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A B S T R A C T   

Globally, a staggering 310 million major surgeries are performed each year; around 40 to 50 million in USA and 
20 million in Europe. It is estimated that 1–4% of these patients will die, up to 15% will have serious post-
operative morbidity, and 5–15% will be readmitted within 30 days. An annual global mortality of around 8 
million patients places major surgery comparable with the leading causes of death from cardiovascular disease 
and stroke, cancer and injury. If surgical complications were classified as a pandemic, like HIV/AIDS or 
coronavirus (COVID-19), developed countries would work together and devise an immediate action plan and 
allocate resources to address it. Seeking to reduce preventable deaths and post-surgical complications would 
save billions of dollars in healthcare costs. Part of the global problem resides in differences in institutional 
practice patterns in high- and low-income countries, and part from a lack of effective perioperative drug 
therapies to protect the patient from surgical stress. We briefly review the history of surgical stress and provide a 
path forward from a systems-based approach. Key to progress is recognizing that the anesthetized brain is still 
physiologically ‘awake’ and responsive to the sterile stressors of surgery. New intravenous drug therapies are 
urgently required after anesthesia and before the first incision to prevent the brain from switching to sympa-
thetic overdrive and activating secondary injury progression such as hyperinflammation, coagulopathy, immune 
activation and metabolic dysfunction. A systems-based approach targeting central nervous system-mitochondrial 
coupling may help drive research to improve outcomes following major surgery in civilian and military medi-
cine.      

Our findings suggest that surgery now occurs at a tremendous vo-
lume worldwide, in settings both rich and poor. … A public-health 
strategy for surgical care is paramount. 

Weiser and colleagues (2008) [1]p143  

1. A global healthcare crisis and growing 

Mortality during surgery is relatively rare, however, 30-day post-
operative mortality is not. Around 234 million surgical operations were 
performed globally in 2004, and this number increased by 25%–310 
million in 2012 [2]. Of these, 40 to 50 million were performed in the 
USA [3,4] and 20 million in Europe [5]. Estimates of early post-
operative mortality rate are 1–4% depending upon country and in-
stitution, with the lowest in developed countries and highest in low- 
income countries [6–10]. These percentages translate to an average 
global mortality rate of nearly 8 million deaths per year, which is 
∼50% lower than cardiovascular disease, and on par with cancer and 
total injuries [11] (Table 1). Global postoperative mortality rate represents 
up to 14% of the deaths worldwide in 2018. Similar trends are found in 
the USA where the postoperative mortality rate is 1.3% (Table 2). 
Notwithstanding the difficulty of capturing all major operations from 
worldwide data within defined parameters [1,2], the healthcare im-
plications are alarming, and support Farmer's characterization, made 
over a decade ago, that major surgery is “the neglected step-child of 
global health” [12]. Further, the problem is increasing by ∼400,000 
every year, which by 2030, could be as high as 12 million deaths per 

year from global surgery. 
Equally challenging is surgical morbidity. In 2013, Anderson and 

colleagues reviewed 16,424 surgical patients from 8 developed coun-
tries and reported 14.4% of patients experienced adverse events and 
over one-third of these were preventable [13]. Other studies have re-
ported over 50% of adverse events were potentially preventable 
[13–15]. This is a huge window of opportunity to reduce surgical morbidity. 
Leape and colleagues evaluated nearly 500,000 surgeries in the USA 
and reported a 30-day readmission rate of 5.7%, with over 30% attri-
butable to surgical site infections [16]. In another study, Dimick and 
Ghaferi assessed nearly 60,000 patients from 112 US Department of 
Veterans Affairs hospitals, and found an overall 30-day readmission 
rate of 12%, twice the number found in Leape's study [17]. Pearse and 
colleagues conducted another large 7-day cohort study on 46,539 non- 
cardiac surgery patients from 498 hospitals in 28 European countries, 
and found that 4% of patients died before hospital discharge, and 8% 
required critical care with a median length stay of 1–2 days [7]. More 
recently, an African Surgical Outcomes Study provided further insight 
into the perioperative problem across countries and institutions. The 
2018 study of Biccard and colleagues involving 11,422 in-patient sur-
geries from twenty-five African countries reported a 10% mortality 
rate, with 20% of patients developing only one perioperative compli-
cation [18]. They concluded in these 247 hospitals that: “Despite a low- 
risk profile and few postoperative complications, patients in Africa were 
twice as likely to die after surgery when compared with the global 
average for postoperative deaths” [18]. 
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Global estimates indicate that on average 8 million patients die 
every year from major surgery, and up to twice this number experience 
postoperative complications. Given that 50% of these outcomes are 
potentially preventable, new management programs and drug therapies 
could save up to 500 lives every hour and prevent 1000 complications. 
While not a disease entity, major surgery needs to find a home within 
the global healthcare system, and a designated Commission needs to be 
formed to provide sufficient and sustainable resources to address the 
problem. 

2. Surgical stress defined  

As the patient goes to the operating room and anesthesia is induced, 
trauma is suffered and convalescence begins. 

Francis D. Moore [19] p291  

Surgical stress can be defined as an acute response to one or more 
breaches of the body's barrier functions from sterile injury (incision, 
excision, manipulation and pain), pathogen invasion (gut bacterial 
translocation or postoperative wound infection) and/or anesthesia. 
After induction of anesthesia and the first incision, the stress response 
begins with an increase in sympathetic discharge [20–23] which, if not 
contained, has multiple effects on whole body homeostasis; it increases 
inflammation [24–27], alters coagulation [28–30], modifies immune 
competency and T cell mobilization through a β2-adrenergically- 
mediated process [24,31–33], increases susceptibility to infection 
[31,34], and reduces tissue oxygenation [23,35–38]. This wave of 
secondary injury increases the probability of multiple organ dysfunc-
tion by altering multiple homeostatic circuits linking brain, heart, lung, 
kidney, liver, gut and muscle functions [39] (see Fig. 1). Reducing 
surgical stress may reduce the wave of secondary injury, thereby im-
proving patient outcomes. 

The extent of a patient's stress response is influenced by the type and 
duration of surgery, and is affected by age, gender, ethnicity, health 
status, medication profile, number of prior surgeries, and other factors 
[23,40–42]. Open surgical procedures generally produce a greater 
stress response than less invasive laparoscopic or robotic interventions 
[21,39,43]. Non-cardiac major surgical procedures include a median 

sternotomy, thoracotomy, laparotomy, abdominal hysterectomy and 
orthopedic hip or knee replacement and open bone fractures [44]. 
Importantly, the trauma of surgery per se is not the only contributor to 
secondary injury after major surgery, as it depends upon many factors 
such as intraoperative bleeding, coagulopathy, cardiac compromise, 
metabolic dysregulation and organ dysfunction, which appear to be 
closely intertwined with the patient's physiological reserve and stress 
response. 

3. The questions few people are asking 

A major goal of any drug therapy for the management of surgical 
stress is to prevent or restore homeostatic imbalances in the body and 
avoid uncontrolled, overexpressed and injurious processes. 
Notwithstanding the clinical importance of high quality epidemiolo-
gical data, ongoing studies examining perioperative protection using 
drugs such as: 1) statins, 2) beta-adrenergic blockers, 3) calcium- 
channel blockers, 4) angiotensin-converting enzyme (ACE) inhibitors, 
and 5) aspirin [42,45–48] and optimising fluid therapies [49], it ap-
pears there has been much less focus over the past decade on under-
standing the underlying physiological reasons for poor surgical out-
comes. It is time to revisit history and ask two outstanding questions:  

• How does the body respond to the trauma of surgery?  
• How can surgical stress be reduced? 

After presenting a brief history of the CNS-controlled stress-re-
sponse, we break the system into its component parts, and suggest 
possible ways to blunt the process before it switches into overdrive and 
secondary injury progression. 

4. Brief history of the stress response  

The organism which with the aid of increased adrenal secretion can 
best muster its energies, can best call forth sugar to supply the la-
bouring muscles, can best lessen fatigue, and can best send blood to 
the parts essential in the run or the fight for life, is most likely to 
survive. Such, according to the view here propounded, is the func-
tion of the adrenal medulla at times of great emergency. 

Walter B. Cannon (1914) [50] p372  

Stress research began in the mid-nineteenth century with Pfluger's 
concept of “steady-state” (1877), Claude Bernard's concept of “milieu 
intérieur” (1878), and Richet's “stability of the organism” (1900) 
[42,51]. These physiological concepts of how the body responds to 
stress were further developed by Walter B. Cannon, Hans Selye and 
David Cuthbertson. Cannon viewed stress as a challenge to the body's 
homeostasis or dynamic steady-state where he suggested a role for an 
activated sympathetic nervous system with adrenal secretions to in-
crease cardiac output and mobilize energy stores, leading to his concept 
of ‘fight-or-flight’ [52,53]. Seyle similarly viewed stress as a “non-spe-
cific strain” on the body that led to irregularities in normal body 
functions [54]. He also distinguished acute stress from chronic stress, 
terming the latter ‘general adaptation syndrome’. He identified three 
major stages of stress as alarm (fight-or-flight), resistance (body's re-
sponse to recover), and exhaustion (chronic burnout, depression, an-
xiety) [54]. Selye believed the alarm type of stress was different from 
emotional arousal or nervous tension, even though the underlying re-
sponse of nervous tension was similar to a human undergoing surgical 
anesthesia [55]. Seyle's insight led to the separation of surgical stress 
from psychogenic stress. 

Around the same time, David Cuthbertson was characterizing the 
complex “stress response” in trauma patients [56]. He divided the 
body's stress response into two quantifiable events: 1) An early “ebb” 
phase which began 2 h post-injury and lasted 2–3 days, and was asso-
ciated with glucose intolerance and a downregulation of cardiac 

Table 1 
Estimated Annual Global Mortality from Major Surgery compared to 
Cardiovascular Disease and Stroke, Cancer and Injury.        

Deaths per year 
(million) 

Year Percent 
Total 
Deaths 

Reference  

Total All-Aged Deaths 56.9 2017  10 
Cardiovascular and 

Stroke 
17.9 2016 31% WHO 

Cancer 9.6 2018 17% WHO 
Injury 5.8 2014 10% WHO 
Major Surgery (1–4% of 

310M) 
∼8.0a See Text 14% See Text 

a Average mortality. World Health Organization (WHO) data from website.  

Table 2 
Estimated annual mortality in the USA from major non-cardiac surgery, car-
diovascular disease and stroke, cancer and injury.        

Deaths per year Year Percent 
Total Deaths 

Reference  

Total All-Aged Deaths 2,839,205 2018  9 
Cardiovascular and Stroke 793,840 2017 28% CDC 
Cancer 599,108 2017 21% CDC 
Injury 169,936 2017 6% CDC 
Major Surgery (inpatient) 

(1.32% of 50M) 
660,000 2006 23% 4, 8 

Data from Centers for Disease Control (CDC) website.  
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function, tissue perfusion and metabolic rate, and 2) a second “flow” 
phase lasting days and weeks, which was characterized by an upregu-
lation of metabolism, cardiac function, higher blood glucose, and 
muscle wasting [56,57]. The studies of Cannon, Seyle and Cuthbertson 
(and many others) were ground-breaking and instrumental to the dis-
covery in the early 1950s of the neuroendocrine hypothalamic–pitui-
tary-adrenal (HPA) axis, and its multiple functions in maintaining 
whole body homeostasis [58–60]. 

A key point to understand about the stress response is that it has 
evolved over millions of years to increase, not to decrease, survival; it is 
self-limiting, and restorative [33,42]. However, when an insult or the 
trauma exceeds the body's internal tolerances, the CNS and downstream 
effector responses can switch to overdrive and promote secondary in-
jury, slower healing, and in some cases, death. 

5. Stress-free surgery  

Traumatic impulses are not excluded by ether anaesthesia from that 
part of the brain that is apparently asleep. 

George W. Crile (1913) [61] p7  

Before physiologists were studying the stress response in a more 
systematic manner, neurosurgeon George Crile, in the early 1900s, was 
already underway with his own clinical research. He was studying 
whether or not “anesthetised” cells were influenced by surgical stress in 
his patients. To this end, Crile was continually modifying his operative 
technique to improve recovery, including lightly anesthetizing the pa-
tient with mask inhalation of nitrous oxide and oxygen, and infiltrating 
all tissues with a dilute local anesthetic procaine before the first incision 
[62,63]. Crile recognized that general anesthesia was insufficient to reduce 
the patient's stress response, and so he proposed the word anoci-associa-
tion (harmful stimuli) to describe the ‘stressors’ of surgery. Crile called 

his surgical strategy “stress-free anesthesia” [61]. Harvey Cushing ex-
tended Crile's ideas to improve postoperative recovery by the use of 
regional blocks before removing ether anesthesia [64]. Cushing also 
confirmed Crile's observation that surgical shock could be prevented by 
the careful monitoring of blood pressure and avoiding the anoci 
‘stressors’ associated with the trauma of surgery [64,65]. Today, these 
stressors include damage-associated molecular patterns (DAMPS) and 
activation of multiple afferent pathways from peripheral and visceral 
injured sites to higher centers [42]. These century-old ideas and prac-
tices of Crile and Cushing form the basis of modern-day anesthesiology. 
Unfortunately, Crile's ideas on surgical stress appear to have been lost 
to the archives, and it is refreshing and energizing to re-read his cen-
tury-old Lancet paper [61]. 

6. Activation of the HPA axis and brainstem in response to tissue 
injury  

Since the seminal work of Ludwig and his colleagues, scientists have 
strived to identify the brain regions that are critical for steady-state 
and reflex control of the cardiovascular system in health and dis-
ease. 

S.M. Barman (2020) [66] pR194  

Surgical stress is associated with activation of both the central HPA 
axis and the brainstem's nucleus tractus solitarius (NTS) [66,67]. These 
central systems regulate cardiovascular, endocrine, thermoregulatory, 
inflammatory, immune, endothelial and metabolic functions 
[60,66,68]. Stress-induced activation of paraventricular nucleus (PVN) 
in the hypothalamus produces corticotrophin-releasing hormone (CRH) 
and vasopressin (VPR), which stimulates the release of ACTH from the 
pituitary into the circulation, and activates the adrenal cortex to syn-
thesize and release glucocorticoids (e.g. cortisol). Cortisol exerts its 

Fig. 1. Perioperative Complications after Non-Cardiac Major Surgery 
Major surgery and anesthesia are associated with stress-induced activation of the sympathetic nervous system, hemodynamic compromise, hyperinflammation, 
coagulopathy, immune dysfunction, metabolic imbalances and hypothermia. Large population studies indicate that ∼8% of adult patients will suffer heart ischemia/ 
injury, and 10% of these will die within 30 days [118,119]. Surgical stress also leads to perioperative complications involving brain [120,121], kidney [122], lung 
[123], liver [124], and possibly the gut microbiome [97]. Atrial fibrillation [125] and infections [126] are also significant complications following major surgery. It is 
estimated that around 50% of these complications are potentially preventable [13–15]. 
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effects via glucocorticoid receptors that are located on most organs of 
the body, including the brain itself as part of negative feedback circuits. 
At the cellular level, cortisol alters cellular signalling and the tran-
scription of a wide variety of genes involved in inflammation, immune 
function, mitochondrial metabolism, adipose tissue and cognition. 
Cortisol also modulates cardiac contractile function, and sensitizes and 
potentiates the effects of catecholamines, and other vasoactivators, on 
vascular smooth muscle cells by suppressing the production of vasodi-
lators, such as nitric oxide, through glucocorticoid alpha- and beta-re-
ceptor activation [69]. As mentioned, high plasma cortisol levels also 
exert negative feedback inhibition on PVN neurons to reduce its own 
production as a self-protective mechanism. 

After surgical stress, an overactive HPA axis can contribute to excess 
glucocorticoid levels, which can result in pathological states, including 
cardiac dysfunction [68,69]. During surgical trauma, plasma in-
flammatory cytokines IL-1, IL-6 and TNF-α stimulate the HPA axis 
leading to the release of cortisol and catecholamines and system-
atization of the stress response [22,70]. In 2018, Prete and colleagues 
reviewed 71 studies and reported increased serum cortisol in 2953 
surgical patients [71], with levels correlating with surgery complexity 

and anesthetic variables. Prete further emphasized that 95% of serum 
cortisol binds to cortisol-binding globulin, and that this binding de-
creases with the complexity of surgery [71]. In addition to HPA-axis 
neuroendocrine control of whole-body homeostasis, PVN neurones 
form part of neuronal pathways and sympathetic flow to the heart, 
kidney and other autonomic end organs [72]. 

The second control system interacting with the HPA axis is the NTS 
via neurons that innervate the PVN [68]. These include noradrenergic 
(as well as adrenergic) neurons that send direct projections from the 
NTS to CRH neurons, and control HPA axis responses to acute systemic 
(but not psychogenic) stressors, and parasympathetic systems [66]. The 
NTS is also rich in glucocorticoid receptors which are responsive to an 
overexpression of cortisol during stress. In addition to interacting with 
the HPA axis, the NTS network dominates cardiovascular control by 
continually receiving afferent signals from arterial baroreceptors, 
which control sympathetic-parasympathetic outflows of different fre-
quencies to the heart and organs of body. The NTS, like the HPA axis, 
regulates blood pressure, cardio-respiratory function, inflammation, 
immune function and metabolism [42,72–75]. Surgical stress is asso-
ciated with a shift towards a higher sympathetic (‘fight or flight’) to 

Fig. 2. A Systems-Based Approach to the Trauma of Surgery 
Surgical stress triggers a myriad of neuroendocrine, inflammatory, metabolic, and transcriptional perturbations that predispose the patient to further injury. The 
early drivers of surgical stress are sterile local injury, firing of injured peripheral and visceral afferent nerves which activate the brain's emergency response (see text). 
During and after major surgery, this system can switch to overdrive and exceed the body's normal tolerances of protection. This can lead to secondary injury, slower 
healing, poor outcomes, and in some cases, death. From a systems-based perspective surgical stress is levelled at: 1) the CNS, 2) left ventricular-arterial coupling, 3) 
microvascular blood flow distribution 4) the vascular endothelium/glycocalyx, and 5) the gut microbiome. A hypoperfused vascular endothelium can lead to 
glycocalyx shedding, systemic hyperinflammation, coagulopathy, platelet dysfunction, immune dysfunction, loss of vascular tone, reduced O2 supply and mi-
tochondrial dysfunction. The hypothesis is that if central and local control of cardiac output and ventricular-arterial coupling can be maintained, the endothelium 
will not activate and tissue O2 delivery will not be compromised. A potential target therefore is to prevent the “awake’ anesthetised brain from switching into 
overdrive. This may be achieved by shifting the CNS's autonomic balance from a sympathetically-driven system to a more parasympathetic anti-inflammatory one 
and improve perioperative outcomes. Modified after Dobson [34]. 
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parasympathetic (‘rest and digest’) flow ratio, and associated circuits 
[42,76]. Sympatho-vagal imbalances can lead to cardiac pump dysfunction 
and arrhythmias, immune dysfunction, hyperinflammation and organ dys-
function. Some surgical patients may already have comorbidities asso-
ciated with increased sympathetic outflow and impaired para-
sympathetic responsiveness [77,78] making them particularly 
vulnerable to surgical stress. The discharges of sympathetic nerves with 
cardiovascular targets contain a mixture of rhythmic components with 
frequencies ranging from ∼0.05 Hz to 10 Hz [66,79]. Gebber and 
colleagues proposed that the 10-Hz rhythm in sympathetic nerve dis-
charge served as a “carrier” frequency for complex cardiovascular re-
sponse patterns [80], and possible changes in this frequency deserves 
further investigation after surgical stress. 

7. A working hypothesis to reduce surgical stress  

It should be remembered always that the patient who has been in 
shock and resuscitated, and then operated upon, is in a precarious 
state. His nervous system has been disturbed not only by the original 
trauma, but also by the low nutrient flow of blood, and by the 
surgical procedures incidental to operation 
Walter B. Cannon (1923) Quoted from Traumatic Shock [81] p192  

In formulating a working hypothesis to reduce surgical morbidity 
and mortality, Cannon's insight into traumatic injury being a system's 
perturbation beginning with the CNS cannot be overstated [29,42]. 
New ways are required to prevent the CNS from entering into ‘overd-
rive’ after receiving damage signals from the surgical incision, excision, 
cauterizing, manipulation, suturing and anesthesia. If an intravenous 
(IV) therapy can commence before the first incision, it may lead to 
reduced sympathetic discharge and perioperative complications. Tar-
geting areas of the sympathetically-activated HPA axis and NTS in the 
patient's anesthetized brain that is still physiologically ‘awake’ may 
improve cardiac function, arterial compliance, endothelial function, 
tissue perfusion and energy production. Shifting the autonomic balance 
by inhibiting sympathetic and upregulating parasympathetic outflows 
is a key component to the hypothesis because activation of para-
sympathetic pathways exerts anti-inflammatory actions [78] and re-
duces the potential for ‘downstream’ secondary injury progression. We 
have proposed how this might work in a Systems Hypothesis of Trauma 
(SHOT) which has three pillars of protection [29] and apply it to sur-
gical stress (Fig. 2).  

1. CNS-Cardiovascular Coupling (Central Controller)  
2. Endothelial Glycocalyx Health (Systems Integrator)  
3. Mitochondrial Integrity (Energy Production) 

If imbalances can be prevented, surgical complications may be re-
duced (Fig. 2). The reason for targeting the CNS first is because it is the 
central controller of all downstream pathways that are activated after 
the first incision. Current practice of targeting single-nodal downstream 
changes after major surgery in a treat-as-you-go approach leads to what 
US surgeon William C. Shoemaker considered: “an uncoordinated and 
sometimes contradictory therapeutic outcome” [36]. This may be one 
reason why few advances have been made in reducing surgical mor-
tality and morbidity, and a by-product of decades of highly reductionist 
thinking and research. Reductionism is important to break a system into 
its constituent parts but it does not do away with the system. New 
therapies may be more successful if they target upstream controllers of 
the stress response and target the system. 

Loss of CNS-Cardiovascular Coupling  
Cardiovascular complications are the leading cause of death within 
30 days after non-cardiac surgery. 

Devereaux and Sessler (2015) [82] p2267  

Suppressing CNS neurohormonal outflows before surgical stress is 
key to protection of cardiovascular function and secondary injury 
progression. A parameter that has received little attention is ven-
tricular-arterial (VA) coupling, which links the CNS to cardiac output, 
endothelial health and mitochondrial energy production. VA coupling 
is defined as the ratio of left-ventricular elastance to arterial elastance, 
and can be derived from routine echocardiography [83–88]. It is a 
measure of left ventricular systolic performance to pump blood into the 
arterial tree, and the ability of arterial conduits to accept that blood. In 
critical care states [89], it is consistently reported to be a reliable and 
effective measure of cardiovascular performance in maintaining tissue 
oxygen supply [86,90,91]. When the ratio is close to unity, the effi-
ciency of the system is considered optimal. If the ratio is excessively 
high or low, the heart as a pump and vascular load become uncoupled 
with adverse downstream clinical outcomes [86,89,92]. 

While there are few or no studies measuring VA coupling ratios in 
non-cardiac surgery patients, an altered ratio would be expected to 
reduce blood flows to the major organs and promote hyperinflamma-
tion, coagulopathy and immune dysfunction [39,42]. Infectious com-
plications may also arise from reduced blood flow to the gut wall and 
leakiness with bacteria, or their active metabolic products (lipopoly-
saccharides, cytokines, neuropeptides, and protein messengers to pas-
sing across the ischemic wall into the circulation, and further exacer-
bating inflammation, coagulopathy, immunosuppression and limiting 
tissue O2 supply [93]. After major surgery, the patient's gut microbiome 
has been reported to change in composition, and is linked to the CNS 
dysfunction through vagal afferents and HPA axis modulation 
[77,93–96], and other complications [97]. This is further exacerbated 
by the use of postoperative antibiotics. More studies are required on VA 
coupling in patients experiencing secondary complications after major 
surgery. 

Endothelial glycocalyx shedding  
There is increasing recognition that targeting the endothelium and 
maximizing inherent physiological function in the perioperative 
period may improve postoperative outcomes. 

Riedel and colleagues (2013) [98]p151  

The endothelial-glycocalyx forms a nexus between the blood cir-
culation and tissues and covers an enormous surface area (up to 50,000 
m2). By maintaining different cell morphologies over this vast surface 
area the endothelial-glycocalyx plays a key integrator role in coupling 
CNS-Cardiovascular function to oxygen transport and energy produc-
tion [29]. Impaired VA coupling can lead to hypoperfusion and activate 
the endothelium. An activated endothelium can lead to shedding of its 
luminal ‘fuzzy layer’, the glycocalyx, leading to widespread inflamma-
tion, coagulopathy, platelet dysfunction, altered immune trafficking 
and loss of vascular tone [99,100]. 

Endothelial dysfunction and glycocalyx shedding is triggered by 
tissue trauma, hypoperfusion, ischemia-reperfusion injury, increased 
shear-stress, hypovolemia, hyperglycemia, oxidative stress, hyperin-
flammation and coagulopathy [101,102] (Fig. 2). In the perioperative 
setting, this can lead to further myocardial injury and potentially in-
crease 30-day mortality [102] (see Fig. 1). Release of high levels of 
syndecan-1, hyaluronan, and heparan sulphate levels, and other en-
dothelial injury markers (thrombomodulin, annexin-II, von Willebrand 
factor), are also correlated with poor outcomes [103]. Glycocalyx 
shedding, however, is reversible in a time frame that is dependent upon 
the type and severity of the operation and surgical trauma [104–106]. 
Considering its strategic location and integrating functions, drug 
therapies that protect the endothelial-glycocalyx may improve clinical 
outcomes following major surgery. Although currently there are no 
specific perioperative treatments to protect the endothelium, a number 
of promising strategies are being developed using different drugs [107] 
and liposomal nanocarriers [103]. 
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Loss of mitochondrial function  
Mitochondrial abnormalities and oxidant stress strongly suggest that 
mitochondrial ROS production may be a major determinant of the 
lymphocyte apoptosis and immune suppression that follow surgery 
and general anesthesia. 

Delogu and colleagues (2001) [35].  

Surgical stress is triggered from cell injury to the CNS and then back 
again. Surgical-induced perioperative ischemia can lead to mitochon-
drial abnormalities and oxidant stress in all peripheral tissues, immune 
cells and platelets [35]. The most susceptible tissues to ischemia-re-
perfusion injury are the more aerobic tissues such as brain, heart, lung 
and kidney. Impaired myocardial mitochondrial function, apoptosis 
and integrity are particularly challenging because they can lead to 
contractile dysfunction, ventricular arrhythmias and possibly death 
[108]. Mitochondria are believed of bacterial origin and located at the 
terminal step of oxygen transfer from the lung to cell metabolism 
[37,38]. They are the cell's oxygen consumers and ATP generators [29]. 
Mitochondrial dysfunction occurs after periods of hypoperfusion, en-
dothelial activation and tissue hypoxia/ischemia, which is accom-
panied by a shift in redox state (cytosolic NAD+/NADH ratio), in-
creased lactate production, decreased proton pumping across the inner 
membrane, collapse of membrane potential, opening of the perme-
ability transition pore, Ca2+ loading, loss of cytochrome C, and release 
of apoptotic-cascade inducing factors [29,38]. Tissue mitochondrial 
fragments also contribute to surgical stress by releasing DAMPS which 
can activate the immune system, worsen coagulopathy and cause fur-
ther tissue damage via proteolytic degradation and oxidative stress 
[109]. Mitochondrial DAMPS can also be released by activated plate-
lets, which can act as powerful pro-inflammatory agents and contribute 
to secondary injury progression [110]. Collectively, mitochondrial 
dysfunction is associated with HPA axis overdrive, coagulopathy, in-
flammation, immunosuppression, platelet dysfunction, organ dysfunc-
tion and, if unchecked, multiple organ failure [111]. 

8. Future research and a possible path forward  

In current practice, little emphasis is placed on the amelioration of 
stress-induced changes in endocrine/metabolic/cardiovascular 
functions–mainly because measures to counteract the response (e.g. 
insulin treatment of stress induced hyperglycaemia, perioperative 
beta-blockade) have spectacularly failed in reducing surgical mor-
bidity or mortality. 

P.G. Berthelsen (2015) [112] p247  

Currently, no drug therapy exists that targets the CNS-cardiovas-
cular-endothelial-mitochondrial system to reduce surgical stress. While 
varying benefits have been reported from the use of statins, beta- 
adrenergic blockers, calcium-channel blockers, angiotensin-converting 
enzyme (ACE) inhibitors, or aspirin [42,45–48], the high rates of 
postoperative complications continue to increase globally as the patient 
population ages and present with more complex comorbidities. A path 
forward may identifying drug therapies that support a CNS-controlled 
high flow, hypotensive, vasodilatory state that maintains endothelial 
patency and tissue O2 supply. We have been working on such a drug 
(adenosine, lidocaine and Mg2+, ALM) in severe trauma states, and 
preclinical studies show some promise in protecting the CNS, de-
creasing the sympathetic/parasympathetic outlows, maintaining a VA 
coupling ratio close to unity, correcting early coagulopathy, suppres-
sing inflammation and immune dysfunction, and lowering of energy 
demand [51,92,113–115]. Studies carried out by US Army Institute of 
Surgical Research have also shown that ALM therapy protects against 
endothelial glycocalyx shedding with 97% rapid restoration after he-
morrhagic shock [107]. We also have shown that the ALM therapy in a 
rat surgical laparotomy model reduced proinflammatory IL-6, increased 
anti-inflammatory IL-10, lowered serum lactate and decreased the re-
lease of neutrophils [116]. Despite showing some promise for surgical 

stress, we appreciate the long road ahead given the high failure rate of 
translating new drugs into humans (> 95%) [51], and of those having 
received FDA approval, ∼30% have displayed post-market adverse 
events [117]. 

12. Concluding remarks 

There are many unanswered questions on the best management 
strategies and drug therapies to prevent and manage perioperative 
complications after major surgery. A key starting point is to recognize 
that the anesthetized brain is still physiologically ‘awake’ and re-
sponsive to the sterile injury stressors of surgery. A systems-based ap-
proach to restore sympathetic/parasympathetic balance and targeting 
CNS-Mitochondrial coupling may help drive development of novel 
therapeutics to reduce secondary injury progression and improve out-
comes. 
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