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Abstract: Hemodialysis (HD) is the most common method of renal replacement therapy. Besides tox-
ins, it eliminates nutrients from the circulation, such as ascorbic acid (AA). HD-patients present AA
deficiency more often than representatives of the general population, also due to dietary restrictions.
This condition aggravates oxidative stress and inflammation related to uremia and extracorporeal
circulation and increases cardiovascular risk followed by mortality. Supplementation of AA seems to
be a promising approach in the treatment of hemodialysis patients. Many successful interventions
restored plasma AA concentration in HD patients by enteral or intravenous supplementation, con-
comitantly inhibiting oxidative stress and inflammation. A significant number of studies reported
opposite, serious pro-oxidant effects of AA. In this narrative review, we present studies, commenting
on their limitations; on AA plasma or serum concentration and the influence of its supplementation
on protein and lipid peroxidation, DNA damage, reactive oxygen species generation, paraoxonase
activity, advanced glycation endproducts, and C-reactive protein (CRP) concentration. Moreover,
in terms of safety, the possible development of oxalosis in HD patients regarding the intravenous
or enteral route of AA administration is discussed. Unequivocal clinical results of recent studies on
hemodialysis patients are displayed.

Keywords: hemodialysis; ascorbic acid; concentration; supplementation; oxidative stress; inflamma-
tion; antioxidant; prooxidant; cardiovascular risk; oxalate

1. Introduction

In Europe, there are about 140 patients treated with renal replacement therapy (RRT)
per million inhabitants. Hemodialysis is the most frequently chosen option of RRT in
patients with end-stage chronic kidney disease. Almost 60% of European patients treated
with RRT undergo this procedure to sustain their lives. Thirty-seven percent receive a kid-
ney transplant, while only 5% are treated with peritoneal dialysis [1]. During hemodialysis,
particles pass from blood through the dialysis membrane according to the concentration
gradient, while water is removed from the blood by the created pressure gradient in the di-
alyzer. Thus uremic, water-soluble toxins are eliminated from circulation and carried away
by fluid, but also non-toxic nutrients can be unintentionally eliminated in the same manner,
such as ascorbic acid (AA). Hemodialysis patients are affected with increased oxidative
stress and inflammation compared to the general population. Therefore, higher amounts
of antioxidants, including AA, can be utilized. Their loss and following deficiency are
unwanted. Many investigators aimed to answer the question: what is the significance of
AA and is there any particular role for it in hemodialysis patients? Furthermore, could this
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role be modulated with specific nutritional interventions to improve the health condition
of this group? In this review, we intend to present studies that tried to establish the extent
of AA deficiency among hemodialysis patients, the effectiveness of restoring its proper
plasma concentration, the influence on oxidative stress and inflammation, and the safety of
AA administration.

2. Sources of Inflammation and Oxidative Stress in Hemodialysis Patients

An increase in oxidative stress resulting from the abnormal generation of reactive
oxygen species (ROS) is associated with chronic kidney disease [2]. Uremia leads to certain
changes of metabolism on the intracellular and organ level. Mitochondrial dysfunction
with a remarkable decrease of cytochrome C oxidase activity and an increase of nicoti-
namide adenine dinucleotide (NADH) expression was found in mononuclear cells from
the peripheral blood of end-stage chronic kidney disease patients regardless of hemodial-
ysis [2,3]. The consequent abnormal mitochondrial transmembrane potential leads to
overproduction of ROS in the respiratory chain [4], mainly superoxide anion radicals,
which damage mitochondria and leak out and damage surrounding cellular structures [3].
The highly reactive form of oxygen can be converted by superoxide dismutase to oxygen
and hydrogen peroxide (H,0O,). HyO is less active than superoxide but still highly reactive;
therefore, it can further react with other compounds, oxidizing and damaging them.

The abundance of mitochondria in a human organism, together with their permanent
and improper activity, can be a significant ROS source in uremic patients. Initiation of
hemodialysis reduces the level of uremia but introduces the new pro-inflammatory factor,
which is a repeated contact of a patient’s blood with artificial material [5]. A dialyzer
contains multiple capillaries of total surface approximating 2 m?. During the session,
the patient’s blood is pumped to extracorporeal circulation to enter dialyzer capillaries
made of a certain dialysis membrane type. Different types of membranes are charac-
terized by their biocompatibility. Lower biocompatibility of a membrane (e.g., made of
cuprofan) means stronger stimulation of immune-competent cells, while membranes of
high biocompatibility (e.g., polysulfone) stimulate those cells weakly [2,6,7]. Capillaries
are submerged in dialysis fluid, which flows around them in the opposite direction than
blood does. Trace amounts of immunogenic lipopolysaccharide (LPS) may be present in
the fluid and contribute to inflammation initiation if LPS concentration in dialysis fluid
is not properly controlled [2]. In most cases, hemodialysis is performed three times a
week and lasts approximately 4 h each. Prolonged and repeated contact of leukocytes,
thrombocytes, and plasma with hemodialysis membrane, which acts as a foreign body,
stimulates immune response and inflammation [8]. Activated leukocytes release cytokines,
undergo degranulation, releasing ROS, mainly H,O, [2,6,7]. Moreover, contact with ar-
tificial membrane activates platelets, complement, and clotting factors, which intensifies
inflammation. Therefore, the higher the dose of dialysis, the stronger inflammation and
oxidative stress can occur [2]. The serum concentration of basic inflammatory marker C-
reactive protein (CRP) is typically higher among hemodialysis patients than in the general
population [9]. Treatment of anemia with intravenous iron leads to ROS generation, too [2].
Thus, besides uremia, RRT is a source of ROS itself (Figure 1).

Regardless of ROS’s origin, their high chemical activity makes them react intensively
with various cellular structures, leading to their damage. For instance, oxidative changes
in lipids of erythrocytes” membranes lead to their higher susceptibility to hemolysis and
aggravation of anemia [10]. The intensity of oxidative damage can be measured with the
following specific markers, which are products of oxidation of the following structures:
(1) lipid membranes: thiobarbituric acid reactive substances (TBARS, react with thiobarbi-
turic acid, which is used for their detection), malondialdehyde (MDA), phosphatidylcholine
hydroperoxide, isoprostanes; (2) lipoproteins: oxidized LDL; (3) proteins: advanced oxida-
tion protein products (AOPP), protein carbonyls; (4) DNA: 8-hydroxy-2’-deoxyguanosine
(8-OHdG) [2,8]. Oxidized LDL is proatherogenic [11], AOPP indicates albumin oxida-
tion [12], 8-OHdG is a mutagenic product of 2’-deoxyguanosine oxidation [13]. ROS impair
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the endothelium function, decreasing its reactivity and signal transduction, resulting in
blood flow limitation and contribution to atherogenesis [14]. Increased oxidative stress
associated with uremia and renal replacement therapy is one of the factors precipitating
cardiovascular diseases (Figure 1). Those diseases are the leading cause of death in this
group of patients [8,15]. Human plasma contains various substances that can react with
ROS to compete with mentioned compounds for being oxidized. This ability can be mea-
sured with specific experimental systems such as ferric reducing ability power (FRAP) or
with the ratio of concentrations of known antioxidants to their oxidized forms, for instance,
glutathione/glutathione disulfide (GSH/GSSG) or ascorbate/dehydroascorbate [16-18].
Concentration or expression of specific enzymes involved in ROS degradation, such as
Cu/Zn superoxide dismutase, can also be quantified [19]. On the other hand, ROS pro-
duction by immune cells can be easily identified in systems containing luminescent or
fluorescent probes (e.g., lucigenin, dichlorofluorescein), which emit a certain length of a
light wave on oxidation [20,21]. The aspects mentioned above of oxidative stress concerning
vitamin C and hemodialysis patients will be presented in the following chapters.
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Figure 1. Primary sources and consequences of oxidative stress in hemodialysis patients, and influence of AA administration

on oxidative stress-related processes reported in studies on hemodialysis patients, presented later: (-) inhibition, (0) no

effect, (+) augmentation of a process by AA administration. AA, ascorbic acid; AGEs, advanced glycation end-products; CV,

cardiovascular; HD, hemodialysis; LDL, low-density lipoprotein; PON, paraoxonase; ROS, reactive oxygen species.

3. Vitamin C potential Against Inflammation and Oxidative Stress

Ascorbic acid is a water-soluble compound with a molar mass of 176 Da, which, af-
ter absorption in the intestines, penetrates the extracellular and intracellular compartments
of the human body [22,23]. Its chemical structure, consisting of hydroxyl groups attached to
a furan ring, makes it a relatively easy donor of electrons and protons. For this reason, it can
take part in redox reactions. AA can be oxidized simultaneously, reducing other ROS com-
pounds, especially superoxide anion radical [24]. Competitive reactions of AA with ROS
scavenge them before they reach various cell components. Thus, AA is oxidized instead of
lipid membranes, proteins, and DNA, protecting these structures from being damaged [25].
Oxidation transforms AA to dehydroascorbic acid, which can be enzymatically converted
back to AA using glutathione [18,24,25]. In this reaction, GSH is enzymatically oxidized to
GSSG by trans-dehydrogenases, while dehydroascorbic acid is reduced to AA. The cost is
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a decrease in GSH concentration and GSH/GSSG ratio. Therefore, supplementation of AA
to GSH-deficient rats reduced their dependence on GSH as it did not have to be utilized
for AA regeneration [18].

Vitamin C in vitro not only scavenged ROS but also inhibited their formation. The sup-
pressor effect on Jak2/Stat1/IRF1 signaling pathway in the endothelium reduced the pro-
duction of superoxide radicals, hydrogen peroxide, and peroxynitrite, a powerful oxidant
and nitrating agent [26]. AA inhibited inducible nitric oxide synthase, preventing exces-
sive production of nitric oxide, a substrate for peroxynitrite generation in the presence of
superoxide anion radicals [26]. In vitro studies bring uncertainty regarding antioxidative
features of AA as some reported its prooxidative actions. AA’s presence caused highly
reactive hydroxyl radicals generation in enzymatic or chemical systems containing copper
or iron [27,28].

AA is accumulated in leukocytes where it can reach concentrations 50- to 100-fold
higher than in plasma, which potentiates possible anti-inflammatory effects [25]. For in-
stance, peripheral blood lymphocytes incubated with AA and then stimulated with
LPS generated smaller amounts of tumor necrosis factor (TNF)-« and interferon-y (pro-
inflammatory cytokines) and more significant amounts of the anti-inflammatory interleukin
(IL)-10 [29]. AA inhibited the synthesis of the pro-inflammatory cytokines TNF-o and IL-6
in monocytes isolated from patients with pneumonia [30]. It inhibited TNF-a-induced
adhesion molecule expression on endothelial cells, necessary for leukocyte stickiness and
sludging [26]. AA inhibited NF-«B, a pro-inflammatory transcription factor activation
in vitro in human epithelial cell line (ECV304) and human umbilical vein endothelial cells
culture (HUVECS) [31] and suppressed netosis of granulocytes [32]. On the other hand,
AA presented pro-inflammatory features stimulating granulocyte chemotaxis, lymphocyte
proliferation, interferon production, and increasing antibody blood concentration [33].
AA moreover enhanced fibroblast proliferation and migration, phagocytosis, and ROS
generation by granulocytes [32]. It increased hydroxyl radical production by activated
human leukocytes and murine macrophages in vitro [27].

Regarding the antioxidative and anti-inflammatory properties of AA, it was reasonable
to test the influence of this vitamin on hemodialysis patients with the hope to alleviate
chronic oxidative stress and inflammation, which is more intense than among healthy
subjects. However, if we consider the pro-oxidant and pro-inflammatory features of AA,
the results can be surprising.

4. Concentration of Ascorbic Acid in Plasma and Serum of Hemodialysis Patients

Vitamin C deficiency is an essential factor to take into consideration in patients on
maintenance hemodialysis. Deicher et al. prospectively over 30 months studied the
association of AA concentration in plasma with the frequency of cardiovascular events in
138 patients on maintenance hemodialysis and hemodiafiltration. AA plasma levels were
recorded before the dialysis session. Hemodiafiltration’s technique comprises removing
many water liters from patients’ blood during an otherwise hemodialysis session and
replacing it with a substitution fluid. All patients were observed for myocardial infarction,
aortocoronary bypass grafting, stroke, limb amputation because of peripheral vascular
disease and cardiovascular mortality, and all causes of mortality. The results showed that
patients with AA concentration in plasma lower than 32 pmol/L were at almost a fourfold
higher risk for major cardiovascular events and cardiovascular mortality compared to
patients with AA concentration in plasma exceeding 60 umol/L [15]. Deicher et al. had
a relatively large study group aiding in the strength of their study. Similar observations
of an association between low concentration of AA in plasma and shorter time to death
were made by Dashti-Khavidaki et al. on 91 maintenance hemodialysis patients [34].
These studies suggest that AA can be considered a factor in preventing fatal and non-fatal
major cardiovascular events in hemodialysis patients. Therefore, AA can be recognized as
a gateway antioxidant in hemodialysis patients, where low concentrations in plasma can
be harmful.
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Plasma levels of AA in hemodialysis patients were addressed in several reports. Pa-
pastephanidis et al. (Table 1) presented that hemodialysis patients compared with healthy
subjects have a fourfold smaller mean of AA concentration in serum collected before the
dialysis procedure, which was 12 umol/L [35]. It could be explained by decreased AA
dietary intake and clearance of AA during hemodialysis. A low-potassium diet, advised in
end-stage chronic kidney disease, limiting fruits and vegetable consumption may be accom-
panied by decreased vitamin C content. The low molecular mass of ascorbic acid, which is
comparable to the molecular mass of creatinine (113 Da), facilitates its quick diffusion
across dialysis membrane and elimination with dialysate [35,36]. However, this early study
utilized the enzymatic AA determination method in serum, which had limited precision.
Canavese et al. (Table 2), in a more recent study, utilized the high-performance liquid
chromatography (HPLC) method of AA determination in plasma, obtaining similar results
based on 18 hemodialysis patients. Although the AA determination method was accurate,
the studied group was small, and the inclusion criterion was AA deficiency, defined as
serum AA concentration < 15 umol/L. The mean AA concentration was 9 umol/L [37].
The same study proved that hemodialysis eliminates AA from plasma, reducing its con-
centration by 38 & 23% to 59 + 12% with a parallel appearance of this compound in the
dialysate [37]. Washio et al. also demonstrated on 16 patients that hemodialysis sessions
in which their doses, unfortunately, were not disclosed in the study, decreased the mean
concentration of AA in plasma by 67% from 43.6 to 14.6 umol/L [19]. The authors provided
neither the length of the dialysis session nor other possible parameters describing the dial-
ysis dose makes their finding hardly applicable in clinical considerations [19]. Eiselt et al.,
who examined 20 patients dialyzed with Kt/V = 1.44, described a 62% decrease in AA serum
concentration during a hemodialysis session [38].

Besides dialysis-related elimination, the role of diet and intake of AA can be meaning-
ful in maintenance hemodialysis patients. Lim et al. studied their nutritional status with
the duration of dialysis. Dietary management in the end-stage renal disease populations is
necessary to maintain adequate caloric intake and prevent hyperphosphatemia and other
electrolyte imbalances. In this cross-sectional study, the population (n = 145) was divided
into groups according to hemodialysis vintage; group 1 less than one year, group 2 between
1-5 years, and group 3 more than five years on hemodialysis. AA intake was determined
based on informed questionnaires. The study showed that AA intake in group 3 was 20%
lower than in group 1 [39]. The findings highlighted the importance of vitamin C content in
hemodialysis patients’ diet, decreasing with the treatment duration. These situations may
have noxious consequences for patients’ health [39]. Besides the risk for cardiovascular
diseases, the final complication, scurvy, is the extreme clinical outcome of severe and
chronic vitamin C deficiency, which was occasionally reported in dialysis patients [40,41].
Therefore, AA supplementation can be beneficial, especially in specific subpopulations of
hemodialysis patients [39].

Deicher et al. conducted a cross-sectional study on hemodialysis and hemodiafiltra-
tion patients investigating plasma vitamin C levels with the HPLC method (Table 1). As in
Papastephanidis’s and Canavese’s studies, the blood samples were taken before the dialysis
session, but the AA concentration in plasma was at least 4-fold higher than those reported
earlier [42]. Moreover, the measured median concentration of 45 umol/L was similar
to mean concentrations measured in the general population, which was approximately
8-10.5 mg/L (45-60 umol/L) [43,44]. The mean concentration measured in the plasma
of hemodialysis patients by Richter et al. was in the same range (59 pmol/L), and each
study had more than a hundred participants; however, hemodialysis dose remained un-
known in the latter [45]. This finding could undermine an earlier statement about AA
deficiency in hemodialysis patients; however, if we look at the distribution of AA concen-
tration among studied populations, specific differences between hemodialysis patients and
healthy subjects can be observed. Three studies conducted by Richter et al., Raimann et al.,
and Zhang et al. (Table 1), analyzed the distribution of AA levels in hemodialysis patients’
plasma. Raimann conducted his study on a small group, while studies of the other authors
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have a relatively high number of participants regarding research on hemodialysis patients.
They established that 15%, 25%, and 38% of those patients, respectively, have the AA
concentration in plasma collected before hemodialysis lower than 10-11 umol/L [45-47].

In contrast, in a representative group of 897 people derived from Belgium’s general
population, only 6% had an ascorbic acid concentration in plasma lower than 20 umol/L.
Belgian participants were not taking AA supplements [43]. In 300 German volunteers,
13% presented the plasma concentration below 28 umol/L and only 3% below 8.5 umol/L.
People taking AA supplements were not excluded from this study [44]. Considering this data,
it becomes apparent that although mean AA concentration in the plasma of hemodialysis
patients and representatives of the general population is similar, low plasma concentrations
occur more frequently in hemodialysis patients than in the general population.

Moreover, hemodialysis patients in mentioned studies were allowed to take vitamin
supplements independently as they had been doing before the studies; therefore, the preva-
lence of low AA concentration in plasma could be higher if patients taking supplements
were excluded. On the other hand, if mean concentrations of AA are similar in healthy
subjects and hemodialysis patients, while the incidence of low concentration is higher
among the latter, simple mathematics tells us that abnormally elevated concentrations of
AA have to be encountered in hemodialysis patients more frequently than in the general
population, as well. Possibly, those concentrations can precipitate unwanted effects of
uncontrolled AA supplementation, discussed later.

An investigation on the impact of hemodialysis on AA concentration in serum was
undertaken again by Coveney et al. (Table 1), who noted that patients hemodialyzed for
over 15 h per week are more likely to have water-soluble vitamin deficiency compared to
patients who had shorter dialysis time. Before the hemodialysis session, the extended time
group had a lower median AA concentration than the conventional group [48]. The dou-
bled hours of dialysis in the extended hemodialysis group, meaning elongation of the
time where AA passed from the cellular compartment to plasma and from there through
dialysis membrane to dialysis fluid, led to these expected results. Coveney’s approach to
conventional and extended hemodialysis created a critical consideration when debating
on whether to give AA supplementation to hemodialysis patients or not. As the extended
hours of dialysis became more common among RRT techniques, the evaluation of AA
levels and AA’s supply become more reasonable because of the higher possibility of AA
deficiency. However, the study had a weakness. The Kt/V ratio, an indicator of dialysis
dose and adequacy describing its effectiveness, was not provided [48].

Broader comparisons with other studies and generalized conclusions were, in turn,
difficult. Raimann et al. (Table 1) partially undermined the relationship between the dose
of dialysis and the AA concentration in plasma, comparing the effect of two different
dialysis frequencies on the AA plasma levels. Patients were participants of the Frequent
Hemodialysis Network (FHN) trial and were divided into two groups; conventional and
frequent hemodialysis consisting of 3 and 6 hemodialysis sessions per week, respectively.
Each frequent session duration was 1/3 shorter than conventional but had almost the same
Kt/V ratio (per session), which means the sessions had to be more intense. Both groups had
similar oral AA supplementation during the study’s whole duration, starting from the base-
line point. This study showed no difference in the mean AA concentration between the two
groups, although the total dose of dialysis measured with weekly Kt/V was much higher
in the frequent group [47]. Although limited by the small number of study participants
(n = 20), this observation may suggest that elimination of AA during hemodialysis is in-
significant. Although, if we consider these results with Coveney et al., the other conclusion
seems plausible. The hemodialysis session’s duration has a more substantial impact on AA
elimination than its dose measured with Kt/V, a urea elimination-based parameter. Since
AA molecular weight is 3-fold higher than urea’s, and it is abundant in the intracellular
compartment [22,23,37,49], it possibly diffuses slowly across cellular membranes to the
blood before subsequent elimination in the dialyzer and binds to albumin, which holds
it in the plasma [36]. Therefore, its kinetics of elimination differs from urea [37]. Thus,
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it made dialysis session’s length a key factor for its elimination rather than an initial high
concentration gradient across the dialysis membrane. Moreover, such kinetics contributes
to relatively mild AA elimination from both intracellular and extracellular compartments
together during hemodialysis sessions [37]. However, the decrease in plasma AA concen-
tration during hemodialysis is remarkable; plasma accounts only for 10% of total body
fluids. Single hemodialysis with Kt/V aimed > 1.2 eliminated 38 mg of AA in patients with
low plasma levels and 100 mg in patients with restored normal levels after successful AA
supplementation [37]. We can collate it with highly changeable AA intake in hemodialysis
patients’ diets, ranging from 40 to 300 mg/day, to find a possible explanation for hetero-
geneity of presented results of AA concentration in blood [50]. Similar to cross-sectional
studies presented in Table 1, interventional studies on small groups where baseline AA
concentration was measured display high variability (Table 2) with the mean value ranging
from 9 to 44 umol/L.

An additional factor responsible for differences in the results of AA concentration
obtained by researchers is the method of AA determination and the initial preparation of
plasma samples. This issue was postulated by Kennedy et al., who found that plasma sta-
bilization with metaphosphoric acid prevents AA’s remarkable spontaneous degradation.
When metaphosphoric acid was applied, the AA’s concentration in the same patient was
40% higher [51]. Approximately half of the analyzed studies (marked in Tables 1 and 2)
utilized metaphosphoric acid in laboratory preparations while the others did not.

In conclusion, the studies mentioned above show that hemodialysis decreases AA
concentration in patients” plasma, but this influence is limited, changeable, and depends
on the dialysis setting. The most influential variable is the length of the dialysis session.
Dietary restrictions contribute to decreased intake of AA. Those factors resulted in AA
deficiency among hemodialysis patients, which is associated with increased morbidity and
mortality. Certain studies reported low mean or median AA levels, suggesting widespread
AA deficiency. The others reported a higher incidence of abnormally low AA levels among
hemodialysis patients, while the mean or median concentration in plasma was close to
the one measured in the general population. Differences in plasma preparation and AA
determination methods, local dietary habits, allowance for vitamin supplements intake,
together with the limited number of participants, can be partially responsible for observed
discrepancies. Mentioned findings suggest that intervention is needed in hemodialysis pa-
tients to maintain AA levels at their normal ranges and avoid its deficiency’s complications.
However, not all individuals on hemodialysis require it.

Table 1. Studies on ascorbic acid concentration in serum or plasma of hemodialysis patients.

]()sltﬂg;t: lglooud:tl:}tgr Study Description Main Results References
Cross-sectional,
93 HD patients (aged 19-71 years, HD patients presented 4-fold
Hemodialysis HD dose 12 h/week, HD vintage smaller mean AA concentration
(Greece) 10-137 months), 52 healthy than healthy subjects, Papastephanidis et al.(1987) [35]
controls, AA determination with 12.0 4+ 8.1 vs.

the enzymatic method in
pre-HD serum.

50.0 & 22.1 umol/L respectively.

Hemodiafiltration or

Cross-sectional,
130 HD/HDF patients (median:
age 60, 74% on HDF, HD/HDF

Median AA concentration was

he(ln;(l)lcsli?ilz)sm vintage 20 months, Kt/V 1.39). 1OR. ;li.;_p;réii)l/rl;{OI/L Deicher et al.(2004) [42]
AA determination with the HPLC e K ’
method in pre-HD plasma.
Cross-sectional, Mean AA concentration was
117 HD patients (mean: age 63, 58.9 £ 65.3 umol /L.
Hemodialysis HD vintage 3.2 years, Values < 10 umol /L, between 10 . )
(NYC, USA) HD dose unknown). and 80 umol/L and > 80 pmol/L Richter et al.(2008) [45]

AA determination with the HPLC
in pre-HD plasma ™

observed in 15%, 66% and 19%
percent of patients respectively.
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Table 1. Cont.
Dialysis Modality — .
(Study’s Country) Study Description Main Results References
Cross-sectional, AA concentration < 2 pug/mL **,
Hemodialvsis 117 HD patients (mean: age 59, between 2- 4 ug/mL and
( China)y HD vintage 49 months, Kt/V 1.6) >4 pg/mL was present in: 38%, Zhang et al. (2011) [46]

AA determination with the HPLC
in pre-HD plasma ™.

27% and 35% of
patients respectively

Conventional and extended hours
hemodialysis
(Australia)

Cross-sectional,

26 patients in EHD (mean age: 55,
HD vintage 25.7 months, HD dose
28 h/week)

26 in CHD (mean: age 71, HD
vintage 57 months, HD dose
13.5 h/week). AA determination
with HPLC in pre-HD serum.

Median pre-HD AA concentration
was 3.8-fold lower in the EHD
than the CHD group (0.30 vs.
1.14 mg/dL *).

Coveney et al.(2011) [48]

Conventional and frequent
hemodialysis
(USA)

Participants of the FHN trial,
NCT00264758.

CHD group: 20 patients, mean
age 50.6, 3 HD sessions per week,
median duration 3.5 h,
Kt/V =1.46.

FHD group: 24 patients, mean age

Mean AA concentration
approximated 25 + 22 umol/L
and did not differ between groups
and time points. 25% of patients

Raimann et al. (2019) [47]

have AA
concentration < 10 umol/L.

48.8, 6 HD sessions per week,
median duration 2.4 h,
Kt/V =1.43.

AA determination with the HPLC
in pre-HD plasma ™.

* Conversion factor for units: vitamin C mg/dL to umol/L x 56.78. ** Conversion factor for units: vitamin C pug/mL to umol/L
x 5.678. ™ Plasma stabilization with metaphosphoric acid. AA, Ascorbic Acid; CHD, Conventional hemodialysis; EHD, extended
hemodialysis; FHD, frequent hemodialysis; HD, Hemodialysis; HDF, Hemodiafiltration; HPLC, High-performance liquid chromatography;
IQR, interquartile range; Kt/V, parameter of dialysis dose.

5. Influence of Ascorbic Acid Supplementation on Its Concentration in Serum and
Plasma of Hemodialysis Patients

Since ascorbic acid deficiency is more frequent in hemodialysis patients than in healthy
subjects, as discussed earlier, researchers started studying the effect of AA supplementation
on its plasma concentration to find a dose useful in maintaining the concentration within
normal ranges. The recommended daily intake of AA for healthy adults is 75 mg and
90 mg for females and males, respectively [52]. Another approach was needed to treat AA
deficiency, and an investigation of the effect of higher doses was undertaken. De Vriese et al.
(Table 2) studied the effect of 360 mg and 1500 mg per week of oral AA supplementation on
pre-dialysis AA serum levels, determined with the spectrophotometric method, which is
less precise than HPLC used by other researchers. 120 mg of AA was given after each
dialysis session then followed by a dose of 500 mg. The authors observed an increase in
the mean serum AA concentration. Nonetheless, 360 mg per week, a dose smaller than
the one advised in healthy people, was not enough to reinstate AA status in this group
since 26.5% of patients sustained serum AA levels below the minimum reference limit
of 0.2 mg/dL (11 umol/L). Following the dosage of 1500 mg per week, there was a shift
in the patient population, and the majority came into the reference limits of serum AA
levels, with 6.7% remaining below [53]. De Vriese et al. experimented with AA dosage,
making it clear that the dose higher than recommended for supplementation in healthy
people effectively increased AA serum levels in hemodialysis patients. No adverse effects
from the intervention group were reported [53].

In another observational study conducted by Washio et al. (Table 2), oral AA supple-
mentation of 200 mg, 400 mg, and 1000 mg was given each month, thrice weekly for three
months. The study showed an increase in mean AA concentration in pre-hemodialysis
plasma, measured with the HPLC. AA concentration increased with the additional dosage
of AA supplementation, reaching a maximum mean of 138.2 &+ 51.5 umol/L, which means
the complete resolution of AA deficiency and even exceeding the upper reference limit [19].
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In contrast to De Vriese’s experiment, the effect of supplementation was visible even with
the initial dose, which weekly equaled a dose advised in healthy people. These findings are
most probably a result of the different construction of both studies. De Vriese assessed AA
concentration in plasma approximately 44 h after AA administration, while Washio only 1 h
after the ingestion [19,53]. The former investigated steady concentration in its stable phase
while the latter peak concentration in the absorption phase [22]. The other limitation of the
latter study was also a much smaller number of 16 patients. That is why De Vriese et al.,
although not utilizing the HPLC method, bring more reliable results than Washio’s.

In contrast with Washio, Zhang et al. selected a relatively large study group of
100 participants, intending to create a more reliable randomized cross-over trial on pa-
tients with a low initial AA concentration (baseline concentration in plasma < 23 umol/L,
mean 8.5 £ 4.5 umol/L; Table 2). Unfortunately, information about the time-relation be-
tween ingestion of ascorbic acid and its concentration measurement is missing, which largely
limits the reliability of obtained results because AA concentration in plasma becomes stable
not earlier than 4 h after ingestion [22]. 200 mg/day of oral AA supplementation was given
for three months alternatively with no intervention. The results showed an increase in pre-
hemodialysis plasma AA levels in most patients, reaching a mean of 59 £ 58.5 umol/L [54].
Candan et al. proved ingestion of 250 mg of AA a day increased its plasma concentration
by 1/3 (Table 2).

Nonetheless, the study has certain drawbacks; the authors did not use metaphospho-
ric acid to stop AA degradation, applied fluorimetric method of determination instead
of HPLC, and did not reveal hemodialysis vintage of the studied population making its
representativeness uncertain [10]. An oral dose of 250 mg thrice weekly was effective in
Fumeron and Chan et al.’s studies (Table 2) and increased AA level to normal ranges [17,55].
Eiselt et al. elevated AA’s concentration in the serum of 20 patients from 16 to 60 pmol/L
with an initial dose of 250 mg/day for two weeks followed by a maintenance dose of 50 mg
daily given for the same time [38]. This way, the authors combined the effectiveness of
higher doses needed for effective AA supplementation with the safety of smaller doses,
which maintained AA concentration improvement (measured with HPLC method after
plasma stabilization with metaphosphoric acid). In response to interventions, AA defi-
ciency in hemodialysis patients ameliorates. None of the mentioned studies reported the
occurrence of unwanted clinical effects of AA supplementation.

Hemodialysis patients have dialysis access through a catheter installed to the vena
cava, or an arterio-venous fistula created in a limb. This ensures, besides dialysis pro-
cedure, easy access for intravenous administration of medications. Therefore, this route
of AA administration has been examined as well. A small, longitudinal, observational
study conducted by Canavese et al. (Table 2) proved the effectiveness of 500 mg i.v.
of AA a week in reversing its deficiency [37]. 300 mg of AA infused thrice weekly af-
ter hemodialysis sessions doubled its plasma level after eight weeks of observation by
Tarng et al. [21]. Both studies utilized metaphosphoric acid for sample stabilization, while
the former applied HPLC determination of AA and the latter colorimetric method (Table 2).
Comparing the administration of the same dose of AA in both ways performed by Chan
et al. (Table 2) indicated intravenous route as more effective against AA deficiency [55].

In a more extensive, placebo-controlled observational study conducted by El Mashad
et al. (Table 2), the authors investigated the effect of intravenous AA supplementation
on children’s serum AA levels. Intravenous administration provides better compliance,
especially in this group of patients. 250 mg of AA was injected thrice weekly for 12 weeks.
Pre-dialysis serum levels of AA more than doubled in the supplemented group while
remained unchanged after placebo. The experiment was free of unwanted effects [56].
El Mashad et al. observed the pediatric population, focusing on a less popular choice of
patients, advances our understanding of whom AA supplementation benefits.

In conclusion, the results of mentioned studies show that both oral and intravenous
AA supplementation can increase the plasma AA concentration in hemodialysis patients,
thus preventing AA deficiency occurrence without remarkable side effects. Enteral doses
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of 750 mg per week, approximately 20% higher than AA intake advised in healthy people,
restored proper AA concentration in plasma. Intravenous doses of 500-900 mg/week
were effective; however, analysis of potential unwanted effects of such intervention re-
lated to oxalate formation, conducted by Canavese et al., holds this therapeutic approach
questionable [37]. The issue of safety is discussed in the ninth chapter of this review.

Table 2. Influence of ascorbic acid supplementation on its concentration in serum and plasma of hemodialysis patients.

Objective
(Study’s Country)

Study Description

Main Results

References

Evaluation of the effects of oral AA
supplementation on AA concentration
in plasma.

(Turkey)

Prospective, open label, randomized,
placebo-controlled trial, 34 HD
patients (mean age 46, HD vintage
unknown, dose 12 h/week) received
orally 250 mg of AA/day for 90 days
(n = 15) or placebo. The concentration
of AA in pre-HD plasma was
measured with fluorimetry.

AA concentration increased from
32 £ 13 to 46 & 16 umol/L, remaining
unchanged after placebo.

Candan et al.
(2002) [10]

Evaluation of the influence of
intravenous AA supplementation on
AA concentration in plasma.
(Taiwan)

Prospective, open label, randomized,
placebo-controlled trial, 51 HD
patients (mean: age 59, HD vintage
46 months, HD dose 12-13.5 h/week)
26 in the placebo group, 300 mg of AA
or saline was infused after each HD
for 8 weeks, pre-HD AA in plasma ™
was measured with
colorimetric method.

AA concentration doubled from initial
44 £ 19 umol/L, remaining
unchanged after placebo.

Tarng et al. (2004) [21]

Assessment of the effects of
intravenous AA supplementation on
AA concentration in plasma.
(Italy)

Prospective observational study; 14
HD and 4 HDF patients with AA
deficiency (mean: HD vintage
9.9 years, Kt/V > 1.2) AA was infused
once a week after HD in a dose of
250 mg for 3 months and 500 mg for
the following year. AA determination
with HPLC in pre-HD
plasma ™ samples.

Mean concentration of AA raised from
initial 1.6 & 0.8 mg/L * to maximal
6.6 +28mg/L.

Canavese et al. (2005) [39]

Evaluation of the effects of
intravenous or enteral AA
supplementation on AA concentration
in plasma.

(Australia)

Prospective, randomized, parallel
observational study, 21 HD patients
(mean: age 56, HD vintage > 6 months,
sessions thrice a week, URR 76%)
received 250 mg of AA orally or IV
after HD sessions for 8 weeks. AA
measurements with HPLC in pre-HD
plasma.

Mean concentration of AA increased
2.8 fold from initial 2.8 + 0.7 mg/L*

in the enteral group and 3.4 fold from
initial 1.8 + 0.5 mg/L * in IV group.

Chan et al. (2005) [55]

Assessment of the effect of oral AA
supplementation on AA concentration
in plasma.

(France)

Prospective, randomized,
observational study, 33 HD patients
(mean: age 52, HD vintage 6.1 years,
session duration 4,2 h thrice a week,

Kt/V 1.2) received 250 mg of AA
orally after each HD for 2 months or
no drug. AA in pre-HD plasma was

determined with HPLC.

Mean AA-concentration increased 3.4
fold from the initial
19.5 + 13.5 umol/L in the
supplemented group only.

Fumeron et al. (2005) [17]

Studying the effect of oral AA
supplementation on AA concentration
in serum.

(Belgium)

Prospective observational, study.
92 HD patients (mean: age 67, HD
vintage 2.9 years, Kt/V 1.4)

AA was administered orally, for 3
months, after HD sessions at a dose of
360 or 1500 mg/week. Pre-HD AA
concentration was determined with
the enzymatic spectrophotometry.

Median AA concentration increased
from 0.22 to 0.33 and to 0.63 mg/dl*
after supplementation of 360 and
1500 mg/week, respectively.

De Vriese et al. (2007) [53]

Studying the effect of oral AA
supplementation on concentration of
AA in plasma.

(Japan)

Prospective, observational study,
16 HD patients (mean: age 64, HD
vintage 7.9 years, HD dose unknown).
1st month of the study: oral
administration of 200 mg of AA1h
before HD, thrice a week.

400 mg and 1000 mg were given
during the 2nd and the 3rd month,
respectively. AA in pre-HD plasma ™
was determined with HPLC.

Baseline mean AA concentration was
43.6 umol/L and increased 2.1, 2.8
and 3.2 folds after consecutive doses
of 200, 400, and 1000 mg respectively.

Washio et al.(2008) [19]
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Table 2. Cont.

Objective
(Study’s Country)

Study Description

Main Results

References

Studying the effect of oral AA
supplementation on HD-patients with
initially low AA level in plasma.
(China)

Prospective, randomized, cross-over,
observational study,

100 AA deficient HD patients (mean:
age 64, HD vintage 48 months, Kt/V
1.5, initial AA concentration in plasma
<4 ug/mL*)
received 200 mg/day of AA orally or
no drug, for 3 months. AA was
determined with HPLC in
pre-HD plasma ™.

AA concentration raised above
4 pg/mL ** in 80% of patients

exceeding baseline value 4.5 to 7 folds.

Zhang et al. (2013) [54]

Studying the effects of intravenous
AA supplementation on AA
concentration in serum of children
treated with HD.

(Egypt)

Prospective, open label, randomized,
placebo-controlled trial,

60 children (mean: age 9 years, HD
vintage 2.9 years; HD dose 9-12
h/week, Kt/V > 1.2) 30 patients

received 250 mg of AA IV after each

HD session for 12 weeks, or placebo.

Mean AA concentration increased
2.5 folds from initial
8.97 + 4.38 pmol/L. It remained
unchanged after placebo.

El Mashad et al.(2016) [56]

AA determination in pre-HD serum
with HPLC.

* Conversion factor for units: vitamin C mg/dL to umol/L x 56.78. ** Conversion factor for units: vitamin C pg/mL to pmol/L x 5.678.
# Conversion factor for units: vitamin C mg/L to pmol/L X 5.678. ™ Plasma stabilization with metaphosphoric acid. AA, Ascorbic Acid;
HD, Hemodialysis; HDF, Hemodiafiltration; HPLC, High-performance liquid chromatography; IV, Intravenous; Kt/V, parameter of dialysis
dose; URR, urea reduction ratio.

6. Inhibitory Effects of Ascorbic Acid Supplementation on the Intensity of Oxidative
Stress among Hemodialysis Patients

Vitamin C can act as an antioxidant and free-radical scavenger that protects cellular
structures from oxidative damage by being oxidized itself. This hypothesis is supported by
the observation of Washio et al. (Table 2), highlighting that the concentration of the oxidized
form of AA did not change during the hemodialysis session. In contrast, the reduced form
decreased, resulting in increased oxidized AA to native AA ratio. This phenomenon
was evident in patients receiving oral AA supplementation of 1000 mg thrice a week,
who had the AA concentration in plasma elevated. In this case, the hemodialysis session
triggered a substantial decrease of native AA concentration and a significant increase in the
concentration of oxidized AA, and higher growth of oxidized AA to native AA ratio [19].
Such oxidation of AA concurrent to lipid oxidation, for example, would inhibit reactive
oxygen species (ROS)-related cellular damage. Washio et al. study was limited by a small
number of participants (n = 16) and lack of information about hemodialysis dose and
membrane, which would enable the assessment of exposure to particular artificial material
of specific biocompatibility and ability to stimulate inflammation and oxidative stress [6,7].

Yang et al. observed (Table 3) that intravenous AA administration during dialysis
sessions had a strong antioxidant effect inhibiting ROS formation, mainly H,O, in blood.
Lipid peroxidation, measured with the concentration of phosphatidylcholine hydroperox-
ide in plasma, was inhibited. Those two parameters showed a sharp decrease compared to
the control group, which underwent no intervention. Furthermore, the total antioxidant sta-
tus of patients’ plasma significantly improved compared to controls [57]. A placebo was not
applied in this study, and the total number of participants was not high (n = 20); while the
study’s strengths include monitoring of AA concentration in plasma, which proved its rise
after AA infusion and a decrease related to hemodialysis. These findings are convincing in
attributing observed protection of lipids to AA.

Another lipid-protecting action of AA was demonstrated by Ferretti et al. (Table 3),
who studied the effect of intravenous AA supplementation by comparing the pre-dialysis
concentration of lipid hydroperoxides in plasma and paraoxonase 1 (PON1) activity before
and after AA supplementation [58]. PON1 is an HDL-associated enzyme that can preserve
low-density lipoprotein (LDL) particles from oxidative changes through the hydrolysis
of oxidized lipids [59]. The study results showed that AA supplementation caused a
substantial increase in PON1 activity and a decrease in lipid hydroperoxides concentration
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in plasma from 6.7 £ 0.5 pmol/L to 4.9 &+ 0.4. However, the authors did not reveal the
utilized dialysis membrane’s type, which can differ in its biocompatibility [6,7].

Nevertheless, AA-related augmentation of the inverse proportionality between the
PONT1 activity and the levels of lipid hydroperoxides found in these patients manifested
the possible relation between PON1, AA, and lipid hydroperoxides as a biochemical index
in future dialysis treatment approach [58]. This possible implication would be fulfilled if
the authors measured parallel changes of AA levels, which was not done. Placebo control
would also strengthen this study.

The issue of lipid peroxidation was further analyzed in a randomized placebo-
controlled trial conducted by Abdollahzad et al. The authors studied the effect of oral
supplementation of AA compared to placebo (Table 3). The results showed that mean MDA
concentration in plasma decreased significantly in the AA treated group from 3.4 £+ 1.8
to 2.7 £ 2.0 nmol/mL, while AA level in this group increased. MDA levels maintained
steady concentration in the placebo group [60]. AA displayed its protective features against
lipid peroxidation, although in this study again, there is no information about the type of
dialysis membranes used.

Observation of lipid peroxidation intensity changes occurring with the initiation of
renal replacement therapy is an intriguing matter. The majority of patients with end-
stage chronic kidney disease undergo a switch from symptomatic uremia to maintenance
hemodialysis. It would be interesting if AA can minimize treatment-related oxidative stress
in these patients [2]. Ramos et al. [61] decided to study this relationship in hemodialysis-
naive patients with end-stage chronic kidney disease who would begin maintenance
hemodialysis (Table 3). The study evaluated the effect of 1 g of AA daily versus placebo
administered for one year after hemodialysis initiation on the concentration of thiobar-
bituric acid reactive substances in LDL plasma fraction. The results showed an increase
in TBARS-LDL concentration in both groups, but this was significantly smaller in the
AA group compared to the placebo. TBARS-LDL levels (in nanograms per gram LDL)
in the placebo and AA supplemented group raised from 0.3 = 0.2 to 0.5 + 0.2 and from
0.3 £ 0.2 to 0.4 £ 0.2, respectively. This study’s findings suggest that continuous oral
supplementation of relatively large AA doses inhibits the hemodialysis-related oxidation
of lipids. However, it has two questionable points; (1) the number of patients in each group
(intervention vs. placebo) was not revealed, (2) only median time of AA /placebo adminis-
tration in the study group was disclosed, which suggests an unequal time of AA treatment
among patients [61]. These two limitations can severely affect the results, depending on
the extent of mentioned variables, which undermines the study’s credibility. Moreover,
AA concentration in plasma was not measured, which could have been done to ascertain
AA-dependence of obtained results.

General effects of AA supplementation on oxidative stress can be measured in plasma,
but more specific consequences refer to certain cellular subpopulations, such as erythro-
cytes. As hemodialysis patients struggle with anemia, any approach which can improve
erythrocyte survival is desirable. Ruskovska et al. (Table 3) observed in their study that
1 g of oral AA supplementation taken daily for four weeks increased plasma antioxi-
dant potential measured with ferric reducing ability power (FRAP), from 1182 + 241 to
1322 + 306 umol Fe?* /L. Simultaneously, oxidative damage to erythrocyte membranes
measured with protein carbonyls concentration in proteins derived from the lysate of
erythrocyte membranes was minimized. The concentration of protein carbonyls decreased
from 1.0 &+ 0.4 to 0.4 £ 0.2 nmol carbonyl/mg protein. Ankyrin was the membrane protein
indicated as the most susceptible for oxidative damage, which could be protected by vita-
min C [62]. The study’s weaknesses include a low number of patients (1 = 11), lack of a
placebo group, and lack of information about dialysis dose and type of dialysis membranes,
which would depict the total time of blood exposure to certain immunogenic artificial
materials. An interesting observation of the study was that a single hemodialysis session
did not change the concentration of protein carbonyls in erythrocyte membranes while it
would have been expected to do so. Therefore, tracking the changes of AA concentration
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in plasma, introducing the control group, and recording the impact of 4 weeks of dialysis
without AA supplementation on protein carbonyl concentration would be valuable. If this
has been done, the strength of the study would have increased.

Inhibition of oxidative damage to erythrocyte membranes’ lipids was also observed
by Yang et al. (Table 3), who presented a decrease of phosphatidylcholine hydroperoxide
content in erythrocytes after two months of large intravenous doses of AA [57] and by
Candan et al. (Table 3), who noticed a decrease in MDA concentration in erythrocytes
of 15 patients after 90 days of oral AA supplementation. It was followed by improved
membrane strength expressed by reducing hemolysis susceptibility, which took place
in 0.42% saline compared to 0.48% saline in the placebo group [10]. Unfortunately, it is
difficult to assess if the studied patients were representative enough for hemodialysis
patients because the authors did not reveal hemodialysis vintage. Thus, the time of
exposure to factors related to this method of treatment remained unknown.

The other crucial group of cells is circulating lymphocytes because they link inflam-
matory stimulation and oxidative stress related to hemodialysis. Tarng et al. isolated
lymphocytes from peripheral blood before the dialysis session from patients who were
receiving AA infusions for the previous eight weeks and observed a considerable reduction
of spontaneous and induced generation of ROS compared to placebo (Table 3). ROS reacted
with an intracellular probe, leading to light emission, which was recorded [21]. Moreover,
as ROS can damage nucleic acids, the concentration of 8-hydroxy-2’-deoxyguanosine (8-
OHJGQG) in lymphocytes’ DNA was measured. 8-OHdG content decreased significantly and
inversely correlated with the rise of AA concentration in plasma, underlining its protective
influence (Table 3). Dependence of 8-OHdG formation on ROS was shown as the content
of the former moderately correlated with the latter (Table 3) [21]. Thus, AA can protect
lymphocytes” DNA either by inhibiting ROS formation or scavenging them.

Ferric iron infusions are the other factors contributing to oxidative stress in hemodial-
ysis patients; however, they are necessary to treat anemia effectively. Therefore, the infor-
mation on AA’s capability in minimizing this stress is essential. Conner et al. (Table 3)
noticed that if the iron was infused in an interdialytic day together with 300 mg of AA,
a drop in mitochondrial membrane potential in peripheral blood mononuclear cells was
observed less frequently than if the iron was infused alone [63]. Loss of mitochondrial
membrane potential leads to a decrease of ATP synthesis, shortage of energy in a cell, and
accumulation of reducers, leading to cell damage [4]. Therefore, AA, by counteracting those
effects, potentially may lengthen white cell lifespan in hemodialysis patients. However, the
authors did not measure AA concentration in plasma to confirm this relationship. The type
of dialysis membranes regarding their biocompatibility was not revealed, which is another
weak point of the study.

Increased oxidative stress hampers the endothelium and intracellular signaling func-
tion, which impairs the relaxation of arteries and decreases blood flow. A single oral
dose of 2 g of AA increased the average flow-mediated dilation of the brachial artery in
20 hemodialysis patients by 4.7% [14]. This observation links antioxidant features of AA
with the effects on arterial endothelium and arterial smooth muscle tension.

The studies presented above allow us to conclude that oral and intravenous AA
supplementation can minimize oxidative stress in hemodialysis patients, highlighting
the beneficial effects of vitamin C through its antioxidant and free-radical scavenging
properties. AA inhibited the formation of HyO, and other forms of ROS in blood and
particularly in lymphocytes and protected the latter from excessive DNA damage. AA lim-
ited lipids peroxidation, especially in erythrocytes and in LDL plasma fraction; moreover,
it stimulated paraoxonase-1 activity. One study reported AA dependent dilation of the
brachial artery. Nevertheless, some of those studies have various weaknesses, for instance:
a low number of participants or, in one case, unknown method of their randomization,
missing information about hemodialysis vintage, dose or dialysis membranes, absence of
application of placebo, and lack of measurements of AA concentration. These drawbacks
partially question their credibility.
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Table 3. The inhibitory effect of ascorbic acid supplementation on oxidative stress in hemodialysis patients.

Objective

Study Description

Main Results

References

Assessment of the influence of oral
AA supplementation on peroxidative
damage of lipids in
erythrocytes’” membranes.

Prospective, open label, randomized,
placebo-controlled trial, 34 HD
patients (mean age 46, HD vintage
unknown, dose 12 h/week) received
orally 250 mg of AA/day for 90 days
(n = 15) or placebo. MDA content in
erythrocytes and their osmotic
fragility was measured in pre-HD
samples.

Together with the increase of plasma
AA concentration osmotic fragility of
erythrocytes decreased by 13%. MDA
concentration decreased by 18%. No
changes were observed after placebo.

Candan et al.
(2002) [10]

Evaluation of the influence of
intravenous AA supplementation on
ROS production and DNA damage
in lymphocytes.

Prospective, open label, randomized,
placebo-controlled trial, 51 HD
patients (mean: age 59, HD vintage
46 months, cellulose membranes, HD
dose 12-13.5 h/week) received 300 mg
of AA or saline (n = 26) after HD for
8 weeks. ROS production was
measured with DCF luminescence,
DNA damage with 8-OHdG content
in lymphocytes isolated from pre-HD
blood samples.

Spontaneous and PMA- stimulated
ROS production became 5 and 2 fold
smaller respectively with no changes

after placebo. 8-OHdG content
decreased by 18% and inversely
correlated with the increase in AA
concentration (r= —0.65), while
directly with spontaneous and
PMA-stimulated ROS production
(r=0.49 and 0.63 respectively).

Tarng et al. (2004) [21]

Studying the short and long term
effects of IV infusion of AA during
HD sessions on HD-related
oxidative stress.

Prospective, observational, open label
study, 20 HD patients in the
intervention and 20 in the control
group, Kt/V: 1.2-1.5, Polysynthane
membranes, mean HD vintage
12 months. 1000 mg of AA was
infused during each HD-session for
2 months.

AA suppressed HD-related ROS
formation in blood by 86%, compared
to no-intervention, inhibited the rise
in H,0O; content in plasma by 60% and
phosphatidylcholine hydroperoxide in
plasma and erythrocytes by 45% and
35% respectively.

Yang et al. (2006) [57]

Studying the effect of oral AA
supplementation on LDL oxidation.

Randomized, placebo-controlled,
open label trial, 34 patients initiating
HD (mean age 57, cellulose
acetate membranes)
received 1 g/d of AA or
placebo for median of one year, the
number of patients in each group
is unknown.

Oxidized TBARS-LDL concentration
increased more in the placebo group
(by 64% of initial value) than in the
AA group (52%).

Ramos et al. (2008) [61]

Studying the effect of intravenous AA
supplementation on lipid
peroxidation and PONT1 activity.

Prospective Observational Study, 33
HD patients (mean: age 66, HD
vintage 80 months, HD dose 12

h/week, membrane type unknown)

received 500 mg of AA IV thrice a
week for 6 months. PON1 activity and
lipid hydroperoxides concentration in
pre-HD plasma was measured.

PONT activity increased by 60% of
initial value, lipid hydroperoxides
concentration decreased by 25%.

Ferretti et al. (2008) [58]

Studying the effects of oral AA
supplementation on
lipid peroxidation.

Randomized, placebo-controlled,
double blinded trial, 42 HD patients
(mean age 60, HD vintage 6 years, HD
dose 12 h/week, membranes type
unknown) received 250 mg of AA
thrice a week for 12 weeks (n =21) or
placebo. Measurements were
performed in Pre-HD plasma.

MDA concentration decreased by 20%
of initial value, while AA increased by
36%. MDA concentration did not
change after placebo.

Abdollahzad et al. (2009) [60]

Assessment of the modification of
ferric infusion-dependent oxidative
stress by infusion of AA.

Prospective, randomized, open-label,
crossover study, 13 HD patients (mean
age: 58, HD vintage 74 months, Kt/V
1.6, ferritin 703 ng/mL, HD
membranes unknown). 100 mg of
ferric sucrose alone (IS group) or with
300 mg of AA (IS + C group) was
infused in interdialytic day separated
by 2 week wash-out period. PBMC
were subsequently isolated.

PBMC from 13 patients in the IS group
compared to 7 patients in the IS + C
presented loss of mitochondrial
membrane potential.

Conner et al. (2012) [63]

Studying the effect of oral AA
supplementation on erythrocytes’
membrane proteins oxidation and

plasma FRAP.

Prospective observational study, 11
HD patients (mean HD vintage
6 years, HD dose and membranes
type unknown),
1000 mg of AA a day was
administered enterally for 4 weeks.
Pre-HD blood samples were collected.

Plasma FRAP increased by 12%. Total
erythrocytes’ membrane protein
carbonyls decreased by 63% of the
initial value.

Ruskovska et al. (2015) [62]

8-OHdG 8-hydroxy-2’-deoxyguanosine; AA, Ascorbic Acid; DCE, dichlorofluorescein; FRAP, Ferric reducing ability power; HD, Hemodjial-
ysis; IV, Intravenous; Kt/V, parameter of dialysis dose; LDL, low-density lipoprotein; MDA, malondialdehyde; PBMC, peripheral blood
mononuclear cells; PMA, phorbol myristate acetate; PON1, paraoxonase 1; ROS, reactive oxygen species; TBARS, thiobarbituric acid

reactive substances.
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7. Inhibitory Effects of Ascorbic Acid Supplementation on the Intensity of
Inflammation among Hemodialysis Patients

One of the causes of oxidative stress and cardiovascular diseases in hemodialysis
patients is chronic inflammation characterized by the elevation of C-reactive protein (CRP)
levels [64,65]. A randomized placebo-controlled trial conducted by Biniaz et al. (Table 4)
presented a decrease in CRP concentration in a group of 141 hemodialysis patients after
eight weeks of AA administration. 250 mg of AA thrice-weekly reduced median CRP
concentration in serum from 16.8 & 27.9 to 10.8 + 25.4 mg/L, whereas it increased in
both the placebo and no intervention groups from 17.8 & 27.6 to 22.6 + 38.5 mg/L and
from 19.4 + 26.7 to 30.7 £ 46.4 mg/L, respectively. These findings show anti-inflammatory
features of vitamin C, although correlating changes of its concentration were not measured.
A severe limitation of the study, which undermines the significance of obtained results,
is the absence of information about the specific time frame of blood sample collection [66].
The uncertainty of whether the CRP levels were determined pre- or post-hemodialysis
session has important implications as dialysis sessions can independently increase CRP
concentration [64,67]. Moreover, information about the type of dialysis membranes used in
the study is missing; different membrane materials present various biocompatibility levels
and the ability to stimulate inflammation and CRP synthesis [67].

Table 4. The inhibitory effect of ascorbic acid supplementation on the intensity of inflammation in hemodialysis patients.

Objective

Study Description Main Results References

Studying the effect of intravenous AA
supplementation on serum CRP
concentration.

Randomized, double blinded,
placebo-controlled trial, 58 HD
patients (mean: age 60, HD vintage
30 months, 12 h of HD a week,
polysulphone membranes) received
500 mg of AA IV after HD sessions,
for 8 weeks (n = 29) or saline. Pre-HD
serum was analyzed.

CRP concentration decreased by 34%

remaining unchanged after placebo. Baradari etal. (2012) [68]

Studying the effect of oral AA
supplementation on plasma hs-CRP
level in AA deficient patients.

Prospective, randomized, cross-over,
observational study,
100 HD patients (mean: age 64, HD

vintage 48 months, Kt/V 1.5, Hs-CRP concentration decreased by

A 28 to 49%. =
rcr;irzl:rf?rr:i;};\p;mﬁ;ﬁ;vz)a1n1t1/arln?é AA concentration in plasma Zhang etal. (2013) [54]
p He : raised (Table 2).

Equal groups received 200 mg/day of
AA orally or no drug for 3 months.
Pre-HD plasma was analyzed.

Studying the effect of intravenous AA
supplementation on CRP
concentration in serum.

Randomized, placebo-controlled,
double blinded trial, 141 HD patients
(mean: age 61, HD vintage 40 months,
HD sessions 3 x 3.8 h, membrane type

unknown) Equal groups received
250 mg of AA 1V after HD for 8 weeks
or saline or nothing. It is unknown if

serum CRP was measured pre- or
post-HD session.

Median CRP concentration decreased
by 36% in the AA group while it
increased by 27% and 58% in the

placebo and control
group respectively.

Biniaz et al. (2014) [66]

* Conversion factor for units: vitamin C pug/mL to umol/L x 5.678. AA, Ascorbic Acid; CRP, C-reactive protein; HD, Hemodialysis; hs-CRP,
high-sensitivity C-reactive protein; IV, Intravenous; Kt/V, parameter of dialysis dose.

More precisely, Baradari et al. (Table 4) addressed the same purpose of the previous
study, but on a smaller group of 58 patients dialyzed with polysulphone membranes.
The authors found that 500 mg of AA administered intravenously decreased CRP con-
centration in pre-HD serum from 11 £+ 8.2 mg/dL to 7.3 £ 6.8 mg/dL while no changes
were observed in placebo group. This study also indicates AA as an agent, slightly but
significantly, inhibiting inflammation in hemodialysis patients [68]. However, changes in
AA concentration were not measured to confirm the observed relationship. Study results
would not provoke any doubts if the measured CRP concentration were expressed in the
correct units, which should be mg/L instead of mg/dL unless the patients had a severe
inflammatory disease, but this was instead not the case.

Zhang et al. noted that AA level in plasma of hemodialysis patients presented a
negative correlation with the concentration of high sensitivity C-reactive protein (hs-
CRP) (r = —0.20) and positive with pre-albumin and albumin concentration (r = 0.27 and
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0.16 respectively) [46]. Albumin and pre-albumin are negative markers of inflammation.
A more recent study searched for a target where observed abnormalities could be intensely
dependent on AA concentration (Table 4). The authors selected hemodialysis patients
with a low AA concentration (median 10 pmol/L) and concomitant chronic inflammation
characterized by hs-CRP concentration elevated above 3 mg/L [54]. The increase of this
inflammatory marker above that level is associated with a higher risk of cardiovascular
diseases, especially in patients with additional risk factors such as end-stage chronic kidney
disease [69]. In this randomized cross-over trial on 100 patients divided into two groups,
Zhang et al. assessed the impact of a 200 mg oral dose of AA per day on the hs-CRP
pre-dialysis concentration. This study showed that median hs-CRP concentration dropped
from 9.6 to 4.9 mg/L in the first group and 6.2 to 5.1 mg/L in the second and returned
to baseline after withdrawal. Concomitantly, the measured rise in plasma concentration
of AA confirmed the inverse relationship between this compound and the concentration
of hs-CRP [54], displaying anti-inflammatory and consequent cardiovascular-protective
properties of vitamin C. The study has two weak points; although it was performed in a
cross-over manner, a placebo was not applied, and information about the type of dialysis
membrane was missing.

In conclusion, the results of mentioned studies revealed the anti-inflammatory char-
acteristic of vitamin C presented by the decrease of CRP levels in hemodialysis patients
after AA supplementation. Following this approach to managing end-stage chronic kidney
disease, hemodialysis patients may be protected against inflammation-induced cardiovas-
cular events. However, several studies suggest that this anti-inflammatory effect is small,
and some of them have the following drawbacks: lack of monitoring of AA concentration
in patients’ blood, missing information about the type of dialysis membranes, one study
was not controlled by the placebo, one did not reveal time relationship between dialy-
sis session and blood collection, the other expressed CRP concentration in faulty units.
These weaknesses decrease the strength of the presented studies.

8. Unfavorable Effects of Ascorbic Acid Supplementation on Oxidative Stress and
Inflammation in Hemodialysis Patients

Studies presented above revealed that ascorbic acid supplementation in hemodialysis
patients precluded lipid peroxidation. On the contrary, Chen et al. (Table 5), in a study
done on 29 hemodialysis patients, found ascorbic acid acting as a pro-oxidant after a
parenteral administration of a single bolus of 300 mg, compared to a placebo. Free radical
generation was determined by lucigenin-enhanced chemiluminescence (LucCL) assay on
blood samples collected during dialysis sessions and ascorbate or placebo administration.
After a bolus of ascorbic acid, LucCL intensity was significantly higher than in patients who
received placebo (1261.0 £ 401.9 vs. 77.4 £ 62.5 relative light unit, RLU) [20]. Surprising pro-
oxidant features of an otherwise known antioxidant can be explained by the fact that
vitamin C catalyzes ferric iron’s transformation to ferrous iron [70]. Ferrous iron can act as
a pro-oxidant by enhancing hydroxyl radical formation in Fenton’s reaction, a significant
ROS player [71]. In Chen’s study, patients had a high mean concentration of ferritin in
plasma (856.9 ng/mL), a protein containing ferric iron.

In hemodialysis patients, the route of choice for ferric iron administration is intra-
venous due to its low absorption in intestines and the need to preserve proper serum iron
levels. There is a possibility that iron infusions aggravate oxidative stress if administered
simultaneously with intravenous AA. This issue was investigated by Eiselt et al., who stud-
ied the rise of thiobarbituric acid reactive substances in plasma after ferric sucrose infusion
during hemodialysis in 20 patients (Table 5) who initially were AA deficient. After a month
of oral AA supplementation and reaching the normal levels of AA in plasma, TBARS mea-
sured in plasma after repeated hemodialysis sessions with parallel ferric sucrose infusion
remained at the same level as before the supplementation [38]. When ferric sucrose infusion
was combined with simultaneous AA infusion, TBARS concentration in plasma increased
a little more (from 2.1 to 3.1 umol/L) than in the case of ferric infusion alone (from 1.5 to
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2.6 umol/L). These results can be interpreted as evidence of AA’s weak pro-oxidant action
in the iron-containing environment [38].

In combination with ferrous iron and other metals, AA acts as a potential oxidant in
various chemical and enzymatic systems in vitro [27,28]. Reactions of AA with ferric ion
could be influential as Chen et al. observed a strong significant correlation between the
intensity of blood LucCL and ferritin concentration in serum (Table 5) [20]. In patients
with a ferritin level higher than 600 ng/mL, ROS generation was 5.5-fold more intense
than in patients with its concentration below this level. However, the hemodialysis vintage
of studied patients was not revealed, making it difficult to assess if participants were
representative enough for hemodialysis patients. In the in vitro part of the research, the au-
thors noticed a significant inhibition of ROS synthesis by the iron chelator deferoxamine,
which confirms iron’s crucial role [20].

Conner et al. (Table 5) compared the effects of simultaneous infusion of AA and ferric
iron with ferric iron alone on an interdialytic day in 13 hemodialysis patients. Simultaneous
infusion of both agents resulted in higher levels of F2-isoprostanes compared to infusion
of iron alone [63]. F2-isoprostane is a marker of oxidative stress related to inflammation
and lipid peroxidation [72]. In parallel, the authors noticed an increase in concentrations
of inflammatory markers in plasma, such as interleukins 1 and 10 and tumor necrosis
factor-o, which were not observed after infusion of iron alone. Moreover, simultaneous
AA and iron administration stimulated peripheral blood mononuclear cells to generate
higher amounts of superoxide anion [63]. These observations indicate AA as a pro-oxidant
and pro-inflammatory agent if administered intravenously together with ferric iron.

Washio et al. (Table 5) demonstrated that oral supplementation of vitamin C in an
increasing dose led to a growth in its plasma concentration and its oxidized form [19].
The increase of the oxidized form of ascorbic acid in plasma was related to the dialysis
session. Once ascorbic acid was oxidized, other substances like ferric ions could be re-
duced. The resultant ferrous ion could initiate subsequent pro-oxidant reactions. Moreover,
AA’s enzymatic regeneration from dehydroascorbic acid (oxidized form) involves oxida-
tion of glutathione and decreases GSH/GSSG ratio [18]. The Washio et al. study also
showed that vitamin C did not affect copper/zinc superoxide dismutase (Cu/Zn-SOD)
concentration in plasma and expression in leukocytes [19]. The enzyme utilizing toxic
superoxide anion was expected to present decreased activity if ascorbic acid scavenged the
anion in concurrent reactions, but it did not take place. The dose of hemodialysis applied
in this study and type of dialysis membranes remain unknown, hiding the strength of pro-
inflammatory factor related to the length of contact with a specific membrane. The study
was not controlled with placebo.

Chronic intravenous administration of 100 mg of vitamin C after each hemodialy-
sis session did not prevent the formation of advanced oxidative protein products and
advanced glycation end products (AGEs) in hemodialysis patients dialyzed with polysul-
phone membranes. Patients presented 2.3- and 2.8-fold higher concentrations of AOPP
and AGE, respectively, than healthy subjects, after adjusting for albumin and triglyceride
concentrations, in De Mattos et al.’s cross-sectional study [73]. On the other hand, one could
tell that the observed markers’ concentration could be even higher if AA would not have
been infused, which can be a true statement in AOPP only. This research showed a direct
moderate correlation between AGEs and ascorbic acid concentrations in serum (r = 0.46), in-
dicating the latter as a possible perpetrator of AGEs formation [73]. Certain studies demon-
strated that under oxidative stress, oxidized ascorbic acid which concentration increases
during hemodialysis sessions [19], might be a precursor of AGEs via 2,3-diketogulonic
acid [74]. AGEs, in turn, can bind to their receptor (RAGE) in various cells leading to
increased inflammatory response and consequent oxidative stress [75]. De Mattos’s study
limitations include its cross-sectional character only and lack of intervention; for instance,
the cross-over manner would more reliably prove AA’s influence on measured parameters.
Instead, studied patients had been supplemented with AA continuously before and during
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the study. The other weakness is that it relies on the spectrophotometric method of AA
determination, which is less precise than HPLC.

Considering LDL oxidation, when vitamin C was added to the reaction mixture
in vitro after the initiation of LDL oxidation with CuCl2, it enhanced this process [76].
It corresponds with in vivo study by De Vriese et al. on 92 hemodialysis patients (Table 5)
who received increasing oral AA doses for six months. The authors observed an analogous
dose-dependent rise of plasma malondialdehyde concentration. The increase reached
26% and positively correlated with the rise of AA concentration in plasma (r = 0.4) [53].
This study points out the most considerable oxidative stress level measured with MDA
found in hemodialysis patients with the highest plasma levels of AA. MDA decreased
three months after vitamin C was withdrawn [53]. Independently, MDA concentration and
the rate of its relative increase during vitamin C therapy, but not the MDA baseline level,
correlated moderately with serum ferritin levels (r = 0.4) [53], which again marks the critical
role of iron in vitamin C-related oxidative stress. The ferritin concentration above 500 pg/L
tripled the risk of elevation of MDA concentration in serum above 2 pmol/L while the
baseline concentration was 1.5 pmol/L [53]. Up to 40% of HD patients can have serum
ferritin elevated above that level; therefore, this observation has profound implications [77].
In the authors’ opinion, the possible benefits of supplementing patients on hemodialysis
with ascorbic acid are domineered by the adverse effects of lipid peroxidation promoted
this way [53].

A double-blind placebo-controlled trial conducted by Kamgar et al. (Table 5) on
37 hemodialysis patients showed that a cocktail of high-dose oral antioxidants administered
every day for eight weeks failed to correct the level of oxidative stress in patients maintained
on hemodialysis. The high-dose oral antioxidant mixture enclosed vitamin E, vitamin C
(250 mg), B6, B12, and folic acid. Neither the products of lipid and protein peroxidation
in plasma, {-2 isoprostane, and protein carbonyls, nor the levels of inflammatory markers:
CRP and interleukin-6, were affected by the intervention. The dose of hemodialysis applied
in the study remains unknown [77]. The authors did not track AA concentration in plasma,
which would have confirmed patients” compliance.

No influence on serum albumin concentration, a negative marker of inflammation,
was observed in 100 patients treated orally with 200 mg of AA a day despite the elevation
of AA level in plasma [54]. Similarly, no effect on hs-CRP and albumin in plasma was
observed after oral supplementation of 250 mg of AA every second day for two months,
although AA'’s concentration increased [17]. The same group of 33 patients did not present
any change in markers of oxidative stress, chosen by Fumeron et al. (Table 5), which were
concentration of protein carbonyls, oxidized to reduced glutathione (GSSG/GSH) ratio in
erythrocytes, and oxidized to reduced vitamin C ratio in plasma [17]. However, the study
was not controlled by the placebo. Similarly, Chan et al. (Table 5) observed no effect of
enteral or intravenous AA supplementation in a dose of 250 mg after each hemodialysis ses-
sion on F2-isoprostanes concentration in plasma of 21 hemodialysis patients, although they
had slightly elevated ferritin concentration [78]. The authors of this study did not provide
information about the membrane used, which can influence the extent of hemodialysis-
related inflammation.

Eventually, in contrast to the relevant study presented in the previous chapter [14],
Cross et al. found no effect of a single intravenous bolus of 3 g of vitamin C on flow-
mediated dilation of the brachial artery in 17 hemodialysis patients, denying the link
between the inhibition of oxidative stress and the improvement of arterial blood flow which
otherwise could be attributed to AA [79]. Current data about AA remains controversial
regarding hemodialysis patients and the general population [80,81].

To conclude, the mentioned studies’ results showed a lack of effects or an opposite
effect of AA supplementation in hemodialysis patients compared to the previous chapters.
The pro-oxidant aspect of AA supplementation was presented by increasing the free radical
generation, lipid and protein peroxidation markers. The pro-inflammatory effect was
marked by increased concentrations of specific cytokines and advanced glycation end-
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products related to AA. Higher levels of ferritin in plasma precipitate unwanted effects of
AA. Co-administration of AA with ferric iron remarkably aggravated oxidative stress and
inflammation, and this aspect is undeniable. Certain studies have weaknesses, as they were
not controlled with placebo—one was cross-sectional, others did not provide information

about hemodialysis vintage, dose or dialysis membrane or included few patients.

Table 5. Studies demonstrating no effect or unfavorable effects of vitamin C supplementation on oxidative stress or
inflammation in hemodialysis patients.

Objective

Study Description

Main Results

References

Assessment of the oxidative stress
changes related to intravenous
AA infusion.

Placebo-controlled, open label,
randomized trial, 29 HD patients
(mean: age 64, HD vintage unknown,
Kt/V 1.4, Excebrane membranes).
300 mg of IV AA (n = 18) or saline was
administered at the beginning of HD
session. Blood samples were collected
shortly before and after the injection
for LucCL assay.

LucClin the AA group was 16-fold
higher than in placebo group, and
correlated with ferritin concentration
(2 =0.87).

Chen et al. (2003) [20]

Evaluation of the effect of oral AA
supplementation on plasma and
erythrocyte markers of
oxidative stress.

Prospective, randomized,
observational study, 33 HD patients
(mean: age 52, HD vintage 6.1 years,

Kt/V 1.2, cellulose diacetate and
polysulfone membranes) received
250 mg of AA orally after each HD for
2 months or no drug. Plasma
concentrations of DHA /AA, albumin,
hs-CRP, protein carbonyls, erythrocyte
GSH/GSSG.

Despite the elevation of AA
concentration levels of measured
markers remained unchanged.

Fumeron et al. (2005) [17]

Studying the influence of oral or IV
AA supplementation on concentration
of F;-isoprostanes in plasma of HD
patients with hyperferritinemia

Prospective, randomized, parallel
observational study, 21 HD patients
(mean: age 56, HD vintage > 6 months,
serum ferritin 632 pg/L, sessions
thrice a week, URR 76%, HD
membrane unknown) received 250 mg
of AA orally or intravenously after
HD sessions for 8 weeks.
F>-isoprostanes were measured in
pre-HD plasma.

Despite the elevation of AA
concentration in plasma, no changes
of F-isoprostanes concentration
were observed.

Chan et al. (2006) [78]

Evaluation of the modification of HD
and ferric iron infusion-dependent
oxidative stress by oral and
intravenous AA.

Placebo-controlled, open-label,
randomized trial, 20 AA deficient HD
patients (mean age: 73, HD vintage
39 months, Kt/V 1.4, polysulphone
membranes). 100 mg ferric sucrose
was infused in AA deficient patients
during HD, then 250 mg of AA a day
for 2 weeks and 50 mg/day for the
next 2 weeks was supplemented
orally, and ferric sucrose or saline or
AA or both were infused during HD
and blood samples were taken. AA
was measured with HPLC.

Ferric sucrose infusion induced equal
increase in plasma TBARS in AA
deficient or non-deficient patients.
TBARS raised by 44% when iron was
infused alone or by 47% when
combined with AA.

FEiselt et al. (2006) [38]

Evaluation of the effects of oral
administration of AA-containing
antioxidant cocktail on plasma/serum
concentration of markers and
mediators of oxidative stress
and inflammation.

Cross-sectional at baseline,
longitudinal with 8-week follow-up,
double-blinded, placebo-controlled
trial, 37 HD patients (mean: age 52,

HD vintage 54 months, HD dose
unknown, cellulose acetate
membranes); 20 treated every day
with cocktail containing 250 mg of AA.
Concentrations of f-2 isoprostane,
protein carbonyls, CRP and IL-6 in
pre-HD plasma was measured.

Concentration of f-2 isoprostane,
protein carbonyls, CRP, and IL-6
remained unaffected after
the treatment.

Kamgar et al. (2007) [77]

Studying the effect of oral AA
supplementation on MDA
concentration in plasma.

Prospective observational study.
92 HD patients (mean: age 67, HD
vintage 2.9 years, Kt/V 1.4, cellulose
diacetate membranes). AA was
administered orally, after each HD
session first at a dose of 360 then
1500 mg/week for 3 months. MDA
was quantified in pre-HD plasma.

Mean MDA concentration increased
from 1.5 + 0.4 pmol/L to 1.6 £ 0.5
and 1.9 £ 0.5 umol/L after 3 and
6 months respectively. Parallel rise of
AA concentration is presented
in Table 2.

De Vriese et al. (2007) [53]
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Table 5. Cont.

Objective

Study Description

Main Results

References

Assessment of the effects of orally
administered AA on plasma activity
and concentration of Cu/Zn-SOD and
its expression in leukocytes.

Prospective observational study
16 HD patients (mean: age 64, HD
vintage 7.9 years, HD dose and
membranes unknown). 1st month of
the study: oral administration of
200 mg of AA 1 h before HD sessions.
400 mg and 1000 mg of AA were
given during the 2nd and the 3rd
month, respectively. The levels of
Cu/Zn-SOD in pre-HD plasma and its
mRNA expression in leukocytes were
determined.

No changes in plasma Cu/Zn-SOD
concentration and activity or its
mRNA expression were observed.
The parallel rise of AA concentration
is presented in Table 2.

Washio et al. (2008) [19]

Assessment of the modification of iron
infusion-dependent oxidative stress
and inflammatory response by
infusion of AA.

Prospective, randomized, open-label,
crossover study, 13 HD patients (mean
age: 58, HD vintage 74 months, Kt/V
1.6, ferritin 703 ng/mL). 100 mg ferric
sucrose alone (IS group) or with
300 mg of AA (IS + C group) was
infused in interdialytic day separated
by 2 week wash-out period. Blood

Concentrations of: IL-1, IL- 10, TNF-«,
Fa-isoprostanes rose 2.4, 1.4, 1.8, 1.2
fold respectively in the IS + C group

but not in the IS group. O, ™.
generation increased 2.4 fold more in
the IS + C group than in the IS. H,O,

Conner et al. (2012) [63]

samples for IL-1, IL-10, TNF-«,
F,-isoprostanes and PBMC for the
assessment of intracellular O, . and
H,O; generation were taken.

generation did not differ
between groups.

Studying the effect of oral AA
supplementation on serum albumin
concentration in HD patients with low
initial AA level and high hs-CRP level.

Prospective, randomized, cross-over,
observational study,

100 HD patients (mean: age 64, HD
vintage 48 months, Kt/V 1.5,
membrane type unknown), AA
concentration in plasma < 4 pug/mL *.
Equal groups received 200 mg/day of
AA orally or nothing for 3 months.
Measurements were made in
pre-HD plasma.

Albumin concentration was not
influenced by AA supplementation
despite the rise of AA plasma
level (Table 2).

Zhang et al. (2013) [54]

Studying the relation between serum
AA concentration and markers of
oxidative stress (AOPP, AGEs) and
inflammation (CRP, IL-6) in HD
patients on intravenous AA
supplementation.

Cross-sectional study, 21 HD patients
(mean: age 54, HD vintage 45 months,
Kt/V 1.7, polysulfone membranes)
received 100 mg of AA thrice a week.
Concentrations of markers were
measured in pre-HD serum, AA
with spectrophotometry.

AGEs concentration showed a
correlation with AA concentration
(r = 0.46). Other parameters did not
correlate with AA.

Marques de Mattos et al. (2014) [73]

* Conversion factor for units: vitamin C pg/mL to umol/L x 5.678. AA, ascorbic acid; AGEs, advanced glycation end-products; AOPP,
advanced oxidation protein products; CRP, C-Reactive Protein; DHA, dehydroascorbate (oxidized); Cu/Zn-SOD, copper/zinc superoxide
dismutase; GSH, glutathione; GSSG, glutathione disulfide (oxidized); hs-CRP, high-sensitivity C-reactive protein; HD, hemodialysis;
IL-1 interleukin 1, IL-6, interleukin 6; IL-10 interleukin 10, IV intravenous; Kt/V, parameter of dialysis dose; LucCL, lucigenin-enhanced
chemiluminescence; MDA, malondialdehyde; PBMC, peripheral blood mononuclear cells; TBARS, thiobarbituric acid reactive substances;
TNF-«, tumor necrosis factor «; URR, urea reduction ratio.

9. Safety of Ascorbic Acid in Hemodialysis Patients

Although most of the presented studies did not report any clinically symptomatic
adverse effects of vitamin C supplementation, its above-mentioned specific prooxidant
effects cannot be neglected. Also, very few studies monitored the concentration of oxalate
in plasma, a potentially toxic metabolite of AA. Yang et al. measured the concentration
of oxalate in hemodialysis patients’ plasma and found no changes of this parameter af-
ter infusions of 3000 mg of AA a week. However, those measurements were performed
shortly after infusion; therefore, AA did not have time to undergo degradation to ox-
alate [57]. Another study reported an insignificant increase in pre-dialysis plasma oxalate
after intravenous administration of 300 mg of AA after each dialysis [50]. On the other
hand, Canavese et al. observed a significant increase in plasma oxalate concentration,
which depended on a dose of infused AA. However, changes in AA concentration in
plasma presented only weak correlations with changes of oxalate concentration (r = 0,2).
After 12 months of intravenous supplementation of AA (to AA deficient patients), at a dose
of 500 mg a week, AA concentration more than tripled. Meanwhile, oxalate concentration
crossed the supersaturation level recognized as 50 pmol/L in 6 of 16 patients (38%) than 1
of 18 at baseline (5.6%).
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A similar phenomenon of increased oxalate concentration was observed in other
studies among adults and children on hemodialysis after prolonged enteral or intravenous
AA supplementation [51,55]. The fact of exceeding saturation level brings a risk of oxalate
deposition in tissues, mainly vessels, and bones. Paradoxically, such a result of vitamin
C overdosage would possibly precipitate the occurrence of cardiovascular diseases in-
stead of preventing them [37]. The risk of crossing this frontier can be smaller if AA is
administered orally because of various regulatory mechanisms of vitamin C absorption
and elimination. In case of an increase in the dose, oral administration limits AA bioavail-
ability and ensures a certain kind of pharmacokinetics saturation [22,25]. After a gradual
increase in the enteral dose over 200 mg/day up to 2500 mg/day, the mean concentration
of AA in plasma of 22 healthy persons did not exceed 80 umol/L and remained steady
through the doses [22]. The maximum individual concentration observed after the en-
teral administration of 1250 mg of vitamin C rose relatively slowly and never exceeded
200 umol/L.

On the other hand, intravenous administration of the same dose in healthy subjects
resulted in concentrations exceeding 1000 pmol/L [22]. The sudden peak of ascorbic acid,
followed by its non-enzymatic breakdown, can lead to an intense oxalate generation [22].
Thus, hemodialysis patients on intravenous AA supplementation displayed a tendency to
higher AA and oxalate levels in plasma than the ones supplemented orally [55]. Never-
theless, oxalate-related, biopsy-confirmed, two cases of bone destruction manifesting with
fractures or deformations were recently reported in hemodialysis children after long-term
uncontrolled enteral supplementation of vitamin C [51]. Moreover, in adults, a longer
dialysis time was associated with a more frequent finding of calcium oxalate deposition
in biopsies of subsequently transplanted kidneys, accompanied by a delayed graft func-
tion [82,83]. This situation may result in a consequent decrease in glomerular filtration
in transplanted kidney or patient’s death [83]. One cannot exclude the link between
post-transplantation oxalosis and AA overdosage before transplantation, during life on
maintenance hemodialysis.

Concluding, uncontrolled or excessive supplementation of AA in hemodialysis pa-
tients may result in symptomatic oxalosis.

10. Conclusions

The majority of studies show an increased frequency of AA deficiency in hemodialy-
sis patients compared to healthy subjects, two studies associated this condition with the
increase in patients’ mortality. Many experiments present beneficial effects of oral or intra-
venous supplementation of AA, concerning the effectiveness in counteracting the deficiency
and exhibiting an approach against oxidative stress, chronic inflammation, and cardio-
vascular diseases. However, these studies’ results are not strong enough to disprove the
results of the experiments that present prooxidant and proinflammatory actions of AA.
All beneficial effects of AA supplementation were undermined by the studies showing
opposite actions with certain following exceptions. One research showed the protective
effects of AA against DNA mutations in lymphocytes, and another revealed stimulation
of paraoxonase-1 activity in plasma. On the other hand, the increase in proinflammatory
advanced glycation end-products in serum related to AA administration was also not
denied by any other study. Investigations of AA’s impact on arterial flow presented either
its improvement or lack of any effect. Deleterious effects of AA supplementation were
significantly associated with the presence of iron, either endogenous bound to ferritin or
exogenous. None of the studies presented any beneficial effect of AA in the environment
containing relatively high iron concentrations.

Both “pro-AA” and “anti-AA” studies have specific weaknesses, but their extent is
not enough to accept one study’s superiority over the others. None research exceeded
the number of 150 participants, and most were much smaller. One recent study reported
clinically apparent, serious, unwanted effects of vitamin C supplementation in children
on hemodialysis related to oxalosis. The question of; to recommend or not recommend
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Vitamin C supplementation for dialysis patients remains continuously debatable. AA ad-
ministration in hemodialysis patients may be beneficial if its initial plasma concentration is
lower than 30 umol/L. A physician who makes a decision, obeying the safety-first rule,
should take into consideration: concentration of AA in plasma and its relation to the
reference values, the concentration of ferritin in serum, which is better to be lower than
500 ng/L, avoidance of simultaneous iron infusion, route of AA administration with the
preference of enteral one, and avoidance of repeated large doses.
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