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Abstract

Cadmium (Cd) is a common pollutant in the aquatic environment, which puts the health and safety of aquatic
organisms and humans at risk. In the present study, the freshwater crab Sinopotamon henanense was exposed to
Cd (0, 50, 100, and 500 pg-L'l) for 14 d (0-14th d), followed by 21 d (14-35th d) of depuration. The changes in
Cd bioaccumulation, microstructure, biomacromolecules (polysaccharides, neutral lipids, DNA and total proteins),
and biochemical parameters (SOD, CAT, GR, TrxR, MDA and AChE) in the gills and hepatopancreas were tested.
The injured microstructure, activated antioxidant system, increased MDA, and inhibited AChE of the gills and
hepatopancreas responded with progressive bioaccumulation of Cd. Meanwhile, the polysaccharides and neutral
lipids in the hepatopancreas reduced and DNA synthesis enhanced. During depuration, more than 58.80 + 8.53%
and 13.84 + 12.11% of Cd was excreted from the gills and hepatopancreas, respectively. Recovery of microstructure
and biomacromolecules as well as alleviated oxidative damage and neurotoxicity were also found in these two
organs. Additionally, based on PCA, I;;, GR and MDA were identified as the optimal biomarkers indicating the
health status of crabs. In conclusion, S. henanense could resist Cd stress through antioxidant defence and self-
detoxification.
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Highlights

* Polysaccharides and neutral lipids of hepatocytes were susceptible to Cd

stress.

* S. henanense resisted Cd through the antioxidant system during 21 d of
depuration.

e The gills had a higher EC, better recovery capability than

hepatopancreas.

* I1;is» GR and MDA were suitable biomarkers showing the health status of

S. henanense.
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Introduction

Cadmium (Cd) is a nonessential heavy metal (HM) with no
physiological functions and high toxicity to cells and organs
(Genchi et al. 2020). Cadmium pollution, especially in water,
has become increasingly serious with its release from industry,
agriculture and other human activities (Chiodi Boudet et al.
2015), and this problem has become a major issue to be ad-
dressed in several countries such as Australia (Chubaka et al.
2018), China (Zhao et al. 2018) and Uganda (Kasozi et al.
2019). Cadmium pollution in water does not only affect the
life activities of the aquatic animals, cause structure and scale
fluctuations of their populations, and destroy the balance of
aquatic ecosystems but also damage the organs and systems of
humans through bioaccumulation and biomagnification
throughout trophic webs, leading to diseases and death
(Singh et al. 2011). The sublethal toxicity and basic toxic
mechanisms of Cd in crustaceans have been well investigated
(Cresswell et al. 2017; Cheng et al. 2018; Zhang et al. 2019).
The solubility of Cd in water is low, and it often combines
with CI”, SO,*", and other organic ligands or citrate, oxalate
and other inorganic ligands to form complexes (Kubier et al.
2019). There are two main ways for Cd to invade mammalian
cells: passive diffusion in the form of neutral charge
complexes or through specific cell membrane channels in
the form of Cd** (Thévenod 2010). Cadmium destroys
biomacromolecules, such as carbohydrates, lipids, DNA and
proteins, through oxidative stress. Divalent cadmium can also
replace divalent essential metal ions like Ca** to combine with
active centres of different enzymes and result in conformation-
al changes, which induce activity reduction and even function-
al loss of these enzymes (Cuypers et al. 2010).

In recent years, studies on environmental toxicology have
shown great interest in detoxification mechanisms of HM in
aquatic animals (Aouini et al. 2018; Drag-Kozak et al. 2019;
Duarte et al. 2019). There are three possible detoxification
mechanisms of Cd in crustaceans. Physiologically, organisms
regulate the absorption rate in the short term by reducing the
absorption rate and increasing the excretion rate of Cd by
tissue-specific accumulation and redistribution (Rainbow
2007). Through metal particles and metal binding proteins,
such as metallothionein-like proteins and heat shock proteins,
organisms separate and store Cd in cells and make it unavail-
able for longer periods of time (Chiodi Boudet et al. 2019). In
addition, organisms can prevent the oxidative toxicity of Cd
through antioxidant defence (Zhang et al. 2019).

Biomarkers refer to a series of abnormal indices for differ-
ent levels of biological integration at the molecular, cellular,
physiological, individual, and population levels under stress
(Lee et al. 2015). Biomarkers are used to identify stress
sources and to predict alternations at the tissue and cellular
levels, which is an early warning signal of the biological ef-
fects of environmental pollutants (Viarengo et al. 2000).

Histopathology and histochemistry are cost-effective tools
to evaluate the impact of environmental pollution and toxi-
cants on invertebrates and vertebrates, and have been widely
used as biomarkers for the assessment of natural and aquacul-
tural environments (Nunes et al. 2014). As traditional and
effective research methods, these tools have many advantages.
Compared with biochemical parameters, histological charac-
teristics directly reflect the health status and comprehensive
responses of organisms under specific physiological, nutri-
tional, and environmental conditions (Vogt 1987). Next, as a
result of biochemical mechanics, they integrate the damage of
individuals at the molecular level (Hinton and Lauren 1990).

Accumulation of high Cd** level can induce excessive re-
active oxygen species (ROS), e.g., H,O,, O, and -OH, which
would break the redox balance of organisms and trigger oxi-
dative stress (Bartosz 2009). Aerobic organisms resist oxida-
tive stress mainly by avoiding ROS production, scavenging
oxidation-reduction intermediates, preventing the initiation or
extension of the respiratory chain and damage repair (Cuypers
etal. 2010). The antioxidant defence system is the main mech-
anism to quench the surge of ROS. Superoxide dismutase
(SOD) and catalase (CAT) generally form the first line of
antioxidative defence (Otto and Moon 1996). Glutathione re-
ductase (GR) and thioredoxin reductase (TrxR), as members
of the sulfhydryl-dependent antioxidant system, play an im-
portant role in the phase II metabolism of xenobiotics. They
participate in the oxidation-reduction cycle of glutathione
(GSH) and thioredoxin (Trx), respectively, which act as a
natural buffer and barrier to maintain the redox balance of
the intracellular environment (Ouyang et al. 2018).

Acetylcholinesterase (AChE) terminates the nerve impulse
between nerves and muscles by hydrolysing the neurotrans-
mitter acetylcholine (ACh) (Branca et al. 2018). In addition,
AChE promotes the development, maturation, and regenera-
tion of nerve cells. When AChE level is abnormal, imbalance
of Ach metabolism occurs and directly inhibits behaviour in
crustaceans, such as dysfunction of swimming (Ren et al.
2015) and predation (Harayashiki et al. 2016). Therefore,
AChE is an important neurotoxicity biomarker.
Malondialdehyde (MDA), as a stable and abundant end prod-
uct of lipid peroxidation (LPO) caused by oxidative stress, is a
widely used biomarker of LPO, leading to several diseases
and is valuable in their diagnosis (Niki 2009).

Crabs (Crustacea, Decapoda) are active and omnivorous
with low metabolic rates. They positively connect the material
exchange and energy transfer between aquatic and terrestrial
animals, and are intermediaries between producers and sec-
ondary consumers within the aquatic food web. Crabs are
easily affected by pollutants at multiple levels and have a
certain tolerance to pollutants (Arockia Vasanthi et al.
2014). Meanwhile, they can be easily collected and acclimat-
ed. Hence, crabs are excellent indicators of environmental
health (Negro and Collins 2017). Crabs are generally used in
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monitoring and assessment of aquatic environmental quality
and ecotoxicology research (Wiech et al. 2018; Duarte et al.
2019; Salvat-Leal et al. 2020). However, there are few reports
on the mechanism of Cd elimination in crabs. In view of this,
we used a representative species of crustaceans, the freshwater
crab S. henanense to study histopathological damage, Cd bio-
accumulation, and biochemical biomarkers (SOD, CAT, GR,
TrxR, AChE activities and MDAcontent) of the gills and he-
patopancreas, as well as macromolecular changes of the he-
patopancreas, during Cd exposure and elimination. We sys-
tematically elucidate the detoxification and recovery mecha-
nisms of crustaceans from the perspectives of micromorphol-
ogy, Cd accumulation, oxidative damage, antioxidant de-
fence, and neurotoxicity to lay a foundation for further studies
of the tolerance and regulation mechanisms to HM and to use
crustaceans more effectively in monitoring the quality of
aquatic environments.

Materials and methods
Animal acclimation

Individuals of the freshwater crab S. henanense were obtained
from the Wulongkou Aquatic Product Market in Taiyuan,
Shanxi, China. Crabs were rinsed and kept individually in
compartments for over two weeks under laboratory condi-
tions. According to their living environment, the experimental
condition was set as follows: circulating dechlorinated water
at a temperature of 16.54 + 0.41°C, dissolved oxygen of 8.52
+0.56 mg L, conductivity of 5.27 + 0.57 uS cm™, pH of
7.26 £ 0.22, and ammonia nitrogen< 0.05 mg L', with a 14
h:10 h light-dark cycle. During the maintenance phase, the
water volume of each culture cube was approximate 192
cm3, and crabs were not submerged under water to ensure
breathe smoothly. Crabs were feed with artificial diet (crude
protein: 39.26%, crude lipid: 9.75%, provided by Shanghai
Ocean University) at a ratio of 1% of their weight every two
days from the second week of acclimation. After 3 h of feed-
ing, any food left was removed using a siphon tube.

Exposure and elimination experiment

The overall design and animal treatment of the experiment are
shown in Fig. S1. After acclimation, healthy and similarly
sized (20.02 + 4.15 g wet weight, 3.91 + 0.35 cm carapace
width) carbs were randomly divided into four groups of 20
crabs each, exposed to 0 (control group, CG), 50 (Treament
Group 1, TG1), 100 (TG2) or 500 (TG3) pg: L' CdCl, The
concentrations of Cd were selected on the basis of class IIT of
Environmental Quality Standards for Surface Water of China
(GB3838-2002) (10 times, 20 times, and 100 times 0.005 mg:
L' Cd). The experiment consisted of two stages, including a
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Cd exposure phase lasting 14 d and a Cd elimination period
for 21 d. Each group was individually placed in glass quartz
aquaria (50 cm x 30 cm x 25 cm) with 2 L water. The water
was changed, and feed was supplied every 48 h, when all
parameters were kept the same as in the acclimation period.
Experiments were performed in triplicate. The average mor-
tality rate of each replicate was less than 5%.

The four crabs from each group were sacrificed after an-
aesthesia on ice for 15 min, and the small pieces of the gills
and hepatopancreas (Fig. S2) were dissected rapidly on the
14th, 21st, 28th, and 35th d of the experiment.

The overall body and hepatopancreas weight of each crab
was recorded for the hepatosomatic index (HSI), which is
expressed in grams per 100 g body weight and calculated by
the following formula:

HSI = hepatopancreas weight/body weight x 100.

Histopathological and histochemical techniques

The tissues of the gills and hepatopancreas were carefully
excised, immediately fixed, and embedded in paraffin.
Afterwards, sections of 4 um thickness were cut with a rotary
microtome (Leica RM 2255, Frankfurt, Germany) and stained
with routine Cole’s haematoxylin and eosin (H.E.). Digital
images were made using a light microscope (Olympus
BXS51, Tokyo, Japan) with Image-Pro plus 6.0 software
(Media Cybernetics, Maryland, USA). The images were ex-
amined for semi-quantitative and histopathological diagnosis
as proposed by de Melo et al. (2019) with some modifications.
Blind-coded labels were used to ensure objective and reason-
able operation to statistics. The importance weight (w) and
score (a) (Bernet et al. 1999) of histopathological evaluation
in the gills and hepatopancreas were shown in Table S1. The
histopathological indices (Iy,;s) were calculated by Formula S1.
The methods of histology and histochemistry tests were
shown in Table S2. The histochemical estimation proposed
by Nunes et al. (2014) was used for the analysis of the
Alcian Blue and Periodic Acid Schiff (AB-PAS), Oil Red O
(ORO), Feulgen, and Mercuric Bromophenol Blue (MBB) of
the hepatopancreas.

Determination of Cd concentrations

The specimens were weighed and digested with SmL HNO;
for 2h and transferred to a high-throughput microwave instru-
ment (Master 40, Shanghai, China) for digestion. When acid
was eliminated, the samples were diluted to 10 mL with 1%
HNO;. The five-point sampling method was used to collect
2.5 mL water in the exposure stage (before water changes at
48 h). The processing method of water was as described
above. The concentrations of Cd were measured with an atom-
ic absorption spectrophotometer (Varian AA240, California,
USA) at 228.8 nm according to the method described by the
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Chinese National Standard for determination of Cd in food
(GB 5009.15-2014). The detection limit of standard Cd solu-
tion (national standard sample, GNM-M155040-2013, China)
was 0.005 pg: g”'. Standard Cd solution has been withdrawn
in December 2020. The carrier gas was acetylene. The
bioconcentration factor (BCF) and elimination coefficient
(EC), proposed by Jing et al. (2019), with some modifications,
were calculated by Formulas S1 and S3.

Measurements of biochemical parameters

The gills and hepatopancreas samples were added to a cold
0.85% NaCl solution in two specifications: a ratio of 1:9 (w/v)
for SOD, CAT, AChE, MDA, and a ratio of 1:4 (w/v) for GR
and TrxR. The samples were homogenized by an automatic
homogenizer (JXFSTPRP-11, Shanghai, China) and centri-
fuged at 8000 rpm for 10 min at 4°C. The supernatant was
used to measure biochemical parameters following the manu-
facturer’s protocol described by the kits (Solarbio Science and
Technology Co., Ltd., Beijing, China). All measurements
(triplicate) were performed with a microplate reader (Spectra
max M5, Molecular Devices, California, USA).

SOD activity was measured according to Nishikimi (1975)
and calculated by measuring the rate of absorbance decline at
560 nm. The CAT activity was determined according to the
decreasing rate of absorbance at 240 nm (Johansson and Borg
1988). The GR activity was detected according to the decreas-
ing rate of absorbance at 340 nm (Mannervik 2001). The TrxR
activity was measured based on the increasing rate of absor-
bance at 412 nm (Arnér et al. 1999). The AChE activity was
determined according to the increase in rate of absorbance at
412 nm (Ellman et al. 1961). MDA content was determined by
a method based on reaction with thiobarbituric acid at 532 nm
and 95°C (Ohkawa et al. 1979). Protein content was deter-
mined according to Bradford (1976) using bovine serum al-
bumin as a standard.

Principal component analysis

Principal component analysis (PCA) was employed to sum-
marize the data of each treatment group with different histo-
pathological and biochemical alterations in this work. Our
data were projected onto the first few principal components
(PCs), with eigenvalues> 1.0 (Kaiser's rule), to identify the
pattern and cluster of the specimens depending on their vari-
ance. We retained the factor loading of variables between -1
and 1. Generally, PC1 is defined as a direction that maximizes
the variance of the projected data. The higher accumulation of
explain variable in PC, the greater contribution to the analysis
of original data. The variables far from the origin are fully
explained, and adjacent variables show associations. The con-
fidence intervals represented by ellipses are 95%.

Statistical analysis

The data were calculated and analysed using SPSS Statistics 26.0
software (IBM, New York, USA). Data distribution and the ho-
mogeneity of variance were tested using Shapiro-Wilk test and
Levene's test. Significant intergroup differences were determined
by one-way ANOVA and Tukey’s post hoc test after meeting the
prerequisites. The correlation matrix was calculated to show the
relationships among Cd content, histopathological alternations and
biochemical parameters. The results are presented as mean + S.D.
(n=4) and were obtained using GraphPad Prism 8.0 software
(GraphPad Software, California, USA) and R software version
2.15 (Tsinghua University, Beijing, China).

Results
HSI change records

The changes in HSI of S. henanense were shown in Table 1.
After Cd exposure, the HSI of all treatment groups were sig-
nificantly decreased (p< 0.05). After 7 and 14 d of depuration,
only the HSI of TG3 (500 pg- L™ Cd group) was significantly
lower than CG (control group).

Cd bioaccumulation and elimination

After exposure, the Cd level in the gills and hepatopancreas
showed a significant increase (p< 0.05) in a dose-dependent
manner (Fig. 1 a, b). The maximum Cd content was 14.53 +
1.73 pg- g ww found in the gills of TG3. The Cd content of
crabs returned to baseline at 35" d, except for TG3. The BCF
of the gills of TG1 (50 ug: L™ Cd group) and TG2 (100 pg:
L' Cd group) was significantly higher than that of the hepa-
topancreas (Fig. 1 ¢), and the EC of the gills of TG2 and TG3
was significantly larger (Fig. 1 d). The gills of TG1 had max-
imum BCF (9.51 £ 2.85%) and EC (65.11 £ 9.80%).

Histopathological observations and examinations

Normal and healthy gills of S. henanense were composed of a
central branchial stem with dense and regular lamellae on the
sides (Fig. 2 al). Both the branchial stem and lamellae
consisted of thin cuticle and monolayer epithelial cells that
were closely connected to the cuticle. The branchial stem
contained nephrocytes, also known as podocytes, which were
rich in vacuoles. Pillar cells and a few haemocytes in the
lamellae were characteristic and regularly distributed. The ep-
ithelial cells joined the nucleus to form haemolymph vessels at
certain intervals in the lamellae. The interlamellar spaces were
18.06 + 2.57 um, with a water channel aligned parallel to one
another. The periphery of each lamella expanded to form a
marginal channel.
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Table 1 HSI of the control and
treated S. henanense after 14 d of
exposure and 21 d of depuration

Groups HSIin 14" d HSIin21%d HSI in 28" d HSIin35™d
CcG 376 +0.13 ¢ 394+021° 404+0.15°F 3.70+022°
TG1 3.06 £ 0414 3.68 £0.09 ¢ 3.80+036" 3.60+0.11 %f
TG2 2.75+028%® 3.49 + (.34 cdf 3.55+£0.20 %f 3.55+0.18 ¢f
TG3 234+0.18° 271+022%® 2.90+0.13 ¢ 3.29 +0.27 bede

Significant differences (p< 0.05, Tukey’s post hoc test) were indicated by different letters between groups, n=4.
CG: Control; TG1: 50 ug- L' Cd; TG2: 100 pg- L' Cd; TG3: 500 pug- L' Cd
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Fig. 1 Cd concentrations (a: gills, b: hepatopancreas), bioconcentration
factor (¢) and elimination coefficient (d) of S. henanense after exposure
and depuration. Comparison between the treatment and control groups at
the same time point: “p< 0.05; Comparison of treatment groups before
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and after depuration : “p< 0.05 (TG1), p< 0.05 (TG2), *p< 0.05 (TG3).
There was a significant difference among the groups represented by
different letters (p< 0.05). CG: Control; TG1: 50ug: L' Cd; TG2:
100pg: L' Cd; TG3: 500pg: L' Cd. Mean + SD, n=4
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CG TG1 TG2

CG TGl TG2

Fig. 2 The light micrographs stained with H.E. (al-a7: gills, c¢1-¢7:
hepatopancreas) and Ij;s (b: gills, d: hepatopancreas) of S. henanense.
(al) Control group exhibited normal gills structure: branchial stem (BS)
contained nephrocytes (Ne), lamellae (L) contained pillar cells (PC) and a
few haemocytes (Hc), cuticle (C) with a thin layer of epithelial cells (EC),
sound marginal canal (MC), equal interlamellar spaces (ILS), full
haemolymph vessels (HV) and clean water channels (WC). (a2-a4) The
gills of TG1, TG2 and TG3 showed the lesions of destroyed pillar cells
(DPC), hyperplasia (H), disrupted cuticle (DC), necrosis (N), vacuolation
(V), deposits (D), atrophied lamellae (A) and damaged marginal canal
(DMC). (a5-a7) The TG recovered after 7 d of depuration, and TG2 and
TG3 repaired after 14 d of elimination. Bars = 100 um. (c¢1) The normal
structure of the hepatopancreas: star-like lumen (Lu), tight intertubular
space (IS), intact striated border (SB) and basal lamina (Bl). The

In contrast, after Cd exposure, the number of haemocytes
were slightly increased, and pillar cells were degraded in the
lamellae, which were deformed mildly in TG1 (Fig. 2 a2).
Further injuries were observed in TG2. The arrangement of
lamellae was completely disorganized, and marginal canals
varied in size. Damaged pillar cells, atrophied lamellae,
disrupted cuticles, vacuolation and necrosis in epithelial cells
were observed. The number of haemocytes increased. The
interlamellar spaces were unequal and disordered (Fig. 2 a3).
The injuries in TG3 were the most severe. The lamellae
showed epithelial hyperplasia, wavy bulge and breakage be-
cause of the small number of pillar cells. Haemocytes were
sharply in number and clogged the haemolymph vessels.
Furthermore, in TG3, some nephrocytes disappeared, and de-
posits and vacuoles in epithelial cells were present casually.
The water channels were affected by further damaged margin-
al canals (Fig. 2 a4). An increase in the number of haemocytes

TG3

b Exposure Depuration

L0 -

5 - 161

14 21 28 35
Time (days)

d Exposure Depuration

21 28
Time (days)

Eait] i TSRS A N B

epithelium consists of embryonic cells (E), resorptive cells (R), fibrillar
cells (F) and blister-like cells (B). (¢2-c4) The hepatopancreas of TG,
TG2 and TG3 indicated mild to severe damage, such as hypertrophy (Ht),
disrupted membrane (%), atrophy (A), necrosis (N), disrupted tubules
(DT), vacuolation (V), increased haemocyte (Hc) and epithelial detach-
ment (*). (¢5-¢6) The destroyed structure of the hepatopancreas from
TG1 and TG2 restored at 21% and 28" d, respectively. (¢7) The lesions
exposed to 500 pg: L™ Cd did not disappear completely even at the end of
clearance. Bars = 50 um. Comparison between the treatment and respec-
tive control groups: “p< 0.05; Comparison of treatment groups before and
after depuration : “p< 0.05 (TG1), p< 0.05 (TG2), *p< 0.05 (TG3). CG:
Control; TG1: 50 ug- L' Cd; TG2: 100 pg- L' Cd; TG3: 500 pg- L' Cd.
Mean+S.D.,n=4

was observed in TG1 after 7 d of depuration (Fig. 2 a5). The
numbers of necrotic epithelial cells, destroyed pillar cells and
haemocytes were declined, and atrophy was alleviated in TG2
and TG3 after 14 d of elimination (Fig. 2 a6, a7).
Histopathological data showed that the damage in TG2
and TG3 was significant (p< 0.05) after exposure, and
their Ij;; decreased to the control level after 14 d of
clearance where they were maintained until the end of
the experiment (Fig. 2 b).

As shown in Fig. 2 cl, the hepatopancreas of healthy
S. henanense was composed of several densely packed
branching tubules that were composed of a single layer of high
columnar or conical epithelial cells and basal lamina coated
with epithelium. Each hepatic tubule was differentiated into
three regions: blind distal, medial, and proximal. The blind
distal and medial regions constitute the lumen, which forms
the cortical region of the hepatopancreas while the proximal
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region forms the medullar region. The lumens were star or
cross shaped, with a diameter of 505.46 + 132.71 pm in cross
section. The inclusions of the lumen, the complete striated
border and the microvilli attached to them were clearly
visable. The hepatopancreatic epithelium had four cellular
types: embryonic cells (E-cells), resorptive cells (R-cells), fi-
brillar cells (F-cells) and blister-like cells (B-cells). The F-, R-,
and B-cells were mainly distributed in the proximal and me-
dial parts of the hepatic tubules. Among them, the number of
R-cells was highest. F-cells were commonly located between
R- and B-cells. The E-cells, the least in number, were mainly
distributed in the blind distal region.

After 14 d Cd exposure, atrophy of the epithelium of the
hepatic tubules in TGl was observed, with some epithelial
cells dislodged from the basal lamina. Disrupted membranes,
infiltrated haemocytes and hypertrophied cells were also ob-
served (Fig. 2 ¢2). The hepatic tubules were deformed, and
epithelial cells were fuzzy and oedematous in TG2. The vac-
uolation and necrosis of epithelial cells appeared occasionally
at 14th d (Fig. 2 ¢3). Upon 500 pug-L-1 Cd exposure, the
hepatic tubules became disordered and degenerated, and vac-
uolation and necrosis of epithelial cells boosted. It was diffi-
cult to distinguish the types of epithelial cells. Moreover, in-
creased numbers of F-and B-cells in the hepatopancreas were
observed as well as reduction in R-cells at 14th d (Fig. 2 c4).
The injuries of disruption, haemolytic infiltration and hyper-
trophy vanished, and vacuolation emerged in TG1 after 7 d of
depuration (Fig. 2 ¢5). Only detached and atrophied epitheli-
um was observed occasionally in TG2 at 28th d (Fig. 2 c6).
Mild vacuolation and necrosis in epithelial cells were still
observed, but the basal lamina was relatively intact and close-
ly connected to the epithelium in TG3 at the end of depuration
(Fig. 2 ¢7). The Ihis of hepatopancreas was significantly in-
creased, and in a concentration-dependent manner under Cd
exposure. The This in TG1 and TG2 were returned to the
baseline level at 21st and 28th d. Yet in TG3, This was still
significantly higher than the control level after 21 d of purifi-
cation (Fig. 2 d). All histopathological images during the ex-
perimental period were provided in Online Resource 1 and 2.

Histochemical observations and evaluations

After stained with AB-PAS, abundant neutral and acid poly-
saccharides were found in the vacuoles of B-cells and R-cells
in the hepatic tubules of control crabs, respectively. The plas-
ma membrane of epithelial cells, especially in the striated
border, and haemolymph and lumen also showed a few poly-
saccharides. Additionally, we observed in the control group
that the F-cells showed a weak positive reaction, while E-cells
showed negative (Fig. 3 al). Upon 500 pg- L' Cd exposure,
the B-cells vacuoles showed a weak positive reaction with
almost no neutral polysaccharides, and the cytomembrane in-
dicated a strong positive reaction with increasing neutral
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polysaccharides (Fig. 3 a2). After 21 d of depuration, the
impact of Cd on carbohydrates in the hepatopancreas was
offset and re-accumulation of neutral polysaccharides in vac-
uoles was observed (Fig. 3 a3).

The neutral lipids stored in the cytoplasm of normal
hepatopancreatic cells were shown by the ORO reaction,
which exhibited a bright-red colour, complete and plump neu-
tral lipids. Moderate positive reactions were also observed
around the nucleus (Fig. 3 bl). After exposure, the size and
density of neutral lipids decreased, and their distribution was
scattered in TG3 (Fig. 3 b2). The neutral lipids were restored,
and their size, density, and distribution were the same to the
control group, as well as their shape, at the end of the exper-
iment (Fig. 3 b3).

The nuclei of the four epithelial cells in the hepatopancreas
were purple and round- or oval-shaped in the control crabs as
shown using the Feulgen reaction. The nuclei were not uni-
form in size, and most of them were located at the base of
cells. The nuclear envelope, the evenly distributed fine chro-
matin and the intermediate or deviated nucleolus became
clearly visible (Fig. 3 cl). Agglutinated chromatin, unclear
boundary of the nucleus and nucleolus, and apoptosis and
necrosis appeared in the cells of crabs exposed to 500 pg:
L' Cd (Fig. 3 c2). After 21 Cd elimination, the injuries to
the nucleus were alleviated, while apoptosis and necrosis were
still observed in TG3 (Fig. 3 c3).

The total proteins were stained blue by the MBB reaction in
CG, protein granules were found evenly distributed in the
cytoplasm and around the nucleus of the epithelial cells, and
they were also observed in the vacuoles of R-and B-cells.
Moreover, F-cells were positive, but E-cells were negative
(Fig. 3 d1). After exposure, a strong reaction of the striated
border and lightly decreased protein granules were observed
in TG3 (Fig. 3 d2). The protein particles were restored at the
end of the experiment (Fig. 3 d3). All histochemical pictures
of macromolecules from 14" to 35™ d were provided in
Online Resource 3-6.

As shown in Table 2, the AB-PAS and ORO reaction in-
tensity weakened but the Feulgen reaction intensity strength-
ened after Cd exposure. DNA damage was repaired rapidly
during 14 d of depuration, and the destruction of polysaccha-
rides and neutral lipids was also restored before the end of the
depuration. The total proteins were always strongly positive
regardless of exposure or clearance.

Alternations in biochemical biomarkers

In the treatment groups, SOD activity was significantly
inhibited in the gills (p< 0.05) but was significantly activated
in the hepatopancreas after Cd exposure, except in TG3. SOD
activity in all treatment groups returned to control level at 28"
and 35" d (Fig. 4, al, a2). CAT activity in the hepatopancreas
was significantly activated in crabs exposed to Cd, and the
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Fig. 3 The sections of the hepatopancreas of S. henanense exposed to
500 pg- L' cd by AB-PAS, ORO, Feulgen and MBB histochemical
tests. (al) Control revealed abundant neutral polysaccharides (*) and
acid polysaccharides (A ), mainly in blister-like cells (B) and resorptive
cells (R), respectively. A few polysaccharides in the lumen (Lu), plasma
membrane (1) and intertubular space (IS). (a2) The evident reduction of
neutral polysaccharides in B-cells and a rise of neutral polysaccharides in
the cytomembrane. (a3) The storage of carbohydrates raised. (b1) The
strongly positive reaction and rich neutral lipids (red colour) in the healthy
crabs. (b2) Stored lipid content were decreased. (b3) Neutral lipids accu-
mulated again. (¢1) Control individuals showed normal morphology of

activity in both the gills and hepatopancreas after depuration
were the same as control crabs (Fig. 4 b1, b2). The significant-
ly elevated GR activity of the gills and hepatopancreas was
exhibited under Cd stress. GR activity of the gills recovered
before the end of depuration. Yet in TG1 and TG3, GR activ-
ity of the hepatopancreas remained at a significant high level
during depuration (Fig. 4 cl, c2). A significantly inhibited

epithelial cell nuclei, including complete nuclear envelope (NE) and nu-
cleolus (Nu), as well as evenly distributed chromatin (C). (¢2) The agglu-
tinated chromatin, unclear boundary of nucleus and nucleolus (*), and
apoptosis (A) and necrosis (N) of epithelial cells in the treatment group.
(e3) Most of the damaged nuclei of epithelial cells recovered. (d1) The
rich total proteins of hepatic tubules and protein granules (*) in vacuoles
of B-cells and R-cells. (d2) The increased secretion of proteins in the
cytomembrane (1) (d3) Strongly positive reaction in epithelial cells of
hepatopancreas. Lu: lumen; IS: intertubular space; He: haemocyte; S:
secretion. Bars = 50 pum; Small images (10x60)

TrxR activity of the gills in TG3 and significantly activated
TrxR activity of the hepatopancreas in TG1 and TG2 were
observed after exposure. TrxR activity returned to control lev-
el at 35" d, except in TG3 (Fig. 4, d1, d2). AChE activity was
significantly activated after exposure, other than in the hepa-
topancreas of crabs exposed to the 500 pg- L™ Cd. Restoration
of AChE activity appeared after 7 d of depuration (Fig. 4, el,

Table 2 Histochemical reactions of the hepatopancreas of S. henanense during 14 d of exposure and 21 d of depuration

CG TGl TG2 TG3

14d 21d 28d 35d 14d 21d 28d 35d 14d 21d 28d 35d 14d 21d 28d 35d
AB-PAS  ++++  +4+4++ 4+ +++ 4+ ++  ++ +++ +H+ 4+
ORO A A A +H o+ A + o
Feulgen + + + + + + + + + o+ + + +H+ o+ o+ +
MBB A A A A A

+: weak reaction; ++: moderate reaction; +++/++++: strong reaction; CG: Control; TG1: 50 ug: L' Cd; TG2: 100 pg: L' Cd; TG3: 500 ug: L' cd
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Fig. 4 The SOD, CAT, GR, TrxR, AChE activities and MDA content in
the gills (al-fl) and hepatopancreas (a2-f2) of S. henanense upon expo-
sure and depuration. Comparison between the treatment and control
groups at the same time point: "p< 0.05; Comparison of treatment groups

e2). The MDA content in all treatment groups significantly
increased upon Cd exposure and it descended to the control
level at 28th and 35th d in the gills of all treatment groups and
also in the hepatopancreas of TG1 and TG3 (Fig. 4, f1, 2).

Correlation analysis

As shown in Table 3, in S. henanense, a positive correlation
(p< 0.05) was found between Cd concentration and the fol-
lowing biomarkers: I,;;, CAT, GR and MDA, and Cd concen-
tration was negatively correlated with HSI and AChE. I
showed association with several biomarkers such as CAT
and GR in both the gills and hepatopancreas. Tissue-specific
associations among the biomarkers were also found. For ex-
ample, TrxR was only associated with other antioxidant
markers in the hepatopancreas. Similarly, AChE was only
positively correlated with SOD in the gills. Furthermore,
MDA was positively correlated with I;,;; and GR in the gills,
as well as CAT in the hepatopancreas. Additionally, HSI
showed negative associations with I;,;;, CAT, GR and MDA.
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before and after depuration : “p< 0.05 (TG1), p< 0.05 (TG2), *p< 0.05
(TG3). CG: Control; TG1: 50 ng- L' Cd; TG2: 100 pg: L' Cd; TG3: 500
ug- L' Cd. Mean + S.D., n=4

The changes of all tested biomarkers of the gills and hepa-
topancreas were summarized in Table 4. After Cd exposure,
cellular and biochemical biomarkers were abnormal in
S. henanense. All of them recovered during the depuration
period

Principal component analysis

We obtained a global vision by visualizing the data in the PCA
biplot (Fig. 5). The quantitative variables represented by cor-
responding tested biomarkers established the pattern related to
Cd content in S. henanense under different stages of the ex-
periment. In Fig. 5 a, the first two factorial axes were retained
that explained 78.52% of the total variance. Factor 1 (Eigen
value of 5.07) displayed 63.4%, and factor 2 (Eigen value of
1.21) explained 15.12% of the total variance. In the hepato-
pancreas, 85.29% of the total variance was explained, where
PC1 (Eigen value of 5.74) and PC2 (Eigen value of 1.17)
explained 71.68% and 13.61% of the total variance, respec-
tively (Fig. 5 b). The analysis of ellipses completed by the
squared cosines and correlation map to characterize the
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Table 3 The correlation coefficient among the Cd content and tested biomarker in S.henanense after Cd exposure
cd HSI Tnis SOD CAT GR TrxR AChE

Gills Tnis 0.945"

(SW:0.375) P

SOD -0.636 -0.538

(SW: 0.881) P P

CAT -0.674 -0.670" 0.269

(SWZ 0.538) P P P

GR 0.951" 0.918" -0.676 —-0.556

(SW:0.013) S S S g

TrxR -0.609 —0.543 0.106 0303 —0.647

(SWZ 0253) P P P P S

AChE -0.900" —0.865 0.571" 0.683 -0.903 0.594

(SW: 0.029) S S S S S S

MDA 0.953" 0.954" -0.633 —-0.493 0.953" -0.690 -0.876"

(SW: 0.104) P P P P S P S
Hepatopancreas HSI —-0.874"

(SW:0.183) P

Tnis 0.924" -0.905"

(SW:0.013) g g

SOD 0.682 -0.368 0.338

CAT 0.788" -0.715" 0.809" 0.526

(SW: 0.039) S S S S

GR 0.913" -0.843" 0.959" 0.344 0.847"

(SW: 0.098) P P S S S

TrxR 0219 —-0.392 0.326 0.909" 0.603" 0.407

(SW: 0.108) P P S S S P

AChE -0.825" 0.686 -0.618 0.068 -0.700 -0.612 -0.025

(SW: 0.377) P P S S S P P

MDA 0.924" -0.835" 0.938" 0.341 0.874" 0.959" 0.374 -0.771"

(SW: 0.015) S S S S S S S S

SW Shapiro-Wilks’s test, S Spearman’s correlation coefficient, P Pearson’s correlation coefficient, * p<0.05

loading factors. In the two biplots, control ellipse was
projected in the negative sides of the first factorial axes. The
gills of TG1 was projected in the negative sides of the two
factorial axes, and the 50 pg- L' Cd treated hepatopancreas
were projected in the negative sides of the first and positive

Table 4 Summary of biomarkers changes detected in S. henanense

sides of second factorial axes. The gills and hepatopancreas
exposed to 100 pg- L™ Cd were projected around the origin
and both in the positive and negative sides of the two factorial
axes. The gills of TG3 was projected in the positive sides of
the two factorial axes, and the counterpart of TG3 were

Cd content HSI This Biomacromolecules SOD CAT GR TrxR AChE MDA
Exposure 1(G, H); ! TG H @D X(©) T (H) TG H |G 1 (G, H) 1 (G, H)
(0-14™d) G>H 1 (DNA) 1 (H) T (H)
Depuration R R R R R R R R R R
(14-35"d)  (G*, H) (G* H)  (P,L, DNA®) (G H) (G*H (G (G.H) (G HY (G*H)

1. increase; |: decrease; G: gills; H: hepatopancreas; R: recovery; %: recovery fast; P: polysaccharides; L: lipids
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Fig. 5 PCA biplots were employed for analysis of histopathological and
biochemical variables in S. henanense (a gills; b hepatopancreas) during
the experiment. Projection of the variables and the cases on the factor-

projected in the positive sides of the first factorial axes.
Moreover, in the two biplots, the individuals of TG3 had a
significant difference (p< 0.05) compared with the control.

Discussion

Cadmium contamination in water has not been well dealt with
for a long time (Singh et al. 2011; Chiodi Boudet et al. 2015;
Duarte et al. 2019). Our results provide information of detox-
ification in the freshwater crab S. henanense, which promote
the development of biomarkers in benthic crustaceans that are
conducive to environmental monitoring.

In toxicological studies, organ index is a generally used
biomarker as the apparent ratios of organs to body mass,
which is associated with changes in the environment
(Theanacho and Odo 2020). The HSI, representing the relative
weight of hepatopancreas, decreased significantly (p< 0.05)
after Cd exposure (Table 1). The presented results were coin-
cided with those published by Revathi et al. (2011) and
Jamwal et al. (2018), on the impact of Cd on HSI of the prawn
Macrobrachium rosenbergii and the fish Oncorhynchus
mykiss. Drag-Kozak et al. (2019) showed that the reduction
in HSI was attributed to the necrotic and degenerative
hepatopancreatic cells and energy depletion. Our histopatho-
logical and histochemical results (Fig. 3 a2, b2 and c¢2) con-
firmed these findings.

The characteristic of accumulation and selectivity of elim-
ination to Cd were analysed, by determining Cd concentra-
tions in the gills and hepatopancreas of S. henanense. Several
studies reported that crabs reflected the bioavailability of HM
in water environment due to their nature of accumulation of
waterborne substances (Bordon et al. 2018; Cheng et al. 2018;
Salvat-Leal et al. 2020). In this study, Cd levels in the gills and
hepatopancreas remarkably elevated (p< 0.05) when the crabs
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plane (1x2). CG: Control; TG1: 50 ug- L' Cd; TG2: 100 pg' L' Cd;
TG3: 500 ug- L' Cd

exposed to different Cd concentrations (Fig. 1 a, b). Generally,
these two organs are the target organs for HM accumulation,
since environmental pollutants mainly enter crustaceans
through water and food (Jerome et al. 2017). The BCF ex-
plained higher Cd accumulation of the gills in S. senanense
(Fig. 1 c¢). We observed that the lamellae, which directly
contacted with the water and easily retained pollutants, were
dense and aplenty (Fig. 2 al). Bordon et al. (2018) made a
similar observation in the crab Callinectes danae, and held
that the gills were vulnerable to HM because of continuous
filtration. The discrepancy of Cd bioconcentrations in differ-
ent organs is associated with uptake rate, organic function and
polluted background (Ahearn et al. 2004). The uptake rate of
HM by the gills mainly depends on waterborne dissolution
rate, but the uptake rate of HM transferred into the hepatopan-
creas is determined by complicated multiple factors like di-
gestion rate and assimilation efficiency (Rainbow 2007).
Duarte et al. (2019) reported that the pristine crabs Ucides
cordatus showed higher Cd concentrations in the gills where-
as in impacted crabs, the Cd content in the hepatopancreas
was higher due to detoxification.

Organisms need to continuously discharge toxins to resist
toxicity, especially for Cd and other HM with the long half-
life. The concentrations of bioavailable HM will not exceed
the toxic threshold in crustaceans, so long as the combined
excretion rate is higher than the uptake rate (Marsden and
Rainbow 2004). The elimination effects varies with factors
such as health status, water temperature, depuration time and
HM concentrations (Jing et al. 2019). Cresswell et al. (2017)
investigated the elimination of isotope '°°Cd in the prawn
Macrobrachium australiense, and discovered that Cd content
in the hepatopancreas did not decrease consecutively during
depuration followed by acute exposure (0.56 ug: L™ '%°Cd,
7d). In the present study, the Cd residual of hepatopancreas
also increased slightly after 7d of elimination (Fig. 1 b),
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indicating the vital role of the hepatopancreas in Cd storage
and sequestration. Similar phenomenon was reported by
Drag-Kozak et al. (2019), who suggested that Cd saturation
of other organs was responsible for repeated Cd accumulation
of'the liver in the carp Carassius gibelio during the depuration
period. Many trace metals, including Cd, are transferred from
other organs to hepatopancreas through haemolymph and fur-
ther discharge into water in the form of metallothionein and
metal granules (Wiech et al. 2018). Crustaceans are able to
regulate HM concentrations in different organs individually to
minimize the adverse effect of excessive HM, which is an
effective physiological means of detoxification (Ahearn
et al. 2004; Dan et al. 2019). In the present work, the EC
reflected the excretion effects, and the gills showed higher
elimination capacity (Fig. 1 d). The dissolved metals are rap-
idly removed in a concentration gradient when gills are in
contact with the clean water, whereas granular metals stored
in hepatopancreas need more time to be discharged (Lemus
et al. 2016). Therefore, the gills are considered an excretory
site besides antennal gland in crustaceans (Ahearn et al. 2004).
Our data also supported several previous studies in aquatic
animals on HM elimination (Li et al. 2007; Aouini et al.
2018; Jing et al. 2019), and these authors reported that gills
had fastest elimination rates compared with other organs.
Furthermore, the gills are the important organ that contribute
to Cd elimination, and the hepatopancreas has a potential abil-
ity to manipulate integrally Cd level for metabolic profit in
S. henanense. The subcellular distribution of HM during
depuration will be investigated in our further researches to
comprehend the mechansims of detoxification in crabs.
Histopathology is extensively used to comprehensively as-
sess the impacts of stress on organisms. In our study, the
histopathological injuries in the gills were easily observed
upon exposure, even at low Cd concentrations, which includ-
ing the lesions of missing pillar cells and nephrocytes, clogged
haemolymph vessels, irregular and atrophied lamellae, frac-
tured cuticles, hyperplasia, deposits, vacuolation and necrosis
(Fig. 2 a2-a4; Online Resource 1). The sensitivity of the gills
to pollutants is closely related to their structure and function.
To aquatic animals, the gills are responsible for gas exchange,
osmotic ion regulation, acid-base balance and other functions,
as well as a primary site against pollutants invasion (Negro
and Collins 2017). Similar injuries in the contaminated gills
were published by Arockia Vasanthi et al. (2014) and do
Carmo et al. (2018), on the crab Scylla serrata and the fish
Prochilodus lineatus, respectively. The deformed and
atrophied lamellae are early histopathological markers show-
ing the adverse impacts of toxins on aquatic species (Mansouri
et al. 2016). The superfluous haemocytes and deposits block
haemolymph vessels, which further cause the dramatic circu-
latory and respiratory failure, even hypoxia and asphyxia
(Jerome et al. 2017). These dysfunctions also result from the
hyperplasia of the epithelium. do Carmo et al. (2018) showed

that the dilatant marginal canals caused pillar cells destruction
and degradation in the gills. Although the dilatation of mar-
ginal canal was not obvious, the severely damaged pillar cells
were ascribed to congestion in this study. We speculate that
this lesion is the relevant result of growing oxygen demand to
aerobic organisms to resist dyspnea caused by swelling, in-
creased haemocytes and hyperplasia. Certainly, this hypothe-
sis needs further researches for verifications.

In crustaceans, the hepatopancreas, as a multi-functional
organ, is capable of detoxification, nutrients absorption, syn-
thesis of digestive enzymes and immune response, as well as
gonadal development (Vogt 2019). We observed the four
types of epithelial cells (E-, F-, B-, and R-cells) of the hepa-
topancreas (Fig. 2 c1; Online Resource 2), as described by
Cheng et al. (2018) and Zhang et al. (2019). However, the
hepatopancreatic epithelium consists of five types cells (E-,
F-, B-, R-, and M-cells) in other crustaceans such as the
shrimp Farfantepenaeus brasiliensis (Nunes et al. 2014) and
the prawn Macrobrachium rosenbergii (Silva et al. 2018) be-
cause of a different cell differentiation model. The hepatopan-
creas is vulnerable to HM (Arockia Vasanthi et al. 2014,
Chiodi Boudet et al. 2015; Bordon et al. 2018), pesticides
(Negro and Collins 2017; de Melo et al. 2019; Sharma and
Jindal 2020) and other toxins. In our study, a series of histo-
pathological alternations in the hepatopancreas was found af-
ter Cd exposure, including thickened membrane, change in
the number of different types of cells, increased haemocytes,
vacuolation, apoptosis and necrosis. These lesions are com-
mon and typical in crustaceans, which have been previously
published in the prawn Macrobrachium rosenbergii (Revathi
et al. 2011) and the shrimp Palaemonetes argentinus (Chiodi
Boudet et al. 2015). The haemocytes, as a basic defence, play
the role of detoxification, innate immunity and cells commu-
nication. The increase in haemocyte number accelerates the
transport of HM ions to the excretion site, which accom-
plished by a series of reactions, involving phagocytosis, nod-
ule formation, and encapsulation (Ahearn et al. 2004).
Apoptosis and necrosis, as acute phase responses, remove
injured molecules and debris, and activate the repair processes
(Jerome et al. 2017). Chetoui et al. (2019) reported that the
haemolytic infiltration, apoptosis and necrosis were relevant
to ROS production and oxidative stress. Our findings on in-
creased F-and B-cells and decreased R-cells (Fig. 2 c3, c4)
were also observed in the crab Zilchiopsis collastinensis after
chlorpyrifos exposure (Negro and Collins 2017). These au-
thors stated that a rise in F-and B-cells implied enhanced abil-
ities of synthesing enzymes and excreting xenobiotics, and a
reduction in R-cells further impacted the absorption and
storage of nutrients as well as other physiological activities
including detoxification. Bautista et al. (2010) pointed out that
the thickening of the cell membrane was ascribed to coagula-
tion and obstruction of collagen fibres, melanin or
haemocytes. Notably, vacuolation of epithelial cells was
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observed after both Cd exposure and subsequent elimination
(Fig. 2 c3, ¢4, ¢5 and c¢7). Beeby and Hopkin (1990) indicated
that cells stored HM in vacuoles to reduce their metabolic
availability. Excessive utilisation of accumulated saccharides
and lipids is also responsible for vacuolation, which is
regarded as a typical phenomenon of active detoxification
(Sharma and Jindal 2020). The lesions observed in the present
study and previous researches could cause severe
dysfunctions and other physiological problems in
individuals, ultimately led to death. Of course, the
histopathological alternations seen in S. henanense appeared
to be also the results of protection against Cd stress. As Mallatt
and Sciences (1985) expressed, morphological changes are a
kind of defence and adaptation for animals living in polluted
environments.

The histopathological statistics were employed to quantify
organs damage, which was convenient for the objectivity and
accuracy of observations. This method has been used in sev-
eral aquatic animals to directly reveal structural injuries, such
as in fishes Carassius auratus, Danio rerio (Diniz et al. 2013)
and Catla catla (Sharma and Jindal 2020), and the prawn
Macrobrachim potiuna (de Melo et al. 2019). Almost all le-
sions of the gills in S. henanense were reversible, and I of
the treatment groups were at a baseline level in the Cd-free
water (Fig. 2 b). Rapid recovery of gill structures was directly
associated with the high Cd elimination ability of the gills.
Similarly, Guzmén-Guillén et al. (2017) reported that recov-
ery of the gills in the fish Oreochromis niloticu exposed to 10
ug-L™! cylindrospermopsin for 7 d was faster than that of liver,
kidney and heart during 7 d of depuration. These findings
further confirmed the significance of gills to aquatic animals,
from the perspective of biological detoxification. Further, the
development of hepatic tubules in S. henanense was normal,
and the cells types were distinguishable during the depuration
(Fig. 2 a5, a6). The I,;; of TGl and TG2 were the same as
control at 28" d, but the I, of the hepatopancreas of crabs
exposed to 500 pg-L™' Cd still need a longer depuration to
lower down (Fig. 2 d), which was in line with the ability of
hepatopancreas in Cd sequestration. Similar results were also
seen in the zebrafish Danio rerio exposed to 10 mg-L™" TiO,
nanoparticles for 14 d (Diniz et al. 2013), and the shrimp
Palaemonetes argentinus exposed to 3.06 ug L™ Cd for 15
d (Chiodi Boudet et al. 2015). Yet the hepatopancreas did not
recover completely when the zebrafish and shrimp were ex-
posed to higher Cd concentrations. However, the recovery of
the gills and hepatopancreas in S. henanense should be eval-
uated further with a prolonged period of Cd exposure.

Histochemistry, as a special technique contributed to clin-
ical medicine, is not only used to display the damage of struc-
ture but also to locate and semi-quantify the changes of mac-
romolecules. AB-PAS targeted carbohydrates and revealed
neutral and acid polysaccharides of hepatopancreatic cells in
S. henanense (Fig. 2 al; Online Resource 3). Researches on
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the shrimp Farfantepenaeus brasiliensis (Nunes et al. 2014)
and the prawn Macrobrachium rosenbergii (Silva et al. 2018)
also reported similar abundance of polysaccharides storages in
the hepatopancreas. In healthy S. henanense, the positive sub-
stances in the lumen may represent glycoproteins or waste
released by B-cells because of the weak staining on the side
near the proximal region of vacuoles in them. Also, these
substances indicated the presence of mucus (mucins) which
protected the tubular epithelium against mechanical pressure
and pathogens (Silva et al. 2018). In S. henanense, Cd stress
aggravated the secretions of B-cells, especially neutral poly-
saccharides (Fig. 2 a2). The strong staining of the plasma
membrane of TG3 could be ascribed to the alterations of
membrane structure caused by LPO or accelerated transcellu-
lar transport of neutral polysaccharides (Icelly and Nott 1992).
Compared to the histochemical estimation of the hepatopan-
creas in the shrimp Penaeus vannamei (Cervellione et al.
2017) and the crab Eriocheir sinensis (Feng et al. 2019), the
neutral lipids content was richer in S. henanense based on the
ORO test (Fig. 2 b1; Online Resource 4). Lipids of the hepa-
topancreas in all treatment groups reduced and degraded (Fig.
2 b2; Table 2), contributing to the greater sensitivity of crabs
to Cd toxicity. Using Sudan Black B detection, Schill and
Kohler (2004) also found descended lipids of the hepatopan-
creas in the sow bug Onsicus asellus from long-term HM
polluted soils. In most crustaceans, the hepatopancreas is the
important site to store and metabolize carbohydrates and lipids
(Vogt 2019), which meets the energy demand of physiological
activities, such as molting (Li et al. 2017) and reproduction
(Nunes et al. 2014), and assists the animals to overcome the
harsh conditions such as starvation (Cervellione et al. 2017)
and HM pollution (Schill and Kdhler 2004). The abnormal
DNA in the hepatopancreatic cells exposed to Cd was found
when submitted to the Feulgen examination (Fig. 2 c2).
S. henanense was able to save enough energy by apoptosis
to overcome 50 pg- L' Cd exposure, and not completely cope
with the high concentrations (TG2 and TG3), because most of
the cells were necrotic (Online Resource 5). As shown in Fig.
2 d1-d3 and Online Resource 6, the protein granules in F- and
B-cells were rich in hydrolases like trypsin and lipase, and
those in R-cells stored nutrients (Icelly and Nott 1992).
Moreover, two previous histochemical studies reported de-
pleted protein of the liver in the catfish Clarias
gariepinus (Sakr and Jamal Al Laial 2005) and the fish
Bagrus bayad (Gaber et al. 2015) exposed to contami-
nants. However, no changes in the total proteins were
seen in our research (Table 2), indicating the controlla-
ble proteolysis in crabs facing Cd stress.

During depuration, polysaccharides and neutral lipids of
the hepatopancreas in S. henanense were restored (Fig. 2 a3,
b3). As the maintenance costs reduced following the with-
drawal of Cd, the growth and other activities of crabs would
be promoted. For example, lipid accumulation is a desirable
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signal, which shows the massive proliferation of liver cells or
regeneration of the liver (Peng et al. 2018). Diniz et al. (2013)
and Theanacho and Odo (2020) also reported the recovery of
carbohydrates and lipids of the liver in fishes Danio rerio and
Clarias gariepinus in clean water following stress. The im-
proved biological performance of S. henanense was partly
attributed to the timely supply of diet during depuration.
After all, fasting contributes to synergize Cd toxicity due to
energy imbalance (Xue and Ke 2012). Hence, food shortage is
one of the obstacles to self-repair of crabs in their natural
habitats. As Kerambrun et al. (2014) stated, the storage of
energy reserves in the fish Scophthalmus maximus would be
compromised, if the food scarcity occurs during recovery fol-
lowing pollution events. The amplified DNA and damaged
nuclear of epithelial cells returned to normal, which was be-
fore other biomacromolecules (Fig. 2 ¢3; Table 2). In terms of
the present morphological results, the survivors in crabs were
free from Cd threat, when transferred into a clean environment
with favourable living conditions.

Oxidative stress will be triggered, when the bioavailable
Cd beyond the detoxification threshold (Cuypers et al.
2010). Like mammals, aquatic animals are also equipped with
an efficient antioxidative system against the redox imbalance
(Aouini et al. 2018). SOD, CAT, GR and TrxR are widely
employed in aquatic toxicological researches (Trevisan et al.
2011; Bakry et al. 2016; Zhang et al. 2019). Commonly,
SOD-CAT system constitutes the first defence converting
O, to innocuous H,O and O, (do Carmo et al. 2018), and
GR and TrxR maintain the reduction of GSH and Trx to indi-
rectly neutralize ROS (Ouyang et al. 2018). In the hepatopan-
creas of S. henanense, both of the correlations between SOD
and TrxR (Table 3, r = 0.909*), and those between CAT and
GR (Table 3, r = 0.847") indicated the cooperation and inter-
dependence between phase I and II metabolic enzymes to
achieve comprehensive antioxidation (Otto and Moon 1996).
The induced GR and TrxR activities are considered a protec-
tion against the oxidation of protein thiols, which maintain
high GSH level and regenerated Trx (Trevisan et al. 2011).
Jerome et al. (2017) explained the role of phase Il metabolism,
which catalysed the transformation of electrophilic com-
pounds like transition-metals and MDA by conjugating reac-
tion to prevent peroxidation effects. However, the gills of
S. henanense showed significantly decreased SOD and TrxR
activities (p< 0.05) when exposed to Cd (Table 4). Cadmium
inhibits SOD activity by reducing the availability of
bioelements, e.g., Fe, Mn, and Zn, which are components of
SOD (Drag-Kozak et al. 2019). Trevisan et al. (2014) also
found the inhibited TrxR activity in Zn-exposed gills because
of the combination of the divalent ions and the sulthydryl
groups. To reduce susceptibility to peroxidation, the gills of
crabs showed a compensatory elevation of CAT and GR ac-
tivities. The SOD and TrxR in S. henanense had the tissue-
specificity responded to Cd exposure, signifying different

ROS-quenching mechanisms in the gills and hepatopancreas.
Despite limited knowledge with regards to GR and TrxR in
crustaceans, but their role against poisons have been demon-
strated in several aquatic animals, such as the mussel Perna
pernasnails (Trevisan et al. 2014) and the snail Biomphalaria
alexandrina (Bakry et al. 2016). Our data also suggest that GR
and TrxR, the sulfhydryl-based enzymes, are interesting
chemical parameters with prospective potential for antioxidant
biomarkers in toxicological researches.

Upon Cd exposure, MDA content in crabs significantly
increased (p< 0.05) (Table 4). Similar results caused by Cd
were also found in the crab Callinectes amnicola (Jerome
et al. 2017) and the crayfish Procambarus clarkii (Zhang
etal. 2019). In our research, MDA level of the hepatopancreas
increased but antioxidant enzymes were activated rather than
depleted by ROS, which was ascribed to the higher content of
polyunsaturated fatty acids or the need of more oxygen to
detoxification (Pretto et al. 2010). The superfluous LPO in-
crease the rigidity of plasma membrane, which affect the pro-
tection and communication of membrane (Dan et al. 2019).
Apart from the cytopathological damage, physiological me-
tabolism and transport of proteins and lipids are also interfered
by unregulated LPO (Niki 2009). Moreover, the correlation
analysis showed a positive association between I;,;; and MDA
in S. henanense (Table 3, r = 0.954" in the gills, 7= 0.938" in
the hepatopancreas). In the carp Catla catla, the histopatho-
logical injuries of the liver, e.g., lymphocyte infiltration and
karyolysis, were attributed to high MDA level (Sharma and
Jindal 2020).

AChE, the key enzyme for the cholinergic system, is mod-
ified by HM (Harayashiki et al. 2016; Cheng et al. 2018;
Chetoui et al. 2019), pesticides (Guilhermino et al. 2008;
Ren et al. 2015; Ewere et al. 2019) and other contaminants.
In the present study, two organs showed remarkably inhibited
ACHhE activity (p< 0.05) after Cd exposure (Table 4). Metals
are able to bind to the anionic portions of the cholinesterase
molecule that affect the central nervous systems in aquatic
invertebrates (Guilhermino et al. 2008). Branca et al. (2018)
explained the neurotoxic mechanisms of Cd, including inter-
ference with neurotransmitter release and destruction of ACh
receptors by competition with Ca®*. Furthermore, we found a
negative association between AChE and MDA (Table 3, r =
—0.876" in the gills, » = —0.771" in the hepatopancreas) by
Spearman’s correlation coefficient. This potential relationship
between neurotoxicity and oxidative stress was also coincided
with Kim and Kang (2015) and Chetoui et al. (2019), who
reported the neurotoxicity induced by redox imbalance.

During depuration, the SOD, CAT, GR, and TrxR activi-
ties of the gills recovered rapidly (Table 4), implying that the
redox was in equilibrium again. Researches on the Pb-
exposed fish Platichthys stellatus (Park et al. 2018) and the
pharmaceuticals-exposed clam Ruditapes philippinarum
(Trombini et al. 2019) also reported restored antioxidant
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enzymes of the gills in a short period of purification. In con-
trast, S. henanenses showed later recovery of SOD, CAT, and
TrxR activities of the hepatopancreas (Table 4), which veri-
fied its function of detoxification and biotransformation (Vogt
2019). Our findings agreed with Aouini et al. (2018), who
studied the toxic effects and recovery of the clam Ruditapes
philippinarum exposed to 10 and 100 pug-L™"' Pb for 7 d.
Notably, GR activity of the hepatopancreas in S. henanenses
was remarkably high (p< 0.05) even at the end of Cd elimi-
nation (Fig. 4 c2). Either activation or inactivation of antiox-
idant enzymes is considered an adaptation for stress distur-
bance, which may develop to new balance to acquire tolerance
rather than return to the initial state when the stress removal
(Dan et al. 2019). The MDA content and AChE activity in
S. henanenses decreased to control after the withdrawal of Cd
stress (Table 4), which was at least partly attributed to the
excretion of Cd and a normal operation of antioxidant en-
zymes. The restored nutrient storages (Fig. 3 a3, b3) provided
energy and materials, which also contributed to repair oxida-
tive damage, such as degradation of useless proteins, base
repairment, and re-synthesis of carbohydrates and lipids
(Cuypers et al. 2010). Chiodi Boudet et al. (2015) and Dan
et al. (2019) suggested that the recovery of MDA was a signal
of redox balance in organisms. In our study, removal of neu-
rotoxicity was easily achieved and with no tissue-specific
(Table 4). Similar result was also published in the oysters
Saccostrea glomerate after 4 d depuration following acute
imidacloprid exposure (2 mg LY, 4 d) (Ewere et al. 2019).
Pretto et al. (2010) indicated that aquatic species were able to
increase the synthesis of AChE or decrease the release of Ach
to regulate and maintain homeostasis of the nervous system.
In short, S. henanense was able to detoxify within a relatively
short depuration period of 21 d, as most biochemical and
morphological biomarkers were normal and the Cd content
in organs was also lowed.

Recently, the multiple-biomarkers instead of single bio-
marker have been employed to monitor environmental quality
comprehensively and scientifically (Jerome et al. 2017).
However, the information gained directly from different
markers is messy and obscure. Given this, PCA is widely used
to help estimate globally contaminants toxicity and analyse
thoroughly the relationship between different biomarkers in
the ecotoxicological studies (Arockia Vasanthi et al. 2014;
Chetoui et al. 2019; Sharma and Jindal 2020). In our research,
PCA aimed to identify and screen the most sensitive bio-
markers in S. henanense at different experimental stages and
different Cd concentrations in the presence and disappearance
of stress. As shown in Fig. 5, under the low Cd bioaccumula-
tion (TG1), the toxic response was organ-specific, i.e. the
treated gills showed sensitive antioxidant defence but the he-
patopancreas had only slight fluctuation in nerve conduction
and hepatosomatic weight. By comparison, the TG2 and TG3
ellipses, which were characterized by high Cd
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bioaccumulation, redox imbalance and histopathological inju-
ries, showed uniformity. Briefly, I;;;, GR and MDA in the
gills and hepatopancreas showed strong and specific re-
sponses (p< 0.05) from Cd exposure to depuration. They were
used as the optimal biomarkers reflected the health conditions
of crabs under the detoxification process.

Conclusions

We concluded that S. henanense resisted Cd toxicity by acti-
vating the antioxidant defence system and self-detoxify in
clean environments. Compared with the hepatopancreas, the
gills exhibited a better recovery and a higher ability to elimi-
nate Cd. During depuration, structure and biomacromolecule
injuries caused by Cd stress were able to be restored. A 21-d
depuration period was regarded as a relatively short cycle of
S. henanense to self-repair. Also, histopathological damage
was more difficult to recover than biochemical damage. I;;,
GR, and MDA could be employed as useful biomarkers indi-
cating the health level of S. henanense. The elimination and
detoxification as important factors should be considered in the
study of ecotoxicology. Overall, our research documents the
effects of Cd toxicity on the structure and function of the gills
and hepatopancreas and complemented the detoxification to
Cd in S. henanense. We provide new insights for optimizing
the use of bioindicators in crustaceans for monitoring pollu-
tion and water quality in the freshwater ecosystem.
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