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Abstract: Fucoidan is a sulfated polysaccharide which can be found among a number of macroal-
gea species. It has a broad spectrum of biological activities including anti-oxidant, anti-tumor,
immunoregulation, anti-viral and anti-coagulant. The current study was performed to investigate
possible protective effects of fucoidan for sulfoxaflor-induced hematological/biochemical alterations
and oxidative stress in the blood of male Swiss albino mice. For this purpose, sulfoxaflor was ad-
ministered at a dose of 15 mg/kg/day (1/50 oral LD50), and fucoidan was administered at a dose
of 50 mg/kg/day by oral gavage alone and combined for 24 h and 7 days. Hematological param-
eters (RBC, HGB, HCT, MCV, MCH, MCHC, Plt, WBC, Neu, Lym and Mon), serum biochemical
parameters (AST, ALT, GGT, LDH, BUN, Cre and TBil), and serum oxidative stress/antioxidant
markers (8-OHdG, MDA, POC and GSH) were analyzed. The results indicated that sulfoxaflor
altered hematological and biochemical parameters and caused oxidative stress in mice; fucoidan
ameliorated some hematological and biochemical parameters and exhibited a protective role as an
antioxidant against sulfoxaflor-induced oxidative stress.

Keywords: fucoidan; sulfoxaflor toxicity; hematological parameter; biochemical parameters;
oxidative stress; mice

1. Introduction

In recent years, attention has been focused on whether naturally occurring compounds
can modulate the effects of various toxic xenobiotics. These studies reported that antioxi-
dant compounds obtained from natural sources prevented various tissues from toxic effects
of xenobiotics [1]. One of these natural compounds is sulfated polysaccharide fucoidan
isolated from brown macroalgae species such as Macrocystis pyrifera, Fucus vesiculosus,
Laminaria japonica. Sulfated L-fucose is the main moiety of fucoidan with small proportions
of glucose, galactose, xylose, mannose and uronic acids [2]. Fucoidan has several biologi-
cal activities including antioxidant, antiproliferative, anti-inflammatory, antiangiogenic,
antiviral, anticoagulant, antilipidemic, and immunomodulatory [3–5]. Thus, fucoidan has
been the interest of many studies in pharmaceutical industries [6,7]. Fucoidan possesses
strong in vitro and in vivo antioxidant activities [8,9]. Several studies have reported that
fucoidan has a protective role against the toxicity of numerous xenobiotics including alco-
hol [10], acetaminophen [11], carbon tetrachloride [12], insecticide diazinon [13], fungicide
cholorothalonil [14] due to its antioxidant, anti-inflammatory and anti-apoptotic properties.

Reactive oxygen species (ROS) that can damage cell function and structures via oxida-
tion of DNA, lipids and proteins are formed during the biotransformation of xenobiotics.
The cells have an antioxidant system for protection from ROS including catalase (CAT) and
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glutathione peroxidase (GPx), superoxide dismutase (SOD) and glutathione (GSH) [15].
Glutathione (GSH) as a low-molecular-mass thiol is the most important antioxidant which
protects cells from the toxicity of xenobiotic electrophiles and oxidative damage. In addition,
it maintains redox homeostasis in organisms via enzymatic or non-enzymatic reactions [16].
It was demonstrated that neonicotinoids may cause perturbation of the antioxidant sys-
tem and they can induce oxidation of DNA, protein and lipids. The oxidation of these
biomolecules by neonicotinoid-induced ROS can increase the levels of oxidative stress
markers including 8-hydroxy-2′-deoxyguanosine (8-OHdG), malondialdehide (MDA) and
protein carbonyl (POC) in cells [17]. Furthermore, numerous studies reported that neoni-
cotinoids can affect hematological and biochemical parameters in mammals [18,19].

Neonicotinoid insecticides are currently sharing over 30% of the global market and
are used abundantly worldwide as a veterinary medicine and for crop [20]. Several
in vitro and in vivo studies indicated that neonicotinoids can have adverse effects on
mammals [21]. Despite the well-defined mammalian toxicity of some neonicotinoids
such as imidacloprid [22,23] and thiamethoxam [24,25] the toxic effects of the fourth gen-
eration of neonicotinoid–sulfoximine insecticides including sulfoxaflor have not been
thoroughly investigated.

Sulfoxaflor (methyl(oxo){1-[6-(trifluoromethyl)-3-pyridyl]ethyl}-λ6-sulfanylidene]cyanamide)
is a member of a newly developed neonicotinoid group of insecticides consisting of sulfox-
imine derivatives, and is mostly used to control a wide variety of insect species. Sulfoxaflor
acts as a selective agonist for the nicotinic acetylcholine receptors (nAChRs) subtypes in
insects and it exhibits different structure–activity relationships than neonicotinoids [26].
There are limited studies related to the acute and chronic toxic effects of sulfoxaflor on mam-
malian species. These studies reported that sulfoxaflor may also have carcinogenic [27,28]
and teratogenic effects in mammals [29].

Previously, we demonstrated that sulfoxaflor led to oxidative stress and activation of
GSH related antioxidants in the gill of zebrafish (Danio rerio) [30]. A mice study showed that
fucoidan might play a modulatory role in oxidative stress and caspase-3 mRNA expression
as an antioxidant in the brain of sulfoxaflor treated-mice [31]. As a continuation of our
previous studies, the present study was aimed to investigate the possible protective effect of
fucoidan against sulfoxaflor-induced hematological/biochemical alterations and oxidative
stress in the blood of male Swiss albino mice.

2. Results
2.1. Changes in Hematological Parameters

The parameters were analyzed for determination of the effects of sulfoxaflor and
fucoidan on hematological parameters in male mice including red blood cell (RBC) count,
hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), platelets (Plt),
white blood cell count (WBC), neutrophil (Neu %), lymphocyte (Lym %), monocyte (Mon %),
eosinophil (Eos %).

The effects of sulfoxaflor and fucoidan on hematological parameters are presented
in Tables 1 and 2. Sulfoxaflor and fucoidan showed no significant effect on RBC count,
HGB level, HCT, MCV, MCH, Neu count, Lym count, Mon count and Plt count after 24-h
treatment, and on RBC, MCV, MCH, Neu, Lym, and Plt after 7-d treatment when compared
with the control.

Sulfoxaflor treatment significantly decreased MCHC value and WBC count when com-
pared with the control after 24-h and 7-d treatment periods (p < 0.05; Tables 1 and 2). Fur-
thermore, significant elevations in HGB were recorded for sulfoxaflor after the 7-d treatment
period (p < 0.05; Table 2). On the other hand, fucoidan treatment normalized the WBC count
in sulfoxaflor-treated mice after 24-h and 7-d treatment periods (Tables 1 and 2). Significant
elevations in HGB levels and HCT values were determined in sulfoxaflor + fucoidan-treated
mice in the 7-d treatment period when compared with the control group (p < 0.05; Table 2).
MCHC was significantly decreased in the sulfoxaflor + fucoidan-treated group when com-
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pared with the control in the 7-d treatment period (p < 0.05; Table 2). The Mon count (%)
was decreased by sulfoxaflor + fucoidan treatment when compared with the control in the
7-d treatment period (p < 0.05; Table 2).

Table 1. Effects of sulfoxaflor and fucoidan on hematological parameters at 24-h treatment period
in mice.

24-h Control Fucoidan
(50 mg/kg/day)

Sulfoxaflor
(15 mg/kg/day)

Sulfoxaflor (15 mg/kg/day)
+ Fucoidan (50 mg/kg/day)

RBC (1012/L) 7.01 ± 1.01 a 6.69 ± 0.49 a 7.43 ± 0.73 a 7.31 ± 0.81 a

HGB (g/dL) 10.56 ± 1.49 ab 10.51 ± 0.27 b 11.32 ± 0.81 a 10.98 ± 0.06 a

HCT 0.35 ± 0.05 a 0.34 ± 0.02 a 0.38 ± 0.03 a 0.36 ± 0.04 a

MCV (fL) 49.98 ± 2.16 a 50.31 ± 3.25 a 52.15 ± 4.6 a 50.56 ± 2.17 a

MCH (pg) 15.06 ± 0.74 a 15.11 ± 0.8 a 15.28 ± 1.16 a 15.05 ± 0.77 a

MCHC (g/dL) 30.17 ± 0.7 a 30.09 ± 0.74 a 29 ± 0.09 b 29.73 ± 0.69 ab

Plt (109/L) 633.62 ± 142.71 ab 473.93 ± 204.97 b 677.31 ± 197.2 a 675.93 ± 140.58 a

WBC (109/L) 6.49 ± 0.26 a 6.07 ± 0.33 ab 5.41 ± 1.11 b 6.46 ± 0.65 a

Neu (%) 0.393. ± 0.10 a 0.427 ± 0.16 a 0.306 ± 0.08 a 0.364 ± 0.11 a

Lym (%) 0.538 ± 0.12 a 0.499 ± 0.18 a 0.618 ± 0.11 a 0.891 ± 0.08 a

Mon (%) 0.048 ± 0.016 a 0.037 ± 0.15 a 0.052 ± 0.035 a 0.034 ± 0.02 a

Eos (%) 0.0187 ± 0.012 a 0.0194 ± 0.039 a 0.0215 ± 0.011 b 0.0277 ± 0.008 b

RBC: red blood cell count, HGB: hemoglobin, HCT: hematocrit, MCV: mean corpuscular volume, MCH: mean
corpuscular hemoglobin, MCHC: mean corpuscular hemoglobin concentration, Plt: platelets, WBC: white blood
cell count, Neu %: neutrophil, Lym %: lymphocyte, Mon %: monocyte, Eos %: eosinophil. Values are expressed as
mean ± standard error. Letters a and b show the differences between treatment groups at the same treatment
period. Data shown in different letters are significantly different at p < 0.05 level (n = 8). Duncan multiple
comparison tests were used.

Table 2. Effects of sulfoxaflor and fucoidan on hematological parameters at 7-d treatment period
in mice.

7-d Control Fucoidan
(50 mg/kg/day)

Sulfoxaflor
(15 mg/kg/day)

Sulfoxaflor (15 mg/kg/day)
+ Fucoidan (50 mg/kg/day)

RBC (1012/L) 7.41 ± 0.048 a 7.31 ± 0.32 a 7.65 ± 0.29 a 9.14 ± 0.02 a

HGB (g/dL) 11.68 ± 0.7 c 11.0 ± 0.38 ab 12.12 ± 0.5 b 14.68 ± 1.35 a

HCT 0.38 ± 0.02 b 0.37 ± 0.03 ab 0.41 ± 0.02 b 0.50 ± 0.04 a

MCV (fL) 51.91 ± 0.64 ab 46.92 ± 4.64 a 51.21 ± 0.68 b 54.77 ± 2.01 a

MCH (pg) 15.68 ± 0.24 a 16.95 ± 1.18 a 15.83 ± 0.28 a 15.93 ± 0.52 a

MCHC (g/dL) 30.25 ± 0.38 a 30.23 ± 0.23 a 29.22 ± 0.21 b 29.15 ± 0.15 b

Plt (109/L) 583.93 ± 200.97 a 522.31 ± 136.94 a 626.62 ± 142.67 a 628.25 ± 146.06 a

WBC (109/L) 6.50 ± 0.3 a 6.37 ± 0.3 a 4.38 ± 0.26 b 5.88 ± 0.35 a

Neu (%) 0.438 ± 0.115 a 0.389 ± 0.141 a 0.303 ± 0.132 a 0.411 ± 0.134 a

Lym (%) 0.489 ± 0.135 a 0.550 ± 0.165 a 0.605 ± 0.128 a 0.467 ± 0.124 a

Mon (%) 0.053 ± 0.031 b 0.044 ± 0.023 b 0.076 ± 0.047 ab 0.105 ± 0.063 a

Eos (%) 0.0183 ± 0.005 ab 0.0176 ± 0.005 ab 0.0131 ± 0.006 b 0.0242 ± 0.012 a

RBC: red blood cell count, HGB: hemoglobin, HCT: hematocrit, MCV: mean corpuscular volume, MCH: mean
corpuscular hemoglobin, MCHC: mean corpuscular hemoglobin concentration, Plt: platelets, WBC: white blood
cell count, Neu %: neutrophil, Lym %: lymphocyte, Mon %: monocyte, Eos %: eosinophil. Values are expressed as
mean ± standard error. Letters a, b and c show the differences between treatment groups at the same treatment
period. Data shown in different letters are significantly different at p < 0.05 level (n = 8). Duncan multiple
comparison tests were used.

2.2. Changes in Serum Biochemical Markers of Liver and Kidney Functions

The following parameters were analyzed; serum aspartate aminotransferase (AST) ac-
tivity, alanine aminotransferase (ALT) activity, γ-glutamyltransferase (GGT) activity, lactate
dehydrogenase (LDH) activity, blood urea nitrogen (BUN) concentration, creatinine (Cre)
concentration and total bilirubin (TBil) concentration for determination of the effects of
sulfoxaflor and fucoidan on biochemical parameters. The effects of sulfoxaflor and fucoidan
on biochemical parameters associated with liver and kidney function are demonstrated in
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Table 3. Sulfoxaflor had no significant effect on ALT and GGT activity after 24-h and 7-d
treatment periods, but AST activity was significantly increased after the 24-h treatment
period (p < 0.05; Table 3) when compared with the control. Similar to the observed changes
in AST activity, sulfoxaflor caused significant elevations in LDH activity when compared
with the control after the 24-h treatment period (p < 0.05; Table 3). Sulfoxaflor had no signif-
icant effect on Cre, BUN or TBil levels after 24-h or 7-d treatments. Fucoidan significantly
decreased serum AST and LDH activities and BUN levels when compared with the control
after the 7-d treatment period in the current study (p < 0.05; Table 3). Fucoidan treatment
normalized sulfoxaflor-induced serum AST and LDH activities at the 24-h treatment period
(p < 0.05; Table 3). Sulfoxaflor + fucoidan treatment also significantly decreased TBil levels
when compared with the control during the 7-d treatment period (p < 0.05; Table 3).

Table 3. Effects of sulfoxaflor and fucoidan on biochemical parameters in serum of mice at 24-h and
7-d treatment periods.

24-h Control Fucoidan
(50 mg/kg/day)

Sulfoxaflor
(15 mg/kg/day)

Sulfoxaflor (15 mg/kg/day)
+ Fucoidan (50 mg/kg/day)

AST (U/L) 50.25 ± 6.71 b 53 ± 5.12 b 66.25 ± 8.03 a 55.75 ± 6.36 b

ALT) (U/L) 69 ± 11.1 a 68.75 ± 6.18 a 74.87 ± 12.59 a 68.25 ± 9.03 a

GGT (U/L) 13.06 ± 0.80 a 13.68 ± 0.54 a 14.87 ± 12.59 a 13.55 ± 9.03 a

LDH (U/L) 516.12 ± 115.83 b 532.25 ± 142.59 b 1171.12 ± 361.65 a 439.87 ± 149.82 b

Cre (mg/dL) 0.49 ± 0.047 a 0.51 ± 0.09 a 0.53 ± 0.063 a 0.50 ± 0.03 a

BUN (mg/dL) 57.5 ± 7.75 a 56.25 ± 5.99 a 57.12 ± 12.4 a 53.12 ± 3.97 a

TBil (mg/dL) 0.78 ± 0.31 a 0.94 ± 0.72 a 0.71 ± 0.15 a 0.71 ± 0.62 a

7-d

AST (U/L) 53.25 ± 8.13 a 37.87 ± 4.51 b 40.01 ± 4.79 ab 48.5 ± 7.38 a

ALT (U/L) 73.5 ± 12.31 a 62.25 ± 4.46 a 68.25 ± 23.33 a 76.5 ± 11.45 a

GGT (U/L) 15 ± 2.65 a 14.75 ± 2.19 a 14.92 ± 2.29 a 15.03 ± 1.77 a

LDH (U/L) 442.5 ± 162.43 a 204.75 ± 38.27 b 322.12 ± 234.38 ab 492 ± 276.16 a

Cre (mg/dL) 0.49 ± 0.05 a 0.47 ± 0.04 a 0.50 ± 0.04 a 0.49 ± 0.03 a

BUN (mg/dL) 60.08 ± 5.59 a 51 ± 1.51 b 57.2 ± 11.04 ab 55.6 ± 6.06 ab

TBil (mg/dL) 0.9 ± 0.27 a 0.67 ± 0.12 b 0.77 ± 0.19 ab 0.66 ± 0.11 b

AST: aspartate aminotransferase activity, ALT: alanine aminotransferase activity, GGT: γ-glutamyltransferase
activity, LDH: lactate dehydrogenase activity, BUN: blood urea nitrogen concentration, Cre: creatinine concen-
tration, TBil: total bilirubin concentration. Values are expressed as mean ± standard error. Letters a and b show
the differences between treatment groups at the same treatment period. Data shown in different letters are
significantly different at p < 0.05 level (n = 8). Duncan multiple comparison tests were used.

2.3. Changes in Serum Oxidative Stress and Antioxidant Markers

The results obtained from serum oxidative and antioxidant parameters are presented
in Figures 1–8. Sulfoxaflor treatments led to significantly increased serum 8-OHdG
levels when compared with the control after 24-h and 7-d treatment periods (p < 0.05;
Figures 1 and 2). Sulfoxaflor also significantly increased serum MDA levels when com-
pared with the control at the 7-d treatment period (p < 0.05; Figure 4). Serum POC levels
were significantly increased by sulfoxaflor when compared with the control after 24-h and
7-d treatments (p < 0.05; Figures 5 and 6). Sulfoxaflor significantly increased serum GSH
levels when compared with the control at 24-h and 7-d treatment periods (Figures 7 and 8,
p < 0.05). Fucoidan treatment significantly decreased serum 8-OHdG and POC levels when
compared with the control after the 7-d treatment period (p < 0.05; Figures 2–6). The
MDA levels in serum were also decreased by fucoidan when compared with the control
at 24-h (p < 0.05; Figure 3). Serum GSH levels were significantly increased by fucoidan
after the 7-d treatment period when compared with the control (p < 0.05; Figure 8). Sul-
foxaflor + fucoidan treatments significantly decreased serum 8-OHdG and MDA levels
when compared with the sulfoxaflor treatment after 7-d (p < 0.05; Figures 2–4). Similarly,
sulfoxaflor + fucoidan treatments significantly decreased POC levels when compared with
the sulfoxaflor treatment after the 24-h and 7-d treatment period (p < 0.05; Figures 5 and 6).
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Sulfoxaflor + fucoidan also caused significant increases in GSH levels; however, the increase
in GSH levels in the sulfoxaflor group was significantly higher than that in the sulfoxaflor +
fucoidan treatment group (p < 0.05; Figures 7 and 8).
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deoxyguanosine. Letters a, b and c show the differences between treatment groups and control.
Data shown in different letters are significantly different at p < 0.05 level (n = 8). Duncan multiple
comparison tests were used.
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3. Discussion

The results of this study revealed that sulfoxaflor altered hematological and biochemi-
cal parameters and caused oxidative stress in mice. Fucoidan had an ameliorative effect
on some hematological and biochemical parameters and exhibited a protective role as an
antioxidant against sulfoxaflor-induced oxidative stress.

The hematological parameters demonstrated that sulfoxaflor may cause toxic effects
by inducing alterations in the MCHC, HGB and WBC in the mice. Similar to these findings,
orally administered neonicotinoid insecticide imidacloprid caused significant elevations
in the leukocyte count (WBC) and decreases in the erythrocyte count (RBC), HGB level,
and erythrocyte sedimentation rate (ESR) in mice [32] whereas acetamiprid decreased
total leukocyte count (TLC), HGB concentration, HCT value and total erythrocyte count
(TEC), as well as caused variations in MCV, MCHC and MCH in mice [18]. Studies have
reported that fucoidan is a very safe molecule that does not cause toxic effects in mammals
at high doses [33–35]. Furthermore, fucoidan does not have toxic effects on hematological
parameters at low doses in rats (50–150 mg/kg) [36]. Similar to this finding, fucoidan had
no significant effect on hematological parameters at the dose of 50 mg/kg/day in male
mice. In addition, fucoidan may provide moderate ameliorative effects on hematological
parameters by increasing the WBC count and MCHC value. However, it did not have
significant ameliorative effects on the HCT value, HGB level, Mon count (%), or Eos count
(%) in sulfoxaflor-treated mice.

Serum ALT, AST and ALP activities and TBil levels have previously been reported to
be increased in sulfoxaflor-treated mice; furthermore, treatment-related increases in the
mean liver weights, hepatocellular hypertrophy in both sexes, and necrosis in male mice
after 28 and 90 days of treatment have already been demonstrated [37,38]. Similar to these
findings, sulfoxalor significantly increased serum AST activity at the 24-h treatment period
in the present study. Bhardwaj et al. [39] and Zhang et al. [40] reported increases in AST
activity in rats following the administration of imidacloprid and in mice following the
administration of acetamiprid, respectively. Our results indicated that sulfoxaflor caused
significant elevations in LDH activity similar to the observed changes in AST activity.
Neonicotinoids have been shown to cause alterations in LDH activity in the tissues of
the treated mammals and to induce hepatocellular damage [24,40]. Alterations in the
biochemical markers analyzed in the current study emphasized that sulfoxaflor weakly
affected biochemical markers associated with liver function in mice. Sulfoxaflor showed no
significant effect on Cre, BUN or TBil levels. In contrast to these findings, some authors
have determined that neonicotinoids cause elevations in BUN or Cre levels in serum or
plasma in mammals [25,36,37]. The results of this study showed that sulfoxaflor did not
have toxic effects on kidney function, as evidenced biochemically. Although fucoidan has
not been reported to affect serum biochemical markers at low doses in mammals [12,41,42],
it significantly decreased the serum AST and LDH activities and BUN levels in the current
study. However, fucoidan treatment normalized sulfoxaflor-elevated serum AST and LDH
activities. This finding indicated that fucoidan may play a protective role against sulfoxaflor-
induced alterations in biochemical markers related to liver function. Rats treated with
fucoidan exhibited significantly lower serum ALT, AST, ALP, and LDH activities than rats
exposed to diazinon alone [13]. Aflatoxin B1 exposure caused dramatic increases in liver
enzymes activities (AST, ALT, ALP and LDH), and fucoidan administration significantly
decreased all the measured biochemical parameters [41].

The results showed that sulfoxaflor might cause ROS-induced oxidative DNA damage
by increasing 8-OHdG levels in mice serum. Similar to these findings, previous studies
have shown that neonicotinoids caused oxidative DNA damage by increasing 8-OHdG
levels in fish and rats [43,44]. Sulfoxaflor also significantly increased serum MDA levels in
the current study. We previously found that sulfoxaflor cause lipid peroxidation in the gills
of zebrafish [30] and in the brain of male mice [31]. Consistent with this report, studies
have demonstrated that neonicotinoids cause lipid peroxidation by increasing MDA or
TBARS levels in different mammalian tissues [17]. In the present study, serum POC was
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also significantly increased by sulfoxaflor treatment. Although the oxidative stress effects
of neonicotinoids have been extensively investigated, limited studies have considered
the relationship between oxidative stress-induced effects of neonicotinoids and protein
oxidation [45]. The results of the present study indicated that sulfoxaflor caused protein
oxidation by increasing POC levels. Sulfoxaflor also significantly increased serum GSH
levels. The increases in serum GSH levels might be related to scavenging of sulfoxaflor-
induced ROS in mice. Thus, GSH-related antioxidants may play protective roles against
the oxidative stress effects of sulfoxaflor.

The current study demonstrated that fucoidan treatment significantly decreased serum
8-OHdG, POC and MDA levels when compared with the control. Additionally, serum
GSH levels were significantly increased by fucoidan when compared with the control.
Alterations in serum oxidative stress and antioxidant markers demonstrated that fucoidan
might play an antioxidant role by inhibiting oxidative stress markers and activating GSH in
normal metabolic processes in male mice. Previous studies have reported that fucoidan sup-
ports the antioxidant system by activating GSH and enzymatic antioxidants such as GPx,
CAT, and SOD in mammalian tissues, and it protects various tissues from oxidative damage
caused by several toxicants in mice and rats [12,13,41,42]. Findings of this research showed
that sulfoxaflor + fucoidan treatments significantly decreased 8-OHdG and MDA levels
when compared with the sulfoxaflor treatment. Similarly, sulfoxaflor + fucoidan treatments
significantly decreased POC levels when compared with the sulfoxaflor treatment. Con-
sistent with the results of previous studies, the present study demonstrated that fucoidan
provided effective protection as an antioxidant against the oxidative stress-producing
effects of sulfoxaflor by supporting the GSH-related antioxidant system.

Significant relationships between structure and bioactivity of fucoidans have been
reported previously [2]. Fucoidans are heterogeneous, and their source, processing tech-
niques, molecular weight, sulphate content are among the factors that affect their structure
and activity [46–48]. Although the molecular weight of fucoidans varies from 43 up to
1600 kDa [49], the bioactivity of the low-molecular-weight fucoidans have been focused in
the most of the studies. The variation among fucoidans is displayed in fucose (25–93%),
sulfate content (9–40%), uronic acid (up to 25%), and neutral sugars [50]. Most fucoidans
isolated from macrolage species exhibit complex chemical compositions. Other monosac-
charides including mannose, galactose, glucose, xylose, and uronic acids, even acetyl
groups and protein could be contained by fucoidans [2]. Fucoidans have been reported to
have excellent antioxidant properties and have a great potential for preventing free radical-
mediated diseases. Studies indicated that molecular weight and sulfate content of fucoidan
were related to its antioxidant activity [51–53]. Fucoidan obtained from F. vesiculosus
was composed of 44.1% fucose, 26.3% sulfate, 31.1% ash and aminoglucose [2]. Miche-
line et al. [54] reported that the formation of hydroxyl radical and superoxide radical was
inhibited by fucoidan obtained from F. vesiculosus. Recent reports showed that fucoidan
isolated from F. vesiculosus had a high molecular weight with an average of 735 kDa [55]
and had a good radical scavenging activity [5]. Consistent with these previous reports, the
findings of the present study suggested that fucoidan isolated from F. vesiculosus may have
a strong antioxidant activity in vivo.

Several studies conducted in mammals revealed that fucoidan had various biological
activities in tissues and organs [4,47,56,57]. A limited number of studies for the phar-
macokinetics and tissue distribution of fucoidan have been reported following an oral
administration in mammals [5]. This report indicated that fucoidan extracted from F. vesicu-
losus accumulated in the kidneys, spleen and liver and showed a relatively long absorption
time and extended circulation in blood after a single-dose oral administration in rats. In
additional, fucoidan uptake and urinary excretion have been demonstrated in humans
after oral administration [58,59]. Mentioned human and rodent studies indicated that
the source of fucoidan and its molecular weight as well as metabolism rate in organisms
may affect pharmacokinetics and tissue distribution of fucoidan. In the current study,
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the protective effects of fucoidan against sulfoxaflor toxicity may support the use of oral
fucoidan in mammals.

4. Materials and Methods
4.1. Animals

Sixty-four healthy male mice (Swiss albino) weighing 26 ± 2 g and 8–10 months of
age were procured from the Faculty of Medicine Experimental Medicine Research and
Application Centre, Cukurova University (Turkey). The animals were acclimatized to
the laboratory conditions for at least one week prior to experiments. The temperature
and relative humidity of the animal room were maintained at 22 ± 2 ◦C and 50% to 60%,
respectively. The photoperiod of light and dark cycle of 12 h each was applied. The control
and test animals were given food in pellet form (TAVAŞ®) and water ad libitum. All
test procedures were reviewed and approved by the Ethics Committee of the Cukurova
University Faculty of Medicine Experimental Medicine Research and Application Centre,
Turkey (approval date: 4 November 2019, approval code: 6).

4.2. Chemicals, Reagents, Kits

Commercial formulation of sulfoxaflor called Transform 500WG (%50 w/w active ingre-
dient), ([methyl (oxo) {1-[6-(trifluoromethyl)-3-pyridyl] ethyl}-λ6-sulfanylidene] cyanamide,
CAS number: 946578-00-3) was obtained from a distributor company in Turkey. Fucoidan
(F. vesiculosus, Sigma F5631, Sigma-Aldrich Co., St. Louis, MO, USA) was purchased.
This commercially available fucoidan consisted of 138.7 mg/g fucose, 341.6 mg/g sulfate,
27.9 mg/g galactose, 18.5 mg/g glucronic acide, 12.8 mg/g xylose, 2.8 mg/g arabinose,
2.5 mg/g glucose, 2 mg/g rhamnose, 0.2 mg/g mannose [60] and, its molecular weight
was between 105–117 kDa [61].

Hematology reagents were purchased from Mindray Bio-Medical Electronics Co., Ltd.
(Shenzhen, China). Slides used for determination of biochemical parameters in serum were
obtained from Fujifilm Holding Corp (Tokyo, Japan). Kits used for analyzing oxidative
stress markers in serum were supplied from Elabscience, Inc. (Wuhan, Hubei, China).
All other chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA), and
Merck&Co.Inc (Merck, Darmstadt, Germany).

4.3. Experimental Design

Acute oral toxicity tests (24-h, 7-d) were conducted according to the OECD proto-
cols [62]. Sixty-four mice were randomly divided into eight experimental groups (n = 8).
Experimental Groups included: (1) Control Group: Physiological saline (24-h), (2) Fucoidan
Group: 50 mg/kg/day (24-h), (3) Sulfoxaflor Group: 15 mg/kg/day (24-h), (4) Sulfoxaflor
+ fucoidan Group: 15 mg/kg/day + 50 mg/kg/day (24-h), (5) Control Group: Physio-
logical saline (7-d), (6) Fucoidan Group: 50 mg/kg/day (7-d), (7) Sulfoxaflor Group: 15
mg/kg/day (7-d), (8) Sulfoxaflor + fucoidan Group: 15 mg/kg/day + 50 mg/kg/day
(7-d). Sulfoxaflor and fucoidan were dissolved in physiological saline. Sulfoxaflor was
administered to mice at a dose of 15 mg/kg/day (1/50 oral LD50) by oral gavage [63].
The dose of sulfoxaflor used in the current toxicity tests was determined by evaluating
the clinical toxicity symptoms of mice during the 7-day treatment period in a preliminary
study [31]. Fucoidan was applied at a dose of 50 mg/kg/day by oral gavage by evaluating
its antioxidant activity based on previous studies conducted with mice [64,65]. Fucoidan
was applied 2 h before sulfoxaflor administration.

Clinical observation of mice after each treatment (survival, body mass, clinical condi-
tions) was recorded periodically (2-h). No deaths and no clinical signs of toxic effects were
observed for the administered dose of the sulfoxafor (15 mg/kg/day). Mice were removed
from cages at the end of each treatment period, anaesthetized with ketamine/xylazine.
Blood samples were collected by cardiac puncture. Blood portion was collected upon
anticoagulant (EDTA) for analyzing the hematological parameters. Serum samples were
obtained by centrifugation of each blood sample at 1500× g for 5 min using a centrifuge
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(Hettich Universal 320R, Hettichlab, Germany). Non-hemolyzed serum was stored at
−80 ◦C until analysis. At the end of each treatment period, the hematological parameters
(RBC, HGB, HCT, MCV, MCH, MCHC, Plt, WBC, Neu, Lym and Mon), serum biochemical
markers (AST, ALT, GGT, LDH, BUN, Cre and TBil) and, serum oxidative stress markers
(8-OHdG, MDA and POC levels) and antioxidant marker (GSH levels) were analyzed.

4.4. Determination of Hematological Parameters

Hematological parameters (RBC, HGB, HCT, MCV, MCH, MCHC, Plt, WBC, Neu, Lym
and Mon) were analyzed using Mindray hematology reagents and the Mindray Vet-5300
Auto Hematology Analyzer according to the providers’ instructions.

4.5. Determination of Biochemical Parameters in Serum

Biochemical parameters (AST, ALT, GGT, LDH, BUN, Cre and TBil) analyzed using
Fujifilm Dri-Chem Slides and the Fuji Dri-Chem 4000i Automated Clinical Chemistry
Analyzer according to the providers’ instructions.

4.6. Determination of Oxidative Stress and Antioxidant Markers

The levels of 8-OHdG in serum samples were determined according to the protocol
specified in the ELISA kit (Elabscience, E-EL-0028) using Microplate Reader (Biotek ELx800,
Biotek Intruments, Inc., Winooski, VT, USA). MDA and GSH levels in serum samples were
analyzed according to the protocol specified in the colorimetric assay kit (Elabscience, E-BC-
K025-M and E-BC-K030-M, respectively) using a Microplate Reader (Biotek ELx800, Biotek
Intruments, Inc., Winooski, VT, USA). The levels of POC in serum samples were measured
according to the protocol specified in the colorimetric assay kit (Elabscience, E-BC-K117-S)
using a UV-Visible spectrophotometer (Shimadzu UV-1700, Shimadzu, Kyoto, Japan).

4.7. Determination of Protein Levels

Total protein levels in serum samples were determined with BCA method using a
colorimetric assay kit (Elabscience, E-BC-K318-M) and Microplate Reader. Total protein
levels were used for calculation of POC levels in serum samples.

4.8. Statistical Analyzes

Data were statistically analyzed with analysis of variance (ANOVA) using SPSS soft-
ware version 22.0 (IBM SPSS Statistics, NY, USA). Duncan multiple comparison tests were
conducted for mean separation of control and treated groups at significance level p< 0.05.
The results were expressed as mean ± standard error (SE).

5. Conclusions

Fucoidans are the sulphated polysaccharides mostly isolated from brown macroalgea
species and possess various therapeutic activities which make them important for biomedi-
cal applications. The results of the current study showed that sulfoxaflor caused alterations
in hematological parameters and biochemical markers of liver function in male mice. Sul-
foxaflor also caused oxidative stress by inducing DNA, protein, and lipid oxidation. In the
light of the aforementioned results, oral fucoidan administration might exhibit a protective
role against the sulfoxaflor-induced hematological/biochemical alterations and oxidative
toxicity of sulfoxaflor.
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