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White blood cells (WBCs) and storage period are the main factors of transfusion reactions. In the present study, cytokine/chemokine 
concentrations after leukoreduction (LR) and irradiation (IR) in stored canine whole blood were measured. Red blood cell storage lesion caused 
by IR and LR were also compared. Blood samples from 10 healthy Beagles were divided into four groups (no treatment, LR-, IR-, and LR 
+ IR-treated). Leukocytes were removed by filtration in the LR group and gamma radiation (25 Gy) was applied in the IR group. Immunologic 
factors (WBCs, interleukin-6 [IL-6], C-X-C motif chemokine ligand 8 [CXCL-8], and tumor necrosis factor-alpha) and storage lesion factors 
(blood pH, potassium, and hemolysis) were evaluated on storage days 0, 7, 14, 21, and 28. Compared to the treated groups, IL-6 and CXCL-8 
concentrations during storage were significantly higher in the control (no treatment) group. LR did not show changes in cytokine/chemokine 
concentrations, and storage lesion presence was relatively mild. IR significantly increased CXCL-8 after 14 days of storage, but IR of 
leukoreduced blood did not increase CXCL-8 during 28 days of storage. Storage lesions such as hemolysis, increased potassium, and low 
pH were observed 7 days after IR and storage of blood, regardless of LR. IR of leukoreduced blood is beneficial to avoid immune reactions; 
however, storage lesions should be considered upon storage.
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Introduction

Blood transfusions are commonly used in small animal 
practice, but they have potential adverse effects such as febrile 
nonhemolytic transfusion reaction (FNHTR), transfusion- 
associated graft versus host disease (TA-GvHD), immunologic 
or non-immunologic hemolysis, transfusion-related acute lung 
injury (TRALI), transfusion-associated circulatory overload, 
and storage lesion (i.e., biochemical and biomechanical changes 
depending on red blood cell [RBC] storage time) [1,4,14,23]. To 
prevent such transfusion reactions, compatibility testing, donor 
selection, limitation storage, leukoreduction (LR), and additive 
solutions are used in human medicine [17,26,28].

White blood cells (WBCs) are thought to be the main cause of 
FNHTR, resulting from the production of a cytokine that 
mediates inflammatory disease [5,37]. In humans, TA-GvHD is 
a WBC-related transfusion reaction and is a fatal disease that 
causes the lymphocytes involved in blood transfusions to grow 
in the body of the host, often an immunosuppressed patient 
[7,32].

Presence of a storage lesion, a non-immunologic transfusion 
reaction, implies the occurrence of biochemical and biomechanical 
changes that are dependent on the storage time of RBCs. During 
RBC storage, 2, 3-diphosphoglycerate is insufficient to prevent 
oxygen transfer from hemoglobin and, ultimately, delivery of 
oxygen to tissues. Moreover, free hemoglobin and 
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microparticle levels are increased, which might have harmful 
effects, such as TRALI and thrombosis, on recipients 
[12,15,20]. Numerous mechanisms cause biochemical and 
biomechanical changes, and WBCs remaining in RBC bags can 
contribute to the development of storage lesions [25,26]. 
Despite the adverse effects of storage lesions, the practice at 
many veterinary hospitals is to use the oldest blood in their 
inventory [16,18].

There are several options to prevent these transfusion 
reactions. One is LR, which removes leukocytes and platelets 
from blood products by filtration. It has been reported that LR 
can reduce the probability of occurrence of FNHTR, 
transfusion-related immunomodulation, and transmission of 
specific viruses by removing leukocytes in human products 
[4,37]. LR in dogs is reported to reduce inflammatory response 
by preventing the accumulation of cytokines derived from 
WBCs [9,24]. In human hospitals, TA-GvHD prevention 
involves the irradiation (IR) of blood to inactivate lymphocytes. 
The number and viability of lymphocytes that are incompletely 
eliminated through filters are related to the risk of disease 
occurrence. However, there is limited information about the IR 
of blood in veterinary medicine.

The presence of residual WBCs in stored blood and the 
storage period have potentially deleterious effects on blood 
products. Therefore, the objective of this study was to measure 
cytokine/chemokine concentrations in canine whole blood 
during various storage periods following IR and/or LR 
treatments. The levels of various RBC storage lesions resulting 
from the IR and LR treatments were compared. The hypothesis 
was that the reduction of cytokines and chemokines from 
nucleated cells in irradiated blood was similar to that in 
leukoreduced blood and that IR of canine whole blood is 
suitable as a pre-storage treatment.

Materials and Methods

Dogs
Blood samples used in the study were obtained from 10 

healthy female Beagle dogs ranging in age from 1 to 3 years and 
in weight from 11 to 15 kg. The dogs were healthy, based on 
clinical examinations performed by veterinarians and the 
results of complete blood cell counts. Food and water were 
provided ad libitum. The dogs were fasted for one day before 
blood collection to minimize lipemia-induced hemolysis (in 
vitro). This study was approved by Chonnam National 
University Animal Care and Use Committee (approval No. 
CNU IACUC-YB-R-2017-06).

Collection of blood
Blood was collected using a standard protocol. Each dog was 

positioned in lateral recumbency for blood collection. The 
jugular venipuncture site was clipped and prepared with an 

aseptic technique to prevent bacterial contamination. Intradermal 
injection of a lidocaine and bicarbonate mixture (10:1) was used 
for local anesthesia. Each dog was sedated with intravenous 
alfaxalone (3 mg/kg). Blood was collected (200 mL) by gravity 
assistance in a citrate-phosphate-dextrose (CPD)-containing 
bag following venipuncture of the jugular vein using a 16G 
needle. As soon as blood collection was complete, each dog was 
intravenously administered lactated Ringer’s solution to replace 
the lost volume and was monitored for complications. The filled 
CPD bags were divided into control group (100 mL) and filtered 
blood (100 mL) groups. Blood was collected by using a closed 
collection system and leukocytes were removed by filtration 
(Blood Bag with RBC Filter and Safety DDA Plus 3 Quadruple 
400 mL; Tae-Chang Industrial, Korea). This blood bag contains 
56 mL of anticoagulant for a 400 mL blood collection, and half 
of the anticoagulant was discarded via a closed system prior to 
collecting 200 mL of whole blood. Three weeks later, the 
procedure was repeated after packed cell volume recovery. The 
two blood bags from each dog were gamma irradiated using a 
25 Gy dose (Gammacell 3000 Elan; Best Theratronics, 
Canada). All blood bags from untreated control and LR-, IR-, 
LR + IR-treated dogs were maintained at 4oC in a refrigerator 
and mixed gently at least once a day.

Sample analysis
Aliquots (10 mL) of blood were aseptically obtained from all 

blood bags on storage days 0, 7, 14, 21, and 28. A portion of the 
aliquot was immediately analyzed using an automatic hematology 
analyzer (Procyte Dx; IDEXX Laboratories, USA) and a blood 
gas analyzer (Nova pHOX Analyzer; Nova Biomedical, USA). 
The WBC count, pH, and potassium level data were collected 
from the analyzer output. Hemolysis was determined by visual 
observation. The remaining aliquot portions were immediately 
centrifuged at 1,850 × g for 15 min at 4oC to harvest plasma, 
which was divided into six microcentrifuge tubes and stored at 
–80oC until cytokine/chemokine analyses.

Cytokine and chemokine assessment
Canine interleukin-6 (IL-6), C-X-C motif chemokine ligand 

8 (CXCL-8), and tumor necrosis factor-alpha (TNF-) were 
measured by using sandwich enzyme-linked immunosorbent 
assay (ELISA) based on commercially available matched 
canine antibody pairs (Duoset ELISA Development Kit; R&D 
Systems, USA). Assays were performed in duplicate according 
to the manufacturer’s instructions. Briefly, wells of a 96-well 
plate were coated overnight with capture antibody (goat 
anti-canine target antibodies). Then, the plate was blocked with 
1% bovine serum albumin in phosphate buffered saline and 
washed with 0.05% Tween 20. After washing, detection antibody 
(biotinylated goat anti-canine target antibody) was added, and 
detection was achieved through the addition of streptavidin- 
horseradish peroxidase and tetramethylbenzidine liquid 
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Fig. 2. Variations in mean C-X-C motif chemokine ligand 8 
(CXCL-8) concentrations (n = 10) during storage. Data are 
presented as mean ± SD. The y-axis of the mean concentration is 
divided into two sections. Note that the minimum scale of the 
y-axis is the detection limit of the assay (15.6 pg/mL). LR, 
leukoreduction; IR, irradiation. *Significant difference between 
control and LR at indicated storage times (p ＜ 0.05); †Significant 
difference between IR and control at each storage time (p ＜ 0.05).

Fig. 1. Variations in mean interleukin-6 (IL-6) concentrations (n 
= 10) during storage. Data are presented as mean ± SD. Note 
that the minimum scale of the y-axis is the detection limit of the
assay (62.5 pg/mL). LR, leukoreduction; IR, irradiation. 
*Significant difference between control and LR + IR at each 
storage time (p ＜ 0.05).

substrate solution. The optical density of each well was 
measured using a microplate reader (Versamax ELISA 
Microplate Reader; Molecular Devices, USA) and analyzing 
software (Softmax Pro; Molecular Devices). Plasma samples 
from all dogs were used as the baseline for the spike and 
recovery experiments. The spiking levels were determined 
from the assay detection limits. Recoveries of 75% to 125% 
were deemed acceptable. The lower limits of detection for IL-6, 
TNF-, and CXCL-8 were 62.5 pg/mL, 15.6 pg/mL, and 15.6 
pg/mL, respectively.

Statistical analyses
Statistical analyses were performed using the IBM SPSS for 

Windows (ver. 23; IBM, USA). All results were explored and 
tested for data normality by the Shapiro-Wilk test. Cytokine/ 
chemokine concentrations, potassium level, and pH were 
compared by two-way repeated ANOVA with evaluations for 
group and storage time effects. For post hoc analysis, a Tukey 
test was used. The significance level for all statistical tests was 
predetermined at p ＜ 0.05.

Results

Cytokine and chemokine changes
IL-6 concentrations did not change with time in all groups. 

However, the IL-6 concentration of the control group was 
greater than that of the other groups at each storage time. IL-6 
concentrations were significantly different between the control 
and LR + IR groups (p ＜ 0.05). The results indicated that the 
IL-6 concentrations of LR-, IR-, and LR + IR-treated groups 
tended to be lower than that of the control group (Fig. 1). The 

CXCL-8 concentration of the control group increased after 21 
days of storage. CXCL-8 concentrations in the LR group were 
less than the detectable limit at all storage times. However, the 
CXCL-8 concentration of the IR group was markedly increased 
over that of the other groups after 7 days of storage.

With increasing storage time, the CXCL-8 concentrations of 
the LR + IR group increased, but the levels were consistently 
lower than that of the control group (Fig. 2). TNF- concentrations 
were less than the detectable limit in all groups and at all storage 
times (data not shown).

Storage lesion presence
The assessed storage lesion types included presence of 

hemolysis as well as potassium level and pH. Hemolysis was 
not visually evident in any group until storage day 7, but was 
visually observed after 14 days in the IR and LR + IR groups 
(Fig. 3). The mean potassium value of the control group 
increased with storage time, whereas that of the LR group 
displayed temporal stability. The mean potassium values of the 
IR and LR + IR groups sharply increased within the initial 7 
days following IR, and the IR group displayed a marked 
increase compared to the other groups (Fig. 4).

The pH of all groups decreased in a time-dependent manner. 
The LR group displayed a relatively stable rate of change 
compared to those in the other groups. After 7 days of storage, 
the pH in the IR group had markedly decreased to ＜ 6.5, and the 
pH of the IR group was less than the detectable limit (pH 6.5) 
after 7 days. The pH of the control and LR + IR groups was less 
than the detectable limit (pH 6.5) after 21 days of storage (Fig. 5).
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Fig. 3. Visual observation of hemolysis during storage. The 
samples bounded by the blue, green, yellow, and purple border
are the control samples, leukoreduced (LR) samples, irradiated 
(IR) samples, and leukoreduced and irradiated (LR + IR) samples,
respectively. The numbers represent the days of storage.

Fig. 4. Variations in mean potassium values (n = 10) during 
storage. Data are presented as mean ± SD. LR, leukoreduction; IR, 
irradiation. *LR group was significantly different from the other 
groups (p ＜ 0.05); †IR group was significantly different from the 
other groups (p ＜ 0.05). 

Fig. 5. Variations in mean pH (n = 10) during storage. Data are 
presented as mean ± SD. The pH of the IR group was less than 
the detectable limit (pH 6.5) after 7 days. The pH values of the 
control and LR + IR groups were less than the detectable limit 
(pH 6.5) after 21 days. LR, leukoreduction; IR, irradiation. *LR 
group was significantly different from the other groups (p ＜
0.05); †IR group was significantly different from the other groups
(p ＜ 0.05).

Discussion

Cytokines have a key role in the development of the 
inflammatory response. IL-6, CXCL-8, and TNF- contribute 
to the inflammatory response [9,36] and are significant 
mediators of the proinflammatory phase, leading to an elevation 
of body temperature. In addition, these cytokines can stimulate 
other inflammatory cascades. In the present study, these three 

indicator cytokines were analyzed in vitro to emulate the 
inflammatory reactions in vivo and the blood transfusion 
reactions. The concentrations of IL-6, TNF-, and CXCL-8 
were analyzed in four groups (control, LR, IR, and LR + IR) for 
a variety of storage times. The IL-6 concentration in the control 
group was significantly higher than that in the other groups at all 
storage times. The CXCL-8 concentration in the IR and control 
groups increased with storage time, while TNF- concentrations 
were undetectable in all groups.

Human studies have shown that leukocytes partially generate 
cytokines in the stored blood. IL-1, IL-6, CXCL-8, TNF-, and 
regulated upon activation normal T-cell expressed and secreted 
(RANTES) are significantly increased in stored blood [33]. 
These proinflammatory cytokines have pyrogenic activity and 
are related to FNHTR [14,28,29]. FNHTR is the most common 
complications in human and dogs [3,23]. A human tertiary care 
hospital recently conducted a retrospective analysis comparing 
the rate of FNHTR following LR and non-LR transfusion. The 
incidence of FNHTR displayed an approximately 5-times 
difference between LR and non-LR patients; other studies have 
similarly reported at least a 2- to 20-times difference between 
the incidence rates of FNHTR in LR and non-LR transfusions 
[2,4,22,28]. However, there have been few published descriptions 
of the incidence rate of FNHTR between LR and non-LR 
transfusions in veterinary medicine. In a study of 210 dogs that 
received packed RBCs, nearly half of the blood-transfused dogs 
developed fever [23]. This implies there is a need for the 
application of LR blood to reduce the risk of developing 
FNHTR. In this study, there was no rise in the CXCL-8 level in 
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the LR group, and groups in which leucocytes were not 
removed showed a time-dependent increase in CXCL-8 level. 
This tendency was similar to the results in another study [9]. 
Based on this previous study, CXCL-8 derived from leukocytes 
is believed to be a contributor to FNHTR. The present results 
suggest that CXCL-8 eliminated through LR filtration may be 
related to the low incidence of FNHTR in dogs. This relationship 
is of great benefit to patients with an underlying disease. 
Patients who receive transfused blood may suffer from the most 
critical diseases, and the chance of a poor outcome due to even 
a small side effect is likely [13].

IL-6 is a type of pyrogen that has a role in mediating the acute 
phase response and fever. In this study, the IL-6 concentration in 
the control group was higher than that in the other groups at 
every storage time, but it did not increase in a time-dependent 
manner. In a previous veterinary study, there was a trend toward 
higher concentrations of IL-1 and TNF-, but no time- 
dependent increase was observed [8,24,27]. While the cytokines 
were different, the upward trend was similarly observed in the 
control group.

The LR filters used in the experiment removed more than 
99.9% of the leukocytes through adsorption. The mechanism of 
LR filtration is charge-based adhesion of negatively-charged 
leukocytes and platelets to the filter material by van der Waals 
and electrostatic forces [6,10]. Considering the results of the 
experiments and those in a series of other studies, it is 
reasonable to suggest that cytokines can be partially absorbed 
by a filter. As a result, the reduction in cytokine levels will have 
a positive effect on reducing transfusion reactions. Further 
research needs to be done to devise filters that can reduce the 
concentration of some cytokines in veterinary medicine.

Approximately ten years ago, LR blood began to be widely 
used in human hospitals. However, it has not been widely used 
in veterinary medicine. According to a recent study, only two of 
53 private referral hospitals and veterinary teaching hospitals 
use LR blood [16,18,21]. The reason is that the additional 
expense of the LR filter does not outweigh the benefits. 
However, in one study, transfusions were performed in 210 
cases and 84 transfusion-related complications followed [23]. 
There are also studies documenting that longer storage blood 
transfusion times may negatively affect the outcome in dogs 
[13]. As a solution, many studies have suggested that the use of 
LR can prevent the storage lesion occurrence [9,11,15,24]. In 
this study, the cytokine concentration following LR was not 
increased, and hemolysis and pH change remained relatively 
stable throughout the storage period. Despite these LR-related 
benefits, most veterinary hospitals still practice a ‘first-in, 
first-out’ blood storage strategy that has an economic advantage 
[18]. It is suggested that LR can be a solution to the conflict 
between economic benefits and transfusion reactions.

TA-GvHD is a fatal complication that occurs mostly in 
immunosuppressed patients who are transfused with lymphocyte- 

containing blood components. The transplanted lymphocytes 
can spread to skin, gut, and liver and can cause various 
problems; symptoms of this disease include fever, skin rash, 
diarrhea, hepatitis, and pancytopenia caused by bone marrow 
hypoplasia, and TA-GvHD mortality can exceed 90%. Currently, 
the best way to prevent TA-GvHD is IR of blood to inactivate 
the remaining lymphocytes [1,31,35]. TA-GvHD has only been 
reported as an experimental model in dogs. To the author’s best 
knowledge, this study is the first to report the cytokine/chemokine 
concentrations, potassium concentrations, and pH levels in 
canine irradiated blood. Our hypothesis is that irradiated blood 
has the same effect as leukoreduced blood in terms of reducing 
cytokine/chemokine concentrations in nucleated cells. This is 
because gamma rays blunt the activation of the nucleated cell. 
Regardless, research on irradiated blood is required in 
veterinary medicine. In particular, research on TA-GvHD in 
dogs that are treated with immunosuppression therapy (e.g., 
purine analogs) is anticipated.

In the present study, the CXCL-8 concentration increased 
sharply in the irradiated blood group. In addition, rapid changes 
in potassium and pH were observed after gamma IR. Furthermore, 
the hemolysis level increased after 14 storage days in the IR 
group. Human studies have shown that gamma IR of RBCs 
intensifies the leakage of potassium and increases the level of 
extracellular potassium [19,34]. Furthermore, a low pH 
accelerates hyperkalemia because of the shift of potassium 
from the intracellular to the extracellular compartments. 
Potassium levels are clinically important in massive transfusions. 
Another study retrospectively investigated the association of 
transfusion with hyperkalemia in humans and observed that the 
hyperkalemia could induce cardiac arrest [30]. The increase in 
free hemoglobin resulting from hemolysis decreases the ability 
of oxygen delivery during transfusion. This type of storage 
lesion occurs in older blood. The increase in free hemoglobin 
stimulates endothelium function, consumes platelets, and 
promotes clotting factors that cause thromboembolic disease 
and coagulation failure [12]. Human-based research has 
suggested that the irradiated blood should be used within 14 
days [31]. IR is unsuitable for reducing storage lesion occurrence, 
as shown by the results in this study. However, IR of leukoreduced 
blood produced a rather mild level of storage lesions compared 
to irradiated-only blood. In humans, IR of blood is indicated, 
while, in dogs, IR of leukoreduced blood immediately preceding 
a transfusion should be considered.

There are several potential limitations in this study. One is 
that the blood samples were not analyzed for free hemoglobin. 
Although hemolysis was confirmed visually, there were no 
quantitative comparisons via the examination of free hemoglobin. 
Additionally, it is difficult to distinguish whether potassium had 
leaked or not leaked in the irradiated plasma. A second 
limitation is that the data were solely from experiments done in 
vitro. Even though cytokine/chemokine increases can mediate 



Irradiation and leukoreduction and canine blood storage lesion    77

www.vetsci.org

inflammation in vitro, the relationship between the quantities of 
cytokine/chemokine in transfusion and inflammation in vivo is 
unclear. Therefore, additional research in vivo is needed based 
on the obtained in vitro data. Another limitation is that the 
appropriate gamma IR dose is unknown for dogs. However, the 
American Association of Blood Banks and the Japanese 
Society of Blood Transfusions guidelines recommend a dose of 
25 Gy to the central area of the blood component. A minimum 
dose of 25 Gy, but not to exceed 50 Gy, was recommended by 
the British Committee for Standards in Haematology 
Transfusion Task Force [31]. Functional evaluation of 
lymphocytes after IR should be undertaken in further canine 
studies.
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