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Abstract
As one of the most important water-soluble non-en​zymatic antioxidants, vitamin C consists of ascorbic acid and its oxidized form, dehydroascorbic acid. Maintenance hemodialysis (MHD) patients have a generally lower plasma vitamin C level compared with general population. Moreover, dialysis patients also exhibit a low plasma vitamin C level, which is largely related with increased inflammation, refractory anemia and oxidative stress. In this review, we described, in great detail, the vitamin C deficiency in MHD patients and its effects on anti-oxidation, anti-inflammation, pro-oxidation and secondary hyperparathyroidism. In addition, we described the possible potential value of vitamin C in anemia, and the side effects of over-doses of vitamin C supplementation in this particular population. In summary, MHD patients may benefit from vitamin C administration. However, further research should be carried out to confirm its potential beneficial effects, optimal dosage and side effects from vitamin C supplementation.
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Core tip: In this review, we described the vitamin C deficiency in maintenance hemodialysis patients and its effects on anti-oxidation, anti-inflammation, pro-oxidation and secondary hyperparathyroidism. In addition, we described the possible potential value of vitamin C in anemia, and the side effects of over-doses of vitamin C supplementation in this particular population.
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INTRODUCTION
As one of the most important water-soluble non-enzymatic antioxidants, vitamin C consists of ascorbic acid and its oxidized form, dehydroascorbic acid. The former is easily to be oxidized into the unstable dehydroascorbic acid while exposed under chronic or acute oxidant conditions, such as in smokers and in diabetes. Humans can not synthesize ascorbate due to the lack of the gene encoding the enzyme gulonolactone oxidase, which is involved in the last step in biosynthesis of L-ascorbic acid[1]. Therefore, vitamin C can be obtained only from fresh fruits and vegetables, such as strawberry, kiwi, orange juice and broccoli.

In normal population, the plasma vitamin C level ranges from 30 to 60 mol/L[2]. Plasma level of vitamin C in maintenance hemodialysis (MHD) patients is generally lower[3,4] compared with general population. Moreover, dialysis patients exhibit a low plasma vitamin C level, which is largely related with increased inflammation, refractory anemia, oxidative stress, and secondary hyperparathyroidism (SHPT)[5-8]. 

Previous investigations demonstrated that vitamin C supplementation possesses promising effects in MHD patients, such as better improvement of oxidative stress[9,10], inflammation[11] and anemia[12,13]. Therefore, vitamin C adjuvant therapy has been highly recommended for this particular group of patients.

In this review, we described the possible contents of physiological functions of vitamin C, deficiency of vitamin C in MHD patients as well as effects of vitamin C on anti-oxidation, anti-inflammation, pro-oxidation, anemia and SHPT in MHD patients. Moreover, dosages of vitamin C supplementation and side effects of vitamin C due to its metabolite, oxalosis accumulation, were also discussed.

PHYSIOLOGICAL FUNCTIONS OF VITAMIN C

Vitamin C can act as both antioxidant and as prooxidant[9,10,14-16]. It is generally regarded as a protective antioxidant due to its direct oxyradical scavenging properties[17,18]. Recent research revealed that vitamin C plays many prominent roles, and it functions in the biosynthesis collagen, norepinephrine and carnitine as a cofactor for several enzymes[19-21]. Moreover, vitamin C also plays a key role in peptide amidation and tyrosine metabolism. In addition, vitamin C has a potential to enhance the non-heme iron absorption[22] and alter the metabolism of the iron (Fe) from inert tissue stores[12,23,24]. At the gastrointestinal tract with an alkaline pH, vitamin C provides auxiliary aids in maintaining iron in a more soluble state, which is more readily absorbed across the intestinal mucos[22,25]. 

Scurvy is a disease resulting from deficiency of vitamin C in diet[26]. It is preceded by certain symptoms, including increased bone resorption[27], gingival problems[28], weakness, fatigue, irritability, vague myalgias, joint pains, connective tissue disorders, mood changes and poor wound healing.

DEFICIENCY OF VITAMIN C IN MHD PATIENTS

It is well known that MHD patients have a generally lower plasma vitamin C level compared with normal population[3,4]. MHD patients exhibit remarkably low vitamin C levels in plasma, frequently < 10 mol/L or even < 2 mol/L[3,29]. In our previous study, a plasma vitamin C level of < 4 g/mL (22.8 mol/L) is presented in 64.4% dialysis patients[5]. The observed low level of plasma vitamin C might be attributed to the dietary restrictions on fruit and vegetable intake, and impaired metabolism in uremia during dialysis procedure[4,30-32], as well as increased inflammation[5], oxidative stress[6] and SHPT[8]. Previous investigations demonstrated that dialysis treatment induces a decrease in plasma vitamin C level, which is approximately reduced by 33%-50% from the baseline values[3,33] and equal to a removal of 100-300 mg vitamin C during a dialysis session[4,34]. Therefore, vitamin C deficiency might be more frequently detected in these individuals. Conventional hemodialysis (HD), on-line hemodiafiltration and high-flux hemodialysis eliminate plasma vitamin C in a similar way[5,33]. These findings could be associated with its small molecule (176.1 Da), low protein-bound and high soluble characteristic in water. 

EFFECTS OF VITAMIN C ON ANTI-OXIDATION AND ANTI-INFLAMMATION IN MHD PATIENTS

Widely observed in long-term dialysis patients, oxidative stress is associated with chronic inflammation and increased mortality risk. Oxidative stress reflects an imbalance between the systemic manifestation of reactive oxygen species (ROS) and a biological system’s ability to readily detoxify the reactive intermediates or to repair the resulting damage in uremic patients[35,36]. The relationship between oxidative stress and inflammation is certainly bidirectional since oxidative stress affects inflammatory status and inflammation exerts influence on the state of oxidative stress. Inflammation in uremic patients can be triggered by oxidative products during dialysis procedure, such as superoxide anion (O2-) and hydrogen peroxide (H2O2)[37]. On the other hand, inflammation may further aggravate oxidative stress through potentiating respiratory burst activation in monocytes and neutrophils[38]. 

As an important anti-oxidant, vitamin C possesses beneficial effects on reducing ROS and improving inflammatory status. Acute administration of vitamin C reduces oxidant stress levels and improves NO-mediated resistance vessel dilatation in renal failure[39]. Moreover, Tarng et al[10] reported that in MHD patients vitamin C supplementation for 8 wk reduces the 8-OHdG level of cellular DNA, an index of oxidative DNA damage in ROS-mediated diseases[40]. Abdollahzad et al[9] found that malondialdehyde levels are decreased and lipid profiles are improved in MHD patients orally supplemented with 250 mg vitamin C every other day for 12 wk. In our recent crossover study, we found that the level of hypersensitive C-reactive protein (hs-CRP) in MHD patients is lowered by oral vitamin C supplementation of 200 mg/d for 3 mo, and the hs-CRP level is increased again after the vitamin C supplementation is withdrawn[11]. Considered as a co-antioxidant, vitamin C can regenerates a-tocopherol (vitamin E) from the a-tocopheroxyl radical, produced via scavenging of lipid-soluble radicals[41]. High doses of vitamin C administration in a low infusion rate during HD session can prevent an increase in lipid peroxidation, which might be probably associated with the enhanced rate of endogenous vitamin E regeneration[42].

However, some other studies did not show this beneficial effect in MHD patients[43-45]. For example, in Fumeron’s study[45], 250 mg vitamin C is orally given to 33 MHD patients thrice weekly after each dialysis session for 2 mo, and no improved situation of oxidative/anti-oxidative stress and inflammation has been observed. Chan et al[44] also reported that there is no effect on markers of oxidative stress in MHD patients after 250 mg vitamin C supplementation thrice weekly for 8 wk, either intravenously or orally. Kamgar et al[43] recently reported that the CRP level exhibits a decrease trend in MHD patients after an oral vitamin C supplementation of 250 mg/d for 2 mo. Similar findings have been observed by Ramos et al[46].

These conflicting data may be partially explained by the following reasons: (1) the inflammatory status of patients in some previous studies is altered due to daily oral vitamin C supplementation; (2) certain factors are different in the study populations, such as age, dialysis vintage, smoking status and proportion of diabetes; (3) difference in doses, duration and route of vitamin C administration; and (4) different markers of oxidative stress have been used in the above-mentioned studies. 

EFFECTS OF VITAMIN C ON PRO-OXIDATION IN MHD PATIENTS

Vitamin C also acts as a pro-oxidant due to promoting Fenton chemistry, which converts the Fe3+ into Fe2+ and catalyzes the formation of ROS[47-49].
Eiselt et al[50] documented a pro-oxidative effect of vitamin C during intravenous iron sucrose and vitamin C administration in MHD patients. In this study, they found that intravenous administration of Fe together with vitamin C supplementation results in a greater increase in plasma thiobarbituric acid reacting substances compared with single intravenous administration of Fe. Ferretti et al[15] indicated that intravenous administration of vitamin C increases lipid hydroperoxides and advanced glycation end product levels and decreases paraoxonase activity in hemodialysis patients. In addition, De Vriese et al[16] also found similar results by oral vitamin C supplementation in MHD patients.

POTENTIAL VALUE OF VITAMIN C IN ANEMIA IN MHD PATIENTS

Although anemia management has been improved in patients with chronic kidney disease (CKD), anemia is still prevalent in these patients[51]. Approximately 35% of patients with end stage renal disease have refractory anemia[52]. This persistent anemia might be explained by relative resistance to erythropoietin (EPO) due to functional iron deficiency, which is a situation characterized by low transferrin saturation[52].

Latest study showed that the level of plasma vitamin C has a positive correlation with the hemoglobin level[53] as well as a negative correlation with the EPO resistance index[54-56], and ascorbic acid has also been used to improve response to erythropoiesis-stimulating agents. Vitamin C plays an important role in the utilization of iron from storage sites. As an electron donor, vitamin C can reduce ferric iron (Fe3+) to ferrous iron (Fe2+) in order to mobilize storage iron, including the portion of tissue iron as hemosiderin[57], resulting in an activated iron bioavailability and enhanced production of red blood cells.

Previous work showed that ascorbic acid administration ameliorates the hemoglobin level in MHD patients with iron-overloading[12,13]. These findings have been subsequently confirmed in anemic MHD patients receiving iron administration accompanied by vitamin C[7,54,58]. However, in patients with normal iron status, the situation of EPO needs and transferrin saturation is not improved with vitamin C supplementation[12]. A recent meta-analysis[52] of the available studies indicated that vitamin C supplementation is closely related to a decreased rHuEPO dose and an increased transferring saturation, but no apparent effect on ferritin levels has been observed.

Patients on dialysis have a shortened red blood cell half-life compared with the normal level of 120 d[59,60]. A series of factors have been demonstrated to contribute to this reduced lifespan of red blood cells, including increased oxidative stress and decreased antioxidant products[60,61], the breakdown of phospholipid asymmetry in red blood cell membranes[61,62], increased level of parathyroid hormone[63,64] as well as deficiencies of carnitine[65] and zinc[66]. In addition, although the exact mechanism remains unclear, the half-life of circulating red cells might be extended by vitamin C supplementation[67].

VITAMIN C DEFICIENCY AND SHPT 

SHPT is common in chronic hemodialysis patients[68], and it develops because of the increased parathyroid hormone (PTH) synthesis, secretion and the impaired renal clearance[69]. About 50% MHD patients have increased PTH levels[68]. High level of plasma PTH has been linked to uraemic toxin[70], leading to an increased cardiovascular mortality in MHD patients[71]. 

The effect of vitamin C on SHPT remains unknown in MHD patients. Richter et al[8] showed that higher level of plasma vitamin C is correlated with lower level of bio-intact PTH in MHD patients. Vitamin C has an effect on post-receptor events in the calcium-sensing receptors on parathyroid cells, which might partially explain the inverse interaction between the vitamin C level and PTH[72]. Moreover, the cyclic adenosine monophosphate response to PTH can be also enhanced by vitamin C supplementation[73]. Sanadgol et al[74] reported that the mean level of serum PTH is decreased in the first 2 mo compared with baseline after a 3-mo intravenous administration of vitamin C (200 mg, thrice weekly). However, this effect is gradually diminished at month 3, which might be explained by the reduced sensitivity of calcium-sensing receptors on parathyroid gland cells with the passage of time. Interestingly, Biniaz et al[75] did not find the beneficial effect of vitamin C on SHPT in a double blinded, placebo-controlled study in MHD patients.

DOSAGES OF VITAMIN C SUPPLEMENTATION 

In healthy subjects, a daily administration of 90 mg or 75 mg vitamin C is enough for men or women, respectively[76]. For MHD patients, the recommended dosages are more controversial. Generally speaking, vitamin C supplementation is recommended for MHD patients due to the restrictions on their dietary intake as well as losses during dialysis procedure. Many clinicians only recommend vitamin C to a conservative range of 60-100 mg/d with the consideration of oxalate accumulation in the tissues of renal failure patients. These recommendation may not be optimal, because the loss of vitamin C during a single dialysis treatment may reach several hundred milligrams of vitamin C[4,34], resulting in vitamin C deficiency common in MHD patients. 

Many literatures documented that the oral doses of vitamin C in the range of 100-200 mg/d[11,77-80] are considered as the sufficient and safe dosages[79], or intravenous administration of 300 to 500 mg vitamin C thrice weekly at the end of dialysis is regarded as “guidelines for intravenous ascorbic acid adjuvant therapy”[56,81,82]. However, some other studies hold a contrary opinion[83]. This conservative recommendation is mainly due to the side effects of oxalosis following the vitamin C administration. 

OXALOSIS

In the past several decades, researchers have also investigated side effects of vitamin C supplementation. Since oxalate is one of the products of vitamin C metabolism, vitamin C supplementation in MHD patients may enhance oxalate plasma levels in patients with uremia. Significant plasma oxalate levels induced by vitamin C supplementation (500-1000 mg/d for 3 or more than 3 wk) have been observed[7,84-86]. Canavese et al[83] reported that plasma oxalate levels are progressively increased even the dosage of vitamin C is set at 500 mg/wk. The peak level is observed after 1 year of treatment, and then it is leveled off thereafter. Therefore, the safety of this protocol in terms of oxalate metabolism should be carefully considered.

However, some studies showed that this potential hazard may be prevented by taking certain measures, such as avoiding vitamin B6 deficiency[87] and improving dialysis technology[88,89]. Tomson et al[88] showed that tissue oxalate accumulation is completely absent in well-dialyzed CKD patients.

CONCLUSION
Taken together, vitamin C deficiency is common in MHD patients. Therefore, vitamin C supplementation is crucial for MHD patients. Patients can potentially benefit from vitamin C supplementation by its effects on anti-oxidative stress, anti-inflammation, SHPT and improved anemia. However, vitamin C overdose should be avoided due to its secondary oxalosis. 

To date, recommendations of vitamin C therapy in MHD patients can not reach consensus because of the wide use of variety of dosages, route of administration, durations and the severe side effects of oxalosis. Oral doses of vitamin C in the range of 100-200 mg/d, or intravenous administration of 300 to 500 mg vitamin C thrice weekly at the end of dialysis are commonly regarded as adequate to prevent ascorbate deficiency in MHD patients.

In summary, MHD patients may benefit from vitamin C administration. However, further large-scale randomized-controlled clinical trials should be carried out to confirm its beneficial effects, optimal dosage and side effects from vitamin C supplementation.
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