E-SUPPLEMENT 

THIAMINE

Thiamine presents some unique analytical challenges (1). Analytical issues associated with TPP determination in inflammation complicate diagnosis of deficiency: whole blood and erythrocyte determination seem most reliable (2). The most widely used method to detect thiamin deficiency until now is the indirect measurement of thiamine diphosphate (TDP) in erythrocytes with either the transketolase activation test or the transketolase activity assay: these functional tests do not address directly thiamine and are affected by other factors than thiamine deficiency. The TDP concentration in erythrocytes has been shown to be a good indicator of body stores as it concentration changes in parallel with that of other organs. HPLC for the direct determination of TDP has been shown to be a more sensitive and specific method (2).  Other methods are in development based on biorecognition (periplasmic binding proteins, ribozymes, and aptamer). 


E-Table 1. Thiamine intervention studies
	Author
Journal
Year
	Design

	Population
N of patients
	Intervention

	Outcomes

	Luger M et al
Eur J Anaesthesiol 2015 (3)
	RCT
Double blind
	Cardiac surgery patients
N=30 (15 per group)
	300 mg versus placebo preop
	After intervention: 805.2 ± 289.8 ng g(-1) haemoglobin (Hb)  versus placebo group (591.2 ±100.7 ng g(-1) Hb, P < 0.01)

	Donnino MW et al 
Crit Care Med
2016  (4)
	RCT
Double blind
	Septic shock patients with elevated lactate (>3 mmol/l)
n= 88: n=43 thiamine ; n= 45 placebo
	200 mg or matching placebo twice daily for 7 days or until hospital discharge
	In the thiamine deficient patients (≤ 7 nmol/L); lactate levels decreased more and mortality was lower

	Moskowitz A et al
Ann Am Thor Soc 2017 (5)
	Secondary analysis of Double blinded RCT
	Septic shock patients
70 patients eligible for analysis after excluding 10 patients in whom hemodialysis was initiated before thiamine administration
	200 mg or matching placebo twice daily
	Worst creatinine levels were higher in the placebo group, with more progression to renal replacement therapy (8 [21%] vs. 1 [3%]; P = 0.04).

	Marik PE et al 
Chest 2017 (6)
	Retrospective Before and after trial
Open
	Septic shock patients
N=47 patients in both treatment and control groups
	Thiamine iv 200 mg every 12-h combined with Hydrocortisone and Vitamin C

	Hospital mortality was 8.5% (4 of 47) in treatment versus 40.4% (19 of 47) in control group (P < .001). In treatment group no patient developed progressive organ failure. Vasopressors weaning was faster 18.3 ±9.8 h in the treatment group versus 54.9 ±28.4 h (P < .001).



Thiamine supplementation
The recommended daily intakes (RDI) for thiamine are 1.3 mg/day. During parenteral nutrition, standard intravenous complement products provide 3 to 4 mg per day. The doses recommended for the treatment of the Wernicke-Korsakoff syndrome related to refeeding syndrome or alcoholic abuse were 100 mg/day by the oral route. Recently the recommendations have been mentioning up to 500 mg I.V 3 times per day for 2-3 days, to be reduced to 50-100 mg/day after stabilization. The European Federation of Neurological Societies recommends 200 mg intravenous 3 times daily until symptoms resolve (7).
With 400 mg/day, the doses used in the intervention trials in sepsis are hence more than 100 times higher than the “nutritional RDI doses”, and in the same range as those delivered for treating severe neurological deficiency syndromes. 

Safety
Thiamine, as the other group B vitamins, produces no acute toxic symptoms: there are no well-established toxic effects from consumption of excess thiamin in food or through long-term, oral supplementation (up to 200 mg/day) (8). Side effects range in severity from very mild to, very rarely, fatal anaphylactic shock: thiamin-induced anaphylaxis may rarely occur after intravenous or intramuscular injection (tachycardia, pruritus, respiratory distress, nausea, abdominal pain, and shock) sometimes progressing to death. 



VITAMIN C

Vitamin C is a small water soluble molecule. In contrast to most species, humans have lost the ability to synthesize this molecule. Body stores are limited. As an electron donor, vitamin C is a crucial antioxidant with anti-inflammatory and immune supporting effects (9), and a cofactor in many biosynthetic pathways (collagen, catecholamines, peptide hormones (10)).  After deprivation, earliest symptoms of scurvy (lassitude) occur in healthy humans after 4-6 weeks (11, 12). However, depletion occurs more rapidly if oxidative stress is high, explaining the high prevalence of vitamin C depletion in critically ill patients. Due to its pleiotropic actions, depletion may increase the severity of critical illness and delay recovery from disease. Moreover, supra-physiological concentrations of vitamin C might have an adjuvant role in the treatment of severe sepsis (13, 14). However, this remains to be proven. 
Vitamin C is transported into cells by sodium-dependent vitamin C transporters (SVCT). The SVCT1 is the absorptive transporter in the gut and the proximal renal tubule and SVCT-2 is the predominant transporter for vitamin C into cells and tissues. Vitamin C can further be taken up into cells as dehydro-ascorbic acid (DHA) (the oxidation product of vitamin C) via glucose transporters (GLUTs) to be reduced to ascorbic acid within the cell. This transport plays an important role in the brain and in activated leukocytes, which accumulate vitamin C (12). The uptake of vitamin C in the gut occurs via the SVCT1. The dose concentration curve is sigmoidal with its steep slope between 30 and 100 mg of vitamin C daily. Enteral uptake is satiable and therefore limited. With higher intakes, bioavailability of oral vitamin C decreases (15). In healthy persons, plasma concentrations of about 60 µmol/L are achieved at an oral intake of 100 mg/day, while an intake of 1000 mg/day produce plasma levels of 80 µmol/L. A daily intake of 200 mg is determined as being ‘adequate’, i.e. being safe to prevent deficiency with a margin of safety (15). Vitamin C is freely filtered by the glomerulus and subsequently reabsorbed in the proximal tubule via the SVCT1. However, tubular reabsorption is limited as well. Relative reabsorption is higher when plasma concentrations are low. In healthy volunteers taking < 100 mg vitamin C per day, no renal excretion occurred, while at 200 mg per day about 50% of the oral dose was excreted (11). 
Vitamin C also freely passes the dialysis membrane. An old study found an estimated mean daily loss during continuous venovenous hemofiltration of 68 mg/day (16). However, daily requirements are likely higher due to the disease and treatment associated oxidative stress (17).
Vitamin C status in critically ill patients

Pre-admission vitamin C status is related to dietary habits and the degree of oxidative stress and therefore to the presence of chronic diseases. Plasma vitamin C concentrations are lower in smokers, elderly patients and in patients with diabetes (12, 18, 19). In dialysis patients, low levels of vitamin C are associated with decreased prealbumin and increased C-reactive protein (17). Results from studies on vitamin C status are summarized in eTable 2. 

Increased needs
During critical illness, the need of vitamin C is acutely increased. Several studies directly or indirectly support this. First, critically ill patients have very low plasma levels of vitamin C (eTable 2). Plasma concentrations are lower in patients with sepsis (20) and multiple organ failure (21) than in those without. Second, clinical studies show that a nutritional intake (125 mg/day or 500-700 mg/day) fails to normalize plasma concentrations (20, 22). Moreover, in critically ill patients with sepsis, systemic inflammation and after cardiac arrest plasma concentrations decreased between day 1 and 3 of ICU admission (23). This decrease cannot only be explained by insufficient intake because it takes several weeks for healthy persons on zero intake to develop deficiency (24) The likely reason is critical illness-related increased consumption due to enhanced oxidative stress and a limited reduction of the ascorbate radical DHA (reduced recycling) (15). The metabolic clearance of vitamin C in patients after major maxillofacial surgery was 1.6 times increased compared to the preoperative state (25). In addition, in the synthesis of catecholamines and other substances, vitamin C is co-substrate (12). The increased metabolic activity of critical illness enhances this consumption. Ascorbic acid concentrations are much higher in tissues than in plasma. Cells accumulate vitamin C against a concentration gradient, most likely via SVCT2. Highest concentrations are found in leukocytes, adrenals and the brain (12). Upon activation, leukocytes acutely accumulate vitamin C. Increased leukocyte turnover during sepsis may contribute to deficiency. High intracellular concentrations are probably needed to protect cells against oxidative metabolism (leukocytes, brain), but may also be needed for metabolic pathways such as 
catecholamine synthesis and protection against glutamate toxicity in the brain (26). There is some evidence that tissue concentrations of vitamin C are related to plasma concentrations and dietary intake, at least for granulocytes, platelets, erythrocytes (27) (but not for monocytes) and for muscle (20). Human skeletal muscle appears highly responsive to vitamin C intake and plasma concentrations and even exhibits a greater relative uptake of ascorbate than leukocytes (28). Thus, vitamin C consumption increases with disease, due to accelerated vitamin-C dependent enzymatic reaction rates, increased degradation by oxidative stress and reduced recycling (15). These mechanisms explain why the prevalence of hypovitaminosis (≤ 21 µmol/L) and scorbutic concentrations (≤ 11 µmol/L) (29) in critically ill patients is high.

Optimal dose
During health, a daily intake of 200 mg is considered as being ‘adequate’, i.e. being safe to prevent deficiency with a margin of safety (15). During critical illness, the uptake of vitamin C from enteral or parenteral nutrition in insufficient to restore or maintain normal plasma concentrations (20, 22, 23, 30). Plasma concentrations remained depleted during standard enteral or parenteral nutrition containing a mean of 100-200 mg/day (20) or during an immune enhanced enteral nutrition containing 690 mg vitamin C per 1500 ml (22). Plasma concentration significantly declined between d1 and d3 in patients after cardiac arrest (23) and sepsis (20). The enteral intake of 1500 mg vitamin C per day as part of a pharmaconutrition supplement increased the mean plasma concentration, but given the reported range, some patients remained deficient (31). Intravenous administration of 2-3 g vitamin C per day is required to bypass the rate-limited enteral uptake and normalize plasma concentration concentrations in critically ill patients (32, 33). This dose is needed to correct deficiency (“repletion”) and obtain plasma concentrations in the safe and healthy range. There is no evidence for the optimal duration of supplementing vitamin C intravenously in this higher dose,. In patients with severe renal insufficiency, the dose should probably be reduced earlier unless renal replacement therapy is applied. In fact, optimal duration likely depends on the severity of deficiency and the severity of oxidative stress. If plasma concentrations are high, vitamin C is excreted by the kidney. 
Despite renal excretion, supra-normal plasma concentrations can be achieved with a pharmacological intravenous doses as shown with a dose of 10 g/day in a pharmacokinetic trial (33). A recent Phase I randomized controlled trial in septic patients compared 50 mg/kg/day for four days to 200 mg/kg/day and placebo. The highest dose achieved plasma concentrations between 1592-5722 µmol/L (see eTable 2) and was associated with an earlier decrease in organ failure (32). Pharmacological doses might be useful to optimize the antioxidant effects of vitamin C (12, 34). Preclinical studies have shown that the higher the concentration of ascorbate in blood, the greater the time to initiate lipid peroxidation (35). No pro-oxidant effects were found, even with ascorbate serum concentrations of 5mM. Although preliminary trials using pharmacological doses are promising (see below), large clinical trials are needed to determine whether these pharmacological doses are safe and effective.  Several large randomized controlled trial are currently being performed or prepared. Up to now, 2-3 g of vitamin C per day intravenously seems needed for repletion in the acute phase of critical illness.



E Table 2. Studies in intensive care patients reporting ascorbic acid plasma levels
	Author
Journal
Year
	Population
Nr of patients
	Vitamin C
supplementation
	Plasma ascorbic acid level d 1
(µmol/L)
mean±SD
median(IQR)
unless otherwise stated
	Plasma ascorbic acid level
d 3-7
(µmol/L)
mean±SD
median(IQR)
unless otherwise stated
	Mean plasma ascorbic acid level
µmol/L in healthy controls

	Schorah C.J.
Am J Clin Nutr 1996 (36)
	Critically ill patients
N=62
	PN containing AA in some patients
	11.0 (8-22)
	
	N=34
61.8 (55-72)

	Borrelli, E.
Crit Care Med
1996 (21)
	Surgical ICU
N=10 (MOF)
N=6 (no MOF)
	
	3.8 ± 1
12.0 ± 3.2
	
4.9 ± 1
9.8 ± 3.5
	

	Story, D.
Critical Care Med
1999 (16)
	ICU patients
N=9
CVVH patients
N=8
	
	37 (28-108)

43 (23-57)
	
	

	Blee, T.H.
Surgery
2002 (37)
	Surgical 
Bleeding diathesis
1-y cohort
N=12 
	
	Mean 17.1
Range 7.7 -28.5


	
	

	Long C.L.
J Surg Research
2003 (32)
	Critically ill trauma/sepsis
N=12
	d 1-2: 
300 mg/d iv 
d 3: 
100mg/d iv
	Mean 6.3, SE 17.1


	Mean 16.0 , SE 2.9 a f


	

	Lassnig A.
BJA
2003 (38)
	Cardiac surgery
N=40
	
	Estimated mean  22.8 f

	Estimated mean  25.7 f

	

	Beale, R.J. 
Intensive Care Med
2008 (31)
	Sepsis
N=27 b

N=28 c
	
1500 mg ent.

250 mg ent.
	
Median 10.6 
Range 1.9-159.4
Median 17.0 
Range 2.8-78.5
	
Median 58.6 
Range 5.4-189.9
Median 14.3 
Range 2.4-179.6
	

	Nogueira C.R.
Hops Nutr
2013 (39)
	ICU patients 
Requiring EN N=23 

N=11
	Standard EN

600 mg vit C ent.
	68.4±102.6

28.5±22.8
	Day 8

34.2 ±22.8

75.8±102.6
	

	Fowler, A.A.
J Transl Med
2014 (40)
	Septic shock
N=24 (all)
N=8 

N=8 

N=8
	

Placebo

Vit C 50 mg/kg iv for 4-days
Vit C 200 mg/kg iv for 4-days
	
Mean 17.9, SE 2.4 
Mean 20.2
Range 11-45
Mean 16.7 
Range 14-28
Mean 17 
Range11-50
	

Mean 15.6 
Range 7-27
Mean 331 
Range 110-806
Mean 3082 
Range 1592-5722_
	

	De Grooth H.J. 
Intensive Care Med
2014 (23)

	Critically ill 
N=51

Sepsis/SIRS (n=28)
Cardiac arrest (n=23)
	Standard EN
	Med 24, IQR 16-36
Hypovitaminosis 41%
Deficiency 14%
Med 20, IQR 13-32

Med 28, IQR 18-38
	Med 19, IQR 14-26
Hypovitaminose 59%
Deficiency 16%
Med 28; 
IQR 18-38
Med 19, IQR 17-23
(significant decrease)
	N=42
61 (49-75)


	Van Zanten, A.R.H. 
JAMA 
2014 (22)

	Sepsis
N=152 c
N=149d
	
± 690 mg/d ent. 
± 195 mg/d ent.
	
Median 7.5 
Range 0.0-72.0 
Median 8.4 
Range 0.0-140.0
	
Median 14.0 
Range 0.0-70.6
Median 6.8 
Range 0.0-38.0
	

	Carr, A.C. 
Crit Care
2017 (20)

	Sepsis
N=24

Non-sepsis
N=17 
	EN
102 mg/d, SD54
PN 
206 mg/d, SD106
or a combination

	14.6±8.7
Hypovitaminosis 90%, Deficiency 40%
19.7±9.3
Hypovitaminosis 50%, Deficiency 25%
	No significant change between day 1-4
	


Normal range 50-70 µmol/L, hypovitaminosis ≤ 21 µmol/L, deficient (scurvy level) ≤ 11 µmol/L (29)
IQR interquartile range; SD standard deviation, SE standard error; ent. Enterally, EN enteral nutrition, PN parenteral nutrition, ICU intensive care unit, CVVH continuous venovenous hemofiltration
a day 1-2: 300 mg/day iv, day 3: 100mg/day, b 1500 mg vitamin C/day enterally, c 250 mg vitamin C enterally c ± 690 mg/day enterally, d ± 195 mg vit C enterally f; estimated: from the figure in the paper
Intervention studies 

eTable 3 summarizes the controlled intervention studies on vitamin C supplementation in critically ill patients. Some of these studies used doses needed for repletion during critical illness (500-3000 mg per day), some used pharmacological doses up to 200 mg/kg/day or even 66 mg/kg/hour in burn patients. The number of included patients is given per group and the intervention in the different groups is presented at similar height in the next column.


E Table 3.  Controlled studies on the effect of vitamin C in critically ill patients 
	Author
Journal
Year
	Design
Population
	N of patients
	Intervention

	Outcomes

	Nathens A.B.
Ann Surg
2002 (41)
	RCT
Single-center
Trauma and MOF
	301

294
	· Vit C iv 1-g t.i.d.
Vit-E ent 1000 IU t.i.d.
· with PN: Vit C 100 mg, Vit-E 10 IU daily
With EN: Vit C 340 mg/L, Vit E 60 IU/L
During ICU admission or 28-days
	Pulmonary morbidity 
New MOF 
LOS ventilation 
LOS ICU 

	Crimi E.
Anesth Analg 
2004 (42)

	RCT 
Multi-center
Critically ill mainly trauma, cardiogenic shock
	105


111
	· Vit C 500 mg/d in EN
    Vit E 400 IU/d in EN      
· saline solution
For 10-d
	Ventilator-free days 
28-d mortality  

	Collier B.R.
JPEN 
2008 (43)
	Prospective vs. retrospective 1-yr cohort
Single-center
Trauma
	2272

2022
	· Vit C 1 g iv or orally t.i.d.
+ Vit E orally 1000 IU t.i.d.
+ selenium 200 g iv
For 7-days or until hospital discharge
	LOS ICU 
LOS hospital 
Mortality 
OR 0.32, 95% CI
0.22-0.46

	Berger, M.M.
Critical Care
2008 (44)
	RCT
Single-center
Complicated cardiac surgery, trauma, SAB
	102




98
	· Se 540 µg iv d-1, 270µg d 2-5
Zn 60 mg iv d-1, 30 mg d 2-5
Vit B1 305 mg iv d-1, 205 mg d 2-5
Vit C 2.7 g iv d-1, 1.6 g d 2-5
Vit E 600 mg iv d1, 300 mg d 2-5
· Vit B1 100 mg iv d 1-3 (both groups)
Vit C 500 mg iv d 1-5 (both groups)
For 5-days
	New organ failure ND
New infections ND
LOS shorter in trauma
CRP  in cardiac surgery and trauma
Recovery of health after discharge 

	Heyland D.
New Engl J Med
2013 (30)
	RCT, 
Multi-center
2-by-2 factorial 
Critically ill adults with multiple organ failure
	307





300
	· Se 500 μg iv
Se 300 μg enteral
Zn 20 mg enteral
-carotene 10 mg
   Vit E 500 mg enteral
   Vit C 1500 mg enteral

·  Placebo
During ICU admission or 28-days
	No difference in 28-d mortality or length of stay.


	Zabet M.H.
J Res Pharm Pract 
2016 (45)
	RCT
Single-center
Surgical septic shock 

	14

14
	· ascorbic acid iv 25 mg/kg 4x daily 
for 72 hours
· placebo
For 72-hours
	Dose and duration of norepinephrine 
28-day mortality 14% vs. 64% (p=0.009)

	Fowler, A.A.
J Transl Med
2014 (40)
	Phase I RCT
Single-center
Severe sepsis
Safety
	8
8
8
	· ascorbic acid  iv 50 mg/kg/24-h
· ascorbic acid  iv 200 mg/kg/24-h
· placebo
For 96-hours
	No adverse events
AA: Prompt SOFA , CRP & Procalcitonin 
Placebo: no reduction

	Marik, PE
Chest
2017 (46)
	Retrospective before/after
Single-center
Severe sepsis / septic shock &
PCT ≥ 2 mg/L
	47


47
	· Vit C iv 1.5 g iv every 6-h for 4-d + hydrocortisone 50 mg every 6-h + thiamine iv 200 mg every 12-h 
For 4-d or ICU discharge
· hydrocortisone 50 mg every 6-h at discretion of the attending physician
	Hospital mortality 
8.5% vs. 40.4%
Duration vasopressors 18.3 vs. 54.9 h
Vit C: SOFA , RRT , Procalcitonin clearance 

	BURNS
	
	
	
	

	Tanaka H.
Arch Surg 
2000 (47) 
	RCT
Severe Burn 
< 2-h
	19
18
	· Ringer Lacate + Vitamin-C 66 mg/kg/hr
· Ringer Lactate
For 24-hours
	Fluid requirements
Body weight gain 
PF ratio 
Days on mechanical ventilation 

	Kahn S.A.
J Burn Care & Research 
2011  (48)
	Retrospective
Single-center
Severe Burn 
< 10-h

	17

16
	· Ringer Lacate + Vitamin-C 66 mg/kg/hr
· Ringer Lactate
For 24-hours
	Fluid requirements 
Urinary output 


RCT: randomized controlled trial; Vit: vitamin; iv intravenously, ent: enterally; PN parenteral nutrition; EN enteral nutrition; yr: year; t.i.d:  three times daily; d day; LOS length of stay; OR: Odds ratio; ND not different; MOF: multiple organ failure; TPN total parenteral nutrition; EN enteral nutrition; SAB: subarachnoid bleeding; TBSA total body surface area, SOFA Sequential Organ Failure Assessment score, SOFA decrease in SOFA score; RRT renal replacement therapy, PCT Procalcitonin
Safety
Safety concerns regard urinary oxalate crystallisation and pro-oxidant effects. Oxalate is produced during the metabolism of vitamin C. Urinary oxalate excretion increases when higher doses of vitamin C are administered (33) and calcium oxalate crystallisation may occur in susceptible patients. Normal oxalate excretion is less than 45 mg/d, and primary hyperoxaluria is associated with oxalate excretion greater than 90 mg/d (49). Oxalate nephrocalcinosis and oxalate stones develop over months to years in primary hyperoxaluria, a disease in which oxalic acid excretion exceeds 100 mg/d and can reach 400 mg/d (50). Prolonged oral intake of high-dose vitamin C increases the risk of oxalate kidney stones (51). Urinary oxalate excretion was studied in patients with normal renal function over 6 hours after high dose ascorbic acid infusions. Oxalic acid excretion increased with increasing doses, reaching approximately 80 mg at a dose of approximately 100 g. Less than 0.5% of the very large intravenous dose of ascorbic acid was recovered as urinary oxalic acid. Several case reports have described acute renal failure with oxalate crystal formation associated with high dose vitamin C therapy (52). However, in most critically ill patients intravenous vitamin C will be supplemented for a restricted period of time. Furthermore, in controlled studies high repletion doses and pharmacological doses of vitamin C seem to be well tolerated (see eTable 2) and stone formation was not reported, even not when using a dose of 66 mg/kg/hr in burn patients, urinary output increased (48). Furthermore, in the before after study of Marik, the use of 6 g vitamin C per day intravenously (together with thiamine and hydrocortisone), was associated with a reduced incidence of acute kidney injury and need of renal replacement therapy. 
The antioxidant effects of vitamin C are based on the donation of an electron to a reactive oxidant species. When doing so, the ascorbate radical develops, which is potentially pro-oxidant, but has generally replaced a more damaging radical. Furthermore, the ascorbate radical is relatively stable and unreactive with other molecules. Dismutation of two ascorbate radicals produces one molecule of ascorbate and one molecule of dehydroascorbate (DHA), which is rapidly further reduced to ascorbic acid or metabolized. However, electrons from ascorbate can reduce metals such as copper and iron, leading to formation of superoxide and hydrogen peroxide, and subsequent generation of reactive oxidant species. Thus, under some circumstances ascorbate will generate oxidants. This occurs in vivo when pharmacologic ascorbate concentrations, in the millimolar range, are achieved in plasma and cell culture media when metals are present. However, in contrast to cancer cells in vitro, human cells are relative insensitive to hydrogen peroxide that is rapidly inactivated by red blood cells (12). In an extensive review, the question ‘Does vitamin C act as a pro-oxidant under physiological conditions?’ was investigated. The answer appeared to be ‘no’. Even in the presence of iron, vitamin C predominantly reduced in vivo oxidative damage. Thus, although vitamin C may produce pro-oxidant species, increased pro-oxidant damage has not been convincingly shown. However, large randomized controlled trials are needed to determine whether the potential benefits of vitamin C in pharmacological doses outweighs its potential side effects. 
Further reading on vitamin C
Vitamin C is an antioxidant
· Ascorbate is the most potent water-soluble antioxidant and it directly scavenges radicals and recycles other antioxidants (35).
Vitamin C and sepsis (13, 40, 45, 53-55)
Vitamin C can limit the inflammatory response and contribute to recovery from organ failure (47, 53, 56-58)
Vitamin C and endothelial protection (14, 59)
Vitamin C can limit ischemia-reperfusion injury (26, 59, 60)
Vitamin C can improve host defense (9, 61, 62)
Vitamin C can improve mood (63, 64)
Vitamin C and pain (65)
Vitamin C contributes to wound healing (66)
Vitamin C and the adrenal gland  
· Adrenals secrete accumulated vitamin C in response to ACTH which subsequently triggers the cortex to produce cortisol (67, 68)
Vitamin C and glucocorticoid receptor function (69)
Vitamin C plasma concentrations: for a summary of studies see eTable 2
· During critical illness enteral administration is ineffective, e-supplement of  (22)
· An intravenous dose of 2-3 g/day is needed to restore plasma concentrations (22, 32)
Vitamin C redistribution and recycling (70, 71)
Vitamin C pharmacokinetics (33, 72)
Low levels of ROS are crucial for (intra)cellular signalling (73)
Vitamin C reviews (14, 26, 62, 70, 74)




VITAMIN D
Vitamin D status in critically ill patients
Worldwide, vitamin D deficiency is highly prevalent in critical illness. Whether this is solely a preexistent condition or also affected by acute changes caused by acute phase reactions is currently unknown, but likely both reasons are present in many patients. In which patients should deficiency be expected? The more severely ill a patient is before ICU admission, the higher the likelihood for deficiency, especially when renal or liver disease is present. After the first small reports in 42 Australian adult ICU patients (75) and 100 Canadian children requiring ICU admission for respiratory infections (76), large observational studies from around the world have confirmed that vitamin D deficiency is a frequent finding in critical illness (77-85) found in approximately 50% of ICU patients (defined as 25OHD levels below 20ng/ml) (86-89). Meta-analyses confirmed that patients with low vitamin D status have increased mortality and morbidity besides a longer ICU stay (86-89). 

Vitamin D doses
Current standard enteral nutritions contain vitamin D2 or D3 (native vitamin D, half-life 2-3 weeks), but rarely more than 300 IU in a daily regime (while the recommended daily allowance for healthy subjects is 600 to 800 IU daily). The Endocrine Society increased this dose to 1500 to 2000 IU/day for individuals at risk (90). Apart from intramuscular high-dose vitamin D formulations, no intravenous vitamin D monopreparations are available. Parenteral multivitamin preparations typically contain only 200 or 220 IU of native vitamin D. The optimal native vitamin D dose in critical illness remains unknown, but up to 10000 IU daily are considered safe; the standard dose of 600-800 IU however is certainly ineffective in the acute setting. Therefore, the use of a loading dose appears necessary in critical illness. 
Active vitamin D is a different metabolite with a much shorter half-life (hours), a greater biological effect but also a greater risk for hypercalcemia.

Vitamin D intervention trials in critical illness
The potential benefit for vitamin D in critical illness has only been considered from 2009 on (91, 92). Indeed correction of vitamin D deficiency may be a safe, and inexpensive possibility of improving clinical outcomes during as well as following critical illness (93-96). eTable 4 summarizes randomized controlled intervention studies on vitamin D supplementation in critically ill patients.

In the last years, several intervention trials with or without placebo groups have been completed (eTable4) (97-109). Given the low chance of success for a normal daily vitamin D regime (110), other supplementation strategies including mega-doses for initial loading  have been used. Overall, there is substantial variation in these studies regarding treatment duration (single dose or up to 6 months), dose, route of administration (enteral, intramuscular, intravenous) and metabolite (native vitamin D: cholecalciferol, ergocalciferol, active vitamin D: calcitriol). With the exception of the VITdAL-ICU trial (n=475) (97), these studies have been very small (n<70). In the VITdAL-ICU trial, 6-month mortality was non-significantly lower in the vitamin D group (absolute mortality placebo : 43% vs. vitamin D3 : 35%), but the findings did achieve statistical significance in the subgroup with severe vitamin D deficiency at baseline (97). 

Recently, 3 independent groups published meta-analyses on the effect of vitamin D on the mortality of ICU patients (111-113). Because of the small number of additional patients besides the VITdAL-ICU trial, and the substantial heterogeneity between studies, these meta-analyses have added little additional information (114, 115). 

In summary, low vitamin D status is a global common problem in critical illness and associated with poor outcomes in observational studies. Interventional studies in adults and children have demonstrated that high-dose cholecalciferol loading (enteral or intramuscular) is effective for improving 25OHD levels without major adverse events (97, 99, 116). The extremely important question whether high dose vitamin D can improve survival and other outcomes remains currently unanswered. In 2017, two large multi-center trials started recruitment in the United States (VIOLET: NCT03096314) and Europe (VITDALIZE: NCT03188796), both aiming to assess the possible mortality benefit of high-dose vitamin D supplementation in severe acute illness. Once these trials are finished, we will have a much deeper understanding if and how rapid normalization of vitamin D status benefits patients in the ICU setting. 

Safety
Vitamin D toxicity can be life-threatening and associated with substantial morbidity, if not identified and treated. It has been not been described in the ICU setting but after prolonged intake of excessive doses and, in rare cases, in individuals with mutations in CYP24A1 causing failure to metabolize 1,25-dihydroxyvitamin D (117-119). Vitamin D toxicity is mediated primarily via hypercalcemia and hypercalciuria. Side effects include acute kidney failure and nephrocalcinosis.



E-Table 4. Prospective randomized controlled trials on the effect of vitamin D in adult critically ill patients
	Author, Journal,
Year
	Design
Population
	N of patients
	Intervention

	Outcomes

	COMPLETED TRIALS

	Van den Berghe G., JCEM 2003
Leuven, Belgium (120)
	RCT (no placebo group)
ICU, prolonged critical illness 
	22
	500 IU D3 daily IV 
vs. 200 IU D3 daily IV
	High-dose vitamin D increased 25OHD, but 1,25OHD was unaltered, more pronounced  fall in CRP and IL-6 in the high dose compared to the low dose vitamin D group


	Amrein K., Crit Care 2011
Graz, Austria (98)
	RCT
Medical ICU, 25OHD <20ng/ml
	25
	1x 540 000 IU D3, enteral
vs. placebo
	Normalization of vitamin D levels in most patients, no adverse events; no difference in 28-d mortality or length of stay.

	Amrein K., JAMA 2014
Graz, Austria (97)
	RCT
Mixed ICU, 25OHD <20ng/ml
	475
	1x 540 000 IU D3, enteral, then 5x 90 000 IU D3/month 
vs. placebo
	No difference in hospital length of stay, overall no significant mortality benefit, but large and significant mortality benefit in the predefined subgroup with severe vitamin D deficiency (25OHD) < 12 

	Leaf D., Am J Respir Crit Care Med. 2014
Boston, USA (101)
	RCT
ICU, sepsis
	67
	1x 2.0 mcg calcitriol, IV
vs. placebo
	Similar plasma cathelicidin levels at 24 hours (P = 0.16)
Higher cathelicidin and IL-10 mRNA expression in calcitriol group compared to placebo group 24 hours after study drug administration

	Nair P, Crit Care Med. 2015
Sydney, Australia (102)
	RCT (no placebo group)
ICU
	50
	1x 150 000 IU D3, IM 
vs. 1x 300 000 IU D3, IM
	Normalization of vitamin D levels, greater dose associated with greater LL-37 increase

	Quraishi S., Crit Care Med. 2015
Boston, USA (99)
	RCT
ICU, sepsis
	30
	1x 200 000 IU D3, enteral 
or 1x 400 000 IU D3, enteral
vs. placebo
	Rapid correction of vitamin D deficiency,  increase in LL-37 compared to the placebo group

	Rousseau A., Burns 2015
Liège, Belgium (105)
	RCT
ICU, burn patients
	15
	quarterly IM injection of 200 000 IU D and daily oral calcium
vs. placebo
	25OHD levels increased significantly in the vitamin D group, no significant change in bone health, but significantly improved quadriceps strength when tested at high velocity in the vitamin D group

	Han JE J of Clin & transl. endocrinology 2016, Nutrition 2017
Atlanta, USA (121)
	RCT
ICU, mechanically ventilated
	30
	5x 50 000 IU D3, enteral or 5x 100 000 IU D3, enteral
vs. placebo
	Shorter hospital stay, dose dependent increase of vitamin D levels and increased hCAP18 mRNA-expression compared to the placebo group

	Alizadeh N, Int J Clin Pract 2016
Teheran, Iran (109)
	RCT
surgical ICU, stress-induced hyperglycaemia
	50
	600 000 IU D3, IM
vs. placebo
	25OHD levels increased significantly in the vitamin D group at day 7, fasting plasma adiponectin levels increased significantly in the vitamin D group, but not the placebo group

	
Miroliaee AE 2017, Iran J Pharm Res.
Teheran, Iran (122)
	RCT
ICU, ventilator associated pneumonia
25OHD <30ng/ml
	46
	300 000 IU D3, IM
vs. placebo
	PCT levels significantly lower in the vitamin D group compared to placebo group, no significant difference in SOFA score between groups, mortality rate of patients in the vitamin D group was significantly lower than in the placebo group

	ONGOING TRIALS

	VIOLET, 
recruiting
(NCT03096314)

	Multicenter, USA
25OHD <20ng/ml
	Target: 3000
	1x 540 000 IU D3, enteral 
vs. placebo
	n/a

	VITDALIZE, recruiting
(NCT03188796)

	Multicenter, Austria/Europe
25OHD <12ng/ml
	Target: 2400
	1x 540 000 IU D3, enteral, then 4000 IU D3 daily for 90 days
vs. placebo 
	n/a


Cathelicidins: a family of antimicrobial polypeptides which play an important role in innate immune defense against invasive bacterial infection. In humans, LL-37 (or hCAP18, human cationic antimicrobial protein) is the only cathelidicin identified to date
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