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Hydrolyzed camel whey protein alleviated heat stress-induced
hepatocyte damage by activated Nrf2/HO-1 signaling pathway
and inhibited NF-κB/NLRP3 axis
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Abstract
Liver damage is the most severe complication of heat stress (HS). Hydrolyzed camel whey protein (CWP) possesses bioactive
peptides with obviously antioxidant and anti-inflammatory activities. The current study aims to investigate whether CWP that is
hydrolyzed by a simulated gastrointestinal digestion process, named S-CWP, protects BRL-3A hepatocytes from HS-induced
damage via antioxidant and anti-inflammatory mechanisms. BRL-3A cells were pretreated with S-CWP before being treated at
43 °C for 1 h, and the levels of the cellular oxidative stress, inflammation, apoptosis, biomarkers for liver function, the activities
of several antioxidant enzymes, and the cell viability were analyzed. The expression level of pivotal proteins in correlative
signaling pathways was evaluated by western blotting. We confirmed that S-CWP alleviated HS-induced hepatocytes oxidative
stress by decreased reactive oxygen species (ROS), nitric oxide (NO), 8-Hydroxy-2′-deoxyguanosine (8-OHdG), lipid peroxi-
dation (LPO), protein carbonylation (PCO), and the activities of NADPH oxidase while enhanced superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GSH-Px), heme oxygenase-1 (HO-1) activities, and GSH content. S-CWP suppressed
HS-induced inflammatory response by reducing the phosphorylation of NF-κB p65, the expression of NLRP3, and caspase-1 and
finally alleviated caspase-3-mediated apoptosis. S-CWP also alleviated HS-induced hepatocyte injury by reducing alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) levels and restoring Heat Shock
Protein 70 (HSP70) expression. Furthermore, S-CWP treatment significantly enhanced the expression of NF-E2-related nuclear
factor erythroid-2 (Nrf2) and HO-1. The antioxidant and anti-inflammatory effects of S-CWP were weakened by ML385, a
specific Nrf2 inhibitor. Additionally, zinc protoporphyrin (ZnPP), a specific HO-1 inhibitor, significantly reversed S-CWP-
induced reduction in the phosphorylation of NF-κB p65. Thus, our results revealed that S-CWP protected against HS-induced
hepatocytes damage via activating the Nrf2/HO-1 signaling pathway and inhibiting NF-κB/NLRP3 axis.
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Introduction

Animals subjected to continuous heat stress (HS) exhibit
physiological changes such as increased core body tempera-
ture, loss of appetite, and decreased immunity, accompanied
by structural and functional damage to tissues and organs
(Badr et al. 2018b; Miller-Cushon et al. 2019; Nawab et al.
2018; Zaboli et al. 2019). Liver damage and failure are known
as fatal complications after humans and animals suffered HS
(Geng et al. 2015;Weigand et al. 2007; Hassanein et al. 1992).
Although the exact molecular mechanism of HS-induced he-
patocyte damage remains unclear, it reportedly involves oxi-
dative stress and inflammation (Akbarian et al. 2016; Badr
et al. 2018b; Slimen et al. 2014).
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One of the adverse effects of HS is to promote the over-
production of reactive oxygen species (ROS), which leads to
the occurrence of oxidative stress (Akbarian et al. 2016; Altan
et al. 2003). Then, the oxidative stress further leads to cell
damage, mainly including lipid peroxidation, decarboxylation
of amino acid, and DNA strand breakage (Corrochano et al.
2018). Animals and humans have evolved the antioxidant
system to control the level of ROS (Akbarian et al. 2016;
Slimen et al. 2014), which includes cytoprotective enzymes
and antioxidants, such as superoxide dismutase (SOD), cata-
lase (CAT), glutathione peroxidase (GSH-Px), heme
oxygenase-1 (HO-1), etc. (Akbarian et al. 2016). They convert
ROS to water molecules and oxygen and preserve the normal
level of ROS (Andersen et al. 1997; Slimen et al. 2014; Song
et al. 2018). However, excessive production of ROS can
lead to oxidative stress and activate the NF-κB signal-
ing, which in turn promotes the release of proinflamma-
tory factors such as NOD-leucine rich repeat and pyrin
containing protein 3 (NLRP3) inflammasome, leading to
massive mitochondrial dysfunction, apoptosis and liver
injury (Badr et al. 2018a; Guo et al. 2015; Shen et al.
2014). Moreover, studies have further confirmed that
NLRP3 is essential in mediating HS-induced liver injury
(Geng et al. 2015). NF-E2-related nuclear factor
erythroid-2 (Nrf2) plays an important role in regulating
cytoprotective enzyme expression and resisting oxidative
stress. Studies have confirmed that the Nrf2 can regulate
the inflammatory cascade by inhibiting NF-κB signaling
and decreasing the level of proinflammatory factors
(Wardyn et al. 2015). Therefore, regulating the NF-κB/
NLRP3 axis through the Nrf2 signaling pathway may be
a potential treatment for HS-induce hepatocyte damage.

Camel whey protein (CWP) is a powerful natural antioxi-
dant because it inhibits ROS production, alleviates oxidative
stress and inflammation, and increases GSH levels (Badr et al.
2017a). CWP is similar in composition to bovine whey pro-
tein but lacks β-lactoglobulin (β-LG). LG is the major cause
of milk allergies in children (Badr et al. 2017a, b, 2018b;
Elagamy 2000; Ramadan et al. 2018). In addition, CWP or
camel milk (CM) has higher antioxidant activities thanWPs or
milk from bovine and other animals (Badr et al. 2017a;
Elagamy 2000; Mihic et al. 2016). In terms of anti-HS,
CWP inhibited HS-induced oxidative stress, inflammation,
and apoptosis of mice lymphocytes via the PI3K/AKT,
NF-κB signaling pathways (Badr et al. 2018b), and attenuated
HS-induced testis damage through the YAP/Nrf2 pathway
(Badr et al. 2018a) and also restored GHS levels in the liver
(Abdel-Aziem et al., 2011). The antioxidant activity of WP
may be attributed to the production of bioactive peptides in the
digestive tract (Udenigwe and Aluko 2012; O'Keeffe and
FitzGerald 2014). Furthermore, a study has shown that pep-
tides produced by enzymatic hydrolysis of CWP exhibited a
stronger ability to reduce the chemical radical DPPH than their

undigested proteins (Ibrahim et al. 2018). However, its ability
to alleviate HS-induced hepatocyte injury has not been dem-
onstrated yet. Therefore, we investigated the anti-HS effect of
simulated gastrointestinal digestion of CWP (S-CWP) in he-
patocytes, and the emphasis is placed on its regulatory effect
on Nrf2 signaling and NF-κB/NLRP3 axis.

Materials and methods

Pretreatment of camel milk

The fresh Bactrian camel milk (CM) was collected aseptically
from at least 20 healthy camels of the local farm in Alashan,
Inner Mongolia, China. The samples were blended to obtain a
homogenous sample and then immediately kept in cold stor-
age at 4 °C and transported to the laboratory within 2 h follow-
ed by the degreasing and pasteurization process. Briefly, raw
milk was spun at 1400×g and 4 °C for 30 min, and then the
creamy layer was removed; thereafter, defatted CM was heat-
ed at 80 °C for 20 min and cooled to 43–45 °C immediately
(Hamed et al. 2018; Ramadan et al. 2018). Samples were
freeze-dried and kept at − 80 °C until use.

Preparation of camel whey protein

CWP was prepared by means of referent papers (Badr et al.
2017b, 2018b). Briefly, the pH of the skim CM was adjusted
to 4.3 with 1MHCl and then centrifuged at 11000×g and 4 °C
for 10 min. The supernatant after centrifugation was collected,
which was the sample of CWP after precipitation of the ca-
sein. CWPs were precipitated by using ammonium sulfate and
then dialyzed for 48 h by using a dialysis bag with a molecular
weight cut-off of 6000–8000 kDa, in which the ratio of CWP
to distilled water was 1:20. The dialysate was freeze-dried and
kept at − 80 °C until use.

Simulated gastrointestinal digestion of CWP (S-CWP)

The processes of simulated gastrointestinal digestion (SGID)
were performed based on the pertinent reference (Power-
Grant et al. 2015). Freeze-dried CWP samples were diluted
with sterilized deionized water to a final concentration of
2.0% (w/w) and adjusted the pH to 2.0 with 1 M HCl. After
being incubated for 30 min at 37 °C, Pepsin (Sigma, St Louis,
MO, USA; Cat. No.: P7000) was then added (the ratio of
enzyme to the substrate is 1:40) and incubated for another
90 min. Then, the pH of the reaction systems was adjusted
to 7.5 after heat is inactivated at 90 °C for 20 min. After that,
Corolase PP (CorPP; Sigma, St Louis, MO, USA; Cat. No.:
T4799) was added at a ratio of enzyme to the substrate is
1:100 (w/w) and incubated at 37 °C for another 150 min and
sequenced by heat inactivation at 90 °C for 20 min. The
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degree of hydrolysis (DH) is defined as the percentage of total
peptide bonds that are hydrolyzed in the protein, and the o-
phthaldialdehyde (OPA) assay was used to detect it as de-
scribed in the literature (Nielsen et al. 2001). The hydrolysate
was centrifuged at 5000×g at 4 °C for 30 min to remove the
insoluble substrate fragments. The CWP after SGID process
was named S-CWP, freeze-dried, and kept at − 80 °C until
use.

Reducing SDS-PAGE of S-CWP

The degree of hydrolysis (DH) of CWP was further analyzed
on reducing SDS-PAGE according to referent papers (Ibrahim
et al. 2018; Wang et al. 2020). In brief, S-CWP (0.4 mg) was
mixed with 1 ml of reducing sample buffer and then heated at
95 °C for 5 min. Samples (10 μl) were loaded into 12% ac-
rylamide gels for electrophoresis. The gel was run at 80 V for
30 min and then for 60 min at 120 V. The gel was fixed for
12 h at room temperature. Protein bands were visualized with
Feto Protein Staining Buffer (2 h at room temperature), a
Coomassie bright blue R250 fast staining solution (Solarbio
Science & Technology, Beijing, China; Cat. No.: G4540).
After staining, the gel was stored in water and taken out to
take pictures.

Cell culture and treatment

Normal Rattus norvegicus hepatocytes (BRL-3A) were pur-
chased from the Procell Life Science and Technology Co.,
Ltd. (Wuhan, China; Cat. No.: CL-0036). Cells were cultured
in DMEM (Gibco, NY, USA) supplemented with 10% (v/v)
FBS (Gibco, NY, USA), streptomycin (100 μg/ml), and pen-
icillin (100 U/ml) and maintained at 37 °C in a humidified
CO2 (5%, v/v) incubator. A HS-induced cell injury model
was established using a stable rat hepatic cell line BRL-3A
as described in the references (Geng et al. 2015). In brief,
when BRL-3A cells reached a confluence of 70–80%, they
were pretreated with S-CWP (10, 30, or 50 μg/ml) for 12 h,
followed by HS treatment for 1 h at 43 °C. After 9-h recovery
at 37 °C, cells and the supernatants were harvested. The above
supplemental dose of S-CWP has been confirmed to be non-
cytotoxic byMTT assay in previous pre-experiments. In other
separate experiments, cells were pretreated with an Nrf2 in-
hibitor (ML385, 10 μM; MCE, NJ, USA; Cat. No.: HY-
100523), a HO-1 inhibitor (ZnPP, 10 μM; MCE; Cat. No.:
HY-101193), or an NF-κB inhibi tor (Berbamine
dihydrochloride, 10 μM; MCE; Cat. No.: HY-N0714A) for
1 h prior to S-CWP treatment.

Detection of cell viability

The MTT assay was performed with the instruction of MTT
Cell Proliferation and Cytotoxicity Detection Kit (Keygenbio

Biotechnology, Nanjing, China; Cat. No.: KGA312). In brief,
the cells were seeded at a density of 3000 cells (100 μL) per
well in 96-well plates. After the cells suffered HS treatment,
50 μl of 1 ×MTT solution was added to each well and incu-
bated at 37 °C for another 4 h, and then the medium was
replaced with 150 μl DMSO and vortexes for 10 min. At the
wavelength of 490 nm, the absorbance of each well was de-
tected with a microplate reader (Synergy H4, BioTek, USA).

Extraction of total cellular protein

The cells were seeded at a density of 1 × 106 cells (2 ml) per
well in 6-well plates. After being treated as previously de-
scribed, the cells were washed three times with ice-cold PBS
and then lysed on ice in 100 μl cell buffer for Western and IP
(Beyotime Biotechnology, Shanghai, China; Cat. No.: P0013)
containing protease inhibitor (5 mg/ml; Thermo Fisher
Scientific, Shanghai, China; Cat. No.: A32963) and PMSF
(0.1 mM) for 30 min. Then, cells were collected by cell scrap-
er and centrifuged at 14000×g for 5 min at 4 °C to obtain the
supernatant. The protein concentrations were determined by
using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Shanghai, China; Cat. No.: 23225). Cell culture
supernatant was spun at 2000×g for 20 min, and then the
supernatant was collected. Nuclear protein extraction was per-
formed according to the kit instructions (Sangon Biotech,
Shanghai, China; Cat. No.:C500009).

Detection of markers of oxidative stress

Intracellular ROS levels were detected by Reactive Oxygen
Species (ROS) Assay Kit (Beyotime Biotechnology,
Shanghai, China; Cat. No.: S0033), which is an assay by using
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA).
Briefly, BRL-3A cells were seeded in 6-well plates at a den-
sity of 1 × 106 cells (2 ml) and incubated for 24 h before being
pretreated with S-CWP for 12 h. Then, DCFH-DA diluted
with the serum-free medium was added to the wells at a final
concentration of 10 μM and incubated at 37 °C for 20 min
followed by treated with heat stress (43 °C) for another 1 h.
The cells were washed three times with serum-free cell culture
medium to remove DCFH-DA that did not enter the cells.
Cells loaded with probes were visualized by using a fluores-
cence microscope (Olympus, IX71, Tokyo, Japan). The exci-
tation wavelength of 488 nm and the emission wavelength of
525 nm were used to detect the fluorescence intensity in the
cells by using a fluorescence microplate reader (Synergy H4,
BioTek, USA). Nitric oxide (NO) in the cell culture superna-
tant was measured by using Griess reagent with NO detection
kit (Beyotime Biotechnology, Shanghai, China; Cat. No.:
S0021). Lipid peroxidation (LPO), 8-Hydroxy-2 ′-
deoxyguanosine (8-OH-dG), a marker of DNA damage, and
protein carbonylation (PCO), a marker of protein damage,
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were detected by lipid peroxidation assay kit (Cat. No.: A106-
1), 8-hydroxydeoxyguanosine Assay Kit (Cat. No.: H165),
and Protein Carbonyl (PCO) Colorimetric Assay Kit (Cat.
No.: A087), respectively (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Detection of antioxidants and cytoprotective
enzymes

The activities of the intracellular NADPH oxidase, SOD,
CAT, GSH-Px, and the ratio of reduced glutathione (GSH)/
oxidized glutathione disulfide (GSSG) were detected by using
commercial kits according to the instruction manuals of
Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Total HO-1 activity was detected to follow the assay
of previous research (Abraham et al. 1985). In brief, cell lysate
was mixed with 2 mM glucose-6-phosphate, 0.2 U glucose-6-
phosphate dehydrogenase, 20 μM hemin, and 0.8 mM
NADPH (Sigma, St Louis, MO, USA; Cat. No.: 481974) in
a total volume of 1.2 ml. After being incubated for 1 h at
37 °C, the absorbance was recorded at 464 nm.

Determination of NLRP3, caspases, and biomarkers
for liver function

NACHT, LRR, and PYD domain-containing protein
3(NLRP3) was detected by using ELISA kit (HCUSABIO,
Wuhan, China; Cat. No.: CSB-EL015871MO). Caspase-1 in
cells was measured by using Rat Caspase-1(CASP1) ELISA
kit (HCUSABIO, Wuhan, China; Cat. No.: CSB-
EL004543RA). The activity of caspase 3 in cells was deter-
mined by using the Caspase 3 Activity Assay Kit (Beyotime
Biotechnology, Shanghai, China; Cat. No.: C1116), according
to the manufacturer’s protocols. The relative caspase-3 activ-
ity is described as the ratio to that of the control group. The
levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and alkaline phosphatase (ALP) in the cell
culture supernatant were measured by using commercial kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China).

Morphological detection of apoptotic cells

Apoptosis was evaluated by Annexin V-FITC Apoptosis
Detection Kit (Beyotime Biotechnology, Shanghai, China;
Cat. No.: C1062L), which is an assay by using Annexin V-
FITC labeling phosphatidyl serine (PS) present on the cell
membrane surface during apoptosis and propidium iodide
(PI) labeling DNA. Briefly, the cells were seeded at a density
of 5 × 104 cells per well in 24-well plates. Following treatment
as previously mentioned, 24-well plates were spun at 1000×g
for 5 min, and then the cell culture medium was removed, and
the cells washed once with PBS. Then, 24-well plates were

spun at 1000×g for 5 min again. After that, Annexin V-FITC
binding fluid (195 μL), Annexin V-FITC (5 μL), and PI
(10 μL) were added into each well in sequence. After gently
mixing, cells were incubated in dark for 10–20 min at room
temperature (20–25 °C) and then visualized by using a fluo-
rescence microscope (Zeiss, AX10, Jena, Germany).

Real-time PCR

Total RNA was extracted by using Trizol reagent. The cDNA
was generated by using HiScript Q RT SuperMix for qPCR
(Vazyme, Nanjing, China; Cat. No.: R122-01). The qPCR
was performed by using Cham Q SYBR qPCR Master Mix
(Vazyme, Nanjing, China; Cat. No.: Q341-02/03) on an ABI
Quantstudio 7. The relative mRNA expression was calculated
by using 2-△△Ct method. The primer sequences are presented
in Table 1.

Western blotting analysis

Cells were lysed in 100 μl cell buffer for western and IP as
mentioned above. The protein concentrations were deter-
mined by using a BCA protein assay kit. Then, equal
amounts of total cellular protein (20 μg) were mixed with
loading buffer and separated by 10% SDS-PAGE. The gel
was run at 120 V for 80 min before being transferred onto a
polyvinylidene fluoride (PVDF) membrane (Amersham,
GE Healthcare, Velizy-Villacoublay, France) at 80 V for
45 min. After the PFDF membranes were blocked with
QuickBlock™ Blocking Buffer (Beyotime, Shanghai,
China; Cat. No.: P0252) for 1 h, they were incubated with
rabbit anti-HSP70 (1:1000; CST, Danvers, USA; Cat. No.:
3033), rabbit anti-Nrf2 (1:2000; Abcam, Camb, UK; Cat.
No.: ab31163), rabbit anti-HO-1 (1:1000; GeneTex, Inc.,
USA; Cat . No. : GTX30748) , rabbi t ant i -NF-κB
p65(1:1000; CST, Danvers, USA; Cat. No.: 4764), rabbit
anti-NF-κB p65 (phospho S536) (1:1000; CST, Danvers,
USA; Cat. No.: 3033), and rabbit anti-β-actin antibody
(1:10000; Abcam, Camb, UK; Cat. No.: ab8227) overnight
at 4 °C. Then, the membranes were washed three times with
TBST and incubated with Goat anti-Rabbit IgG (H + L)-
HRP (Tianjin Sungene Biotech, Tianjin, China; Cat. No.:
LK2001) at a dilution of 1:5000 for 45 min at room temper-
ature. The membranes were washed the same as before and
visualized by using Super ECL Plus (US Everbright Inc.,
Suzhou, Jiangsu, China; Cat. No.: S6009). Then, the images
were detected by using the Odyssey infrared imaging sys-
tem (LI-COR Biosciences) and analyzed by the Image-Pro
Plus 6.0 software (Media Cybernetics, Maryland, USA).
The protein bands’ density was normalized based on the
β-actin in the same samples.
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Statistical analyses

The data was analyzed by using SPSS 25.0 software and pre-
sented as means ± SEM. Samples lacking normality were ana-
lyzed using Wilcoxon Rank Sum Test. Samples that met nor-
mality were compared by the Wilcoxon Rank Sum Test with
Tukey post-test when variances were equal. In the case of un-
equal variance, the Kruskal-Wallis Test was used. The results
were considered significant at p < 0.05. Adobe Illustrator CC
2019 and GraphPad Prism 8.0 were used to visualize the results.

Results

Simulated gastrointestinal digestion of CWP

In the present research, hydrolysates of CWP (S-CWP) by
using a process of simulated gastrointestinal digestion (SGID)
had DH values of 32.41%. S-CWP was analyzed on reducing
SDS-PAGE (Fig. 1). CWP had been almost completely hydro-
lyzed into peptides with small molecular masses that less than
10 kDa. It also showed that CWP lacks β-LG.

S-CWP alleviated HS-induced oxidative stress and
enhanced cell viability

The potential beneficial effects of S-CWP on HS-induced ox-
idative stress in BRL-3A cells were evaluated by the produc-
tion of intracellular ROS, LPO, 8-OHdG, PCO, and the NO
content in the cell culture supernatant. Thiobarbituric acid
reactive species (TBARS) were detected as an LPO marker.
Cell viability can be reduced by HS or oxidative stress, so we
also evaluated the effect of S-CWP on it. The results showed
that HS induced a significant increase of intracellular ROS
(Fig. 2a and b), LPO (Fig. 2c), 8-OHdG (Fig. 2d), PCO
(Fig. 2e), and NO (Fig. 2f) levels, while significant decreased
the cell viability (Fig. 2g). Interestingly, cells received S-CWP
before HS treatment exhibited significantly lower levels of
LPO, 8-OHdG, and PCO in a dose-dependent manner.
Moreover, we found a return to normal levels of ROS and
NO in cells pretreated with 50 μg/ml S-CWP. More impor-
tantly, S-CWP enhanced HS-induced reduction of cell viabil-
ity in a dose-dependent manner. These data indicated that S-
CWP has a noticeable alleviation on the HS-induced oxidative
stress of BRL-3A cells.

Fig. 1 Electrophoretic patterns of
CWP before and after SGID on
12% reducing SDS-PAGE. M:
Prestained protein ladder
(Thermo Fisher Scientific,
Shanghai, China; Cat. No.:
26617). 1 & 2: Unhydrolyzed
CWP. 3: S-CWP. 4 & 5:
Unhydrolyzed milk whey protein

Table 1 The primer sequences for real-time PCR

NF-κB p65
(NCBI Gene ID: 309165)

Forward 5′-GGGATGGCTTCTATGAGGCTGAAC-3′

Reverse 5′-CTTGCTCCAGGTCTCGCTTCTTC-3′

NLRP3
(NCBI Gene ID: 287362)

Forward 5′-GAGCTGGACCTCAGTGACAATGC-3′

Reverse 5′-ACCAATGCGAGATCCTGACAACAC-3′

Caspase-1
(NCBI Gene ID: 25166)

Forward 5′-AAACACCCACTCGTACACGTCTTG-3′

Reverse 5′-AGGTCAACATCAGCTCCGACTCTC-3′

Nrf2
(NCBI Gene ID: 83619)

Forward 5′-GCCTTCCTCTGCTGCCATTAGTC-3′

Reverse 5′-TCATTGAACTCCACCGTGCCTTC-3′

HO-1
(NCBI Gene ID: 24451)

Forward 5′-CAGACAGAGTTTCTTCGCCAGAGG-3′

Reverse 5′-TGTGAGGACCCATCGCAGGAG-3′

β-actin Sangon Biotech, Shanghai, China; Cat. No.: B661202
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S-CWP increased content of antioxidants in HS BRL-3A
cells

HS promotes the generation of ROS through provoking
NADPH depletion (Slimen et al. 2014). We detected the
NADPH oxidase activity and the ability of antioxidant de-
fenses in BRL-3A cells. To inhibit ROS generation and sub-
sequent oxidative damage induced by HS, S-CWP boosted
hepatocellular antioxidant defenses. NADPH oxidase activity
increased significantly in HS-treated cells compared with that
in normal control cells (Fig. 3a). However, this increase was
effectively suppressed by pretreatment with S-CWP in a dose-
dependent manner. Similarly, HS diminished activities of
SOD (Fig. 3b), CAT (Fig. 3c), GSH-Px (Fig. 3d), and the ratio
of GSH/GSSG (Fig. 3e). In contrast, cells received 10, 30, or
50 μg/ml S-CWP before HS exhibited noticeable promotion
of hepatocellular antioxidants. And, more remarkably, HO-1
activity was significantly enhanced (Fig. 3f) compared with
control cells, indicating that it may play a key role in S-CWP
anti-HS-induced oxidative stress.

The above results showed that 50 μg/ml S-CWP had the
best antioxidant effect and significantly increased cell viabil-
ity, so this dose was used in subsequent tests.

S-CWP alleviated inflammatory response induced by
HS via NF-κB/NLRP3 axis

HS-induced liver injury is a final consequence of the inflam-
matory response (Geng et al. 2015). Thus, we measured the
production of the NLRP3 inflammasome, a crucial inflamma-
tory signaling factor, including its upstream signaling mole-
cule NF-κB. Meanwhile, to determine the regulatory effect of
the NF-κB signaling pathway on the inflammatory response,
berbamine dihydrochloride, an inhibitor of this pathway, was
used. Bapamine hydrochloride is an effective NF-κB inhibi-
tor, which can prevent its transport into the nucleus and reduce
the expression of downstream cytokines. We found that the
phosphorylation of NF-κB p65 increased after cells were
treated by HS (Fig. 4a). NLRP3 (Fig. 4b) and caspase-1
(Fig. 4c), which make up the NLRP3 inflammasomes,

Fig. 2 S-CWP alleviated oxidative stress in HS-treated BRL-3A cells.
Cells were pretreated with 10, 30, and 50 μg/ml S-CWP before being
exposed to HS. The levels of ROS were detected by using a fluorescence
probe (DCFH-DA). The fluorescence was visualized by fluorescence

microscope (× 100) (a). S-CWP reduced levels of ROS (b), TBARS
(c), 8-OHdG (d), PCO (e), NO (f), and enhanced cell viability (g). Data
are presented as the mean of three determinations ± SEM. *p < 0.05,
**p < 0.01, and ***p < 0.001
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exhibited the same trends. The expression levels of NF-κB
p65, NLRP3, and caspase-1 mRNA also showed the same
trend (Fig. 4d). Of note, the expression of NLRP3 and
caspase-1 signif icant ly decreased by berbamine
dihydrochloride, indicating that NF-κB signaling played an
important role in HS-mediated inflammatory response.
Similarly, the phosphorylation of NF-κB p65 is significantly
inhibited by S-CWP and the expression of NLRP3 and
caspase-1 in BRL-3A cells. Therefore, our data suggested that
S-CWP alleviated inflammatory response induced by HS via
the NF-κB/NLRP3 axis.

S-CWP protected liver cells from HS damage

HS-induced oxidative and inflammatory response can lead to
apoptosis and subsequently liver dysfunction. We determined
the effect of S-CWP on HS-induced apoptosis and levels of
biomarkers for liver function. The results showed that S-CWP
suppressed HS-induced increased activity of caspase-3, a crit-
ical executioner of apoptosis (Fig. 5a). In addition, treatment
with HS resulted in the remarkable increase in ALT (Fig. 5b),
AST (Fig. 5c), and ALP (Fig. 5d) levels in BRL-3A cells
compared to that of control cells. The increased levels of these
biomarkers suggested that the cells had been damaged. It has
been confirmed that overexpressed HSP70 can promote the
secretion of proinflammatory cytokines through the NF-κB

signaling pathway, which in turn mediates cell damage
(Asea et al. 2002). Therefore, we also examined the effect of
S-CWP on HSP70 expression in HS cells. The data showed
that HSP70 expression was significantly increased in the HS
group compared with the control group, while it was signifi-
cantly restored in cells pretreated with S-CWP and berbamine
d ihyd roch lo r ide . Thus , S -CWP and be rbamine
dihydrochloride both alleviated HS-induced hepatocyte dam-
age by reversing these biomarkers, as well as caspase-3 and
HSP70. Therefore, we further demonstrated that S-CWP alle-
viated HS-induced hepatocyte injury by inhibiting the NF-κB
signaling pathway.

S-CWP alleviated HS-induced morphological changes
of BRL-3A cells

As can be seen, in the early stage of apoptosis, cells bound to
Annexin V-FITC (green fluorescence) but excluded PI (red
fluorescence), while necrotic and late apoptotic cells bound to
both Annexin V-FITC and PI (Fig. 6). HS led to morpholog-
ical changes of cells. After HS treatment, cells tended to get
round in shape, small in size, and increased in the numbers of
apoptosis cells. Conversely, BRL-3A cells pretreated with
50 μg/ml S-CWP or 10 μM berbamine dihydrochloride alle-
viated HS-induced morphological changes. These data further

Fig. 3 S-CWP suppressed HS-induced destruction of antioxidants in
BRL-3A cells. S-CWP suppressed the activity of NADPH oxidase (Fig.
2a), increased the activity of SOD (Fig. 2b), CAT (Fig. 2c), GSH-Px (Fig.
2d), and the ratio of GSH/GSSG (Fig. 2e). Of note, the active of HO-1

was significantly increased by 50 μg/ml S-CWP compared with control
cells (Fig. 2f). Data are presented as the mean of three determinations ±
SEM. *p < 0.05, **p < 0.01, and ***p < 0.001
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confirmed the anti-HS-induced hepatocyte apoptosis effect of
S-CWP via the NF-κB signaling pathway.

S-CWP alleviated HS-induced oxidative stress and in-
flammatory response via the Nrf2 signaling pathway
in BRL-3A cells

To investigate the effect of S-CWP on Nrf2 signaling and
given the double role of HO-1 in cellular oxidative stress

and inflammation, both expressions of them were measured.
In this study, Nrf2 specific inhibitor ML385 was used to an-
alyze the effect of Nrf2 signaling pathway on HS-induced
inflammation. The results revealed that HS reduced Nrf2 ex-
pression in the nucleus compared with that in the control
group (Fig. 7a and d). Meanwhile, the protein expression of
HO-1, the downstream target of Nrf2, decreased correspond-
ingly (Fig. 7b and d), and its activity significantly decreased
by HS (Fig. 7c). Interestingly, Nrf2 and HO-1 protein

Fig. 4 S-CWP alleviated inflammatory response induced by HS in BRL-
3A cells through NF-κB/NLRP3 axis. The cells were pretreated with
10 μM berbamine dihydrochloride or 50 μg/ml S-CWP before being
treated with HS. Cells were lysed and immunoblotted with NF-κB p65
and p-NF-κB p65 antibodies. The phosphorylation of NF-κB p65 is
normalized based on the density of β-actin in the same samples.
NLRP3 in the cell culture supernatant was detected by ELISA assay.
Intracellular caspase-1 was measured by ELISA assay. Berbamine

dihydrochloride is an inhibi tor of NF-κB signaling. The
phosphorylation of NF-κB p65 is significantly inhibited by S-CWP (a),
as well as the expression of NLRP3 (b) and caspase-1 (c) in BRL-3A
cells. The expression levels of NF-κB p65, NLRP3, and caspase-1
mRNA also showed the same trend (Fig. 4d). Data are presented as the
mean of at least three determinations ± SEM. *p < 0.05, **p < 0.01, and
***p < 0.001
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expression were both significantly increased in cells
pretreated with 50 μg/ml S-CWP before HS treatment.
In addition, S-CWP decreased intracellular ROS level (Fig.
7e), NF-κB phosphorylation level (Fig. 7f), and NLRP3 con-
tent (Fig. 7g). However, ML385 inhibited the enhancement of
S-CWP on Nrf2 and HO-1, as well as the reduction on ROS,
NF-κB, and NLRP3. In addition, the positive effect of S-CWP
on HS-induced apoptosis was reversed by ML385 (Fig. 7i).
The expression levels of Nrf2, HO-1, NF-κB, and NLRP3
mRNA also showed the same tendency as the protein expres-
sion levels (Fig. 7h). These results suggested that activation of
Nrf2 is essential to protect hepatocytes from HS-induced ox-
idative stress and inflammatory response-mediated apoptosis.
Our data also showed that S-CWP inhibited the NF-κB sig-
naling pathway by activating the Nrf2 signaling pathway and

alleviated the HS-induced oxidative stress, inflammatory re-
sponse, and apoptosis in BRL-3A cells.

S-CWP protected against HS-induced inflammatory
response via upregulated HO-1 protein expression in
BRL-3A cells

To investigate the anti-inflammatory effects of the Nrf2/HO-1
axis, a specific inhibitor of HO-1, zinc protoporphyrin (ZnPP),
was used in the present study. Results showed that the phos-
phorylation of NF-κB p65, which had been inhibited by S-
CWP, increased again when cells were treated with ZnPP
compared to the control group (Fig. 7j). The results suggested
that HO-1 was involved in the alleviative effect of S-CWP on

Fig. 5 S-CWP alleviated HS-induced apoptosis and down-regulated the
content of biomarkers for liver function. The cells were pretreated with
10 μM berbamine dihydrochloride or 50 μg/ml S-CWP before being
treated with HS. S-CWP reduced caspase-3 activity (a), ALT (b), AST

(c), and ALP (d) in BRL-3A cells. Meanwhile, S-CWP also decreased
HSP70 expression (e). Data are presented as the mean of at least three
determinations ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001
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HS-induced increased phosphorylation of NF-κB and subse-
quent inflammatory response.

Discussion

Heat stress (HS) has become one of the major environmental
stressors of global warming, seriously harming the health of
animals and human beings. Liver injury is the most fatal and
common pathological change in almost all cases of HS (Geng
et al. 2015; Weigand et al. 2007; Hassanein et al. 1992). The
mechanism of HS-induced liver injury involves oxidative
stress and inflammatory response (Akbarian et al. 2016;
Badr et al. 2018a, b; Ramadan et al. 2018; Slimen et al.
2014). Despite the increasing understanding of HS-induced
liver injury, there is no safe and effective pharmacotherapy
to intervene in this severe complication. Therefore, new ther-
apies to hamper HS-induced liver injury are in demand urgent-
ly. Milk proteins have attracted increasing attention because

they are usually precursors to various bioactive peptides re-
leased during gastrointestinal digestion. Camel whey protein
(CWP) is considered a powerful natural antioxidant and has
been reported to exhibit greater biological activities than bo-
vine and other whey proteins (WPs), including anti-HS, anti-
oxidant, and anti-inflammatory activities (Chen et al. 2014;
Salami et al. 2010). Previous researches have shown that the
biologically active peptides (BAPs) produced by CWP

Fig. 6 S-CWP alleviated HS-inducedmorphological changes of BRL-3A
cells. The green fluorescence in the figure is Annexin V-FITC staining-
positive cells (Annexin V-FITC+), and the red is PI staining-positive cells
(PI+). Annexin V-FITC+: apoptotic cells. Annexin V-FITC+/ PI+: necrotic

and late apoptotic cells. Annexin V-FITC−/ PI−: normal cells. Data are
presented as the mean of three determinations ± SEM. *p < 0.05,
**p < 0.01, and ***p < 0.001

�Fig. 7 Effects of S-CWP on Nrf2/HO-1 and NF-κB signaling pathway in
BRL-3A cells. Cells were pretreated with 10 μMML385 for 1 h and then
treated with 50 μg/ml S-CWP for 12 h. The protein expression of Nrf2 (a
and d), HO-1 (b and d), the activity of HO-1 (c), the level of ROS (e), the
expression of p-NF-κB (f), NLRP3 (g), and apoptosis (i) were deter-
mined. The expression levels of Nrf2, HO-1, NF-κB, and NLRP3
mRNA (h). Then, the cells were pretreated with 10 μM ZnPP for 1 h
before being treated with S-CWP (50 μg/ml), followed by HS treatment.
The phosphorylation of NF-κB p65 was determined by western blotting
analysis (j). Data are presented as the mean of three determinations ±
SEM. *p < 0.05, **p < 0.01, and ***p < 0.001
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enzymolysis exhibited significantly radical-scavenging activ-
ities (Ibrahim et al. 2018), and they are likely to survive transit
through the gastrointestinal tract to the target organ
(Corrochano et al. 2019). Another study exhibited enhanced
antioxidant effects in human endothelial cells pretreated with
hydrolyzed WP (O'Keeffe and FitzGerald 2014). In the cur-
rent study, we provided further evidence that peptides pro-
duced by simulated gastrointestinal digestion of CWP (S-
CWP) could have beneficial effects on HS-induced rat liver
BRL-3A cells damage via the Nrf2/HO-1/NF-κB/NLRP3 an-
tioxidant, anti-inflammatory, and anti-apoptosis signaling
pathway.

Excessive production of ROS in cells is the main culprit
leading to oxidative stress, which further leads to cell dam-
age by destroying biological macromolecules such as lipids,
proteins, and DNA (Hybertson et al. 2011; Sies et al. 2017).
As reported, HS increases ROS production by promoting
NADPH depletion, while antioxidants protect cells against
HS by enhancing the level of NADPH (Lord-Fontaine and
Averill-Bates 2002). Oxidative stress further leads to
hepatocytic damage and liver dysfunction (Xu et al. 2018).
Increased levels of lipid peroxidation products (LPO), pro-
tein carbonyls (PCO, A marker of protein damage), and 8-
OHdG (Amarker of DNA damage) in cells have been recog-
nized as an index of oxidative stress. TBARS, which in-
cludes malondialdehyde (MDA) and 4-hydroxynonenal
(HNE), is a product of the lipid peroxidation of polyunsatu-
rated fatty acids and has been recognized as an indicator for
assessing oxidative stress levels (Mihic et al. 2016). In addi-
tion, studies have exhibited thatNO is a free radicalwith high
activity, which can react with ROS to produce peroxynitrite
(ONOO−) with strong oxidation and then destroy functional
tissues (Reed 2011). Glutathione includes both reduced glu-
tathione (GSH) and oxidized glutathione (GSSG). GSH
plays an important role in maintaining the appropriate redox
states of protein sulfhydryl groups and is a key antioxidant in
cells. SOD, CAT, GSH-Px, and HO-1 are the major antiox-
idant enzymes for controllingROS levels, and kinds of stress
factors impair their functions (Corrochano et al. 2018). In
this research, HS remarkably increased the levels of ROS,
TBARS, 8-OHdG, PCO, and NO, increased the activity of
NADPHoxidase, and decreased the activities of SOD, CAT,
GSH-Px, and HO-1, the content of GSH, and the viability of
cells. Pretreatment with S-CWP significantly reduced the
levels of ROS, TBARS, 8-OHdG, PCO, and NO and
NADPH oxidase activity of BRL-3A cells but increased
SOD, CAT, GSH-Px, and HO-1 activities and the content
of GSH, as well as the cell viability. In particular, S-CWP
showed an enhancement to the activity of HO-1, which is an
important regulator that protects the cell against oxidative
stress. These results indicated that S-CWP could alleviate
HS-induced oxidative damage by enhancing the antioxidant
capacity of BRL-3A cells.

Except for oxidative stress, HS-induced excess ROS can
activate various stress signaling, including NF-κB, which pro-
motes the expression of the NLRP3 inflammasome and caus-
ing liver damage in rats (Song et al. 2018). Evidence showed
that the NLRP3 inflammasome exhibits a significant role in
stress signal-induced liver damage (Szabo and Csak, 2012;
Yan et al. 2012). Inflammasomes distribute in both parenchy-
mal and non-parenchymal cells of the liver and are responsible
for the activation of caspase-1, which causes pyroptosis. A
previous study has shown that HS activated NLRP3
inflammasome in the rat liver, showing increased cappase-1
activity. Activated NLRP3 inflammasome then induced IL-
1β activation and hepatocyte pyroptosis, which further aggra-
vates liver damage (Geng et al. 2015). Here, HS upregulated
the phosphorylation of NF-κB p65 and the expression of
NLRP3 and caspase-1, exhibiting an inflammatory response.
In addition, the present study suggested that berbamine
dihydrochloride, an inhibitor of NF-κB, down-regulated the
expression of P-NF-κB p65, NLRP3, and caspase-3 and alle-
viated apoptosis. Therefore, we provided additional evidence
that S-CWP inhibited the phosphorylation of NF-κB p65 and
the levels of NLRP3 and caspase-1, exhibiting an anti-
inflammatory activity in BRL-3A cells. Similarly, CWP
down-regulated the levels of TNF-α, IL-6, and IL-1β in lym-
phocytes of HS mice by inhibiting the activation of NF-κB
(Badr et al. 2018b). Given the role of ROS in activating
NF-κB/NLRP3 inflammasome axis and thus mediating HS-
induced liver damage, it could be indicated that this signaling
pathway plays an important role in the anti-inflammatory ef-
fect of S-CWP.

Accumulating evidence indicates that oxidative stress and
inflammation play an important role in mediating HS-induced
apoptosis (Badr et al. 2018a, b; Geng et al. 2015; Ramadan
et al. 2018; Slimen et al. 2014). There are two main apoptotic
pathways, death receptor pathway and mitochondrial pathway
(Ramadan et al. 2018). The death receptor pathway is a pro-
cess of apoptosis mediated by transmembrane receptors, such
as the tumor necrosis factor receptor (TNFR) superfamily. The
caspase cascade is activated after the receptors combined with
their specific ligands (MATSUDA-MINEHATA et al. 2007).
During the mitochondrial pathway, excessive ROS leads to
increased mitochondrial membrane permeability, followed
by the escape of cytochrome C to the cytoplasm and binds
to the apoptotic protease activating factor-1 (Apaf-1), thereby
initiating caspase cascade and leading to activation of caspase-
3 and subsequently apoptosis (Gillies and Kuwana 2014).
Caspase-3 participates in both the mitochondrial and the death
receptor apoptotic pathways, and it is the final executioner of
apoptosis (Sudo and Minami 2010). In the present study, HS-
induced oxidative injury and inflammatory response accom-
panied by activated caspase-3. HS-induced apoptosis was
confirmed by morphological observation of apoptotic cells.
In addition, we confirmed that HS-induced hepatocyte
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apoptosis could be alleviated by inhibiting NF-κB-mediated
inflammatory response. Therefore, inhibition of overproduc-
tion of ROS and inflammatory response induced by HS can
protect cells from apoptosis. S-CWP alleviated apoptosis in
HS-administered BRL-3A cells by inhibited activity of cas-
pase-3, which may be attributed to its dual effects to attenuate
oxidative stress and inflammation. Similarly, previous studies
have shown that CWP alleviated HS-induced apoptosis in
mouse lymphocytes and testicular cells (Badr et al. 2017b,
2018a, b). Our findings suggested that targeting oxidative
stress and NLRP3 inflammasome with S-CWP may be a ther-
apeutic strategy to alleviate hepatocyte apoptosis after HS.

Hepatocyte damage, including apoptosis, eventually leads
to liver dysfunction. In the current study, elevated levels of
biomarkers for liver function, including ALT, AST, and ALP,
indicate considerable hepatocellular damage. ALT is mainly
present in the cytoplasm of hepatocyte, and its elevated levels
indicate impaired hepatocyte membrane, increasing mem-
brane permeability. AST is mainly distributed in the cyto-
plasm andmitochondria of hepatocytes, and its elevated levels
indicate damage to these organelles. AST is an indicator of
hepatocellular necrosis. ALP is mainly involved in hepatocyte
metabolism (Li et al. 2019). Our results showed that S-CWP
treatment suppressed ALT, AST, and ALP levels in cell cul-
ture supernatant and protected against HS-induced hepatocyte
damage. A previous study showed that CM reduced levels of
these biomarkers and improved alcohol-induced liver damage
(Korish and Arafah 2013). Furthermore, we confirmed that
HS upregulated the expression of HSP70 in BRL-3A cells.
HSP70 is considered to be the most important and highly
conserved member of HSPs in mammalian cells. Under phys-
iological conditions, HSP70 is expressed at low levels in cells,
and high temperature and various harmful stresses can induce
its expression to improve the anti-stress ability of organisms
(Badr et al. 2018b). Intracellular HSP70 maintains protein
homeostasis and is also a negative regulator of cytokine pro-
duction (Martine et al. 2019). However, recent studies have
found that overexpressed HSP70 can be released from necrot-
ic cells to the extracellular space, which in turn promotes the
secretion of proinflammatory cytokines by activating the
NF-κB signaling pathway (Asea et al. 2000; Saito et al.
2005). Therefore, it is necessary to maintain the appropriate
expression level of HSP70 in cells. Interestingly, our results
showed that S-CWP restored HSP70 expression in HS-treated
BRL-3A cells. In short, we provided further evidence that
CWP, the protein component of CM, and BAPS produced
during gastrointestinal digestion have potential anti-HS-
induced hepatocyte injury effects.

Nrf2 is a key regulator of the cellular defense system,
playing a protective role by mediating the antioxidant re-
sponse and anti-inflammatory, and the down-regulation of
Nrf2 activity has been proved to be closely related to HS-
induced apoptosis (Glory and Averill-Bates, 2016). Under

stress conditions, Nrf2 is activated to reduce ROS levels, in-
flammation, and apoptosis by regulating the expression of a
group of cellular protective enzymes, including HO-1, thus
preventing oxidative and inflammatory damage (Xu et al.
2018). Here, HS down-regulated the expression of Nrf2, as
evidenced by the decreased expression of HO-1 and other
antioxidant enzyme activities. In this study, when Nrf2 activ-
ity was inhibited by ML385, intracellular ROS production
increased, HO-1 expression and activity decreased, and
NF-κB phosphorylation level increased, along with increased
NLRP3 expression and increased apoptosis. The results indi-
cate that Nrf2 activity is essential for hepatocytes to resist HS-
induced damage. Interestingly, S-CWP alleviated HS-induced
oxidative stress, inflammatory response, and apoptosis, re-
stored cell viability, and showed its potential regulatory effect
on Nrf2 signaling.

Subsequently, we further confirmed that S-CWP signifi-
cantly upregulated the expression of Nrf2 and HO-1 and the
activity of HO-1. The upregulated Nrf2 signaling pathway by
S-CWP resulted in increased antioxidants and reduced ROS
production and apoptosis. However, the inhibitory effect of S-
CWP on NF-κB, NLRP3, and apoptosis was weakened when
Nrf2 activity was inhibited by using ML385. Other studies
have shown that activation of Nrf2/HO-1 can directly sup-
press the NF-κB signaling pathway and proinflammatory cy-
tokines (Wardyn et al. 2015). Therefore, our results revealed
that S-CWP inhibited NF-κB/NLRP3 inflammasome axis-
mediated hepatocyte apoptosis by activating the Nrf2 signal-
ing pathway. Given the obvious enhancement of HO-1 by
Nrf2 signaling, we speculated that HO-1 played a major role
in the protective effect of S-CWP on HS-induced hepatocyte
damage. To investigate the anti-inflammatory effects of the
Nrf2/HO-1 axis, a specific inhibitor of HO-1, ZnPP, was used
in the present study. Here, we revealed that S-CWP treatment
significantly increased the expression of HO-1 and diminished
the phosphorylation of NF-κB p65 in HS-treated BRL-3A
cells, while these effects blocked in the presence of ZnPP.
These results indicated that the upregulated HO-1 in BRL-
3A cells contributed to the S-CWP-induced alleviative effects
against HS-induced inflammatory reaction and subsequent
cell damage.

Conclusion

In conclusion, our findings demonstrated that S-CWP allevi-
ated HS-induced damage in BRL-3A cells. S-CWP sup-
pressed oxidative stress, enhanced the ability of the antioxi-
dant defense, restored protein homeostatic, and alleviated sub-
sequently inflammatory response and apoptosis in hepato-
cytes via the Nrf2/HO-1/NF-κB/NLRP3 signaling pathway
and hence exhibited a potential protective benefit against
HS-induced hepatocyte apoptosis. Additionally, the reported
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therapeutic properties of CWP in different pathological con-
ditions make it particularly fascinating. However, the exact
molecular mechanism of S-CWP protecting hepatocytes from
HS-induced damage is worth further exploration in future
studies, and the bioactive peptides in S-CWP also need further
identification.
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