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Chronic heat stress induced by global warming has important implications for fish 
survival, and the response of important immune organs, such as the spleen, to chronic 
heat stress remains to be investigated. In this study, one control group (20 ℃) and two 
heat stress groups (24 ℃ and 28 ℃) were set up to investigate the effects of heat stress 
on the spleen of Siberian Sturgeon (Acipenser baerii). As per the histological section 
analysis, heat stress caused vacuolization, reticulocyte hyperplasia, and macrophage 
infiltration in the spleen, with hyperplasia being more pronounced in the 28 ℃ group. 
The flow cytometry results showed that the spleen’s apoptosis level significantly 
increased at 28 ℃ (p < 0.05). Hematological studies revealed a significant increase in the 
number of red blood cells in the 28 ℃ group (p < 0.05). Meanwhile, the mRNA expression 
of immune-related factors (tgf-β, il-1β, and il-8) was significantly higher in the 28 ℃ 
heat stress group compared with the control group. This study reveals the effects of heat 
stress on the A. baerii spleen and contributes to the understanding of coping strategies of 
cold-water fish to chronic heat stress. 

INTRODUCTION 

Heat stress due to global warming poses a serious threat 
to fish, potentially altering growth, development and repro
duction, especially cold-water fish such as sturgeon, which 
are closely linked to ambient temperature (Yang et al., 
2022; Zhang et al.1). The effects of heat stress on fish are 
multilayered. It has been found that heat stress can lead to 
severe damage to tissue structures such as gills, intestine, 
liver, and kidney in fish (Yang et al.2; Yang et al., 2021). 
Heat stress also leads to a significant increase in apopto
sis. Studies on Prochilodus lineatus embryos showed that 
heat stress-induced caspase-3-mediated apoptosis.3 Stud
ies on Sander lucioperca livers revealed that heat stress sig
nificantly induced mRNA expression of apoptosis-related 
genes (p53, bcl-2, bax, apaf-1, caspase-3 and caspase-9) af
ter exposure to 30 ℃, 32 ℃, and 34 ℃ for 2 h, respectively. 
Meanwhile, the apoptosis level in the liver increased signif
icantly with increasing temperature (Liu et al., 2022). Ery
throcytes are carriers of oxygen transport, and hemoglobin 
plays an important role in the body as a functional unit of 

red blood cells. The number of blood cells and the amount 
of hemoglobin in fish can reflect the health status of the 
fish body to a certain extent.4 It was also suggested that the 
number of erythrocytes in the blood of fish is mainly influ
enced by the temperature of the water, and that as the wa
ter temperature increases, the number of erythrocytes in
creases.5 Meanwhile, heat stress induces changes in mRNA 
expression levels of immune-related genes in fish. On the 
7th day after treatment at 25 ℃ and 28 ℃, il-1β mRNA ex
pression levels were significantly increased in gills and liver 
of Acipenser baerii, as well as tgf-β mRNA expression levels 
in spleen (Yang et al., 2021). 
As a living fossil, the A. baerii is one of the oldest species 

in the class Actinopterygii. Due to its high nutritional 
value, it is an economically important fish for caviar pro
duction.6 In recent years, the morbidity and mortality rates 
of A. baerii have risen due to ambient temperatures sur
passing their optimal growing conditions (Yang et al., 2022; 
Chen et al.7). As one of the immune organs in fish, the 
spleen plays an important role in regulating the body’s im
mune function against the unfavorable external environ
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Figure 1. Experimental treatment protocols.    
Temperature control Day −14 to 0: Temperature was controlled at 20 ± 0.5 ℃ with the 
heating rods during acclimatization. Day 1 to 8: Temperature was raised to 24 ± 0.5 ℃ 
and 28 ± 0.5 ℃ with the heating rods at 1 ℃/d. Day 9 to 20: the temperature of the three 
groups was maintained at 20 ± 0.5 ℃, 24 ± 0.5 ℃ and 28 ± 0.5 ℃, respectively, using the 
heating rods. Day 21: Heating ended, and samples were collected. 

ment. Currently, relatively little is known about the effects 
of heat stress on the spleen in fish, especially in the cold-
water fish sturgeon. 
In this study, we exposed A. baerii to heat stress and 

used H&E staining, flow cytometry, and qPCR to detect the 
effects of heat stress on A. baerii spleen. This study re
vealed the effects of heat stress on the sturgeon spleen and 
provides guidance for heat stress management in wild and 
farmed sturgeon. 

MATERIALS AND METHODS 

FISH MAINTENANCE AND TREATMENT PROTOCOL 

A total of 90 healthy experimental juvenile A. baerii (76.37 ± 
9.45 g) were purchased from Sichuan Runzhao Fishery Co., 
Ltd., Sichuan, China, and cultured in 3 circular PE mate
rial tanks (1.5 m diameter and 1 m height) in the labora
tory. During the temporary domestication of the fish, water 
quality parameters, including temperature, dissolved oxy
gen, and pH, were maintained at 20 ± 0.5 ℃, 7.1 ± 0.8 mg/
L, and 7.8 ± 0.3. These fish were fed three times a day (at 
8:00,14:00 and 20:00) on a full stomach, and the remain
ing feed was siphoned out after 30 minutes. After 2 weeks 
of domestication, 90 fish were randomly divided into three 
groups (n = 30): a control group (20 ℃) and a heat stress 
group (24 ℃ and 28 ℃). Each group had 3 parallel repli
cates (3 tanks) with 10 fish in each tank. Fish in the two 
heat stress groups were warmed from 20 ± 0.5 ℃ to 24 ± 
0.5 ℃ and 28 ± 0.5 ℃, respectively, with a heating rod at a 
rate of 1 ℃/d for 8 d, and then maintained at the heat stress 
temperatures for 12 d (Figure 1 ). 

SAMPLE COLLECTION 

After the heat stress experiment, aseptic sampling was per
formed on the experimental fish in each group. 15 fish 
from each group were randomly selected and anesthetized 
with MS-222. Blood was collected through the tail vein 
for hematological testing and the fish were dissected for 
spleen sample collection. Of these spleen tissue samples, 5 
of them were stored at -80 ℃ for gene quantification, five 
were used for flow cytometry to detect apoptosis, and the 
remaining five were fixed in 10% neutral buffered forma

lin for at least 24 h for histological observation. All animal 
handling procedures were approved by the Animal Care and 
Use Committee of Sichuan Agricultural University, follow
ing the guidelines of animal experiments of Sichuan Agri
cultural University under permit number TCL-2021302188. 

HISTOLOGICAL OBSERVATION 

The fixed spleen tissues were dehydrated by conventional 
alcohol gradient, then cleared with xylene and embedded 
in paraffin. Paraffin sections of 5 μm were prepared and af
fixed to slides for hematoxylin-eosin (H&E) staining. After 
sealing with neutral glue, these sections were observed un
der an optical microscope (Nikon, Tokyo, Japan). 

HEMATOLOGICAL INDICATORS 

The number of RBC were counted with a blood count board 
(FK-KN253-267, Corning, USA). The hemoglobin (Hb) con
tent of the blood was determined with Hb diluent kit (C021, 
Nanjing Jiancheng, China) following the instruction man
ual. 

FLOW CYTOMETRY (FCM) DETECTION OF APOPTOSIS 

Spleen tissues from five fish in each group were collected 
and fixed separately in pre-cooled 1× PBS solution for sub
sequent detection of apoptosis. The kidney was incubated 
with Annexin V-FITC/PI (Thermo Fisher, Waltham, Mass
achusetts, USA) for 25 min at room temperature, and the 
percentage of apoptotic cells was measured using a flow cy
tometer (Backman, Pasadena, CA, USA). FITC was excited 
at a wavelength of 488 nm and emitted at 525 nm, while PI 
was excited at a wavelength of 535 nm and emitted at 615 
nm. 
For the flow cytometry detection of apoptosis, a single-

cell suspension of 100 μL at a concentration of 1 × 106 
cells/mL was taken, centrifuged at 300× g for 5 min, and 
the supernatant was discarded. The cells were then resus
pended in 200 μL of freshly prepared 1× binding buffer. An
nexin V-FITC staining fluorescent dye (5 μL) was added, 
and the cells were stained for 10 min at room temperature 
while being protected from light. Next, PI staining (10 μL) 
was added and incubated for 5 min at room temperature, 
avoiding light. Finally, 400 μL of PBS was added, and the 
cells were resuspended and immediately assayed on the 
machine. The data were analyzed using Kaluza 2.1 software 
after being detected by a CytoFLEX flow cytometer (Back
man, Pasadena, CA, USA). 

RNA EXTRACTION AND QPCR 

The mRNA expression of β-actin, tgf-β, il-1β and il-8 in 
spleen tissue was detected by qPCR. The Primer 6.0 soft
ware was used to design primers (Table 1 ). Total RNA was 
isolated from the spleen with an animal tissue total RNA 
extraction kit (Fuji, Chengdu, China). cDNA was synthe
sized from 2 μg of RNA using a RT Easy™II kit (Fuji). 
qPCR was performed using a SYBR green real-time PCR 
kit (Takara, Kyoto, Japan) and a Thermo Cycler (BioRad, 
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Table 1. Primers used for qPCR.     

Gene 
Primer sequences 

(from 5′ to 3′) Annealing temperature (℃) 
Amplification 

efficiency 

TGF-β F: GCAGCTGTTCTTCAACATGT 
R: GTGCCCTTGTACAGCTCTAT 

57.2 104.4 

IL-1β F: GAGAAGATGAAGAGACCGCA 
R: AGGATCACGTGCTCTTCATT 

60.0 95 

IL-8 F: GGTTCCTCTGCACTGCCATTG 
R: GGCAATGACCTGCACAATGCT 

64.5 109.4 

β-actin F: TGGACGCCCAAGACATCAGG 
R: GGTGACAATGCCGTGCTCG 

59.6 95.1 

Hercules, CA, USA). The relative expression ratio of target 
genes was calculated using the 2−△△Ct method and normal
ized with the expression of the reference gene β-actin. 

STATISTICAL ANALYSIS 

All data were expressed as mean ± SD. Statistical analysis 
was conducted using SPSS version 22.0 software, employing 
one-way ANOVA. To assess the differences between the 
groups, Least Significant Difference (LSD) was utilized. *p < 
0.05, **p < 0.01. 

RESULTS 

HEAT STRESS DAMAGES SPLEEN STRUCTURE AND LEADS 
TO RETICULAR CELL PROLIFERATION 

It can be seen that the red pulp, white pulp and cell struc
ture of spleen in A. baerii were relatively complete and clear 
at 20 ℃. However, at 24 ℃ and 28 ℃, the spleen of sturgeon 
showed vacuolization of the cells, proliferation of reticular 
cells and macrophage infiltration. Notably, fibrous connec
tive tissue hyperplasia was seen at 28 ℃ (Figure 2 ). 

EFFECT OF HEAT STRESS ON HEMATOLOGICAL 
INDICATORS 

With the increase in temperature, the levels of RBC in the 
blood increased and were significantly higher in group 28 
℃ than 20 ℃ (p < 0.05). While the hemoglobin content 
tended to decrease with the increase of temperature, there 
was no significant difference (p > 0.05) (Figure 3 ). 

HEAT STRESS INDUCED APOPTOSIS OF SPLEEN CELLS 

To further investigate the effect of heat stress on apoptosis 
of A. baerii spleen cells, apoptosis was detected by flow cy
tometry. The apoptosis rate of spleen cells gradually in
creased with the increase of temperature. The apoptosis 
rate in the 28 ℃ group was significantly higher than that in 
24 ℃ group (p < 0.05), and significantly higher than that in 
20 ℃ group (p < 0.01) (Figure 4 ). 

HEAT STRESS LEADS TO AN IMMUNE RESPONSE IN THE 
SPLEEN 

It can be seen that heat stress caused a significant increase 
in the expression of inflammation-related factor (tgf-β, 
il-1β and il-8) (p < 0.05), and the increase was linear with 
temperature. The expression of il-1β in 24 ℃ group was sig
nificantly higher than 20 ℃ group (p < 0.05), and the ex
pression of tgf-β, il-1β and il-8 in 28 ℃ group were signifi
cantly higher than 20 ℃ group (p < 0.05). The expression of 
il-1β and il-8 in 28 ℃ group were significantly higher than 
24 ℃ group (p < 0.05) (Figure 5 ). 

DISCUSSION 

Global warming has increased average summer tempera
tures and the frequency of extreme weather, posing a threat 
to the survival of cold-water fish.8 The spleen is important 
to the organism as an important immune organ in fish. 
However, there is limited information on the effects of heat 
stress on the spleen in cold-water fish. Therefore, in this 
study, we analyzed the changes of heat stress on spleen ar
chitecture, apoptosis level and expression of immune fac
tors in A. baerii. 
In this study, we observed vacuolization, reticulocyte hy

perplasia and macrophage infiltration in the spleen after 
heat stress at 24 ℃ and 28 ℃, with hyperplasia being more 
pronounced, especially at 28 ℃. These results suggest that 
splenic damage becomes more prominent with increasing 
heat stress temperature. This is consistent with studies on 
grass carp (Ctenopharyngodon idella) where heat stress 
caused spleen damage (Liu et al., 2022). It has been shown 
that spleen structural damage is closely related to apoptosis 
(Liu et al., 2022; Guo et al.9). In this study, we found that 
the apoptosis rate of spleen cells in the 28 ℃ group was sig
nificantly higher than that in the 20 ℃ and 24 ℃ groups. 
It indicated that heat stress-induced the up-regulation of 
apoptosis levels in spleen cells. This is consistent with the 
study on Sander lucioperca, where heat stress led to a sig
nificant increase in the level of apoptosis in its cells with 
increasing temperature (Liu et al., 2022). This is consistent 
with the histological observations wherein heat stress 
treatment at 28 ℃ caused severe damage to the spleen. Ery
throcytes are key cells for gas transport and exchange in 
sturgeon, and changes in their numbers play an important 
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Figure 2. Effects of heat stress on spleen tissue structure in          A. baerii   (n = 5).    

Figure 3. Effect of heat stress on RBC and Hemoglobin         
in  A. baerii   (n = 5, mean ± SD).       
RBC, Red blood cell count; Hemoglobin, Hemoglobin level. * p < 0.05. 

role in maintaining organismal stability (Yang et al., 2021). 
In this study, it was found that the erythrocyte content of 
blood increased significantly with an increase in temper
ature. This is consistent with the study of Oncorhynchus 
mykiss.10 

The mRNA expression levels of immune-related factors 
such as tgf-β, il-1β and il-8 have been used as an indicator 
to measure the immune response in fish.11,12 Tgf-β plays an 
important role in down-regulating the immune response, 
and il-1β and il-8 are potent pro-inflammatory cytokines.13 

In this study, we observed that heat stress resulted in sig
nificant up-regulation of tgf-β, il-1β and il-8 mRNA in the 
spleen. This is similar to the findings in Micropterus 
salmoides, where tgf-β, il-1β and il-8 mRNA levels were also 
significantly elevated after heat stress.14 These results sug
gest that heat stress activates immune responses in fish 
to defend against unfavorable external environments. The 
combined analysis suggests that inflammatory cell activa

tion in the spleen may lead to the release of immune-re
lated factors (tgf-β, il-1β and il-8), which in turn induces 
apoptosis, which may be one of the mechanisms for the in
creased level of apoptosis induced by chronic heat stress in 
the spleen. 
Our results showed that chronic heat stress caused 

splenic vacuolization, reticulocyte hyperplasia and 
macrophage infiltration in Siberian sturgeon. Meanwhile, 
blood erythrocyte count, apoptosis rate in the spleen and 
mRNA expression of immune-related factors (tgf-β, il-1β 
and il-8) were significantly elevated, suggesting that heat 
stress caused severe damage to the spleen. These findings 
contribute to the understanding of sturgeon spleen coping 
strategies to chronic heat stress. 
Heat stress induced by global warming is a serious threat 

to fish growth, development and reproduction. In particu
lar, the impact on cold-water fish is most severe. In this 
study, only the spleen was investigated, and future studies 
should combine multiple tissues and organs to better re
flect the multilevel effects of heat stress on A. baeri. In ad
dition, the present study was explored by the method of 
histopathology and biochemical index detection. In the fu
ture, it can be combined with multi-omics research, such 
as transcriptomics and proteomics, which can reveal the 
mechanism of the spleen of A. baeri to cope with heat stress 
at the gene and protein levels. 
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Figure 4. Effect of heat stress on apoptosis of spleen cells in           A. baerii   (n = 5, mean ± SD).       
Cell apoptosis was determined by flow cytometry after Annexin V-FITC/PI staining in spleen cells. The quantification data showed that apoptotic cell percentage was significantly 
higher after heat stress. *p < 0.05, **p < 0.01. 

Figure 5. Relative mRNA expression level of      tgf-β  (A)、
il-1β  (B) and   il-8  (C) in the spleen of      A. baerii   (n = 5,    
mean ± SD).    
*p < 0.05, **p < 0.01. 
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