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ORIGINAL RESEARCH

Vitamin C Improves the Outcomes of 
Cardiopulmonary Resuscitation and Alters 
Shedding of Syndecan- 1 and p38/MAPK 
Phosphorylation in a Rat Model
Yan Xiao , MD, PhD*; Chenglei Su , MD*; Guozhen Zhang, MD; Lian Liang, MD, PhD; Tao Jin, MD;   
Jennifer Bradley, MS; Joseph P. Ornato , MD; Wanchun Tang , MD

BACKGROUND: Post- resuscitation syndrome, involves a severe inflammatory response following successful cardiopulmonary 
resuscitation. The potential mechanism of Vitamin C (VitC) after cardiopulmonary resuscitation on myocardial and cerebral 
function, duration of survival is undefined.

METHODS AND RESULTS: A first set of experiments were done in 18 male Sprague- Dawley rats for the investigation of short- 
term follow- up, randomized into 3 groups: (1) sham; (2) controls; (3) VitC. Ventricular fibrillation was electrically induced and 
untreated for 6 minutes. Cardiopulmonary resuscitation including chest compression and mechanical ventilation were then 
initiated and continued for 8 minutes followed by defibrillation. At 5 minutes after return of spontaneous circulation, either VitC 
(200 mg/kg) or placebo was administered by intravenous infusion with a syringe pump for half an hour. There were significant 
improvements in myocardial function and buccal microcirculation in rats treated with VitC after return of spontaneous circu-
lation 4 hours compared with controls. VitC inhibited proinflammatory cytokines (interleukin- 6 and tumor necrosis factor- α), 
SDC- 1 (Syndecan- 1), and hyaluronic acid in plasma compared with controls (P<0.01). VitC decreased reactive oxygen species 
production and inhibited p38/MAPK (mitogen- activated protein kinase) pathway phosphorylation. A second set with 20 ani-
mals was used for assessing the neurological deficit score after return of spontaneous circulation 72 hours, randomized into 
2 groups: 1) controls; 2) VitC. The survival rate and neurological deficit score after return of spontaneous circulation 72 hours 
were improved in VitC- treated animals compared with those of the control group.

CONCLUSIONS: VitC reduces the severity of post- resuscitation myocardial and cerebral dysfunction and improves the survival. 
The mechanisms may involve inhibiting transcription of inflammatory cytokines and oxidative stress, thus protecting the in-
tegrity of the vascular endothelium. Meanwhile VitC reduces shedding of SDC- 1 and alters p38/MAPK phosphorylation and 
microcirculation.
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Cardiac arrest (CA) is a major public health prob-
lem causing substantial morbidity and mortality. 
Approximately 350 000 adults in the United States 

experienced out- of- hospital CA.1 Only half of these pa-
tients arrived at the hospital alive. Of these survivors, 

50% patients die in the hospital or remain severely dis-
abled because of post- CA syndrome.2

Post- resuscitation syndrome, involves a severe in-
flammatory response following successful cardiopul-
monary resuscitation (CPR). This has been described 
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as to be similar to sepsis and sepsis- like syndromes. 
The syndrome can be initiated either by the initial 
ischemia/reperfusion(I/R) injury during CA and subse-
quent resuscitation or by a prolonged low reperfusion 
state as a result of persistent cardiogenic dysfunction 
after initial successful resuscitation.3 Systemic inflam-
mation with consecutive macro-  and micro- circulatory 
dysfunction further aggravates organ dysfunction 

adjusted as well by direct inflammatory cytokines 
transmitted by I/R tissue injury.4 Geppert et al. pos-
tulate the presence of a “systemic inflammatory re-
sponse syndrome” in 66% of their patients after CA 
and return of spontaneous circulation (ROSC).5 The 
vascular endothelium with its glycocalyx is especially 
vulnerable to initial ischemic damage and may play a 
harmful role in the initiation of post- ischemic inflamma-
tory reactions. It is not known to date if early damage 
to the endothelial glycocalyx, detected by on- the- 
scene blood sampling and measurement of soluble 
components (hyaluronan and SDC- 1 [Syndecan- 1), 
precedes and predicts survival after ROSC.6

Vitamin C (VitC) is a key circulating antioxidant 
with anti- inflammatory and immune- supporting ef-
fects and a cofactor for important mono-  and di-
oxygenase enzymes. Endothelial dysfunction is 
mediated by oxidative stress that VitC is able to at-
tenuate and counteract, making it a serious candi-
date for adjunctive treatments in sepsis and other 
I/R injury. The aim of the present study was to in-
vestigate the potential protective effects of VitC as a 
therapeutic agent for CA. We explore whether VitC 
attenuates global I/R injury in our rat model of CA 
and investigates the effects on reducing shedding 
of SDC- 1 and altering p38/MAPK (mitogen- activated 
protein kinase) phosphorylation.

METHODS
The data, analytic methods, and study materials that 
support the findings of this study are available from 
the corresponding author upon reasonable request 
to other researchers for purposes of reproducing the 
results or replicating the procedure. This study was 
performed under a protocol (AD10001396, specific 
aim 23) approved by the Institutional Animal Care and 
Use Committee of Virginia Commonwealth University. 
All animals were handled in accordance with the 
Guide for the Care and Use of Laboratory Animals 
published by the National Institutes of Health.

Animal Preparation
Animal preparation was performed according to our 
previous studies.7,8 In brief male Sprague- Dawley rats, 6 
to 10 months of age weighing between 450 and 550 g, 
were anesthetized by an intraperitoneal injection of 
pentobarbital (45 mg/kg). The trachea was orally intu-
bated. End- tidal CO2 and ECG were monitored. Arterial 
and right atrial pressures were recorded using PE- 50 
catheters. A thermocouple microprobe was inserted 
into the left femoral to measure core temperature. A 
guide- wire was advanced through the right external 
jugular vein and into the right ventricle to induce ven-
tricular fibrillation (VF).

CLINICAL PERSPECTIVE

What Is New?
• To the best of our knowledge, this is the first 

study to evaluate the therapeutic strategy of 
vitamin C on improving the outcomes of car-
diopulmonary resuscitation by reducing the 
severity of post- resuscitation myocardial and 
cerebral dysfunction.

• Vitamin C improved myocardial and cerebral 
dysfunction after cardiopulmonary resuscitation 
which mechanisms may involve inhibiting tran-
scription of inflammatory cytokines, thus pro-
tecting the integrity of the vascular endothelium 
via reducing shedding of SDC- 1 (Syndecan- 1) 
which could regulate p38/MAPK (mitogen- 
activated protein kinase) phosphorylation and 
microcirculation.

What Are the Clinical Implications?
• Our research supports and highlights the per-

spective on protection of the vascular endothe-
lium with its glycocalyx is especially vulnerable 
to post- resuscitation after cardiac arrest in-
duced by the initiation of oxidative stress and 
inflammatory reactions.

• This research is also translational that the con-
ception of protecting the integrity of the vas-
cular endothelium via reducing shedding of 
SDC- 1 provides a new, and effective option for 
improving the outcomes of cardiopulmonary 
resuscitation.

Nonstandard Abbreviations and Acronyms

CA cardiac arrest
CO cardiac output
cTnI cardiac troponin I
ET ejection time
HA hyaluronic acid
I/R ischemia- reperfusion
ROSC return of spontaneous circulation
SDC- 1 syndecan- 1
VitC vitamin C
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Experimental Protocol
A first set of experiments were done in 18 male 
Sprague- Dawley rats for the investigation of short- 
term follow- up, randomized into 3 groups (each 
group n=6): Group 1: sham; Group 2: controls; 
Group 3: VitC. Fifteen minutes before induction of 
VF, baseline measurements and echocardiography 
were obtained. Mechanical ventilation was estab-
lished at a tidal volume of 0.60 mL/100 g of body 
weight, a frequency of 100 breaths/min, and an 
inspired O2 fraction of 0.21. VF was then induced 
through a guide wire advanced from the right jug-
ular vein into the right ventricle. A progressive in-
crease in 60- Hz current to a maximum of 3.5  mA 
was then delivered to the right ventricular endocar-
dium. The current flow was continued for 3 minutes 
to prevent spontaneous defibrillation. Mechanical 
ventilation was discontinued after onset of VF. After 
6  minutes of untreated VF, precordial compres-
sions, together with mechanical ventilation (tidal 
volume 0.60 mL/100 g body weight, frequency 100 
breaths/min, inspired O2 fraction of 1.0), were initi-
ated using a pneumatically driven mechanical chest 
compressor. Precordial chest compressions were 
maintained at a rate of 200/min and synchronized 
to provide a compression/ventilation ratio of 2:1 
with equal compression- relaxation for a duration of 
8  minutes. Defibrillation was attempted with up to 
3 4- J counter shocks. ROSC was defined as the 
return of supraventricular rhythm with a mean aortic 
pressure >50  mm  Hg for 5  minutes. If ROSC was 
not achieved after the first defibrillation attempt, a 
30- second interval of CPR was performed before 
the next defibrillation attempt (up to 3 attempts). 
After ROSC, an inspired O2 fraction of 1.0 was 
continued for 1  hour, adjusted to 0.5 for the sec-
ond hour and 0.21 for the last 2 hours. To observe 
survival time and assess neurological deficit score 
(NDS) 72 hours after ROSC, 20 additional rats were 
randomized into 2 groups: 1) controls; 2) VitC.

At 5 minutes after ROSC, either VitC (200 mg/kg)9 
or vehicle (0.9% NaCl solution) was administered by 
continuous intravenous infusion with a syringe pump 
(Genie Touch, Kent Scientific Corporation USA) for half 
an hour by the same volume of 1 mL. In the present 
study, rats (except the sham group) were not injected 
with additional pentobarbital since they were in a coma 
within 4 hours following ROSC (Figure S1).

Measurements
Hemodynamics and Other Parameters

ECG, aortic and right atrial pressures, blood tem-
perature, and end- tidal CO2 values were continuously 
recorded on a PC- based data- acquisition system 
supported by WINDAQ software (DATAQ, Akron, OH, 

USA). Coronary perfusion pressure was calculated 
as the difference between aortic and time- coincident 
right atrial diastolic pressures measured at the end of 
each minute of precordial compression.

At baseline, 1, 2, 3, and 4 hours after ROSC, ejection 
fraction (EF), cardiac output (CO), and myocardial per-
formance index (MPI) were measured by echocardiog-
raphy (HD11XE; Philips Medical Systems, Eindhoven, 
Netherlands, USA) with a 12.5 Hz transducer. From the 
long- axis view, left ventricular end- systolic volume, left 
ventricular end- diastolic volume, and left ventricular 
outflow tract dimension were obtained. From pulse- 
Doppler imaging, aortic velocity time integral, isovo-
lumic contraction time, isovolumic relaxation time, 
ejection time were obtained. Heart rate was obtained 
by ECG. The parameters CO, EF, and MPI were calcu-
lated and confirmed separately by 2 investigators. CO 
and EF are adopted to estimate the myocardial con-
tractility; MPI was adapted to estimate the left ventricu-
lar diastolic function. EF= (left ventricular end- diastolic 
volume -  left ventricular end- systolic volume)/ left ven-
tricular end- diastolic volume×100%. CO= velocity time 
integra×π (left ventricular outflow tract D/2)2×heart 
rate. MPI=isovolumic contraction time + isovolumic re-
laxation time)/ ejection time.

Buccal microcirculation was measured at baseline, 
2 and 4 hours after ROSC with the aid of a sidestream 
dark- field imaging device (Micro Scan; Micro Vision 
Medical Inc., Amsterdam, the Netherlands) that has a 
5x imaging objective, resulting in an on- screen mag-
nification of 276x. Three discrete fields for each were 
captured with the intention to minimize motion arti-
facts. Microvascular images were recorded on a DVD 
recorder (DMR- EZ47V; Panasonic AVC Networks, 
Dalian, China). The image was divided into 4 quad-
rants, and the predominant flow type was assessed in 
the small vessels (<20 µm) of each quadrant. The mi-
crovascular flow index score represents the average 
values of the 4 quadrants. Perfused vessel density 
was measured based on the method of De Backer 
et al.10

ELISA

Cardiac troponin I (cTnI), interleukin 6 (IL- 6), tumor ne-
crosis factor- α (TNF- α), SDC- 1, and hyaluronic acid 
(HA) serum levels were measured with ELISA kits in 
accordance with the manufacturer’s instructions (cat-
egory NO. LS- F23616, LSBio; category NO. R6000B, 
R&D SYSTEM; category NO. RTA00, R&D SYSTEM; 
category NO. LS- F 5983; category NO. LS- F13033, 
LSBio; respectively). Enzymatic activity was deter-
mined spectrophotometrically at an absorbance of 
450  nm using a 96- well plate reader. The detection 
limit for cTnI, IL- 6, TNF- α, SDC- 1, and HA was 31.25, 
62.5, 15.6, 1.563, and 6.25 pg/mL, respectively.
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Reactive Oxygen Species Assays in Heart and 
Brain Tissue

Heart and brain tissue were harvested, flash frozen, 
and stored at −80°C until assessment. Heart and brain 
sample reactive oxygen species (ROS) levels were 
measured using Reactive Oxygen Species Fluorometric 
Assay Kit (Catalog No. E- BC- K138- F, Elabscience), ac-
cording to the manufacturer’s protocol. Briefly, tissues 
from the heart and the brain were homogenized in RIPA 
buffer at a weight: volume ratio of 1:10. The homoge-
nate was centrifuged at 1600g for 10 minutes at 4°C. 
Dichlorofuorescin is oxidized to dichlorofluorescein 
which is a strong green fluorescent substance that 
cannot penetrate the cell membrane. The intensity of 
dichlorofluorescein is proportional to the level of intra-
cellular ROS. ROS content was assessed by fluorimetric 
method at a wavelength of 530 nm.

Western Blotting

Heart and brain tissue were homogenized in a RIPA 
buffer consisting of protease inhibitor cocktail (Roche) 
and phosphatase inhibitor PhosSTOP. The homoge-
nate was centrifuged at 16 000g for 15  minutes at 
4°C, and the supernatant was extracted for further 
protein quantitation. Thirty micrograms of protein for 
each sample were separated on 4% to 20% SDS/
PAGE gel electrophoresis and transferred to a poly-
vinylidene fluoride membrane. The selected mem-
brane was blocked with 1×Tris Buffer Saline with 1% 
casein for 1 hour at room temperature with 120 bpm 
shaking. Subsequently, the membrane was incubated 
with primary antibodies at a dilution 1:1000 to 1:2000 
overnight at 4°C. Primary antibodies used were listed: 
p38 MAPK (CST#9212, Cell Signaling), p-  p38 MAPK 
(CST#9211, Cell Signaling), SDC- 1 (Ab#128936, 
Abcam), TNF- α (Ab#205587, Abcam), IL- 6 (Ab#9324, 
Abcam). In addition, GAPDH (Ab#9482, Abcam) was 
performed as an internal control. After washing with 1× 
tris buffer saline tween, the membrane was incubated 
with secondary anti- rabbit/mouse immunoglobulin G 
for 1  hour at room temperature. Protein quantitative 
analysis was done using ImageJ software.

Assessment of Functional NDS and Survival

For the 72- hour survival study, all catheters were re-
moved and wounds were surgically sutured at 6 hours 
following ROSC. Rats received a subcutaneous injec-
tion of Buprenorphine (1 mg/kg) to relieve pain when 
they were returned to their cages and rats were ob-
served every 24 hours after ROSC. Levels of conscious-
ness, brain stem function, and overall performance 
were evaluated according to the method of NDS (nor-
mal=0, death=500).11 NDS was examined and scored 
by 2 investigators unaware of group identities at 24, 48, 

and 72 hours after ROSC in all groups. Animals were 
then euthanized by Euthasol (150 mg/kg).

Statistical Analysis
Statistical analysis was performed with Prism (Version 
8.00; GraphPad Software Inc.). All continuous varia-
bles are presented as mean±SD after confirming for 
normality of distribution by Shapiro- Wilk test. Group 
comparisons were performed by 1- way or 2- way 
ANOVA with Tukey post- hoc test. Survival analyses 
were conducted based on Kaplan‒ Meier plots and 
log- rank tests. Statistical significance was assumed 
at P<0.05.

RESULTS
Baseline Characteristics of 2 Groups
Forty- two rats were used for this study and 4 rats were 
not resuscitated (1 rat, technical failure; 3 rats, resus-
citation failure). There were no significant differences 
in body weight, heart rate, calculated coronary perfu-
sion pressure, end- tidal CO2, and temperature of rats 
among groups (P>0.05) (Table). There were no signifi-
cant differences in baseline blood pressure and (CO, 
EF, MPI), or buccal microcirculation among the groups.

VitC Ameliorate Hemodynamic and 
Cardiac Function
CA and I/R injury significantly impaired myocardial 
function, as indicated by EF, CO, and MPI. However, 
myocardial function was all significantly better in the 
VitC group at ROSC3H and ROSC4H when com-
pared with the control group (Figure  1A through 1C 
and Table  S1). Plasma cTnI in control group versus 
sham group was significantly elevated after ROSC4H 
(1169±109.29 versus 188.1±11.76, P<0.001). However, 
VitC significantly reduced the release of cTnI compared 
with control group (699.6±57.27 versus 1169±109.29, 
P<0.001) (Figure 1D and Table S1).

In the control group, buccal microcirculatory blood 
flow presented at a low density and inadequate 

Table. Baseline Characteristics in Body Weight, Heart 
Rate, End- Tidal CO2, Coronary Perfusion Pressure, and 
Temperature

Sham (n=6) Control (n=16) VitC (n=16)

Weight (g) 483±17.6 480±20.1 485±16.9

HR (bpm) 361±24 369±16 366±18

ETCO2 (mm Hg) 36.7±1.7 35.2±2.8 35.9±3.1

CPP (mm Hg) 39.1±4.3 36.8±6.8 36.2±5.1

Temperature (°C) 36.6±0.23 36.8±0.19 36.7±0.21

CPP indicates coronary perfusion pressure; ETCO2, end- tidal CO2; HR, 
heart rate; and VitC, vitamin C.
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perfused state following resuscitation, which was 
also observed in the VitC group. However, in the VitC 
group there was significant improvements in perfused 

vessel density and microvascular flow index compared 
with the control group at post- resuscitation 4 hours 
(P<0.0001, Figure 2 and Table S2).

Figure 1. Vitamin C effects on post- resuscitation hemodynamics and myocardial function.
A, Ejection fraction among groups; B, Cardiac output among groups; C, Myocardial performance index among group; D, plasma 
cardiac troponin I concentration. Data are presented as mean±SD. CO indicates cardiac output; cTnI, cardiac troponin I; EF, ejection 
fraction; and MPI, myocardial performance index. *P<0.05 vs sham group, #P<0.05 vs control group.

Figure 2. Vitamin C effects on post- resuscitation buccal microcirculation.
A, Perfused vessel density; B, Microcirculatory flow index; C, Digital photomicrographs of buccal microcirculation. Data are presented as 
mean±SD. MFI indicates microcirculatory flow index; and PVD, perfused vessel density. *P<0.05 vs sham group, #P<0.05 vs control group.
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Plasma IL- 6 and TNF- α levels were significantly 
increased after ROSC 4  hours in control and VitC 
(P<0.0001, Figure 3A and 3B and Table S3). However, 
VitC significantly reduced systemic inflammatory re-
sponse compared with control which was also ob-
served in the brain and heart tissue (Figure  3D and 
3E and Table S3). ROS production had the same ten-
dency in both heart and brain. VitC significantly de-
creased ROS level compared with controls (Figure 3F 
and Table S3).

Plasma SDC- 1 and HA were significantly increased 
after ROSC 4 hours in controls and VitC (Figure 4B 
and 4D and Table S4). Meanwhile VitC retrieved vas-
cular endothelial injury compared with controls. As 
expected, there was the opposite SDC- 1 expres-
sion in the heart and brain (Figure 4C and Table S4). 
Phosphorylation of p38 in controls was significantly 
increased compared with sham, while VitC signifi-
cantly reduced p- p38 expression (Figure  4E and 
Table S4).

The survival rate 72 hours after ROSC was greater 
in VitC compared with controls. In controls, survival 
rate was low (1 of 10 survival 72  hours after ROSC, 
Figure  5A) and the survival curves showed an initial 
sharp decline following ROSC (2 of 10 survival 48 hours 
after ROSC, Figure 5A). VitC had a higher survival rate 
(5 of 10 survival 72 hours after ROSC, Figure 5A) and 
decreased early mortality rate (6 of 10 survival 48 hours 
ROSC, Figure  5A). Moreover, NDS in VitC were sig-
nificantly lower at 24  hours (341.50±120.53 versus 
437.50±85.12; P=0.1591), 48  hours (223.57±124.89 
versus 471.00±36.25; P=0.0042) and 72 hours 
(140±176.47 versus 462.50±53.03; P=0.0226) following 

ROSC compared with that in controls (Figure 5B and 
Table S5).

DISCUSSION
In the present study, we demonstrated that VitC admin-
istration following resuscitation significantly alleviated 
systemic inflammation, oxidative stress, microcircu-
lation dysfunction, and shedding of SDC- 1 and HA, 
probably via regulating p38/MAPK phosphorylation, 
which may contribute to preserve cardiac and cerebral 
function. Finally, the effectiveness of VitC improved the 
72- hour survival and neurologic deficit in a rat model 
of CA and CPR was also demonstrated in the present 
study.

Myocardial function was impaired after ROSC. EF 
and CO decreased in controls compared with sham. 
cTnI plasma level, which indicated the severity of myo-
cardial injury, was increased in controls. We further 
demonstrated that controls had high IL- 6, TNF- α, SDC- 
1, and HA plasma levels. Severity of myocardial dys-
function is closely related with elevation of ROS, TNF- α, 
IL- 6, decrease of SDC- 1, and HA in the myocardium. 
Global I/R injury after CA and CPR is associated with 
post- resuscitation myocardial dysfunction, cerebral 
dysfunction, and poor neurologic outcome. Perfused 
buccal vessel density and microcirculatory flow index 
at 4 hours after ROSC were impaired in controls, which 
is in line with the hypoperfusion in brain and cardiac 
regions of CA observed by Drabek et al.12 Controls had 
a lower survival rate accompanied by neurologic defi-
cits. I/R injury after successful resuscitation triggered 
a sterile inflammatory and oxidative stress reaction. A 

Figure 3. Vitamin C effects on post- resuscitation proinflammatory cytokines oxidative damage in heart and brain tissue.
A, Levels of Interleukin- 6 levels in plasma, B, Tumor necrosis factor- alpha levels in plasma. C, Representative protein bands of tumor 
necrosis factor- alpha, Interleukin- 6, and GAPDH. D, Quantification of the expression levels of Interleukin- 6 in the heart and brain. E, 
Quantification of the expression levels of tumor necrosis factor- alpha in the heart and brain. F, Reactive oxygen species levels in heart 
and brain. Data are presented as mean±SD. IL- 6 indicates interleukin 6; ROS, reactive oxygen species; and TNF- α, tumor necrosis 
factor- alpha. *P<0.05 vs sham group, #P<0.05 vs control group.
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reduction in mean arterial pressure, elevation of inflam-
matory and oxidative stress response after ROSC is 
attributed to cerebral impairment, which contributes to 
a poor neurologic prognosis.13

VitC is a key circulating antioxidant with anti- 
inflammatory and immune- supporting effects which 
is also a cofactor for important mono-  and dioxygen-
ase enzymes. VitC can suppress the oxidative stress 
induced by lipopolysaccharide and demonstrate in-
creasing the activity of superoxide dismutase.14 An 
increasing number of preclinical studies in trauma, 
I/R, and sepsis models have shown that intravenously 
administered VitC at pharmacological doses atten-
uates oxidative stress and inflammation and restores 

endothelial and organ function.15,16 We demonstrated 
that VitC administration significantly decreased IL- 
6, TNF- α, and ROS, improving microcirculation and 
cardiac and brain function. The presence of oxidative 
stress is normally tested in 1 of 3 ways: direct mea-
surement of the ROS; measurement of the resulting 
damage to biomolecules (eg, proteins, DNA, RNA, etc); 
and detection of antioxidant levels (catalase and super-
oxide dismutase).17 In our research we found a huge 
burst of ROS was generated within minutes after the 
start of reperfusion. Studies have found that ROS gen-
eration can be produced by endogenous source (in-
flammatory cells, xanthine, and nicotinamide- adenine 
dinucleotide phosphate oxidase, uncoupled eNOS or 

Figure 4. Vitamin C effects on post- resuscitation of SDC- 1 (Syndecan- 1), p38/MAPK (mitogen- activated protein kinase) 
protein expression in heart and brain tissue.
A, Representative protein bands of SDC- 1, p- p38, t- p38, and GAPDH. B, Quantification of the expression levels of SDC- 1 in plasma. 
C, Quantification of the expression levels of SDC- 1 in the heart and brain. D, Quantification of the expression levels of hyaluronan in 
plasma; E, Quantification of the expression levels of p- p38/t- p38 in the heart and brain. Data are presented as mean±SD. HA indicates 
hyaluronic acid; SDC- 1, Syndecan- 1; and VitC, vitamin C. *P<0.05 vs sham group, #P<0.05 vs control group.

Figure 5. Vitamin C effects on survival analysis and neurological deficit score.
A, Survival analysis between control and vitamin C groups. B, Neurological deficit score between control and vitamin C groups at 
24 hours after return of spontaneous circulation. VitC indicates vitamin C. *P<0.05 vs control group.
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respiratory chain).17Fei et, al. found that after ROSC 
from CA a relatively “orderly” process of mitochondrial 
dysfuncion progressed. ROS generation was from 
Complex I of the mitochondrial respiratory chain.18 The 
first day after CA, VitC plasma concentrations are de-
creased by >50% compared with healthy volunteers 
and after 3  days more than half the patients are in-
sufficient.2 The abundance of ROS, especially when 
insufficiently opposed by antioxidants such as VitC, 
leads to widespread endothelial abnormal, cellular 
impair, and progressive organ dysfunction.15 ROS- 
induced injury to the glycocalyx, cellular membranes, 
and junctions lead to increased permeability, adhesion 
of leukocytes and platelets with local activation of in-
flammation and coagulation, insensitivity of endothelial 
vasodilatation, and loss of the vascular response to 
vasoconstrictors.19– 21

SDC- 1 is the core protein in heparin sulfate pro-
teoglycan, which comprises the glycocalyx. SDC- 1 is 
released from the endothelium upon injury to the gly-
cocalyx which could cause its concentration in the cir-
culation to increase.22 Rehm et al. reported elevated 
SDC- 1 and hyaluronan (HA) plasma levels as markers 
of glycocalyx shedding after local and regional I/R in pa-
tients who underwent vascular and cardiac surgery.23 
The glycocalyx is damaged by acute oxidative stress 
in CA, leading to increased SDC- 1 serum levels.24 I/R 
glycocalyx damage develops at an early stage and is 
a strong trigger for local and systemic inflammatory 
mediator release.25 Bro- Jeppesen et al. found a sig-
nificant correlation between SDC- 1 and IL- 6.26 IL- 6 has 
often been suggested as a suitable inflammatory and 
outcome marker for post resuscitation syndrome.25

P38/MAPKs are responsive to stress stimuli which 
are involved in cell differentiation, apoptosis, and auto-
phagy, which is dependent on its phosphorylation by 
p38 MAPK.27 Interestingly, ROS can activate MAPK to 
either stimulate or inhibit apoptosis in cardiomyocytes, 
depending on the isoform stimulated which could arise 
after CA.28 Lei et, al29 found that the expression of the 
proteoglycan SDC- 1 was increased in rats with myo-
cardial infarction. Inhibition of pP38 MAPK has been 
shown to reduce infarct size and improve ventricular 
remodeling,30 and p38 MAPK knockout mice show 
smaller infarct size, a thicker ventricular wall, and bet-
ter cardiac function than wild- type mice 7 days after 
myocardial infarction.31 Therefore, some investigators 
believe that activation of the p38/MAPK pathway is 
necessary for pathological ventricular remodeling. The 
current study found that the pP38 MAPK was signifi-
cantly increased in infarction and that SDC- 1 overex-
pression caused reduced expression of p38/MAPK 
mRNA and phosphorylated protein, resulting in inhi-
bition of p38/MAPK pathway. Expression of SDC- 1 
may inhibit this influx of inflammatory cells in ventric-
ular remodeling. SDC- 1 overexpression clearly affects 

myocardial collagen synthesis and interstitial remodel-
ing.32 The elevation concentrations of SDC- 1 induced 
by degradation of the glycocalyx after CA may also be 
a cause for blood- brain barrier dysfunction and cere-
bral edema.33

In addition, Jaakkola et al.34 found that p38 MAPK 
may in some cases activate the SDC- 1 gene, be-
cause p38/MAPK inhibitors blocked the activation 
of the fibroblast growth factor response element, an 
upstream activating element in the SDC- 1 gene.35 
p38 MAPK inhibitors were also found to reduce the 
shedding of the extracellular domain of the SDC- 1. 
The results suggest that SDC- 1 is likely to impose at 
least some of its actions through the p38 MAPK sig-
nal transduction pathway.29 Morgana et, al.36 found 
that VitC abolished the p38/MAPK values induced by 
inflammatory cytokine (TNF- α) in mice brain. Abeer 
et, al.37 found VitC decreased the p38/MAPK level 
induced by oxidative stress in rat liver and brain tis-
sues, which is the same result with our study. VitC, 
which could mitigate the response of oxidative stress, 
inflammatory and ischemia, may reduce glycocalyx 
damage and shedding of SDC- 1 and alter p38/MAPK 
pathway, but the link and exact mechanism remain to 
be further explored.38

There are several limitations of this study. First, 
only healthy animals without underlying disease were 
included. Second, histologic analysis to demonstrate 
attenuation of heart and brain injury influenced by 
shedding of SDC- 1 was not performed and should be 
validated in future studies. Thirdly, we did not measure 
the expression of potential sources of ROS and would 
perform it in further study. Finally, SDC- 1 could reg-
ulate p38/MAPK phosphorylation which needs to be 
established by further study in post- resuscitation myo-
cardial I/R.

CONCLUSIONS
VitC attenuates post- resuscitation myocardial and 
cerebral dysfunction and improves the survival. The 
mechanisms may involve inhibiting transcription of 
inflammatory cytokines and oxidative stress, thus 
protecting the integrity of the vascular endothelium. 
Meanwhile VitC reduces shedding of SDC- 1 and alters 
p38/MAPK phosphorylation and microcirculation.
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Table S1. Vitamin C effects on post-resuscitation hemodynamics and myocardial 

function. 

EF% (Fig 1A) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Baseline  77.37±2.80  77.58±5.57  74.52±2.10  0.4843 0.5341  

1h  77.88±2.66  52.97±9.37  52.98±3.63  >0.9999  <0.0001 

2h  77.15±2.77  55.03±6.13  58.90±3.52  0.3184  <0.0001 

3h  75.93±2.94  53.92±7.11  62.53±1.96  0.0050  <0.0001 

4h  75.55±1.32  59.63±6.35  66.58±1.91  0.0287  0.0033 

 

CO (Fig 1B) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Baseline  112.3±10.23  111.3±8.12  121.2±10.07  0.1190 0.1774  

1h  110.2±9.95  54.67±6.74  72.83±7.83  0.0012  <0.0001 

2h  110.7±10.41  61.17±6.88  60.67±6.22  0.0005  <0.0001 

3h  108.7±12.27  69.50±5.75  82.00±3.16  0.0344  <0.0001 

4h  109.3±10.47  71.50±8.48  92.67±6.28  0.0001  0.0033 

 

MPI (Fig 1C) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Baseline  0.5623±0.0365  0.5497±0.0337  0.6502±0.0165  0.0406  0.0836 

1h  0.5701±0.0338  1.084±0.1186  0.9883±0.0417  0.0554  <0.0001 

2h  0.5713±0.0392  1.011±0.1261  0.9433±0.0880  0.2216  <0.0001 

3h  0.5693±0.0485  0.9510±0.1131  0.7133±0.0350  <0.0001  0.0019 

4h  0.5819±0.0401  0.9189±0.1037  0.6717±0.0204  <0.0001  0.0753 

 

cTnl (Fig 1D) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Baseline  197.7±19.44  199.2±22.85  197.4±9.31  0.9980  >0.9999 

4h  188.1±11.76  1169±109.29  699.6±57.27  <0.0001  <0.0001 

 

EF: Ejection fraction; CO: Cardiac output; MPI: Myocardial performance index; cTnl: 

plasma cardiac troponin I concentration.; h = hour. Data are presented as mean ± SD 

  



Table S2. Vitamin C effects on post-resuscitation buccal microcirculation. 

PVD (Fig 2A) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Baseline  6.180±0.345  6.180±0.645  6.237±0.465  0.9641 0.9641  

2h  6.237±0.465  3.324±0.383  3.774±0.293  0.1116  <0.0001 

4h  6.270±0.461  2.959±0.306  4.997±0.297  <0.0001  <0.0001 

 

MFI (Fig 2B) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Baseline  3.000±0  3.000±0  3.000±0  >0.9999  >0.9999 

2h  3.000±0  1.417±0.129  1.500±0.224  0.5128  <0.0001 

4h  3.000±0  1.333±0.258  2.375±0.137  <0.0001  <0.0001 

 

PVD: perfused vessel density; MFI: Microcirculatory flow index; h = hour; Data are 

presented as mean ± SD 

 

 

  



Table S3. VitC effects on post-resuscitation pro-inflammatory cytokines oxidative 

damage in heart and brain tissue. 

IL-6 (Fig 3A) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Baseline  169.7±12.61  150 ±7.69  149 ±16.24  0.9991  0.6926 

4h  203±40.11  2353±92.14  582.7±28.33  <0.0001  <0.0001 

 

TNF-α(Fig 3B) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Baseline  18.68±4.12  20.44±2.17  19.02±3.27  0.6826  0.9777 

4h  18.31±2.72  71.35±3.06  38.68±1.61  <0.0001  <0.0001 

 

IL-6/GAPDH 

(Fig 3D) 

SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control）） P (VitC vs SHAM) 

Heart  1.000±0  3.100±0.42  2.100±0.32  <0.0001  <0.0001 

Brain  1.000±0  2.600 ±0.34  1.900±0.32  0.0007  <0.0001 

 

TNF-α/GAPDH 

(Fig 3E) 

SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Heart  1.000±0  3.000±0.39  2.000±0.42 <0.0001 <0.0001 

Brain  1.000±0  2.500±0.24  1.800±0.34  0.0007  0.0001 

 

ROS (Fig 3F) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control）） P (VitC vs SHAM) 

Heart 3673±199 6575±1308 5071±217 0.0029 0.0007 

Brain 3057±451 5339±314 4050±481 0.0257 0.0033 

 

IL-6: interleukin-6; TNF-α: tumor necrosis factor-α; GAPDH: glyceraldehyde-3-

phosphate dehydrogenase; ROS: reactive oxygen species; h = hour; Data are presented 

as mean ± SD 

 

  



Table S4. Vitamin C effects on post-resuscitation of Syndecan-1, p38/MAPK 

protein expression in heart and brain tissue. 

Syn-1(Fig 4B) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Base line 16.35±2.66 17.84±2.56 18.64±4.03 0.9303 0.5569 

4h 15.80±2.00 66.17±4.83 37.61±5.44 <0.0001 <0.0001 

 

Syn-1/GAPDH 

(Fig 4C) 

SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Heart 1.000±0 0.6983±0.0662 0.9000±0.0374 <0.0001 0.0009 

Brain 1.000±0 0.7900±0.0645 0.8583±0.0313 0.0248 <0.0001 

 

HA(Fig 4D) SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Base line 153.6±16.2 151.6±5.2 170.4±14.7 0.2532 0.3271 

4h 156.0±13.9 319.7±17.9 240.1±37.3 <0.0001 <0.0001 

 

p-p38/t-P38 

(Fig 4E) 

SHAM (n=6) Control (n=6) VitC(n=6) P (VitC vs Control） P (VitC vs SHAM) 

Heart 1.000±0 1.228±0.062 1.153±0.047 0.0055 <0.0001 

Brain 1.000±0 1.203±0.039 1.135±0.036 <0.0001 0.0117 

 

Syn-1: Syndecan-1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; HA:  

hyaluronan; Data are presented as mean ± SD 

 

 

 

 

  



Table S5. Vitamin C effects on NDS. 

 

NDS (Fig 5B) Control (n=6) VitC(n=6) P (VitC vs Control） 

24h 437.50±82.12 341.50±120.53 0.1591 

48h 471.00±36.25 223.57±124.89 0.0042 

72h 450.00±70.71 120.83±186.69 0.0410 

 

NDS: Neurological deficit score; Data are presented as mean ± SD 

 

 

 

 



Figure S1. Experimental protocol. 

 

 

 

VF: ventricular fibrillation; PC: precordial compression; DF: defibrillation; ROSC: 

return of spontaneous circulation. 

 


