
Effect of vitamin C on innate immune responses of rainbow trout 

(Oncorhynchus mykiss) leukocytes  

Esther Leal
1
, Carlos Zarza

2
, Carolina Tafalla

1*

1
 Centro de Investigación en Sanidad Animal (CISA-INIA). Valdeolmos (Madrid), Spain 

2
 Skretting Aquaculture Research Centre, PO Box 48, Stavanger 4001, Norway 

* Corresponding author: Carolina Tafalla. Address: Centro de Investigación en Sanidad

Animal (CISA-INIA). Carretera de Algete a El Casar km. 8.1. Valdeolmos 28130 (Madrid). 

Spain. Tel.: 34 91 6202300; Fax: 34 91 6202247; E mail: tafalla@inia.es 

Submitted to: Fish & Shellfish Immunology 

June 2017 

Revised version 

*Manuscript
Click here to view linked References

http://ees.elsevier.com/fsim/viewRCResults.aspx?pdf=1&docID=20756&rev=1&fileID=253584&msid={2E4A0635-B3DB-4F57-B2BF-817E6D097A96}


Abstract 

 

Vitamin C, also known as ascorbic acid, is an essential micronutrient that influences a 

wide variety of physiological processes, including immunological functions. Although the 

positive effects of vitamin C supplementation on the immunological status of fish has been 

established in different species, the bases for these positive effects are still unknown. 

Hence, the aim of our study was to evaluate the in vitro effect of vitamin C on several 

innate immune functions of rainbow trout (Oncorhynchus mykiss) leukocyte populations. 

For this, we assessed the effects exerted on the established rainbow trout monocyte-

macrophage cell line RTS11, and compared them to those observed in trout head kidney 

leukocytes. Our results demonstrate that vitamin C increases the production of reactive 

oxygen species and the percentage of phagocytic cells in both cell populations. On the other 

hand, vitamin C had no effect on the surface MHC II levels and only in the case of RTS11 

cells increased the capacity of these cells to migrate towards the CK9 chemokine. Finally, 

vitamin C also increased the transcription of several pro-inflammatory and antimicrobial 

genes elicited by Escherichia coli, with some differences depending on the cell population 

studied. Our results contribute to further understand how vitamin C supplementation 

regulates the fish immune system.   

 

Keywords: vitamin C; rainbow trout; RTS11 cells; head kidney leukocytes; phagocytosis; 

respiratory burst; antibacterial activities.  

 

 

 

 

  



1. Introduction 

 

Vitamin C, also known as ascorbic acid, is an essential micronutrient required for 

the normal metabolism of many animal species. Humans and most fish species have 

acquired defects on the L-gulono-γ-lactone oxidase, the final enzyme in the biosynthetic 

pathway for the production of vitamin C and consequently are incapable of synthetizing 

vitamin C by themselves and need to acquire it through the diet [1, 2]. In mammals, vitamin 

C is known to regulate many different cellular functions, including immune functions of 

different leukocyte subtypes. For example, vitamin C supplementation has been shown to 

increase natural antibody titers in humans [3]; shift the immune response to Th1 through 

the activation of dendritic cells (DCs) in mice [4]; or have stimulatory effects on human 

neutrophils with effects on the production of reactive oxygen intermediates or phagocytic 

capacities [5, 6]. Despite this, the exact mechanisms of the immunological effects of 

vitamin C have not been elucidated in most cases.  

In fish, diet supplementation with vitamin C has been shown to have positive effects 

on growth in species such as Indian major carp (Labeo rohita) [7] Caspian roach (Rutilus 

rutilus caspicus) [8], grouper (Epinephelus malabaricus) [9] or red sea bream (Pagrus 

major) [10], while similarly vitamin C deficiencies provoked negative effects on weight 

gain in species such as grass carp (Ctenopharyngodon idella) [11] or Jian carp (Cyprinus 

carpio var. Jian) [12]. Vitamin C supplementation has also been proved to increase several 

immunological functions such as production of reactive oxygen intermediates (respiratory 

burst) [7, 9, 13-15], phagocytosis [7], lysozyme activity [9, 10, 13, 16] or production of 

complement factors [11, 15] in a wide range of fish species. Positive effects on the 

antimicrobial properties of skin mucus have also been reported [8, 16], as well as effects on 



the intestinal microbial population [12] or percentage of circulating lymphocytes [17]. In 

concordance with these studies, increased survival to pathogen exposure after vitamin C 

supplementation has been revealed in some species [7, 18-20]. These experiments have 

dealt mainly with bacterial infections [7, 19, 20], although in some cases increased survival 

after parasitic infections has also been reported [18]. As in the case of mammals, the 

mechanisms through which vitamin C exerts its immunomodulatory effects are still 

unknown.  

 In rainbow trout (Oncorhynchus mykiss), while different studies have addressed the 

effect of vitamin C on diverse reproductive parameters [21, 22], its effects on the immune 

system have not been properly addressed in this species. Interestingly, vitamin C 

supplementation increased the survival of rainbow trout infected with the ciliate parasite 

Ichthyophthirius multifiliis [18], but the mechanisms responsible for this increased survival 

are still unknown. In this context, in the current work, we have studied the effect of vitamin 

C on several immune functions of rainbow trout using both the established monocyte-

macrophage cell line RTS11 and head kidney primary leukocytes. We have conducted 

different in vitro tests to establish the effects of vitamin C on the production of reactive 

oxygen species (respiratory burst); phagocytosis; surface MHC II levels; migration to the 

CK9 chemokine; and gene expression in response to a bacterial stimulation. Our results 

provide additional experimental evidence to understand why vitamin C supplementation 

increases the survival of fish infected with pathogens. 

 

 

 



2. Materials and Methods 

 

2.1. Experimental fish 

Rainbow trout (Oncorhynchus mykiss) adults of ∼100 g were obtained from 

Piscifactoría Cienfuentes (Guadalajara, Spain) and maintained at the animal facilities of the 

Animal Health Research Center (CISA-INIA) in a recirculating water system at 16°C, with 

12:12 h light/dark photoperiod. Fish were fed twice a day with a commercial diet (Skretting 

Spain, S.A., Burgos, Spain). Prior to any experimental procedure, fish were acclimatized to 

laboratory conditions for at least 2 weeks. All of the experiments described comply with the 

Guidelines of the European Union Council (2010/63/EU) for the use of laboratory animals 

and have been approved by the Instituto Nacional de Investigación Agraria y Alimentaria 

(INIA) Ethics Committee.  

 

2.2. Leukocyte isolation and cell lines 

Rainbow trout were killed by an overdose of benzocaine (Sigma) and the head 

kidney was removed and placed in cold L-15 medium (Invitrogen) supplemented with 100 

I.U./ml penicillin plus 100 µg/ml streptomycin (P/S, Life Technologies), 10 units/ml 

heparin (Sigma) and 5% FCS (Life Technologies). Single cell suspensions were then 

obtained using 100 µm nylon cell strainers (BD Biosciences) and placed onto 30/51% 

discontinuous Percoll (GE Healthcare) density gradients and centrifuged at 500 x g for 30 

min at 4ºC. The interface cells were collected and washed twice in L-15 containing 5% 

FCS. Experiments were always performed on cells from individual fish (4-9 fish depending 

on the immune assay).  



 RTS11, a continuous rainbow trout macrophage-like cell line, originally isolated 

from a long-term spleen hematopoietic culture [23] was maintained at 20ºC in L-15 

medium supplemented with P/S and 20% FCS. Cells were grown at a high cell density 

(approximately 1x10
6
 cells per ml) and passaged at a 1:2 ratio as described previously [23].  

 

2.3. Cell viability assay 

 Prior to determining the effect of vitamin C on RTS11 and head kidney leukocyte 

functions, we determined the effect of different vitamin C doses on the cell viability. To 

undertake this, RTS11 cells or head kidney leukocytes obtained from 3 different fish were 

seeded in 96-well plates in triplicate at a cell density of 2x10
5
 cells per well and incubated 

at 20ºC with different vitamin C doses (0.1, 0.5, 1, 5 and 10 M). After 3, 24, 48 or 72 h, 

cell viability was checked by Propidium Iodide (PI) staining on a FACSCalibur flow 

cytometer (BD Biosciences). 

 

2.4. Respiratory burst activity 

 To analyze the effect of vitamin C on the respiratory burst activity of RTS11 

macrophages or head kidney leukocytes, we used the Nitro Blue Tetrazolium (NBT, Sigma) 

method. For this, cells were seeded in 96-well plates (Nunc) at a concentration of 2 x 10
5
 

cells per well, washed through repeated centrifugation (500 x g for 10 min at 4ºC) and 

resuspended in 1X Phenol Red-Free Hank´s Balanced Salt Solution (HBSS, Life 

Technologies). Then, NBT was added to the cells at a final concentration of 1 g/l in the 

presence or absence of different vitamin C doses (0.1, 0.5 and 1 M). To assess the 

specificity of the reaction, 300 units/ml of Superoxide Dismutase (SOD, Sigma) were 



added to parallel wells in triplicate. Cells were incubated for 1 h at room temperature, in the 

dark, and then centrifuged. The supernatant was discarded and cells were incubated with 

absolute methanol for 5 min at room temperature. Methanol was then discarded and the 

cells were air-dried for 30 min. The reaction was developed by the addition of a developing 

buffer (120 μl of 2 M KOH and 140 μl of DMSO per well). Samples were incubated for 5 

min and optical density at 620 nm measured, to determine reduction of the NBT substrate.  

 

2.5. Phagocytic activity 

For the analysis of phagocytosis, RTS11 cells or head kidney leukocytes were 

seeded in 96-well plates at a cell density of 2x10
5
 cells per well and incubated for 3 h at 

20ºC with fluorescent beads (FluoSpheres® Microspheres, 1.0 µm, Crimson Red 

Fluorescent 625/645, 2% solids; Life Technologies) at a cell:bead ratio of 1:10 in the 

presence or absence of different vitamin C doses (0.1, 0.5 and 1 M). Cells were harvested 

and non-ingested beads were removed by centrifugation (100 x g for 10 min at 4 ºC) over a 

cushion of 3% (weight/volume) BSA (Fraction V; Fisher Scientific) in PBS supplemented 

with 4.5% (weight/volume) D-glucose (Sigma). Cells were resuspended from the pellet in 

staining buffer (PBS containing 1% FCS and 0.5% sodium azide), labelled with anti-IgM 

[1.14 mAb mouse IgG1 coupled to fluorescein (FITC), 1 μg/ml] as previously described 

[24] when needed, and analyzed on a FACSCalibur flow cytometer. In another set of 

experiments, the cells were previously incubated with the different vitamin C doses for 24 h 

at 20ºC before the addition of the fluorescent beads. Afterwards, the experiments were 

conducted as described above.  

 



2.6. MHC II expression 

The levels of MHC-II expression on the surface of RTS11 cells or head kidney 

leukocytes exposed to different vitamin C doses were measured through flow cytometry 

using a mAb against trout MHC-II [25]. Cells seeded in 96-well plates at a cell density of 

2x10
5
 cells per well were incubated with different vitamin C doses (0.1, 0.5 and 1 M) or 

with media alone (control) for 24 h at 20ºC. After that time, cells were washed in FACS 

staining buffer (PBS containing 1% FCS and 0.5% sodium azide) and stained with Alexa 

647-conjugated anti-MHC-II antibody for 30 min at 4ºC protected from light. Finally cells 

were washed twice with the same buffer and analysed by flow cytometry. 

 

2.7. CK9 chemotaxis assay 

 CK9 is a rainbow trout chemokine with chemoattractant capacities towards RTS11 

cells and head kidney leukocytes [24]. Thus, we also assessed whether vitamin C had an 

effect on the capacity of these cells to migrate to CK9. For this, cells seeded in 96-well 

plates at a cell density of 2x10
5
 cells per well were incubated with different vitamin C doses 

(0.1, 0.5 and 1 M) or with media alone (control) for 24 h at 20ºC. Thereafter, chemotaxis 

was assessed using 3 μm (for primary cultures) or 5 μm (for RTS11 cells) pore 

polycarbonate Transwell chambers (Sigma), following the manufacturer´s instructions. 

Briefly, 600 l of control medium (L-15 medium supplemented with P/S and 5% FCS) or 

medium containing 10 ng/ml recombinant CK9 were added to the bottom chambers. In the 

upper chambers, 100 l of RTS11 cells or head kidney leukocytes (2 x 10
6 

cells/ml) were 

dispensed. Cells in migration chambers were incubated for 2 h at 20ºC, then the 600 l of 

the bottom chamber were harvested and the migrated cells were analyzed based on side and 



forward light scatter (SSC/FSC) parameters on a FACSCalibur flow cytometer at a constant 

flow time (1 min).  

 

2.8. Transcriptional response to E. coli 

Finally, we have also studied the effect of vitamin C on the transcriptional response 

triggered in RTS11 or head kidney leukocytes in response to bacterial exposure. For this, 

cells seeded in 96-well plates at a cell density of 2x10
5
 cells per well were exposed to heat-

inactivated Escherichia coli (cell:bacteria ratio 1:10) in the presence or absence of 0.5 M 

vitamin C. Controls with vitamin C alone or media alone were also included as controls. 

After 24 h of incubation at 20ºC, DNase I-treated total RNA was isolated from cells using 

Tri-reagent (Invitrogen) following the manufacturer´s instructions. Total RNA was 

dissolved in RNase-free water, quantified using a Nanodrop 1000 spectrophotometer 

(Thermo Scientific) and stored at -80ºC. Potential contaminating genomic DNA was 

removed from RNA samples using the RapidOut DNA Removal kit (Thermo Scientific) 

according to the manufacturer´s instructions. For each sample, 1 µg of total RNA was 

reverse transcribed using the RevertAid reverse transcriptase (Thermo Scientific) and oligo 

(dT)12-18 (0.5 µg/ ml), as indicated by the manufacturer. cDNA was diluted in nuclease-free 

water and stored at -20ºC. 

To evaluate the levels of transcription of the different genes, real-time PCR was 

performed in a LightCycler 96 System instrument (Roche) using FastStart Essential DNA 

Green Master reagents (Roche) and specific primers (shown in Table 1). The efficiency of 

the amplification was determined for each primer pair using serial 10 fold dilutions of 

pooled cDNA, and only primer pairs with efficiencies higher than 97.5% were used. Each 



sample was measured in duplicate under the following conditions: 10 min at 95ºC, followed 

by 40 amplification cycles (30 s at 95ºC and 1 min at 60ºC). The expression of individual 

genes was normalized to that of trout EF-1α and expression levels calculated using the 2
-ΔCt

 

method, where ΔCt is determined by subtracting the EF-1α value from the target Ct as 

described previously [26, 27]. EF-1 was selected as reference gene according to the MIQE 

guidelines [28]. A statistical analysis determined there were no differences between the 

means of the expression of EF1 among samples. Negative controls with no template were 

included in all experiments. A melting curve for each PCR was determined by reading 

fluorescence every degree between 60ºC and 95ºC to ensure only a single product had been 

amplified.  

 

2.9. Statistics 

Statistical analyses were performed using a two-tailed Student's t test with Welch's 

correction when the F test indicated that the variances of both groups differed significantly. 

The differences between the mean values were considered significant on different degrees, 

where * means P<0.05, ** means P<0.01 and *** means P<0.005. 

 

 

3. Results 

 

3.1. Cell viability in the presence of vitamin C  

Before determining the effect of vitamin C on immune functions of RTS11 and 

head kidney leukocytes, we studied the viability of these cell cultures when incubated with 



a wide range of vitamin C doses for 24 h, establishing that doses above 5 M were highly 

toxic for both cell populations (Fig. S1, data not shown). Although the cell viability 

remained higher than 95% when cells were incubated with 5 M vitamin C; based on these 

results, we decided to use doses from 0.1 to 1 M to determine the effects of vitamin C on 

the different immune assays.  

 

3.2. Effect of vitamin C on the respiratory burst activity of RTS11 and head kidney 

leukocytes 

We first determined the effect of vitamin C on the production of reactive oxygen 

species using an NBT assay. Vitamin C concentrations of 0.5 and 1 M were capable of 

inducing the production of reactive oxygen species in the absence of an additional stimulus 

in both RTS11 (Fig. 1A) and head kidney leukocytes (Fig. 1B). Vitamin C was not reacting 

directly with NBT as in the absence of cells no increased absorbance was observed (data 

not shown). Furthermore, the specificity of the reaction was confirmed by addition of SOD 

which significantly reduced the response to vitamin C in both cell populations (Fig. 1A, B).  

 

3.3. Effect of vitamin C on the phagocytic capacity of RTS11 and head kidney leukocytes 

 We then studied whether vitamin C could have an effect on the phagocytic 

capacities of RTS11 cells and head kidney leukocytes. For this, cells were incubated with 

fluorescent polysterene beads for 3 h in the presence of different vitamin C doses (co-

incubation) or were incubated with vitamin C for 24 h prior to the addition of beads (pre-

incubation). When RTS11 cells were co-incubated with beads and vitamin C, only the 1 

M dose was capable of significantly increasing the percentage of cells displaying 



phagocytic activity (Fig. 2A). On the other hand, when cells were incubated for 24 h with 

vitamin C before exposing them to the beads, the percentage of cells showing phagocytic 

activity increased with all vitamin C doses used (Fig. 2A). In the case of head kidney 

leukocytes, vitamin C at doses of 0.5 and 1 M significantly increase the percentage of 

phagocytic cells either upon co-incubation or when cells were pre-incubated for 24 h with 

vitamin C (Fig. 2B). Despite these increases in the percentages of phagocytic cells in 

response to vitamin C, the mean fluorescent intensity (MFI) was not significantly affected 

(data not shown), revealing that vitamin C is able to increase the number of cells with 

phagocytic potential but not the number of beads that these cells can ingest.   

 Because, in fish, B cells have potent phagocytic capacities, we next studied whether 

vitamin C was increasing the number of phagocytic cells in head kidney leukocyte cultures 

through effects on B cells or other hand was only affecting the phagocytic capacity of 

myeloid cells such as neutrophils or macrophages. For this, we repeated the phagocytosis 

experiments, in this case staining the cells with anti-IgM before analyzing the phagocytic 

activity in the flow cytometer. When head kidney leukocytes cultures were treated with 

vitamin C during the 3 h in which the cells were in contact with the beads, vitamin C had 

no significant effect on the number of phagocytic B cells (Fig. 3A). Alternatively, when 

cells were incubated with 0.5 or 1 M vitamin C for 24 h, the percentage of B cells that 

were phagocytosing beads significantly increased in the head kidney leukocyte cultures 

(Fig. 3A). In parallel to these analyses, we also established the number of phagocytic cells 

present within what has been commonly designated as the “myeloid gate” (cells with large 

size and high complexity). It is commonly accepted that these cells should correspond 

mostly to myeloid cells such as macrophages or neutrophils [29]. In this case, the 



percentage of phagocytic cells within the myeloid gate significantly increased when cells 

were incubated with 0.5 or 1 M vitamin C either adding the vitamin at the same time than 

the beads or when cells were pre-incubated for 24 h with vitamin C before the beads were 

added (Fig. 3B). These results demonstrate that, within the head kidney, vitamin C has 

positive effects on the phagocytic potential of both B cells and myeloid cells.  

 

3.4. Effect of vitamin C on the surface MHC II expression of RTS11 cells and head kidney 

leukocytes 

 Upon pathogen phagocytosis, antigen presenting cells will express the foreign 

antigens in an MHC II context. Thus, having observed a positive effect of vitamin C on the 

phagocytic capacity of RTS11 cells and head kidney leukocytes, we next examined whether 

vitamin C exposure affected the expression of surface MHC II. In this case, vitamin C had 

no effect on the levels of surface MHC II expression of RTS11 cells (Fig. 4A) or head 

kidney leukocytes (Fig. 4B).  

 

3.5. Effect of vitamin C on the migration of RTS11 and head kidney leukocytes towards 

CK9 

 CK9 is a rainbow trout CC chemokine that has chemoattractant capacities over 

RTS11 cells and head kidney leukocytes [24], thus, we also studied the effect of vitamin C 

on the migratory capacity of these cells towards CK9. In the case of RTS11 cells, their pre-

incubation for 24 h with doses of vitamin C ranging from 0.1 to 1 M significantly 

increased the capacity of these cells to migrate towards CK9 (Fig. 5A). On the contrary, 

vitamin C had no effect on the migratory capacities of head kidney leukocytes (Fig. 5B).  



 

3.6. Effect of vitamin C on the transcriptomic response of RTS11 and head kidney 

leukocytes to bacterial exposure  

 Finally, we also established how vitamin C supplementation affected the 

transcriptomic response that is elicited in response to a bacterial exposure. For this, the 

levels of expression of different immune genes were studied in cells exposed to E. coli in 

the presence or absence of 0.5 M vitamin C. E. coli up-regulated the transcription of IL-

1, IL-8, COX-2B, TNF-, cathelicidin 2 and hepcidin in RTS11 cells (Fig. 6). When the 

cells were exposed to E. coli in the presence of vitamin C, the transcription levels of IL-1, 

COX-2B, TNF-, cathelicidin 2 and hepcidin were further increased to significantly higher 

levels (Fig. 6). Vitamin C on its own had no effect on the transcription levels of these 

molecules (Fig. 6). In the case of head kidney leukocytes, E. coli up-regulated the mRNA 

levels of IL-1, IL-8, TNF-, COX-2B and hepcidin but had no significant effect on the 

levels of transcription of cathelicidin 2 (Fig. 7). When cells were exposed to E. coli in the 

presence of vitamin C, IL-1, IL-8 and COX-2B transcription levels were significantly 

higher than those observed in cells exposed to E. coli alone (Fig. 7). As in the case of 

RTS11 cells, vitamin C alone had no effect on any of the genes studied (Fig. 7).   

 

 

4. Discussion 

 

To kill pathogens, in association with their phagocytic activity, phagocytes activate 

a respiratory burst response that generates highly reactive oxidants such as superoxide or 



hydrogen peroxide which are largely responsible for the microbicidal activity elicited [30]. 

Because vitamin C is a potent antioxidant [30], it was generally believed that its presence 

would protect cells from the products of the oxidative burst [31]. Conversely, studies 

performed on mammalian neutrophils have revealed that vitamin C directly elicits the 

production of reactive oxygen species in neutrophils [5, 6]. The mechanisms by which 

vitamin C enhances superoxide production are still uncertain in mammals and have been 

suggested to include effects on expression of the different oxidase subunits, or post-

translational modifications of these subunits [6]. In our study, vitamin C significantly 

increased the production of reactive oxygen species in both RTS11 cells and head kidney 

leukocytes, revealing that this effect of vitamin C is conserved in rainbow trout. Our results 

correlate with many different studies that have reported an increased respiratory burst 

activity in response to vitamin C supplementation in the diet in different fish species [7, 9, 

14, 15]. However, contradictory results have also been reported. In the case of groper 

(Polyprion oxygeneios), vitamin C decreased the production of superoxide [32]. In gilthead 

seabream (Sparus aurata) vitamin C failed to elicit a respiratory burst activity on its own 

and only increased it when combined with vitamin E when assayed in vitro [33]. 

Surprisingly, in this same species, an increased respiratory burst activity was detected in 

fish fed with a diet supplemented with vitamin C [14]. These results seem to indicate that 

there might be some differences between the effects that vitamin C exerts on different 

species, whereas some differences may also be a consequence of different models or 

experimental approaches.  

In correlation with the increased respiratory burst activity, we also found a positive 

effect of vitamin C on the phagocytic capacity of RTS11 cells and head kidney leukocytes. 



The effects were experienced on the percentage of phagocytic cells but not on the number 

of beads that these cells can ingest, suggesting that once these cells become phagocytic the 

number of beads they can ingest is somehow limited. These results also correlate with a 

previous report in which vitamin C supplementation was found to increase the phagocytic 

capacity of leukocytes [7]. In the case of head kidney leukocyte cultures, we further 

investigated which cells were increasing their phagocytic activity in response to vitamin C 

given that in fish B cells are known to have potent phagocytic capacities [34]. Interestingly, 

both B cells and myeloid cells responded to vitamin C, demonstrating that vitamin C 

regulates this function in a range of cell types. In mammals, incubation of peripheral blood 

leukocytes with vitamin C caused a significant increase in the number of latex particles 

internalized by each individual polymorphonuclear cell, but not by monocytes [35]. In this 

case, the number of cells with phagocytic capacities was not altered [35].  

Since vitamin C has also been shown to increase the chemotactic capacity of human 

neutrophils [6], we also studied its effect on the capacity of rainbow trout cells to migrate 

towards CK9, a rainbow trout CC chemokine that specifically attracts 

monocytes/macrophages and B cells from spleen, kidney or blood [24]. In this case, 

different responses were observed in RTS11 cells and head kidney leukocytes, as vitamin C 

significantly up-regulated the migratory capacities of RTS11 cells towards CK9 but not that 

of head kidney leukocytes. These results suggests that, on the contrary to what occurred in 

phagocytosis, vitamin C regulates some immune functions in a cell-specific fashion. In 

mammals, it has been postulated that the regulation of neutrophil movement by vitamin C 

is due to rearrangements of the cytoskeleton, as no effect on specific chemokine receptors 

were observed [36]. In rainbow trout, because the receptor for CK9 still remains 

unidentified the mechanisms through which vitamin C regulates the migration of 



monocytes/macrophages to CK9 remain unknown, and should be further investigated in the 

future.  

Some differences were also found between the effects that vitamin C had on the 

transcriptomic responses to E. coli in RTS11 cells and head kidney leukocytes, again 

pointing to cell-specific effects. In RTS11 cells, when vitamin C was added, the 

transcription levels of IL-1, COX-2B, TNF-, cathelicidin 2 and hepcidin in response to 

E. coli were further up-regulated, but vitamin C had no effect on IL-8 transcription. On the 

other hand, when this assay was conducted in head kidney leukocytes, we found that 

vitamin C only up-regulated the levels of transcription of IL-1, IL-8 and COX-2B but had 

no effect on the other genes studied. These differences could be due to the fact that in head 

kidney leukocyte cultures diverse leukocyte subtypes co-exist in which vitamin C might be 

having differential effects, while the positive effects are easier to be unveiled using a 

relatively homogenous cell line. Despite these differences, our results in RTS11 cells 

demonstrate a capacity of vitamin C to induce the transcription of antimicrobial peptides 

such as cathelicidin 2 and hepcidin. The effect of vitamin C on the production of 

antimicrobial peptides had been previously demonstrated indirectly in young grass carp 

since vitamin C deficiency in the diet resulted in a decreased transcription of antimicrobial 

peptides in the liver [11].  

In conclusion, we have demonstrated that vitamin C directly modulates many 

immune functions of rainbow trout. The results obtained with RTS11 

monocyte/macrophages and head kidney leukocytes, altogether reveal a positive effect of 

vitamin C on the antibacterial immune response of rainbow trout, since the positive effects 

that vitamin C exerted on superoxide production, phagocytic capacities and production of 



pro-inflammatory and antimicrobial factors will likely translate into enhanced microbial 

killing activities. Hence, our results provide new insights on the effects that vitamin C has 

on the immune system in teleost and might help explain the mechanisms through which 

vitamin C supplementation enhances survival to bacterial infections in these species.   
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Figure legends 

 

Fig. 1. Effect of vitamin C on the respiratory burst activity. RTS11 cells (A) and head 

kidney leukocyte (B) cultures were incubated with NBT (1 mg/ ml) in the presence of 

different concentrations of vitamin C (0, 0.1 µM, 0.5 µM and 1 µM). SOD (300 units/ ml) 

was included in parallel wells in triplicate to verify the specificity of the reaction. After 1 h 

at room temperature, NBT reduction was measured as described in Materials and Methods. 

Data are shown as mean optical densities at 620 nm (n= 8, mean + SD). Asterisks denote 

statistical differences between control cells and those exposed to vitamin C (* p < 0.05 and 

*** p < 0.005) whereas an “a” indicates significant decrease of NBT reduction in 

respective samples treated with SOD. 

 

Fig. 2. Effect of vitamin C on the phagocytic capacities of RTS11 (A) and head kidney 

leukocytes (B). Cells were incubated with Crimson Red fluorescent beads at a ratio of 1:10 

(cell:beads) with different concentrations of vitamin C (0, 0.1 µM, 0.5 µM and 1 µM) (co-

incubation). In other experiments, cells were pre-incubated with different concentrations of 

vitamin C (0, 0.1 µM, 0.5 µM and 1 µM) 24 h before the addition of the beads (pre-

incubation). In both cases, once the beads were added to the cultures, cells were incubated 

for 3 h at 20ºC and then analyzed by flow cytometry to measure the fluorescence of 

internalized beads. Results are shown as mean percentages of cells with internalized beads 

+ SD (n=9 for RTS11 and n=6 for HK leukocytes). Asterisks denote statistical differences 

between control cells and those exposed to vitamin C (* p < 0.05, ** p < 0.01 and *** p < 

0.005)  

 

Fig. 3. Effect of vitamin C on the phagocytic capacities of different head kidney 

leukocyte subpopulations. Head kidney cells were incubated with Crimson Red 

fluorescent beads at a ratio of 1:10 (cell:beads) with different concentrations of vitamin C 

(0, 0.1 µM, 0.5 µM and 1 µM ) (co-incubation). In other experiments, cells were pre-

incubated with different concentrations of vitamin C (0, 0.1 µM, 0.5 µM and 1 µM) for 24 

h before the addition of the beads (pre-incubation). In both cases, once the beads were 

added to the cultures, cells were incubated for 3 h at 20ºC and then analyzed by flow 



cytometry to measure the fluorescence of internalized beads in IgM
+
 B cells (A) or cells 

that fall into the myeloid gate according to their FSC/SSC profile (B). Results are shown as 

mean percentages of cells with internalized beads + SD (n=9). Asterisks denote statistical 

differences between control cells and those exposed to vitamin C (* p < 0.05, ** p < 0.01 

and *** p <0.005). 

 

Fig. 4. Effect of vitamin C on the levels of surface MHC II expression. RTS11 cells (A) 

or head kidney leukocytes (B) were incubated at 20ºC with different doses of vitamin C (0, 

0.1 µM, 0.5 µM and 1 µM) during 24 h and then stained with anti-MHC II antibody and 

analyzed by flow cytometry. Results are shown as mean fluorescence intensity (MFI) + SD 

(n=8).  

 

Fig. 5. Effect of vitamin C on the migratory capacity of RTS11 (A) or head kidney 

leukocytes (B) towards CK9. For the chemotaxis assays, 10 ng/ml of CK9 were 

introduced in the bottom wells of transwell chambers, whereas RTS11 cells or head kidney 

leucocytes previously incubated for 24 h with different doses of vitamin C (0, 0.1 µM, 0.5 

µM and 1 µM ) were dispensed into the upper wells. After 2 h of incubation at 20ºC, the 

number of cells that had migrated to the bottom of the wells was quantified by flow 

cytometry. Negative controls with no CK9 were also included. Average numbers of 

migrating cells are shown (n=9 for RTS11 and n=7 for HK leukocytes). Asterisks denote 

statistical differences between control cells and those exposed to vitamin C (* p ≤ 0.05 and 

** p ≤ 0.01). 

 

Fig. 6. Effect of vitamin C on the transcriptomic response of RTS11 cells to E. coli. 

RTS11 cells were incubated for 24 h with E. coli (cell:bacteria ratio 1:10) in the presence or 

absence of 0.5 M vitamin C. Controls with vitamin C alone or media alone were also 

included as controls. Thereafter, RNA was extracted from cells and the levels of 

transcription of different immune genes analyzed by real time PCR. Data are shown as the 

mean relative gene expression normalized to the transcription of the house-keeping gene 

EF-1α ± SD (n = 4). Asterisks denote statistical differences between cells treated with E. 



coli alone and cells exposed to E. coli in the presence of vitamin C (* p < 0.05, ** p < 0.01 

and *** p <0.005). 

 

Fig. 7. Effect of vitamin C on the transcriptomic response of head kidney leukocytes to 

E. coli. Head kidney leukocytes were incubated for 24 h with E. coli (cell:bacteria ratio 

1:10) in the presence or absence of 0.5 M vitamin C. Controls with vitamin C alone or 

media alone were also included as controls. Thereafter, RNA was extracted from cells and 

the levels of transcription of different immune genes analyzed by real time PCR. Data are 

shown as the mean relative gene expression normalized to the transcription of the house-

keeping gene EF-1α ± SD (n = 4). Asterisks denote statistical differences between cells 

treated with E. coli alone and cells exposed to E. coli in the presence of vitamin C (* p < 

0.05, ** p < 0.01 and *** p <0.005). 

 

 

 

  



Supplementary Material 

 

Fig. S1. Viability of RTS11 cells upon exposure to vitamin C. RTS11 cells were 

incubated at 20ºC with different vitamin C doses (0.1, 0.5, 1, 5 and 10 M). After 3, 24, 48 

or 72 h, cell viability was checked by Propidium Iodide (PI) staining on a FACSCalibur 

flow cytometer. A. Representative dot plots obtained after 72 h. B. Representative plots 

showing percentages of dead (PI
+
) cells.  

 

 

 

 

  



Table 1. List of primers used in this study to evaluate gene transcription 

 

Gene Forward primer Reverse primer 

EF-1α CAAGGATATCCGTCGTGGCA ACAGCGAAACGACCAAGAGG 

IL-1β1 CCTGGAGCATCATGGCGTG GCTGGAGAGTGCTGTGGAAGAACATATAG 

IL-8 TCCTGACCATTACTGAGGGGATGA AGCGCTGACATCCAGACAAATCTC 

TNF-α CCACACACTGGGCTCTTCTT GTCCGAATAGCGCCAAATAA 

COX-2B CCAGTATCAGAACCGCATCTCGT GACCTCCAGCAACCCGTCC 

CATH2 ACATGGAGGCAGAAGTTCAGAAGA  GAGCCAAACCCAGGACGAGA 

Hepcidin GCTGTTCCTTTCTCCGAGGTGC GTGACAGCAGTTGCAGCACCA 
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