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Abstract

Background: Liver transplantation is the last therapeutic option for patients with end-stage liver disease. Postreperfusion
syndrome (PRS), defined as a fall in mean arterial pressure of more than 30% within the first 5 minutes after reperfusion of at
least 1 minute, can occur in liver transplantation as a deep hemodynamic instability with associated hyperfibrinolysis immediately
after reperfusion of the new graft. Its incidence has remained unchanged since it was first described in 1987. PRS is related to
ischemia-reperfusion (I/R) injury, whose pathophysiology involves the release of several mediators from both the donor and the
recipient. The antioxidant effect of ascorbic acid has been studied in resuscitating patients with septic shock and burns. Even
today, there are publications with conflicting results, and there is a need for further studies to confirm or rule out the usefulness
of this drug in this group of patients. The addition of ascorbic acid to preservation solutions used in solid organ transplantation
is under investigation to harness its antioxidant effect and mitigate I/R injury. Since PRS could be considered a manifestation of
I/R injury, we believe that the possible beneficial effect of ascorbic acid on the occurrence of PRS should be investigated.

Objective: The aim of this randomized controlled trial is to assess the benefits of ascorbic acid over saline in the development
of PRS in adult liver transplantation.

Methods: We plan to conduct a single-center randomized controlled trial at the Hospital Universitario Ramón y Cajal in Spain.
A total of 70 participants aged 18 years or older undergoing liver transplantation will be randomized to receive either ascorbic
acid or saline. The primary outcome will be the difference between groups in the incidence of PRS. The randomized controlled
trial will be conducted under conditions of respect for fundamental human rights and ethical principles governing biomedical
research involving human participants and in accordance with the international recommendations contained in the Declaration
of Helsinki and its subsequent revisions.

Results: The enrollment process began in 2020. A total of 35 patients have been recruited so far. Data cleaning and analysis
are expected to occur in the first months of 2024. Results are expected around the middle of 2024.
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Conclusions: We believe that this study could be particularly relevant because it will be the first to analyze the clinical effect
of ascorbic acid in liver transplantation. Moreover, we believe that this study fills an important gap in the knowledge of the
potential benefits of ascorbic acid in the field of liver transplantation, particularly in relation to PRS.

Trial Registration: European Union Drug Regulating Authorities Clinical Trials Database 2020-000123-39;
https://tinyurl.com/2cfzddw8; ClinicalTrials.gov NCT05754242; https://tinyurl.com/346vw7sm

International Registered Report Identifier (IRRID): DERR1-10.2196/50091

(JMIR Res Protoc 2023;12:e50091) doi: 10.2196/50091
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Introduction

Scientific Background and Explanation
The first liver transplant (LT) in the world was performed in
1963 [1], but the first successful transplant was carried out by
Dr Starzl at the University of Pittsburgh in 1967 [2]. Until the
introduction of immunosuppression with cyclosporine in the
early 1980s, the survival rate of transplanted patients remained
at 20% [3,4]. The 1-year and 5-year patient survival rates have
increased to 85% and 70%, respectively, due to advances in
surgical and anesthetic techniques and immunosuppression
protocols. Despite these advances, hemodynamic changes during
surgery remain a challenge for anesthesiologists.

One of the most serious changes during LT can occur at the
time of graft reperfusion as an adverse hemodynamic situation
known as postreperfusion syndrome (PRS), first described by
Aggarwal et al [5] in 1987. They defined PRS as a deep and
transient cardiovascular collapse immediately after graft
reperfusion, with severe bradycardia, decreased mean arterial
pressure (MAP) and systemic vascular resistance, severe
arrhythmias, increased pulmonary artery pressure and central
venous pressure, and even cardiac arrest. They defined it as a
decrease in MAP of more than 30% within the first 5 minutes
of graft reperfusion lasting at least 1 minute. The development
of PRS is associated with decreased survival, an increased
incidence of postoperative renal failure, early graft dysfunction,
and the need for blood product transfusion in the setting of
severe fibrinolysis [6-8]. Although it was first described in 1987,
its incidence has not decreased over the past decades, ranging
from 8% to 35% [9-11].

The intrinsic mechanisms of PRS are complex and not fully
understood. Several theories have been proposed, including an
abrupt accumulation of factors upon reperfusion, such as
metabolic acidosis, hyperkalemia, hypokalemia, hypothermia,
air emboli, and the release of vasoactive and proinflammatory
mediators from both allograft and recipient, which are
responsible for decreased systemic vascular resistance and
myocardial depression [1,12-19]. During perfusion of the new
graft, many proinflammatory cytokines are released from the
new liver, such as tumor necrosis factor alpha and interleukins
(ILs; IL-1, IL-2, and IL-8), and others from the patient
(kallikrein and bradykinin). Other mediators have been found
to be elevated after reperfusion (arginase, endotoxins,

thromboxane, and monocyte chemoattractant protein-1), but
the role of each of these mediators in the onset and severity of
PRS is not known [18,20-24].

Ischemia-reperfusion (I/R) injury in LT is associated with graft
dysfunction and decreased survival, but its exact role in PRS is
controversial. I/R results in cell death due to lack of
oxygenation, which occurs during the ischemic period and is
exacerbated immediately after reperfusion by the release of
proinflammatory cytokines and oxygen free radicals, activation
of the complement system leading to sinusoidal vasoconstriction,
and local hemoconcentration in the graft with the presence of
neutrophils and platelets. All these mechanisms exacerbate the
systemic inflammatory response (vasodilation and myocardial
depression). The extent to which I/R contributes to the
development of PRS and the severity of hemodynamic
abnormalities is not entirely clear [25,26], but it seems logical
to conclude that PRS is another manifestation of I/R injury.
Several randomized controlled trials have been published using
different drugs to prevent the onset of PRS (methylene blue,
acetylcysteine, antifibrinolytics, and others). However, none of
these have shown a beneficial effect.

On the other hand, there has recently been renewed interest in
the use of high-dose vitamin C as a supportive treatment in
patients with severe septic shock (metabolic resuscitation) [27].
Sepsis has been shown to decrease the levels of some vitamins,
such as ascorbic acid, which has been associated with the
development of multiorgan failure and death. Intestinal
absorption of vitamin C is saturable, so the only way to increase
its levels would be by intravenous administration. Tanaka et al
[28] reduced resuscitation fluid volumes in patients with burns
by administering high doses of intravenous ascorbic acid. This
was a randomized controlled trial of 37 patients allocated to
receive a dose of 66 mg/kg/hour of vitamin C versus saline
during the first 24 hours of resuscitation. Although MAP and
central venous pressure were similar at the end of the vitamin
C or saline infusion, fluid administration was lower in the
intervention group, and patients maintained higher urine output
and developed less wound edema with a significant reduction
in the duration of mechanical ventilation (12 days vs 21 days;
P=.03).

Zabet et al [29] investigated the effect of high doses of vitamin
C on vasopressor requirements in septic shock. As ascorbic acid
is required for catecholamine synthesis [30], it was investigated
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whether it could be useful in shortening vasopressor weaning.
A total of 24 patients with vasopressor-dependent septic shock
were randomized to receive vitamin C at a dose of 25 mg/kg
intravenously every 6 hours versus saline. The dose and duration
of vasopressors were significantly reduced in the intervention
group, as was mortality.

The most important study in septic patients was conducted by
Marik et al [31], who used a combination of hydrocortisone,
ascorbic acid (1.5 g every 6 hours), and thiamine (200 mg every
12 hours) in 47 patients with sepsis admitted to the intensive
care unit with procalcitonin levels >2 ng/mL. The aim of
thiamine was to prevent kidney oxalate accumulation. Mortality
decreased in patients treated with vitamin C (P<.001). They
were weaned from vasopressors earlier and received less
intravenous fluid for resuscitation than the control group.

Vitamin C is safe even in very high doses. Fowler et al [32]
conducted a safety study of intravenous ascorbic acid in 24
patients with severe sepsis (low dose 12.5 mg/kg every 6 hours
vs high dose 50 mg/kg intravenously every 6 hours). No adverse
events were observed. No adverse effects were reported in any
of the above studies, including the study by Tanaka et al [28],
in which the doses were very high (1.6 g/kg over 24 hours).
Metabolism of vitamin C to oxalic acid could theoretically cause
calcium oxalate nephropathy. However, this does not seem to
be a real problem, as renal toxicity is dose-dependent and has
only been reported at very high doses (>40 g/day) [33]. In
addition, coadministration of thiamine would reduce the
conversion of vitamin C to oxalate. In the study by Marik et al
[31], the incidence of renal failure requiring renal replacement
therapy was significantly lower in the intervention group (33%
vs 10%; P=.02).

However, several meta-analyses have been published in recent
years with mixed results. In most of them, a reduction in

mortality, duration of mechanical ventilation, and hospitalization
could not be demonstrated. However, a reduction in the
sepsis-related organ failure assessment score and a shorter
duration of treatment with vasoactive drugs is a common finding
[34-38].

I/R injury plays a pivotal role in the development of graft
dysfunction after liver transplantation, and excessive free radical
production and massive depletion of endogenous antioxidants
are common mechanisms underlying I/R injury. Ascorbic acid
is an essential micronutrient involved in the antioxidant response
and modulation of apoptosis and inflammation. These properties
may, therefore, make it a potential strategy for reducing I/R
injuries. In addition, its safety profile, low cost, and ease of
administration favor its use in this scenario [39]. As discussed
above, we can consider PRS as one of the clinical manifestations
of I/R injury. Therefore, if we can prevent or at least attenuate
I/R injury, we may be able to reduce the incidence of I/R injury.

Aim
The aim of the study is to determine the possible benefit of
vitamin C in reducing the incidence of PRS in liver
transplantation.

Methods

Study Setting
The trial has been designed in accordance with the updated
CONSORT (Consolidated Standards of Reporting Trials), the
Declaration of Helsinki, and the Good Clinical Practice
guidelines issued by the Spanish regulatory authorities. The
study will be conducted at a single center, the Hospital
Universitario Ramon y Cajal in Madrid (Figure 1).
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Figure 1. CONSORT (Consolidated Standards of Reporting Trials) flow diagram.

Trial Design
This study is designed as a single-center, double-blind,
randomized controlled trial. Participants will be randomized to
receive ascorbic acid (intervention group) or saline (0.9%;
control group). We will conduct a superiority analysis.

Eligibility Criteria for Participants
All patients over 18 years of age who are on the waiting list for
liver transplantation may be eligible to participate in this study.
The inclusion and exclusion criteria are detailed in Textbox 1.
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Textbox 1. Inclusion and exclusion criteria.

Inclusion criteria

• Aged between 18 and 67 years

• Waiting for a liver transplant

• Negative pregnancy test in women

Exclusion criteria

• Pregnancy

• Allergy to ascorbic acid

• Nephrolithiasis

• Glucose-6-phosphate dehydrogenase (G6PD) deficiency

• Hyperoxaluria

• Hyperuricemia

• Haemochromatosis

• Sickle cell anemia

• Serum creatinine >1.2 mg/dL (women) and 1.3 mg/dL (men)

• Split liver graft

• Acute liver failure

• Living donor liver transplantation

• Grafts from donation after circulatory death

• Treatment with indinavir, vitamin B12, cyclosporine, iron, deferoxamine, or disulfiram

Study Procedures and Intervention
The intervention group will receive a dose of 1500 mg of
intravenous ascorbic acid (vitamin C) diluted in 100 mL of 0.9%
saline for 30 minutes, to be administered during the anhepatic
phase of liver transplantation.

The control group will receive a dose of 100 mL of 0.9% saline
for the same period and under the same conditions.

Outcome Measurements
The primary end point of the study is the percentage of patients
who develop PRS after liver graft reperfusion. PRS is defined
as a 30% decrease in MAP within the first 5 minutes after
portal-clamp release that persists for at least 1 minute.

Textbox 2 contains the secondary variables that are also
analyzed.
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Textbox 2. Secondary variables.

Secondary variables

• The percentage of patients with primary failure and early graft dysfunction. Primary graft failure is defined as the complete absence of liver graft
function. The patient will not survive without retransplantation. In the case of early graft dysfunction, patient survival is likely and possible
without retransplantation, although morbidity will be greater than in the case of normal function. The following Olthoff criteria are used for its
definition (one criterion is enough):

• Bilirubin ≥10 mg/dL on postoperative day 7.

• International normalized ratio ≥1.6 on postoperative day 7.

• Alanine aminotransferase or aspartate aminotransferase >2000 IU/mL in the first 7 postoperative days.

• Length of stay in the intensive care unit and hospitalization. The number of days spent in the surgical intensive care unit and the total number of
days spent in the hospital.

• Dose and duration of catecholamines from the time of reperfusion.

• Length of time on mechanical ventilation (hours). Time to extubation of the patient.

• Vitamin C levels before transplantation and 12 hours after transplantation. Measurements are performed by high-pressure liquid chromatography
with an ultraviolet detector.

• Levels of inflammatory markers (IL-1β, tumor necrosis factor alpha, IL-6, IL-8, and IFN-γ) before and after transplantation as measured by the
high-sensitivity enzyme-linked immunosorbent assay technique.

• Development of postoperative kidney failure (acute kidney injury [AKI]) during the first week. AKI is defined as an increase in serum creatinine
(SCr) ≥0.3 mg/dL within 48 hours or an increase in SCr × 1.5 times baseline; known or presumed to have occurred within the previous 7 days.

• Need for postoperative renal replacement therapy during the first week. Need for any type of renal replacement therapy during the first 7 days
after transplantation, regardless of the technique used.

• Graft and patient survival 30 days after transplantation.

Participant Timeline
Patients will be monitored from randomization until day 30 post
surgery. The team will collect variables daily through
postoperative day 7 and a final visit on postoperative day 30.
The research team will closely monitor adverse events, including
onset, duration, intensity, progression, and outcome, to assess
their relationship to the drug.

Sample Size Calculation
The current incidence of PRS at our center is 30%. Assuming
a 50% decrease in PRS incidence (from 30% to 15%) with an
α risk of 5% and a power of 80%, bilateral testing, and the Fleiss
correction with a 10% loss rate, we require 268 participants
(134 in each group). Due to the limited number of transplants
per year in our center, achieving such a large sample will take
6-8 years. Given that this study will be conducted at a single
center, the projected patient enrollment is 35 individuals per
year, resulting in a final sample size of 70 participants. To attain
80% power with this sample, it is necessary to achieve a
complete elimination of PRS. Although it is unlikely that such
a reduction in the incidence of PRS would be achieved, we
believe that this is a reasonable number of participants to show
differences in the primary outcome that, although not reaching
the desired statistical significance, would serve to justify a future
multicenter randomized controlled trial. Participants will be
randomly assigned to groups using a computer-generated
sequence created by SPSS Statistics (SPSS Inc). The
computer-generated sequence will allocate 35 participants to
the ascorbic acid intervention group and 35 participants to the
saline control group. To ensure independence, an unrelated staff

member will enroll patients and prepare medication or saline
upon arrival.

Analysis
Quantitative variables will be described using mean, median,
SD, IQR, 95% CI, and range values. Quantitative data will be
presented as absolute and relative frequencies. The significance
level in any statistical test will be set at α=.05. Both groups will
be assessed to ensure they are balanced in all variables.

A total of 2 populations will be established: one based on
intention to treat and the other based on efficacy. The first
population will consist of all participants randomized at the start
and divided into 2 groups according to the corresponding
randomization. The second population will consist of the
participants who complete the protocol and end up in the same
group in which they were randomized. All analyses will be
conducted on both populations; however, the primary analysis
will focus on the intention to treat the population. Statistical
analyses will be performed using SPSS Statistics.

The comparison between participants who experienced PRS
during the intervention will be performed using the chi-square
test. Cohort proportions are compared using relative risk with
95% CIs. In a secondary analysis, we will adjust for potentially
confounding factors related to the main outcome variable by
using a multivariate technique. These factors include variables
that showed significant differences (with P≤.20) between the
control and treatment groups and have been identified as
potential confounds. When dealing with binary factors, we will
assess the magnitude of association with odds ratios, while for
ordinal or quantitative factors, we will use the Spearman
correlation coefficient. A binary logistic regression analysis
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will be conducted to examine the presence of PRS. The control
variable (ascorbic acid vs saline) and all variables resulting from
the previous univariate analysis will serve as independent
variables. The same procedure will be applied to secondary
efficacy and safety analyses.

Monitoring and Quality Assurance
The data collected in the study will be coded, and only the
principal investigator and collaborators will be able to access
this information and link it to each patient’s clinical history.
The information will be stored in a database that adheres to
current regulations on personal data protection, including
Regulation (EU) 2016/679 of the European Parliament and of
the Council of April 27, 2016, on Data Protection, and the
Organic Law 3/2018 of December 5, on Personal Data
Protection and Guarantee of Digital Rights. Only the data
included in the medical file and related to the study will be
subject to verification. This verification will be carried out in
the presence of the principal investigator or collaborators, who
have the responsibility to protect the privacy of data within the
clinical records of the participants who take part in the clinical
trial.

Therefore, the identity of the participant will not be disclosed
to any other person except to the health authorities, when
required, or in cases of medical emergencies. The Research
Ethics Committees, the representatives of the Health Authority
in matters of inspection, and the personnel authorized by the
sponsor will only have access to verify the personal data, the
procedures of the clinical trial, and compliance with good
clinical practice (always maintaining the confidentiality of the
information). The principal investigator and the sponsor will
keep the data collected for the study for at least 25 years after
its completion. Under no circumstances will the identities of
study participants be disclosed at the time of publication of the
results.

Ethical Considerations
This study has been registered in the European Union Drug
Regulating Authorities Clinical Trials Database (EudraCT;
2020-000123-39) and at ClinicalTrials.gov (NCT05754242).
The Ethics Committee of Hospital Universitario Ramón y Cajal
and the Spanish Medicines and Health Products Agency
(Agencia Española del Medicamento y Productos Sanitarios
[AEMPS]) have both approved this study protocol
(AEMPS-20-0052).

This clinical trial will adhere to the ethical principles governing
biomedical research on human beings and respect their
fundamental rights in accordance with international
recommendations included in the Declaration of Helsinki and
its latest revision of Fortaleza (Brazil, 2013). The guidelines of
AEMPS will also be followed, in addition to following national
recommendations.

Participants will be given both oral and written information
about how the study will be conducted, its objectives, the
potential risks involved, and the guidelines to be followed during
the monitoring period. If a patient satisfies the inclusion criteria
and agrees to participate in the study, they will provide written

informed consent. They are free to withdraw their consent and
discontinue the study at any point and for any reason.

Results

The enrollment process began in 2020. A total of 35 patients
have been recruited so far. Data cleaning and analysis are
expected to occur in the first months of 2024. Results are
expected by mid-2024.

Discussion

Overview
This study aims to show if ascorbic acid could be useful in
preventing PRS during liver transplantation. Improved
hemodynamic stability following graft reperfusion, combined
with the potential antioxidant effects of vitamin C, may lead to
enhanced outcomes in liver transplantation.

The potential protective effect of adding ascorbic acid to
transplant preservation solutions before transplantation has been
studied with promising results. However, there has been limited
research on the benefits of intravenous vitamin C administration
for the prevention of I/R injury in solid organ recipients. PRS
may be considered a severe clinical manifestation of I/R injury
in liver transplant recipients [25,26]. Therefore, we propose that
ascorbic acid’s antioxidant properties may play a protective role
in preventing PRS during liver transplantation.

Vitamin C acts as an antioxidant. It reduces inflammation and
modulates the immune response. It also increases the synthesis
and sensitivity of endogenous vasopressors, acts as an enzymatic
cofactor, and has bacteriostatic and antithrombotic properties
[29].

The hallmark of PRS is a depressed state of the cardiovascular
system. The pathophysiological mechanisms underlying PRS
are thought to involve the release of proinflammatory mediators
with vasodilatory effects by both graft and recipient [20-24].
Therefore, vitamin C may have beneficial effects in the
prevention and treatment of I/R injury, potentially reducing the
incidence of PRS.

We are aware that studies following Marik et al’s [31]
publication have reduced enthusiasm for the use of vitamin C
in the treatment of patients with severe sepsis. In fact, its use is
no longer recommended by the Surviving Sepsis Campaign
guidelines. However, recent publications, including several
meta-analyses, confirm the beneficial effects of this treatment
in septic patients. These effects include reducing the number of
days on vasopressors and improving the sepsis-related organ
failure assessment score [34-38]. We believe that the
administration of ascorbic acid to patients with sepsis could
potentially have a positive impact, especially considering its
minimal side effects. Additional prospective clinical trials are
needed to definitively establish the benefits of this treatment in
this specific patient population.

Likewise, treating and preventing I/R injury in solid organ
transplant recipients may be helpful, given the beneficial effects
of ascorbic acid demonstrated in some of these studies in
patients with sepsis.
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This study is of particular importance because it is the first to
evaluate the effects of administering ascorbic acid before
reperfusion of the new liver graft to prevent PRS. It will also
provide more information about the levels of inflammatory
markers before and after reperfusion and how they change with
the onset of PRS.

If the study shows positive results, the ideal dose to be used and
the exact duration of treatment should be defined and could be
applied to other types of solid organ transplantation.

This study aims to address the current gap in knowledge
regarding the clinical effectiveness of administering vitamin C
during solid organ transplantation, particularly in liver
transplantation. We will provide valuable insights into this area
of research through rigorous data analysis.

Strength and Limitation of the Study
The main limitation of the study, due to the limited number of
participants planned, is that it may not achieve adequate
statistical power to establish with sufficient scientific evidence
whether vitamin C reduces the PRS and improves the results
of LT. However, we believe that if positive results in favor of
vitamin C are obtained, the trial would serve as the basis for a
larger trial involving other transplant centers, which would
allow us to demonstrate the benefit of vitamin C with enough
statistical power. It is possible that we may not be able to control
for additional variables that may bias the results, including those
related to the surgical and anesthesia teams. A forthcoming
multicenter trial could address this issue.

Acknowledgments
The authors would like to acknowledge that the researchers and collaborators in this study have not received any financial
compensation. Any economic aspects related to the clinical trial are outlined in a contract between the Biomedical Research
Foundation of Ramón y Cajal University Hospital (Instituto Ramón y Cajal de Investigación Sanitaria [IRYCIS]) and the
promoter of the study.

Data Availability
The data sets used or examined in this study will be accessible from the corresponding author upon request.

Authors' Contributions
LG, IdlH, and ME designed the study. LG, IdlH, MdCMG, JNV, and MARG performed the literature search. IdlH, LG, MdCMG,
AMG, DPR, JV, and CFM recorded the data. LG and IdlH were the major contributors to writing this manuscript. All the authors
participated in the design of the study and read, commented upon, and approved the final manuscript.

Conflicts of Interest
None declared.

References

1. Starzl TE, Marchioro TL, Vonkaulla KN, Hermann G, Brittain RS, Waddell WR. Homotransplantation of the liver in
humans. Surg Gynecol Obstet. 1963;117:659-676 [FREE Full text] [Medline: 14100514]

2. Starzl TE, Fung JJ. Themes of liver transplantation. Hepatology. 2010;51(6):1869-1884 [FREE Full text] [doi:
10.1002/hep.23595] [Medline: 20235333]

3. Dienstag JL, Cosimi AB. Liver transplantation—a vision realized. N Engl J Med. 2012;367(16):1483-1485 [doi:
10.1056/NEJMp1210159] [Medline: 22992048]

4. Calne RY, Rolles K, White DJ, Thiru S, Evans DB, McMaster P, et al. Cyclosporin A initially as the only immunosuppressant
in 34 recipients of cadaveric organs: 32 kidneys, 2 pancreases, and 2 livers. Lancet. 1979;2(8151):1033-1036 [doi:
10.1016/s0140-6736(79)92440-1] [Medline: 91781]

5. Aggarwal S, Kang Y, Freeman JA, Fortunato FL, Pinsky MR. Postreperfusion syndrome: cardiovascular collapse following
hepatic reperfusion during liver transplantation. Transplant Proc. 1987;19(4 Suppl 3):54-55 [Medline: 3303534]

6. Xu ZD, Xu HT, Yuan HB, Zhang H, Ji RH, Zou Z, et al. Postreperfusion syndrome during orthotopic liver transplantation:
a single-center experience. Hepatobiliary Pancreat Dis Int. 2012;11(1):34-39 [doi: 10.1016/s1499-3872(11)60123-9]
[Medline: 22251468]

7. Siniscalchi A, Dante A, Spedicato S, Riganello L, Zanoni A, Cimatti M, et al. Hyperdynamic circulation in acute liver
failure: reperfusion syndrome and outcome following liver transplantation. Transplant Proc. 2010;42(4):1197-1199 [doi:
10.1016/j.transproceed.2010.03.097] [Medline: 20534260]

8. Paugam-Burtz C, Kavafyan J, Merckx P, Dahmani S, Sommacale D, Ramsay M, et al. Postreperfusion syndrome during
liver transplantation for cirrhosis: outcome and predictors. Liver Transpl. 2009;15(5):522-529 [FREE Full text] [doi:
10.1002/lt.21730] [Medline: 19399736]

9. Bukowicka B, Akar RA, Olszewska A, Smoter P, Krawczyk M. The occurrence of postreperfusion syndrome in orthotopic
liver transplantation and its significance in terms of complications and short-term survival. Ann Transplant. 2011;16(2):26-30
[FREE Full text] [doi: 10.12659/aot.881861] [Medline: 21716182]

JMIR Res Protoc 2023 | vol. 12 | e50091 | p. 8https://www.researchprotocols.org/2023/1/e50091
(page number not for citation purposes)

Gajate et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://europepmc.org/abstract/MED/14100514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14100514&dopt=Abstract
https://europepmc.org/abstract/MED/20235333
http://dx.doi.org/10.1002/hep.23595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20235333&dopt=Abstract
http://dx.doi.org/10.1056/NEJMp1210159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22992048&dopt=Abstract
http://dx.doi.org/10.1016/s0140-6736(79)92440-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=91781&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3303534&dopt=Abstract
http://dx.doi.org/10.1016/s1499-3872(11)60123-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22251468&dopt=Abstract
http://dx.doi.org/10.1016/j.transproceed.2010.03.097
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20534260&dopt=Abstract
https://onlinelibrary.wiley.com/doi/10.1002/lt.21730
http://dx.doi.org/10.1002/lt.21730
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19399736&dopt=Abstract
https://annalsoftransplantation.com/abstract/index/idArt/881861
http://dx.doi.org/10.12659/aot.881861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21716182&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


10. Chui AK, Shi L, Tanaka K, Rao AR, Wang LS, Bookallil M, et al. Postreperfusion syndrome in orthotopic liver
transplantation. Transplant Proc. 2000;32(7):2116-2117 [doi: 10.1016/s0041-1345(00)01595-5] [Medline: 11120094]

11. Ryu HG, Jung CW, Lee HC, Cho YJ. Epinephrine and phenylephrine pretreatments for preventing postreperfusion syndrome
during adult liver transplantation. Liver Transpl. 2012;18(12):1430-1439 [FREE Full text] [doi: 10.1002/lt.23511] [Medline:
22821620]

12. Nanashima A, Pillay P, Crawford M, Nakasuji M, Verran DJ, Painter D. Analysis of postrevascularization syndrome after
orthotopic liver transplantation: the experience of an Australian liver transplantation center. J Hepatobiliary Pancreat Surg.
2001;8(6):557-563 [FREE Full text] [doi: 10.1007/s005340100025] [Medline: 11956908]

13. Abouna GM, Skillen A, Hull CJ, Hodson A, Kirkley JR. A comparison of the effects of warm ischemia and hypothermia
on liver glycogen, electrolytes, pH, and subsequent function during perfusion. Br J Surg. 1969;56(5):382-383 [Medline:
5781061]

14. Chapin JW, Wood RP, Hurlbert BJ, Shaw BW, Kennedy EM, Cuka DJ, et al. Sources of increased serum potassium
following reperfusion of liver allografts. Transplant Proc. 1987;19(4 Suppl 3):51-53 [Medline: 3303533]

15. Marino IR, De Luca G. Orthotopic liver transplantation in pigs. An evaluation of different methods of avoiding the
revascularization syndrome. Transplantation. 1985;40(5):494-498 [Medline: 3904088]

16. Blanot S, Gillon MC, Lopez I, Ecoffey C. Circulating endotoxins and postreperfusion syndrome during orthotopic liver
transplantation. Transplantation. 1995;60(1):103-106 [doi: 10.1097/00007890-199507150-00019] [Medline: 7624932]

17. Bezinover D, Kadry Z, Uemura T, Sharghi M, Mastro AM, Sosnoski DM, et al. Association between plasma cyclic guanosine
monophosphate levels and hemodynamic instability during liver transplantation. Liver Transpl. 2013;19(2):191-198 [FREE
Full text] [doi: 10.1002/lt.23570] [Medline: 23161851]

18. Fiegel M, Cheng S, Zimmerman M, Seres T, Weitzel NS. Postreperfusion syndrome during liver transplantation. Semin
Cardiothorac Vasc Anesth. 2012;16(2):106-113 [doi: 10.1177/1089253212444791] [Medline: 22593180]

19. Ramsay M. The reperfusion syndrome: have we made any progress? Liver Transpl. 2008;14(4):412-414 [FREE Full text]
[doi: 10.1002/lt.21418] [Medline: 18383086]

20. Bezinover D, Kadry Z, McCullough P, McQuillan PM, Uemura T, Welker K, et al. Release of cytokines and hemodynamic
instability during the reperfusion of a liver graft. Liver Transpl. 2011;17(3):324-330 [FREE Full text] [doi: 10.1002/lt.22227]
[Medline: 21384515]

21. Blanot S, Gillon MC, Ecoffey C, Lopez I. Circulating endotoxins during orthotopic liver transplantation and post-reperfusion
syndrome. Lancet. 1993;342(8875):859-860 [doi: 10.1016/0140-6736(93)92715-6] [Medline: 8104281]

22. Ishine N, Yagi T, Ishikawa T, Sasaki H, Nakagawa K, Tanaka N. Hemodynamic analysis of post-reperfusion syndrome
and the effect of preventing this syndrome using thromboxane A2 synthetase inhibitor (OKY-046) in swine liver
transplantation. Transplant Proc. 1997;29(1-2):378-381 [doi: 10.1016/s0041-1345(96)00127-3] [Medline: 9123045]

23. Längle F, Roth E, Steininger R, Winkler S, Mühlbacher F. Arginase release following liver reperfusion. Evidence of
hemodynamic action of arginase infusions. Transplantation. 1995;59(11):1542-1549 [Medline: 7778169]

24. Moench C, Uhrig A, Lohse AW, Otto G. The role of monocyte chemoattractant protein-1 in orthotopic liver transplantation.
Transplant Proc. 2003;35(4):1452-1455 [doi: 10.1016/s0041-1345(03)00372-5] [Medline: 12826189]

25. Girn HRS, Ahilathirunayagam S, Mavor AID, Homer-Vanniasinkam S. Reperfusion syndrome: cellular mechanisms of
microvascular dysfunction and potential therapeutic strategies. Vasc Endovascular Surg. 2007;41(4):277-293 [doi:
10.1177/1538574407304510] [Medline: 17704330]

26. Conti A, Scala S, D'Agostino P, Alimenti E, Morelli D, Andria B, et al. Wide gene expression profiling of
ischemia-reperfusion injury in human liver transplantation. Liver Transpl. 2007;13(1):99-113 [FREE Full text] [doi:
10.1002/lt.20960] [Medline: 17192907]

27. Wilson JX. Mechanism of action of vitamin C in sepsis: ascorbate modulates redox signaling in endothelium. Biofactors.
2009;35(1):5-13 [FREE Full text] [doi: 10.1002/biof.7] [Medline: 19319840]

28. Tanaka H, Matsuda T, Miyagantani Y, Yukioka T, Matsuda H, Shimazaki S. Reduction of resuscitation fluid volumes in
severely burned patients using ascorbic acid administration: a randomized, prospective study. Arch Surg. 2000;135(3):326-331
[FREE Full text] [doi: 10.1001/archsurg.135.3.326] [Medline: 10722036]

29. Zabet MH, Mohammadi M, Ramezani M, Khalili H. Effect of high-dose ascorbic acid on vasopressor's requirement in
septic shock. J Res Pharm Pract. 2016;5(2):94-100 [FREE Full text] [doi: 10.4103/2279-042X.179569] [Medline: 27162802]

30. Zipursky JS, Alhashemi A, Juurlink D. A rare presentation of an ancient disease: scurvy presenting as orthostatic hypotension.
BMJ Case Rep. 2014;2014:bcr2013201982 [FREE Full text] [doi: 10.1136/bcr-2013-201982] [Medline: 24859547]

31. Marik PE, Khangoora V, Rivera R, Hooper MH, Catravas J. Hydrocortisone, vitamin C, and thiamine for the treatment of
severe sepsis and septic shock: a retrospective before-after study. Chest. 2017;151(6):1229-1238 [doi:
10.1016/j.chest.2016.11.036] [Medline: 27940189]

32. Fowler AA, Syed AA, Knowlson S, Sculthorpe R, Farthing D, DeWilde C, et al. Phase I safety trial of intravenous ascorbic
acid in patients with severe sepsis. J Transl Med. 2014;12:32 [FREE Full text] [doi: 10.1186/1479-5876-12-32] [Medline:
24484547]

JMIR Res Protoc 2023 | vol. 12 | e50091 | p. 9https://www.researchprotocols.org/2023/1/e50091
(page number not for citation purposes)

Gajate et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://dx.doi.org/10.1016/s0041-1345(00)01595-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11120094&dopt=Abstract
https://onlinelibrary.wiley.com/doi/10.1002/lt.23511
http://dx.doi.org/10.1002/lt.23511
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22821620&dopt=Abstract
https://link.springer.com/article/10.1007/s005340100025
http://dx.doi.org/10.1007/s005340100025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11956908&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=5781061&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3303533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3904088&dopt=Abstract
http://dx.doi.org/10.1097/00007890-199507150-00019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7624932&dopt=Abstract
https://onlinelibrary.wiley.com/doi/10.1002/lt.23570
https://onlinelibrary.wiley.com/doi/10.1002/lt.23570
http://dx.doi.org/10.1002/lt.23570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23161851&dopt=Abstract
http://dx.doi.org/10.1177/1089253212444791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22593180&dopt=Abstract
https://onlinelibrary.wiley.com/doi/10.1002/lt.21418
http://dx.doi.org/10.1002/lt.21418
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18383086&dopt=Abstract
https://onlinelibrary.wiley.com/doi/10.1002/lt.22227
http://dx.doi.org/10.1002/lt.22227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21384515&dopt=Abstract
http://dx.doi.org/10.1016/0140-6736(93)92715-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8104281&dopt=Abstract
http://dx.doi.org/10.1016/s0041-1345(96)00127-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9123045&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7778169&dopt=Abstract
http://dx.doi.org/10.1016/s0041-1345(03)00372-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12826189&dopt=Abstract
http://dx.doi.org/10.1177/1538574407304510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17704330&dopt=Abstract
https://onlinelibrary.wiley.com/doi/10.1002/lt.20960
http://dx.doi.org/10.1002/lt.20960
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17192907&dopt=Abstract
https://europepmc.org/abstract/MED/19319840
http://dx.doi.org/10.1002/biof.7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19319840&dopt=Abstract
https://jamanetwork.com/journals/jamasurgery/fullarticle/390538
http://dx.doi.org/10.1001/archsurg.135.3.326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10722036&dopt=Abstract
http://www.jrpp.net/article.asp?issn=2279-042X;year=2016;volume=5;issue=2;spage=94;epage=100;aulast=Zabet
http://dx.doi.org/10.4103/2279-042X.179569
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27162802&dopt=Abstract
https://europepmc.org/abstract/MED/24859547
http://dx.doi.org/10.1136/bcr-2013-201982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24859547&dopt=Abstract
http://dx.doi.org/10.1016/j.chest.2016.11.036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27940189&dopt=Abstract
https://translational-medicine.biomedcentral.com/articles/10.1186/1479-5876-12-32
http://dx.doi.org/10.1186/1479-5876-12-32
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24484547&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


33. Buehner M, Pamplin J, Studer L, Hughes RL, King BT, Graybill JC, et al. Oxalate nephropathy after continuous infusion
of high-dose vitamin c as an adjunct to burn resuscitation. J Burn Care Res. 2016;37(4):e374-e379 [FREE Full text] [doi:
10.1097/BCR.0000000000000233] [Medline: 25812044]

34. Kato T, Mizuno T, Nakanishi M, Lee JK, Yamada S, Tsuboi N, et al. Efficacy of ascorbic acid, thiamine, and hydrocortisone
combination therapy: meta-analysis of randomized controlled trials. In Vivo. 2023;37(3):1236-1245 [FREE Full text] [doi:
10.21873/invivo.13200] [Medline: 37103081]

35. Lu D, Mao W. Hydrocortisone combined with vitamin c and thiamine in the treatment of sepsis/septic shock: a systematic
review with meta-analysis and trial sequential analysis. Clin Invest Med. 2023;46(1):E36-E49 [FREE Full text] [doi:
10.25011/cim.v46i1.40275] [Medline: 36966386]

36. Liang B, Su J, Shao H, Chen H, Xie B. The outcome of IV vitamin C therapy in patients with sepsis or septic shock: a
meta-analysis of randomized controlled trials. Crit Care. 2023;27(1):109 [FREE Full text] [doi: 10.1186/s13054-023-04392-y]
[Medline: 36915173]

37. Wen C, Li Y, Hu Q, Liu H, Xu X, Lü M. IV vitamin C in sepsis: a latest systematic review and meta-analysis. Int J Clin
Pract. 2023;2023:6733465 [FREE Full text] [doi: 10.1155/2023/6733465] [Medline: 36743822]

38. Brown J, Robertson C, Sevilla L, Garza J, Rashid H, Benitez AC, et al. A systematic review and meta-analysis on possible
role of vitamin c in sepsis. Cureus. 2022;14(12):e32886 [FREE Full text] [doi: 10.7759/cureus.32886] [Medline: 36699754]

39. Gori F, Fumagalli J, Lonati C, Caccialanza R, Zanella A, Grasselli G. Ascorbic acid in solid organ transplantation: a literature
review. Clin Nutr. 2022;41(6):1244-1255 [doi: 10.1016/j.clnu.2022.04.004] [Medline: 35504167]

Abbreviations
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