathy over time (147) 
as well as premature lethality of  PHD2 whole body deficient mice and development of  
dilated cardiomyopathy in tamoxifen-induced PHD2 deficiency (injections near term and 
3 weeks after birth) (148). Also, PHD2 deficiency is a major inducer of  HIF-dependent 
erythropoiesis (149). While PHD2 inhibition is thus beneficial in anemia patients (see 
table 2), in subjects with normal erythrocyte counts, raising erythropoiesis and elevated 
hematocrit could potentially thwart the beneficial cardiovascular effects by possible 
effects on thrombosis and microvascular perfusion (150–152). Alternatively, as these 
negative effects are mainly seen in complete PHD2 deficiency models, haplodeficiency 
and thus partial inhibition might be a valid strategy to circumvent side effects.

TrAnslAtionAl PotentiAl of PHD inhibition

Current strategies to inhibit PHDs involve mimicking 2-OG, chelating/substituting Fe2+ 
and blocking the active sites of  PHDs. However, making these inhibitors specific for a 
single PHD isoform remains a challenge. A recent overview of  general non-specific PHD 
inhibitors, principle of  inhibition, specificity and therapeutic application is presented in 
(165). Most general PHD inhibitors in clinical trials nowadays are designed for anemia 
treatment (table 2). While these data show translational potential and general safety of  
PHD inhibition, erythropoiesis effects do have to be considered in above mentioned 
cardiovascular implications of  PHD inhibitors.
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Inhibitor Patient Population Purpose of study Refs 
Vadadustat 
(AKB-6548) 

Non-dialysis-dependent anemic patients with 
chronic kidney disease (Phase III, recruiting) 

Reverse anemia, in comparison to 
darbepoetin alfa (166) 

GSK1278863 

End Stage Renal Disease patients, undergoing 
peritoneal dialysis (Phase I, recruiting) Reverse anemia (167) 

Hyporesponsive rhEPO patients with chronic kidney 
disease (Phase II, recruiting) Reverse anemia (168) 

Diabetic patients with diabetic foot ulcers (Phase I, 
recruiting) Treat diabetic foot ulcers (169) 

Patients undergoing Thoracic Aortic Aneurysm 
Repair (Phase II, completed) Reduce Ischemic event (170) 

Roxadustat 
(FG-4592) 

Dialysis-dependent Anemia patients with Chronic 
Kidney Disease (Phase III, recruiting) Reverse anemia (171) 

End Stage Renal Disease Patients in stable Dialysis 
(Phase III, recruiting) 

Reverse anemia in comparison to 
epoetin alfa and darbepoetin alfa (172) 

Anemia patients on stable dialysis (Phase III, 
recruiting) 

Reverse anemia in comparison to 
epoetin alfa (FG-4592) (173) 

Anemia patients with chronic kidney disease not on 
dialysis (Phase III, recruiting) Reverse anemia (174) 

Anemia patients with Chronic Kidney Disease not 
requiring Dialysis (Phase III, recruiting), Reverse anemia (175) 

Anemia patients with  End Stage Renal Disease with 
newly initiated dialysis (Phase III, recruiting) 

Reverse anemia in comparison to 
epoetin alfa (FG-4592) (176) 

Anemia patients with Chronic Kidney Disease not on 
Dialysis (Phase III, recruiting) Reverse anemia (FG-4592) (177) 

Anemia patients with Chronic Kidney Disease not on 
Dialysis (Phase III, recruiting) 

Reverse anemia compared to 
darbepoetin alfa (178) 

 
Table 2: PHD inhibitors currently undergoing clinical trials (clinicaltrials.gov, 03-02-2016).

Overall, there are implications for PHD inhibition in cardiovascular disease and CVD 
risk factor management. PHD2 has been extensively studied in cardiovascular disease; 
however, evidence is sometimes conflicting evidence. Also, the fact that PHD2 deficiency 
results in embryonic lethality, erythropoiesis and severe phenotypes, makes PHD1 and 
PHD3 better targets in CVD and other pathologies. Alternatively, cell type-specific 
PHD2 inhibition might be desirable. 
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OverAll Aim And Hypothesis

Current understanding and therapeutic management of  atherosclerotic disease has not 
yielded sufficient reduction in cardiovascular disease events. The aim of  this dissertation 
is to establish the role of  hypoxia in atherosclerosis: is hypoxia merely a bystander or 
causative to atherosclerotic plaque progression and can we define hypoxia as therapeutic 
target for atherosclerosis?

We hypothesis that plaque hypoxia is causal to atherosclerotic disease progression. 

We will:
1. Reverse plaque hypoxia by enhancing oxygen diffusion to the plaque using  
 carbogen gas (chapter 3).
2. Reduce cellular oxygen demand by dietary nitrate-mediated improvement of   
 mitochondrial efficiency can reverse plaque hypoxia (chapter 4). 
3. Interfere with cellular oxygen sensors PHD1 and PHD3 to reverse plaque  
 hypoxia (chapter 5/6). 

Outline of the DissertAtion 

Plaque hypoxia mainly co-localizes with macrophages (91). Based on this, we initially 
screened the literature for recent evidence on hypoxia in atherosclerosis and other 
inflammatory settings, with particular focus on macrophages (chapter 2).

In chapter 3, the effect of  increased oxygen diffusion to murine plaques on atherosclerotic 
plaque hypoxia and progression was investigated in LDLr deficient mice. Additionally, 
the underlying mechanism by which hyperoxic therapy could alleviate atherosclerosis 
was determined in macrophage cultures in vitro. 

As opposed to increased oxygen availability, reduction of  cellular oxygen consumption 
was achieved by supplementing LDLr deficient mice with dietary inorganic nitrate in 
chapter 4. Dietary nitrate has been assigned multiple effects, including blood pressure 
lowering and anti-inflammatory properties, but also improved mitochondrial respiration 
efficiency (105,108,110,111), which was hypothesized to reduce cellular oxygen 
consumption in plaques. 

Chapter 5 describes the effects of  genetic interference with oxygen sensor PHD1 on 
atherosclerosis development. PHD1 deficient has been shown to reduce cellular oxygen 
consumption in skeletal muscles (113), and therefore, PHD1 deficient mice backcrossed 
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onto a LDLr knockout background were studied. Plaque hypoxia was indeed reversed 
and plaque development inhibited in PHD1 deficient mice. Surprisingly, PHD1 
deficiency also showed pronounced effects on cholesterol metabolism, which were 
further investigated in vivo in various cholesterol tracing studies. 

Pro-inflammatory macrophages mainly express the oxygen sensor PHD3. In chapter 
6, the role of  hematopoietic and whole body PHD3 deficiency on atherosclerosis 
development and cholesterol metabolism was then studied. Interestingly, PHD3 
interference in both models showed opposite effects as compared to PHD1 deficiency 
in chapter 5.  

A general discussion of  major findings of  my dissertation with future perspectives and 
initial attempts for the making of  a PHD1-specific inhibitor are presented in chapter 7.
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ABSTRACT

Purpose of the Review

Hypoxia triggers various cellular processes, both in physiological and pathological 
conditions and has recently also been implicated in atherosclerosis. This review 
summarizes the recent evidence for the presence and the role of  hypoxia in atherosclerosis. 
Additionally, it will elucidate on hypoxic signaling, which is interlinked with inflammatory 
signaling and discuss recent advances in imaging of  hypoxia in atherosclerosis.

Recent Findings

Hypoxia is present in atherosclerotic plaques in humans and animal models and systemic 
hypoxia promotes atherosclerosis. Hypoxia stimulates pro-atherosclerotic processes, 
like deficient lipid efflux, inflammation, interference with macrophage polarization 
and glucose metabolism. However, the molecular mechanism of  hypoxia-mediated 
atherogenesis remains unclear.

Non-invasive imaging directly targeting plaque hypoxia has been applied in animal models 
of  atherosclerosis, but remains to be validated in humans. Meanwhile, the metabolic 
marker 18F-FDG, used to detect human atherosclerosis in vivo, may serve as indirect 
marker of  plaque hypoxia due to enhanced glucose uptake in anaerobic metabolism. 

SummAry

Recent studies underscore the pro-atherogenic role of  hypoxia in macrophage lipid and 
glucose metabolism, inflammation and polarization. These studies provide new insights 
into the pathogenesis of  atherosclerosis and unravel novel therapeutic targets and new 
options for non-invasive imaging of  human atherosclerotic plaques.
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Evidence of hypoxiA in Atherosclerosis - A historicAl view

Low oxygen tension, hypoxia, is an important stimulus of  both pathological and 
physiological processes including angiogenesis, inflammation, metabolism and 
apoptosis. All of  these processes are implicated in atherogenesis. Arterial wall hypoxia 
has been extensively studied using microelectrodes in vitro and in vivo in healthy arteries 
and atherosclerosis injury-models in rabbits (1–5). More recently, Björnheden et al. 
(6,7) showed zones of  hypoxia in rabbit atherosclerotic plaques, using the imidazole 
derivate 7-(4’-(2-nitroimidazol-1-yl)-butyl)-theophylline (NITP), and suggested a 
co-localization of  hypoxia with foam cells (macrophages). NITP undergoes intracellular 
nitroreduction (mainly by cytochrome p450) (8), resulting in reactive intermediates. In 
cells with an oxygen concentration below 14mM (equivalent to 10mmHg at 37°C), these 
intermediates form stable adducts with cellular thiol groups in proteins, peptides and 
amino acids (9). 

Using the imidazole derivate pimonidazole, we recently conclusively demonstrated the 
presence of  hypoxia in human atherosclerotic plaques in vivo. As for rabbit atherosclerosis, 
macrophages are the major cell type in human plaques that display signs hypoxia, with 
co-existent expression of  hypoxia-inducible factor 1α (HIF-1α) and vascular endothelial 
growth factor (VEGF). Furthermore, hypoxia correlated with intra-plaque angiogenesis 
(10). Autoradiography of  the imidazole marker [18F]-EF5 (2-(2-Nitro-1H-imidazol-1-
yl)-N-(2,2,3,3,3-pentafluoropropyl)), was also able to detect hypoxia in atherosclerotic 
plaques in LDLr-/-ApoB100/100 and IGF-II/LDLr-/-ApoB100/100 mice (11). Murine 
plaque hypoxia, was also confirmed in LDLr-/- mice in vivo using pimonidazole, and 
again co-localized with macrophages (12). Based on these studies, the presence of  
hypoxia in human and murine atherosclerotic plaques is nowadays widely accepted; 
however the functional involvement of  hypoxia in atherogenesis remains unclear. 

Cells respond to hypoxic conditions by adjusting metabolism, angiogenesis, inflammation, 
migration, endothelial dysfunction and cell survival signaling (13–15). These processes 
mainly involve the transcription factor HIF-1 (16). HIF-1 is composed of  an α and β 
subunit, with HIF-1α being continuously degraded under normoxic conditions, while 
hypoxia increases its stability and transcriptional activity (17). In human atherosclerotic 
plaques, we showed co-expression of  the hypoxic marker pimonidazole and 
HIF-1α, suggesting a role of  HIF-1α in atherosclerosis (10). However, it should be 
noted that HIF-1α can also be stabilized under normoxic conditions and therefore does 
not exclusively represent hypoxia. Atherosclerotic factors including ROS (18), thrombin 
(19), LPS (20), oxidized LDL (oxLDL) (21), PKC and PI-3K pathways (22) have also 
been shown to promote HIF-1α stabilization in normoxia.  
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In this review, we will summarize the recent findings on a causal role for hypoxia-driven 
signaling in atherogenesis. As macrophages present the main hypoxic component of  
atherosclerotic plaques, we will focus on oxygen deprivation-mediated disturbances 
in macrophage functions, such as lipid and glucose metabolism, polarization and 
inflammatory signaling. 

Atherogenesis: hypoxiA-driven?

Atherosclerotic vascular disease is the leading cause of  morbidity and mortality in the 
industrialized world (23). Evidence for a clinically relevant and progressive role of  
hypoxia in atherosclerosis is provided by obstructive sleep apnea (OSA) patients. OSA 
patients suffer from chronic intermittent cycles of  hypoxia and re-oxygenation (CIH) 
(24) and present with an increased risk for atherosclerosis and subsequent cardiovascular 
disease (25–30).

CIH is believed to be the major cause of  OSA-associated atherosclerotic cardiac events 
(reviewed in (31)), in parts, by CIH-induced oxidative stress, which is elevated in OSA 
patients (32). Even though, local plaque hypoxia has not been shown in OSA patients so 
far, CIH models suggest a pro-atherogenic role of  systemic hypoxia in atherosclerosis. 
CIH induces atherosclerosis in C57Bl6 mice fed a high cholesterol diet, while C57Bl6 
mice subjected to high cholesterol diet alone did not show lesion development. Exposure 
of  ApoE-/- mice to CIH accelerated atherosclerosis progression on high cholesterol diet 
but also on normal chow (33–36). Conversely, early signs of  atherosclerosis, including 
arterial wall thickening and stiffness in OSA patients can be reversed by continuous 
positive airway pressure therapy (cPAP) (37,38). CPAP reverses upper airway narrowing 
by delivering compressed air, making unobstructed breathing possible and restoring 
hypopneas and apneas. Additionally, hyperbaric oxygen treatment (HBOT, 2.4-2.5 atm, 
100% O2) reduced atherosclerosis in both rabbit and mouse models. It increased anti-
oxidant enzymes and attenuated both lipid oxidation and the proinflammatory 
immune response (39–41). In humans, HBOT improved atherosclerosis in patients 
with diabetic feet and in a case report on reperfusion of  atherosclerotic cerebral infarction 
(42,43). Unfirer et al. proposed that the advantageous effect of  HBOT on regression 
of  atherosclerosis and diabetes mellitus, might be due to a reoxygenation-mediated 
restoration of  endothelial function (44). However, the mechanism underlying the 
beneficial effect of  systemic re-oxygenation on atherosclerosis and the effect on plaque 
hypoxia remains unclear. Moreover, the direct link between HBOT and atherosclerosis 
regression, as shown in animal models and case reports, remains to be confirmed for 
large scale human atherosclerosis studies. 
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In conclusion, hypoxia is present in atherosclerotic plaques and systemic oxygen 
alterations in CIH and HBOT suggest a pro-atherosclerotic effector role of  systemic 
hypoxia. However, if  this effect is a mediated by local changes in plaque hypoxia and the 
underlying molecular mechanism remain obscure. 

HypoxiA And inflAmmAtion shAre pAthwAys: is NFkB the key?

Oxygen demand, and thus hypoxia, is particularly elevated at sites of  inflammation, e.g. 
wounds or atherosclerotic lesions (45). In this respect, it is not surprising that hypoxia 
and inflammatory responses share intracellular pathways, including metabolic alterations, 
macrophage phenotype switching and oxidative stress signaling. In this review, we will 
discuss the recent advances in hypoxia and inflammation signaling in atherosclerosis. 

Hypoxia has mainly been studied with respect to lipid metabolism, as LDL modification 
and accumulation in the vessel wall and foam cell formation present critical steps in 
atherogenesis. Hypoxia promotes triglyceride synthesis and loading of  foam cells 
(46,47), inhibits cholesterol influx and enhances LDL affinity of  macrophages (48) 
(extensively reviewed in (49)). Along this line, foam cell formation could be inhibited 
in vitro by HIF-1α RNA interference (50). Mechanistically, the dyslipidemic effect of  
hypoxia has been linked with LXR expression and down-regulation of  cholesterol efflux 
receptors, such as ABCA-1 (49,51). In fact, HIF-1α over-expression reduced cholesterol 
efflux from macrophages, which was even further decreased upon hypoxia (51). A 
recent study now showed that another inflammatory transcription factor, NFκB, was 
required for cholesterol efflux/uptake receptors ABCA1 and SR-B1 protein expression 
in CIH-induced atherosclerosis. Additionally, NFκB subunit p50-/- mice presented with 
reduced hyperlipidemia and foam cell formation in CIH-induced atherosclerosis (52). 
This confirms earlier findings, where p50-/- attenuated atherosclerosis development in 
mice and reduced oxLDL uptake by p50-/- macrophages, also in the absence of  systemic 
hypoxia (53). Another study showed that the hypoxic effect on lipid clearance was 
mediated by inhibition of  lipoprotein lipase (LpL) and that this effect was independent 
of  NFκB (54). In addition to the NFκB-mediated dyslipidemic effects, NFκB contributed 
to macrophage differentiation, recruitment and foam cell formation (55), as well as 
endothelial dysfunction  in chronic intermittent hypoxia models (56). 



43

 HypoxiA in Atherosclerosis And inflAmmAtion | 2

2

In conclusion, hypoxia and inflammation share signaling pathways, amongst others NFκB 
activation. In concert, hypoxia and inflammation affect multiple processes, including 
lipid metabolism and cholesterol efflux, endothelial dysfunction and inflammation. 

HypoxiA Alters glucose metAbolism And oxidAtive stress signAling And vice versA

Chronic inflammation is a feature of  atherosclerosis and mounting an inflammatory 
response is an energy-intensive process. At sites of  inflammation, macrophages 
rapidly switch from a resting to an activated state, resulting in increased cytokine 
production, enhanced phagocytosis and antigen presentation, all resulting in excessive 
ATP consumption (57). This inflammatory switch has been shown to be at least 
partially mediated by HIF-1α in both normoxic and hypoxic conditions (58,59) and 
is accompanied by a metabolic shift towards glycolysis; a phenomenon known as the 
Warburg Effect. The Warburg effect describes the switch from oxygen-dependent 
mitochondria-mediated oxidative phosphorylation (OXPHOS) to glycolysis in tumor 
cells and highly proliferative cells. This switch can occur both in normoxic and hypoxic 
conditions and thus involves both aerobic and anaerobic glycolysis (60,61). It is well 
established that aerobic metabolism via OXPHOS produces more ATP per glucose 
molecule (in fact 36 ATP) than glycolysis. Yet, cancer and inflammatory cells decide for 
a seemingly less efficient metabolism via glycolysis, with only 2 ATP being produced 
per glucose molecule. This discrepancy can be explained by looking at metabolism as 
an interlinked network, rather than pathways. During glycolysis, precursors of  amino 
acid synthesis and nucleotide anabolism are generated, which are crucial for biomass 
accumulation and proliferation (61). If  nutrients are abundant, cells are hence easily 
capable to maintain homeostasis by relying purely on glycolysis, both in inflammation 
and hypoxia. 

Upon inflammation and hypoxia, T cells and macrophages switch their metabolism 
towards glycolysis, with macrophages presenting with a more pro-inflammatory M1-like 
phenotype (62–64). In fact, Folco et al. recently demonstrated that hypoxia rather than 
inflammation promotes glucose uptake by macrophages in vitro (65). M2 macrophages 
were shown to maintain oxidative phosphorylation for ATP production (reviewed in (66)). 
Also in rabbit atherosclerotic lesions, hypoxic macrophages showed increased glucose 
consumption and ATP depletion, suggesting the Warburg effect in atherosclerosis. 
In vitro, hyperoxic re-oxygenation of  the rabbit plaques could reverse ATP depletion, 
whereas normoxic conditions could not, suggesting that oxygen availability rather than 
glucose concentration is the limiting factor in ATP production within the plaques (67). 
In turn, increased glycolysis promotes lactate production and acidification of  the plaque 
environment. In fact, elevated blood lactate has recently been associated with increased 
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carotid atherosclerotic wall thickness in humans, although this was partially related to 
insulin resistance (68). As plaque and systemic acidification are pro-atherogenic (69,70), 
enhanced lactate due to increased glycolysis may contribute to atherogenesis. 

Apart from enhanced lactate production, hypoxia results in increased ROS production by 
a dys-regulated mitochondrial respiratory chain (reviewed in (71)). ROS are implicated in 
oxLDL formation, endothelial activation, monocyte-derived macrophage recruitment, 
activation and death, vascular smooth muscle cell proliferation and death, and matrix 
remodeling (72,73). Mitochondria, which are majorly dependent on oxygen during 
respiration, sense oxygen depletion and subsequently release ROS into the cytosol. ROS 
in turn stabilizes HIF-1α via various pathways, including inhibition of  PHD-mediated 
HIF hydroxylation (reviewed in (74)). Macrophages, representing the largest hypoxic 
fraction in atherosclerosis (10), are also the main source of  ROS and oxidative stress 
in the plaque (75), suggesting a link between hypoxia and ROS in plaque progression. 
In accordance, ROS inhibition by statins has been shown to improve hypoxia-induced 
endothelial dysfunction (76). Also, OSA patients present with elevated oxidative stress 
levels and ROS-mediated endothelial dysfunction (37,77–80). These data confirm a 
metabolic switch towards glycolysis in atherosclerotic macrophages, with subsequent 
lactate production and ROS production contributing to endothelial dysfunction and 
plaque advancement. However, whether hypoxia promotes this glycolytic shift, or 
whether hypoxia is secondary to enhanced glycolysis and inflammation in vivo, remains 
to be elucidated. Based on the fact that even small mouse lesions present hypoxic areas, 
we postulated, that macrophage oxygen demand rather than impaired oxygen diffusion 
promotes hypoxia in macrophages in atherosclerotic plaques (10). This would suggest 
that plaque hypoxia is secondary to a metabolic switch towards glycolysis during 
atherosclerosis (see Figure 1). 
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Figure 1: Suggested model of  plaque oxygen availability and metabolic effects on 
macrophages.   
Upon entering the arterial wall, monocytes differentiate into macrophages, which in turn take up oxLDL and become 
activated. With increased inflammation, cytokine and ROS production as well as glucose and ATP demand, macrophage 
oxygen consumption exceeds oxygen availability. Consequently, macrophages display signs of  hypoxia, even though oxygen 
diffusion rates from the lumen into the plaque remain constant (credit to Volker Zerbe, www.volker-zerbe.de).                

HypoxiA Alters mAcrophAge polArizAtion And inflAmmAtion 

As indicated, hypoxia can induce the glycolytic switch and M1 macrophages show 
increased glycolytic activity (64). It has therefore been speculated that hypoxia can 
promote pro-inflammatory M1 macrophage differentiation thereby aggravating 
atherogenesis. However, there is conflicting evidence for a hypoxia-mediated M1 
macrophage phenotype switch. In vitro, Macrophages display M1 polarization upon 
hypoxia (81) and HIF-1α deficient macrophages present a M2 TAM (tumor-associated 
macrophage) marker profile (82). However, in vivo, M2 TAMs accumulate in hypoxic 
tumor regions and both M1 and M2 ATMs (adipose tissue macrophages), amass in 
distinct hypoxic adipose tissue (81,82). These data suggest the presence of  an additional 
M2 macrophage trigger over-riding hypoxia in inflammatory tissue in vivo. In this respect, 
lactate and pH as well as growth factors and necrotic debris have been described for the 
tumor environment (83), suggesting a secondary effect of  the Warburg effect and lactate 
production on M2 polarization.
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In atherosclerotic lesions, both, M1 and M2 macrophage populations increased during 
plaque progression towards unstable lesions in vivo, with M1 macrophages localizing in 
rupture prone areas (84). Also studies on tumor hypoxia and macrophage distribution show 
that mainly M2-like TAMs are localized in hypoxic regions (85), supporting the idea of  
an additional trigger towards M2-like macrophage marker expression over-riding hypoxia. 
This is not surprising, as the plaque and tumor environment are very heterogeneous and 
contain various growth factors and inflammatory mediators. In this respect, we suggest that 
atherosclerotic plaque macrophages might resemble the tumor macrophages.

In conclusion, hypoxia seems to induce pro-inflammatory responses in macrophages. 
However, hypoxia is not sufficient in inducing macrophage phenotype switching in vivo, as it 
is balanced by yet unknown factors. 

HypoxiA As A non-invAsive imAging tool of Atherosclerosis

Knowing the pro-atherosclerotic role of  hypoxia, imaging of  plaque hypoxia may become a 
relevant and desirable prognostic and diagnostic tool for atherosclerosis. Several imidazole 
analogues [18F]-EF5 (86), [18F]-HX4 (3-[18F]fluoro-2-(4-((2-nitro-1Himidazol-1-yl)methyl)-
1H-1,2,3,-triazol-1-yl)-propan-1-ol) (87) and 18F-fluoromisonidazole ([18F]-MISO) (88) 
have been positively tested in imaging of  hypoxia in tumors; however, they remain to be 
validated in atherosclerosis imaging. Recently, hypoxic atherosclerotic areas in LDLr-/-

ApoB100/100 mice were successfully imaged ex vivo using [18F]-EF5 and PET scan. [18F]-EF5 
signal on autoradiography was significantly higher in atherosclerotic plaques compared to 
the normal arterial vessel wall and uptake was independent of  calcification, and surprisingly 
inflammatory state of  the plaque (11). Recent papers and the above described metabolic shift 
in plaque macrophages suggest that the metabolic marker 18F-fluorodeoxyglucose (18F-FDG) 
can be used as an indirect marker of  hypoxia in vivo. 18F-FDG is a glucose analogue PET 
tracer, which is taken up particularly by highly proliferative and glycolytically active cells 
and has hence also been linked with inflammation. In vitro data show that glucose uptake in 
human macrophages is stimulated to a greater extent by hypoxic conditions as compared 
to inflammatory triggers (65), suggesting that 18F-FDG uptake can be used to visualize 
plaque hypoxia. In vivo, 18F-FDG positivity has been linked with tumor inflammation and 
also atherosclerotic plaques could be detected in oncology patients (89–92). However, there 
is conflicting evidence for the effectiveness of  18F-FDG as a hypoxic marker. Whereas 
18F-FDG did not correlate well with 18F-MISO in sarcomas (93), 18F-FDG PET signal 
positivity correlated with hypoxia-mediated gene expression in murine atherosclerosis, 
including genes like HIF-1α and VEGF (94). Only few human atherosclerosis imaging 
studies have been performed so far (95). These correlate the 18F-FDG uptake to macrophage 
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presence in the plaque, and symptomatic unstable plaques show greater 18F-FDG uptake 
compared to advanced plaques (92,94,96,97). Thus, 18F-FDG represents an indirect tool 
to measure atherosclerotic plaque hypoxia and inflammation in atherosclerotic plaques 
and was recently successfully used to monitor decreases in human plaque inflammation 
under atorvastatin, pioglitazone and the HDL raising compound dalcetrapib (98). A 
combination with imidazole-based hypoxia PET scan markers and 18F-FDG may prove 
useful in diagnosis of  plaque phenotypes and plaque progression. 

Conclusion

Recent studies have confirmed the presence of  hypoxia in atherosclerotic plaques, and 
its co-localization with macrophages. Systemic hypoxia sleep apnea models and clinical 
studies reveal the pro-atherosclerotic role of  hypoxia and mechanistically link hypoxia 
with impaired macrophage function. Intracellular lipid accumulation and LDL oxidation 
and macrophage glucose metabolism are induced, resulting in ROS signaling, lactate 
production and acceleration of  disease. 

From this evidence we conclude that hypoxia may well represent one of  the main 
drivers of  atherosclerosis by interfering with macrophage function. Additionally, recent 
evidence interlinks plaque hypoxia with macrophage metabolic changes; however a 
causal relationship remains to be established.          
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ABSTRACT

BAckground

Advanced murine and human plaques are hypoxic, but it remains unclear whether plaque 
hypoxia is causally related to atherogenesis. Here, we tested the hypothesis that reversal 
of  hypoxia in atherosclerotic plaques by breathing hyperoxic carbogen gas will prevent 
atherosclerosis.

ApproAch And Results

LDLr-/- mice were fed a western-type diet, exposed to carbogen (95% O2, 5% CO2) or 
air and the effect on plaque hypoxia, size and phenotype was studied.

First, the hypoxic marker pimonidazole was detected in murine LDLr-/- plaque 
macrophages from plaque initiation onwards. Second, the efficacy of  breathing carbogen 
(90min, single exposure) was studied. Compared to air, carbogen increased arterial blood 
pO2 5-fold in LDLr-/- mice, and reduced plaque hypoxia in advanced plaques of  the 
aortic root (-32%) and arch (-84%). Finally, the effect of  repeated carbogen exposure 
on progression of  atherosclerosis was studied in LDLr-/- mice fed a high cholesterol diet 
for an initial 4 weeks, followed by 4 weeks of  diet and carbogen or air (both 90min/
day). Carbogen reduced plaque hypoxia (-40%), necrotic core size (-37%), and TUNEL+ 
apoptotic cell content (-50%) and increased efferocytosis of  apoptotic cells by MAC3+ 
macrophages (+36%) in advanced plaques of  the aortic root. Plaque size, plasma 
cholesterol, hematopoiesis and systemic inflammation were unchanged. In vitro, hypoxia 
hampered efferocytosis by bone marrow-derived macrophages, which was dependent 
on the receptor MerTK.

Conclusion

Carbogen restored murine plaque oxygenation and prevented necrotic core expansion 
by enhancing efferocytosis, likely via MerTK. Thus, plaque hypoxia is causally related to 
necrotic core expansion. 
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iNTRODUCTiON

In many pathophysiological conditions, reduced oxygen tension (hypoxia) is a known 
stimulus of  inflammation, angiogenesis and apoptosis (1,2). As the progression of  
atherosclerosis is driven by the very same processes (3–5), we recently investigated if  
hypoxia was present in atherosclerosis. Indeed, plaque hypoxia was detected specifically 
in macrophages of  advanced human atherosclerotic lesions using administration of  
the hypoxia-specific marker pimonidazole (6), as well as in advanced rabbit and murine 
plaques (7–10). However, whether plaque hypoxia is an innocent bystander-effect of  
macrophage influx, or a driving force behind plaque progression is still unknown. 

As the in vitro effects of  hypoxia on macrophage function are pro-angiogenic, pro-
inflammatory (11) and anti-fibrotic (12), we hypothesized that hypoxia in plaque 
macrophages is pro-atherogenic. Thus, reoxygenation would be expected to prevent 
plaque progression. An attractive strategy to achieve plaque reoxygenation may be 
the breathing of  hyperoxic gas carbogen, composed of  95% O2 and 5% CO2, as this 
successfully alleviated tumor hypoxia (13–15). Hyperoxic carbogen will increase oxygen 
dissolved in blood, thus pO2, rather than enhancing already maximal hemoglobin 
saturation. Additionally, the CO2 component of  carbogen contributes to increased oxygen 
supply: 5% CO2 ensures a respiratory drive, prevents pulmonary vasodilation associated 
with 100% O2 and shifts the hemoglobin-O2 dissociation curve towards facilitated 
oxygen delivery (16). Thus, oxygen blood content, oxygen delivery, and oxygen diffusion 
are vastly improved, and enhance tissue oxygenation. Therefore, we hypothesized that 
carbogen delivery will reverse hypoxia in murine atherosclerotic plaques, and thus reverse 
hypoxia-associated effects on plaque inflammation and progression.
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MATERiAL AND METHODS

AnimAls

Mouse experiments were approved by the regulatory authority of  the Maastricht 
University Medical Center, and were performed in compliance with the Dutch 
government guidelines. All mice were bred at least 9x on C57/Bl6 background. Male 
LDLr-/- were obtained from an in-house breeding colony, originally derived from Charles 
River (Wilmington, MA, USA). Mer tyrosine kinase domain deficient (MerTKkd) (17,18) 
and CD36 deficient mice (CD36-/-) (19) and wildtype control mice were previously 
described. 

Blood gAs AnAlysis

An arterial catheter (20) was implanted in five LDLr-/- mice on chow using isoflurane 
anesthesia (1.5–2%) and peri-operative ibuprofen (s.c). The right femoral artery was 
exposed, and a heat-stretched polyethylene-25 cannula was inserted (1.5 cm) and 
subcutaneously guided to the neck of  the mouse. Here the catheter was fixed, extended, 
filled with heparinized saline (10 U/ml), and plugged. The mice were allowed to recover 
24hrs before measurements were made. Mice were placed in induction chambers and the 
arterial line was extended through the outlet of  the chamber to allow blood sampling 
without altering the continuous carbogen flow (5L/min, normobaric, NTG Sol). Arterial 
blood (70 µl) was collected before and after 30 minutes of  flow, and 5 minutes after flow 
cessation and analyzed within 5 minutes on a Chiron blood gas analyzer (Siemens).

Atherosclerosis and carbogen exposure

First, hypoxia development in atherogenesis was investigated in LDLr-/- mice (n=5/
group) fed a 0.25% cholesterol diet (special diet services, #824171, 15% cocoa butter, 
10% maize starch, 20% casein, 40.5% sucrose, 5.95% cellulose) for 0, 4, 8, 12 or 16 
weeks. Secondly, acute reversal of  plaque hypoxia was investigated in LDLr-/- mice with 
advanced, hypoxic plaques (n=5/group, 12 weeks of  diet), which were subjected to a 
single 90 minute exposure of  carbogen or air (21% O2). 

Halfway during the exposure, mice were injected intraperitoneally (IP) with the hypoxia-
specific marker pimonidazole (100 mg/kg, hypoxyprobe Omni kit, Hypoxyprobe Inc. 
Burlington, MA, USA) and sacrificed directly after cessation of  carbogen flow. Thirdly, 
the effect of  chronic carbogen exposure on atherogenesis was studied in thirty LDLr-/- 
(n=15/group), fed a 0.25% cholesterol diet for four weeks. During the four additional 
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weeks of  diet, mice were exposed daily to 90 minutes of  carbogen or air. Twenty-four 
hours after the last exposure, mice were injected with pimonidazole one hour prior to 
sacrifice. 

Atherosclerotic lesion quAntificAtion And immunohistochemistry

Mice were euthanized using a pentobarbital overdose (100mg/kg) and blood was 
collected via the left ventricle for flow cytometry, absolute white blood cell counts 
(Coulter counter AC.T diff) and total plasma cholesterol analysis. Aortic roots, arches 
and organs were excised and fixed in 1% paraformaldehyde. In additional LDLr-/- mice, 
white blood cells were collected from the abdominal aorta and the saphenous vein, 
and fixed (1% paraformaldehyde, 2 hours) following erythrocyte lysis in iso-osmotic 
ammonium chloride solution. Remaining white blood cells were mixed with agar and 
paraffin-embedded. 

Aortic roots and arches were serially sectioned, and stained with hematoxylin and 
eosin (HE, Sigma) for blinded quantification of  the lesion areas using computerized 
morphometry (Leica QWin V3, Cambridge, UK). Total plaque area and lipid core 
content were obtained by averaging measurements of  five representative (HE) sections 
(25 μm apart) of  the aortic root and aortic arch. In the aortic arch, plaque size was 
quantified as the sum of  the inner and outer curvature plaques, as well as all three major 
branches. Necrotic core was defined as a-cellular and a-nuclear plaque area containing 
cholesterol clefts. Atherosclerotic plaque size and necrotic core area in the aortic arch 
was determined in 5 representative HE stainings.Hypoxia was detected in atherosclerotic 
plaques (aortic root, aortic arch), murine kidney (positive control), liver, spleen, lymph 
nodes, thymus and white blood cells. In vivo, pimonidazole is irreversibly metabolized in 
living, hypoxic cells (pO2≤10mmHg~1%O2) (21), and metabolites form adducts onto 
thiol-containing proteins. These epitopes were ex vivo detected by immunohistochemistry 
with a rabbit polyclonal antibody (clone 2627)  that only recognizes hypoxic metabolites 
derivatives of  pimonidazole (22). 

Hypoxia was quantified in images of  entire organs or plaques (% pimonidazole area/
total tissue area). Atherosclerotic plaques were further characterized for macrophage 
size and content (MAC3+ cells/total cells and MAC3+ cells/plaque area, BD), T-cells 
(CD3+ cells/plaque area, Miltenyi), collagen (picosirius red area/plaque area, analyzed 
with polarized light microscopy), proliferating cells (Ki67+ cells/plaque area, Abcam), 
tissue factor (TF) (TF+ cells/plaque area, Santa Cruz), M1 inducible nitric oxide synthase 
(iNOS+ cells/plaque area, Abcam), M2 mannose receptor (MR+ cells/adventitia, 
Abcam) expression and 8-hydroxy-2’deoxy-guanosine (8OH-dG, Bioconnect) for 
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oxidative stress damage (8OH-dG+ cells/plaque area, Japan institute for the control 
of  aging). Apoptosis (TUNEL+ nuclei/plaque area, Roche) and clearance of  apoptotic 
cells (efferocytosis) in situ were analyzed in entire tissue sections using TUNEL/MAC3 
double immunohistochemistry as the ratio of  bound/free apoptotic cells according to 
established methods (23,24).

MultispectrAl imAge AnAlysis

Multispectral imaging was used to quantitatively measure colocalization of  individual 
immunohistochemical staining products in tissue stained with multiple antibodies. 
Sections stained with pimonidazole and MAC3 were analyzed with the Nuance spectral 
imaging system (Perkin Elmer/Caliper Life Sciences, Hopkinton, MA, USA). Spectral 
imaging data sets were taken at 420-720 nm at 20 nm intervals using a DM-5000 Leica 
microscope system at 20x (plan apo). Spectral libraries of  single-red (Vector Red), 
single-blue (Vector Blue) were obtained from the control slides. The resulting library 
was applied to the double stained slides to spectrally segregate them into individual 
component images using the Nuance™ 3.0 software. Pseudo-colors were assigned to 
unmixed images, and composite images showing co-localization were generated with 
the Nuance 3.0 software. Quantitative assessment of  co-localization and pixel-based 
measurement of  the individual markers per microscopic field was done with the same 
software.

TotAl plAsmA cholesterol, triglyceride, AntioxidAnt cApAcity And cytokines

Plasma was separated by centrifugation, and stored at −80°C until further use. Standard 
enzymatic techniques were used for the assessment of  plasma cholesterol (product no. 
07-3663-5, Roche, Almere, the Netherlands) and plasma triglycerides (FS5’ Ecoline REF 
1 5760 99 90 314; DiaSys – Diagnostic Systems GmbH, Holzheim, Germany) automated 
on the Cobas Fara centrifugal analyzer (Roche).

Anti-oxidant capacity of  plasma was determined using the trolox equivalent antioxidant 
capacity (TEAC) assay, as described previously (25). In short, plasma was deproteinized 
with a final concentration of  5% TCA and incubated with an ABTS radical solution 
(2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt) for 5 min. 
Subsequently, the reduction in absorbance at 734nm was quantified. This was normalized 
to trolox control, a water-soluble vitamin E analogue. The assay reflects the amount of  
scavenged radicals expressed as µM trolox equivalents. 
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Additionally, murine Interleukins (IL) 2, 4, 5, 6, 10, 12p70 and 1β, Interferon γ (IFN-γ), 
chemokine (C-X-C motif) ligand 1 (CXCL1, KC) and Tumor Necrosis Factor α 
(TNF-α)  were measured in plasma using  a multispot sandwich immunoassay (V-plex 
pro-inflammatory panel 1, Meso Scale Discovery, Gaithersburg, USA), according to 
manufacturer's instruction. 

Flow cytometry AnAlysis

Flow cytometry analysis was performed on cells isolated from blood, spleen, lymph 
nodes, and bone marrow (n=10/group). Spleens and lymph nodes were dissociated 
into single-cell suspensions, and enzymatically digested for dendritic cell separation 
using liberase and DNAse (both 0.2 mg/ml, Roche) for 30 minutes in RPMI medium. 
Blood and spleen were subjected to erythrocyte lysis. Staining was performed using 
combinations of  specific antibodies to detect bone marrow stem cells (lin/Sca-1/c-
kit; eBioscience, Bd), common myeloid progenitors (CD16/32int, CD34int; eBioscience, 
BD respectively), granulocyte-macrophage progenitors (CD16/32high, CD34high), 
erythrocyte-megakaryocyte progenitors (CD16/32-, CD34-), monocytes (CD11bhigh, 
Ly6G-, Ly6Chigh/int/low; BD, eBioscience, Miltenyi respectively), granulocytes (CD11bhigh, 
Ly6Ghigh), T cells (CD3ε+; Miltenyi), T helper cells (CD4+; BD), cytotoxic T cells (CD8a+; 
BD), effector/memory T cells (CD44high, CD62low; BD, eBioscience respectively), naïve 
T cells (CD44low, CD62high), regulatory T cells (CD4+, CD25+, FoxP3+; eBioscience), B 
cells (B220+; BD), cDC (CD11chigh, eBioscience), pDC (CD11cmid, B220+, Ly6C+), and 
NK cells (NK1.1+; eBioscience). Data were acquired and analyzed using a FACSCanto 
II and FACSdiva software (BD Bioscience).

Cell culture

Bone marrow was isolated and cells were cultured for 7 days in RPMI-1640 (Gibco 
with Glutamax, 2g/L glucose) supplemented with 10% FCS, 100U/ml Penicillin-
Streptomycin, and 15% L929-conditioned medium to generate bone marrow-derived 
macrophages (BMDM). Jurkat T cells and J774 murine macrophages were cultured in 
RPMI-1640 supplemented with 10% FCS, 100U/ml Penicillin Streptomycin. 

Human THP-1 cells were obtained from the American Type Culture Collection (ATCC 
10801, Manassas, VA). Cells were grown in RPMI 1640 medium (Gibco-Invitrogen, 
Grand Island, NY, USA) containing 10% FetalClone® III (Hyclone, Pe-bio, Hogan, UT, 
USA) (v/v), 1% GlutaMAXTM I (w/v) (Gibco-Invitrogen, Grand Island, NY, USA), 125 
mM Hepes, penicillin (100 units/ml), and streptomycin (100μg/ml) (Gibco-Invitrogen, 
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Grand Island, NY, USA) at 37°C in a humidified incubator with a 5% CO2 atmosphere. 
To differentiate THP-1 cells into macrophages, cells were seeded at a density of  1 x 106 

cells/ml and incubated for 72 hours with 0.2μM phorbol 12-myristate 13-acetate (PMA, 
Sigma, Saint Louis, MO, USA).

Jurkat T cells were labeled with calcein-AM (1µg/ml Invitrogen) prior to induction of  
apoptosis by UV irradiation (15 min 254nm, UVS-26, 6W bulb 0.02J/s/cm2) and added 
3:1 to J774 or BMDM. Macrophages were exposed to 21% or 0.2% O2 (Invivo2 1000, 
Ruskinn technology LTD, Pencoed, UK) during 45 min of  efferocytosis. After thorough 
washing, macrophages were dissociated and analyzed using FACS for the percentage of  
calcein/jurkat+ macrophages. Twenty-four hours prior to efferocytosis, BMDM were 
differentiated into M1 (10µg/L LPS, Sigma, E. coli 055:B5, #L2637), M2a (20µg/L IL4, 
peprotech, #214-14), or M2c (10µg/L IL10, R&D systems, #417-ML) macrophages.

To analyze apoptosis, BMDM or J774 were exposed to hypoxia (0.2% O2) for 24 hrs 
or UV-irradiated for 15 min and apoptotic cells detected using annexin A5-Alexa594 
(Invitrogen) on microscopic images. Additionally, BMDMs were cultured in normoxia 
or hypoxia with 7 ketocholesterol (25µM, Sigma), tunicamycin (2.5µg/ml, Sigma) or 
oxLDL (25µg/ml) supplementation for 24 hrs and apoptotic cells were detected using 
TUNEL (Roche). Pimonidazole specificity was confirmed in bone marrow derived 
macrophages treated with 25µg/ml oxLDL, LDL or control for 24 h. Foam cell 
formation was confirmed by Oil-Red-O staining. Subsequently, cells were supplemented 
with pimonidazole (100µM,) and exposed to 0, 0.2, 1, 5 or 20% O2 for 0 h, 1 h, 4 h or 
16 h. Cells were subsequently fixed, stained with anti-pimonidazole-FITC and geomean 
fluorescence was acquired and analyzed using a FACSCanto II and FACSdiva software 
(BD Bioscience). ROS production by BMDMs cultured in 21% or 0.2% oxygen for 
24hours was measured using the cell permeant reagent 2',7' –dichlorofluorescin diacetate 
(DCFDA, 10µM, Invitrogen, 488). Percent DCFDA positive cells were assessed via flow 
cytometry and H2O2 treated BMDMs in normoxia (100µM, 10min) served as positive 
control. 

QuAntitAtive RT-PCR (QPCR)

In vitro experiments for gene expression analysis were performed in quadruplicate, 
and repeated twice. Total RNA was isolated and transcribed as described (26). QPCR 
analyses were performed from 10 ng cDNA using SYBR green and gene specific primer 
sets (supplemental table 1). Two housekeeping genes (cyclophilin, 18S rRNA) insensitive 
to changes in O2 were used to correct for differences in mRNA levels between samples.
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StAtisticAl AnAlysis

All data are presented as mean±SEM. Blood gas parameters were analyzed using paired-
sample testing, while independent-sample tests were done for all other parameters. 
Following a Shapiro-Wilk normality test, two groups were compared with student’s t-test 
or Mann-Whitney rank-sum test. Parameters with more than two groups were analyzed 
using Kruskal-Wallis rank-sum test, followed by Dunn’s post-hoc testing (GraphPad 
Prism4). Correlations between MAC3, plaque area and necrotic core with hypoxia 
(pimonidazole) were analyzed using univariate and multivariate linear regression (IBM 
SPSS Statistics 20). 
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RESULTS

Murine plAque mAcrophAges Are hypoxic, independent of plAque stAge

Low density lipoprotein receptor (LDLr-/-) mice were fed a high cholesterol diet 
(HCD) for 0-16 weeks to monitor the onset and distribution of  plaque hypoxia with 
pimonidazole at different plaque stages in the aortic root (Figure 1A). 

First, specificity of  pimonidazole and its detection antibody was confirmed in mice 
injected with vehicle or pimonidazole (Supplemental Figure 1A). Plaque hypoxia 
colocalized mainly with MAC3+ macrophages and foam cells shown by multispectral 
analysis of  double immunohistochemistry (Figure 1C-D). Pimonidazole detection in 
cultured bone marrow derived macrophages (BMDM) sharply increased below 1% 
O2 (~10mmHg) (Supplemental Figure 1 B-C), confirming previous data (21). Also, 
macrophage lipid loading per se did not result in pimonidazole positivity (Supplemental 
Figure 1 D). Earlier studies have also shown that oxidative stress exposure does not 
affect pimonidazole detection (6), overall suggesting that pimonidazole staining truly 
marks hypoxic macrophages.

Figure 1: Murine plaque macrophages are hypoxic, independent of  plaque stage
A. Representative pictures of  pimonidazole-stained aortic root (red) from LDLr-/- mice after 0, 4, 8 and 16 weeks 
of  HCD (n=5/group) and B. quantification of  plaque area (left y-axis), necrotic core (right y-axis) and macrophage 
content (right y-axis), *p-value<0.05 vs. 4 weeks. C. Illustration of  principle multispectral analysis in aortic roots from 
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LDLr-/- mice with advanced plaque, double-stained with pimonidazole (Pimo, red) and MAC3 (blue), respectively. D. 
Quantification of  plaque hypoxia and hypoxic macrophages (MAC3, pimonidazole double positive) in LDLr-/- aortic 
root (n=5/time point). *p-value<0.05 4 vs. 16 weeks, **p-value<0.01 12 vs. 16 weeks. (E) Scatter plots of  plaque 
hypoxia with MAC3 (top panel), plaque area (middle panel), or necrotic core area (lower panel) with univariate linear 
regression line and 95% confidence interval (dashed lines). Data from LDLr-/- mice fed HCD for 4, 8, 12 and 16 weeks 
(n= 5 per time point + n=15 air breathing controls. n=35 in total).

Plaque hypoxia may either arise from reduced oxygen supply to the growing plaque or 
from increased oxygen demand by inflammatory cells. A strong correlation between 
MAC3 content and pimonidazole positivity supports the latter explanation, while 
plaque size was not a determinant for plaque hypoxia (Figure 1E). A slight reduction 
in macrophage content after 16 weeks was mirrored by a reduction in hypoxia (Figure 
1A, D). Thus, murine plaque hypoxia is dictated by macrophage content, not by plaque 
thickness and oxygen supply. Indeed, pimonidazole was detected directly adjacent 
to the luminal arterial oxygen supply, in small fatty streaks after 4 weeks HCD, while 
being absent in the media of  diseased and non-diseased arteries (Figure 1A). Although 
pimonidazole is metabolized by living cells only, reflected by a significant univariate 
correlation of  plaque necrosis and hypoxia, necrosis was not a significant predictor 
in multivariate regression (figure 1A, E). In addition, tissue-resident macrophages in 
inflammation-rich fatty livers and lymphoid organs of  HCD-fed LDLr-/- mice were 
hypoxic (Supplemental Figure 2 A-C). As even venous pO2 is 4-fold higher than the 10 
mmHg detection threshold of  pimonidazole (21), arterial and venous white blood cells 
were negative for pimonidazole (Supplemental Figure 2 D), as expected.

In conclusion, tissue resident and plaque macrophages are hypoxic. Plaque macrophages 
remain the only predictor of  plaque hypoxia after multivariate regression, not plaque 
size or necrotic core content. 
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CArbogen exposure increAsed ArteriAl pO
2 
And AlleviAted plAque hypoxiA

Carbogen significantly increased arterial pO2 in awake LDLr-/- mice (Figure 2A). 
Simultaneously, blood lactate was drastically reduced, while pCO2 was slightly elevated 
(Figure 2A), and pH, glucose and electrolytes (data not shown) unchanged. Within 
minutes after cessation of  carbogen breathing, all blood levels, except for lactate, returned 
to baseline (data not shown).

As carbogen successfully increased arterial pO2, its effect on plaque hypoxia was studied. 
Single 90 minute carbogen exposure in LDLr-/- mice with advanced, hypoxic plaques 
led to a dramatic reduction of  plaque hypoxia in the aortic arch and root compared to 
similarly sized plaques in mice breathing air (Figure 2B, C). Macrophage content, the 
main predictor of  plaque hypoxia, was similar in both groups (Figure 2B, C). Likewise, 
repeated carbogen exposure was able to alleviate plaque hypoxia in LDLr-/- mice, which 
were fed a HCD for an initial 4 weeks followed by 4 weeks of  diet and carbogen or air 
exposure (both 90min/day). Hypoxia decreased with 50% in the aortic arch and 42% in 
the root compared to control (Figure 2D,E), while macrophage content was not affected 
by carbogen gas (Figure 2D-F). Moreover, carbogen was able to significantly reoxygenate 
liver and spleen (Supplemental Figure 2 A-C).

To prevent oxygen toxicity possibly associated with long-term carbogen exposure, 
carbogen exposure was limited to 4 weeks. Chronic carbogen exposure did not affect 
plasma cholesterol, triglycerides, hemoglobin, or hematocrit, nor erythropoiesis, 
or myelopoiesis as shown by flow cytometry analysis (27) of  stem cells and myeloid 
progenitors in bone marrow. Also it did not impact monocyte, granulocyte, T cell, B cell, 
and dendritic cell numbers in blood, spleen and lymph node (Supplemental Figure 3).
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Figure 2: Carbogen increased arterial pO2 and alleviated plaque hypoxia
A. Arterial pO2 (left panel), lactate concentration (middle panel) and pCO2 (right panel) before and after 30 minutes of  
carbogen exposure in LDLr-/- mice on chow, ***p-value<0.001, **p-value<0.01 vs. before exposure. B. Representative 
pictures and quantification of  pimonidazole (brown) and MAC3 (red) immunohistochemistry in aortic arch and 
branches of  LDLr-/- mice exposed to single dose of  air or carbogen. C. Representative pictures and quantification of  
plaque hypoxia and macrophages in the aortic root upon single dose of  air or carbogen. D. Representative pictures and 
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quantification of  plaque hypoxia and macrophages in the aortic arch and E. root of  LDLr-/- mice after chronic carbogen 
or air treatment. *p-value<0.05 vs. air. F. Quantification of  macrophage size (left graph) and density (right graph) upon 
air or carbogen treatment.   

PlAque reoxygenAtion improved efferocytosis And Apoptosis in vivo

Notably, plaque reoxygenation through daily carbogen exposure was able to prevent 
necrotic core expansion by 37% in advanced plaques of  the aortic root compared 
to control, while plaque size was not altered (Figure 3A). Necrotic core expansion 
is determined by the balance between apoptosis and the clearance of  apoptotic cells 
by phagocytes, a process called efferocytosis. Efferocytosis was quantified in situ, as 
the ratio of  macrophage-bound vs. free apoptotic cells in a TUNEL/MAC3 double 
immunohistochemistry (28,29). Indeed, carbogen exposure reduced the density of  
apoptotic cells in the plaque in situ by 50% and improved efferocytosis of  apoptotic 
cells by MAC3+ macrophages by almost 40% compared to air (Figure 3B,C). Increased 
efferocytosis was seen despite similar plaque macrophage content, size and density 
(Figure 2E, F). Intraplaque proliferation, collagen content, T cell and total cell density 
as well as tissue factor (TF) expression as a measure of  thrombogenicity (30) were 
unaffected by carbogen (Figure 3E-H). In initial plaques of  the aortic arch, carbogen 
did not affect plaque size or macrophage content (Supplemental Figure 4), despite 
successful reoxygenation (Figure 2D). 
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Figure 3: Plaque reoxygenation prevented necrotic core expansion and stimulated  
efferocytosis in vivo. 
A. Hematoxylin and eosin staining and quantifications of  aortic root plaque size (left graph) and necrotic core content 
(right graph) of  male LDLr-/- mice treated with air or carbogen and fed a HCD for 8 weeks. ***p-value<0.001 vs. 
air. B. TUNEL and MAC3 double immunohistochemistry and weak counterstain with hematoxylin (1:50) 
of  LDLr-/- aortic roots treated with air or carbogen. Insets show free TUNEL+ nuclei (brick red) in air treated 
group, while TUNEL+ nuclei were associated with macrophages (blue) in carbogen treated group. Graphs represent 
quantification of  apoptosis, and C. efferocytosis (ratio MAC3-bound/free TUNEL+ cells), *p-value<0.05 vs. air D. 
Quantification of  proliferation (Ki67) expression E. collagen content, F. T cell density and total cell density, as well as 
G. tissue factor expression, as a measure for thrombogenicity, in aortic roots of  LDLr-/- mice after chronic air or carbogen 
exposure (left graph) and in BMDM exposed to 21 or 0.2% O2 (right graph).
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Neither ROS formAtion, nor mAcrophAge polArizAtion explAin hypoxic regression of 
efferocytosis

Generation of  reactive oxygen species (ROS) during carbogen-induced reoxygenation 
might be involved in apoptosis or efferocytosis. However, neither ROS-mediated DNA 
damage, analyzed by 8-hydroxy-2’deoxy-guanosine (8OH-dG) immunohistochemistry, 
nor anti-oxidant capacity of  the plasma was changed after chronic (Figure 4A) and single 
carbogen exposure (not shown). Additionally, hypoxia did not alter macrophage ROS 
activity in vitro (Figure 4A).  

Apoptosis and efferocytosis were further studied in vitro. Chronic hypoxia (0.2% O2) 
did not stimulate apoptosis in murine primary BMDM (Figure 4B) or J774 (data not 
shown) as single stimulus, nor augment apoptosis of  additional ER-stress stimuli such 
as 7-ketocholesterol or tunicamycin. In fact, cells even seemed to be protected from 
ER-stress mediated apoptosis (Figure 4B). Efferocytosis of  labeled, apoptotic Jurkat 
T-cells by both the J774 murine macrophage cell line and BMDM was hampered in 
hypoxia (0.2% O2) compared to 21% O2 control (Figure 4C). Thus, hypoxia hampered 
efferocytosis in vitro. 

Since anti-inflammatory M2c macrophages are thought to be more efficient in 
phagocytosis/efferocytosis (31), the effect of  hypoxia on polarization was studied. 
Hypoxia reduced M2 gene expression (interleukin 10 (IL-10) and mannose receptor 
(MR)), whereas M1 genes (IL-6 and inducible nitric oxide synthase) were strongly 
upregulated (Figure 4D). In vivo, unlike iNOS, MR+ macrophages were hardly present 
in the plaque; therefore adventitial MR+ cells were quantified.  A trend towards less M1 
in the plaque and more M2 expression in the adventitia of  carbogen treated mice was 
found (Figure 4E-F). Additionally, plasma cytokine levels were essentially not changed, 
with a trend towards less IL-6 in the carbogen treated group (Figure 4G).

Next, it was investigated if  M2 polarization prior to hypoxia could rescue hypoxia-
mediated repression of  efferocytosis. Under normoxic conditions M2c polarization 
enhanced macrophage efferocytosis capacity compared to unpolarized BMDM, and, 
unexpectedly, so did M1 polarization (Figure 4H). However, polarization to M2c or 
M1 was not able to restore the repression of  efferocytosis by hypoxia, suggesting that 
macrophage polarization is not involved in oxygen-dependent regulation of  efferocytosis.
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Figure 4: Neither ROS formation, nor macrophage polarization explain hypoxic repression  
of  efferocytosis.
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A. Representative images and quantifications of  ROS-mediated DNA damage (8OH-dG) in aortic roots of  carbogen 
or air-treated mice (n=15/group, left panel), LDLr-/- plasma anti-oxidant capacity relative to the standard trolox, a 
water-soluble vitamin E analogue (trolox equivalents, middle graph), and DCFDA incorporation in BMDM exposed 
to 21%, 0.2% O2 (right graph) for 24hours. B. Representative images and quantifications of  percentage of  annexin 
A5 (red) apoptotic BMDM exposed to 21% O2, 0.2% O2 or UV-irradiated (left graph). Quantification of  apoptosis 
(% TUNEL) in 7 ketocholesterol and tunicamycin treated BMDM in 21% O2 or 0.2% O2. *p-value<0.05 vs. 
normoxia, † p-value<0.05 vs. normoxia vehicle. C. Representative images of  calcein-AM labeled, apoptotic Jurkat 
T cells (green fluorescent) ingested by BMDM (phase contrast overlay with fluorescence) in 21% O2 and 0.2% O2. 
Quantification shows percentage of  calcein+ BMDM or J774 macrophages having ingested labeled, apoptotic Jurkat T 
cells. *p-value<0.05. D. M1 (IL6 – interleukin 6; iNOS - inducible nitric oxide synthase) and M2 (IL10; MR - 
mannose receptor) gene expression of  BMDM exposed to 21% or 0.2% O2. *p-value<0.05 E. iNOS in plaque and 
adventitia and F. MR expression in the adventitia of  aortic roots after chronic carbogen compared to air. G. Plasma 
cytokine expression in carbogen and air-treated mice H. Efferocytosis of  apoptotic Jurkats by normoxic or hypoxic 
unpolarized (M0) BMDM or polarized towards an M1, M2a or M2c phenotype. *p-value<0.05 vs. normoxia of  same 
polarization state, † p-value<0.05 vs. normoxic M0.

HypoxiA limits efferocytosis viA MerTK

Efferocytosis is a receptor-mediated process. Therefore, we studied whether hypoxia 
affects expression of  known efferocytosis receptors. Indeed, expression of  the 
efferocytosis receptor Mer tyrosine kinase (MerTK) and Cluster of  Differentiation 36 
(CD36) was reduced in hypoxic BMDM, whereas that of  Scavenger receptor A (SRA) 
was unchanged. In contrast, low density lipoprotein receptor-related protein 1 (LRP1) 
was upregulated (Figure 5A). As efferocytosis capacity was decreased upon hypoxia and 
LRP-1 was previously not involved in efferocytosis (32), LRP1 is likely not involved.

Compromised function of  MerTK was seen to underlie the impaired efferocytosis during 
murine atherogenesis in vivo (17,29). As expected, disrupted MerTK signaling in MerTK 
kinase domain deficient (MerTKkd) BMDM led to repressed efferocytosis in normoxia 
(Figure 5B). Importantly, while hypoxia significantly reduced the efferocytosis capacity 
of  WT BMDM, hypoxia was not able to repress efferocytosis in MerTKkd BMDM 
any further (Figure 5B). This effect was specifically mediated by the MerTKkd, since 
expression of  other efferocytosis receptor expression in MerTKkd BMDM was unaltered, 
except for a reduction in CD36 mRNA (Figure 5C). However, as CD36 deficiency did 
not affect efferocytosis (Figure 5D), as reported previously (32), this suggests that 
hypoxic repression of  efferocytosis in WT BMDM is no longer effective in MerTKkd 
BMDM. Hypoxia-dependent downregulation of  MerTK in WT is thus likely responsible 
for repression of  efferocytosis in a hypoxic milieu, such as the atherosclerotic plaque.
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Figure 5: Hypoxia limits efferocytosis via MerTK 
A. Efferocytosis receptor gene expression (SRA – Scavenger receptor A; LRP1 - Low density lipoprotein receptor-
related protein 1) in normoxia or 0.2% O2. *p-value<0.05 vs. normoxia of  same gene. B. Efferocytosis in wildtype and 
MerTKkd BMDM exposed to 21% or 0.2% O2. *p-value<0.05 vs. wildtype normoxia. C. Efferocytosis receptor gene 
expression in wt and MerTKkd BMDMs. *p-value<0.05 vs. wt of  same gene. D. Efferocytosis of  apoptotic Jurkats by 
wt and CD36-/- BMDM. 

DiSCUSSiON

This study revealed that reversal of  plaque hypoxia can inhibit the progression of  
atherosclerotic plaques to a vulnerable phenotype, by reducing the development of  the 
plaque-destabilizing necrotic core. Also, it was shown that murine plaque macrophages 
are hypoxic from the initiation of  atherosclerosis on, using the hypoxia-specific marker 
pimonidazole. Importantly, we revealed that hyperoxic carbogen gas not only achieved 
reoxygenation of  atherosclerotic plaques, liver and spleen in LDLr-/- mice, but also 
prevented apoptotic cell accumulation in the plaque. 

Apoptosis induction in vitro was not augmented by hypoxia, suggesting that reoxygenation 
restored the known deficiency in apoptotic cell clearance in atherosclerosis (28). 
Mechanistically, hypoxia-dependent transcriptional downregulation of  MerTK, and 
subsequent reduction of  apoptotic cell clearance by MerTK is the likely underlying cause 
for hampered efferocytosis by hypoxic macrophages. Thus, this study is the first to show 
a causal role of  hypoxia in plaque destabilization, specifically in efferocytosis. 

In addition, plaque thrombogenicity was studied using TF expression, a key trigger of  
the extrinsic coagulation system causally linked to plaque thrombosis (30). Interestingly, 
hypoxia enhanced macrophage expression of  TF, supporting the prior correlation of  
human plaque hypoxia to intraplaque hemorrhage (6). Nevertheless, carbogen did not 
prevent the hypoxia-induced expression of  plaque TF.
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The oxygen debt in atherosclerosis is thought to arise from the sizeable oxygen-
consuming metabolism of  inflammatory cells, as even macrophages of  LDLr-/- fatty 
streaks directly adjacent to arterial oxygen supply, within the 100-200µm oxygen diffusion 
distance, were hypoxic. This was already suggested by our previous work, showing that 
human plaque macrophages were hypoxic, despite the close proximity – within 40µm – 
of  arterial blood oxygen supply (6). Moreover, hypoxia was also detected in most tissue-
resident leukocytes of  lymphoid organs in LDLr-/- mice. Not surprisingly, as hypoxia 
was found in many, if  not all tissues with an extensive inflammatory influx, such as 
wound healing, obesity, rheumatoid arthritis, and tumors (33–36). As pimonidazole only 
forms adducts in low oxygen concentrations (<10mmHg oxygen (21)), this indicates 
that hypoxia in plaque macrophage arises from a high oxygen demand exceeding oxygen 
supply. Indeed, activated macrophages, in need of  ATP for protein production and 
migration, show 9-fold enhancement of  their oxygen consumption (37). Oxygen usage 
of  activated macrophages would then compare to the notoriously high O2 consumption 
by cardiac myocytes (38) which were indeed also positive for pimonidazole and sensitive 
to carbogen-mediated reoxygenation (data not shown). Therefore, it is highly likely that 
upon activation, macrophages rapidly become hypoxic, even within the oxygen-diffusion 
limit. 

Once hypoxic, macrophages will primarily rely on glycolysis as main energy supply, as 
suggested by a hypoxia-dependent increase in glucose uptake (39). Together, this may 
explain prior results of  plaques with low glucose and ATP content, and high lactate levels 
(40). Increased glycolytic activity has been linked with M1 polarization of  macrophages 
(41). Indeed, hypoxic macrophages presented with a pro-inflammatory M1 phenotype 
in vitro, although reoxygenation in vivo failed to switch polarization. Nevertheless, tumor-
associated macrophages located in hypoxic tumor regions, express an M2-like profile, and 
both M1 and M2 marker expression was found in hypoxic adipose tissue macrophages 
(42,43). Hence, macrophage subtype distinction might not be as clear in vivo, and despite 
hypoxia, the microenvironment seems to influence macrophage polarization/function 
also in the plaque. M2c macrophages are the most superior efferocytic macrophage 
subtype in humans. (31). However, neither M1 nor M2 polarization could protect 
from hypoxia-mediated reduction in efferocytosis. Mechanistically, low oxygen tension 
downregulated MerTK and CD36 expression, while upregulating LRP1. Both CD36 and 
LRP were not involved in efferocytosis in vitro as shown by us and others (32). Hypoxic 
upregulation of  LRP1 expression may be efferocytosis-independent, as LRP1 has a 
myriad of  other functions related to atherosclerosis (44). Only MerTKkd mimicked the 
reduced efferocytosis seen in hypoxic macrophages. In fact, MerTKkd has been shown 
to aggravate atherosclerosis in mice and worsen lupus-like autoimmunity (17,29,45), 
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suggesting a role of  MerTK in chronic inflammatory diseases. 

While MerTKkd bone marrow accelerated both atherosclerotic plaque size, as well as 
necrotic core size (17), carbogen treatment only affected the latter. This may be explained 
by the potentially partial inhibition of  MerTK expression, the intermittent nature of  
the carbogen treatment and treatment onset after initiation of  atherosclerosis. While 
MerTKkd transplanted LDLr-/- recipient mice presented with a continuous and complete 
absence of  MerTK activity prior to plaque initiation (17), normoxic macrophages 
in vitro show a 50% increase in MerTK expression compared to hypoxic macrophages. 
Treatment of  MerTKkd mice with carbogen gas could provide definite proof  of  the 
MerTK-mediated carbogen effect. 

The current study is limited by the systemic nature of  carbogen exposure. Therefore, 
many aspects of  peripheral processes instrumental in atherogenesis were examined. 
Carbogen did not affect erythropoiesis, myelopoiesis, thrombogenicity or plasma 
cholesterol level. Also, blood pressure and heart rate were unaffected (46,47). Although 
unlikely, we cannot fully exclude an indirect effect of  carbogen on atherogenesis.

Our results unveil an exciting new process to exploit for therapeutic strategies for 
atherosclerosis. In mice, carbogen gas was able to stabilize the atherosclerotic plaque; 
if  translatable to the human situation, this may potentially prevent plaque ruptures 
and thrombosis. Indeed, carbogen and hyperbaric oxygen therapy were safely and 
successfully applied in cancer and diabetic foot patients, respectively (48,49). While in 
humans with sleep apnea, maintained oxygen supply through continuous positive airway 
pressure therapy already proved effective in reversing sub-clinical atherosclerosis (50), 
effectiveness in existing human atherosclerosis remains unclear. Additionally, currently 
developed tools for imaging of  hypoxia (13,51) can be used to monitor the efficacy of  
carbogen to alter human plaque hypoxia and stability.

Conclusion

In conclusion, carbogen-mediated reoxygenation supports the role of  plaque hypoxia 
as a driver of  plaque instability through dysfunctional MerTK-mediated clearance of  
apoptotic cells and subsequent necrotic core expansion. Nevertheless, translation of  
carbogen therapy to human atherosclerosis will need to be confirmed using non-invasive 
imaging of  plaque hypoxia and stability.
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SUPPLEMENTAL DATA

Gene Forward primer Reverse primer 
Cyclophylin CAAATGCTGGACCAAACACAA TTCACCTTCCCAAAGACCACAT 
18S rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 
IL6 ACAAGTCGGAGGCTTAATTACACAT TTGCCATTGCACAACTCTTTTC 
iNOS CAGCTGGGCTGTACAAACCTT CATTGCAAGTGAAGCGTTTCG 
IL10 TGCTCCTAGAGCTGCGGACT TGCTCCTAGAGCTGCGGACT 
MR GCAAATGGAGCCGTCTGTGC CTCGTGGATCTCCGTGACAC 
MerTK CACAATGACAAAGGACTGACG AGTAGCCATCAAAACCAGGG 
CD36 GCCAAGCTATTGCGACATGA AAAAGAATCTCAATGTCCGAGACTTT 
LRP1 GGACCACCATCGTGGAAA TCCCAGCCACGGTGATAG 
 

Supplemental table 1: Sequences of  quantitative RT-PCR primers

Supplemental Figure 1: Specificity of  pimonidazole as hypoxic marker
A. Representative pictures of  pimonidazole detection (brown, DAB) in LDLr-/- mice receiving pimonidazole injection 
(right panels) or vehicle (left panels), and immunohistochemistry using anti-pimonidazole antibody (bottom panels) or 
isotype IgG control (top panels). B. THP-1 macrophages exposed to decreasing oxygen concentrations show increased 
pimonidazole incorporation. C. Pimonidazole positivity in THP-1 macrophages subjected to 0.2% oxygen for increasing 
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time periods. D. BMDMs treated with LDL, oxLDL or control only show increased pimonidazole incorporation upon 
exposure to 0.2% O2 not after incubation in normoxia. Foam cell formation was confirmed with Oil Red O. All graphs 
present geo mean fluorescence of  anti-pimonidazole FITC measured by flow cytometry. 

 

Supplemental Figure 2: Carbogen reoxygenated spleen and lymph nodes
A.  Representative pictures and quantifications of  liver, B. spleen, and C. lymph node stained with pimonidazole (brown) 
from air or carbogen treated LDLr-/- mice. * p-value<0.05. D. Representative pictures of  pimonidazole stained arterial 
and venous white blood cells of  two separate LDLr-/- mice, with their respective mouse-matched kidney sections stained 
as positive control.
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Supplemental Figure 3: Cholesterol and hematopoiesis are unchanged after carbogen  
exposure.
A. plasma cholesterol, B. plasma triglycerides (TG), C. hemoglobin (Hb), and D. hematocrit (Ht), E. bone marrow 
erythrocyte-megakaryocyte progenitors (EMP, CD16/32-CD34-), F. absolute erythrocyte counts and G. absolute white 
blood cell counts were similar between carbogen (black bars) or air-treated mice (white bars). H. Bone marrow stem cells, 
I. common myeloid progenitor (CMP), and granulocyte-macrophage progenitor (GMP) were similar between carbogen 
or air-treated mice. J. Blood and K. spleen monocyte and granulocyte populations and L. blood and M. spleen Ly6C 
monocytic subsets (Ly6Chigh, white bar; Ly6Clow, grey bar; Ly6Cneg, black bar) were similar between carbogen or air-
treated mice N. Total T cells (CD3), T helper (CD4) and cytotoxic T cells (CD8) were similar between carbogen or 
air-treated mice in blood, O. spleen, and P. lymph nodes. Q. T regulatory cell (T-reg) counts were also similar in blood, 
spleen and lymph nodes of  carbogen or air-treated mice. R. B-cells were similar between carbogen or air-treated mice in 
blood, and S. spleen. T. Plasmacytoid dendritic cells (pDC), U. conventional DC (cDC) and V. cDC subsets were 
similar between carbogen or air-treated mice in spleen.
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Supplemental Figure 4: Carbogen did not change plaque initiation in the aortic arch.
Representative hematoxylin and eosin images and quantification of  aortic arch plaques of  LDLr-/- mice exposed to an 
initial 4 weeks of  HCD followed by 4 weeks of  diet in combination with air (white bars) or carbogen gas (black bars). 
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ABSTRACT

BAckground

Short term dietary nitrate or nitrite supplementation has nitric oxide (NO)-mediated 
beneficial effects on blood pressure and inflammation and reduces mitochondrial 
oxygen consumption, possibly preventing hypoxia. As these processes are implicated in 
atherogenesis, dietary nitrate was hypothesized to prevent plaque initiation, hypoxia and 
inflammation. 

ApproAch and results

LDLr-/- mice were administered sodium-nitrate or equimolar sodium-chloride in drinking 
water alongside a high cholesterol diet for 14 weeks to induce atherosclerosis. Plasma 
nitrate, nitrite and hemoglobin-bound nitric oxide were measured by chemiluminescence 
and electron paramagnetic resonance, respectively. 

Plasma nitrate levels were elevated after 14 weeks of  nitrate supplementation (NaCl: 
40.29±2.985, NaNO3: 78.19±6.837, p<0.0001). However, prolonged dietary nitrate did 
not affect systemic inflammation, hematopoiesis, erythropoiesis and plasma cholesterol 
levels, suggesting no severe side effects. Surprisingly, neither blood pressure, nor 
atherogenesis was altered. Mechanistically, plasma nitrate and nitrite were elevated after 
two weeks (NaCl: 1.0±0.2114, NaNO3: 3.977±0.7371, p<0.0001), but decreased over 
time (6, 10 and 14 weeks). Plasma nitrite levels even reached baseline levels at 14 weeks 
(NaCl:  0.7188±0.1072, NaNO3: 0.9723±0.1279, p=0.12). Also hemoglobin-bound NO 
levels were unaltered after 14 weeks. This compensation was not due to altered eNOS 
activity or conversion into peroxynitrite and other RNI, suggesting reduced nitrite 
formation or enhanced nitrate/nitrite clearance. 

Conclusion

Prolonged dietary nitrate supplementation resulted in compensation of  nitrite and NO 
levels and did not affect atherogenesis or exert systemic side effects. 
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iNTRODUCTiON

Ischemic heart disease and stroke remain the leading cause of  death in the western 
world (1). Atherosclerosis presents the main underlying cause of  cardiovascular 
disease. Atherosclerosis is a lipid-driven inflammatory disease, initiated by endothelial 
dysfunction, resulting in accumulation and subsequent oxidation of  cholesterol in the 
vessel wall. In turn, this triggers inflammatory cell infiltration and macrophage foam 
cell formation leading to apoptosis and secondary necrosis and plaque advancement (2). 
Additionally, atherosclerotic plaques are hypoxic (3), with hypoxia playing a causal role 
in atherogenesis by reducing macrophage efferocytosis capacity (4). In support, sleep 
apnea patients suffer from an increased risk of  atherosclerosis (5,6) and continuous 
positive airway pressure-mediated oxygen supply in patients can improve endothelial 
function (7).

Seeing this highly complex disease, we aimed to target atherosclerosis on multiple 
levels: ameliorating hypertension, hypoxia and inflammation. Inorganic dietary nitrate 
supplementation may present such a multi-targeted approach, as it has been shown 
to dampen several processes involved in atherosclerosis: hypertension, hypoxia, 
endothelial dysfunction and inflammation. Short term dietary nitrate supplementation 
has been shown to lower resting blood pressure in humans (8). Furthermore, dietary 
nitrate supplementation improves mitochondrial function, thereby reducing oxygen 
requirement during exercise (9–11). This reduced cellular oxygen consumption may 
potentially restore plaque oxygenation and alleviate plaque progression. Additionally, 
one week dietary nitrate and nitrite supplementation reduced infarct size in a murine 
myocardial ischemia-reperfusion model, by replenishing nitrate and nitrite stores during 
infarction (12). Also, dietary nitrate resulted in enhanced cardiorespiratory function (13) 
and improved glucose tolerance in diabetic rats (14). Nitrate-rich beetroot juice intake 
prior to exercise achieved similar results, in particular improving exercise tolerance to 
high-intensity exercise (15), but also in patients with chronic obstructive pulmonary 
disease (16). Further, an anti-inflammatory effect has been linked to dietary nitrate 
and nitrite consumption (17), overall hinting towards an atherosclerosis-protective 
role of  dietary nitrate supplementation. Mechanistically, nitrate is reduced to nitrite by 
commensal bacteria of  the gastrointestinal tract and body surfaces (18). The resulting 
nitrite can be further reduced to nitric oxide (NO) via numerous pathways (reviewed in 
(19)). In addition to the well-known vasodilatory and anti-hypertensive action of  NO 
(20,21), NO inhibition enhanced leukocyte rolling and adhesion (22). This suggests an 
anti-atherogenic leukocyte action of  NO itself. Also, NO production rate is decreased in 
atherosclerosis in patients (23,24) which may contribute to the general pro-inflammatory 
profile and hampered vasodilatation seen in this disease. Furthermore, nitrate 
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supplementation via drinking water reduced triglyceride levels, body weight gain and 
glucose intolerance in endothelial nitric oxide synthase (eNOS) deficient mice(25), thus 
reversing symptoms of  the metabolic syndrome. This suggests also anti-atherosclerotic 
effects of  nitrate. 

Dietary nitrate supplementation has entered clinical trials in cardiovascular disease, 
however, the results are variable (26–28). Most human and murine studies have applied 
short nitrate supplementation regimens ranging from 2-6 days to 15 days in humans, 
reporting many health benefits and improved functional performance (10,29–31). 
Additionally, conflicting evidence about possible side-effects associated with long term 
nitrate supplementation (32) has prompted us to study the effects of  prolonged dietary 
nitrate supplementation in hypercholesterolemic low density lipoprotein receptor 
deficient mice (LDLr-/-). Based on the atheroprotective effects of  nitrate described, we 
hypothesized that prolonged dietary nitrate reverses plaque hypoxia, lowers hypertension 
and reduces systemic inflammation, thereby alleviating plaque burden. 

MATERiAL AND METHODS

AnimAls

All mouse experiments were approved by the regulatory authority of  the Maastricht 
University Medical Centre and performed in compliance with the guidelines described 
in the directive 2010/63/EU of  the European Parliament. All mice were bred at least 
9x on C57/JBl6 background and male LDLr-/- mice were obtained from an in-house 
breeding colony, originating from Charles River (Wilmington, MA, USA). All animals 
were housed in individually ventilated cages (GM500, Techniplast) in groups of  up to 5 
animals per cage, with bedding (corncob, Technilab-BMI) and cage enrichment. Cages 
were changed 1x weekly, reducing handling of  the mice to one handling per week during 
non-intervention periods. 

Atherosclerosis And dietAry nitrAte

Male LDLr-/- mice (n=15 per group, 9 weeks of  age) were fed a high cholesterol diet 
(HCD, 0.25% cholesterol, SDS 824171, ad libitum) for 14 weeks and cages with up 
to 5 mice were randomly assigned to receive either sodium-nitrate (NaNO3, 1g/L) or 
equimolar sodium-chloride (NaCl) in drinking water ad libitum throughout the course 
of  HCD. A dose of  1g/L NaNO3 equals ca. 150 µmol nitrate per day based on observed 
drinking behavior. This is similar to a vegetable rich diet in humans (19,33). Drinking 
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water and HCD contain nitrates; however the levels of  nitrates in water and HCD are 
negligible, as they only account for up to 4.1% of  the total nitrate intake upon nitrate 
drinking (25mg/L NO3 in drinking water (34) and 8mg NO3/kg HCD,  as analyzed by 
Special Diet Services). 1 hour prior to sacrifice, mice were intraperitoneally (i.p) injected 
with the hypoxia–specific marker pimonidazole (100mg/kg, hypoxyprobe Omni kit, 
Hypoxyprobe Inc. Burlington, MA, USA). Mice were euthanized by exsanguination 
among pentobarbital-anesthesia (100mg/kg i.p).

Blood pressure And heArt rAte meAsurement

One week prior to sacrifice, systolic, diastolic and mean blood pressure as well as heart 
rate were measured (n=8 per group) by tailcuff  method using a Volume Pressure 
Recording sensor (CODA, KENT Scientific Corporation, Torrington, CT, USA) (35).

To confirm the tailcuff  measurements, mean arterial pressure (MAP) and heart rate 
were confirmed in anesthetized mice (Isoflurane; Baxter, Deerfiel, IL, USA), (n=4 per 
group) at the day of  sacrifice. A PE-10 catheter was advanced into the thoracic aorta via 
the carotid artery and the catheter was subsequently connected to a pressure transducer 
(Miller Instruments, Houston, TX, USA) with the pressure signal being sampled at 2 
kHz. MAP and heart rate were calculated after hemodynamic variables were stabilized. 

Atherosclerosis quAntificAtion And immunohistochemistry

Mice were euthanized with a pentobarbital overdose (100mg/kg i.p.) and blood was 
withdrawn via the right ventricle for flow cytometry, absolute white and red blood cell 
count (Coulter Ac. T diff, Beckman Coulter) and total cholesterol analysis. Mice were 
perfused via the left cardiac ventricle with PBS containing sodium nitroprusside (0.1mg/
ml; Sigma-Aldrich, Seelze, Germany) followed by 1% paraformaldehyde (PFA). Aortic 
arch, root and organs were subsequently excised and fixed in 1% PFA overnight and 
paraffin-embedded. 

Aortic roots and arches were serially sectioned and stained with hematoxylin and eosin 
(H&E, Sigma) for plaque area and lipid core content quantification. Five consecutive 
H&E sections at 20µm intervals were averaged per mouse and analyzed blindly using 
computerized morphometry (Leica QWin V3, Cambridge, UK). Sections within 
this 100µm interval were used for remaining immunohistochemical stainings. For all 
stainings, antigen retrieval was performed at pH6 (Dako REAL target retrieval, Dako). 
Hypoxia was detected in the aortic roots using a rabbit polyclonal antibody (clone 2627) 
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directed against pimonidazole derivates, formed specifically in hypoxic but living cells 
in vivo (% pimonidazole/total plaque area). Additionally, macrophage content of  aortic 
root plaques was quantified as MAC3+ cells/plaque area (rat anti-mouse MAC-3, clone 
M3/84, BD).

TotAl cholesterol And triglycerides

Plasma was obtained by centrifugation and stored at -80˚C until further use. Plasma 
cholesterol and TG were assessed using standard enzymatic assays (Cholesterol FS´10; 
Ref: 1 1300 99 10 021; Diagnostic Systems GmbH, Holzheim, Germany and Triglycerides 
FS 5’ Ecoline; Ref: 1 5760 99 90 314; Diagnostic Systems GmbH, Holzheim, Germany) 
automated on the Cobas Fara centrifugal analyzer (Roche).

Flow cytometry

Cells isolated from whole blood, spleen and lymph nodes were analyzed using flow 
cytometry (n=10 per group). TruCount absolute cell count tubes (BD Biosciences) were 
used on whole blood samples, to allow absolute blood cell count. Spleen and lymph 
nodes were crushed into single-cell suspensions and blood and spleen were subsequently 
subjected to erythrocyte lysis. Following specific antibodies were used to detect 
leucocytes subsets in all tissues: leucocytes (CD45+, Biolegend), NK-T cells (CD3ε+ 
NK1-1+; Miltenyi, eBioscience, respectively), CDT cells (CD3ε+ NK1-1-; Miltenyi, 
eBioscience, respectively), T helper cells (CD4+, BD), cytotoxic T cells (CD8a+, BD), 
effector T cells (CD44high, CD62low; BD, eBioscience, respectively), central memory T 
cells (CD44high CD66high), naïve T cells (CD44low CD66high), regulatory T cells (CD4+ 
CD25high FoxP3high; eBioscience), B cells (B220+; BD), NK cells (NK1-1+), granulocytes 
(CD11bhigh Ly6Ghigh; BD, eBioscience, respectively) and monocytes (CD11bhigh 
Ly6Glow Ly6Chigh/intermediate/low; Miltenyi). Data were acquired using a FACS Canto II and 
analyzed with FACSdiva software (BD), as described earlier (4).

PlAsmA nitrAte And nitrite

Plasma nitrate and nitrite levels in mice receiving drinking water on chow (n=10) served 
as control. Additionally, plasma nitrate and nitrite levels were measured for mice after 14 
weeks of  HCD and NaNO3 or NaCl (NaNO3, n=15; NaCl, n=19). Aliquots were stored 
at -80˚C to avoid repeated freezing and thawing. Plasma nitrate (NO3

-) and nitrite (NO2
-) 

were determined by a sensitive and selective HPLC system analysis (ENO-20 Eicom 
Japan).  This system uses reverse phase chromatography to separate nitrite from nitrate 
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and nitrate is then reduced to nitrite via a cadmium and reduced copper reaction inside a 
reduction column. The resulting reduced nitrite is subsequently derivatized using Griess 
reagent and the level of  diazo compounds is measured at 540nm (36).

Whole blood hemoglobin-bound HBNO using electron pArAmAgnetic resonAnce (EPR)

Changes in levels of  nitric oxide in whole blood was determined using electromagnetic 
spin resonance (ESR) spectroscopy, by detection of  the nitrosyl-hemoglobin (NO-Hb) 
signal using the settings described before (37). In short,  ESR spectra were recorded 
on 1 ml of  snap frozen whole blood at 77K in a glass finger dewar on a Bruker EMX 
1273 spectrometer with an ER 4119HS cavity and 12 kW power supply, operating at X 
band frequencies. ESR conditions were as follows: The magnetic field was 3260 G with 
a sweep width of  200 G. The modulation frequency was 100kHz with a 5G amplitude, 
and 10 scans were made. NO concentrations were calculated from the height of  three 
line NO-Hb  spectrum with Bruker WINEPR software as described (37).

PlAsmA nitrotyrosine And Amino Acid profile using HPLC

Plasma samples were obtained from nitrate and NaCl drinking mice after 14 weeks of  
HCD. Samples were snap-frozen and aliquots stored at -80˚C until further use. Plasma 
nitration was analyzed using a 3-nitrotyrosine ELISA on plasma samples (OxiSelect; 
STA-305, Cell Biolabs). For amino acid profiling, 100ul of  plasma was deproteinized 
using 6 mg of  5-sulfosalicyic acid, vortex-mixed vigorously and stored at -80˚C until 
further use. Prior to analysis, samples were thawed and centrifuged 10 min at 50.000xg 
in a pre-chilled (4°C) centrifuge. A 5µl aliquot of  the clear supernatant was automatically 
derivatized with o-phthaldialdehyde and chromatographed as described earlier (38).  

StAtisticAl AnAlysis

All data are presented as mean ±SEM. All parameters were analyzed using independent 
sample tests and were tested for normal distribution using Shapiro-Wilk normality test. 
Parameters with two groups were compared with student’s t-test or Mann-Whitney 
rank-sum test. In case of  more than two groups, parameters were analyzed using 1way 
ANOVA followed by Bonferroni’s Multiple Comparison Test or Kruskal-Wallis rank-
sum test, followed by Dunn’s post-hoc testing. Correlations of  plasma nitrate and nitrite 
levels with time of  last nitrate consumption were tested using Pearson or Spearman 
correlation (GraphPad Prism4). 
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RESULTS

DietAry nitrAte supplementAtion elevAtes plAsmA nitrAte levels 

First the effect of  a high cholesterol diet (HCD) and equimolar NaCl (33) on plasma 
nitrate levels was measured. Plasma nitrate concentrations were not affected by HCD 
with NaCl drinking compared to normal drinking water plus a chow diet (Fig. 1A). 

Dietary nitrate at a dose of  1g/L is the most common dose described to increase plasma 
nitrate levels, and corresponds to a physiological nitrate intake achieved by a vegetable-
rich diet in humans (33). Also in our hands, 14 weeks of  dietary nitrate drinking 
increased plasma nitrate levels compared to sodium drinking controls (Fig. 1B), similarly 
to levels described (33). No differences were observed in body weight gain and liquid 
consumption suggesting comparable eating and drinking behavior between groups (Fig. 
1C, D). 

Figure 1: Dietary nitrate syoolementation elevates plasma nitrate levels.
A. Plasma nitrate measured in LDLr-/- mice drinking NaCl on HCD for 14 weeks as compared to mice with normal 
drinking water on chow diet. B. Plasma nitrate levels in HCD-fed LDLr-/- mice after drinking 1g/L NaNO3 (black 
bars) or equimolar NaCl (white bars) for 14 weeks. ***p-value<0.0001 NaNO3 vs. NaCl supplementation, student’s 
t-test. C. Body weight and D. average liquid consumption per mouse per day in HCD-fed LDLr-/- mice treated with 
NaCl or NaNO3 for 14 weeks. Graphs represent mean ±SEM for 15 mice per group.
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Prolonged dietAry nitrAte does not cAuse systemic side-effects

Dietary nitrate supplementation has been linked with tumorigenesis. We therefore 
investigated the systemic effects of  prolonged nitrate ingestion.

Morphologically, we did not observe organ tumor development, as analyzed by a certified 
veterinary pathologist. Nitrates have also recently been suggested to affect platelets and 
thrombosis (39). However, neither total red blood cell count nor platelet count (Fig. 2A) 
was affected by dietary nitrate supplementation. Additionally, red blood cell composition, 
as measured in red blood cell mean cell volume (MCV), mean corpuscular hemoglobin 
(MCH) and mean corpuscular hemoglobin concentration (MCHC) and hematocrit, did 
not differ between nitrate and NaCl treatments (Fig. 2B-E). Together, these data suggest 
that neither leucocyte count nor erythropoiesis were affected following prolonged 
dietary nitrate supplementation.

Figure 2: Prolonged dietary nitrate does not cause systemic side effects.
A. Red blood cell content and platelet count after 14 weeks of  nitrate supplementation compared to control. B. Coulter 
counter analysis of  mean cell volume (MCV), C. mean corpuscular hemoglobin (MCH), D. mean corpuscular hemoglobin 
concentration (MCHC) and E. hematocrit level in nitrate and NaCl drinking mice after 14 weeks of  HCD. All data 
was analyzed using student’s t-test.

Additionally, dietary nitrate and NO have been shown to reduce circulating and adhering 
leukocytes (17,22,23,40,41). Therefore, we compared innate and adaptive immune 
cells in blood, spleen and lymph nodes between nitrate supplemented mice and mice 
receiving the control treatment. However, dietary nitrate supplementation did not 
modulate circulating white blood cell count (Fig. 3A) or differentiation and distribution 
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of  inflammatory cells in blood or lymphoid organs (blood: Fig. 3B-H, Supplementary 
Figure 1, spleen and lymph nodes: data not shown), suggesting that prolonged dietary 
nitrate supplementation does not lower circulating or tissue-resident immune cells.

 

Figure 3: Prolonged dietary nitrate does not cause inflammatory side effects.
A. White blood cell count (Coulter counter) in HCD-fed LDLr-/- treated with NaCl or NaNO3 for 14 weeks. B. 
FACS plot example for granulocyte and monocyte gating in NaCl and NaNO3 treated mice (see supplement for gating 
strategy). C. Absolute cell counts acquired by flow cytometry of  granulocyte and D. monocyte content. E. Importantly 
for atherosclerosis, relative contribution of  monocyte subsets with Ly6Chigh F. Ly6Clow and G. Ly6Cneg monocyte subsets. 
H. Overview of  remaining leucocyte subsets, which were all unchanged. Flow cytometry analysis was performed on whole 
blood of  HCD-fed LDLr-/- mice treated with NaCl or NaNO3 for 14 weeks. NaCl group is presented with white 
bars and NaNO3 group in black bars. Graphs represent mean±SEM for 15 mice per group. All data was analyzed 
using student’s t-test. 
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Prolonged dietAry nitrAte supplementAtion does not Affect Atherosclerosis 
development, hypoxiA or blood pressure

Next, the effect of  prolonged dietary nitrate supplementation on atherosclerosis 
was studied. Short term dietary nitrate has been shown to prevent microvascular 
inflammation in hypercholesterolemic C57BL/6J mice, where it also reversed 
endothelial dysfunction (42). However, LDLr-/- mice receiving nitrate supplementation 
showed similar plaque size and necrotic core development in the aortic root as control 
(Fig.  4A), while plasma cholesterol and triglyceride (TG) levels were unchanged (Fig. 
5A,B). In line with this, advanced plaques in a second location in the arterial tree, the 
aortic arch (inner curvature and main branch points: brachiocephalic trunk, left carotid 
artery, subclavian artery), also presented with equal plaque size and necrotic core in 
NaNO3 and NaCl supplemented mice, as analyzed as the sum of  all plaques in this 
area (Fig. 4A) and as individual plaques in separate branch points (data not shown). 
Additionally, macrophage content was equivalent between the nitrate and control group 
for both the aortic root and arch (Fig. 4B). Also, plaque collagen and smooth muscle 
cell content did not change upon prolonged dietary nitrate supplementation (Fig. 4C, 
D). This, together with unchanged cap thickness in both groups (Fig. 4C) suggests no 
difference in plaque stability upon dietary nitrate supplementation. In addition, blinded 
semi-quantitative analysis of  plaque phenotype (plaque fibrosis, necrosis, granulocyte 
and adventitial immune cells) by a veterinary pathologist did not reveal any changes (data 
not shown). In fact, classification of  the aortic root plaque stage, as described earlier 
(43), by a certified veterinary pathologist confirmed similar plaque progression (Fig. 
4F). In short, plaques were classified in early lesions with fatty streaks containing only 
macrophage derived foam-cells, intermediated lesions characterized by the additional 
presence of  a collagenous cap and advanced lesions with involvement of  the media and 
increased collagen content. Prolonged dietary nitrate supplementation hence did not 
alter plaque progression or phenotype and did not affect macrophage tissue infiltration. 
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Figure 4: Prolonged dietary nitrate supplementation does not affect atherosclerosis  
development, hypoxia or blood pressure.
A. Representative pictures and quantifications of  H&Es (hematoxylin & eosin) of  aortic roots and arches, as well as 
B. MAC3 and staging of  plaques of  HCD-fed LDLr-/- mice treated with NaCl or NaNO3 for 14 weeks. C. Sirius 
red quantification as well as cap thickness analysis, D. α-smooth muscle actin (αSMA), and E. Pimonidazole staining 
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in aortic arches of  HCD-fed LDLr-/- mice treated with NaCl or NaNO3 for 14 weeks. F. Plaque stage scoring by a 
certified veterinary pathologist. White bars represent NaCl and black bars NaNO3 treated mice. Graphs represent mean 
±SEM for 15 mice per group and all data was analyzed using student’s t-test.

Additionally, we hypothesized that enhanced mitochondrial function could reverse plaque 
hypoxia thereby alleviating plaque burden. As shown previously (4), advanced murine 
plaques were hypoxic, as measured using the hypoxia-specific marker pimonidazole. 
However, prolonged dietary nitrate did not affect plaque hypoxia in the aortic root of  
mice having received either 14 weeks of  nitrate or control on HCD (Fig. 4E). Oxygen 
sensitivity and specificity of  pimonidazole-mediated detection of  tissue hypoxia have 
been described elsewhere (4).

Moreover, we did not observe changes in blood pressure of  long term supplemented 
mice, as suggested by the literature. Neither mean blood pressure, nor systolic or 
diastolic blood pressure was affected by prolonged dietary nitrate, as measured by 
tailcuff  plethysmography and catheter probe in the carotid artery (Fig. 5C-E). Also 
heart rate remained stable between groups (Fig. 5F), suggesting no hemodynamic 
effects of  prolonged dietary nitrate supplementation. In conclusion, prolonged 
dietary supplementation of  nitrate does not alter atherosclerosis development, tissue 
oxygenation or blood pressure. 

 

Figure 5: Plasma lipid levels and hemodynamics are unaffected by prolonged dietary nitrate  
supplementation.
A. Plasma cholesterol and B. plasma triglyceride (TG) levels in HCD-fed LDLr-/- mice treated with NaCl or NaNO3 
for 14 weeks. C. Mean blood pressure (left panel), systolic (middle panel) and D. diastolic blood pressure, as measured 
by tailcuff  plethysmography in HCD-fed LDLr-/- mice treated with NaCl or NaNO3 for 14 weeks. E. Mean arterial 
pressure, measured with a catheter probe in the carotid artery in NaNO3 compared to NaCl receiving mice after 14 
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weeks of  HCD. F. Heart rate measured by tail-cuff  method (left panel) and catheter probe (right panel) in the thoracic 
aorta in HCD- fed LDLrR-/- mice treated with NaCl or NaNO3 for 14 weeks. White bars represent NaCl and 
black bars NaNO3 treated mice. Graphs represent mean ±SEM for 15 mice per group and all data was analyzed 
using student’s t-test. 

Prolonged dietAry nitrAte drinking does not sustAin An increAsed nitrAte-nitrite-NO 
pAthwAy

In order to understand the lack of  effects seen, plasma nitrate and nitrite levels were 
studied over time during dietary nitrate supplementation. Similarly to plasma nitrate, 
plasma nitrite levels were not affected by HCD consumption and NaCl itself  (Fig. 6A). 
Two weeks dietary nitrate supplementation significantly increased plasma nitrite levels 
(Fig. 6B). However, over time and already after 6 weeks, plasma nitrite levels decrease 
gradually back to NaCl control levels after 14 weeks of  nitrate administration (Fig. 
6B). Also, plasma nitrate levels decrease similarly, but remain significantly elevated at 
14 weeks (Fig.6C). Hemoglobin-bound nitric oxide levels were not elevated upon 14 
weeks of  dietary nitrate supplementation (Fig. 6D, example of  electron paramagnetic 
resonance (EPR) spectrum in Fig. 6E). These data suggest a negative feedback response 
to prolonged dietary nitrate supplementation. Additionally, there was no correlation 
between plasma nitrate and nitrite levels with the time point of  last nitrate consumption. 
Three hours after the last nitrate consumption, mice show equivalent plasma nitrate 
levels compared to mice sacrificed at earlier time points (Fig. 6F).

Mechanistically, compensation at the level of  nitrite and NO levels can be mediated by 
reduced nitrite and NO production by bodily cells themselves or enhanced clearance of  
nitrate/nitrite from the body. NO fate and production was studied in mice receiving 14 
weeks of  dietary nitrate supplementation as follows: We studied the citrulline/arginine ratio 
as a marker of  NOS-mediated conversion of  arginine into citrulline and simultaneous 
NO production. Additionally, the ratio of  plasma ornithine/citrulline was used as a 
quantitative indicator of  arginine consumption by arginase (44). Together these ratios 
provide an insight into NOS activity as compared to arginase activity (see Fig. 6G). 
Both ratios were unaffected (Fig. 6H-I), suggesting that NO production and fate are 
not altered in mice receiving dietary nitrate. Furthermore, the level of  nitrotyrosine in 
plasma was determined to estimate the conversion of  nitrite to peroxynitrite and other 
reactive nitrogen intermediates (RNI) (45). Plasma nitrotyrosine levels were not affected 
after 14 weeks of  dietary nitrate (Fig. 6J) suggesting on the one hand that compensation 
also does not take place at this level. On the other hand, plasma tyrosine levels serve 
as a marker for liver toxicity, which was also not affected by prolonged dietary nitrate 
consumption. Overall, a slower compensation of  plasma nitrate as compared to plasma 
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nitrite levels, might suggest initial compensation at the plasma nitrite as opposed to the 
plasma nitrate level (Fig6 B-C).

Figure 6: Compensation of  prolonged nitrate drinking does not involve eNOS activity 
and NO scavenging.
A. Plasma nitrite after 14 weeks of  NaCl drinking and HCD intervention compared to normal water and chow 
diet exposed mice. B.  Relative plasma nitrite and C. nitrate levels after 2, 6, 10 and 14 weeks of  dietary nitrate 
supplementation. Data is presented relative to control NaCl drinking mice of  the same time point.
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D. Hemoglobin-bound nitric oxide levels in NaNO3 compared to NaCl supplemented mice after 14 weeks of  
supplementation and HCD. E. Example of  an Electron Parametric Resonance (EPR) spectrum showing Hb-NO 
detected in mouse blood of  i) control mouse and ii) nitrate-exposed mouse. Arrows indicate a small three line patterns with 
a g-factor of  2.05, representing HB-NO. F. Plasma nitrate (left panel) and nitrite (right panel) showed no correlation 
with the time point of  last nitrate consumption (Pearson correlation, GraphPad Prism4). G. Scheme of  arginine 
metabolism. H. Plasma ornithine, citrulline and arginine levels (left, middle and right panel, respectively) as well as I. 
calculated ornithine/citrulline and citrulline/arginine ratios (left and right panel, respectively). J. Plasma nitrotyrosine 
levels to asses NO scavenging in mice drinking NaNO3 compared to NaCl for 14 weeks. Graphs represent mean 
±SEM for 15 mice per group. ***p-value<0.0001 NaNO3 vs. NaCl supplementation of  same time point, student’s 
t-test.

DiSCUSSiON

In this study, we show that short term dietary nitrate supplementation increased plasma 
nitrate and nitrite levels, while following prolonged dietary nitrate supplementation only 
plasma nitrate levels remained slightly elevated. Plasma nitrite levels decreased earlier 
than plasma nitrate levels, potentially hinting towards a compensatory mechanism at 
the level of  plasma nitrite. Overall, fourteen weeks of  dietary nitrate supplementation 
did not affect blood pressure, systemic and tissue immune cells or atherosclerosis 
development. These data suggest that elevated nitrate and nitrite in the initial 6 weeks 
of  dietary nitrate supplementation did either not exert anti-atherosclerotic effects on 
initial fatty streak formation, first occurring after 4-6 weeks, or effects are overridden 
upon subsequent plaque advancement. Also, the slight elevation in plasma nitrate levels 
remaining after 14 weeks was not sufficient to affect plaque burden.

Short term dietary nitrate supplementation has been studied extensively over the 
past few years. Effects described include blood pressure lowering as well as anti-
inflammatory effects after acute or short term administration of  dietary nitrate, as 
studied in inflammatory bowel disease models (17,46). Also, short term dietary nitrate 
supplementation (max. of  12 days) was shown to reduce erythropoiesis capacity in rats 
(47). In this study we show that upon long term nitrate supplementation, however, these 
properties, which were expected to be anti-atherosclerotic, are not observed. Additionally, 
we do not find any systemic side effects of  prolonged dietary nitrate supplementation. 

Indeed, the main concern of  nitrate supplementation used to be cancer development, 
in particular stomach cancer, due to a reaction of  nitrite with dietary amines resulting 
in carcinogenic nitrosamines. This has led to adjustments in policies of  nitrate 
supplementation in water and processed meat. More recent evidence points at the 
many health benefits of  nitrate supplementation (32,48,49), thereby changing the 
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classic view on dietary nitrate supplementation. In our model of  prolonged dietary 
nitrate administration, we did not observe organ tumor development. The latter is not 
surprising as carcinogenesis with the modest level of  nitrate supplementation in the 
present study is unlikely. A dose of  1g/L NaNO3 equals ca. 150 µmol nitrate per day 
based on observed drinking behavior, similar to a vegetable rich diet in humans (33). 

Dietary nitrate supplementation has entered clinical trials in cardiovascular disease. 
However, the results are variable and few long term studies have been performed so 
far in humans (26–28). While using similar nitrate concentrations as used in our study, 
beneficial effects on oxygen cost during exercise, cardiovascular function, blood pressure 
and inflammation have been described upon short term interventions (8–11,13,15). In 
fact, nitrate supplementation periods of  up to 4 weeks for humans and wild type mice 
elevated both plasma nitrate and nitrite levels on the short term (27,29). In comparison, 
our data suggests a compensatory negative feedback mechanism upon prolonged dietary 
nitrate supplementation leading to normalization of  plasma nitrite and NO levels and 
eventually also plasma nitrate levels, over-riding the effects observed following acute 
or short term dietary nitrate supplementation. In accordance, Carlström et al. have 
previously described a return to baseline plasma and tissue nitrite levels after 8-10 weeks 
of  prolonged nitrate drinking in mice and rats (25,50).  

Also, recently Hezel et al. could confirm a lack of  plasma nitrite and nitrate elevation 
upon 17 month of  dietary nitrate supplementation (51). Our results confirm this finding 
and extend on the compensatory mechanism. Carlström et al. attribute the compensation 
seen to a feedback down-regulation of  eNOS activity in rodents (50), as in addition to 
NO generation from nitrate-nitrite, eNOS generates NO from L-arginine. However, 
compensation was also seen in eNOS deficient mice and reduced NO production might 
therefore not present the only mechanism (25). In fact, in our hands eNOS activity 
was probably not affected in mice as suggested by the unaffected ratio of  citrulline/
arginine upon prolonged dietary nitrate interventions, confirming other compensatory 
mechanisms. Alternatively, enhanced clearance of  nitrate and nitrite via urine could 
explain the observed normalization in plasma nitrate and nitrite concentrations after 
prolonged nitrate supplementation. Sixty to seventy percent of  the ingested dietary 
nitrate is secreted in the urine as studied in rats and humans upon single high dose 
nitrate supplementation (52,53). Also, 24-hour nitrate was enhanced in subjects with 
elevated nitrate concentrations in drinking water, compared to subjects drinking water 
with lower nitrate contamination (54). In fact, already after 7 days of   dietary nitrate 
supplementation increased urinary nitrate excretion by sevenfold (55). Interestingly, 
Hezel et al. have investigated this upon 17months of  dietary nitrate supplementation and 
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found inconclusive data due to an extreme outlier in their data (51). From the available 
data we suggest that reduced nitrite could hence result from enhanced nitrate or nitrite 
urinary excretion. As we observed that plasma nitrite reduction preceded plasma nitrate 
levels, we suggest the compensatory mechanism on the level of  plasma nitrite and 
possibly NO.  

Additional explanations for nitrite compensation include reduced nitrite generation 
from nitrate or enhanced conversion of  nitrite into NO and NO-derived metabolites. 
The latter is unlikely, as we did not observe changes in plasma nitrotyrosine levels, a 
biomarker for peroxynitrite generation and other RNI formations (45). These results 
confirm the previously reported observation that nitrate did not increase nitration of  
skeletal muscle proteins (9). Additionally, we did not observe any harmful systemic side 
effects of  nitrate supplementation, such as atherosclerosis or plaque necrosis, which 
would be expected when production of  pro-atherogenic RNI is increased (56,57). This 
also suggests that the prolonged dietary nitrate intervention is safe with respect to RNI-
induced disorders. Reduced nitrite generation from nitrate, however, might still present 
an additional compensatory mechanism. In mammals, nitrate is reduced to nitrite by 
commensal bacteria only, as mammals lack nitrate reductases themselves. Hendgen-
Cotta et al. did indeed show a reduction in plasma nitrite levels in mice which received 
anti-septic mouth wash to reduce commensal bacterial growth in addition to nitrate 
supplementation, compared to mice with sole dietary nitrate supplementation (33). Also 
in men, Bondonno et al could recently show that anti-bacterial mouth wash reduces oral 
nitrate reduction (58), suggesting that changes in the commensal flora can affect nitrite 
and subsequent NO availability also in mice and men. However, if  commensal bacterial 
growth and productivity contributes to the compensation seen upon prolonged nitrate 
drinking in mice, remains to be established. Additionally, plasma nitrite can be derived 
from ceruloplasmin-mediated oxidation or auto-oxidation of  NO to nitrite (reviewed in 
(19)). Nevertheless, similar hemoglobin-bound NO levels do not support reduced auto-
oxidation as an alternative compensatory mechanism. 

Overall, long term dietary nitrate supplementation does not show beneficial effects on 
atherosclerosis development in mice. If  prolonged dietary nitrate is also compensated for 
in humans remains to be shown. Alternatively, intermittent therapy might present a novel 
strategy and provide insights into the compensatory mechanism. In fact, Carlström et al. 
show a reversible downregulation of  eNOS activity upon long term dietary nitrate (50). 
However, a therapeutic effect of  intermittent nitrate drinking remains to be established, 
but could prove successful in humans, based on the promising effects seen of  short term 
dietary nitrate supplementation.
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Conclusion

There is still debate on potential beneficial and detrimental effects of  nitrate 
supplementation. In this manuscript, we show that prolonged dietary nitrate 
supplementation abolished beneficial effects of  nitrates, while at the same time not 
causing any systemic side-effects in mice. Short term supplementation of  dietary nitrates 
might hence have therapeutic value, whereas chronic diseases, such as atherosclerosis 
might not benefit from continuous dietary nitrate supplementation. 



109

Prolonged dietAry nitrAte in experimentAl Atherosclerosis | 4 

4

FUNDiNG

VENI fellowship of  the Dutch Organization for Scientific Research (to J.C.S. 
016.116.017); PhD-student Fellowship from the Cardiovascular Research Institute 
Maastricht (to T.L.T.) 



110

4 | Prolonged dietAry nitrAte in experimentAl Atherosclerosis

References

1.  WHO. Cardiovascular disease risk [Internet]. WHO.int. 2013. Available from: http://www.
who.int/cardiovascular_diseases/en/
2.  Tabas I. Macrophage death and defective inflammation resolution in atherosclerosis. Nat 
Rev Immunol. 2009/12/05 ed. 2010;10(1):36–46. 
3.  Sluimer JC, Gasc J-M, van Wanroij JL, Kisters N, Groeneweg M, Sollewijn Gelpke MD, et 
al. Hypoxia, hypoxia-inducible transcription factor, and macrophages in human atherosclerotic plaques 
are correlated with intraplaque angiogenesis. J Am Coll Cardiol. 2008 Apr 1;51(13):1258–65. 
4.  Marsch E, Theelen TL, Demandt JAF, Jeurissen M, van Gink M, Verjans R, et al. Reversal 
of  Hypoxia in Murine Atherosclerosis Prevents Necrotic Core Expansion by Enhancing Efferocytosis. 
Arterioscler Thromb Vasc Biol. 2014 Sep 25;34(12):2545–53. 
5.  Drager LF, Polotsky VY, Lorenzi-Filho G. Obstructive sleep apnea: an emerging risk factor 
for atherosclerosis. Chest. 2011 Aug;140(2):534–42. 
6.  Bradley TD, Floras JS. Obstructive sleep apnoea and its cardiovascular consequences. Lancet. 
2009 Jan 3;373(9657):82–93. 
7.  Drager LF, Bortolotto LA, Figueiredo AC, Krieger EM, Lorenzi GF. Effects of  continuous 
positive airway pressure on early signs of  atherosclerosis in obstructive sleep apnea. Am J Respir Crit 
Care Med. 2007 Oct 1;176(7):706–12. 
8.  Larsen FJ, Ekblom B, Sahlin K, Lundberg JO, Weitzberg E. Effects of  dietary nitrate on 
blood pressure in healthy volunteers. N Engl J Med. 2006 Dec 28;355(26):2792–3. 
9.  Larsen FJ, Schiffer TA, Borniquel S, Sahlin K, Ekblom B, Lundberg JO, et al. Dietary 
inorganic nitrate improves mitochondrial efficiency in humans. Cell Metab. 2011 Feb 2;13(2):149–59. 
10.  Larsen FJ, Weitzberg E, Lundberg JO, Ekblom B. Effects of  dietary nitrate on oxygen cost 
during exercise. Acta Physiol (Oxf). 2007 Sep;191(1):59–66. 
11.  Larsen FJ, Weitzberg E, Lundberg JO, Ekblom B. Dietary nitrate reduces maximal oxygen 
consumption while maintaining work performance in maximal exercise. Free Radic Biol Med. 2010 Jan 
15;48(2):342–7. 
12.  Bryan NS, Calvert JW, Elrod JW, Gundewar S, Ji SY, Lefer DJ. Dietary nitrite supplementation 
protects against myocardial ischemia-reperfusion injury. Proc Natl Acad Sci U S A. 2007 Nov 
27;104(48):19144–9. 
13.  Bond V, Curry BH, Adams RG, Millis RM, Haddad GE. Cardiorespiratory function 
associated with dietary nitrate supplementation. Appl Physiol Nutr Metab. 2014 Feb;39(2):168–72. 
14.  Khalifi S, Rahimipour A, Jeddi S, Ghanbari M, Kazerouni F, Ghasemi A. Dietary nitrate 
improves glucose tolerance and lipid profile in an animal model of  hyperglycemia. Nitric Oxide. 2014 
Nov 18;44C:24–30. 
15.  Breese BC, McNarry MA, Marwood S, Blackwell JR, Bailey SJ, Jones AM. Beetroot juice 
supplementation speeds O2 uptake kinetics and improves exercise tolerance during severe-intensity 
exercise initiated from an elevated metabolic rate. Am J Physiol Regul Integr Comp Physiol. 2013 Dec 
15;305(12):R1441–50. 
16.  Berry MJ, Justus NW, Hauser JI, Case AH, Helms CC, Basu S, et al. Dietary nitrate 
supplementation improves exercise performance and decreases blood pressure in COPD patients. 
Nitric Oxide. 2015 Aug 1;48:22–30. 
17.  Jädert C, Petersson J, Massena S, Ahl D, Grapensparr L, Holm L, et al. Decreased leukocyte 
recruitment by inorganic nitrate and nitrite in microvascular inflammation and NSAID-induced 
intestinal injury. Free Radic Biol Med. 2012 Feb 1;52(3):683–92. 
18.  Duncan C, Dougall H, Johnston P, Green S, Brogan R, Leifert C, et al. Chemical generation 
of  nitric oxide in the mouth from the enterosalivary circulation of  dietary nitrate. Nat Med. Nature 
Publishing Group; 1995 Jun;1(6):546–51. 



111

Prolonged dietAry nitrAte in experimentAl Atherosclerosis | 4 

4

19.  Lundberg JO, Weitzberg E, Gladwin MT. The nitrate-nitrite-nitric oxide pathway in 
physiology and therapeutics. Nat Rev Drug Discov. 2008 Feb;7(2):156–67. 
20.  Joannides R, Haefeli WE, Linder L, Richard V, Bakkali EH, Thuillez C, et al. Nitric oxide 
is responsible for flow-dependent dilatation of  human peripheral conduit arteries in vivo. Circulation. 
1995 Mar 1;91(5):1314–9. 
21.  Ignarro LJ. Experimental evidences of  nitric oxide-dependent vasodilatory activity of  
nebivolol, a third-generation beta-blocker. Blood Press Suppl. 2004 Oct;1:2–16. 
22.  Hossain M, Qadri SM, Liu L. Inhibition of  nitric oxide synthesis enhances leukocyte rolling 
and adhesion in human microvasculature. J Inflamm (Lond). 2012 Jan;9(1):28. 
23.  Ignarro LJ, Napoli C. Novel features of  nitric oxide, endothelial nitric oxide synthase, and 
atherosclerosis. Curr Diab Rep. 2005 Feb;5(1):17–23. 
24.  Voetsch B, Jin RC, Loscalzo J. Nitric oxide insufficiency and atherothrombosis. Histochem 
Cell Biol. 2004 Oct;122(4):353–67. 
25.  Carlström M, Larsen FJ, Nyström T, Hezel M, Borniquel S, Weitzberg E, et al. Dietary 
inorganic nitrate reverses features of  metabolic syndrome in endothelial nitric oxide synthase-deficient 
mice. Proc Natl Acad Sci U S A. 2010 Oct 12;107(41):17716–20. 
26.  Siddiqi N, Neil C, Bruce M, MacLennan G, Cotton S, Papadopoulou S, et al. Intravenous 
sodium nitrite in acute ST-elevation myocardial infarction: a randomized controlled trial (NIAMI). Eur 
Heart J. 2014 May 14;35(19):1255–62. 
27.  Kapil V, Khambata RS, Robertson A, Caulfield MJ, Ahluwalia A. Dietary Nitrate Provides 
Sustained Blood Pressure Lowering in Hypertensive Patients: A Randomized, Phase 2, Double-Blind, 
Placebo-Controlled Study. Hypertension. 2014 Nov 24;65(2):320–7. 
28.  Zamani P, Rawat D, Shiva-Kumar P, Geraci S, Bhuva R, Konda P, et al. Effect of  inorganic 
nitrate on exercise capacity in heart failure with preserved ejection fraction. Circulation. 2015 Jan 
27;131(4):371–80. 
29.  Vanhatalo A, Bailey SJ, Blackwell JR, DiMenna FJ, Pavey TG, Wilkerson DP, et al. Acute and 
chronic effects of  dietary nitrate supplementation on blood pressure and the physiological responses 
to moderate-intensity and incremental exercise. Am J Physiol Regul Integr Comp Physiol. 2010 
Oct;299(4):R1121–31. 
30.  Lansley KE, Winyard PG, Fulford J, Vanhatalo A, Bailey SJ, Blackwell JR, et al. Dietary 
nitrate supplementation reduces the O2 cost of  walking and running: a placebo-controlled study. J Appl 
Physiol. 2011 Mar;110(3):591–600. 
31.  Sandbakk SB, Sandbakk Ø, Peacock O, James P, Welde B, Stokes K, et al. Effects of  acute 
supplementation of  L-arginine and nitrate on endurance and sprint performance in elite athletes. Nitric 
Oxide. 2015 Aug 1;48:10–5. 
32.  Katan MB. Nitrate in foods: harmful or healthy? Am J Clin Nutr. 2009 Jul;90(1):11–2. 
33.  Hendgen-Cotta UB, Luedike P, Totzeck M, Kropp M, Schicho A, Stock P, et al. Dietary 
nitrate supplementation improves revascularization in chronic ischemia. Circulation. 2012 Oct 
16;126(16):1983–92. 
34.  Dutch_Drinking_water_statistics_2012 [Internet]. [cited 2014 Nov 24]. Available from: 
http://www.vewin.nl/SiteCollectionDocuments/Publicaties/English _publications/Vewin_Dutch_
Drinking_water_statistics_2012.pdf
35.  Daugherty A, Rateri D, Hong L, Balakrishnan A. Measuring blood pressure in mice using 
volume pressure recording, a tail-cuff  method. J Vis Exp. 2009 Jan;(27). 
36.  Jansson EA, Huang L, Malkey R, Govoni M, Nihlén C, Olsson A, et al. A mammalian 
functional nitrate reductase that regulates nitrite and nitric oxide homeostasis. Nat Chem Biol. 2008 
Jul;4(7):411–7. 



112

4 | Prolonged dietAry nitrAte in experimentAl Atherosclerosis

37.  Wijnands KAP, Vink H, Briedé JJ, van Faassen EE, Lamers WH, Buurman WA, et al. 
Citrulline a more suitable substrate than arginine to restore NO production and the microcirculation 
during endotoxemia. PLoS One. 2012 Jan;7(5):e37439. 
38.  van Eijk HM, Rooyakkers DR, Deutz NE. Rapid routine determination of  amino acids in 
plasma by high-performance liquid chromatography with a 2-3 microns Spherisorb ODS II column. J 
Chromatogr. 1993 Oct 22;620(1):143–8. 
39.  Park JW, Piknova B, Huang PL, Noguchi CT, Schechter AN. Effect of  blood nitrite and 
nitrate levels on murine platelet function. PLoS One. 2013 Jan;8(2):e55699. 
40.  Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous modulator of  leukocyte 
adhesion. Proc Natl Acad Sci. 1991 Jun 1;88(11):4651–5. 
41.  Cerwinka W, Granger DN. Nitric Oxide Modulates Leukocyte—Endothelial Cell Adhesion. 
Humana Press; 2000 Jan 1;139–51. 
42.  Stokes KY, Dugas TR, Tang Y, Garg H, Guidry E, Bryan NS. Dietary nitrite prevents 
hypercholesterolemic microvascular inflammation and reverses endothelial dysfunction. Am J Physiol 
Heart Circ Physiol. 2009 May 1;296(5):H1281–8. 
43.  Xanthoulea S, Thelen M, Pöttgens C, Gijbels MJJ, Lutgens E, de Winther MPJ. Absence 
of  p55 TNF receptor reduces atherosclerosis, but has no major effect on angiotensin II induced 
aneurysms in LDL receptor deficient mice. PLoS One. 2009 Jan;4(7):e6113. 
44.  Jung C, Gonon AT, Sjöquist P-O, Lundberg JO, Pernow J. Arginase inhibition mediates 
cardioprotection during ischaemia-reperfusion. Cardiovasc Res. 2010 Jan 1;85(1):147–54. 
45.  Herce-Pagliai C, Kotecha S, Shuker DE. Analytical methods for 3-nitrotyrosine as a marker 
of  exposure to reactive nitrogen species: a review. Nitric Oxide. 1998 Jan;2(5):324–36. 
46.  Jädert C, Phillipson M, Holm L, Lundberg JO, Borniquel S. Preventive and therapeutic effects 
of  nitrite supplementation in experimental inflammatory bowel disease. Redox Biol. 2014 Jan;2:73–81. 
47.  Ashmore T, Fernandez BO, Evans CE, Huang Y, Branco-Price C, Griffin JL, et al. 
Suppression of  erythropoiesis by dietary nitrate. FASEB J. 2015 Mar;29(3):1102–12. 
48.  Bryan NS, Alexander DD, Coughlin JR, Milkowski AL, Boffetta P. Ingested nitrate and 
nitrite and stomach cancer risk: an updated review. Food Chem Toxicol. 2012 Oct;50(10):3646–65. 
49.  Weitzberg E, Lundberg JO. Novel aspects of  dietary nitrate and human health. Annu Rev 
Nutr. 2013 Jan;33:129–59. 
50.  Carlström M, Liu M, Yang T, Zollbrecht C, Huang L, Peleli M, et al. Cross-talk Between 
Nitrate-Nitrite-NO and NO Synthase Pathways in Control of  Vascular NO Homeostasis. Antioxid 
Redox Signal. 2015 Aug 1;23(4):295–306. 
51.  Hezel MP, Liu M, Schiffer TA, Larsen FJ, Checa A, Wheelock CE, et al. Effects of  long-term 
dietary nitrate supplementation in mice. Redox Biol. 2015 May 29;5:234–42. 
52.  Wagner DA, Young VR, Tannenbaum SR, Schultz DS, Deen WM. Mammalian nitrate 
biochemistry: metabolism and endogenous synthesis. IARC Sci Publ. 1984 Jan;(57):247–53. 
53.  Bartholomew B, Hill MJ. The pharmacology of  dietary nitrate and the origin of  urinary 
nitrate. Food Chem Toxicol. 1984 Oct;22(10):789–95. 
54.  van Maanen JM, Welle IJ, Hageman G, Dallinga JW, Mertens PL, Kleinjans JC. Nitrate 
contamination of  drinking water: relationship with HPRT variant frequency in lymphocyte DNA and 
urinary excretion of  N-nitrosamines. Environ Health Perspect. 1996 May;104(5):522–8. 
55.  Bondonno CP, Liu AH, Croft KD, Ward NC, Puddey IB, Woodman RJ, et al. Short-term 
effects of  a high nitrate diet on nitrate metabolism in healthy individuals. Nutrients. 2015 Jan;7(3):1906–
15. 
56.  Salisbury D, Bronas U. Reactive oxygen and nitrogen species: impact on endothelial 
dysfunction. Nurs Res. Jan;64(1):53–66. 
57.  Virág L, Szabó E, Gergely P, Szabó C. Peroxynitrite-induced cytotoxicity: mechanism and 
opportunities for intervention. Toxicol Lett. 2003 Apr 11;140-141:113–24. 



113

Prolonged dietAry nitrAte in experimentAl Atherosclerosis | 4 

4

58.  Bondonno CP, Liu AH, Croft KD, Considine MJ, Puddey IB, Woodman RJ, et al. Antibacterial 
mouthwash blunts oral nitrate reduction and increases blood pressure in treated hypertensive men and 
women. Am J Hypertens. 2015 May;28(5):572–5. 





115

5
DEFiCiENCY OF PROLYL HYDROXYLASE 1 STiMULATES 

NON-BiLiARY CHOLESTEROL EXCRETiON ATTENUATiNG 

HYPERCHOLESTEROLEMiA AND ATHEROSCLEROSiS 

MArsch E, DemAndt JAF, Theelen TL,TullemAns BME, Wouters K, Boon MR, vAn Dijk TH,  
Gijbels MJ, Dubois LJ, Meex SJR, MAzzone M, Hung G, Fisher EA, Biessen EAL, DAemen 

MJAP, Rensen PCN, CArmeliet P, Groen AK, Sluimer JC
Modified from: EuropeAn HeArt JournAl, Brief CommunicAtion, Accepted.





117

PHD1 deficiency AttenuAtes hypercholesterolemiA | 5 

5

ABSTRACT

BAckground

Atherosclerotic plaque hypoxia is present across species and has recently been shown to 
contribute to atherosclerosis pathogenesis by promoting plaque destabilization. Deficiency 
of  HIF prolyl hydroxylase 1 (PHD1) switches metabolism towards glycolysis and reduces 
cellular oxygen consumption. We hypothesized that reduced cellular oxygen consumption 
by PHD1 deficiency alleviates plaque hypoxia and atherogenesis. 

ApproAch and Results

LDLr-/- and PHD1-/-LDLr-/- mice (n=17 and 10, respectively) were placed on a diet 
containing 0.25% cholesterol (HCD) for 8 weeks and atherosclerosis was analyzed in aortic 
roots and arches. Plaque hypoxia, detected by pimonidazole injections, and plaque size 
were indeed reduced by 32% and 35%, respectively, in PHD1-/-LDLr-/- mice, independent 
of  plaque macrophage content (MAC3), as main determinant of  hypoxia. Interestingly, 
PHD1-/-LDLr-/- mice also exhibited 5-fold reduced plasma cholesterol levels on chow and 
on HCD, explaining the observed reduction in plaque development. All these effects were 
independent of  erythropoiesis stimulation associated with general PHD inhibition. Bone 
marrow transplantations did not affect plasma cholesterol or atherosclerosis, suggesting 
a stromal effect of  PHD1. Mechanistically, whole body cholesterol flux analysis showed 
4-fold enhanced non-biliary cholesterol excretion directly from plasma into intestines and 
feces. Simultaneously, hepatic cholesterol uptake, storage and synthesis were not affected in 
PHD1-/-LDLr-/- mice, while biliary cholesterol excretion was even slightly decreased. In vivo 
antisense oligonucleotide-mediated knockdown of  hypoxia-inducible factor 2α, the main 
PHD1 target, showed that PHD1 effects were independent of  HIF-2α stabilization.

Conclusion

In conclusion, PHD1 deficiency protects against atherosclerosis by improving non-biliary 
cholesterol clearance independent of  HIF, HMG-CoA-reductase and LDLr.



118

5 | PHD1 deficiency AttenuAtes hypercholesterolemiA 

iNTRODUCTiON

Atherosclerotic plaque hypoxia was recently shown to contribute to disease progression, 
adding another risk factor to the well-characterized risk factors for atherosclerosis 
development, such as high blood cholesterol, smoking and hypertension (1). Both, human, 
rabbit and murine atherosclerotic plaques display hypoxic areas (2–4), predominantly 
located in inflammatory foci. Non-invasive imaging of  human plaque hypoxia using 
[18F]-HX4 correlated well with [18F]-fluorodeoxyglucose uptake, confirming this close 
association between hypoxia and inflammation (5). Plaque hypoxia is, however, more than 
an epiphenomenon of  inflammation, as reversal of  hypoxia using hyperoxic carbogen 
gas (95% O2, 5% CO2) was able to block plaque progression and necrosis (4). Here, 
we aimed to reverse hypoxia using a genetically modified mouse model with reduced 
oxygen consumption to study the reoxygenation and potential anti-atherosclerotic 
effects of  deficiency in the oxygen sensor prolyl hydroxylase 1 (PHD1, EGLN2) in 
murine atherosclerosis. 

PHD enzymes 1, 2 and 3 are known for their role in hypoxia-inducible factor α (HIFα) 
stabilization. In the presence of  oxygen, PHDs mediate hydroxylation of  two critical 
prolines of  the HIFα proteins, which subsequently targets HIFα for von Hippel Lindau 
(vHL) protein-mediated ubiquitination and proteasomal degradation. In hypoxia, 
hydroxylation capacity of  PHDs is inhibited, resulting in HIFα stabilization (6). The 
ensuing HIF-mediated transcription limits energy- and oxygen consuming processes, 
while promoting angiogenesis and thus oxygen supply. The PHD isoforms have differing 
affinity for the HIFα subunits (7), potentially underlying the differential functions of  
PHDs. Interestingly, deficiency of  PHD1 results in a HIF-2α-mediated metabolic shift 
from oxidative phosphorylation towards glycolysis, thereby reducing cellular oxygen 
consumption. This shift was observed to be independent of  compensatory fatty acid 
beta-oxidation or upregulation of  PHD2 and PHD3 isoforms (8).  

Based on these findings, we hypothesized that the reduced cellular oxygen consumption 
mediated by PHD1 deficiency can restore plaque oxygen levels, thereby preventing plaque 
progression in a hypercholesterolemic mouse model. Here, we show that genetic PHD1 
deficiency indeed alleviated plaque hypoxia and plaque burden in atherosclerosis-prone 
low density lipoprotein receptor deficient (LDLr-/-) mice. However, PHD1 deficiency 
also reduced plasma cholesterol levels. Mechanistically, lower plasma cholesterol levels 
were due to enhanced non-biliary cholesterol excretion, so called trans-intestinal 
cholesterol excretion (TICE). Thereby, this study unveils an intriguing new link between 
oxygen-sensing and cholesterol metabolism.  
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MATERiAL AND METHODS

AnimAls

All mouse experiments were approved by the regulatory authority of  the Maastricht 
University Medical Centre and performed in compliance with the Dutch governmental 
guidelines. PHD1-/- mice were generously provided by Prof. Carmeliet (KU Leuven, (8)) 
and were bred at least 9x on LDLr-/- C57J/Bl6 background. Male LDLr-/- mice were 
obtained from an in-house breeding colony, originating from Charles River (Wilmington, 
MA, USA). Complete absence of  PHD1 mRNA was confirmed in bone-marrow derived 
macrophages, liver and intestines (data not shown).

Atherosclerosis models

Male PHD1-/-LDLr-/- and LDLr-/- littermates (n=10 and 17, respectively, age: 11 weeks) 
were fed a high cholesterol diet (HCD) ad libitum (0.25% cholesterol, SDS 824171) 
for 8 weeks. For bone marrow transplantations, LDLr-/- recipients and PHD1-/-LDLr-/- 
recipients were placed on antibiotic water, containing neomycin (100mg/L; Gibco, 
Carlsbad, CA, USA) and polymyxin B sulfate (60.000U/L; Gibco) for 7 weeks in total 
while being fed a chow diet. After one week of  antibiotic water drinking, bone marrow 
as isolated from female wild-type (WT; C57J/Bl6) and PHD1-/- mice and transplanted 
(1x107 cells/mouse) into both lethally irradiated LDLr-/- recipients (2x6Gy, n=20/20) 
and PHD1-/-LDLr-/- recipients (n=8/8). Mice were left to recover for 6 weeks on 
chow diet and subsequently placed on HCD for 8 weeks. An additional set of  lethally 
irradiated LDLr-/- recipient mice received either WT (n=22 recipients) or PHD1-/- (n=15 
recipients) bone marrow. Upon recovery and 4 weeks of  HCD, mice underwent bilateral, 
perivascular collar placement surgery, as previously described (9). These mice were 
sacrificed after another 13 weeks of  HCD (21 weeks post-BMT).

Atherosclerosis quAntification And immunohistochemistry

One hour prior to sacrifice, all mice were intraperitoneally (i.p.) injected with the hypoxia–
specific marker pimonidazole (100 mg/kg, hypoxyprobe Omni HP3 kit, Hypoxyprobe 
Inc. Burlington, MA, USA). Mice were euthanized with a pentobarbital overdose 
(100 mg/kg i.p.) and blood was withdrawn via the right ventricle for flow cytometry, 
absolute white and red blood cell counts (Coulter Ac.T diff, Beckman Coulter) and 
total cholesterol analysis. Mice were perfused via the left cardiac ventricle with PBS 
containing sodium nitroprusside (0.1 mg/ml; Sigma-Aldrich, Seelze, Germany). 
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Aortic arch, root and organs were subsequently excised and fixed in 1% PFA overnight 
and paraffin-embedded. 

Aortic roots and arches were serially sectioned and stained with hematoxylin and eosin 
(H&E, Sigma) for plaque area and lipid core content quantification. Five consecutive 
H&E sections at 20 µm intervals were analyzed blindly using computerized morphometry 
(Leica QWin V3, Cambridge, UK) and averaged per mouse. Sections within this 100 
µm interval were used for remaining immunohistochemical stainings. For all stainings, 
antigen retrieval was performed at pH 6 (Dako REAL target retrieval, Dako). Hypoxia 
was detected in the aortic roots and livers using a rabbit polyclonal antibody (clone 2627) 
directed against pimonidazole derivates, formed specifically in hypoxic but living cells 
in vivo (% pimonidazole/viable plaque area). Additionally, macrophage content of  aortic 
root plaques was quantified as MAC3+ cells/plaque area (rat anti-mouse MAC-3, 
clone M3/84, BD) and leucocyte count was quantified in the liver as CD45 positive 
cells (rat-anti-mouse CD45 LCA ly-5 antibody, clone 30F11 B&D) per liver area. Oil 
red O staining (ORO) on optimum cutting temperature medium (OCT)-frozen tissue 
allowed quantification of  ORO positive area per total liver area as indicator for hepatic 
fat accumulation.  

HumAn Atherosclerosis

All experiments were conducted in agreement with the code for proper secondary use 
of  human tissue in the Netherlands (http://www.fmwv.nl). PHD1 protein expression 
was assessed by immunofluorescence in human carotid autopsy samples (n=38, mean 
age 72 years, 64% men) representing the following stages of  atherosclerosis: intimal 
thickening, pathological intimal thickening, thick fibrous cap (stable) atheroma, and 
plaque with intraplaque haemorrhage. After antigen retrieval (target retrieval DAKO), 
slides were incubated overnight with rabbit anti-human PHD1 antibody (1:100 Novus 
Biologicals NB100-310), followed by biotin-conjugated donkey-anti-rabbit, streptavidin-
horseradish peroxidase (hrp) and Cy3 labelled tyramide signal amplification reagent 
(Perkin Elmer). Nuclei were visualised with DAPI. PHD1 mRNA expression in 21 thick 
fibrous cap atheromas (stable) and 23 ruptured plaques was analyzed by microarray 
derived from human carotid endarterectomy, as described in (10). In short, flanking sites 
of  tissue used for transcriptomics analysis were formalin-fixed for subsequent plaque 
stage analysis. PHD1 mRNA expression intensities from microarrays was correlated 
with morphometrically analyzed histological plaque characteristics: plaque size, lipid 
core, necrotic core (% of  plaque), haemorrhage (% of  plaque), microvessels (% CD31 of  
plaque), macrophages (% CD68 of  plaque), T-cells (% CD3 of  plaque). Classification of   
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all used plaques was performed on hematoxylin and eosin (HE) stained slides according 
to Virmani et al. (11) by two investigators independently (T.L.T. and J.C.S.).

Cholesterol flux AnAlysis in vivo

PHD1-/-LDLr-/- and LDLr-/- mice (n=10/group) were fed a HCD for 8 weeks and 
subsequently received an intravenous dose of  0.3 mg (0.763 mol) cholesterol-D5 
dissolved in Intralipid (20%, Fresenius Kabi, Den Bosch, The Netherlands) and an oral 
dose of  0.6 mg (1.535 mol) cholesterol-D7 dissolved in medium chain TG oil. Blood 
spots were collected from the tail on filter paper before administration of  labeled 
cholesterol and 3, 6, 12, 24, 48, 72, 96, 120, 144 and 168 hours thereafter. At this point, 
mice received [1-13C]acetate (Isotec, Miamisburg, OH) in drinking water (2% w/w in tap 
water). Feces (1x daily) and blood spots (0, 8, 24, 32, 48, 56 and 72 hours) were collected 
from individually housed mice. Food intake and drinking behavior was monitored by 
weighing food and drinking water during the whole experiment. Seventy-two hours 
after [1-13C]acetate administration, mice were anesthetized by intraperitoneal injection 
with Hypnorm (fentanyl/fluanisone, 1 ml/kg) and Diazepam (10 mg/kg). Bile was 
collected by cannulation of  the gallbladder for 30 min, during which body temperature 
was stabilized using a humidified incubator. At the end of  the experiment, mice were 
euthanized by exsanguination and livers and intestines were excised. 

Analytical procedures are described elsewhere (12). In short, cholesterol was extracted 
from blood spots (13). Total biliary and plasma concentrations of  cholesterol were 
subsequently determined (14). Biliary lipids (15) and fecal neutral sterols (16) were 
extracted and derivatized using N,O-bis-(trimethyl)trifluoroacetamide/pyridine (1:1 
v/v) with 1% trimethylchlorosilane at room temperature. 

Whole body cholesterol flux cAlculAtions

For cholesterol kinetic analysis, the fractional contributions of  the different isotopologues 
as measured by GCMS (m0-m7) were adjusted for the natural abundance of  13C by 
multi-linear regression as described by Lee et al. (17). This way, the excess fractional 
distribution of  mass isotopologues (M0-M7) due to dilution and incorporation of  
tracers during the experiment was obtained. In this procedure, the sample taken before 
the experiment of  each animal was used as baseline distribution and so M0 equals one 
and subsequently, M1 to M7 equals zero for these samples. Empirically, it was found 
that the time-course of  both cholesterol tracers can be described by the sum of  three 
exponential curves:
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𝑓𝑓𝑡𝑡𝑡𝑡(𝑡𝑡) =  𝑓𝑓1
𝑡𝑡𝑡𝑡𝑒𝑒−𝑘𝑘1𝑡𝑡 +  𝑓𝑓2

𝑡𝑡𝑡𝑡𝑒𝑒−𝑘𝑘2𝑡𝑡 − 𝑓𝑓3
𝑡𝑡𝑡𝑡𝑒𝑒−𝑘𝑘3𝑡𝑡 

in which f  represents the fractional contribution of   the tracer at time point 0 and k the 
elimination/absorption rates of  the tracer. 

To estimate the kinetic parameters in this equation the model was implemented in SAAM 
II (v2.3, The Epsilon Group, Charlottesville, VA, USA). The area under the curve (AUC) 
was calculated as the sum of  the ratios of  the fractional contribution of  the tracer (fx) 
and the fractional elimination/absorption rates (kx) of  the three exponential curves. 

𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝑡𝑡 =  𝑓𝑓1
𝑡𝑡𝑡𝑡

𝑓𝑓1
𝑡𝑡𝑡𝑡 +  𝑓𝑓2

𝑡𝑡𝑡𝑡

𝑓𝑓2
𝑡𝑡𝑡𝑡 −  𝑓𝑓3

𝑡𝑡𝑡𝑡

𝑓𝑓3
𝑡𝑡𝑡𝑡 

The turnover rate plasma cholesterol (Ra) is calculated as the amount of  the IV-
administered cholesterol tracer, i.e., the product of  the administered tracer dose (D) 
and its fractional availability (F) divided by its AUC. The pool size (Q) is calculated as 
tracer dose of  the administered IV cholesterol divided by the intercept with the y-axis 
(f3). Cholesterol absorption (Rabs) is calculated as the ratio of  AUC of  OR and IV 
administered cholesterol that is corrected for its respective dose. 

𝑅𝑅𝑅𝑅 =  𝐹𝐹𝐼𝐼𝐼𝐼𝑥𝑥 𝐷𝐷𝐼𝐼𝐼𝐼

𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼                                                     𝑄𝑄 =  𝐹𝐹𝐼𝐼𝐼𝐼𝑥𝑥 𝐷𝐷𝐼𝐼𝐼𝐼

𝑓𝑓3
𝐼𝐼𝐼𝐼  

Whole body cholesterol synthesis in vivo was measured according to mass isotopomer 
distribution analysis (MIDA) (18–20). In short, mice were supplemented with [1-13C]-
acetate (2% w/w in tap water) for 3 days and feces (1x daily) and blood spots (0, 8, 24, 
32, 48, 56 and 72) were collected.

The frequencies of  isotopologues of  cholesterol molecules in blood spots, i.e., M1 
and M3, were used to calculate precursor pool enrichments of  cholesterol synthesis. 
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These enrichments were used to calculate the distributions of  M1 and M3 in the newly 
synthesized part of  cholesterol (M*1 and M*3).  

The ratios M1 over M*1 and M3 over M*3 gives an estimation of  the fractional cholesterol 
synthesis. The absolute cholesterol was subsequently determined as the product of  the 
fractional synthesis and pool size.

In vivo VLDL production And VLDL–like emulsion pArticle cleArAnce

VLDL production was assessed in PHD1-/-LDLr-/- and LDLr-/- mice after 8 weeks of  a 
HCD using i.v. injections with Triton WR1339 (Sigma, T8761, 500 mg/kg, 6 mice per 
genotype) or i.p. with poloxamer 407 (Sigma, 16758, 1000 mg/kg, 10 mice per genotype). 
Blood samples were withdrawn over time for triglyceride (TG) analysis in plasma.

For VLDL clearance, PHD1-/-LDLr-/- and LDLr-/- mice (n=10/group) were fed a high 
cholesterol diet (HCD: 0.25% cholesterol, SDS 824171) for 8 weeks and fasted for 4 
hours prior to the experiment and blood was taken via tail snip at t = 0 min. Glycerol 
tri[3H]oleate ([3H]TO; 100 µCi) and [14C]cholesteryl oleate ([14C]CO; 10 µCi) double-
labeled VLDL-like particles were prepared as described earlier (21). To study the in vivo 
clearance of  these particles, mice were fasted for 4 h and injected intravenously with 
the emulsion (1mg TG in 200µl emulsion per mouse). Blood samples were taken via tail 
snip at 2, 5, 10 and 15 min after injections. Subsequently, mice were sacrificed by cervical 
dislocation and perfused via the heart for 5 min with ice-cold PBS containing 10U/
ml heparin. Next, organs were harvested and uptake of  [3H]TO and [14C]CO-derived 
radioactivity by the organs was determined and expressed as percentage of  the injected 
dose per gram wet tissue weight. 

Antisense oligonucleotide (ASO) injections

Control or HIF-2α ASOs were generously provided by ISIS Pharmaceuticals. LDLr-/- 
and PHD1-/-LDLr-/- mice were placed on HCD with simultaneous ASO injections (twice 
weekly i.p. 25mg/kg). Blood was withdrawn via vena saphena prior to first injections and 
at 2, 4 and 6 weeks of  ASO administration (maximum 50µl to avoid anemia effects). 
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PlAsmA cholesterol, triglycerides AnAlysis And lipoprotein frActioning

Plasma was obtained by centrifugation, snap-frozen and stored at -80˚C until further 
use. Plasma total cholesterol (TC) and TG were assessed using standard enzymatic 
assays (Cholesterol FS´10; Ref: 1 1300 99 10 021; Diagnostic Systems GmbH, Holzheim, 
Germany and Triglycerides FS 5’ Ecoline; Ref: 1 5760 99 90 314; Diagnostic Systems 
GmbH, Holzheim, Germany) automated on the Cobas Fara centrifugal analyzer (Roche).

Hepatic cholesterol and TG were extracted using the Bligh & Dyer lipid extraction 
method (15). Pooled plasma samples from LDLr-/- and PHD1-/-LDLr-/- mice were used 
for lipoprotein fractioning on a Superose 6 PC 3.2/30 column (Akta System, Amersham 
Pharmacia Biotech, Piscataway, NJ). The samples were eluted at a constant flow rate of  
50 µL/min in PBS (supplemented with 1 mmol/L EDTA; pH 7.4). Fractions of  50 µl 
were collected and assayed for TC and TG using the kits described above.

HepAtic cholesterol, triglyceride, glycogen And ATP

Livers were snapfrozen and stored at -80˚C until further use. For cholesterol and TG 
analysis, approx. 50mg tissue was homogenized using glass beads in SET buffer (250mM 
sucrose, 2mM EDTA, 10mM Tris pH6.8), with 2 subsequent freeze-thaw cycles. Samples 
were then further homogenized by pulling through 25G needles repeatedly, followed 
by another freeze-thaw cycle of  the homogenate. Hepatic cholesterol and TG were 
determined and subsequently corrected for protein content in the homogenate (BCA 
kit, Thermo Fisher Scientific, Cat. No. 23227).

Hepatic glycogen extraction was performed adjusted from (22). In short, 25mg of  liver 
was homogenized in 1M KOH using glass beads and incubated at 100˚C for 30min. 
Lysates were neutralized adding 0.5 volume of  1M perchloric acid. Samples were 
centrifuged at 10000g for 1 min and supernatants were left to precipitate overnight 
in 95%EtOH/0.1%LiCl. Precipitates were washed in 80%MeOH/0.1%LiCl and 
80%EtOH/0.1%LiCl in water with centrifugation at 1000rpm for 2 min in between. 
Pellet was left to dry and hydrolyzed to glucose using 1M HCl (2h, 100˚C). Upon 
cooling, the reaction was neutralized with 2M NaOH. Glucose was then measured using 
the Glucose (GO) Assay kit (GAGO-20 Sigma). 

Hepatic ATP was extracted using Phenol-TE. 20-30mg tissue was taken up in 3ml Phenol-
TE and homogenized using glass beads. Per ml homogenate, 200µl chloroform and 
150µl de-ionized water was added and upon thorough shaking (20s) and centrifugation 
(10,000 rpm, 5min, 4˚C), ATP was measured in the supernatant using the CellTiter-Glo 
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Luminescence Cell Viability Assay (Promega G7570).

Flow cytometry And blood pArAmeters

Cells isolated from whole blood, spleen and lymph nodes were analyzed using flow 
cytometry (n=10 per group). Spleen and lymph nodes were crushed into single-cell 
suspensions and blood and spleen were subsequently subjected to erythrocyte lysis. 
Following specific antibodies were used to detect leucocyte subsets in all tissues: bone 
marrow stem cells (lin/Sca-1/c-kit; eBioscience, BD), common myeloid progenitors 
(CD16/32int, CD34int; eBioscience, BD respectively), granulocyte-macrophage 
progenitors (CD16/32high, CD34high), erythrocyte-megakaryocyte progenitors (CD16/32-

, CD34-), leucocytes (CD45+, Biolegend), T cells (CD3ε+, NK1-1-; Miltenyi, eBioscience, 
resp.), T helper cells (CD4+, BD), cytotoxic T cells (CD8a+, BD), effector T cells (CD44high, 
CD62low; BD, eBioscience, resp.), central memory T cells (CD44high, CD66high), naïve T 
cells (CD44low, CD66high), regulatory T cells (CD4+, CD25high, FoxP3high; eBioscience), 
B cells (B220+; BD), NK cells (NK1-1+), granulocytes (CD11bhigh, Ly6Ghigh; BD, 
eBioscience, resp.) and monocytes (CD11bhigh Ly6Glow Ly6Chigh/intermediate/low; Miltenyi). 
Data were acquired using a FACS Canto II and analyzed with FACSdiva software (BD). 

For blood parameter analysis, whole blood was diluted 1:10 in Hepes buffer, pH 7.45 
(10mM Hepes, 136mM NaCl, 2.7mM KCl, 2mM MgCl2, 0.1% glucose, 0.1% BSA) and 
subsequently measured on the XP3000 Sysmex analyzer (Sysmex, Chuo-ku Kobe, Japan).

QuAntitAtive RT- PCR (QPCR)

Total RNA was isolated and transcribed as described (23). QPCR analyses were performed 
from 10ng cDNA and amplicons were visualized SYBR green using gene specific primer 
sets (Supplemental Table 2). For hepatic genes 18S rRNA and for intestinal samples 
GAPDH was used as housekeeping gene, insensitive to changes in oxygen levels and 
PHD1 deficiency. 
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HumAn Atherosclerosis

All experiments were conducted in agreement with the code for proper secondary use 
of  human tissue in the Netherlands (http://www.fmwv.nl). PHD1 protein expression 
was assessed by immunofluorescence in human carotid autopsy samples (n=38, mean 
age 72 years, 64% men) representing the following stages of  atherosclerosis: intimal 
thickening, pathological intimal thickening, thick fibrous cap (stable) atheroma, and 
plaque with intraplaque haemorrhage. After antigen retrieval (target retrieval DAKO), 
slides were incubated overnight with rabbit anti-human PHD1 antibody (1:100 Novus 
Biologicals NB100-310), followed by biotin-conjugated donkey-anti-rabbit, streptavidin-
horseradish peroxidase (hrp) and Cy3 labelled tyramide signal amplification reagent 
(Perkin Elmer). Nuclei were visualised with DAPI. PHD1 mRNA expression in 21 thick 
fibrous cap atheromas (stable) and 23 ruptured plaques was analyzed by microarray 
derived from human carotid endarterectomy, as described in (10). In short, flanking sites 
of  tissue used for transcriptomics analysis were formalin-fixed for subsequent plaque 
stage analysis. PHD1 mRNA expression intensities from microarrays was correlated 
with morphometrically analyzed histological plaque characteristics: plaque size, lipid 
core, necrotic core (% of  plaque), haemorrhage (% of  plaque), microvessels (% CD31 of  
plaque), macrophages (% CD68 of  plaque), T-cells (% CD3 of  plaque). Classification of   
all used plaques was performed on hematoxylin and eosin (HE) stained slides according 
to Virmani et al. (11) by two investigators independently (T.L.T. and J.C.S.).

StAtisticAl AnAlysis

All data are presented as mean+SEM, with *p-value <0.05, **p-value<0.01, 
***p-value<0.0001. All parameters were analyzed using independent sample tests and 
were tested for normal distribution using Shapiro-Wilk normality test. Parameters 
with two groups were compared with student’s t-test or Mann-Whitney rank-sum test. 
In case of  more than two groups, parameters were analyzed using one-way ANOVA 
followed by Bonferroni’s Multiple Comparison Test or Kruskal-Wallis rank-sum test, 
followed by Dunn’s post-hoc testing. Time course experiments were analyzed using 
repeated measured (mixed model) ANOVA, followed by Bonferroni post-tests upon 
confirmation of  homogeneity of  variances using Levene’s (IBM SPSS statistics 22). 
Correlation analysis was performed using Spearman bivariate correlation analysis (IBM 
SPSS statistics 22). 
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RESULTS

PHD1 deficiency reduces plAque formAtion, plAque hypoxiA And plAsmA cholesterol 
levels 

In keeping with our hypothesis, PHD1 deficiency reduced plaque size and necrotic 
core content compared to LDLr-/- mice on high cholesterol diet (HCD) (Figure 1 
A). Hypoxic (pimonidazole-positive) area was reduced in the atherosclerotic 
plaques of  PHD1-/-LDLr-/- mice. This alleviation in plaque hypoxia was independent 
of  the reduction in plaque size and macrophage content (Figure 1A), suggesting PHD1 
deficiency reduced macrophage oxygen consumption as shown before in other cell types 
(8).

HCD chow
0

2

4

6

8

10

Re
d B

loo
d C

ell
s

(⋅ 1
012

/L)

0

5

10

15

20

25

*

Pi
mo

nid
az

ole
(%

 vi
ab

le 
pla

qu
e a

re
a)

0

5

10

15

20

**
Pl

aq
ue

 ar
ea

 (1
04 µ

m
2 )

HCD chow
0

5
20

25

30

***

*

Ch
ole

ste
ro

l 
   (

mm
ol/

L)

HCD chow
0

1

2

3

4

***

TG
 (m

mo
l/L

)

0

10

20

30

40

**

Ne
cro

tic
 co

re
(%

 of
 pl

aq
ue

 a
re

a)

0

1

2

3

4

**

CD
45

+  le
uc

oc
yte

s
(⋅ 1

03 co
un

ts/
µl

)

Figure 1
A

B

PH
D

1-/
- LD

Lr
-/

-

H&E Pimonidazole MAC3

LD
Lr

-/
-

D

LDLr-/-

PHD1-/- LDLr-/-

0

10

20

30

40

50

MA
C3

(%
 of

 pl
aq

ue
 a

re
a)

10 15 20 25 30
0

10

20

30

Cholesterol (mmol/l)

Pl
aq

ue
 ar

ea
(1

04 µ
m

2 )

C

F

MEP GMP CMP
0

1

2

3

%
 Li

vin
g c

ell
s

E

Figure 1: PHD1 deficiency reduces plaque formation and plaque hypoxia, but also plasma 
cholesterol levels.
A. Representative pictures of  aortic roots (hematoxylin and eosin H&E, pimonidazole and MAC3) and quantifications 
of  plaque size and necrotic core as well as plaque hypoxia and macrophage content of  PHD1-/-LDLr-/- mice (n=10) and 
LDLr-/- (n=17) after 8 weeks of  HCD. B. Plasma cholesterol and triglyceride levels after 8 weeks of  high cholesterol 
diet and on chow. C. Linear regression analysis of  plasma cholesterol and plaque size shown for both genotypes (grey open 
circles for LDLr-/- and closed black circles for PHD1-/-LDLr-/-, r2= 0.3388, p=0.0023). D. Total CD45+ leucocyte 
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count and E. flow cytometry of  hematopoietic progenitors megakaryocyte-erythroid progenitor (MEP), granulocyte-
macrophage progenitor (GMP) and common myeloid progenitor (CMP) isolated from bone marrow of  LDLr-/- (white 
bars) and PHD1-/- mice (black bars). F. Red blood cell count in whole blood upon 8 weeks of  HCD and on chow. White 
bars represent LDLr-/- and black bars represent PHD1-/-LDLr-/- mice.

Surprisingly, PHD1-/-LDLr-/- mice showed reduced plasma cholesterol and triglyceride 
(TG) levels (Figure 1B), despite similar food and hence cholesterol intake and body 
weight gain (Supplemental Figure 1A). Cholesterol levels correlated with atherosclerotic 
plaque area (r2=0.3388, p=0.0023, Figure 1C). Additionally, PHD1-/-LDLr-/- mice 
presented with significantly reduced leucocyte count in blood, spleen and lymph nodes 
across all sub-populations (Figure 1D, Supplemental Figure 2, lymph node and spleen 
data not shown). The same trend was observed in mice on chow diet (data not shown). 
This effect was not due to aberrant leucocyte differentiation, as myeloid progenitors 
in bone marrow were not changed (Figure 1E, Supplemental Figure 1B). Although 
erythropoiesis is HIF-dependent, red bone marrow erythropoietic progenitors, blood 
cell count or morphology, hemoglobin, hematocrit, blood lactate and pH, were 
unchanged on HCD and chow diet (Figure 1F, Supplemental Figure 1C-F). Unaltered 
plasma thyroid stimulating hormone (TSH) levels show that PHD1 deficiency does not 
result in an obvious hyperthyroidism, thereby enhancing metabolic rate and cholesterol 
usage (Supplemental Figure 1G). This data points towards a direct effect of  PHD1 on 
cholesterol metabolism. 

HemAtopoietic PHD1 deficiency does not Affect Atherosclerosis development And 

mArginAlly lowers plAsma cholesterol levels

In order to differentiate between the effects of  cholesterol and inflammation on 
atherosclerosis development, bone marrow from wild-type (WT) or PHD1-/- bone 
marrow was transplanted into LDLr-/- mice. Hematopoietic PHD1 deficiency in 
LDLr-/- recipient mice did not significantly affect plasma cholesterol or TG levels (Figure 
2A, PHD1-/- bone marrow indicated by (-/-), left two bars). Only upon stromal PHD1 
deficiency (PHD1-/-LDLr-/-mice with -/- bone marrow), plasma cholesterol and TG levels 
were significantly lowered compared to LDLr-/- mice receiving wt bone marrow (Figure 
2A, right two bars). 

Also, hematopoietic deficiency of  PHD1 in LDLr-/- recipients did not significantly affect 
leucocyte count, plaque hypoxia or atherosclerosis development (Figure 2B,C), suggesting 
that mainly the stromal and not the hematopoietic fraction contributes to PHD1 
deficiency-associated changes in cholesterol metabolism, which might subsequently 
affect leucocyte count and plaque  hypoxia and development. In accordance, PHD1 
mRNA and immunoreactivity expression in human atherosclerotic plaques did not 
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correlate with plaque phenotype (intraplaque hemorrhage, lipid core, necrotic core 
T cells or CD31+ vessels) (Supplemental Table 1, Supplemental Figure 3), underpinning 
the importance of  PHD1 expression in regulation of  cholesterol levels.

Figure 2: Hematopoietic PHD1 deficiency does not affect atherosclerosis development.
A. Plasma cholesterol and triglyceride levels upon hematopoietic PHD1 deficiency (-/-, black bars) or wildtype (+/+, 
white bars) in LDLr-/- recipients (n=20/20,) or PHD1-/-LDLr-/- recipients (n=8/8). B. Leucocyte count and plaque 
hypoxia in whole blood of  LDLr-/- recipients reconstituted with wild-type (WT n=20) or PHD1-/- (n=20) bone 
marrow. C. Representative pictures (H&E) of  atherosclerotic plaques in aortic roots (upper panel, n=20 WT and 
n=20 PHD1-/-) and carotid artery (lower panel n=20 WT and 15 PHD1-/-) with quantifications of  plaque size and 
necrotic core content of  LDLr-/- recipients with WT (black bars) or PHD1-/- (white bars) reconstituted bone marrow.
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HepAtic cholesterol And TG metAbolism is not Affected by PHD1 deficiency 

Next, the liver as the main regulator of  lipid metabolism was further studied. Hepatocyte 
cell size, hepatic inflammation, hypoxia and glycogen content were similar in 
PHD1-/-LDLr-/- mice and littermate controls, with a slight reduction in liver weight 
(Supplemental Figure 4A-C). The VLDL pool could be held accountable for the lower 
plasma cholesterol levels observed in PHD1-/-LDLr-/- mice on HCD and on chow 
diet (Figure 3A, Supplemental Figure 4D,E), while high density lipoprotein (HDL)-
cholesterol and HDL-apoAI concentrations (data not shown) remained unchanged. 

We therefore investigated hepatic VLDL-TG production and clearance in PHD1-/-

LDLr-/- mice compared to controls. Hepatic VLDL-TG production was similar in PHD1-

/-LDLr-/- mice compared to controls using two different lipoprotein lipase inhibitors, 
Poloxamer 407 (Figure 3B) and Triton WR1339 (Supplemental Figure 4F,G). To assess 
VLDL clearance, we generated glycerol tri[3H]oleate and [14C]cholesteryl oleate ([3H]TO, 
[14C]CO) double-labeled VLDL-like particles, allowing  tracing of  the selective clearance 
of  triglycerides via lipoprotein lipase (LPL)-mediated delipidation ([3H]TO), in 
addition to clearance of  cholesteryl ester-containing remnant particles ([14C]CO). 
Plasma clearance of  [3H]TO and [14C]CO was unaltered (Figure 3C, Supplemental 
Figure 4H). Interestingly, the hepatic uptake of  14C activity (reflecting hepatic remnant 
particle uptake) was enhanced in PHD1-/-LDLr-/- mice compared to LDLr-/- mice 
(Figure 3D, right graph). Hepatic expression of  SR-B1 was indeed increased, possibly 
explaining enhanced cholesterol uptake in the liver (Figure 3E). However, cholesterol 
did not accumulate in the liver, as witnessed by the unchanged hepatic cholesterol 
content (Figure 3F) and oil red O-stainable lipid content (Supplemental Figure 4I). In 
line, hepatic expression of  HMG-CoA reductase, a rate-limiting enzyme in cholesterol 
synthesis and negatively regulated by hepatic lipid accumulation (24), was unchanged. 
Accordingly, unaltered hepatic acetyl-CoA levels, a cholesterol precursor (Figure 3G), 
reflected unchanged cholesterol synthesis in PHD1-/-LDLr-/- mice. Also, whole body 
cholesterol synthesis, measured by [13C]acetate incorporation into the cholesterol pool 
was unaltered (Figure 3H).Thus, internalized cholesterol is probably rapidly excreted by 
the liver in PHD1-/-LDLr-/- mice by either fast clearance from the liver via the bile or by 
release back into the circulation.
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Figure 3: PHD1 deficiency does not influence hepatic TG and cholesterol metabolism 
All data presented in this figure were obtained after 8 weeks of  HCD. A. Lipoprotein fractionation of  pooled plasma 
samples from PHD1-/-LDLr-/- mice and LDLr-/- controls (pooled samples n=3). B. VLDL-TG packaging upon 
poloxamer 407 injection. Results are presented relative to 1, as plasma TG levels were again decreased on baseline (left 
graph) in PHD1-/-LDLr-/- mice compared to littermate controls (n=10/group). C. Glycerol tri[3H]oleate–labeled 
emulsion particle clearance representing TG clearance (left) and cholesteryl ester clearance over time (right) (n=10/
group). D. Accumulation of  [14C]cholesteryl oleate-labeled remnants analyzed in various indicated tissues (left graph). 
Liver accumulation of  the particles (right graph) is corrected for total liver weight, as liver were again lighter in PHD1-

/-LDLr-/- mice compared to controls (data not shown) (n=10/group). E. Hepatic SR-B1 expression relative to LDLr-

/- control. F. Hepatic cholesterol and TG levels as well as G. relative HMG-CoA reductase expression and acetyl-CoA 
content in the liver (n=10/group). H. Whole body cholesterol synthesis as analyzed as [13C]-acetate incorporation into 
plasma cholesterol levels, corrected for differences in plasma cholesterol pool (n=10/group). White bars represent LDLr-

/- and black bars represent PHD1-/-LDLr-/- mice. 
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TrAns-intestinAl cholesterol excretion is enhAnced in PHD1-/-LDLr-/- mice 

Plasma cholesterol levels are the resultant of  input and output pathways. Since cholesterol 
synthesis and subsequent VLDL secretion were unaltered, while plasma cholesterol levels 
were reduced, another cholesterol flux must have changed. We therefore performed a 
whole body cholesterol flux analysis using stable isotope labeling of  cholesterol in vivo 
(12). 

Fecal excretion of  neutral sterols was enhanced in PHD1-/-LDLr-/- mice on chow 
(Figure 4A). This effect was less pronounced after 8 weeks on HCD, as the high dietary 
cholesterol load potentially obscured the measurement (Figure 4B). Thus, PHD1 
deficient mice presented with excretion of  neutral sterols, such as cholesterol. Bile duct 
cannulations at the end of  the experiment showed unaltered bile flow between the two 
groups upon HCD (Figure 4C). Surprisingly, biliary cholesterol excretion (measured as 
cholesterol concentration in bile) was even lower in PHD1-/-LDLr-/- mice (Figure 4D) 
and bile acid concentration in bile was unaffected in PHD1 deficient mice (Figure 4E). 
Interestingly, hepatic PPARα expression was upregulated, in line with upregulation of  
some of  the target genes, including hepatic ABCG5/8 mRNA expression (Figure 4F 
right panel), which has been directly linked to enhanced biliary cholesterol excretion 
(25). However, hepatic levels of  ATP, the main co-factor for ABCG5/8 activation, 
were significantly reduced in PHD1 deficient livers (Figure 4G), suggesting reduced 
ATP-binding cassette protein function to explain reduced biliary cholesterol excretion. 
Biliary cholesterol excretion could hence not explain the reduction in plasma cholesterol 
levels in PHD1 deficient mice. Additionally, even though biliary cholesterol excretion is 
reduced, cholesterol did not accumulate in the liver and must be released back into the 
circulation (despite lower plasma cholesterol levels). All effects were independent of  
dietary cholesterol intake (Figure 4H). Increased fecal neutral sterol excretion despite 
of  decreased biliary secretion and slightly increased intestinal cholesterol absorption 
(Figure 4I) can only be accounted for by increased non-biliary cholesterol excretion. 
Indeed this pathway, termed trans-intestinal cholesterol excretion (TICE), was 
increased in PHD1-/-LDLr-/- mice, likely accounting for the reduced plasma cholesterol 
levels (Figure 4J). Thus, in vivo analysis of  cholesterol homeostasis showed a strong 
contribution of  non-biliary, extra-hepatic cholesterol excretion to PHD1-mediated 
lower plasma cholesterol levels.
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Figure 4: Trans-intestinal cholesterol excretion is enhanced in PHD1-/-LDLr-/- mice
If  not indicated otherwise, data was acquired upon 8 weeks of  HCD feeding (n=10/group). A. Neutral sterol excretion 
on chow and B. after 8 weeks of  HCD. C. Bile flow upon 30min of  bile cannulation and D. Biliary cholesterol 
excretion, corrected for bile flow in mice. E. Total bile acid content in bile. F. Relative mRNA expression of  hepatic genes 
in PHD1 deficient mice, presented relative to LDLr-/- littermate controls (n=10/group). G. Hepatic ATP content.  
H. Dietary cholesterol intake monitored over 10 days after 8 weeks of  HCD. I. Cholesterol absorption presenting the 
sum of  dietary cholesterol absorption and re-absorption. J. Trans-intestinal (non-biliary) cholesterol excretion in PHD1 
deficient mice and controls, as calculated based on dietary cholesterol input and biliary cholesterol excretion subtracting 
cholesterol absorption and neutral fecal neutral sterol excretion. K. Relative mRNA expression of  various genes in 
duodenum/jejunum and ileum of  PHD1 deficient mice on chow. Data is presented relative to littermate LDLr deficient 
controls (n=6/group). L. Representative pictures of  duodenums of  PHD1-/-LDLr-/- and LDLr-/- controls, presenting 
similar villi length, epithelial cell alignment and inflammation. White bars represent LDLr-/- and black bars represent 
PHD1-/-LDLr-/- mice.

The molecular processes underlying TICE have only been partly revealed (26). Current 
thoughts are that TICE may be regulated at the intestinal level by the cholesterol 
transporters Niemann-Pick C1-like 1 (NPC1L1), ATP-binding cassette sub-family G 
member 5 and 8 (ABCG5/8) or other VLDL receptors and cholesterol transporters. 
Intestinal gene expression analysis, however, did not reveal any changes or even decreased 
expression of  known regulators of  TICE in PHD1-/-LDLr-/- mice compared to 
LDLr-/- controls (Figure 4K). Likewise, intestines of  PHD1-/-LDLr-/- mice did not 
show any morphological abnormalities such as enterocyte toxicity and inflammation, 
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confirming a viable and functional intestinal barrier (representative pictures, Figure 
4L).Thus, PHD1 deficiency stimulated cholesterol excretion through strong elevation 
of  non-biliary cholesterol efflux, without changes in known intestinal cholesterol 
transporter expression or intestinal histology. 

PHD1 deficiency-mediAted cholesterol lowering is HIF-2A independent

PHD1 deficiency results in HIF-2α rather than HIF-1α stabilization (27). Therefore, 
we investigated a causal role for HIF-2α stabilization in cholesterol lowering in 
PHD1-/-LDLr-/- mice using antisense oligonucleotide (ASO) mediated knockdown of  
HIF-2α in LDLr-/- and PHD1-/-LDLr-/- mice. ASO injections twice weekly resulted in a 
specific HIF-2α knockdown of  80-90% in both liver and intestines (Supplemental Figure 
5A,B expression data expressed relative to control ASO HIF-2α expression). Plasma 
cholesterol levels were again lower in PHD1-/-LDLr-/- mice prior to start of  injections 
(Figure 5A). However, HIF-2α knockdown in livers and intestines only increased plasma 
cholesterol levels in LDLr-/-, but not in PHD1-/-LDLr-/- mice (Figure 5B,C). As reported 
previously (28), hepatic HIF-2α knockdown resulted in overt anemia after 4 weeks 
(Figure 5D LDLr-/- recipients, Supplemental Figure 5C PHD1-/-LDLr-/-). As cholesterol 
was already raised prior to anemia, it is unlikely that cholesterol levels in the first 4 weeks 
were influenced by anemia. Thus, the cholesterol lowering observed in PHD1 deficient 
mice is not mediated by HIF-2α stabilization in livers and intestines. 
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DiSCUSSiON 

This study reveals a novel link between two crucial pathways in energy metabolism: 
oxygen sensing and cholesterol metabolism. Mice deficient in the oxygen sensor PHD1 
unexpectedly presented with reduced plasma cholesterol levels and reduced atherogenesis. 
As PHD1 deficiency in the hematopoietic compartment did not significantly affect 
atherosclerosis development or leucocyte counts, stromal PHD1 deficiency in whole 
body PHD1-/-LDLr-/- mice is likely the dominant factor reducing cholesterol levels, 
atherogenesis and leucocyte counts. PHD1 deficiency associated cholesterol-lowering 
appeared to be HIF-2α independent. While hepatic cholesterol handling was marginally 
altered and biliary secretion decreased, net cholesterol excretion increased due to strong 
elevation of  non-biliary cholesterol efflux (TICE). This phenomenon likely explains the 
normalization of  plasma cholesterol seen in PHD1 deficiency. 

Interest in alternative approaches to cholesterol-lowering therapy is growing, especially 
after a disappointing translation of  HDL-cholesterol raising strategies from preclinical 
to human cardiovascular disease (29,30). PHD1 inhibition may be a valuable addition 
to current lipid-lowering therapy, as cholesterol-lowering is independent of  HMG-CoA 
reductase and LDLr, the main point of  action of  statins and Proprotein convertase 
subtilisin/kexin type 9 (PCSK9)-inhibitors, respectively. Importantly, general inhibition 
of  all PHDs by roxadustat and GSK1278863 in humans mirrored the cholesterol-
lowering effect seen in PHD1 deficient mice (31,32). Together, these data show a strong 
relevance of  PHD also for human cholesterol metabolism, as well as its therapeutic 
potential.

However, neither the mechanisms underlying the PHD-mediated changes in plasma 
cholesterol levels in humans nor the responsible prolyl hydroxylase isoform has been 
identified. Interestingly, aforementioned PHD pan inhibitors, are thought to preferentially 
block the PHD2 isoform (33). In fact, murine hypomorphism of  PHD2 also lowers 
plasma cholesterol levels on chow (34), although the underlying mechanism is unknown. 
In contrast to PHD1 and PHD3, PHD2 germline deficiency is embryonically lethal as 
it is the main driver of  HIF-dependent angiogenesis and erythropoiesis (35,36), which 
may disqualify it as a drug target for cholesterol lowering. 

The selective PHD2 inhibitors described above are advancing to phase 3 clinical trials 
as erythropoietin-stimulating agents to alleviate anemia related to chronic kidney failure 
(37). However, in subjects with normal erythrocyte counts, raising erythropoiesis and 
elevated hematocrit could potentially thwart the beneficial cardiovascular effects of  
cholesterol lowering by possible effects on thrombosis (38–40). Here, no alterations 
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in erythropoiesis were observed in PHD1-/-LDLr-/- mice on chow diet or HCD, as 
described earlier (8). In addition, HDL-cholesterol was unchanged in PHD1-/-LDLr-/- 
mice,  while being lowered in both PHD2 hypomorphism (34) and in human subjects 
(31,32). Also HDL-apoAI concentration in plasma was unaltered in PHD1 deficient 
mice. Of  course, the effect of  overall lipoprotein reduction mediated by PHD2 inhibition 
on atherosclerosis or cardiovascular outcome in humans has not yet been established. 
Nevertheless, specific targeting of  PHD1 may be a more attractive approach avoiding 
potential cardiovascular side effects associated with raised hematocrit and HDL and 
HDL-cholesterol lowering. 

Our results suggest a link between cholesterol metabolism on the one hand and hypoxia 
and/or hydroxylation of  the key PHD targets HIF-1α and HIF-2α, on the other hand. 
As hypoxia naturally inactivates the enzymatic activity of  PHDs resulting in HIF-α 
stabilization, one would expect hypoxia and HIF signaling to lower plasma cholesterol. 
In contrast to this hypothesis, mice exposed to continuous (41) or intermittent hypoxia 
have enhanced serum cholesterol (42), while reoxygenation of  hypercholesterolemic mice 
was unable to lower plasma cholesterol (4). Although, the murine lipoprotein profile in 
hypercholesterolemia does not necessarily reflect human lipoprotein profiles, the same 
was observed in humans. Continuous positive airway pressure prevented intermittent 
hypoxia in sleep apnea patients and reduced, not enhanced, serum cholesterol levels 
in one randomized clinical trial (43). Conversely, three other randomized controlled 
trials failed to show any changes, suggesting an ambiguous effect of  systemic oxygen on 
cholesterol metabolism (44–46).

Our study shows that HIF signaling does not explain the cholesterol lowering seen in 
PHD1 deficient mice as knockdown of  hepatic and intestinal HIF-2α increased plasma 
cholesterol levels in LDLr-/- mice, but did not alter cholesterol levels in PHD1 deficient 
mice. Intriguingly, this is in contrast to earlier data, reporting dramatically enhanced 
plasma cholesterol levels upon HIFα stabilization obtained by postnatal hepatic von 
Hippel Lindau (vHL)-deletion. Effects were mainly dependent on HIF-2α-mediated 
limitation of  bile acid metabolism and biliary cholesterol clearance (41). While biliary 
cholesterol clearance was also reduced in PHD1 deficient mice, plasma cholesterol 
levels were decreased. Although both models utilized acute vHL/HIF-2α knockdown 
via tamoxifen or ASO, hepatic vHL deletion resulted in lethality due to very severe 
liver dysfunction. Intriguingly, intestinal or myeloid vHL knockdown in the same study 
did not alter cholesterol metabolism (41). In our hands, however, simultaneous hepatic 
and intestinal HIF-2α knockdown resulted in increased plasma cholesterol levels in 
LDLr-/- controls, potentially pointing towards a cross-talk between liver and intestines in 
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HIF signaling and cholesterol metabolism. Thus, interference with complete hypoxic/
HIF signaling via systemic hypoxia or vHL deletion might reflect other pathways then 
relatively subtle HIF skewing in PHD1 deficient mice. 

Additionally, other hydroxylation targets of  PHDs might be involved in the cholesterol-
lowering seen in PHD deficiency models, and these targets are likely in non-myeloid 
sites, given the lack of  effect in bone marrow transplantation experiments. Multiple 
hydroxylation targets have been identified, the most prominent being Inhibitory kappaB 
kinase-beta (IKKβ) (47). If  acting through IKKβ and subsequent nuclear factor kappa B 
(NFκB) activity, PHD1 deficiency would be expected to enhance NFκB activity resulting 
in reduced plasma cholesterol levels. However, mice with highly active NFκB (48) showed 
enhanced plasma cholesterol levels, while hampered NFκB activity resulted in reduced 
plasma cholesterol (49). These studies likely exclude IKKβ and NFκB as mediators of  
PHD-driven changes in cholesterol metabolism. Taken together, while there is evidence 
for hypoxia and mainly HIF-2α-mediated hyperlipidemia and hypercholesterolemia, 
PHD inhibition attenuates hypercholesterolemia via alternative, yet unknown molecular 
mechanisms. 

Conclusions

This study reveals a novel link between PHD and cholesterol metabolism, whereby 
PHD1 inhibition lowers plasma cholesterol through increased non-biliary cholesterol 
clearance and reduces atherosclerosis. This effect is likely hypoxia-, HIF- and NFκB-
independent and seems to affect a different cholesterol lowering pathway as compared 
to statins or PCSK9 inhibitors. PHD1 specific inhibition might therefore present an 
attractive therapeutic strategy in hypercholesterolemia, in particular without affecting 
HDL-cholesterol or erythropoiesis and subsequent side effects, seen after pan-PHD or 
PHD2-only inhibition. 
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Supplemental Figure 1.
A. Food consumption and body weight gain upon 8 weeks of  HCD of  PHD1-/-LDLr-/- and LDLr-/- mice. B. 
Lineage-negative (lin-), Sca-1+, c-Kit+ cells (LSK), representing the hematopoietic stem cells isolated and quantified from 
bone marrow of  PHD1-/- and WT mice. C. Hematocrit levels in whole blood of  PHD1-/-LDLr-/- mice and controls 
on chow and after 8 weeks of  HCD. D. Hemoglobin levels and mean cell hemoglobin concentration (MCHC) in both 
genotypes after 8 weeks of  HCD. E. Platelet counts were measured both at chow and after 8 weeks of  HCD. F. Lactate 
levels and pH in whole blood in mice upon 8 weeks of  HCD feeding. G. thyroid stimulating hormone (TSH) levels in 
plasma of  PHD1-/-LDLr-/- and controls after 8 weeks of  HCD feeding. White bars represent LDLr-/- and black bars 
represent PHD1-/-LDLr-/- mice (n=10/group).
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Supplemental Figure 2.
All graphs present quantitative flow cytometry in whole blood of  PHD1-/-LDLr-/- mice and controls on 8 weeks of  
HCD. A. Total T cells (CD3+ NK1-1-), cytotoxic T cells (CD8) and T helper cells (CD4). B. NK-T cells gated as 
CD3+ and NK1-1+. C. B cell, D. NK and E. Granulocyte count. F. Monocyte count and subpopulation count looking 
at G. Ly6Chigh (left panel), Ly6Clow (middle panel) and Ly6Cnegative monocytes (right panel). White bars represent 
LDLr-/- and black bars represent PHD1-/-LDLr-/- mice (n=10/group).
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Supplemental Figure 3.
A. PHD1 expression (red) in different stages of  human atherosclerosis, HE for overview (samples from autopsy; 
IT – intimal thickening, PIT – pathological intimal thickening, TkFCA – Thick fibrous cap atheroma,  
IPH – intra-plaque haemorrhage). B. PHD1 mRNA expression (derived from microarrays) in stable and ruptures 
human carotid endarterectomy plaques (n=21 for stable and 23 for unstable). 
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Supplemental Figure 4.
A. Representative pictures and quantifications of  hepatocyte cell size (H&E), hypoxia (pimonidazole) and inflammation 
(CD45) (n=17 LDLr-/- and n=10 PHD1-/-LDLr-/-). B. Hepatic glycogen content corrected for hepatic protein content 
and C. Liver weights of  PHD1-/-LDLr-/- mice (n=10) and LDLr-/- controls (n=17) after 8 weeks of  HCD, corrected 
for body weight. D. Lipoprotein fractioning of  plasma pools from PHD1-/-LDLr-/- mice (white dots) and controls (black 
dots) on chow and E. in bone marrow transplanted mice after 8 weeks of  HCD (n=3/pool). Open symbols represent 
LDLr-/- recipients with either WT or PHD1-/- bone marrow and closed symbols show PHD1-/-LDLr-/- recipients of  
either WT or PHD1-/- bone marrow. F. TG accumulation in plasma of  fasted mice upon triton WR1339 injection over 
time. G. Plasma cholesterol in HCD-fed mice prior to Poloxamer 407 injection. H. Accumulation of  tritium-labelled 
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TG in a range of  organs upon glycerol tri[3H]oleate–labeled emulsion particle injection. I. Representative pictures and 
quantification of  Oil Red O stained livers, including relative expression of  hepatic CD36, LPL, SREBP and FAS 
expression in PHD1-/-LDLr-/- mice, relative to LDLr-/- mice (n=10/group). If  not differently indicated, white bars 
represent LDLr-/- and black bars represent PHD1-/-LDLr-/- mice (n=10/group).

 Supplemental Figure 5.
A. Specificity and knockdown confirmation (qPCR) in livers and B. intestines of  HIF-2α ASO in LDLr-/- mice 
(white bars) and PHD1-/-LDLr-/- (black bars). C. Red blood cell (left graph) and hematocrit (right graph) changes 
upon HIF-2α ASO injections (grey lines) in PHD1-/-LDLr-/- recipients. All graphs represent n=9/group.

 Regression coefficient p-value  
Plaque size  0.7550 0.4502 
Lipid Core 195867443307917.0000 T 0.0501 
Haemorrhage size 15834969044486.0000 0.1133 
Haemorrhage tissue ratio 0.5410 0.5885 
Necrotic core size 0.7107 0.4772 
Necrotic core tissue ratio 105968450749331.0000 0.2893 
CD31 vessel count -0.0612 0.9512 
CD31 %staining  -0.3805 0.7036 
CD68 cell count  0.4115 0.6807 
CD68 tissue ratio -0.8658 0.3866 
T cells cell count 0.2266 0.8208 
T cell tissue ratio -0.5262 0.5987 
 

Supplemental Table 1: 
Correlation of  PHD1 expression in human plaques with plaque phenotype.
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Gene Forward primer Reverse primer 
18S TGC ATG GCC GTT CTT AGT TG AGT TAG CAT GCC AGA GTC TCG TT 
GAPDH CAA CTC ACT CAA GAT TGT CAG CAA TGG CAG TGA TGG CAT GGA 
Cyclophillin CAA ATG CTG GAC CAA ACA CAA  TTC ACC TTC CCA AAG ACC ACA T 
CD36 GCC AAG CTA TTG CGA CAT GA AAA AGA ATC TCA ATG TCC GAG ACT TT 
LPL TTT GTG AAA TGC CAT GAC AAG CAG ATG CTT TCT TCT CTT GTT TGT 
SREBP2 ATG AGG CTA AGA GCA GCG CAA TCA CAG CAC ACA GAG CCA TGT 
FAS TGC TCC CAG CTG CAG GC GCC CGG TAG CTC TGG GTG TA 
ABCG5 TCC TGC ATG TGT CCT ACA GC ATT TGC CTG TCC CAC TTC TG 
ABCG8 ATC CAT TGG CCA CCC TTG T GCG TCT GTC GAT GCT GGT C 
LRP1 GGA CCA CCA TCG TGG AAA TCC CAG CCA CG TGA TAG 
AMPKα GTC GAC GTA GCT CCA AGA CC ATC GTT TTC CAG TCC CTG TG 
SR-B1 GCA AGA AGC CAA GCT ATA GGG AAG AAG CGG GGT GTA GGG 
FXR CAA AAT GAC TCA GGA GGA GTA CG TCC TTG ATG TAT TGT CTG TCT GG 
NPC1L1 CAA CAT CTT CAT CTT TCT TCT TGA G GCC AAT GTG AGC CTC TCG 
ACAT2 ATT CCA GCC ATA AAG CAA GC TTT AGC TAT TGC CGC AGA CA 
ASBT GAC TAG CTG GTC AAC CCT GGT A GGG GGA GAA GGA GAG CTG TA 
FXR CAA AAT GAC TCA GGA GGA GTA CG TCC TTG ATG TAT TGT CTG TCT GG 
PCSK-9 TGG AAC CTG GAG CGA ATT AT CCT GGC TGC TTC CAT CAG 
ABCA1 CCC AGA GCA AAA AGC GAC TC GGT CAT CAT CAC TTT GGT CCT TG 
PPARα ATG CCA GTA CTG CCG TTT TC GGCCTTGACCTTGTTCATGT 
PPARγ AAG AGC TGA CCC AAT GGT TG ACC CTT GCA TCC TTC ACA AG 
Prox1 CGA CAT CTC ACC TTA TTC AGG A TTG CCT TTT TCA AGT GAT TGG 
HMG-CoA TTG CTG TGA GAA TGT GAT CGG ACA AGA CAG CCT TCC GTC GTT 
 

Supplemental Table 2: 
Primer sequences (murine).
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ABSTRACT

BAckground

Atherosclerotic plaque hypoxia co-localizes with inflammation in humans and mice. As 
alternative to inflammation targeting, we propose to interfere with hypoxic signaling 
in atherosclerotic plaques. Expression of  the oxygen sensor Hypoxia-inducible factor-
prolyl hydroxylase 3 (PHD 3) is induced in pro-inflammatory macrophages, prompting 
us to study the effect of  hematopoietic PHD3 deficiency compared to whole body 
PHD3 deficiency in atherosclerosis development.

ApproAch And results

Male LDLr-/- and PHD3-/-LDLr-/- mice (n=22/14, respectively) were placed on a high 
cholesterol diet (0.25% cholesterol, HCD) for 10 weeks. In a separate study, male LDLr-/- 
mice (n=18/16, respectively) were transplanted with wild-type or PHD3-/- bone marrow  
and placed on HCD for 8 weeks. All mice were injected with pimonidazole (25mg/kg 
intraperitoneally) 1 hour prior to sacrifice for subsequent tissue hypoxia analysis. Aortic 
root plaque and necrotic core size (H&E) was not altered in whole body PHD3-/-LDLr-/- 
mice, despite a small elevation in plasma cholesterol levels (+11%). Blood hematocrit 
levels were enhanced in whole body PHD3-/-LDLr-/- mice. In contrast, hematopoietic 
PHD3-/- did not affect plasma cholesterol levels but enhanced plaque size (40%) and 
necrotic core expansion (50%), likely attributable to enhanced intra-plaque apoptosis 
(twofold increase, TUNEL). Apoptotic cell clearance capacity (efferocytosis) was not 
affected by hematopoietic PHD3-/- in situ and in vitro, suggesting that apoptosis itself  
was elevated in hematopoietic PHD3-/- mice. Plaque collagen (Sirius Red), smooth 
muscle cell (αSMA) and macrophage content (MAC3) and adventital microvessel 
density (CD31) remained unchanged. Additionally, hematopoietic PHD3 deficiency 
increased circulating granulocyte numbers as well as a splenic and lymph node cDCs. 
Erythropoietic parameters in blood were not altered by hematopoietic PHD3-/- mice. 

Conclusion

Whole body PHD3 deficiency slightly elevated plasma cholesterol levels, without 
affecting atherosclerosis. On the other hand, hematopoietic PHD3 deficiency aggravated 
early atherosclerotic plaque development, likely by enhancing apoptosis.   
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iNTRODUCTiON

Recent therapeutic approaches aim at reducing inflammation in atherosclerosis, by 
inhibiting inflammatory mediator biosynthesis and/or signaling, or by inducing immune 
tolerance by means of  vaccination. Multiple agents are undergoing clinical trials at 
the moment (reviewed in (1)). However, results are partially disappointing, when 
investigating cardiovascular outcome (stroke, myocardial infarction and cardiovascular 
mortality incidence) (1), suggesting that other factors are likely involved. In human and 
murine atherosclerotic plaques, inflammatory areas co-localize with hypoxia and hypoxia-
inducible factor (HIF) expression (2,3). Also, inflammation in human plaques, measured 
by labelled [18F]-fluorodeoxyglucose uptake via positron emission tomography (PET) 
correlated with hypoxia (4). Thus, instead of  targeting inflammation, we propose to 
interfere with hypoxic signaling in atherosclerotic plaques, in particular in macrophages, 
thereby potentially also affecting inflammation.

On a cellular level, hypoxia is mainly sensed by HIF-prolyl hydroxylases (PHD) 1, 2 and 
3. In the presence of  oxygen, PHDs hydroxylate HIF-α subunits, thereby targeting them 
for degradation. In hypoxia, however, HIF-α subunits are stabilized, heterodimerize 
with β subunits and subsequently transcriptionally regulate genes involved in cellular 
metabolism, growth and proliferation, angiogenesis and apoptosis.

We recently showed reduced atherosclerosis development and plasma cholesterol levels 
in PHD1-/-LDLr-/- mice (chapter 5). A similar phenotype was observed for PHD2 
hypomorphism and upon general PHD inhibition in mice (5). In turn, macrophage-
specific PHD2 deficiency resulted in enhanced macrophage collagen production and 
enhanced plaque development (Theelen, Marsch et al. in preparation). Thus, PHDs 
seemed to cell type-specifically regulate atherosclerosis development. 

As opposed to PHD1 and PHD2, PHD3 is actually upregulated in hypoxic cardiac 
myocytes, smooth muscle cells and endothelial cells (6–8). In accordance with the co-
localization of  hypoxia and inflammation in the plaque, human pro-inflammatory (M1) 
macrophages also showed enhanced PHD3 expression (9). On the other hand, PHD3 
deficient peritoneal macrophages showed enhanced pro-inflammatory activation upon 
LPS stimulation as compared to controls. Next to that, PHD3 plays a role in regulation 
of  apoptosis, where PHD3 deficiency seems to protect cardiomyocytes, neurons and 
macrophages from apoptosis under normoxic conditions (10–12). In turn, PHD3 
deficiency enhances apoptosis in neutrophils under hypoxic conditions (13), suggesting 
a cell type-specific or oxygen-dependent role of  PHD3 in apoptosis regulation.
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In this study, we study the effect of  PHD3-/- in stromal and hematopoietic cells on 
atherosclerotic plaque development. We hypothesize that PHD3 deficiency negatively 
affects macrophage function and results in enhanced apoptosis in the hypoxic plaque 
environment.  

MATERiAL AND METHODS

AnimAls

All mouse experiments were approved by the regulatory authority of  Maastricht 
University Medical Centre and performed in compliance with the guidelines described in 
the directive 2010/63/EU of  the European Parliament. All mice were bred at least 9x on 
C57/JBl6 background and male LDLr-/- mice were obtained from an in-house breeding 
colony, originating from Charles River (Wilmington, MA, USA) and refreshed every 10 
generations to avoid genetic drift. All animals were housed in individually ventilated cages 
(GM500, Techniplast) in groups of  up to 5 animals per cage, with bedding (corncob, 
Technilab-BMI) and cage enrichment. Cages were changed weekly, reducing handling of  
the mice to one handling per week during non-intervention periods. 

Atherosclerosis models

Male PHD3-/-LDLr-/- and LDLr-/- littermates (n=14 and 22, respectively, age: 11 weeks) 
were fed a high cholesterol diet (HCD) ad libitum (0.25% cholesterol, SDS 824171) for 
10 weeks. For bone marrow transplantations, LDLr-/- recipients (n=18/16) were placed 
on antibiotic water, containing neomycin (100mg/L; Gibco, Carlsbad, CA, USA) and 
polymyxin B sulphate (60.000U/L; Gibco) for 7 weeks in total while being fed a chow 
diet. After one week of  antibiotic water drinking, bone marrow was isolated from female 
wild-type (WT; C57J/Bl6) and PHD3-/- mice and transplanted (1x107 cells/mouse) into 
irradiated LDLr-/- recipients (2x6Gy, n=18/16). Mice were left to recover for 6 weeks on 
chow diet and subsequently placed on HCD for 8 weeks. 

Atherosclerosis quAntificAtion And immunohistochemistry

One hour prior to sacrifice, all mice were intraperitoneally (i.p.) injected with the hypoxia-
specific marker pimonidazole (100 mg/kg, hypoxyprobe Omni HP3 kit, Hypoxyprobe 
Inc. Burlington, MA, USA). Mice were euthanized with a pentobarbital overdose 
(100 mg/kg i.p.) and blood was withdrawn via the right ventricle for flow cytometry, 
absolute white and red blood cell counts (Coulter Ac.T diff, Beckman Coulter) and 
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total cholesterol analysis. Mice were perfused via the left cardiac ventricle with PBS 
containing sodium nitroprusside (0.1 mg/ml; Sigma-Aldrich, Seelze, Germany). 

Aortic root and all organs were subsequently excised and fixed in 1% PFA overnight, 
processed and paraffin-embedded. Aortic roots and arches were serially sectioned 
and stained with hematoxylin and eosin (H&E, Sigma) for plaque area and lipid 
core content quantification. Five consecutive H&E sections at 20 µm intervals were 
analyzed blindly using computerized morphometry (Leica QWin V3, Cambridge, UK) 
and averaged per mouse. Sections within this 100 µm interval were used for remaining 
immunohistochemical stainings. If  appropriate, antigen retrieval was performed at 
pH 6 (Dako REAL target retrieval, Dako). Atherosclerotic plaques were characterized 
for macrophage content (MAC3+ area/total area, BD Cat. No. 553322), smooth muscle 
cell content (αSMA+ area/total tissue, αSMA+ area; αSMA Sigma F3777), adventitial 
microvessel density (number of  CD31+ microvessels/adventitial area, BD Cat. No. 
550274) and collagen (Picosirius Red+ area/plaque area, Polyscience 09400). Hypoxia 
was detected in the aortic roots and livers using a rabbit polyclonal antibody (clone 2627) 
directed against pimonidazole derivates, formed in vivo specifically in hypoxic but living 
cells (% pimonidazole/total plaque area). Apoptosis (TUNEL+ nuclei/plaque area, 
Roche) and clearance of  apoptotic cells (efferocytosis) in situ were analyzed in entire 
tissue sections using TUNEL+/MAC3+ double immunohistochemistry as the ratio of  
bound/free apoptotic cells according to established methods (14,15). Leucocyte count 
was quantified in the liver as CD45+ cells (rat-anti-mouse CD45 LCA ly-5 antibody, 
clone 30F11 B&D) per liver area.  

TotAl And hepAtic cholesterol And triglycerides

Plasma was separated by centrifugation, and stored at −80°C until further use. Standard 
enzymatic techniques were used to assess plasma cholesterol (cholesterol FS´10; Ref: 
1 1300 99 10 021; Diagnostic Systems GmbH, Holzheim, Germany) and plasma 
triglycerides (TG) (FS5’ Ecoline REF 157609990314; DiaSys – Diagnostic Systems 
GmbH, Holzheim, Germany) automated on the Cobas Fara centrifugal analyzer (Roche). 

For hepatic cholesterol and TG content, livers were homogenated in SET buffer (250mM 
sucrose, 2mM EDTA 10mM Tris, pH6.8). Upon two freeze-thaw cycles and suction of  
the homogenate through an insulin syringe, TG and cholesterol were measured in the 
homogenates using the kits described above. Cholesterol and TG levels were corrected 
for protein content assessed in the same homogenate using a BCA kit (Thermo Fisher 
Scientific, Cat. No. 23227).
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Flow cytometry And blood pArAmeters

Cells isolated from whole blood were analyzed using flow cytometry (n=10 per group) 
Spleens and lymph nodes were dissociated into single-cell suspensions, and enzymatically 
digested for dendritic cell separation using liberase and DNAse (both 0.2 mg/ml, Roche) 
for 30 minutes in RPMI medium. Blood and spleen were subjected to erythrocyte lysis. 
The following specific antibodies were used to detect leucocyte subsets: leucocytes 
(CD45+, Biolegend), T cells (CD3ε+, NK1-1-; Miltenyi, eBioscience, resp.), T helper cells 
(CD4+, BD), cytotoxic T cells (CD8a+, BD), effector T cells (CD44high, CD62low; BD, 
eBioscience, resp.), central memory T cells (CD44high, CD66high), naïve T cells (CD44low, 
CD66high), B cells (B220+; BD), NK cells (NK1-1+), eosinophils (SiglecF+; BD), cDC 
(CD11chigh, eBioscience), pDC (CD11cmid, B220+, Ly6C+), granulocytes (CD11bhigh 
Ly6Ghigh; BD, eBioscience, resp.) and monocytes (CD11bhigh Ly6Glow Ly6Chigh/intermediate/low; 
Miltenyi). Data were acquired using a FACS Canto II and analyzed with FACSdiva 
software (BD). 

For erythropoietic parameter analysis, whole blood was diluted 1:10 in Hepes buffer, pH 
7.45 (10mM Hepes, 136mM NaCl, 2.7mM KCl, 2mM MgCl2, 0.1% glucose, 0.1% BSA) 
and subsequently measured on the XP3000 Sysmex analyzer (Sysmex, Chuo-ku Kobe, 
Japan).

in vitro cell culture And efferocytosis 

Bone marrow was isolated and cells were cultured for seven days in RPMI-1640 (Gibco 
with Glutamax, 2g/L glucose) supplemented with 10% FCS, 100U/ml Penicillin-
Streptomycin, and 15% L929-conditioned medium to generate bone marrow-derived 
macrophages (BMDM). For efferocytosis analysis in vitro, Jurkat T cells were labeled with 
calcein-AM (1µg/ml Invitrogen) prior to induction of  apoptosis by UV irradiation (15 
min 254nm, UVS-26, 6W bulb 0.02J/s/cm2) and added 3:1 to BMDM. Macrophages 
were exposed to 21%, 1% or 0.2% O2 during 45 minutes of  efferocytosis (Invivo2 1000, 
Ruskinn technology LTD, Pencoed, UK). After thorough washing, macrophages were 
dissociated and analyzed using flow cytometry for the percentage of  calcein/jurkat+ 
macrophages.

CollAgen synthesis

Macrophage collagen synthesis was measured after 72h with the last 48h under hypoxia 
(0.2% O2), in 24 wells plates with a density of  0.4x106 cells per well. Collagen was visualized 
by Sirius Red staining (1% Sirius red in 0.01M HCl for 1h at RT), after fixation with 
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3.7% formaldehyde for 1h at RT. The amount of  collagen was spectrophotometrically 
determined in cell lysates at 544nm.

CollAgen degrAdAtion

The functional activity of  matrix metalloproteinase (MMPs) was determined using 
OmniMMP™ fluorogenic substrate (Enzo Life Science, BML-P126-0001). The 
substrate with the sequence Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 incorporates a 
quencher (Dpa) and a fluorescent side (Mca). Upon MMP cleavage of  the quencher 
fluorescence can be detected. A total of  0.14*106 BMDM (lysed in PBS containing 1% 
Trition-X100) was incubated with 180mM CaCl2 65µM OmniMMP substrate at 37°C 
and the fluorescence was detected at an interval of  two minutes on a Spectromax (Ex 
328nm, Em 393nm, Molecular Devices SPECTRAmax M2). The slope of  fluorescence 
intensity increase was subsequently analyzed. 

StAtisticAl AnAlysis

All data are presented as mean ±SEM. All parameters were analyzed using independent 
sample tests and were tested for normal distribution using Shapiro-Wilk normality test. 
Parameters with two groups were compared with student’s t-test or Mann-Whitney rank-
sum test. A p-value of  p<0.05 was considered significant (* p<0.05, ** p<0.01, *** 
p<0.001). 
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RESULTS

HemAtopoietic PHD3 deficiency enhAnces plAque development, while whole body 
PHD3-/-LDLr-/- does not Affect Atherosclerois

Atherosclerotic plaque development was investigated in hematopoietic PHD3-/- 
and whole body PHD3-/-LDLr-/-mice. Hematopoietic PHD3-/- mice presented with 
enhanced plaque and necrotic core size compared to their wild-type (WT) controls 
(Figure 1A). This effect was not observed in whole body PHD3-/-LDLr-/- mice (Figure 
1B). Plaque hypoxia or macrophage content were not affected in hematopoietic or 
whole body PHD3-/-LDLr-/- (Figure 1C-D), suggesting that enhanced macrophage 
influx or proliferation or plaque hypxoxia does not underlie enhanced plaque size in the 
hematopoietic PHD3-/- model. In general, plaques of  hematopoietic PHD3-/- mice were 
much smaller than whole body PHD3-/-LDLr-/- plaques (Figure 1 A,B). This could be 
due to the duration of  diet (8 weeks instead of  10 in the whole body PHD3-/-LDLr-/-), 
in addition irradiation affects plaque development (16).
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Figure 1: Hematopoietic PHD3-/- increases atherosclerotic plaque and necrotic core size.
Representative pictures and quantification of  aortic root plaque area and necrotic core content (% plaque area) of  
A. hematopoietic PHD3-/- and controls and B. whole body PHD3-/-LDLr-/-. C. Aortic root pimonidazole and MAC3 
content in hematopoietic PHD3-/- as well as D. whole body PHD3-/-LDLr-/-. 
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PlAsmA cholesterol levels Are elevAted in whole body PHD3 deficient mice only

Neither cholesterol nor TG levels were altered in hematopoietic PHD3-/- mice (Figure 
2A). Also, hematopoietic PHD3-/- did not affect body weight or organ weights. Prior to 
bone marrow transplantations, recipient LDLr-/- mice were matched for body weight 
(Figure 2C). Hepatic liver weight, hepatocyte size, hepatic inflammation and hypoxia, 
hepatic cholesterol, triglyceride and glycogen content were unaltered in hematopoietic 
PHD3-/- (Supplemental Figure 1). 

In contrast to the hematopoietic PHD3-/-, whole body PHD3-/-LDLr-/- showed slightly 
enhanced plasma cholesterol and TG levels upon high cholesterol diet (Figure 2B). 
Whole body PHD3-/-LDLr-/- mice were heavier, although weight gain was similar, 
and showed enhanced liver weight, even when corrected for the elevated body weight 
(Figure 2D). Additionally, whole body PHD3-/-LDLr-/- mice showed an erythropoietic 
effect, while hematopoietic PHD3-/- mice presented with a similar hematocrit compared 
to their controls (Figures 2E-H).

Figure 2: Whole body PHD3-/- enhanced body and liver weight upon high cholesterol diet.
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Plasma cholesterol and TG levels in A. hematopoietic (after 8 weeks of  diet) and B. whole body PHD3-/-LDLr-/- mice 
compared to their respective controls (prior to start of  HCD, t=0; after 7 weeks, t=7 and 10 weeks, t=10). C. Body 
weight and organ weights are not altered in hematopoietic PHD3-/-, while in D. whole body PHD3-/-LDLr-/- mice are 
heavier with heavier livers compared to their LDLr-/- controls. E. White blood cell, red blood cell count in hematopoietic 
PHD3-/- and F. whole body PHD3-/-LDLr-/- were unchanged.  G. hemoglobin, hematocrit and platelet levels in 
hematopoietic PHD3-/- and H. whole body PHD3-/-LDLr-/-.

HemAtopoietic PHD3-/- Affected circulAting grAnulocytes And tissue cDCs

Next, we investigated leucocyte distribution in blood of  hematopoietic 
PHD3-/- (Figure 3 A,C) and whole body PHD3-/-LDLr-/- mice (Figure 3 B,D). None of  
the subsets studied were affected numerically in either model, except from an induction 
in Ly6G+ granulocyte numbers in the hematopoietic PHD3-/- (Figure 3A). In lymph 
node and spleen, an increase in conventional dendritic cells (cDCs) was observed in the 
hematopoietic PHD3-/- model (Figure 3E). 

Figure 3: Leucocyte subsets in blood, spleen and lymph nodes.
Leucocyte (CD45+) and Ly6G+ granulocyte in A. hematopoietic PHD3-/- and B. whole body PHD3-/-LDLr-/-. C. 
Ly6G-CD11bhigh monocytes and Ly6Clow and Ly6Chigh monocytes on hematopoietic PHD3-/- and D. whole body 
PHD3-/-LDLr-/-. E. CD11chigh cDC numbers in lymph nodes and spleen of  hematopoietic PHD3-/- mice. 
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HemAtopoietic PHD3 deficiency did not Affect AdventitiAl microvessel density or 
plAque collAgen And smooth muscle cell content but increAse plAque Apoptosis

No microvessels were detected in atherosclerotic plaques of  hematopoietic or whole 
body PHD3 deficiency and controls. In the plaque adventitia, CD31 positive microvessel 
density was unchanged in hematopoietic PHD3-/- mice (Figure 4A). Additionally, 
hematopoietic PHD3-/- did not induce differences in plaque smooth muscle cell or 
collagen content in the plaque (Figure 4A). Hematopoietic PHD3 deficiency enhanced 
apoptosis, compared to their WT controls (Figure 4C), while efferocytosis analyzed in 
situ (ratio of  bound/unbound apoptotic cells to MAC3+ macrophages) was unchanged 
(Figure 4B). Thus enhanced apoptosis might underlie the necrotic core expansion and 
accompanying plaque growth seen in these mice, however, the cell type undergoing 
apoptosis in hematopoietic PHD3-/- remains unknown. Also in vitro, PHD3-/- 

macrophages did not show any differences in collagen synthesis or MMP activity, as a 
marker of  collagen degradation capacity (Figure 4C). Additionally, macrophage PHD3 
deficiency did not alter apoptotic T cell clearance in vitro, supporting the in vivo data 
(Figure 4D).

Figure 4: Enhanced apoptosis in hematopoietic PHD3 deficient plaques.
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A. Representative pictures and quantification of  microvessel density (CD31), smooth muscle cell content (αSMA) 
and collagen deposition (Sirius Red) in the aortic roots of  hematopoietic PHD3-/- mice and controls. B. Apoptosis 
(TUNEL) and efferocytosis (bound/unbound TUNEL+ cells to MAC3+ macrophages) in situ in plaques of  
hematopoietic PHD3-/- and control mice. C. In vitro collagen content and MMP activity assay (analyzed as increase in 
fluorescence upon successful MMP-mediated quencher cleavage over time) of  PHD3-/- macrophages and controls.  
D. Efferocytosis of  apoptotic Jurkat cells by PHD3 deficient macrophages. Significance indicated presents effects relative 
to 21% oxygen conditions of  the same genotype.
 

DiSCUSSiON

This study investigated the effect of  the absence of  the oxygen sensor PHD3 on 
atherosclerosis development in mice. We showed that hematopoietic PHD3-/- enhanced 
plaque progression, necrotic core size and apoptosis within the plaque. As efferocytosis 
was unchanged, enhanced apoptosis might result in the necrotic core expansion and 
accompanying plaque growth seen in these mice. In comparison, whole body 
PHD3-/-LDLr-/- did not affect plaque progression and development, despite slightly 
elevated plasma cholesterol levels.  

PHD3 has mainly been studied in ischemia reperfusion injury, where PHD3 deficiency 
reduced infarct size by inducing angiogenesis and increasing capillary density (17,18). In 
our murine model of  atherosclerosis, we did not observe any angiogenesis effects. We 
only investigated microvessel formation in the adventitia, as atherosclerotic plaques did 
not show any vessel formation. However, studying angiogenesis in murine atherosclerosis 
has proven difficult (19) and thus a lack of  angiogenesis in our murine model does not 
exclude an angiogenic effect on human atherosclerosis in a translational approach. 

Independent of  plaque angiogenesis, we showed enhanced apoptosis in hematopoietic 
PHD3-/- mice potentially underlying the enhanced necrotic core size and plaque 
expansion. However, the cell type undergoing apoptosis remains unknown. Nevertheless, 
enhanced apoptosis in PHD3 deficiency is partially in line with current literature, 
showing enhanced neutrophil apoptosis under hypoxic conditions in PHD3 deficient 
mice (12,13). In contrast to hypoxic neutrophils, normoxic sympathetic neurons 
from PHD3 lacking mice showed reduced apoptosis in a HIF-2α-dependent manner. 
In addition, PHD3 deficient mice presented with increased superior cervical ganglia 
numbers, though they were not functional and hypoxia was not assessed (11). In line 
with that, PHD3 silencing by siRNA in vitro protected normoxic rat cardiomyocytes 
from doxorubicin-induced apoptosis (10). Thus, PHD3 seems to differentially regulate 
apoptosis in normoxic and hypoxic conditions and enhances apoptosis in hypoxic 
neutrophils, but not in other normoxic neurons and cardiomyocytes. Here, we show 
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enhanced apoptosis in hematopoietic PHD3 deficient hypoxic atherosclerotic plaques.

A mechanistic link between PHD3 and apoptosis has been demonstrated for 
the Bax/Bcl-2 complex. PHD3 overexpression induced apoptosis in normoxic 
cardiomyocytes by inhibiting the formation of  the anti-apoptotic protein complex 
Bax/Bcl-2 (10). Indeed, pro-apoptotic Bax expression in smooth muscle cells and 
macrophages within human plaques has been associated with enhanced apoptosis (20) 
and a reduced Bcl-2/Bax ratio was observed in apoptotic cells of  advanced human 
atherosclerotic plaques (21). However, whether the Bax/Bcl-2 complex is altered in our 
model of  hematopoietic PHD3 deficiency remains to be established. 

Intriguingly, we do not observe any difference in plaque and necrotic core size, hypoxia 
or macrophage content in the whole body PHD3-/-LDLr-/- model. We have to note 
that plaques were less advanced in the hematopoietic PHD3-/- model as compared to 
the whole body PHD3-/-LDLr-/-. Thus, one could speculate that enhanced apoptosis 
also occurs in the whole body PHD3-/-, which has been compensated for upon 
further progression of  the plaque. However, this remains to be shown by for example 
investigating early stage whole body PHD3-/- plaque development. On the other hand, 
stromal PHD3 or smooth muscle cell PHD3 may compensate its hematopoietic effects. 
For instance, alleviated smooth muscle cell apoptosis - in line with reduced apoptosis in 
cardiomyocytes (10) - or paracrine survival signaling may counterbalance pro-apoptotic 
signaling in hematopoietic PHD3-/- cells. 

PHD3 whole body deficiency slightly increased plasma cholesterol level and body and 
liver weights. Nevertheless, this rather small increase in plasma cholesterol levels was 
either not sufficient to affect atherosclerotic plaque growth in whole body PHD3-/-

LDLr-/- mice, or was overruled by other yet unknown anti-atherosclerotic effects of  
whole body PHD3-/-LDLr-/-. As hematopoietic PHD3-/- did not alter plasma cholesterol 
levels, the cholesterol effect is likely mediated by stromal cells, in line with a stromal effect 
of  PHD1 on cholesterol metabolism (chapter 5). Plasma cholesterol levels might be close 
to saturation in the high cholesterol diet fed PHD3-/-LDLr-/- mice, potentially limiting the 
effect size seen in whole body PHD3 deficiency mice after 10 weeks of  high cholesterol 
diet. Despite this, atherosclerosis development was not affected in these mice. This is in 
contrast to our recent data on PHD1 deficiency resulting in reduced plasma cholesterol 
levels and reduced plaque size (chapter 5). Also, PHD2 hypomorphism and inhibition 
was recently shown to reduce plasma cholesterol levels, at least on chow diet, and to 
decrease atherosclerotic plaque progression (5,22). PHD3-/- has been shown to result in 
profound HIF-2α stabilization in the liver (23). In turn, hepatic HIF-2α was crucial for 
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hepatic cholesterol accumulation and elevation in plasma cholesterol levels in van Hippel 
Lindau deficient mice (24). Hepatic HIF-2α stabilization and cholesterol accumulation 
remains to be investigated in whole body PHD3-/- mice. Silencing HIF-2α in PHD3 
deficient mice would reveal a potential causal relationship for cholesterol elevation in 
PHD3 deficiency. Nevertheless, general PHD inhibitors, partially inhibiting PHD3, 
reduce plasma cholesterol in humans (25,26). This suggests that PHD3 is not the crucial 
PHD with respect to cholesterol homeostasis in general PHD inhibition. 

These general PHD inhibitors are undergoing clinical trials as erythropoiesis-stimulating 
agents to treat anemia patients. Whole body PHD3 deficiency slightly increased 
hematocrit levels, though not to the same extent as observed for general PHD inhibition 
(25,26). Thus, PHD3 might contribute but does not seem to be essential for PHD 
inhibition-mediated erythropoiesis. 

Conclusions

In conclusion, whole body PHD3-/-LDLr-/-  slightly elevated plasma cholesterol levels, 
an effect that is likely mediated by stromal cells, as hematopoietic PHD3-/- did not affect 
cholesterol levels. Despite this cholesterol-raising effect, whole body PHD3-/-LDLr-/- 
mice did not show any effects on plaque development. Rather, hematopoietic 
PHD3-/- aggravated early atherosclerotic plaque development, probably by inducing 
intra-plaque apoptosis.  
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SUPPLEMENTAL DATA

Supplemental Figure 1: No differences in liver morphology in hematopoietic PHD3-/- mice  
compared to their wild-type controls.
A. Representative pictures and quantification of  hepatocyte size, inflammatory influx (CD45) and hypoxia 
(pimonidazole). B. Neither hepatic cholesterol, triglyceride nor C. glycogen contents are changed in hematopoietic KO mice. 
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MAiN FiNDiNGS OF THE DiSSERTATiON 

The overall aim of  this disseration was to explore the causative role of  plaque hypoxia 
in atherosclerotic disease development and progression and to establish the therapeutic 
potential of  interfering with plaque oxygenation. 

The essential results of  the work presented in this dissertation, which are 
discussed in this chapter, are: 

1. Atherosclerotic plaques are hypoxic from initiation on and hypoxia mainly  
 co-localizes with plaque macrophages, pointing towards enhanced oxygen  
 consumption rather than reduced oxygen diffusion to underlie plaque hypoxia  
 (chapter 3). 

2. Enhancing systemic oxygen supply using carbogen gas reverses plaque hypoxia  
 and alleviate plaque burden (chapter 3).

3. Prolonged dietary nitrate did not affect plaque hypoxia or burden, and no  
 conclusions on the role of  oxygen consumption in atherosclerosis can be  
 drawn from this study (chapter 4).

4. Reducing whole body cellular oxygen consumption in PHD1 deficient mice  
 can reduce plaque hypoxia and atherosclerotic plaque progression; however  
 cholesterol-lowering effect in PHD1 deficiency trumps plaque hypoxia  
 effects. In turn, PHD3 deficiency did not affect plaque hypoxia, not allowing  
 for solid conclusions on the causal contribution of  cellular oxygen consumption  
 to plaque progression (chapter 5,6).

5. Hematopoietic PHD3 deficiency enhances plaque apoptosis and plaque growth,  
 while hematopoietic PHD1 deficiency does not alter plaque development  
 (chapter 5,6).

6. PHD1 deficiency enhances non-biliary cholesterol efflux directly from plasma  
 to the feces, thereby reducing VLDL and LDL-contained cholesterol by  
 20-40% (chapter 5). In turn, PHD3 deficiency slightly increases plasma  
 cholesterol levels (chapter 6). 
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ENHANCiNG SYSTEMiC OXYGEN AVAiLABiLiTY: OXYGEN THERAPY FOR 
ATHEROSCLEROSiS

The human body adjusts to systemic hypoxia via carotid body chemoreceptors, 
pulmonary artery smooth muscle cells (both rapid) and erythropoietin producing cells 
(slow) (1). On the tissue level, oxygen tensions differ between organs (2). We and others 
could show pimonidazole positivity even under physiological conditions, e.g. in the entire 
intestinal epithelial cell lining (3), as well as in the renal medulla, and venous areas of  the 
liver (chapter 3, (4)). Pimonidazole forms adducts with thiol groups in proteins, peptides 
and amino acids in case of  hypoxia (pO2<10mmHg, less than 1% oxygen). Subsequent 
adducts can be detected immunohistochemically (5). Thus, pimonidazole represents an 
“on/off ” signal of  oxygen tensions below or above 1%. However, also within one organ 
oxygen tensions can vary. This is particularly obvious for human adipose tissue, where 
oxygen levels actually range from ~3 and 11% O2 (~23–84 mmHg) (6,7). Indeed, in 
rabbit atherosclerotic plaques, oxygen tensions of  0 to 15 mmHg were recorded close to 
the media of  atherosclerotic arteries compared with 50 mmHg in non-diseased arterial 
walls, the adventitia and close to the lumen of  atherosclerotic plaques (8,9). 

The presence of  plaque hypoxia is nowadays widely accepted and has been shown 
across species. However, whether pimonidazole staining and plaque hypoxia represent 
pathological or physiological hypoxia has not yet been clarified. For tumors the critical 
partial oxygen pressure is proposed to be 8-10mmHg though (10), and below this 
threshold, ATP depletion, intracellular acidosis and apoptosis can be observed. Similarly 
advanced rabbit plaques (<500µm thick) showed ATP depletion, low glucose and glycogen 
concentrations and lactate accumulation. Additionally these plaques were pimonidazole 
positive (11). In line with that, Naghavi et al. could show a significantly lower pH 
in lipid-rich areas as compared to calcified areas in human carotid endarterectomy 
specimens and a generally high spatial heterogeneity in pH within human and rabbit 
plaques (12). All in all, at least rabbit and human atherosclerotic plaques show signs of  
pathological hypoxia, with energy depletion and acidosis as main features. This suggests 
a causative role of  hypoxia in plaque progression and thus oxygen therapy would be 
expected to reduce plaque burden.

First proof  for the applicability of  oxygen therapy in atherosclerosis comes from as 
early as 1954. Altschul et al. showed that exposure of  hypercholesterolemic rabbits 
to intermittent 60-65% oxygen reduced atherosclerosis development, by significantly 
reducing plasma cholesterol levels (13). Vesselinovitch et al. later studied plaque 
regression in rabbits. When switching high cholesterol diet fed rabbits back to normal 
diet, they could show profound plaque regression. Plaque regression was even more 
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pronounced, when adding oxygen therapy (100% oxygen) on of  top of  the diet-switch 
and these plaques presented with a high proportion of  collagen, a thick fibro-muscular 
cap and mild to moderate lipid deposition in the aorta (14). 

More recently, subjecting mice to normoxia after 6 weeks of  intermittent hypoxia 
could reverse cardiovascular remodeling seen upon intermittent hypoxia (15). Similarly, 
reversal of  chronic intermittent hypoxia (CIH) in apnea patients using continuous 
positive airway pressure (cPAP) could improve cardiac symptoms and hemodynamic 
parameters (16,17). cPAP can increase daytime partial oxygen pressure by substantially 
reducing the number and severity of  respiratory events in patients suffering from CIH 
(18). Additionally, hyperbaric oxygen therapy, using 100% oxygen, has been shown to 
reduce atherosclerotic formation in rabbits and mice (19–21). This is in line with our 
results, where we showed reduced necrotic core expansion in mice receiving carbogen 
gas (chapter 3). Hyperbaric oxygen exerted its anti-atherosclerotic effect by reducing 
lipid oxidation (19), and ox-LDL specific auto-antibody titers (20) and by dampening 
T and B cell mediated response to oxLDL and inflammatory stimuli (21), while plasma 
cholesterol levels remained unchanged (19–21). While we did not measure auto-
antibodies against oxLDL or T and B cell responses to oxLDL, we did not observe any 
changes in systemic cytokine levels. Also, we did not observe differences in intra-plaque 
or serum reactive oxygen species production in chapter 3, pointing towards unaltered 
lipid oxidation. However, we cannot exclude that carbogen gas affected auto-antibody 
production or T and B cell responses. 

In turn, we could show reduction of  plaque hypoxia by our treatment, which was not 
investigated in any previous studies. Improving oxygen delivery enhanced efferocytosis 
capacity by macrophages in vivo. When studying this phenomenon in vitro, we could 
show reduced expression of  the efferocytosis receptor mer tyrosine kinase (MerTK) 
in hypoxic conditions, likely explaining the in vivo phenotype in the plaque (chapter 
3). Indeed, MerTK dysfunction due to mutations resulted in elevated plaque necrosis 
and apoptotic cell accumulation in mice (22). However, reversal of  MerTK activity and 
its effect on atherosclerosis and thus translation to the in vivo situation remains to be 
established.

Overall, systemic oxygen therapy seems to alleviate atherosclerotic and cardiovascular 
disease burden. Depending on the route of  administration and percentage of  oxygen 
administered, oxygen therapy reduces hypercholesterolemia, inflammation and even 
hypertension (13,16,17,21). Unfortunately, the chronic nature of  atherosclerosis and its 
prevalence make oxygen therapy not feasible as general therapy for atherosclerosis and 
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alternative routes have to be explored. Alternatively, targeting downstream factors in 
the hypoxic signaling cascade, e.g. enhancing MerTK availability and/or activity in the 
plaque might reduce plaque progression. 

CELLULAR OXYGEN CONSUMPTiON AND iNFLAMMATiON iN ATHEROSCLEROTiC 
PLAQUES

Plaque hypoxia can result from decreased oxygen diffusion into the plaque or enhanced 
cellular oxygen consumption. With an oxygen diffusion distance of  about 100-250 µm 
(23), oxygen diffusion distance is unlikely to determine plaque hypoxia in murine plaques 
(max. 200 µm thick). Indeed, murine plaques showed pimonidazole-positivity from 50 
µm thick fatty streak formation onwards, suggesting enhanced oxygen consumption 
rather than oxygen diffusion to underlie plaque hypoxia (chapter 3). Oxygen is for 
example required for LDL oxidation in vitro (24), though this effect might be marginal 
in the plaque, as for the plaque mainly radicals and enzymatic modifications have 
been described in LDL oxidation, including reactive nitrogen species, as well as 
myeloperoxidase and lipoxygenases (25). Alternatively, M2 macrophages with maintained 
oxidative phosphorylation (reviewed in (26)), could be responsible for consuming oxygen 
in plaques. Activated more pro-inflammatory peritoneal macrophages actually present 
with reduced oxygen consumption as compared to resting cells (27). Additionally, 
M1 macrophages show anaerobic metabolism, suggesting reduced cellular oxygen 
consumption (28).

In atherosclerotic plaques, both pro-inflammatory M1 and anti-inflammatory M2 
macrophages are found, with M1 macrophages being localized in rupture-prone areas 
(29). Hypoxia mainly co-localized with macrophages in atherosclerotic plaques in 
humans (30) and mice (chapter 3) and inflammation and hypoxia are in general tightly 
interlinked: inflammatory diseases are frequently characterized by tissue hypoxia (e.g. 
in inflammatory bowel disease and lung inflammation (3,31,32)) and vice versa hypoxic 
conditions, such as ischemia/reperfusion injury, show enhanced inflammatory influx 
(33). Also, short term exposure to low oxygen concentration led to enhanced vascular 
leakage, inflammatory cell accumulation in multiple organs, as studied upon Evan’s blue 
leakage into abdominal organs, and elevated serum cytokine levels in experimental mouse 
models (34–38). In particular for pro-inflammatory macrophages in vitro the relationship 
between glycolysis, inflammation and hypoxia is evident. However, whether this hypoxia 
is secondary to macrophage inflammation or proceeds inflammation is unknown. 
Tawakol et al. could recently show that hypoxia enhances macrophage glycolysis and 
favored a pro-inflammatory macrophage M1 phenotype. In turn, inhibiting glycolysis 
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using the 6-phosphofructo-2-kinase-fructose-2,6-biphosphatase 3 (PFKFB3) inhibitor 
3PO, reversed pro-inflammatory M1  activation both in normoxia and hypoxia (28). 
Whether glycolysis inhibition also affects macrophage oxygen consumption, however, 
was not assessed. In turn, they could show reduced cellular oxygen consumption and 
enhanced glycolysis in macrophages exposed to oxLDL in vitro (28). It remains to be 
studied whether oxLDL exposure also enhances non-oxygen consuming glycolysis in 
vivo in macrophages. This would then suggest that the hypoxia observed in fatty streak 
does not result from foam cell formation. Indeed also in our hands, oxLDL-mediated 
foam cell formation did not promote pimonidazole-positivity in vitro (chapter 3). A 
more detailed time line, tracing pimonidazole positivity in the initial phases of  murine 
atherosclerosis development might give insight into this chicken-egg situation of  
inflammation and hypoxia in atherosclerosis. 

Independent of  the origin of  plaque hypoxia, hypoxia can have effects on the 
microenvironment of  the plaque, such as inducing angiogenesis, but also amplifying 
inflammation in the plaque. Thus, reducing cellular oxygen consumption was 
hypothesized to reduce plaque progression.

However, our attempts to reduce cellular oxygen consumption (chapter 4, 5, 6) 
within the plaque, by genetic or pharmacological intervention, were unable to proof  
or disproof  a causative effect of  hypoxia in atherosclerosis development, angiogenesis 
and inflammation, due to multiple reasons: In chapter 4, prolonged dietary nitrate 
supplementation did not affect plaque hypoxia or size. Short term dietary nitrate 
supplementation has been shown to improve mitochondrial function, thereby reducing 
oxygen requirement during exercise (39–41). However, a compensatory downregulation 
of  plasma nitrate, nitrite and nitric oxide levels after 14 weeks of  dietary nitrate 
supplementation obscured any effects on plaque hypoxia. How elimination or processing 
of  NOx intermediates occurs remains to be studied. Plasma nitrate and nitrite levels 
were elevated after 2 weeks of  supplementation (chapter 4) and short term dietary 
nitrate administration has been shown to lower blood pressure as well as exert anti-
inflammatory effects, as studied in inflammatory bowel disease models (42,43). While we 
did not study effects of  short term dietary nitrate supplementation on blood pressure, 
oxygen consumption ability or inflammation in our model, it seems that none of  the 
effects described were sufficient to affect atherosclerotic plaque hypoxia or progression. 
Thus, from this study no firm conclusions on the effect of  plaque oxygen consumption 
on plaque progression could be drawn.
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In chapter 6, PHD3 deficiency did also not affect plaque hypoxia in mice. PHD3 
deficiency is known to result in stabilization of  the transcription factor HIF, with 
subsequent transcription of  genes involved in erythropoiesis, angiogenesis, energy 
metabolism as well as oxygen delivery and oxygen consumption (44). While plaque 
hypoxia was unchanged by PHD3 deficiency, we did not directly measure oxygen 
consumption in any PHD3 lacking plaque-relevant cells (e.g. macrophages, smooth 
muscle cells). Thus, we cannot conclude whether oxygen consumption in PHD3 lacking 
cells was actually affected. Overall, this model does not allow conclusions about a role 
of  hypoxia in atherosclerosis. 

In the PHD1 deficiency model, with known reduction in cellular oxygen consumption 
(45), a reduction in plaque hypoxia was observed (chapter 5). However, when matching 
mice for cholesterol levels, there was no significant additional PHD1 deficiency mediated 
effect seen on plaque size, necrotic core size (Figure 1). Thus, the cholesterol-lowering 
effect likely trumped all direct hypoxia-mediated effects on plaque progression.
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Figure 1: 
Atherosclerotic plaque size and necrotic core content of  PHD1-/-LDLr-/- mice and controls in the aortic roots of  
cholesterol-matched mice. 

To conclude, the models used in this dissertation did neither proof  nor disproof  a causal 
contribution of  cellular oxygen consumption on plaque progression. While reducing 
cellular oxygen consumption in the PHD1 deficiency model could reduce plaque 
hypoxia, the cholesterol-lowering effects overruled plaque hypoxia effects.  This might 
suggest a more modulatory role of  plaque hypoxia. Potentially in line with a modulatory 
role of  plaque hypoxia, plaque oxygenation with carbogen gas treatment in chapter 3 
affected plaque phenotype by reducing necrotic core formation, but not plaque size. 
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Induction of  HIF signaling would be expected to promote angiogenesis in our 
PHD deficiency models (44). However, none of  the models presented here, show 
intraplaque angiogenesis (chapters 3-6). This is a general drawback of  most current 
murine atherosclerosis models, which complicates translation to the human situation, 
where neo-vessel formation has been associated with symptomatic carotid disease (thus 
plaque prone to rupture) (46–49). On the one hand, we might thus underestimate the 
role of  hypoxia in atherosclerotic plaques in LDLr deficiency mouse models, which 
might be mediated by enhanced angiogenesis in humans. On the other hand, we might 
not observe any changes in plaque hypoxia in our PHD models due to the lack of  
dysfunctional microvessel formation in murine plaques. Indeed, PHD3 deficiency would 
be expected to induce angiogenesis, as shown in a murine hindlimb ischemia model (50), 
and thus formation of  potentially oxygen carrying vessels in the plaque. Thus PHD3 
inhibition in the human situation might actually induce or facilitate plaque angiogenesis, 
which is not observed in our murine models. However, plaque hypoxia is also present in 
human plaques, independent of  angiogenesis (48). Thus, even in the case of  microvessel 
formation, angiogenesis is either not sufficient or dysfunctional in restoring plaque 
normoxia.

Interestingly, a link between hypoxia and angiogenesis or vice versa has never been 
shown for atherosclerosis. In turn, also plaque angiogenesis itself  has never actually 
been causally linked to atherosclerosis either and is only “guilty by association” in plaque 
progression and vulnerability (51). Best evidence comes from experimental studies 
in aged ApoE deficient mice on high cholesterol diet, using anti-angiogenic therapy 
(52,53), which could reduce atherosclerosis development. However, numbers and 
incidences of  intra-plaque vessels angiogenesis were very low and non-specific effects 
of  the therapy cannot be excluded. Also, studies on pro-angiogenic therapy successfully 
increasing angiogenesis and potentially atherosclerosis remain to be performed. A recent 
murine model with heterozygous mutations in the fibrillin-1 gene actually developed 
intra-plaque and adventitial angiogenesis, hemorrhage and plaque rupture. Also, these 
mice showed plaque hypoxia, which mainly localized to sites of  angiogenesis (54). While 
the authors suggest hypoxia to precede angiogenesis in that case, proof  of  causality is 
still outstanding.
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Figure 2:
Triangle of  angiogenesis, hypoxia and plaque phenotype. Causal relations have not been shown between hypoxia resulting 
in plaque angiogenesis or vice versa (e.g. via enhanced inflammation). Also plaque angiogenesis has never been causally 
shown to affect plaque phenotype or even promote plaque rupture. 

In this triangle of  unknowns (Figure 2), we can only conclude about angiogenesis-
independent effects of  plaque hypoxia from our models, pointing towards a modulatory 
role of  plaque hypoxia. Recent advances in murine but also pig models with angiogenesis 
offer promising tools to tackle causal relationships between hypoxia, angiogenesis and 
plaque phenotype. Indeed, pig plaques very much resemble human atherosclerosis and 
the PCSK9 Yucatan mini pig has recently been shown to present with intra-plaque, 
as well as adventitial vessel growth and hypoxia (55). Local angiogenesis inhibition 
of  intra-plaque and adventitial plaque angiogenesis e.g. using VEGFR and PDGFR 
inhibitors in those models will give more insight into a causal relationship between 
angiogenesis, plaque hypoxia and plaque progression. 
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PHDS iN CARDiOVASCULAR DiSEASE 

In this dissertation, we present evidence for differential roles of  PHD1 and PHD3 
inhibition in atherosclerosis (chapters 5 and 6). Additionally, our group has studied 
myeloid PHD2 deficiency in atherosclerosis (Theelen, Marsch et al. in preparation). In 
line with the PHD isoform diversity (discussed in chapter 1), the three isoforms have 
very different effects on atherosclerotic phenotypes (table 1):

Parameter PHD1 WB 
(chapter 5) 

PHD1 BMT 
(chapter 5) 

PHD2 
inhibitor* 

PHD2 
hypomorph* 

PHD2 mf 
(submitted) 

PHD3 WB 
(chapter 6) 

PHD3 BMT 
(chapter 6) 

plaque size ↓  =  ↓ ↓ ↑  =  ↑ 

necrotic core ↓  =  ↓ ↓  =   =  ↑ 

plasma cholesterol ↓  =  ↓ ↓ = ** ↓ ↑  = 

angiogenesis  =  ND  ND  ND  =  ND  = 
pimonidazole 
positivity ↓  =   ND  ND  =  =  =  

apoptosis  ND  ND  ND  ND  ND  ND ↑ 

erythropoiesis  =   =   ND  ND  =  ↑ HCT  =  

 
Tabe 1: PHDS in murine LDLr-/- atherosclerosis models in vivo.
* from (56) ** reduced on chow (57), not on high fat diet (56). BMT – bone marrow transplantation model; HCT – 
hematocrit; mf  – myeloid-specific deficiency; ND – not determined; WB – whole body deficiency model.

PHD1 deficiency reduced atherosclerosis development by reducing plasma cholesterol 
levels, an effect that has also recently been described for whole body PHD2 inhibition 
(56). Interestingly, myeloid PHD2 deficiency also reduced plasma cholesterol levels 
slightly after 12 weeks of  high cholesterol diet, but increased atherosclerotic plaque size 
(Theelen, Marsch et al. in preparation). Whole body PHD3 deficiency showed no effect 
on atherosclerosis but enhanced plasma cholesterol, while the hematopoietic PHD3 
deficiency increased plaque size with only a trend towards increased plasma cholesterol 
levels. On the contrary, hematopoietic PHD1 deficiency did not affect atherosclerosis 
development or cholesterol at all. Thus, there seems to be a cell type-specific and 
isoenzyme-specific effect on plasma cholesterol levels and atherosclerosis development 
(figure 3). As the PHD isoforms have the same substrates, expression pattern could 
underlie the differential effects seen. However, in general all three PHD isoforms are 
ubiquitously expressed, with PHD2 expression exceeding PHD1 and PHD3 in most 
organs. A particular enhancement in expression is seen for PHD1 in testes and PHD3 in 
the heart (www.genecards.org) and latter could potentially contribute to the phenotype 
seen in PHD3 deficient mice. 
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In chapter 1, I already described the diverse functions of  the three PHD isoforms 
in ischemia/reperfusion (I/R). In that setting, PHD2 deficiency seems to mainly 
induce angiogenesis, thereby reducing I/R injury. In our model of  myeloid PHD2 
deficiency, however, we did not observe any effects on angiogenesis, quantified as CD31 
positive microvessels in the adventitia (table 1). The authors of  PHD2 inhibition and 
hypomorphism paper did not study angiogenesis (56,57). This does not exclude a 
pro-angiogenic activity of  PHD2 inhibition in humans though, as in general there are 
no good murine models of  plaque angiogenesis available (reviewed elsewhere (58–66)). 
In line with a PHD2-specific role in angiogenesis, plaque angiogenesis was not affected 
in whole body PHD1 deficient mice or hematopoietic PHD3 deficient mice (table 1, 
chapter 5 and 6), though again the limitations of  the model have to be considered. 
Against expectations, myeloid PHD2 deficiency showed enhanced macrophage-
associated collagen production, likely via HIF-1α stabilization (Theelen, Marsch et al. 
in preparation). In line with these results, hypoxia has recently been shown to increase 
collagen synthesis in cultured fibroblasts (67) and enhance collage cross-linking  (68). 
These phenotypes were not seen in PHD1 or PHD3 deficiency models (both BMT and 
whole body, chapter 5 and 6), again illustrating major cell type and isoform differences.

In contrast, hematopoietic PHD3 deficiency resulted in enhanced plaque size with 
enhanced necrotic core expansion and apoptosis in the plaque (chapter 6). This is in 
line with the literature, linking PHD3 to intracellular apoptosis signaling, with PHD3 
seemingly differentially regulating apoptosis in hypoxia and normoxia. On the one 
hand, PHD3 silencing in vitro protected normoxic rat cardiomyocytes from doxorubicin-
induced apoptosis. Consequently, PHD3 overexpression induced apoptosis by inhibiting 
the formation of  the anti-apoptotic protein complex Bax/Bcl-2 (69). In line with 
that, normoxic sympathetic neurons from PHD3 deficient mice showed HIF-2α-
dependent enhancement of  cell survival. Also in vivo, PHD3 deficient mice presented 
with increased superior cervical ganglia numbers, though they were not functional (70). 
PHD3 deficient macrophages also show improved survival in response to 
stress triggers (serum-starvation, staurosporine and SNAP) in normoxic conditions 
(71). On the other hand, in hypoxic neutrophils, PHD3 deficiency resulted in enhanced 
selective apoptosis of  neutrophils in vivo and in vitro, this time by reducing Bcl family 
member Bcl-xl expression and increasing pro-apoptotic Siva1 expression (72). Hypoxia 
in atherosclerotic plaques may thus promote the pro-apoptotic phenotype seen in 
hematopoietic PHD3 deficient mice in chapter 6. Neither whole body PHD3 nor PHD1 
deficiency nor myeloid PHD2 deficiency seemed to affect apoptosis in a similar way 
(chapter 5). 
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PHD1 deficiency has been linked to a switch in cellular metabolism towards glycolysis 
(45). The subsequent reduced cellular oxygen consumption then protected against 
ischemic necrosis in a femoral artery ligation model (45). Also in atherosclerosis, PHD1 
deficiency reduced plaque hypoxia, presumably by reducing oxygen consumption. 
However, hematopoietic PHD1 deficiency did not affect plaque hypoxia (chapter 5). 

This is intriguing and suggests a decisive role of  macrophages in plaque hypoxia. This 
could mean that PHD1 deficient macrophages do not show reduced cellular oxygen 
consumption in the plaque in first place and that other stromal cells lacking PHD1 
affected macrophage hypoxia in the whole body deficiency, which was not seen in 
the hematopoietic PHD1 deficiency only. Alternatively, reduced plaque size, earlier 
plaque stage, inflammatory cell count or cholesterol-lowering seen in whole body 
PHD1 deficient mice, but not in hematopoietic PHD1 deficiency, could determine the 
relative decrease in plaque hypoxia upon whole body PHD1 deficiency. Additionally, 
pimonidazole only detects oxygen tensions below 1% oxygen (<10mmHg) in the tissue 
and small oxygenation changes exerted by hematopoietic PHD1 deficiency might not be 
visible in the staining. While plaque hypoxia was not determined in whole body PHD2 
hypomorphic mice (56,57), myeloid PHD2, hematopoietic PHD3 and whole body 
PHD3 deficiency also did not affect plaque hypoxia. Thus stromal PHD1 seems to 
regulate atherosclerotic plaque hypoxia via a yet unknown mechanism. Studying cellular 
oxygen consumption under hypoxic conditions and upon atherosclerotic triggers (e.g. 
oxLDL, interleukins and TNF-α) in PHD deficient macrophages might give insight into 
whether these macrophages actually show reduced cellular oxygen consumption in the 
plaque. Co-cultures with smooth muscle cells or total plaque lysates could reveal an 
additional effect of  the plaque microenvironment on cellular oxygen consumption. To 
investigate whether plaque size, stage and/or cholesterol levels affect plaque hypoxia, 
non-invasive imaging of  hypoxia progression in plaques over time could be considered, 
with paralleled tracing of  plasma/serum cholesterol levels. 
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PHD1 PHD2 mf PHD2 

PHD3 

Figure 3: Adjusted from (73), indicateing differential functions of  PHDs in atherosclerosis.

To conclude, PHD isoforms have distinct effects on plaque growth and affect different 
atherosclerotic processes. PHD3 deficiency opposes the effects of  PHD1 and PHD2 
on plaque development and more obviously on plasma cholesterol levels. This might 
be explained by the fact, that PHD3 is actually upregulated in hypoxia. Also PHD3 
has a lower oxygen Km value (concentration of  oxygen required to achieve 50% of  
the maximum enzymatic activity) and might thus still be active at intermediate oxygen 
tensions (74,75), thereby regulating HIF responses in hypoxia. PHD3 inhibition 
therefore prevents the hypoxic feedback response (74) and might result in uncontrolled 
HIF responses. Investigating cellular oxygen consumption as well as HIF stabilization 
in PHD3 deficiency macrophage and/or hepatocytes might give more insight into 
mechanisms underlying enhanced atherosclerosis and cholesterol levels.

Differential affinity of  PHD isoforms for HIF-1α and HIF-2α hydroxylation (76) could 
potentially explain their diverse functions in atherosclerosis. HIF-1α and HIF-2α are 
expressed in human plaques and correlate with plaque hypoxia and macrophages (30). 
HIF-2α deficiency has so far not been studied in atherosclerosis and plaque hypoxia 
was only assessed in one study, where macrophage-specific HIF-1α deficiency did not 
affect hypoxia (unpublished data). HIF-1α effects on atherosclerosis are summarized in 
table 2. Overall, HIF-1α deficiency also cell type-specifically and non-consistently affects 
plaque size, complicating conclusions on whether PHD effects on atherosclerosis are 
HIF-mediated.
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HIF-1α modulation Cell type Model Plaque 
size 

Plasma 
cholesterol Identified process Ref 

KO VE-Cad-Cre-
ERT2 EC 

ApoE-/-, tamoxifen-induced 
KO prior to start of diet ↓  = ↓ monocyte adhesion 

macrophage accumulation  (77) 

HIF-α KO Local 
adenovirus 

ApoE-/- wire-induced vascular 
injury ↓  ND ↓ VEGF-A expression (78) 

HIF-α KI Local 
adenovirus 

ApoE-/- wire-induced vascular 
injury ↑  ND ND (78) 

KI Mainly CD4+ T 
cells  

ApoE-/-, systemic plasmid 
infusion, mainly accumulates 
in CD4+ T cells 

↓  = ↓ IFN-γ in CD4+ T cells and 
aortas (79) 

KO 
 CD11c+ cDC/mf LDLr-/- ↑  = 

Increased T cell 
recruitment, likely 
attributable to cDCs 

(80) 

KO 
 LysMCre Mf LDLr-/- =     =  No effect on plaque 

hypoxia (80) 

KO Local HIF-1α 
siRNA 

ApoE-/- wire-induced vascular 
injury ↓ ND Reduced smooth muscle 

cell content (81) 

HIF-2α stabilization Liver C57BL/6, vHL deletion ? ↑ Decreased bile acid 
synthesis and signaling (82) 

HIF-1α stabilization Liver C57BL/6, vHL deletion ? = HIF-1α stabilized (82) 

HIF-α stabilization Intestine C57BL/6, vHL deletion ? = HIF-1α & HIF-2α stabilized (82) 

HIF-α stabilization Mf C57BL/6, vHL deletion ? = HIF-1α & HIF-2α stabilized (82) 

 
Table 2: HIFs in atherosclerosis and plasma cholesterol regulation in vivo. 
KO – deficiency; KI – knockin; cDC – conventional dendritic cell; mf  – macrophage; ND – not determined; ApoE 
– apolipoprotein E; vHL – von Hippel Lindau; VEGF-A – vascular endothelial cell growth factor A; IFN-γ – 
interferon γ. 

In conclusion, both PHDs and HIF-1α have cell type-specific effects on plaque 
development and progression, which need to be considered individually in order to draw 
mechanistic conclusions. All PHD deficiencies show HIF-α stabilization (76,83) and 
PHD interference may skew the HIF-stabilizing system, potentially explaining phenotypic 
differences between HIF deficiency and PHD deficiency models. In fact, PHD isoform 
inhibition reflects a much more subtle intervention as compared to HIF interference, 
as the remaining PHD isoforms can still fullfil their task in HIF hydroxylation. Next 
to that, PHDs have additional binding partners and potentially even hydroxylation 
substrates (discussed in chapter 1), which could exert effects on atherogenesis. Thus, 
we are only beginning to understand the oxygen sensors PHDs in atherosclerosis and 
other disease conditions. Further cell type-, tissue- and PHD isoform-specific studies 
will reveal further applicability of  these proteins as therapeutic targets. 
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HYPOXiA AND CHOLESTEROL METABOLiSM

Interestingly, we could show a novel contribution of  oxygen sensor PHDs to cholesterol 
metabolism regulation in chapters 5 and 6. These data suggest a link between hypoxia 
and cholesterol metabolism. Indeed, on the one hand, oxygen breathing in rabbits and 
humans seemed to decrease plasma cholesterol levels, as presented already in the 1950s 
by Altschul (13), and exposure of  mice to continuous (82) or intermittent hypoxia has 
actually enhanced serum cholesterol levels (84). On the other hand, reversing intermittent 
hypoxia using continuous positive airway pressure in sleep apnea patients reduced serum 
cholesterol levels in one randomized clinical trial (85), but not in three others (17,86,87). 
These diverse outcomes of  hypoxia on cholesterol metabolism might not be surprising, 
considering the complexity of  cholesterol metabolism involving crosstalk of  multiple 
organs (including liver, intestines but also peripheral tissue) as well as multiple processes 
(cholesterol synthesis, reverse cholesterol transport, lipoprotein metabolism, cholesterol 
absorption etc.), 

Hematopoietic deficiencies did not affect plasma cholesterol levels, except a minor 
decrease in plasma cholesterol levels for the myeloid PHD2 deficiency model after 
12 weeks high cholesterol diet (Theelen, Marsch et al. in preparation). Despite this 
cholesterol-lowering, mice actually presented with larger plaques. Hematopoietic cells 
can affect cholesterol metabolism e.g. in the liver, where Kupffer cells can take up 
cholesterol in high cholesterol fed rabbits (88). Indeed, Kupffer cell depletion could 
prevent steatosis (89), showing a role in cholesterol metabolism. To what extent these 
hepatic macrophages can contribute to cholesterol clearance from plasma however is 
unknown. Next to using cholesterol for cellular functions, peripheral cells including 
macrophages contribute to cholesterol metabolism is reverse cholesterol transport 
(RCT). Macrophages can affect RCT via increased cholesterol efflux to HDL mainly. 
This process is mediated by ABCA1 and ABCG1 and potentially SR-B1, though the 
latter is not yet confirmed in vivo (90). Mechanistically, Parathath and colleagues could 
show that hypoxia and subsequent HIF-1α stabilization actually decreased ABCA-1 
expression levels with subsequent reduction in cholesterol efflux to ApoA1 (a form 
of  pre-β-HDL) in vitro. In line, HIF-1α over-expression reduced cholesterol efflux 
from macrophages, which was even further decreased upon hypoxia in vitro (91). This 
would suggest reduced cholesterol efflux in PHD2 deficient macrophages in our model 
(Theelen, Marsch et al. in preparation), but cholesterol efflux capacity of  PHD2 deficient 
macrophages remains to be confirmed. On top of  that, hypoxia and HIF stabilization 
have been shown to enhance cholesterol accumulation in multiple cell types and organs. 
Hypoxic macrophages showed enhanced cholesterol uptake via Lox-1 upon hypoxia 
(92), and RNA interference with HIF-1α could inhibit foam cell formation in vitro (93). 
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In our model of  macrophage-specific PHD2 deficiency, we did not investigate foam cell 
formation (Theelen, Marsch et al. in preparation) and overall, the mechanism underlying 
macrophage PHD2-mediated cholesterol lowering remains to be established. Against 
a possible role of  HIF-1α, are the data from Chaudhari et al., who showed no effect 
of  lysMCre HIF-1α deficiency bone marrow transplantations on plasma cholesterol 
levels after 6 weeks of  1.25% cholesterol diet (80). Likewise, macrophage-specific 
von Hippel Lindau deletion, resulting in both HIF-1α and HIF-2α stabilization, did 
not affect plasma cholesterol levels either (82). Thus, the cholesterol-lowering seen in 
myeloid PHD2 deficient mice might not be mediated by HIFs (Theelen, Marsch et al. 
in preparation). Neither hematopoietic PHD1 nor PHD3 deficiency show an effect on 
plasma cholesterol levels. PHD3 is actually higher expressed in peritoneal macrophages 
(www.immgen.org), which could however not result in a cholesterol phenotype. Thus 
PHD2 function rather than expression abundance seems critical for macrophage-
mediated effects on cholesterol metabolism. 

Intriguingly, while PHD1 and PHD2 whole body deficiencies reduce plasma cholesterol 
levels (chapter 5, (56,57), PHD3 ablation had an opposite, albeit modest effect on plasma 
cholesterol (chapters 6). The relatively small effect size in PHD3 deficiency might be due 
to the already oversaturated plasma cholesterol levels of  mice on high cholesterol diet. 
Alternatively, PHD3 activity or expression might not be sufficient to affect lipid profiles 
to the same extend as PHD1 and PHD2. 

Interestingly, the cholesterol synthesis pathway is generally considered a highly oxygen-
consuming pathway (94,95) and accordingly, hypoxic kidney fibroblast-like cell lines and 
ovarian epithelial cell-like cells (1% oxygen) showed enhanced lanosterol accumulation 
and subsequent degradation of  HMG-CoA reductase. HMG-CoA reductase presents 
the rate-limiting step in cholesterol synthesis and upon degradation, cholesterol synthesis 
is presumably reduced (96). Tracing glucose and glutamine derived carbons showed 
reduced incorporation into cholesterol from glucose and glutamine in a metastatic 
histiocytoma cell line upon hypoxia, suggesting reduced cholesterol synthesis at least 
from these precursors (97). Alternatively, hepatic HMG-CoA levels in rats exposed to 
whole body hypoxia were not altered, suggesting unchanged hepatic cholesterol synthesis 
(98). In contrast, Parathath et al. could show increased HMG-CoA reductase expression 
in hypoxia macrophages in vitro. This upregulation was also HIF dependent and resulted 
in increased cholesterol synthesis in hypoxic, HIF-1α positive macrophages (91). Thus, 
macrophages seem to increase cholesterol synthesis upon HIF-1α stabilization, while 
in other cell-types cholesterol synthesis is unchanged or even decreased. Indeed, 
Rahtu-Korpela et al. suggest hampered hepatic cholesterol synthesis as the underlying 
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cause of  plasma lowering in PHD2 hypomorphic mice (56,57). However, these cholesterol 
synthesis measurements should be considered with caution. Simultaneous alterations 
in other cholesterol handling pathways, such as reduced cholesterol efflux, can affect 
the intracellular cholesterol pool, thereby affecting the intracellular tracer concentration. 
Correction for the appropriate cholesterol pool (if  measuring tracer accumulation in 
plasma, thus plasma cholesterol pool) was indeed not considered in the study by Rahtu-
Korpela et al. and the data should be validated. In our studies, we corrected for the 
total plasma contained cholesterol levels (pool) when analyzing 13C-incorporation into 
cholesterol in plasma. Based on this analysis, whole body cholesterol synthesis was not 
altered by PHD1 deficiency (chapter 5) and whether cholesterol synthesis is altered in 
PHD2 or PHD3 deficiency remains to be established. 

PHD3 ablation has been shown to stabilize HIF-2α in livers (99) and cholesterol 
elevation might indeed be HIF-2α-mediated. Hypoxic HepG2 showed enhanced lipid 
and cholesterol accumulation upon HIF-2α mediated ABCA1 downregulation in vitro 
(100). In line with that, liver weights were much increased in whole body PHD3 deficient 
mice (chapter 6). In vivo, Ramakrishnan et al. found that HIFα stabilization obtained 
by postnatal hepatic von Hippel Lindau (vHL)-deletion enhanced hepatic and plasma 
cholesterol levels. Effects were mainly dependent on HIF-2α-mediated limitation of  
bile acid metabolism and biliary cholesterol clearance (82). Also in our hands, combined 
hepatic and intestinal HIF-2α knockdown could increase plasma cholesterol levels 
in LDLr deficient mice but not in PHD1 deficient animals (chapter 5). Thus, PHD3 
deficiency-mediated HIF-2α stabilization is likely to promote the hypercholesterolemia 
seen, while cholesterol-lowering in PHD1 consequently HIF-2α independent. 
Interfering with hepatic HIF-2α expression in PHD3 deficient mice (e.g. via antisense 
oligonucleotides) would reveal whether PHD3 deficiency mediated cholesterol-raising is 
HIF-2α dependent.

Overall, whole body PHD1 and PHD2 interference protected from diet-induced 
hypercholesterolemia (chapter 5, (56)). Also in the human situation general inhibition 
of  all PHDs by Roxadustat and GSK1278863 mirrored the cholesterol-lowering effect 
seen in PHD1 and PHD2 deficient mice (101,102). This data again highlights the 
delicate balance of  PHD induced HIF hydroxylation. While PHD3 deletion, as well 
as hepatic vHL deficiency, with subsequent maximal HIF-1 and HIF-2 stabilization, 
show profound cholesterol-accumulating effects, interfering with oxygen sensors PHD1 
and PHD2 upstream of  HIFs skews the system to the opposite phenotype. Thus 
PHD isoforms have a differential and partially HIF-independent mode of  action on 
cholesterol metabolism.
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Mechanistically, we could show enhanced trans-intestinal cholesterol excretion (TICE) 
to underlie the phenotype in PHD1 deficient mice (see Figure 4), while the mechanism 
in PHD2 hypomorphic mice remains obscure. 

  

Figure 4: 
A. Proposed processes involved in cholesterol-lowering and atheroprotection seen in PHD1 deficient mice. B. pimonidazole 
staining on swiss-roles of  LDLr-/- and PHD1-/-LDLr-/- intestines. 

TICE is a complex process and its regulation is far from clear. Looking at the intestinal 
epithelium lining, PHD1 deficient mice did not show a difference in pimonidazole 
staining (Figure 4) or general morphology (chapter 5). TICE has been described as an 
active transport process, with medium oxygenation enhancing TICE in an ex vivo TICE 
model (103). While this suggests a link to oxygen consumption in PHD1 deficient mice, 
the ex vivo system has major drawbacks in its translation to the in vivo situation and 
results from the ex vivo system remain to be confirmed. As an indication of  its intestinal 
function, PHD1 deficiency has been described to enhance epithelial barrier function 
and prevent colitis (3). Also DMOG and FG4497, which preferentially inhibit PHD2, 
showed similar effects on intestinal epithelial cell function (104,105). However, whether 
improved intestinal barrier function is linked to cholesterol uptake or TICE is unknown.

More relevantly, bile composition might affect TICE efficiency (reviewed in (106)). 
Using NPC1L1 transgenic mice, with enhanced NPC1L1 expression in the liver, 
reduced biliary cholesterol excretion was shown to promote TICE. Also in our hands, 
biliary cholesterol excretion was decreased in PHD1 deficient mice (chapter 5) and bile 
acid composition in bile was shifted towards hydrophilic chenodeoxycholate (CDCA) 
– derived bile acids (Figure 5A). However, a direct molecular link between bile acid 
composition and TICE induction as well as PHD1 deficiency and bile composition 
remains to be shown. Also, the gut microbiota has recently been shown to reduce tauro-
beta-muricholic acid (Tβ-MCA) in bile, a naturally occurring FXR antagonist (107). 
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Biliary Tβ-MCA levels were actually enhanced in PHD1 deficient mice as compared to 
their controls (Figure 5B), potentially suggesting altered microbiota in PHD1 deficient 
mice. In line with Tβ-MCA, FXR target genes such as SR-B1 and ABCG5/8 were 
upregulated in the PHD1 deficiency livers (chapter 5, Figure 5C). Interestingly, hepatic 
FXRα2 over-expression has recently been shown to promote TICE (108), though the 
phenotype did not completely match our phenotype. For example, FXRα2 transduction 
did not affect intestinal cholesterol absorption, which was increased in PHD1 deficient 
mice (chapter 5). Also, other FXR target genes, such as SREBP1, Cy7A1 and CYP27A1 
were not affected in PHD1 deficient mice. Also FXR transcription itself  was not altered. 
This partial activation might be related to presence of  co-activators and repressors as 
well as hetero-dimerization partners (FXR/RXR) (109). Thus, FXR might present a 
valid candidate in PHD1 mediated cholesterol lowering.

Figure 5: Changes in bile acid regulation in PHD1 deficient mice. 
A. Switch in bile composition from cholic acid (CA) towards chenodeoxycholic acid (CDCA). B. Tβ-MCA levels are 
elevated in the bile of  PHD1 deficient mice. C. Hepatic FXR target genes are differentially regulated in PHD1 deficient 
mice. Data is presented relative to expression in LDLr-/- mice. 

The presence of  TICE has recently also been suggested in humans intestines ex vivo 
(103). Additional circumstantial evidence for TICE comes from looking at the whole 
body cholesterol balance (figure 6). Overall, non-biliary cholesterol excretion might 
present a valid new target in reducing plasma cholesterol levels and protecting from 
atherosclerosis progression. In fact, enhancing biliary cholesterol excretion as in 
traditional HDL-mediated RCT, might not be desirable as it promotes cholesterol 
gallstone disease (110,111).
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Figure 6: Calculation of  TICE (in red) in humans.
Although there are inter-individual differences, a dietary cholesterol intake of  500mg/ can be estimated. With a biliary 
cholesterol excretion of  1200mg/d and 1200mg/d being reabsorbed, this means that a daily neutral sterol excretion in 
feces of  800mg/d exceeds cholesterol intake by 300mg/d. While desquamated epithelium might contribute some of  the 
fecal neutral sterols, there must be an alternative route of  cholesterol excretion (in red) from plasma into the feces also in 
humans (112). Additionally, cholesterol is used for cell membranes and as precursor for hormones and vitamin D (113), 
and cholesterol synthesis is required to fulfill the daily cholesterol need. 

In conclusion, most evidence points towards increased plasma cholesterol levels 
upon systemic hypoxia. In line with that whole body PHD3 deficiency promoted 
hypercholesterolemia. Nevertheless, manipulation of  hypoxic signaling in mice deficient 
in the major PHD isoforms, PHD1 and PHD2, led to reduced plasma cholesterol levels. 
These data suggest differences between PHD deficiency-mediated hypoxic signaling as 
opposed to systemic hypoxia or sole HIF signaling in plasma cholesterol level regulation. 

PHDs in obesity And diAbetes

Next to cholesterol metabolism, PHDs have recently been studied in diet-induced 
obesity and diabetes models. Postnatal whole body PHD2 deficiency could attenuate 
high fat diet-induced apoptosis and cardiac dysfunction (114), and also adipocyte-
specific PHD2 deletion conferred resistance to high fat diet-induced obesity. Mice 
showed improved glucose tolerance and insulin resistance due to uncoupling protein 1 
(UCP-1) mediated brown adipose tissue (BAT) activation (115). In line, Rahtu-Korpela 
et al. show reduced adipocyte size in a hypomorphic model of  PHD2 deletion, with 
lowered plasma cholesterol levels and improved glucose and insulin tolerance (57). The 
authors describe no difference in BAT activation, based on unchanged BAT UCP-1 
mRNA expression. However, it has been realized that mRNA expression levels of  UCP-
1 have weak association with BAT activation and thermogenesis and in fact, protein 
levels have to be analyzed to allow conclusions about brown adipose tissue activation 
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(116). Thus, enhanced BAT activation might still underlie the improved glucose tolerance 
and insulin resistance seen in PHD2 hypomorphic mice. Similarly, PHD1 deficiency 
reduced adiposity and plasma glucose levels and improved glucose intolerance (figure 
7), an effect that could potentially also be mediated by UCP-1 mediated BAT activation. 
Indeed, mice lacking HIF-2α specifically in white and brown adipocytes present 
with the reverse phenotype: increased weight gain upon diet induced obesity, insulin 
resistance and glycose intolerance. Also these mice show reduced BAT UCP-1 content 
and enhanced adipocyte size (117). Fat-tissue specific HIF-2α in PHD1 deficient mice 
would give insights into whether improved glucose tolerance is HIF-2α dependent in our 
model. Also, specifically targeting HIF-α could be shown to improve glucose tolerance 
and energy expenditure in mice (118). As a major drawback of  these murine adiposity 
studies, however, mice show rapid adipose tissue expansion during high fat diet, with 
associated hypoxia and lack of  adequate neovascularization. This is not necessarily true 
for human slowly growing adipose tissue expansion, as critically reviewed in (119). Thus 
the translation of  interfering with hypoxic signaling in humans remains to be shown and 
should be monitored carefully. 

For PHD3, only one study has been published so far, where acute hepatic PHD3 
deletion improved insulin sensitivity and ameliorated diabetes by stabilizing HIF-2α, with 
subsequent insulin receptor substrate-2 (Irs2) induction (120). Irs2 in turn is known to 
promote insulin sensitivity (121). Interestingly, both HIF-2α and Irs2 were required for 
the improved insulin resistance, for the first time linking hypoxic signaling with insulin 
signaling (120). As mentioned, hepatic HIF-2α stabilization has recently been shown to 
profoundly increase plasma cholesterol levels (82). However plasma cholesterol levels 
were not investigated in the PHD3 diabetes study and might also show different results 
due to different diets.

Figure 7:
PHD1 deficiency reduces blood glucose levels and glucose intolerance upon high fat diet (14 weeks, 60%kcal%fat). 
Adipocyte size in PHD1-/-LDLr-/- mice upon high cholesterol diet is also reduced. (Adjusted from Marsch et al. EHJ, 
accepted)
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To conclude, whole body PHD inhibition seems to improve glucose tolerance, reduce 
adiposity and might affect diabetes, independent of  isoform inhibition in mice. This is 
in contrast to differential isoform effects on atherosclerosis and hypercholesterolemia 
investigated in this disseration. Yet, the processes involved in improving glucose 
tolerance might differ between the PHD isoforms.  

DEVELOPMENT OF SPECiFiC PHD1 iNHiBiTORS 

Cardiovascular diseases remain the main cause of  death globally (122). Although the 
incidence of  myocardial infarctions decreases in the western world due to life style 
improvements or other risk-factor modification as well as therapeutic advances (123), 
coronary event numbers are rising in the low-to-middle income countries (124). Indeed 
82% of  all non-communicable diseases (CVD, cancer, chronic respiratory diseases and 
diabetes) occur in low and middle income countries of  which 37% are caused by CVDs 
(122). On the one hand, this shows that our current strategies are effective in lowering 
CVD in the western world, though they have not yet reached the low-to-middle income 
countries. On the other hand, we need additional strategies to treat the remaining still 
impressive number of  CVD patients. 

As summarized in chapter 1, atherosclerosis is considered a cholesterol-driven chronic 
inflammatory disease. Current therapies for atherosclerosis involve surgical removal 
of  the plaque and risk factor management mainly, with anti-inflammatory agents 
undergoing clinical trials at the moment. While the effectiveness of  the latter remains to 
be shown, epidemiological evidence mainly points towards risk factor management as a 
good therapeutic strategy. Indeed, diabetes increases coronary atherosclerosis risk by 3-5 
fold (125,126) and hypertensive patients show a 27% increase in myocardial infarctions 
(MI) and 42% increase in stroke compared to healthy controls (127). Anti-hypertensives 
in turn reduce stroke risk by 42% and MI risk by 14% (128). 

More strikingly, the evidence linking serum cholesterol levels with CVD is unequivocal. 
Individuals with familial hypercholesterolemia (FH) due to a mutation in the LDLr gene, 
present a 2-3 fold increase in cholesterol levels, solely attributable to LDL-C elevation. 
Of  these individuals, 85% will have experienced a MI by the age of  60 (129). These 
data show a strong influence of  cholesterol and particularly LDL-C elevation on 
atherosclerotic disease risk. Indeed, statins can lower plasma LDL-C levels by 28% and 
reduce coronary events by 29% (130). However, also statins are not a wonder drug. 
Indeed, only fewer than 1 in 3 adults in the US with elevated LDL-C levels achieve 
desired LDL-C lowering with statins (131). This is partially due to wrong dosing of  
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statins, but also statin resistance (132,133) and even intolerance has been described (134). 
Thus, new or additional approaches in cholesterol –lowering are desirable. As an example 
of  a new approach, PCSK-9 targeting is currently explored in clinical trials. A recent meta-
analysis shows a tremendous 60% reduction in LDL cholesterol and reduced incidence of  
all-cause mortality (135–137).

Although these are extremely promising data, new cholesterol-lowering approaches present 
valid strategies to reduce atherosclerotic disease risk. In this thesis, we describe the potential 
of  cholesterol-lowering via PHD1 inhibition. Mechanistically, the process was independent 
of  cholesterol synthesis or LDLr effects (chapter 5). We therefore envision PHD1 inhibition 
as a potential add-on novel therapy in hypercholesterolemia treatment. Additionally, we 
could show a metabolically favorable phenotype in PHD1 deficiency, which showed reduced 
hypercholesterolemia to approximately the same extend as statins, circulating immune cells, 
atherosclerotic plaque development (chapter 5) and glucose intolerance (chapter 7). Thus, 
PHD1 inhibition might have additional applications in metabolic disease per se. 

PHD inhibitors are currently undergoing clinical trials as erythropoiesis-stimulating drugs for 
anemia patients (www.clinicaltrials.org). These data show the drugability of  PHDs and short-
term safety of  interfering with PHDs systemically. However, inhibitors in clinical trials mainly 
target PHD2. As a note of  caution on PHD2 inhibition in cardiovascular disease though, 
there are also reports on cardiac-specific PHD2 inactivation causing cardiomyopathy over 
time (138). The premature lethality of  PHD2 whole body deficient mice and development 
of  dilated cardiomyopathy in tamoxifen-induced PHD2 deficiency (injections near term 
and 3 weeks after birth) (139) raise additional concerns of  PHD2 inhibition in CVD. Also, 
PHD2 deficiency is a major inducer of  HIF-dependent erythropoiesis (140). While PHD2 
inhibition is thus beneficial in anemia patients (see chapter 1), raising erythropoiesis and 
elevating hematocrit in subjects with normal erythrocyte counts, could potentially thwart 
the beneficial cardiovascular effects by possible effects on thrombosis (141–143). PHD2 
inhibition might thus not be preferable. PHD3 is equally unattractive as a therapeutic target, 
as PHD3 deficiency actually enhanced plasma cholesterol levels (chapter 6).

As an indication on safety of  targeting PHD1 specifically, polymorphisms and disease 
outcome can be checked. This will give additional insight into the exact function of  
protein domains. Indeed, one functional polymorphism has been described for PHD1. A 
polymorphism in the PHD1 proximal promoter (rs10680577) resulted in enhanced PHD1 
protein expression and simultaneous RERT-lncRNA expression (a long noncoding RNA 
whose sequence overlaps with Ras-related GTP-binding protein 4b (RAB4B) and EGLN2). 
While the mechanism of  PHD1 overexpression in this case is unknown the authors suggest 
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that RERT-lncRNA affects recruitment of  general transcription factors onto the 
promoter of  PHD1 (144). This polymorphism increased risk for gastric cancer (145), 
non-small lung cancer (146) and hepatocellular carcinoma (144) in Chinese populations. 
Thus even in these cancers, PHD1 inhibition might be favorable. However, cancer 
cells have to be considered with caution. Although PHDs might be overexpressed in 
tumors, this does not necessarily imply more HIF degradation in tumor tissue. In fact, 
fumarate hydratase and succinate dehydrogenase mutations, resulting in succinate and 
fumarate accumulation in tumors have been described. In turn accumulating succinate 
and fumarate can reduce PHD activity, thereby resulting in HIF stabilization (147,148). 
Likewise, ectopic expression of  PHD1 in a mouse xenograft colon carcinoma model 
inhibited tumor growth and microvessel growth by inhibiting HIF-1 (149). In line with 
those results, an additional germ-line mutation has been identified in one patient with 
pheochromocytoma/paraganglioma-polycythemia. The mutation was located in the C 
terminus of  the protein and resulted in reduced stability of  the PHD1 protein with a 
5 fold reduced half-life. Also, HIF-1 and HIF-2 were stabilized in tumor tissue of  this 
patient and EPO responsiveness was increased (150). Obviously, this case-study does 
not allow any conclusions on erythropoiesis and cholesterol levels. Moreover, we and 
others do not find any erythropoiesis effects of  PHD1 inhibition in murine models 
(chapter 5 (45)). Nevertheless, the human situation should be monitored carefully, in 
particular for cancer patients in general.

PHD inhibitors undergoing clinical trials at the moment are selective for PHD2, 
partially due to the relative abundance of  PHD2 and partially based on affinity selection, 
but specific inhibitors for the other PHD isoenzymes are still lacking.  In silico drug 
screening using PHD specific 3D structures might provide a tool for generating specific 
inhibitors. Crystal structures for in silico screening but also structure-function analysis 
are available for FIH (151–153) and truncated versions of  PHD2 (154–157). For PHD2 
structures, Christopher Schofield has pioneered the field. His group could show that 
only truncated PHD2 proteins (lack of  N terminus) render highly active protein and 
thus they established a series of  3D structures of  the C terminus of  PHD2. In those 
structures, they also identified a mobile region within the protein that isolated the active 
site and stabilizes the PHD2/Fe2+/2OG complex (154). Based on these structures, 
in silico screening for small molecule inhibitors of  PHD2 has been successfully executed 
(158). 

The difficulty of  generation a 3D structure of  the whole PHD protein has complicated 
the generation of  PHD isoform specific inhibitors. Thus, we are exploiting the potential 
of  in silico modeling of  the PHD1 structure derived from PHD2 structures. This is 
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relatively reliable for the C terminus because of  the great homology between the PHD 
isoforms and the availability of  the C terminal structure of  the PHD2 protein. As a 
result of  the C-terminal homology, the N terminus might actually confer substrate 
specificity. We have additionally made a de novo N terminal model, however, de novo 
modelling is generally considered less reliable than 3D structure based design (Figure 8). 

Figure 8: PHD1 3D structure with druggable pockets.
 A. 3D structure PHD1 derived from PHD2 structures (www.rcsb.org) white, yellow and green indicate druggable 
pockets identified with ICM-Pocket Finder and QSiteFinder. B. De novo model of  PHD1 N terminus with in blue 
and red druggable pockets *Results obtained in collaboration with Dr. Gerry Nicolaes, Biochemistry Department, 
Maastricht University.

Simultaneously, we are making use of  state-of-the-art expression systems to produce the 
whole PHD1 recombinant protein. Insect cell-expression systems have been successfully 
used to express whole PHD1, 2 and 3  proteins, but protein yield from these systems 
was not sufficient to allow NMR or X-ray analysis. To improve yields, we have optimized 
the sequence of  the human PHD1 gene (OptimumGeneTM Codon Optimalization 
Analysis, Genscript) for various parameters critical to the efficiency of  gene expression 
in E.coli (e.g. codon usage bias, GC content and additional cryptic splicing sites). 
Next, we used the optimized sequence for cloning into a Strep-tag system for one step 
purifications (159). Expression experiments are still ongoing, but this system will allow 
fast and one-step purification of  our expressed protein of  interest, being strep-tagged 
at the N terminus. 

With this approach we aim to produce enough protein for NMR 3D structure analysis 
of  the whole PHD1 protein and in silico drug screening (by virtual compound library 
screening). Additionally, truncated versions of  the protein can then be investigated for 
structure and function. In fact, the recombinant protein will allow functional studies e.g. 
identification of  potentially novel binding or hydroxylation partners.
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Overall, PHD1 might present a novel and feasible drug target in hypercholesterolemia, 
atherosclerosis and metabolic disease. In this dissertation, we have identified a novel 
role of  PHD1 in cholesterol-lowering and attempted first steps into translating this 
finding into a drug target. In particular, statin-resistant might present an appropriate 
patient population for PHD1 inhibitors. PHD1 inhibition seems to work independently 
of  cholesterol synthesis and LDLr manipulation and affects TICE instead. Whether this 
same pathway is also affected in humans, remains to be established. The fact that also 
in humans, general inhibition of  all PHDs by Roxadustat and GSK1278863 cholesterol 
levels are lowered, however, supports our translational approach of  PHD1 inhibition 
(101,102).  

CONCLUDiNG REMARKS

In this thesis we showed an atherosclerosis-modulatory function of  plaque hypoxia 
towards and identified a novel role of  oxygen sensors in cholesterol metabolism.

Hypoxia represents a complex cluster of  reactions occurring in a range of  low oxygen 
concentrations, with amongst others HIF stabilization and subsequent target gene 
activation. Studying a complex phenomenon as this in an equally as complex and 
multifactorial disease such as atherosclerosis is challenging. Nevertheless, systemic 
oxygen therapy seems to alleviate atherosclerotic and cardiovascular disease burden, by 
reducing hypercholesterolemia, inflammation and hypertension. Seeing the widespread 
presence of  atherosclerotic disease oxygen therapy is however not feasible. 

Plaque hypoxia can result from decreased oxygen diffusion into the plaque or enhanced 
cellular oxygen consumption. Reducing cellular oxygen consumption in PHD1 deficient 
mice could indeed reduce plaque hypoxia, but a profound cholesterol-lowering effect 
overruled potential local hypoxia signaling effects of  PHD1 deficiency on plaque 
development. Dietary nitrate supplementation (to reduce cellular oxygen costs) or PHD2 
and PHD3 deficiency did not affect plaque hypoxia and these models therefore neither 
proof  nor disproof  a causal contribution of  cellular oxygen consumption on plaque 
progression. In contrast, improving oxygen delivery to the plaque by administering 
systemic carbogen gas, reduced atherosclerotic plaque necrotic core size. Overall, we 
suggest a modulatory role of  plaque hypoxia in atherosclerotic disease. 

Aside from hypoxia, we could show that PHDs have cell type- and isoform-specific 
effects on plaque development and progression and affect different atherosclerotic 
processes. Similarly, PHD deficiency differentially affected plasma cholesterol levels. 
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In contrast, whole body PHD inhibition seems to improve glucose tolerance, reduce 
adiposity and might affect diabetes, independent of  isoform inhibition in models of  
diet-induced obesity. While, general PHD inhibition has been shown to also lower 
plasma cholesterol levels in humans, adiposity effects remain to be translated to humans. 

Cell type- and isoform-specificity thus has to be considered when investigating PHDs 
as potential therapeutic targets. In line with that, combinatory inhibition (e.g. PHD1 and 
PHD3) might present with even more diverse outcomes and potential in translational 
research. Nonetheless, as our study shows, PHD1 inhibition presents a feasible and 
attractive drug target in hypercholesterolemia and atherosclerosis alleviation. 
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SUMMARY

Atherosclerosis is slowly progressing cholesterol-driven chronic inflammatory disease. It 
represents the underlying pathology of  stroke and myocardial infarction and treatment 
nowadays mainly consists of  surgical removal of  the plaque, as well as risk factor 
management, e.g. serum cholesterol lowering as well as hypertension and diabetes 
management. A common feature of  atherosclerotic plaques is hypoxia, a phenomenon 
that has been realized but never causally studied with respect to atherosclerotic plaque 
progression. In this dissertation, it was hypothesized that plaque hypoxia is causal to 
atherosclerotic disease progression. 

First, the literature on hypoxia and inflammation in atherosclerosis was studied (chapter 
2). Indeed, the presence of  plaque hypoxia had been realized across species and hypoxia 
had mainly been studied with respect to macrophage function, inflammatory signaling 
and lipid handling in vitro.  

In order to establish a causal relationship, two general approaches to reduce atherosclerotic 
plaque hypoxia were exploited in this dissertation, namely on the one hand enhancing 
oxygen availability and on the other hand reducing cellular oxygen consumption within 
the plaque.

In chapter 3, the onset and localization of  plaque hypoxia in murine atherosclerosis was 
studied. Also the effect of  increasing systemic oxygen availability by subjecting mice to 
carbogen gas (95% oxygen) breathing was investigated with respect to atherosclerosis 
development. Plaque hypoxia was found to be present in murine atherosclerotic plaques 
from plaque initiation on. Also, carbogen breathing actually reduced plaque hypoxia 
and decreased necrotic core expansion, likely by improving macrophage efferocytosis 
potential in the plaque. Thus, plaque hypoxia is reversible and affects atherosclerotic 
plaque development. Additionally, as even early plaques (fatty streaks) were hypoxic, 
oxygen consumption in the plaque rather than oxygen diffusion distance seemed to 
determine plaque oxygenation. 

Next, the effect of  reducing cellular oxygen consumption on plaque hypoxia was 
investigated. Dietary nitrate has been shown to improve mitochondrial respiration thus 
resulting in similar energy levels, with reduced oxygen consumption in skeletal muscle. 
Therefore, dietary nitrate supplementation was studied in atherosclerosis development 
and plaque hypoxia, presented in chapter 4. Prolonged dietary nitrate supplementation 
did not affect atherosclerotic disease burden or plaque hypoxia, nor did it exert obvious 
systemic side effects. While, short term dietary nitrate (2 weeks) increased plasma nitrate 
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and nitrite levels, this effect was no longer observed upon prolonged dietary nitrate 
supplementation (14 weeks). These data suggest a compensatory downregulation of  
plasma nitrate and nitrite levels upon prolonged dietary nitrate supplementation. Also, 
initial increases in nitrate and nitrite levels were not sufficient to affect atherosclerotic 
plaque burden or plaque hypoxia. No conclusions on a role of  cellular oxygen 
consumption in plaque progression can be drawn from this model. 

In chapters 5 and 6, cellular oxygen consumption was reduced by interfering with 
intracellular hypoxic signaling. Deficiency of  prolyl-hydroxylases 1 (PHD1) has been 
shown to reduce cellular oxygen consumption, by switching cellular metabolism towards 
glycolysis. Indeed, PHD1 deficiency could reduce atherosclerotic plaque hypoxia 
(chapter 5). However, profound cholesterol-lowering seen in PHD1 deficient mice 
obscured potential effects of  hypoxia on plaque progression. In turn, PHD3 did not alter 
atherosclerotic hypoxia (chapter 6) and neither of  the models in chapter 5 and 6 thus 
allow for solid conclusions on the causal contribution of  cellular oxygen consumption to 
plaque progression. Overall, these data suggest a more modulatory function of  plaque 
hypoxia, which is easily overruled by other atherogenic players. 

In chapter 5 the mechanism of  plasma cholesterol-lowering by PHD1 deficiency was 
further investigated. Also the role of  hematopoietic PHD1 deficiency as opposed 
to whole body PHD1 interference in atherosclerosis and cholesterol-lowering was 
studied. Cholesterol-lowering was mainly mediated by the stromal compartment lacking 
PHD1 and was shown to be mediated by enhanced cholesterol efflux in the feces by 
elevated trans-intestinal cholesterol efflux. The cholesterol-lowering seen seemed to be 
independent of  downstream hypoxia-inducible factor stabilization. 

In turn, whole body PHD3 deficiency slightly increased plasma cholesterol levels, as 
presented as initial findings in chapter 6. Additionally, hematopoietic PHD3 deficiency 
enhanced atherosclerotic disease burden and intra-plaque apoptosis, through a yet 
unknown mechanism. Whole body PHD3 deficiency in turn, did not alter atherogenesis. 
These two chapters demonstrated great diversity in PHD isoform effects on 
atherosclerotic plaque progression, hypoxia and lipid metabolism. 

In chapter 7, the experimental findings of  chapters 2 to 6 and their implications were 
discussed. The studies presented in this dissertation suggest a modulatory role of  plaque 
hypoxia in atherosclerotic disease progression. Other atherogenic factors, such as plasma 
cholesterol levels, clearly outrun potential hypoxia effects. Aside from hypoxia, the data 
showed PHD interference isoform- and cell type- specific effects on atherosclerosis 
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development, hypoxia and cholesterol metabolism. In contrast, PHD inhibition seemed 
to improve glucose tolerance, reduce adiposity and potentially even alleviated diabetes 
independent of  the PHD isoform (chapter 7). In sight of  general PHD inhibitors 
undergoing clinical trials, isoform-specific and cardiovascular effects need to be 
evaluated in those studies. Along those lines PHD1 isoform-specific inhibition might 
present a valuable and attractive strategy for atherosclerosis and cholesterol metabolism. 
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SAMENVATTiNG

Atherosclerose ontwikkelt zich onder invloed van verhoogde cholesterolwaarden in het 
bloed (hypercholesterolemie) en lokale, chronische ontstekingsreacties. Deze ziekte is de 
oorzaak van een beroerte of  hartinfarct. De huidige behandeling bestaat uit het operatief  
verwijderen van de atherosclerotische plaque, en behandeling van risico factoren zoals 
verhoogde cholesterolwaarden, bloeddruk en suikerziekte (diabetes). Er is aangetoond 
dat atherosclerotische hypoxisch zijn, maar er is nog geen oorzakelijk verband aangetoond 
met de ontwikkeling van de atherosclerotische plaque. In dit proefschrift is de hypothese 
onderzocht of  plaque hypoxie causaal gerelateerd is aan atherogenese. 

Eerst is de literatuur over hypoxie en inflammatie bestudeerd (hoofdstuk 2). Deze 
literatuurstudie toonde aan dat de aanwezigheid van plaque hypoxie werd bevestigd in 
verschillende species. Hypoxie werd in vitro vooral bestudeerd in relatie tot macrofaag 
functie, de gevolgen van inflammatie en lipide metabolisme. 

Om een causale relatie tussen hypoxie en atherogenese vast te stellen in dit proefschrift, 
werd op twee manieren plaque hypoxie verminderd. Enerzijds werd de beschikbaarheid 
van zuurstof  verhoogd en anderzijds werd het zuurstof  verbruik door cellen in de 
plaque verlaagd. 

In hoofdstuk 3 werd het tijdsverloop en de locatie van hypoxie in een muismodel voor 
atherosclerose bestudeerd.  Plaque hypoxie werd gedetecteerd vanaf  de eerste plaque 
ontwikkeling en voornamelijk aanwezig in plaque macrofagen. Aangezien zelfs vroege 
plaques hypoxisch waren, wordt de zuurstof  status van de plaque waarschijnlijk bepaald 
door  verhoogde zuurstofconsumptie en niet verlaagde zuurstoftoevoer. In dit hoofdstuk 
werd ook het effect van verhoogde systemische zuurstoftoevoer op atherogenese in de 
muis bestudeerd door muizen carbogeen gas met 95% zuurstof  te laten inhaleren. Dit 
verminderde plaque hypoxie en de ontwikkeling van de necrotische kern, waarschijnlijk 
door de fagocytose van apoptotische cellen door plaque macrofagen te verbeteren. 
Plaque hypoxie is dus reversibel en oorzakelijk gerelateerd aan  atherogenese in muizen. 

Vervolgens werd het effect van verlaagde zuurstofverbruik op plaque hypoxie en 
atherosclerose bestudeerd. Er is aangetoond dat orale nitraat supplementatie de 
mitochondriale ademhalingsketen efficiënter maakt, wat resulteert in gelijke energie 
productie met een verminderde zuurstofconsumptie in skeletspieren. Het effect van 
orale nitraat supplementatie op atherogenese en plaque hypoxie werd dus bestudeerd 
in hoofdstuk 4. Langdurige supplementatie gedurende 14 weken leidde niet tot 
veranderingen in atherogenese en plaque hypoxie, noch tot systemische bijwerkingen. 
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Ondanks verhoogde plasma nitraat en nitrietwaarden na korte supplementatie gedurende 
de eerste 2 weken, waren deze waarden niet meer verhoogd na 14 weken. Deze data 
suggereren dat er een compensatie heeft plaatsevonden wat leidde tot normalisatie van 
de verhoogde plasmawaarden tijdens langdurige supplementatie. Daarbij, was de initiële 
verhoging van nitraat en nitrietwaarden niet voldoenden om atherogenese of  plaque 
hypoxie te beïnvloeden. Er kan op basis van hoofdstuk 4 dus geen conclusie getrokken 
worden over de rol van cellulair zuurstof  verbruik in atherogenese.

In hoofdstuk 5 en 6 werd het cellulaire zuurstofverbruik verlaagd door interventies 
in de intracellulaire hypoxie signalering. Deficiëntie van  prolyl-hydroxylase 1 (PHD1) 
is bewezen te leiden tot verlaagd cellulair zuurstof  verbruik door energieproductie 
via zuurstof-besparende glycolyse te stimuleren in plaats van oxidatieve fosforylering. 
PHD1 deficiëntie in muizen verminderde inderdaad atherosclerotische plaque hypoxie 
(hoofdstuk 5), maar een verlaging van plasma cholesterol waarden maakte het onmogelijk 
om conclusie te trekken over de role van alleen plaque hypoxie op atherogenese. PHD3 
deficiëntie in muizen had geen effect op plaque hypoxie (hoofdstuk 6). Er kunnen dus 
geen betrouwbare conclusies getrokken worden over de oorzakelijke rol van cellulair 
zuurstofverbruik in atherogenese op basis van de modellen beschreven in hoofdstuk 5 
en 6. Samenvattend, deze data suggereren dat plaque hypoxie een modulerende functie 
in atherogenese hebben, naast de causale rol van bekende primaire risicofactoren zoals 
hypercholesterolemie.

In hoofdstuk 5 werd het mechanisme van de verlaagde plasma cholesterolwaarden 
door PHD1 deficiëntie verder bestudeerd.  Ook werd de bijdrage van PHD1 deficiëntie 
in hematopoietische cellen aan het effect op cholesterol en atherogenese vergeleken 
met PHD1 in niet-hematopoietische, stromale cellen. De verlaging van cholesterol 
werd vooral veroorzaakt door PHD1 deficiëntie in stromale cellen en werd gemedieerd 
door verhoogde trans-intestinale cholesterol efflux naar de feces. De waargenomen 
cholesterolverlaging lijkt onafhankelijk van de bekende PHD1 effecten op stabilisatie 
van hypoxie-induceerbare factoren.

In tegenstelling tot effecten van PHD1 op cholesterol, resulteerde deficiëntie van PHD3 
in alle lichaamscellen van de muis in licht-verhoogde plasma cholesterolwaarden, maar 
niet tot effecten op atherogenese (hoofdstuk 6). Daarentegen, leidde PHD3 deficiëntie 
in hematopoietische cellen tot grotere atherosclerotische plaques met grotere necrotische 
kern en meer intra-plaque apoptose, door een nog onbekende moleculair mechanisme. 
Deze twee hoofdstukken laten de grote diversiteit in de effecten van de verschillende 
PHD isovormen op atherogenese, hypoxie en lipide metabolisme zien.
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In hoofdstuk 7, werden de experimentele resultaten uit hoofdstuk 2-6 en de implicaties 
bediscussieerd. De studies beschreven in dit proefschrift suggereren een modulerende rol 
van plaque hypoxie in atherosclerose, naast een primaire rol van bekende risicofactoren 
zoals plasma cholesterol. Naast conclusies over plaque hypoxie, beschrijft dit proefschrift 
PHD isovorm- en celtype-specifieke effecten op atherogenese, hypoxie en cholesterol 
metabolisme. In tegenstelling tot differentiële effecten van de PHD isovormen op 
atherogenese en cholesterol, leidde deficiëntie van elke PHD isovorm tot verbeterde 
glucose tolerantie en diabetes, en verminderde groei van adipocyten (hoofdstuk 7). 
Aangezien breedspectrum PHD remmers in klinische studies bestudeerd worden, 
wordt aangeraden isovorm-specifieke en cardiovasculaire effecten in deze studies 
te evalueren. Gezien de voornamelijk positieve cardiometabole effecten van PHD1 
deficiëntie in tegenstelling tot de gemengde effecten van PHD2 en PHD3, lijkt PHD1 
isovorm-specifieke inhibitie de meest aantrekkelijke strategie voor de behandeling van 
atherosclerose en hypercholesterolemie. 



217

SummAry | Addendum i 

Ad
de

nd
um

ZUSAMMENFASSUNG

Aderverkalkung entwickelt sich unter Einfluss erhöhter Cholesterinwerte im Blut 
und lokaler, chronischer Entzündungsreaktion in der Arterie. Aderverkalkung ist die 
unterliegende Ursache von Schlaganfällen oder Herzinfarkten. Heutzutage behandelt 
man Aderverkalkungen vor allem durch operatives Entfernen der Ablagerungen 
(Plaque), und indem man versucht Risikofaktoren, sowie erhöhte Cholesterinwerte, 
Bluthochdruck und Diabetes zu minimieren. Als alternatieve haben wir in dieser 
Arbeit Sauerstoffmangel (Hypoxie) in den Ablagerungen/Plaques studiert. Es konnte 
schon gezeigt werden, dass die Plaques hypoxisch sind, aber ob diese Hypoxie an dem 
Krankheitsbild Aderverkalkung beiträgt, war noch nicht bekannt. Darum wurde in 
dieser Dissertation die Hypothese untersucht, dass Plaque Hypoxie ursächlich zu der 
Entwicklung und Verschlechterung der Aderverkalkung beiträgt.

Erst wurde eine Literaturstudie ausgeführt (Kapitel 2). In dieser Literaturstudie wurde 
deutlich, dass Plaque Hypoxie in Menschen aber auch in anderen Tiermodellen schon 
gezeigt werden konnte. Desweiteren, wurde bis jetzt vor allem der Effekt von Hypoxie auf  
„Makrofagen“ (Aufräumer-zellen in der Arterienwand) untersucht und festgestellt, dass 
diese Zellen in Hypoxie entzündende Eigenschaften annehmen und Fette aufnehmen. 

Um einen direkten ursächlichen Verband zwischen Hypoxie und Aderverkalkung 
festzustellen, wurde in dieser Dissertation von zwei grundsätzlichen Methoden um 
Plaque Hypoxie zu verkleinern Gebrauch gemacht:  Einerseits wurde die Zufuhr van 
Sauerstoff  zur Aderverkalkungsablagerung erhöht und anderseits wurde der Gebrauch 
von Sauerstoff  in der Plaque verkleinert. 

In Kapitel 3, wurde der Verlauf  der Plaque Hypoxie im Verband mit dem Plaque 
Wachstum untersucht. Zusätzlich wurde der Effekt von Sauerstoff  atmen (Carbogen 
Gas, 95% Sauerstoff) auf  Aderverkalkung Entwicklung in Mäusen untersucht. Plaque 
Hypoxie konnte schon in sehr frühen Stadien der Aderverkalkungsentwicklung 
festgestellt werden. Desweiteren, konnte erhöhte Sauerstoff  Zufuhr durch Carbogen 
Gas zu atmen, Aderverkalkungsentwicklung und vor allem Zelltod in der Arterie leicht 
vermindern. Dies war zum Teil einer erhöhten Aufraeum-funktion (Efferocytose) von 
Makrofagen in der Plaque zu zu schreiben. Ausserdem, da schon anfängliche Plaques 
hypoxisch waren, ist wahrscheinlich nicht die Sauerstoff  Zufuhr aus der Blutbahn, 
sondern erhöhter Sauerstoff  Gebrauch in den Plaques verantwortlich für die Plaque 
Hypoxie. 
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Daraufhin wurde vermindern des Sauerstoffgebrauchs in den Plaques untersucht. 
Es konnte schon gezeigt werden, dass zusätzlichen Zufuegen von extra Nitrat in 
Trinkwasser die Effizienz der mitochondrialen Atmungskette erhöht und damit mit 
weniger Sauerstoffverbrauch die gleiche Energie in Zellen erzeugt wird. Darum wurde 
der Effekt von extra Nitrat in Trinkwasser auf  Aderverkalkungsentwicklung in Mäusen 
untersucht (Kapitel 4). Langzeitiges zufuegen von nitrat hatte hier keinen Einfluss 
auf  die Aderverkalkung. Nach 2 Wochen Supplementation, wurden erhöhte Nitrat- 
und Nitrietwerte im Blut festgestellt, während die Blutwerte nach 14 Wochen Nitrat 
Supplementation wieder gesackt waren. Diese Daten deuten auf  eine Kompensierung 
der Blut Nitrat- und Nitrietwerte hin, was erklären könnte warum es keinen Unterschied 
in der Entwicklung von der Aderverkalkung gab. Von diesen Daten kann darum auch 
keine Aussage über den Einfluss von zellulärem Sauerstoff  Gebrauch auf  Plaque 
Hypoxie und Krankheitsbildentwicklungen gemacht werden. 

In Kapitel 5 und 6, wurde zellulärer Sauerstoff  Gebrauch vermindert in genetisch-
veränderten Mäusen. Es war schon bekannt, dass das Ausschalten von dem Enzym 
Prolyl hydroxylase 1 (PHD1) den zellulären Energiehaushalt vom Gebrauch der 
Sauerstoff-konsumierenden mitochondrialen Atmungskette zur anäroben Glycolyse 
umschaltet. In der Tat, konnte PHD1 Defizienz in der Maus sowohl die Plaque Hypoxie 
als auch Aderverkalkungsentwicklung verkleinern (Kapitel 5). Allerdings hatten 
PHD1 defiziente Mäuse auch niedrigere Blut Cholesterinwerte, was wahrscheinlich 
die kleineren Plaques erklärt. Ein verwandtes Enzym, PHD3, konnte andererseits 
Plaque Hypoxie nicht beeinflussen (Kapitel 6). Auch von diesen Studien (Kapitel 5 
und 6), kann also keine Aussage gemacht werden ob Plaque Hypoxie ursächlich zur 
Aderverkalkungsentwicklung beiträgt. Die Daten suggerieren aber, dass der Einfluss von 
Hypoxie nicht allzu gross ist und das andere Faktoren, wie erhöhte Cholersterinwerte, 
die Effekte von Hypoxie überschatten. 

In Kapitel 5 wurde dann weiter untersucht, wie PHD1 Defizienz Cholesterinwerte 
beeinflussen kann. Desweiteren wurde der Einfluss von Immunzellen mit PHD1 
Defizienz im Vergleich zur PHD1 Defizienz in allen Zellen untersucht. PHD1 Defizienz 
in nur den Immunzellen hatte hierbei wenig Einfluss auf  Cholesterinwerte und 
Aderverkalkungsentwicklung. In der Tat war erhöhter Transport von Cholesterin direkt 
vom Blut über die Darmwand und nachfolgendes Ausscheiden im Stuhl die Ursache für 
niedrigere Cholesterinwerte in PHD1 defizienten Mäusen. 

Interessanterweise, wurde das Gegenübergestellte gefunden in PHD3 defizienten 
Mäusen, die selbst erhöhte Cholesterinwerte zeigten (Kapitel 6). Hier sorgten vor 
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allem die PHD3 defizienten Immunzellen für grössere Aderverkalkungsformung und 
erhöhten Zelltod in der Arterienwand. Der Mechanismus, wie PHD3 dieses verursacht, 
ist noch nicht bekannt. Diese zwei Kapitel zeigen aber, dass die PHD Enzym Familie 
„Isoform“ (PHD1, PHD3)-spezifische Funktionen in Aderverkalkungsentwicklung und 
Cholesterin Regulierung haben. 

In Kapitel 7 wurden die experimentellen Ergebnisse der Kapitel 2-6 diskutiert und 
Schlussfolgerungen gezogen. Die Studien dieser Dissertation suggerieren eine gemässigte 
und regulierende Rolle der Plaque Hypoxie in der Aderverkalkungsentwicklung. Andere 
Faktoren, sowie erhöhte Cholesterinwerte, haben einen grösseren Einfluss auf  das 
Krankheitsbild. Die Ergebnisse zeigen spezifische Effekte von PHD Enzym Isoformen 
auf  Plaque Hypoxie, Aderverkalkungentwicklung und Cholesterinwerte. Gleichzeitig, 
scheinen alle PHD Isoformen eine ähnliche Funktion in Diabetes zu haben (untersucht 
in Kapitel 7). Hemmstoffe (Inhibitoren), die alle PHD Enzyme hemmen werden derzeit 
in Klinische Studien getest. Die Ergebnisse dieser Dissertation zeigen, dass Herz-und 
Kreislauf  Effekte dieser Hemmstoffe berücksichtigt  und untersucht werden sollten. 
Desweiteren könnten PHD Isoform-spezifische Hemmstoffe eine attracktive Strategie 
gegen Aderverkalkung und erhöhte Cholesterinwerte darstellen. 
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VALORiZATiON

Valorization is the process of  creating value from knowledge. This includes (I) making 
knowledge available and suitable for economic and societal exploitation and 
(II) translating this knowledge into products, services, processes or even new businesses 
(1). 

In general a drawback and at the same time strong point of  basic academic research is 
that acquiring new knowledge should be independent of  a commercial ulterior motive 
and based on general curiosity and a hypothesis derived from prior data. This presents a 
drawback, when trying to communicate the impact of  results or research ideas with the 
general public or third parties with a commercial interest. As a strong point, however, 
unbiased academic research opens up the opportunity of  unforeseen findings and 
translations. In this chapter, I would like to discuss how the knowledge gained from 
this thesis has been utilized until now and what potential ways of  valorization remain to 
be explored. For all arguments presented, the reader should keep in mind the extensive 
15 year time line from basic research findings presented in this dissertation to an actual 
applicable drug in humans. 

Atherosclerosis, as part of  cardiovascular diseases, presents an enormous economic 
burden in the western world nowadays. More than 70 million adults in the United States 
have one or more cardiovascular diseases, with hypertension, coronary heart disease and 
stroke being the most prominent ones. Cardiovascular disease direct and indirect costs 
were estimated to exceed $400 billion in 2006 (2). When studying only acute coronary 
syndromes, these diseases accounted an annual cost of  approximately $75 billion (3). 
These costs are attributable to hospitalization and professional care, medication, home 
healthcare and indirect costs. Indirect costs are generally defined as reduction in work 
productivity of  the patient itself  and the associated economic burden (4). While all this 
evidence clearly justifies research on atherosclerosis, the challenge is to find novel drug 
targets to reduce this disease and economic burden.

(i) MAking knowledge AvAilAbe And suitAble for economic And societAl exploitAtion

In this dissertation, we explored the role of  hypoxia in atherosclerosis development 
and progression. All data presented here have been communicated on various (inter-)
national conferences and chapters 2 to 5 have been published in peer-reviewed journals. 
Thereby, the knowledge is available to experts in the field and can be used as starting 
point and reference for future research. Also, it will minimalize chances of  repetition of  
already performed research. This is particularly true for “negative data”. In chapter 4, 
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we showed a compensatory downregulation of  plasma nitrate, nitrite and nitric oxide 
levels upon prolonged dietary nitrate supplementation. This makes future research 
using prolonged dietary nitrate in similar setups redundant. In line with that argument, 
we obtained a open access publication grant from ZonMW, more knowledge with less 
animals (MKMD), funding publication of  neutral data to reduce use of  animals. By 
publishing and communicating those data, we potentially prevented unnecessary animal 
experiments. 

Besides academic and professional knowledge exchange, the data presented in chapters 
2 to 5 were too preliminary to communicate with the general public. Nevertheless, I have 
gained experience in giving laymen talks on my research topics (TED-talk Prize, Vascular 
Biology, PhD-student course, Dutch Heart Foundation, The Netherlands) and have 
followed public writing courses (UM journal “Observant”) to improve communication 
of  research results in the future.

(ii) TrAnslAting knowledge into products, services, processes And even new 
businesses

Current therapies for atherosclerosis involve surgical removal of  the plaque as well as 
risk factor management. In particular LDL-C lowering strategies, including statins and 
PCSK-9 inhibiting agents, have proven effective in reducing cardiovascular risk (5,6). 
Anti-inflammatory agents are also undergoing clinical trials at the moment, however 
multiple agents have already failed to show a decrease in cardiovascular risk (7–10). 

In this dissertation, we could show that reducing intra-plaque hypoxia by breathing 
of  carbogen gas reduced atherosclerotic plaque burden and necrotic core expansion 
in a murine atherosclerosis model. Carbogen gas has already been successfully applied 
in hearing loss therapy (11) and hypoxia modification during radiotherapy (12) and 
has recently been tested in brain oxygenation for subsequent application to alleviate 
cerebral ischemia (13). Also in atherosclerosis, we could show a potential applicability 
of  carbogen gas, as prolonged breathing reduced atherosclerotic plaque necrotic core 
expansion in mice. Though a translation of  carbogen gas to human atherosclerosis 
remains to be shown, reversal of  chronic intermittent hypoxia (CIH) in apnea patients 
using continuous positive airway pressure (cPAP) could improve cardiac symptoms and 
hemodynamic parameters (14,15). cPAP can increase daytime partial oxygen pressure by 
substantially reducing the number and severity of  respiratory events in patients suffering 
from CIH (16). This knowledge suggests that methods to reduce intermittent hypoxia or 
atherosclerotic plaque hypoxia can indeed improve patient outcome. 
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Considering the epidemic “atherosclerosis”, oxygen therapy is however not feasible. 
In turn, downstream mechanisms affected by re-oxygenation might present a valid 
therapeutic target. In chapter 3, we identified defective efferocytosis capacity via receptor 
MerTK downregulation in hypoxia. Restoring MerTK function might thus be able to 
reduce atherosclerosis progression. However, these results are highly preliminary and 
remain to be confirmed in animal models, before proceeding to the human situation. This 
knowledge might forward research into MerTK targeting therapies in atherosclerosis 
management. 

As an alternative for oxygen therapy, we aimed to reduce cellular oxygen consumption 
via multiple approaches. None of  the approaches used could identify a clear-cut role 
for hypoxia in atherosclerosis progression, suggesting a more modulatory function 
of  plaque hypoxia. Interestingly, noninvasive imaging of  hypoxia has recently been 
successfully used and correlated with inflammation in human atherosclerotic plaques 
(17). The potential of  hypoxia imaging as diagnostic or prognostic marker remains to 
be shown.

More promising as an intervention for atherosclerosis and dyslipidemia, we established a 
new role of  oxygen sensor PHD1 in cholesterol metabolism in this dissertation. PHD1 
deficiency resulted in profound plasma cholesterol level lowering, predominantly in the 
VLDL and LDL fraction. Epidemiological evidence inevitably link high LDL-C levels 
with increased cardiovascular risk and vice versa, lowering LDL-C using statins has been 
shown to reduce cardiovascular risk. The identified new player, PHD1, thus likely acts 
independent of  statins and also PCSK-9, as it targets a different route in cholesterol 
processing, namely trans-intestinal cholesterol efflux. This makes PHD1 inhibition an 
attractive target as adjuvant therapy for statin-resistant patients, which we are exploring 
at the moment (chapter 7). This project allowed us to obtain a grant-4-targets grant from 
Bayer (10.000€, Co-PI), already showing the interest of  the pharmaceutical industry to 
collaborate. 

Pan-PHD inhibitors, selective for PHD2, are currently undergoing clinical trials as 
erythropoiesis-stimulating agents in the treatment of  anemia (www.clinicaltrials.org). 
This already shows the drugability and short-term safety of  interfering with PHDs 
systemically. Throughout this dissertation, we could show PHD isoform- and cell type-
specific effects on atherosclerosis development and cholesterol metabolism. In line, 
PHD2 and PHD3 but not PHD1 deficiency affected erythropoiesis. Thus, we aim to 
make a specific PHD1 inhibitor, not affecting erythropoiesis along with cholesterol 
lowering. We aim to use the resultant inhibitor for possible testing in clinical trials. On 
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top of  that, isoform-specific inhibitors might present a valuable research tool. In fact, 
making specific PHD inhibitors might present a feasible ground for starting up a spin-
off  company. 

In conclusion, the findings of  this dissertation show a minor role of  hypoxia in 
atherosclerosis, which should be considered in future translational approaches. 
Alternatively, we identified a valid translational target in cholesterol metabolism, which 
we are further exploring at the moment. Future efforts include generating PHD isoform-
specific inhibitors for clinical and basic research application. 

A time line of  the potential generation of  an inhibitor is presented below (Figure 1). 
Upon discovery of  a target, a drug needs to be developed, with subsequent in vitro and in 
vivo preclinical validation of  specificity and drug activity. Subsequently, the drug must be 
optimized and screened for toxicological effects and formulated and manufactured for 
subsequent testing in clinical trials. 

Drug synthesis 
or discovery 

Preclinical 
Testing 

Chemical 
optimization 

ADME and 
Toxicology 

Formulation, 
manufacturing Clinical Trials 

| | | | 

  
      3-5 years 2-3 years 1-2 years 1-2 years 6-10 years 

until FDA 
approval 

 
Figure 1: Drug discovery and development timeline, adjusted from (18).
*ADME = abbreviation for pharmacokinetics and pharmacology for "absorption, distribution, metabolism, and 
excretion.   
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LiST OF ABBREViATiONS

[14C]CO   [14C]cholesteryl oleate
[3H]TO   Glycerol tri[3H]oleate
2-OG   2-oxoglutarate
ABCA1   ATP-binding cassette, subfamily A, member 1
ABCG5/8  ATP-binding cassette subfamily G member 5/8
ACAT2   Acyl-CoA cholesterol O-acyltransferase 2
ApoE   Apolipoprotein E
apoER2   Apolipoprotein E receptor 2
ASO   Antisense oligonucleotides
BMDM   Bone marrow derived macrophages
CAD   Coronary Artery Disease
CD36   Cluster of  Differentiation 36
CETP   Cholesterylester transfer protein
CIH   Chronic intermittent hypoxia
COX-2   Cyclooxygenase 2
cPAP   Continuous positive airway pressure
CVD   Cardiovascular Disease
DMOG   Dimethyloxallyl Glycine
EGLN   Egg-laying abnormal 9 homolog
eNOS   Endothelial nitric oxide synthase
EPR   Electron paramagnetic resonance
Fe2+   Ferrous Iron
FH   Familial hypercholesterolemia
FIH   Factory inhibiting HIF
FOXO3   Forkhead box O3
HBOT   Hyperbaric oxygen treatment
HCD   High cholesterol diet
HDL   High density lipoprotein
HIF   Hypoxia-inducible factor
HMG-CoA  3-hydroxy-3-methylglutaryl-coenzyme A
I/R   Ischemia/reperfusion
IKKβ   Inhibitory kappaB kinase-beta
Irs2   Insulin receptor substrate 2
KO   Knockout
KI   Knockin
LDL-C   Low Density Lipoprotein-Cholesterol
LDLr   Low density lipoprotein receptor
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LPL   Lipoprotein lipase
LRP   Low density lipoprotein receptor-related protein
LXR   Liver x receptor
MAP   Mean arterial pressure
MCH   Mean corpuscular hemoglobin
MCV   Mean cell volume
MerTK   Mer tyrosine kinase
MI   Myocardial infarction
MMP   Matrix metalloproteinase
MTP   Microsomal triglyceride transfer protein
NaCl   Sodium-chloride
NaNO3   Sodium-nitrate
NFκB   Nuclear factor kappa B
NITP   7-(4’-(2-nitroimidazol-1-yl)-butyl)-theophylline
NO   Nitric oxide
NPC1L1  Niemann-Pick C1-like 1
ORO   Oil red O
OSA   Obstructive sleep apnea
oxLDL   Oxidized LDL
OXPHOS  Oxidative phosphorylation
PAD   Peripheral Artery Disease
PCSK-9   Proprotein convertase subtilisin–kexin type 9
PFKFB3  6-phosphofructo-2-kinase-fructose-2,6-biphosphatase 3
PHD   HIF-prolyl hydroxylase
PPARδ   Peroxisome proliferator-activated receptor δ
RCT   Reverse Cholesterol Transport
RNI   Reactive nitrogen intermediates
ROS   Reactive oxygen species
SMCs   Smooth Muscle Cells
sPLA2   Secretory phospholipase A2
SRA   Scavenger receptor A
TAM   Tumor-associated macrophage
TF   Tissue factor
TG   Triglyceride
TICE   Trans-intestinal cholesterol efflux
TLT   Thomas Lukas - the bull - Theelen
TSH   Thyroid stimulating hormone
Tβ-MCA  Tauro-beta-muricholic acid
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UCP-1   Uncoupling Protein 1
VEGF-A  Vascular endothelial cell growth factor A
vHL   Von Hippel-Lindau protein
VLDL   Very low density lipoprotein
WT   Wild-type
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