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Abstract: Microcystin-leucine arginine (MC-LR) poses a serious threat to aquatic animals during
cyanobacterial blooms. Recently, biochar (BC), derived from rice straw, has emerged as a potent
adsorbent for eliminating hazardous contaminants from water. To assess the joint hepatotoxic
effects of environmentally relevant concentrations of MC-LR and BC on fish, male adult zebrafish
(Danio rerio) were sub-chronically co-exposed to varying concentrations of MC-LR (0, 1, 5, and
25 pg/L) and BC (0 and 100 pg/L) in a fully factorial experiment. After 30 days exposure, our
findings suggested that the existence of BC significantly decreased MC-LR bioavailability in liver.
Furthermore, histopathological analysis revealed that BC mitigated MC-LR-induced hepatic lesions,
which were characterized by mild damage, such as vacuolization, pyknotic nuclei, and swollen
mitochondria. Compared to the groups exposed solely to MC-LR, decreased malondialdehyde
(MDA) and increased catalase (CAT) and superoxide dismutase (SOD) were noticed in the mixture
groups. Concurrently, significant changes in the mRNA expression levels of Nrf2 pathway genes (cat,
sod1, gstr, keapla, nrf2a, and gclc) further proved that BC reduces the oxidative damage induced by
MC-LR. These findings demonstrate that BC decreases MC-LR bioavailability in the liver, thereby
alleviating MC-LR-induced hepatotoxicity through the Nrf2 signaling pathway in zebrafish. Our
results also imply that BC could serve as a potentially environmentally friendly material for mitigating
the detrimental effects of MC-LR on fish.

Keywords: microcystin-LR; rice straw-derived biochar; histopathological analysis; oxidative
damage; zebrafish

Key Contribution: Rice straw-derived BC decreased the MC-LR bioavailability in zebrafish livers.
BC mitigated MC-LR-induced vacuolization and swollen mitochondria. Reduced oxidative damage
was noticed in the combined exposure groups.

1. Introduction

The severity of toxic algae blooms in surface waters has intensified due to eutrophi-
cation and global warming in recent decades [1]. Cyanobacterial blooms typically cause
foul odors and dissolved oxygen deficits in water bodies [2]. Additionally, secondary
metabolites, such as microcystins (MCs), are released during toxic cyanobacterial cell decay
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and collapse, adversely affecting aquatic ecosystems [3]. More than 300 MCs congeners
with varying structures have been discovered [4], with microcystin-LR (MC-LR) being the
most concerning. MC-LR is highly stable and resistant to natural purification processes
due to its cyclic structures and Adda side-chain [5]. Dissolved MC concentrations have
been reported to reach levels of 17 ug/L MC-LR equivalents in Taihu Lake [6]. In Ain
Zada reservoir, Algeria, MC-LR concentrations surge to 19.6 pg/L during cyanobacteria
blooms, greatly exceeding the provisional guideline value of MC-LR (1.0 ng/L) established
by WHO [7]. Currently, the probability of exposure to MC-LR for both aquatic animals and
humans is significant in daily life [8,9], highlighting the importance of understanding its
detrimental effects at environmentally relevant concentrations. Numerous studies have
demonstrated that MCs can accumulate in fish tissues, leading to a range of toxic effects,
including hepatotoxicity, developmental toxicity, and reproductive toxicity [10-15]. These
adverse effects not only threaten fish health but also pose risks to public health through the
consumption of contaminated fish.

The liver is known as the principal target organ of MC-LR, where MC-LR mainly
accumulates [16]. The hepatotoxicity of MC-LR is mainly caused by the inhibition of
serine/threonine protein phosphate 1 and 2A [17]. Furthermore, Shi et al. [18] found that
MC-LR can induce the excessive production of reactive oxygen species (ROS) and oxidative
stress, thereby contributing to hepatotoxicity. Both acute and chronic MC-LR exposure can
result in oxidative injury, mainly characterized by an oxidant-antioxidant imbalance [19].
To date, a growing number of studies have focused on investigating the enhanced or
even synergistic toxicity to aquatic organisms when they are co-exposed to MC-LR in
combination with various contaminants, such as inorganic nitrogenous pollutants [20],
persistent organic pollutants [21], and microplastics [22]. Nevertheless, few researchers
have evaluated the joint toxicity of MC-LR and other adsorbent materials, which have the
potential to treat water pollution, in fish.

Biochar (BC) is a porous material with high adsorption properties, produced by py-
rolyzing biomass under oxygen-limiting conditions [23]. In addition to its adsorption
capabilities, BC can interact with adsorbates through electrostatic attraction and hydrogen
bonding [24]. BC is widely recognized for effectively adsorbing and removing organic and
inorganic contaminants from wastewater [25]. It was reported that BC derived from chicken
manure, which has a higher ash content, is highly effective at adsorbing and removing
aqueous MC-LR [26]. Moreover, BC produced from rice straw also exhibits high adsorp-
tion capacity for MC-LR removal, with capacity increasing as the pyrolysis temperature
rises [27]. Due to its high adsorption capacity and wide availability, BC is increasingly used
to remove pollutants from aquatic environments and has the potential to mitigate MC-LR
contamination during cyanobacterial blooms. However, the potential impact of BC and its
adsorbates on fish remains underexplored and needs further elucidation.

Zebrafish are a well-established model organism frequently used in toxicological
research on aquatic pollutants [28]. In this study, we conducted a 30-day co-exposure
experiment to investigate the potential mitigating effects of BC on MC-LR-induced hep-
atotoxicity in adult male zebrafish. Our primary objectives were to evaluate hepatic
pathological lesions and alterations in antioxidant parameters, as well as to explore the
underlying molecular mechanisms related to antioxidant function in zebrafish co-exposed
to MC-LR and BC. The results of this study will provide novel insights into the practicality
of utilizing BC for the removal of MC-LR during cyanobacterial blooms, which is of great
significance for water environment restoration and human health.

2. Results
2.1. Characterization of BC

SEM images of rice straw-derived BC are shown in Figure 1A,B, where the irregular
porous structures are visually evident. Moreover, as shown in Figure 1C,D, the mea-
sured average diameter of BC was 847.6 & 50.28 nm, and the zeta potential of BC was
—25.2 +£20.8 mV.
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Figure 1. SEM images (A,B), size distribution (C), and zeta potential (D) of BC.

2.2. MC-LR Levels in Water and Liver Tissues

As shown in Table S1, SI, compared to the MC-LR-only groups, significant decreases
in MC-LR levels in water samples before water renewal were observed in the co-exposure
groups (p < 0.01). Furthermore, compared to the 25 ug/L MC-LR group, the MC-LR
contents that accumulated in the livers also exhibited a significant reduction in the mixture
group (p < 0.01) (Table S1, SI).

2.3. Histopathological Observations

As shown in Figure 2A, the livers in the control group displayed dense cytoplasm and
clear nuclei. In contrast, hepatic lesions were observed and aggravated with increasing
MC-LR concentrations, which were characterized by cell vacuolization, pyknotic nuclei,
and swollen hepatocytes (Figure 2B-D). In the BC-only group, the liver tissues exhibited a
well-organized structure, with only slight vacuolization observed (Figure 2E). In the mix-
ture groups, the hepatic histopathological injury was reduced, primarily characterized by a
lower occurrence of vacuolization and relatively mild swollen hepatocytes and pyknotic
nuclei (Figure 2F-H). Compared to the 25 ug/L MC-LR-only group, the semi-quantitative
analysis of hepatic H&E-stained sections showed that the degree of hepatic injury was alle-
viated in the 25 pg/L MC-LR + BC group, which characterized only by vacuolization (++)
and pyknotic nuclei (+) (Table 1).

Table 1. Semi-quantitative analysis of hepatic H&E-stained sections.

Groups
Liver (H&E)
Control 1 ug/L MC-LR 5 ug/L MC-LR 25 ug/L MC-LR BC 1+ BC 5+ BC 25 + BC
Vacuolization - ++ ++ +++ + ++ ++ ++
Swollen hepatocytes - + ++ +++ - + +
Pyknotic nuclei - + ++ ++ - + + +

Note: no damage (-); mild damage (+); moderate damage (++); and severe damage (+++).

Hepatic ultrastructural pathological observation in the control group exhibited a
normal structure, with round nuclei and intact mitochondria containing dense matri-
ces (Figure 3A). Furthermore, no significant lesions were found in the BC-only group
(Figure 3E). Hepatic injuries, including swollen mitochondria, vacuolization, deformed
nuclei, and dilated endoplasmic reticulum, were observed and became more severe with
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increasing MC-LR concentrations (Figure 3B-D). In the mixture groups, the TEM im-
ages illustrated that the MC-LR-induced hepatic ultrastructural lesions were alleviated
in the presence of BC (Figure 3F-H). Compared to the 25 ng/L MC-LR-only group, the
semi-quantitative analysis also confirmed that hepatic ultrastructural damage was greatly
alleviated and only characterized by swollen mitochondria (++) in the corresponding
mixture group (Table 2).

Figure 2. Hepatic H&E-stained sections of zebrafish. Control (A); 1 ug/L MC-LR (B); 5 ug/L MC-LR
(C); 25 ug/L MC-LR (D); 100 ng/L BC (E); 1 ug/L MC-LR+ BC (F); 5 pg/L MC-LR + BC (G); and
25 ug/L MC-LR + BC (H). Pyknotic nuclei (black arrow), swollen hepatocytes (white arrowhead),
and vacuolization (black arrowhead). Bar = 50 um.
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Figure 3. Hepatic ultrastructural alterations in zebrafish. Control (A); 1 ug/L MC-LR (B); 5 ug/L
MC-LR (C); 25 pg/L MC-LR (D); 100 pg/L BC (E); 1 ug/L MC-LR + BC (F); 5 ung/L MC-LR+ BC
(G); and 25 pug/L MC-LR + BC (H). Swollen mitochondria (black arrowhead); deformed nuclei
(white arrowhead); vacuolization (white arrow); and dilated endoplasmic reticulum (black box). Mt,
mitochondria; Nu, nuclei; ER, endoplasmic reticulum. Bar = 1 um.

Table 2. Semi-quantitative analysis of hepatic ultrastructural changes.

Groups
Liver (TEM)
Control 1 ug/L MC-LR 5 ug/L MC-LR 25 ug/L MC-LR BC 1+ BC 5+ BC 25+ BC
Swollen mitochondria - - ++ 4+ - - - ++
Vacuolization - + + 4+ - - + -
Deformed nuclei - - - + - + - -
Dilated endoplasmic reticulum - - - + - - + -

Note: no damage (-); mild damage (+); moderate damage (++); and severe damage (+++).
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2.4. Antioxidant Parameter Analysis

In the 25 pg/L MC-LR group, the MDA levels showed a significant increase, with a
maximum induction of 162% compared to the control group (p < 0.01). However, compared
to the 25 ug/L MC-LR group, the MDA levels showed a significant decrease, with a
58% reduction in the corresponding mixture group (p < 0.05) (Figure 4A). The activities
of SOD and CAT also showed a significant decrease when exposed to 25 pg/L MC-LR
(p < 0.05) (Figure 4B,C). Moreover, a significant increase in SOD activity was observed in
the mixture group compared to the 25 pg/L MC-LR group (p < 0.05). Compared to the
5 ng/L MC-LR group, CAT activity exhibited a significant increase in the corresponding
combined group (p < 0.05). GPx activity showed no significant alterations when exposed to
MC-LR only or its combination with BC (Figure 4D). Meanwhile, GST activity exhibited a
significant reduction in the 25 ug/L MC-LR group (p < 0.05) compared to the control group
(Figure 4E). Similarly, GSH showed a significant decrease in the 25 ng/L MC-LR group,
with a maximum reduction of 58% (p < 0.01) (Figure 4F).
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Figure 4. Changes in MDA content (A), SOD activity (B), CAT activity (C), GPx activity (D), GST
activity (E), and GSH content (F) in the liver of zebrafish. Asterisks (* p < 0.05; ** p < 0.01) indicate
significant differences between the treatments and control. Hashes (# p < 0.05) indicate significant

differences between the MC-LR + BC groups and the MC-LR-only groups, respectively. The values
are presented as mean £ SD (n = 3).
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2.5. Gene Expression

To evaluate the oxidative stress induced by MC-LR and BC, the transcription levels
of Nrf2 signaling pathway genes were measured (Figure 5 and Table S2, SI). Compared
to the control group, the mRNA levels of nrf2a (p < 0.01), nrf2b (p < 0.05), gcle (p < 0.01),
and hmox1a (p < 0.01) exhibited a significant increase in the 25 pg/L MC-LR group. On the
contrary, the transcription levels of cat, sod1, and keapla were significantly downregulated
in the 25 ug/L MC-LR group in comparison to the control group (p < 0.05). In the BC-
only group, no significant alterations in all tested genes were observed. Compared to the
25 ng/L MC-LR group, cat, gstr, and keapla were significantly increased (p < 0.05), whereas
gclc was significantly decreased (p < 0.05) in the co-exposure group. Moreover, a signifi-
cant upregulation of sod1 and a significant downregulation of nrf2a were observed in the
25 pg/L MC-LR + BC group compared to the 25 pg/L MC-LR group (p < 0.01). No
significant alterations in gpx1a, keap1b, nqol, and gclm were observed across all groups.
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Figure 5. Heatmap of Nrf2 signaling pathway gene expression. Asterisks (* p < 0.05; ** p < 0.01)
indicate significant differences between the treatments and control. The dotted box with hashes
(# p < 0.05; ## p < 0.01) indicate significant differences between the MC-LR + BC groups and the
MC-LR-only groups, respectively. The values are presented as mean + SD (n = 6).

3. Discussion

The detrimental impacts of MC-LR on fish have been widely investigated and have
raised public concern. However, the underlying risks of combining MC-LR with BC, a
potential adsorbent for removing contaminants, remains poorly understood. The present
study provides new insights into the potential use of BC for treating cyanotoxins in natural
waters, emphasizing the principles of environmental friendliness and biological safety.

3.1. Adsorption Capacity of BC for MC-LR

BC is characterized by several structural properties, including surface functional
groups, porous structures, and high specific surface areas [29]. These features enhance its
efficiency in adsorbing and removing waterborne contaminants, including inorganic and
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organic pollutants [25]. Furthermore, different MC congeners exhibit varying polarities,
which can affect their adsorption capacity onto adsorbents, ultimately resulting in differing
toxicity levels [30]. In our study, SEM images showed that BC has a porous structure.
Moreover, BC reduced MC-LR concentrations in the water and its bioavailability in the
liver, demonstrating its ability to adsorb and immobilize MC-LR. Wei and Lu [27] sug-
gested that rice straw-derived BC, when pyrolyzed at higher temperatures, exhibits greater
adsorption capacity and removal efficiency for MC-LR due to its larger and denser pore
structure. Additionally, Zeng and Kan [31] suggested that BC activated with iron (FeCl3)
can effectively adsorb MC-LR from lake water, reducing its dissolved levels and thereby
lowering the potential risk of MC-LR toxicity to aquatic organisms. Thus, eco-friendly BC
has proven effective in immobilizing MC-LR and reducing its bioconcentration, potentially
alleviating MC-LR-induced toxicity in fish.

3.2. Effects of MC-LR and BC on Hepatic Injury

Histopathological lesions in fish are widely used as effective indicators for evaluating
the toxicity of aquatic contaminants. The liver, being the principal detoxifying organ, often
shows toxic effects at both the tissue and cellular levels under pollutant exposure [32]. In
our study, histopathological lesions, including vacuolization and pyknotic nuclei, were
observed in the liver when exposed only to MC-LR. Similarly, the acute intraperitoneal (IP)
injection of 500 pg/kg MC-LR leads to severe hepatocellular vacuolization and necrosis in
tilapia fish (Oreochromis sp.) [33]. Additionally, sub-chronic exposure to 10-30 ug/L MC-LR
also results in hepatic cytoplasmic vacuolization in zebrafish [34]. The appearance of hepa-
tocyte cytoplasmic vacuolization may represent a degenerative change at the subcellular
level, potentially leading to abnormal biological function [35].

Mitochondria are crucial for maintaining cellular redox homeostasis, and they are par-
ticularly vulnerable to damage from free radicals [36]. In the present study, mitochondrial
swelling and endoplasmic reticulum dilation were observed in the MC-LR-only groups.
Mitochondria swelling can lead to enhanced substrate oxidation and elevated ROS pro-
duction, whereas endoplasmic reticulum dilation indicates endoplasmic reticulum stress,
which could eventually result in excessive oxidative stress and apoptosis [37]. Consistent
with our findings, Hou et al. [38] also demonstrated that the IP injection of MC-LR causes
severe hepatic damage, including vacuolar degeneration, cellular swelling, and results in
antioxidant dysfunction in zebrafish. In our study, milder histopathological lesions were ob-
served in the mixture groups, suggesting that the presence of BC alleviates MC-LR-induced
hepatic injury. Similarly, histopathological damage to rat liver in the carbofuran-co-BC
group was significantly mitigated compared to the single carbofuran group, indicating BC’s
effectiveness in adsorbing deleterious pollutants and reducing their toxicity [39]. Thus, our
results demonstrate that MC-LR can cause serious tissue damage, whereas the presence of
BC can alleviate hepatic injury and help to restore normal function.

3.3. Effects of MC-LR and BC on Hepatic Antioxidant Function

The overproduction of MDA is tightly associated with oxidative stress, which is a
crucial indicator for assessing hepatic damage [40]. Former research has shown that MC-LR
can significantly increase hepatic MDA levels in fish through various exposure routes, such
as IP injection and immersion [34,41]. In our study, MDA levels exhibited notable elevation
under MC-LR stress but returned to baseline in the co-treatment group, demonstrating that
MC-LR induces hepatic oxidative stress, whereas the presence of BC helps to alleviate this
damage. Similar to our results, olive stone-derived BC has been shown to remove inorganic
mercury (Hg) from water and reduce oxidative damage by lowering MDA levels in Nile
tilapia (Oreochromis niloticus) [42].

Fish have developed an endogenous antioxidant defense system to counteract ox-
idative damage, which primarily comprises antioxidant enzymes that neutralize excess
oxidants [43]. The activity of these enzymes provides insight into the antioxidant status and
overall health of fish under various stress conditions. SOD and CAT are crucial components



Toxins 2024, 16, 549

9 of 14

of the enzymatic defense system, with SOD converting superoxide anions into H,O,, which
is subsequently decomposed into water by CAT [44]. A significant reduction in hepatic SOD
and CAT activity in the 25 pg/L MC-LR group was observed in our study, with a similar
trend in the mRNA levels of cat and sod1. Similarly, Ming et al. [45] found a significant
reduction in hepatic CAT and SOD in grass carp (Ctenopharyngodon idella) under acute
MC-LR stress, implying that MC-LR exposure inhibits fish antioxidant function. In the
co-exposure groups, both the activities and transcription levels of SOD and CAT returned
to normal levels, suggesting that BC mitigated the oxidative damage induced by MC-LR
and facilitated the restoration of antioxidant capacity.

The NF-E2-related factor 2/Kelch-like ECH-associated protein 1 (Nrf2/Keapla) sig-
naling pathway is crucial for activating downstream antioxidant genes to exert antioxidant
function in fish and may serve as a potential target for regulating MC-LR hepatotoxic-
ity [46,47]. Nrf2 can activate antioxidant gene expression to help mitigate damage under
oxidative stress [48]. Keapla acts as an intracellular sensor of oxidants and can suppress
the hyperactivation of Nrf2 [49]. In our study, the mRNA levels of nrf2a, nrf2b, gclc, and
hmox1a significantly increased, whereas keapla significantly decreased under MC-LR stress,
indicating activation of the protective antioxidant response. Consistent with previous
studies, MC-LR exposure was found to activate the Nrf2 signaling pathway as an adap-
tive mechanism against oxidative damage [50]. Nevertheless, in the mixture groups, a
significant increase in keapla and reductions in nrf2a and gclc were observed relative to the
corresponding MC-LR group. Our findings confirm that sub-chronic exposure to MC-LR
leads to antioxidant dysfunction through the Nrf2 pathway, whereas BC mitigates the
oxidative damage and aids in restoring normal antioxidant function.

In our study, a significant reduction in GSH contents and GST activity in the MC-LR-
only group were observed, implying that the GSH pathway was insufficient to scavenge the
excessive ROS and exert effective detoxification [51]. Nevertheless, both GST activity and
GSH content returned to normal levels in the co-treatment group, further demonstrating
that BC mitigated MC-LR-induced GSH depletion. Kumari et al. [52] also found that rice
straw-derived BC can restore antioxidant capacity by increasing GSH content in earthworm
(Eisenia fetida) under chlorpyrifos stress, further confirming that BC can help to alleviate
oxidative damage caused by pesticides. In the present study, no significant changes in the
antioxidant parameters were noticed in the single BC group, suggesting that 100 ug/L rice
straw-derived BC did not affect hepatic antioxidant function. Therefore, considering the
eco-friendly and cost-effective nature of BC, our results provide an effective approach to
reducing the harm of cyanotoxins for aquatic organisms.

4. Materials and Methods
4.1. Toxin

MC-LR (purity > 95%) was obtained from Algal Science (Taiwan, China) and was
dissolved in ultrapure water to prepare the MC-LR stock solution (0.5 mg/mL).

4.2. Characterization of BC

Rice straw was acquired from local farmland (Changde, China) and utilized as raw
material in our study. Next, samples were rinsed thoroughly with ultrapure water and
dried for 24 h. The dry straws were ground and then pyrolyzed in a muffle furnace
(Haoyue Technology, Shanghai, China) at a heating rate of 15 °C/min under oxygen-
limited conditions at 400 °C for 3 h. Then, the samples were sieved through a 200-mesh
sieve to acquire the final BC. The size distribution and zeta-potential of the rice straw-
derived BC were measured using a Zetasizer Nano-ZS (Malvern Instruments, Malvern,
UK). Scanning electron microscopy (SEM) (Hitachi, Tokyo, Japan) was used to characterize
the morphological structure of BC.
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4.3. Experimental Design and Sampling

Adult male zebrafish (AB, 3-month-old) were acquired from Zebrafish Resource Center
(Wuhan, China). The fish were cultured in tanks and fed fresh Artermia nauplii twice daily.
The photoperiod was adjusted to 14 h:10 h (light/dark), with the water temperature
maintained at 28 & 0.5 °C. After 2 weeks of temporary culture, a full factorial design
experiment (MC-LR: 0, 1,5, 25 pug/L; BC: 0, 100 ug/L) was conducted, including 8 treatment
groups. Each treatment group was tested in 2 replicates (30 fish per tank, 16 tanks in total,
N = 480), with each tank containing 15 L of aerated water and equipped with a closed flow-
through system. The nominal MC-LR concentrations were environmentally relevant and
chosen based on Wei et al. [53]. The nominal BC concentration was determined through our
preliminary adsorption capacity experiment [54]. To maintain the relatively stable exposure
concentrations, 1/3 of the water was replaced every 3 days. MC-LR concentrations were
detected using an ELISA kit (Beacon, Saco, ME, USA). The analysis of adsorption capacity
is shown in Text S1 and Figure S1, SI. Before sampling, the fish were euthanatized with
MS-222 (Sigma-Aldrich, St. Louis, MO, USA). Based on our previous research [34], for
each exposure group, the livers from 4 fish were pooled as one replicate, with 3 replicates
utilized for antioxidant parameter analysis. Additionally, the livers of 6 fish were collected
for qPCR analysis. For histopathological studies, 3 livers were fixed in 10% formalin and
3 livers in 2.5% glutaraldehyde solution. The remaining livers were pooled for MC-LR
content detection. This work received approval for research ethics from Hunan University
of Arts and Science [Permission number: HUAS-2022-014].

4.4. Determination of MC-LR Contents

The MC-LR contents in water and liver samples were determined using ELISA kits
(Beacon, Saco, ME, USA), according to previous studies [12,55]. Detailed sample pretreat-
ment and experimental procedures are shown in Text 52, SI.

4.5. Histopathological Analysis

After being fixed in formalin for 48 h, the liver samples underwent dehydration
through a series of graded ethanol concentrations (70-100%) and were hyalinized in a
1:1 (v/v) ethanol-xylene mixture. Next, the tissues were embedded in molten paraffin.
Paraffin blocks were sectioned (5 um) using a microtome (Leica, Germany) and stained
with hematoxylin and eosin (H&E). All sections were scanned using a digital scanner (Pan-
noramic MIDI) and observed using CaseViewer (3DHISTECH, Budapest, Hungary). For
transmission electron microscopy (TEM) observation, after being pre-fixed in glutaralde-
hyde overnight, the livers were fixed with osmium tetroxide in phosphate buffer. After
washing, the samples were dehydrated through graded ethanol concentrations (50-100%).
Next, the samples were embedded, sectioned with an ultramicrotome, stained, and exam-
ined using TEM (Hitachi, Japan). A semi-quantitative analysis was utilized to evaluate
hepatic histological alterations in the liver of zebrafish, according to Bernet et al. [56], with
minor modifications.

4.6. Physiological Parameter Analysis

The livers were homogenized in 0.9% saline (1:9, w/v) and were then centrifuged to
obtain the supernatants for further analysis. The physiological parameters, including MDA,
SOD, CAT, glutathione peroxidase (GPx), glutathione-s-transferase (GST), and glutathione
(GSH), were determined using ELISA kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

4.7. gPCR Analysis

TRIzol reagent (Takara, Tokyo, Japan) was utilized to isolate the total RNA in the liver
samples. RNA integrity was evaluated using agarose gel electrophoresis. The concentra-
tions of RNA samples were determined using a NanoDrop spectrophotometer (Thermo
Scientific, Waltham, MA, USA). Total RNA samples (1 ug) with A260/A280 values ranging
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from 1.8-2.1 were used for reverse transcription, and the PrimeScript RT reagent Kit (Takara,
Japan) with gDNA Eraser was utilized in this step. Next, qPCR was conducted using SYBR
Green Kits (Takara, Japan) on a LightCycler® 480 Instrument (Roche, Basel, Switzerland),
following the thermal cycling protocols: 40 cycles of 95 °C for 10s, 58 °C for 15s, and
72 °C for 10s. The gene list for the qPCR assay is provided in Table S3, SI, and the primers
were designed using Primer Premier 5.0 (Table 54, SI). The gapdh gene was used as an
endogenous control, and the data were calculated using the 2=t method [57].

4.8. Statistical Analysis

SPSS 25.0 software was used to analyze the data, and all values are presented as
mean = standard deviation (SD). The Kolmogorov-Smirnov test and Levene’s test were
used to verify the normality and homogeneity of variance, respectively. One and two-
way ANOVA, followed by Tukey’s multiple comparison test, were used to analyze the
significant differences between the different treatment groups. Statistical significance was
established at p < 0.05.

5. Conclusions

Our results provide clear evidence that straw-derived BC can significantly decrease
MC-LR bioavailability in the liver, thereby alleviating MC-LR-induced hepatic histopatho-
logical injury and oxidative damage. Given the widespread occurrence of MC-LR in aquatic
environments during cyanobacterial blooms, our findings present a promising approach
to mitigating the harmful biological risks associated with MCs. Additionally, our study
underscores the importance of exploring different types and forms of BC to further enhance
its effectiveness in reducing the detrimental effects of cyanotoxins on fish.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/toxins16120549/s1. Figure S1 and Text S1: Adsorption of
MC-LR on BC. Text S2: Quantification of MC-LR in the liver and water sample. Table S1: Measured
MC-LR levels in the water and liver tissues. Table S2: Transcriptional levels of the Nrf2 signaling
pathway genes in the liver. Table S3: Gene list for gene expression assays. Table S4: Sequences of
primers used for real-time PCR.
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