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1Chapter 1. 

General Introduction and 
Thesis Outline.

Atherosclerotic Occlusive Disease.
Globally, over 200 million individuals suffer from peripheral artery disease 
(PAD)1 which is frequently accompanied by coronary artery disease (CAD).2, 

3 Both CAD and PAD are occlusive arterial diseases that can lead to (partial) 
obstruction of blood flow, which results in local or downstream hypoxic tissue.4 
The pathophysiology of PAD and CAD is mainly driven by atherosclerosis5, 
which is a multifactorial inflammatory lipid loading disease of the vascular 
wall.6 Atherosclerosis is a chronic and progressive disease, and is characterized 
by the formation of a lipid rich core in the intimal layer of the vascular wall. This 
initial process is triggered by elevated low-density lipoprotein cholesterol7, 
and exacerbated by risk factors such as obesity, smoking, lack of exercise and 
hypertension.8 After this initial lipid-rich core is established in the vascular 
wall, it will then progress towards a mid-stage atherosclerotic plaque that is 
characterized by both a necrotic core and uncontrolled inflammation.9 If plaque 
growth continues, it can eventually lead to partial obstruction (i.e. stenosis) 
or a complete impairment of blood flow (i.e. occlusion). More frequently, the 
plaque can become unstable and eventually erode or rupture. Both plaque 
stenosis/occlusion and erosion/rupture can lead to local and downstream 
ischemic tissue10 and its clinical manifestation is dictated by the anatomical 
location of the diseased artery. Occurring in a coronary artery, it will give rise 
to a myocardial infarct and subsequent heart failure.4 In arteries of the lower 
extremity, i.e. PAD lesions, the disease commonly manifests as lower extremity 
pain (i.e. intermittent claudication) or (chronic end-stage or acute) critical limb 
ischemia in severe cases.11   
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(Cardio)vascular Surgery Interventions Have High Complication 
and Failure Rates.
Surgical Interventions in Coronary Artery Disease.
Amongst open and endovascular cardiac interventions, PCI is commonly 
performed and preferred in single vessel disease.29 Outcome and success rates 
depend on the type of lesion, patient population and choice of stent (drug-
eluting, bare-metal). On average, stent restenosis will occur in between 4.1 - 
11% of patients at one-year post-PCI.30-34 In multi-vessel and left main coronary 
artery disease however, CABG  results in lower 5-year all-cause mortality 
compared to PCI.15 In bypass surgery, success rates will mainly depend on the 
type and the quality of the conduit used to bypass the artery. Graft durability 
after a bypass with bilateral or lateral IMA is excellent, with patency rates 
at around 90% 10 years post-operatively.35, 36 When the IMA is not suited for 
grafting, or not of sufficient length, the greater saphenous vein is used to create 
a saphenous vein graft (SVG) and indeed is used more frequently in clinical 
practice.37 At 1-year post-intervention, SVG patency rates are at 75%38 while at 
10-15 years post-surgery this further falls toward 50-60%.39, 40 

Surgical interventions in Peripheral Artery Disease.
In lower extremity vascular surgery few trials have been completed that directly 
compared open bypass surgery with endovascular procedures in case of 
(chronic) limb- threatening ischemia. The BASIL trial compared bypass surgery 
with balloon angioplasty and found higher 2-year survival after an open bypass 
surgery. In that same study, one-year reintervention rates for bypass surgery and 
endovascular interventions were 18% and 26% respectively.41 Since the BASIL 
trial was hindered by low power and a single endovascular approach (balloon 
angioplasty), more research is needed. Currently, several trials are underway 
to address this gap in knowledge regarding effectiveness and durability 
differences between these two approaches, including the BEST-CLI trial.42-44 
For the treatment of intermittent claudication of the upper leg, endovascular 
surgery is widely used and in case of short lesion-length (<15cm) with excellent 
results: one-year primary patency ranges between 67-85%.45-47 For longer- and 
femoropopliteal obstructions, endovascular approaches may not be possible 
and an open bypass is warranted. Saphenous vein bypasses have a 5-year 
primary patency between 65-75%48-50, while one large randomized controlled 
trial found a one-year primary patency as low as 61%.51 For prosthetic conduits, 
patency rates are even lower and vary between 27-37%.50, 52 Intervention failure-

(Cardio)vascular Surgery Interventions.
Lifestyle interventions, statins and anti-platelet drugs are employed to address 
risk factors for the development of PAD/CAD, consequently slowing the 
progression of atherosclerotic lesions.12 And although these are effective in 
delaying disease onset and progression, unfortunately currently no drugs exist 
that can mitigate severe clinically manifest coronary/peripheral atherosclerotic 
occlusive disease.13 In patients presenting with an acute occlusion of a coronary 
artery, i.e. acute coronary syndrome/myocardial infarct, percutaneous coronary 
intervention (PCI) with stent (bare-metal or drug-eluting) is the gold standard.14 
In sub-acute CAD, patients will receive either PCI or coronary artery bypass 
grafting (CABG). Open bypass surgery is preferred generally when multi-vessel 
or extensive left main disease is present15, 16, while an endovascular approach 
is the treatment of choice in case of single vessel disease and/or a healthy 
subject.15, 17 In CABG, the internal mammary artery (IMA) is the preferred conduit 
compared to other possible arterial and venous grafts, with excellent results.18, 

19 However, especially in multi-vessel CAD, utilization of the greater saphenous 
vein can be necessary to bypass the occluded arteries.19 

In vascular surgery practice, intermittent claudication (i.e. symptomatic PAD) 
is initially treated non-invasively via lifestyle interventions20, anti-platelet drug 
therapy21 and supervised exercise training.11 In case of severe claudication or 
critical limb ischemia (chronic or acute), open or endovascular revascularization 
is necessary to restore blood flow and achieve limb salvage.22-24 Depending on 
the location and size of the atherosclerotic plaque, the intervention can either 
be performed endovascular, open or via a hybrid combination of both.11, 20, 24 The 
occlusion/stenosis can be graded according to the TASC classification system25, 

26, in which focal stenosis or occlusions over short lengths are graded TASC 
A-B and deemed suitable for an endovascular approach. Multiple or recurrent 
stenosis/occlusions over longer lengths of artery are graded TASC C- D and are 
candidates for open revascularization via either endarterectomy, bypass surgery 
or a combination.26, 27 Endovascular interventions include balloon angioplasty, 
drug-coated balloons, bare-metal or drug-eluting stents, or endovascular 
atherectomy. While open interventions include simple endarterectomy, 
endarterectomy with a patch or bypass surgery employing either venous or 
prosthetic grafts.20, 24, 28 
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arterial circulation culminates in altered flow and an increase in shear stress and 
circumferential diameter.74 This sudden shift in hemodynamic forces on the 
venous wall further contributes towards EC dysfunction in vein grafts.75

Extensive surgical stress, local milieu and hemodynamic changes all lead 
to dysfunctional endothelium which upregulates various receptors, such 
as intracellular adhesive molecules76 and selectins.77 These receptors in 
turn facilitate the homing, attachment and subsequent transmigration of 
circulating leukocytes, while also enabling platelet attachment.68, 70, 77, 78 
Damaged endothelium is not only prone to increased leukocyte attachment 
and transmigration, but also enables direct inflammatory cell transmigration via 
dysfunctional inter-EC tight junctions.77 What is more, the extracellular matrix 
(ECM) on the basal side of luminal ECs will activate and damage after ischemia-
reperfusion injury and stretching of the vessel wall.79-81 Together with damaged 
ECs and infiltrated leukocytes, these in turn release damage-associated-
molecular patterns (DAMPs)82 and other pro-inflammatory signaling molecules 
such as cytokines and chemokines. Upon the release of these molecules, both 
the local and systemic innate immune response will be activated.83 Together 
with the surgical injury itself and subsequent ischemia-reperfusion injury, this 
will facilitate and enhance the local influx of circulating innate immune cells. 
These innate cells, which mostly include neutrophils and monocytes, will 
in turn activate their residential counter-parts as well as other cell types and 
subsets.83-85 

rates notwithstanding, procedure success is also hampered by high incidence of 
peri-53 and post-operative cardiovascular events (myocardial infarct, stroke and 
death)54 and frequent poor wound healing.55   

(Cardio)vascular Interventions Fail due to Vascular Remodeling 
and Vein Graft Disease.
In both open (vein graft) surgery and endovascular interventions alike, 
surgical injury and ischemia-reperfusion injury to the vessel wall is a common 
denominator of all procedures. For endovascular approaches this results in 
mechanical and oxidative damage to endothelial cells (EC) lining the artery, 
whether via stent placement or balloon angioplasty.13, 56 In open bypass surgery, 
in addition to ischemia-reperfusion damage and mechanical/surgical stress, 
the vein is also subjected to altered hemodynamic forces during and after a 
successful procedure.13, 57 

Early Failure and Mid-term Failure after Revascularization.
Broadly speaking, intervention failure can be divided in three temporal windows 
with a distinct underlying pathophysiology; early, mid- and late-term failure. 
Early failure, which occurs days to months after the procedure, can mostly be 
attributed to acute thrombosis after surgical damage to the endothelial lining, 
both in arteries/stents58 and vein grafts.57, 59 In coronary vein grafts for example, 
generally thrombosed vein grafts make up between 10-25% of all vein grafts 
that eventually fail at one-year post-operatively.40, 60

Mid-term failure after revascularization is generally due to intimal hyperplasia 
(IH) of the vein graft61, 62 or artery63-65, and is characterized by uncontrolled 
migration and proliferation of vascular smooth muscle cells (VSMC). VSMCs 
migrate from the adventitial and medial layers of the artery/vein into the 
intimal layer, ultimately restricting or occluding blood flow.66-68 This pathological 
myo-fibroproliferative response is already triggered during surgery, where 
depending on the procedure (arterial or venous) several processes impact the 
vascular wall simultaneously. In vein graft surgery, greater saphenous vein 
harvesting activates the luminal ECs and medial/adventitial VSMCs of the 
conduit.69, 70 As for arterial (endovascular) procedures the EC lining is damaged 
and/or activated, due to the mechanical/surgical forces exerted on the vascular 
wall.71, 72 Besides this mechanical/surgical aspect, other causatives include 
ischemia-reperfusion injury68 and oxidative stress.56, 73 Specifically in bypass 
surgery, transplantation of the vein from a low-flow and pressure system into an 

Figure 1. Mechanisms of mid- and late-term revascularization failure. From: de Vries et al. Nature 
Cardiology Reviews. 2016
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formation will contribute to the formation of a necrotic core.10 This state of 
hypoxia and malnutrition within the intimal layer will trigger neo-vessels to 
grow from the adventitial layer inward and supply the lesion with oxygenated 
blood and nutrients. These vessels in turn are prone to leakage of erythrocytes 
which will further destabilize the lesion.9 Eventually this atherosclerotic plaque 
will either occlude the lumen, rupture or erode, culminating in late-term 
revascularization failure and return of PAD/CAD symptoms.9, 13, 109 

No Therapies Exist to Improve Success rates after Revascularization. 
High peri-operative-53, 54 and wound complication rates,110 long in-hospital 
stays111 and frequent reintervention112, 113; taken together highly impacts 
both patients, their family and the healthcare system. Despite decades of 
research, currently no therapies are available to counter mid- and late-term 
revascularization failure, whether in vein grafts57, 114 or arteries13, nor do 
strategies exist to limit peri-operative and post-operative complication risks 
for these patients. In this thesis the effects of various forms of dietary 
restriction will be discussed as strategies to limit complication risks.

Long-term Dietary Restriction as a Strategy to Slow Aging and 
other Chronic Diseases.
Over a century ago, Osborne and colleagues in 1917 subjected rats to limited 
access of food during the first 17 months after birth. In their follow-up analysis 
they found that these food-restricted rats had an extended life-span compared 
to their counterparts who had been on an ad libitum (AL) diet all their life.115 
Then in 1935 McCay and colleagues were able to repeat this finding in a 
significantly larger cohort of rats, and showed that long-term caloric restriction, 
i.e. limiting the total daily food intake (CR), was able to prolong lifespan in 
rats.116 Four years earlier, in 1931, Slonaker et al. found a similar effect on the 
extension of life-span in rats by long-term restricting their protein intake (PR) 
while maintaining caloric intake (i.e. isocaloric).117 

Subsequent research in a wide range of organisms, from worms118 to nonhuman 
primates119, built on these initial findings and established the effectiveness of 
long-term CR on extending lifespan, promoting healthy aging and decreasing 
cardiovascular disease risk.120 And for PR, rodent data shows similar results 
in lifespan and metabolic studies.121, 122 Interestingly, as an alternative to 
diminished intake of total calories or proteins, restriction of single amino acids 
in the diet can yield similar benefits. Long-term tryptophan restriction123 but 
also restriction of the sulfur amino acids methionine and cysteine (MetR)124, 

This pro-inflammatory and pro-remodeling response to vascular injury is not 
only prompted via perturbations that originate from the lumen and traverse 
into the vascular wall, but can also stem from adventitial and perivascular 
tissue layers.86-88 Local adventitial fibroblast and leukocyte subsets can activate 
and enhance the intimal hyperplastic signaling cascade (VSMC migration 
and proliferation), via paracrine signaling in response to mechanical stress 
and systemic inflammation.81, 89, 90 Furthermore, most veins and arteries are 
enveloped by perivascular adipose tissue (PVAT)91, a paracrine organ that not 
only maintains vascular tone and function but can also initiate and facilitate 
metabolic and inflammatory signaling pathways.92 PVAT can be grouped in 
adipocytes and an interspersed stromal vascular fraction; which consists 
of residential leukocyte subsets, ECs and VSMCs. Local blood supply to the 
PVAT and adventitia is facilitated by the latter two cell types of this stromal 
vascular fraction.91 Healthy PVAT function can be undermined by various 
acute and chronic stressors. For example, both obesity93, 94 and endovascular 
surgical injury to the underlying blood vessel95 will alter PVAT phenotype. 
Dysfunctional PVAT in turn will have a distinct pro-inflammatory96, 97 and pro-
atherosclerotic98, 99 impact on the vascular wall. This “sick fat” can accelerate 
the intimal hyperplastic response100 via increased oxidative stress88, 101, and 
production of pro-inflammatory adipokines and cytokines.102, 103

The aforementioned impact of surgical and hemodynamic stress on 
dysfunctional ECs and ECM, followed by leukocyte transmigration, adventitial 
fibroblast signaling, PVAT and residential immune-cell activation; all contribute 
towards induction of VSMC proliferation and migration.104 VSMC activation 
can occur via cell-cell, cytokine-cell and adipokine-cell interactions; but also 
in response to chemo-attractants.105 Taken together these stimuli will trigger 
VSMCs to undergo phenotypic switching from a contractile towards a 
secretory state, which enables them to migrate to- and proliferate in the intimal 
layer of the vascular wall.106 This process of medial/adventitial IH is largely 
responsible for mid-term failure of grafts and arteries alike13, but if VSMC 
growth continues and lesion size increases eventually a atherosclerotic plaque 
can form.13, 57

Late-term Failure after Revascularization. 
Post-interventional formation of atherosclerotic plaques can occur in up to 
30% of arteries after an endovascular intervention107, with similar findings in 
coronary vein grafts 3-years post-implantation.108 Hypo-oxygenation of the 
growing VSMC lesion, accompanied by chronic inflammation and foam cell 
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of liver damage (ALAT) compared to AL mice.133 In this first study, the authors 
established that DR can have rapid onset benefits, and that such short-term 
restriction of calories is sufficient to protect from acute stress such as renal/
hepatic IRI surgery. 

Restriction of Total Proteins or Specific Amino-Acids Also Protects from Surgical 
Stress.
Although a short-term reduction in calories to achieve surgical stress resistance 
is favorable compared to any long-term CR diet, a reduction in food intake can 
be difficult to adhere to regardless the duration of the dietary intervention. In a 
follow-up study, mice were fed an isocaloric PR diet (proteins were replaced with 
carbohydrates while maintaining caloric intake), a diet lacking only tryptophan, 
or a complete diet before undergoing renal or hepatic IRI.134 A 6-day restriction 
of just proteins yielded a similar protective phenotype compared to a 3-day 
water only fast. What is more, mice on a tryptophan restricted complete diet 
were equally protected from renal IRI.

Subsequent analysis showed that these effects of tryptophan restriction 
proved dependent on the amino acid deprivation sensor general control non 
depressible 2 (GCN2).135 GNC2 in turn is upstream of a broader integrated stress 
response pathway (ISR) present in all mammalian cells.136 It was previously 
reported that in response to a long-term MetR diet, GNC2 phosphorylates 
eukaryotic transcription factor–2 (eLF2) followed by activation of activating 
transcription factor-4 (ATF4) which then coordinates downstream metabolic 
signaling.137

Short-term Dietary Restriction Extends Protection Beyond Surgical Injury.
Next the hypothesis that short-term DR can mitigate various forms of acute stress 
was expanded beyond acute surgical stress. In a model of  focal stroke injury, 
to mimic perioperative stroke, rats were subjected to 6 days of preconditioning 
with PR. Compared to their counterparts on a control-fed diet, PR-fed rats had 
limited ischemic injury and accelerated functional recovery.138 In a preclinical 
model of cerebral malaria infection, mice where started on DR (40% CR) within 
2 days of P. Berghei infection. This in turn afforded protection from neurological 
complications while parallelly significantly improving survival. In this study, 
short-term DR suppressed the leptin – mTORC1 (mechanistic target of rapamycin 
complex 1) – axis, which resulted in limited splenic CD8+ T-cell activation and 
subsequent attenuation of late-stage malaria induced neuropathology.139 

again extends lifespan in rats. All these approaches to restrict certain aspect of 
regular dietary intake, whether this pertains total calories, total proteins, single 
amino acids or a combination, can be categorized as dietary restriction (DR) and 
appear to share common pathways towards their favorable phenotype. 

Dietary Restriction Confers Benefits Beyond Lifespan Extension.
Beyond aging research, studies found that DR can lower blood pressure and 
circulating lipids while improving glucose homeostasis and insulin sensitivity.125, 

126 These findings indicate the potential of DR to mitigate several chronic 
stressors besides aging, by undercutting risk factors for cardiovascular disease 
and improvement of metabolic health and fitness.120, 127-129 Interestingly, besides 
these chronic conditions, long-term DR is also effective in mitigating acute 
stressors such as ischemia-reperfusion injury to the brain130 and heart.131

In those studies, however, as for most long-term DR interventions, rodents were 
subjected to DR (30-40% CR in both studies) from an early age. Long-term CR 
in humans did show improvement regarding cardiovascular risk factors, but 
also highlighted compliance issues in adhering to this dietary regimen.132 It can 
be deducted therefore, that the potential benefits of these diets, that require 
restriction of calories/proteins for months to years and often from an early 
age onward, are not compatible with a setting of planned acute and transient 
stressors such as elective surgery. 

Short-term Dietary Restriction and the Host Response to Surgical 
Injury.
It was Mitchell and colleagues133 who in 2010 modulated this concept of long-
term DR towards a brief period of preconditioning before undergoing surgery. 
In that seminal work, they subjected mice to either four weeks of 30% CR, a 
3-day fast or an Ad Libitum (AL) diet and performed renal ischemia-reperfusion 
injury surgery. During this procedure the renal artery is clamped bilaterally 
for 30-35 minutes, followed by clamp-removal and subsequent reperfusion. 
Then immediately post-op all mice are switched back to the AL diet. About 
60% of AL-fed mice died in the days following the procedure, while all animals 
in both the 30% CR and 3-day fasting cohorts survived the surgery. Next to 
absence of mortality, both diet groups were also protected from post-operative 
kidney dysfunction, as seen by decreased circulating levels of creatinine and 
urea compared to the AL group. In that same study, mice were subjected to 
1-3 days of fasting followed by surgical hepatic ischemia-reperfusion. Both 
1- and 3-day water only fasting groups had significantly lower serum markers 
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Combining Caloric and Protein Restriction Results in Additive Protection from 
Surgical Stress.
Although CR and PR appear to share pathways that result in comparable 
phenotypes after surgical injury, it remained undetermined whether both were 
equally effective. Interestingly, after a side-by-side comparison it was revealed 
that protection was best afforded by combining a reduction in calories with a 
reduction in proteins. This strategy, i.e. protein-calorie restriction (PCR), was 
able to reduce surgical stress more effectively after renal IRI compared to either 
of the singular dietary interventions.140 An initial study in vascular surgery 
models asked the question whether diet can influence the intimal hyperplastic 
response to vascular injury and was performed in a focal stenosis model of the 
right common carotid artery (RCCA). In this model, a 9/0 suture is placed around 
the RCCA via which blood flow is then partially obstructed.141 Mice were first 
subjected to diet-induced obesity before vascular wall injury was created, which 
exacerbated the remodeling response compared to their lean counterparts.142 
Interestingly, in a follow-up study mice were first fed a high-fat diet and then 
switched to PCR before undergoing surgery. This dietary switch proved capable 
of decreasing intimal area along the arterial wall proximal from the stenosis, 
while the ratio between intima and media was not different, suggestive of a DR-
induced limitation of the IH response rather the favorable overall remodeling.143 

Short-term Dietary Restriction and Endogenous Hydrogen Sulfide 
Upregulation.
Hine et al. in 2015 revealed that increased production of endogenous 
hydrogen sulfide (H2S) is an essential underlying mechanism of DR-mediated 
protection.144 In their study, they supplemented mice subjected to DR with 
the sulfur amino acids methionine  and cysteine, and this in turn failed to 
protect from hepatic IRI. Consequently, they found that sulfur amino acid 
restriction (which is part of both CR and PR) activates the transsulfuration 
pathway (TSP), which produces H2S as a metabolite. This TSP pathway is an 
evolutionary conserved pathway consisting of several amino acids sensing 
enzymes, including cystathionine β-synthase (CBS), cystathionine y-lyase (CGL) 
and 3-mercaptopyruvat sulfur transferase (MST). All three can produce H2S, but 
within the vasculature H2S is mainly derived from CGL.145

At physiological levels, H2S can regulate blood pressure and maintain vascular 
tone and function within the cardiovasculature.146 These acute effects of 
H2S, which include vasorelaxation/dilation and regulation of vessel-wall 
permeability, are triggered via activation or inhibition of various ion-channels 

Figure 2. Types of Dietary Restriction and known mechanisms via which dietary 
restriction improves acute stress resistance. Size of diet charts indicates total calories. 
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the time-to full wound closure in a McFarlane Flap wound model in both diets 
with an AL-fed cohort. Parallelly, we investigated the potential of these dietary 
interventions to improve glucose metabolism pre- and post-surgery.

Failure rates after vein graft surgery, in both coronary and lower extremity 
bypasses, remain high. Recently it was discovered that benefits of short-term 
DR seen in models of surgical IRI are derived from increased production of 
endogenous H2S. But whether DR is also effective in vein graft surgery, and 
whether a reduction of total proteins (PR) can also upregulate endogenous H2S 
is unknown. In chapter 3, we tested whether a short-term reduction in proteins 
can limit graft failure after rodent bypass surgery, and whether these benefits 
are also H2S derived. We found that short-term PR attenuates graft disease, and 
that these benefits were CGL dependent. PR resulted in increased endothelial 
cell H2S production, diminished VSMC migration and impaired neutrophil 
transmigration.

As a follow up of chapter 3 we study in chapter 4 whether short-term MetR, 
which is feasible and doable in humans, can achieve similar benefits in 
rodent bypass surgery. Parallelly, there is uncertainty whether PVAT can 
play a protective role in VGD, or if it worsens outcomes. In the context of the 
interplay between adipose and DR, previous work indicated a shift towards 
an anti-inflammatory phenotype in inguinal adipose after MetR. However, 
the interaction between MetR and PVAT, and its influence on post-operative 
vascular remodeling remains undetermined. In chapter 4 we not only test 
whether short-term MetR can protect from VGD and arterial intimal hyperplasia, 
but also investigate the link between MetR, PVAT and protection from VGD. 
Interestingly, we found that protection from VGD by MetR was PVAT-dependent, 
and that the interaction between MetR and PVAT also yielded a favorable 
cellular composition of the graft. In baseline/pre-op caval vein PVAT, short-
term MetR upregulated AMPK-signaling and appeared to induce browning. 
Preconditioning with MetR also altered the PVAT response to surgical injury 
(bypass surgery), via a dampened pro-inflammatory response at post-op day 1. 

Although short-term DR stands as a novel therapy to upregulate endogenous 
H2S and improve remodeling after vascular injury, a preconditioning strategy 
via a diet may not always be feasible. Whether due to lack of diet-compliance or 
inadequate time available to precondition before undergoing surgery, so-called 
DR-mimetics are needed. In chapter 5 we first tested the efficacy of exogenous 
H2S in rodent arterial IH and VGD by supplementing drinking water with the 

and kinases/enzymes respectively. Vasodilation is prompted via K+ and Ca2+- 
channel activation, while vessel-wall permeability is increased via activation 
of Claudin-5 and VE-cadherin.147 Next to this physiological role, reduced levels 
of H2S have been implicated in numerous diseases and pathophysiological 
processess.148 Several studies with either exogenous H2S addition or genetic 
reduction of H2S production have revealed that it possesses extensive anti-
inflammatory149, anti-atherosclerotic150 and cytoprotective properties.151 Recent 
work in a model of surgically induced critical hind limb ischemia also revealed 
the pro-angiogenic potential of endogenous H2S upregulation (Fig. 2). In this 
study, short-term MetR promoted the post-injury growth of neo-vessels via 
increased expression of vascular endothelial growth factor (VEGF) and CGL 
activation, implicating endogenous H2S upregulation as a novel therapy for 
PAD.152

Outline of this Thesis. 

In (vascular) surgery practice during the pre-operative workup of patients 
there is are currently no distinct recommendations regarding their optimal 
nutritional state besides preventing malnutrition. Broadly, pre-, peri-, and 
post-operative guidelines for managing patient nutrition are described in the 
Enhanced Recovery After Surgery (ERAS) protocols153, and implementation 
of ERAS in vascular surgery patients is linked with shorter in-hospital stays.154 
Concerning the pre-operative workup of patients scheduled for elective 
surgery, these guidelines recommend a “bodily state without malnutrition 
or malnourishment”. The only other recommendation concerns ingestion of a 
carbohydrate drink (“carbohydrate loading”) in the 24 hours before surgery to 
avoid a fasted state, and this is linked with improved glucose homeostasis.155 In 
short, this points towards a potential gap in knowledge regarding optimal pre-
operative dietary regimens, something this thesis aims to investigate. Is there 
room for a pre-operative dietary regimen that does not cause malnutrition, but 
can potentially benefit various peri- and post-operative vectors that together 
result in improved post-operative outcome?

Although the benefits of short-term DR have been established in several models of 
surgical stress and injury, whether these dietary regimens obstruct post-operative 
wound healing is undetermined. Therefore in chapter 2 we tested two short-
term isocaloric dietary interventions, namely protein restriction and methionine 
restriction, in a validated mouse model of surgical wound creation. We compared 
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slow-releasing H2S pro-drug GYY4137. Next, we dissolved GYY4137 in a Pluronic 
gel and enveloped arteries and vein grafts during the procedure. We elucidated 
the efficacy of this H2S-gel in both arterial IH and VGD, while also interrogating 
its impact on the cells of the vascular wall. We developed a simple and safe H2S-
releasing gel that attenuates arterial and vein graft remodeling via a one-time, 
peri-procedural application. Mechanistically, we establish a link between this 
locally applicable DR-mimetic and VSMC migration, both in-vivo and in-vitro. 

We and others have established the effectiveness of short-term DR in various 
preclinical models of surgical injury and stress. But whether this dietary 
intervention is feasible and safe in the vascular surgery patient population 
is unknown. In chapter 6 we describe a first clinical trial performed in 
this direction. We enrolled several vascular patients scheduled for carotid 
endarterectomy on a 3-day PCR diet, while they resided in-hospital to closely 
monitor any adverse effects of the diet. Furthermore, we attempted to establish 
a clinical “discovery platform” regarding H2S metabolism in humans and how 
the PCR diet impacts this. We report a possible link between H2S producing gut-
bacteria and short-term PCR.

This first attempt at short-term PCR in a clinical setting was performed in patients 
scheduled for elective carotid endarterectomy, who were required to stay in-
hospital during the 3-day diet. As a follow-up towards that trial, for thesis we 
performed a second clinical trial. In chapter 7 we describe the set-up and first 
experiences of a randomized clinical trial with short-term pre-operative PCR in 
elective vascular surgery patients. In this follow-up study in chapter 7 we moved 
towards an out-patient setting and enrolled patients scheduled for any type of 
vascular surgery that involved an open wound. Furthermore, we extended the 
course of the diet to a 4-day diet and developed an extensive leukocyte subset 
flow panel to interrogate the innate and adaptive response to the PCR diet. 

Both chapter 6 and 7 highlight the very fortunate course of our work which enabled 
us to transition from rodent studies to vascular surgery patients, and essentially 
move our pre-clinical work from the lab bench towards the patient’s bedside.
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