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Abstract: This study investigated the tolerance of juvenile yellowfin tuna (Thunnus 
albacares) to acute acidification by determining the activities of trypsin, pepsin, α-
amylase (AMS), lipase (LPS), lactate dehydrogenase (LDH), pyruvate kinase (PK), 
and Na+K+-ATPase (NKA) under varying pH conditions, combined with 
histological section preparation to examine morphological changes. The research 
aims to provide fundamental reference data for the cage aquaculture of this species. 
The main findings were as follows: Protease activity increased at pH 7.6; α-amylase 
activity elevated in the pyloric caeca and liver at pH 7.1, while both α-amylase and 
lipase activities increased in the stomach at pH 6.6. Foregut enzyme activities 
decreased with increasing acidity. Hepatic alanine aminotransferase and aspartate 
aminotransferase were significantly elevated at pH 7.6, whereas gill metabolic 
enzymes peaked at pH 6.6. Histological analyses showed shortened bends in the 
midgut villi visible to the naked eye and gill lamellae hyperplasia under low pH 
conditions. These results indicate moderate adaptability at pH 7.6 but marked 
physiological stress at pH 6.6. 

 Keywords: environment; pH; histomorphology; marine organisms 

1. Introduction 

The aquatic environment is the habitat for aquatic animals to survive [1], and pH is one of the important factors 
in which subtle changes may affect the growth, reproduction, metabolism and survival of most aquatic organisms 
[2,3]. The causes and types of changes in water body pH are complex. According to the Intergovernmental Panel on 
Climate Change (IPCC), human activities have increased atmospheric carbon dioxide concentrations by 47% since 
before the Industrial Revolution [4]. Human activities in densely populated estuarine and coastal regions can have a 
significant effect on the aquatic environment, potentially leading to sudden disturbances that cause a rapid, short-term 
drop in seawater pH [5–7]. These changes in the aquatic environment suggest that changes in seawater acidity are 
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more unpredictable than one might think, posing significant risks to ecosystems and their wide range of organisms 
that depend on the stability of the chemical environment of the water column. 

Typically, the optimal pH range helps fish achieve optimal metabolic efficiency, while deviation from this 
range triggers a series of chain reactions. A decrease in pH leads to the accumulation of CO2 in the blood 
(hypercapnia), forcing fish to maintain acid-base balance through ion regulation (e.g., increasing HCO3

− 
accumulation and excreting H+). This process consumes energy, diverting resources needed for growth and 
reproduction [8,9]. For example, Atlantic cod (Gadus morhua) under pH 7.7 conditions experience a 30% increase 
in ion regulatory energy expenditure, resulting in a 15% reduction in growth rate [10]. Antarctic fish (Notothenia 
rossi) at pH 7.6 exhibit impaired mitochondrial function, with aerobic metabolic capacity decreasing by 20% [11]. 
When pH < 7.8, fish may also display “metabolic suppression”—reducing basal metabolic rate to conserve energy, 
but at the cost of diminished locomotion, feeding, and immune function [12]. For instance, European seabass 
(Dicentrarchus labrax) at pH 7.6 shows a 25% reduction in digestive enzyme activity and decreased food 
conversion efficiency [13]. It has also been shown that low pH environments lead to a slowing down of shellfish 
metabolism [14] and a significant decrease in the activity of digestive enzymes such as α-amylase and lipase 
[15,16]. Additionally, low pH environments cause fish to increase energy expenditure during resting states (non-
active, non-digestive, and non-stressed conditions) to maintain basic physiological functions such as respiration, 
ion regulation, and cellular repair. This is accompanied by enhanced acid-base regulation (Na+K+-ATPase activity) 
[17], gill deformation and severe contraction [18], chlorocyte hypertrophy and hyperplasia [19], and intestinal 
mucosal damage accompanied by accelerated intestinal cell turnover [20], resulting in organ damage in two 
temperate commercially important fish species—Atlantic cod and herring [21,22]. Invertebrates are more sensitive 
to environmental changes, so most studies on water acidification have focused on mollusks or echinoderms. This 
has led to a lack of understanding regarding the responses of fish, particularly those of greater commercial value. 
Throughout the Pacific Ocean, the main habitat for juvenile yellowfin tuna (Thunnus albacares) is in the 0–50 m 
mixed layer, where seawater pH ranges from 7.80 to 8.1 [23], but in some regional upwelling areas (e.g., the 
eastern Pacific Ocean), ocean mixing can lead to a further decrease in pH in the surface layer [24,25]. Research 
has shown that juvenile yellowfin tuna reared under low pH conditions of 7.6 for one week exhibit damage to 
organs including the kidneys, pancreas, eyes, and muscles. Liver tissue deteriorates, with features such as darkened 
and indistinct cell nuclei and increased lipid deposition [26]. Furthermore, it is anticipated that both survival rates 
and growth of the juveniles will decline in the near future [27]. 

Tuna is a popular fish for the commercial fishing industry as it is favoured by consumers due to its fast growth 
rate and high content of crude protein and unsaturated fatty acids [28,29]. It has also been shown that tuna stock 
abundance supports the sustainable development of industries such as coral reefs, coastal fisheries and mariculture, 
and is vital to the ecosystem [30]. However, due to chronic overfishing, the World Conservation Union (IUCN) 
has listed yellowfin tuna as Near Threatened [31]. Yellowfin tuna in the Pacific is currently nearly fully exploited 
and there is uncertainty about recent and future replenishment and biomass levels [32]. Compared to other tuna 
species, yellowfin tuna exhibit a broader distribution across tropical and subtropical waters. Their rapid juvenile 
growth rate makes them well-suited for aquaculture in coastal areas with warmer surface temperatures, factors that 
have propelled them to prominence as a popular aquaculture species [33]. The Deepwater Aquaculture Technology 
and Species Development Innovation Team at the Chinese Academy of Fisheries Sciences (CAFS) has 
successfully introduced offshore deepwater net-pen aquaculture for yellowfin tuna near Lingshui Lizu 
Autonomous County. A relatively mature and reliable set of procedures has been established for yellowfin tuna 
harvesting, transportation, feeding, and related techniques [34]. However, comprehensive research on how changes 
in the seawater environment, particularly in acidity, affect the growth of juvenile yellowfin tuna remains 
insufficient. The pyloric caeca, stomach, and foregut are the primary digestive organs, while the liver serves as the 
metabolic hub, with ALT and AST reflecting protein metabolism. The gills, as the frontline organs in contact with 
the aquatic environment, are responsible for respiration and ion regulation. Due to their high energy demand 
(relying on glycolysis and Na+K+-ATPase to maintain osmotic balance), they, along with the liver, represent 
systemic metabolism and localized energy regulation, respectively, demonstrating clear physiological 
specialization. The midgut is the main site for nutrient absorption (proteins, fats, and carbohydrates), and its 
morphological changes are directly linked to digestive enzyme activity (e.g., protease, lipase, and amylase). In 
response to the potential challenges posed by ocean acidification to fishery resources, this study focuses on key 
tissues—pyloric caeca, stomach, foregut, liver, gills, and midgut—employing enzyme activity assays and 
histological observation. The findings provide critical physiological parameters for tuna cage farming, supporting 
optimized aquaculture management strategies, improved farming efficiency, and scientific guidance for the 
sustainable development of marine fisheries. 
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2. Materials and Methods 

2.1. Acute Exposure Experiment 

In June 2023, juvenile wild yellowfin tuna were captured by the South China Sea Fisheries Research Institute of 
the Chinese Academy of Fisheries Sciences near Xincun Harbor in the South China Sea. A total of 72 healthy juveniles, 
of similar size, were selected (18°22′31.9′′ N, 109°58′28.9′′ E), with an average body length of 18.21 ± 1.09 cm and a 
mean weight of 307.49 ± 49.38 g. Juvenile tuna were first temporarily reared in a workshop in the Tropical Aquatic 
Research and Development Centre for 7 d. During this period, chilled omnivorous fish were fed once a day (at a rate 
of 5% of the juvenile’s body weight). One week later, they were subjected to 48 h of acidification stress in circular 
tempered drums (5000 L). The experimental seawater used was natural seawater treated with sand filtration. 
Throughout both the temporary rearing period in the workshop and the formal experimental phase, water quality 
parameters were maintained consistently: water temperature 22.5 ± 1 °C, DO > 7.5 mg·L−1, NaNO2 < 0.05 mg·L−1 
and NH3

−N < 0.05 mg·L−1. Juvenile fish were no longer fed during the experiment. A total of four groups were set 
up, with natural seawater pH 8.1 [35] as the control group, and with reference to the ‘near-term’ projection for the 
year 2100, the ‘long-term’ projection for the year 2300, and the projected pH levels in the next 300 years, the 
experimental groups were set to have pH values of 7.6, 7.1, and 6.6 [23,36,37]. Each group consisted of three 
replicates, with six fish per replicate. The light-dark cycle was set to 12 h each. Seawater pH was regulated using 
sodium hydroxide (NaOH) solution at mmol·L−1 concentrations or 1.0 mmol·L−1 hydrochloric acid (HCl) solution 
[16,38–40]. A pH analyzer (Shenzhen Jingxin Microelectronics Co., Shenzhen, China) was used to measure the 
seawater’s acidity, with corrections made every 2 h to maintain the pH within a ± 0.1 range. 

2.2. Anatomical Process 

At the conclusion of the experiment, fish were anesthetized using eugenol (50 ppm). Anesthesia was deemed 
successful when gill cover movement ceased and the fish exhibited no discernible response to touch. Six juvenile 
fish were selected from each tank. Measure body length using calipers (accurate to 0.01 cm) and record body 
weight (accurate to 0.01 g). Dissect fish on ice trays using autoclaved instruments according to the method 
described by Rosseland et al. [41]. 

Tissues were quickly collected, rinsed in ice-cold physiological saline (0.9%) and excess water was blotted 
out with filter paper. The foregut and midgut were distinguished following the methodology described by 
Gonçalves et al. [42]. Place the pyloric caecum, liver, gills, stomach, and foregut into a 2-milliliter cryovial that 
has been pre-chilled, then rapidly freeze it in liquid nitrogen. After sampling, transfer samples from liquid nitrogen 
to a −80 °C freezer and complete enzyme activity assays within one week. Remove gills and midgut, fix them in 
4% paraformaldehyde (BL 539A, Biosharp Co., Hefei, China) for preservation, and prepare tissue sections. 

2.3. Biochemical Analysis 

The samples were thawed at 4 °C for 100 min [43] before precise weighing of 0.1–0.2 g tissue specimens. A 
9-fold volume of pre-chilled homogenization buffer was added to each sample. The mixture was then mechanically 
homogenized in an ice-water bath, followed by centrifugation at 3000 rpm for 10 min using a refrigerated high-
speed centrifuge. The resulting supernatant was collected for subsequent analytical determinations. To standardize 
the enzyme activity index across various tissues, the total protein (TP) content in the tissue supernatant is measured. 

Total protein (TP, reagent serial number A045-4-2) content was determined by BCA (bicinchoninic acid) 
(minimum detection limit: 0.5 μg/mL). Under alkaline conditions, proteins reduce Cu2+ to Cu+. These Cu+ ions 
form a purple complex with the BCA reagent, are incubated at 37 °C, and the absorbance is measured at 562 nm. 
As the absorbance is directly proportional to concentration, the protein concentration can be determined by 
measuring the absorbance. The calculation formula is as follows: 𝐶𝑝𝑟 ሺ𝜇𝑔/𝑚𝐿ሻ = 𝐴௧௘௦௧ − 𝐴௕௟௔௡௞𝐴௦௧௔௡ௗ௔௥ௗ − 𝐴௕௟௔௡௞ ∗ 𝐶௦௧௔௡ௗ௔௥ௗ ∗ 𝑁 

In the formula: 𝐴ௌ௧௔௡ௗ௔௥ௗ: Standard concentration 524 μg/mL; N: Dilution factor of the sample before testing. 
Trypsin activity (Reagent serial number A080-2-1) was determined by the Arginine Ester Hydrolysis Method 

(minimum detection limit: 10 μg/mL). The enzyme can catalyze the hydrolysis of the ester bond in the substrate 
arginine ethyl ester. After incubation in a water bath at 37 °C, the absorbance at 253 nm increases, and the enzyme 
activity can be calculated based on the change in absorbance. The calculation formula is as follows: 𝑇𝑟𝑦𝑝𝑠𝑖𝑛 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ሺ𝜇/𝑚𝑔𝑝𝑟𝑜𝑡ሻ = 𝐴௦௔௠௣௟௘ − 𝐴௕௟௔௡௞0.003 ∗ 𝑉௥௘௔௖௧௜௢௡𝑉௦௔௠௣௟௘ ÷ 𝑇 ÷ (𝐶𝑝𝑟 ∗ 𝑉௦௔௠௣௟௘) 
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In the formula: 𝑉௥௘௔௖௧௜௢௡: Total reaction system volume 1.5 + a (mL); 𝑉௦௔௠௣௟௘: Sample volume a (mL); T: Reaction 
time 20 min; Cpr: Protein concentration of the homogenate sample (mgprot/mL, where “prot” refers to protein). 

Pepsin activity (Reagent serial number A080-1-1) was determined by Folin-Ciocalteu reagent method 
(minimum detection limit: 0.15 μ/mL). This method involves incubation at 37 °C, during which pepsin hydrolyzes 
proteins to generate phenolic amino acids. The phenol reagent can be reduced by these phenolic amino acids to 
form a blue-colored complex. The absorbance is then measured colorimetrically at 660 nm. The calculation 
formula is as follows: 𝑃𝑒𝑝𝑠𝑖𝑛 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝜇/𝑚𝑔𝑝𝑟𝑜𝑡) = 𝐴௦௔௠௣௟௘ − 𝐴௖௢௡௧௥௢௟𝐴௦௧௔௡ௗ௔௥ௗ − 𝐴௕௟௔௡௞ ∗ 𝐶௦௧௔௡ௗ௔௥ௗ ÷ 𝑇 ∗ 𝑉௥௘௔௖௧௜௢௡𝑉௦௔௠௣௟௘ ÷ 𝐶𝑝𝑟 

In the formula: 𝐶ௌ௧௔௡ௗ௔௥ௗ : Standard concentration 50 μg/mL; T: Reaction time 10 min; 𝑉௥௘௔௖௧௜௢௡ : Total 
reaction volume 0.64 mL; 𝑉௦௔௠௣௟௘: Sample volume 0.04 mL; Cpr: Protein concentration of tissue homogenate 
(mg prot × mL−1, where “prot” refers to protein). 

α-Amylase (AMS, reagent serial number C016-1-2) activity was determined by the iodometric method 
(minimum detection limit: 0.01 μ/mgprot). The enzyme catalyzes the hydrolysis of starch into glucose, maltose, 
and dextrin. When the substrate concentration is known and in excess, the mixture is incubated in a water bath at 
37 °C. After adding iodine solution, a blue complex forms with the unhydrolyzed starch. The absorbance is 
measured at 660 nm. The calculation formula is as follows: 𝐴𝑀𝑆 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝜇/𝑚𝑔𝑝𝑟𝑜𝑡) = 𝐴௕௟௔௡௞ − 𝐴௧௘௦௧𝐴௕௟௔௡௞ ∗ 0.4 ∗ 0.510 ∗ 30𝑚𝑖𝑛7.5𝑚𝑖𝑛 ÷ (𝐴௦௔௠௣௟௘ ∗ 𝐶) 

In the formula: 𝐴௦௔௠௣௟௘: Sample volume 0.1 mL; C: Protein concentration of the sample to be tested (mg prot/mL). 
Lipase (LPS, reagent serial number A054-2-1) activity was determined by colourimetric substrate method 

(lowest limit of detection: 0.06 μ/mL), 1,2-O-Dilauryl-racemic-glycerol + valeric acid-(6-methylthiohalogen) 
ester, Valeric acid-(6-methylthiobenzyl) ester → Valeric acid + 6-methylthiobenzyl (colour development. The 
activity of lipase is determined by measuring the formation rate of the red product methylresorufin at 580 nm after 
incubation at 37 °C. The calculation formula is as follows: 𝐿𝑃𝑆 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝜇/𝑔𝑝𝑟𝑜𝑡) = 𝐴𝒔𝒂𝒎𝒑𝒍𝒆 − 𝐴௕௟௔௡௞𝐴𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 − 𝐴௕௟௔௡௞ ∗ 𝐶௦௧௔௡ௗ௔௥ௗ ÷ 𝐶𝑝𝑟 

In the formula: 𝐶௦௧௔௡ௗ௔௥ௗ: Standard concentration (μ/L); Cpr: Homogenate protein concentration (g prot/L, 
where “prot” = protein). 

The activity of Na+K+-ATPase (NKA, reagent catalog number A070-5-1) was assessed through a colorimetric 
method that quantifies inorganic phosphate, with a detection sensitivity of 0.0026 μmol/mL. ATPase can 
decompose ATP to produce ADP and inorganic phosphorus. The activity of ATPase can be determined by 
measuring the inorganic phosphorus content. After incubation at 37 °C, the absorbance is read at 636 nm. The 
calculation formula is as follows: 𝑁𝐾𝐴 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝜇/𝑔𝑝𝑟𝑜𝑡) = 𝐴௧௘௦௧ − 𝐴௖௢௡௧௥௢௟𝐴𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 − 𝐴௕௟௔௡௞ ∗ 𝐶௦௧௔௡ௗ௔௥ௗ ∗ 60𝑇 ∗ 𝑁 ÷ 𝐶𝑝𝑟 

In the formula: 𝐶௦௧௔௡ௗ௔௥ௗ: Phosphorus standard concentration, 0.02 μmol/mL; T: Enzymatic reaction 
time = 10 min; N: Dilution factor of enzymatic reaction system, 7.8 (0.78 mL/0.1mL); Cpr: Tissue homogenate 
protein concentration, mgprot/mL (prot refers to protein). 

Lactate dehydrogenase (LDH, reagent serial number A020-2-2) activity was determined by LDH release 
assay (minimum detection limit: 1 μ/L). Under the catalysis of LDH, lactate is converted to pyruvate. The 
generated pyruvate further reacts with 2,4-dinitrophenylhydrazine under alkaline conditions at 37 °C to form a 
reddish-brown product, pyruvic acid dinitrophenylhydrazone. According to Beer-Lambert’s Law, the activity of 
lactate dehydrogenase can be quantitatively determined by measuring the absorbance of this reddish-brown 
product (pyruvic acid dinitrophenylhydrazone) at 440 nm. The calculation formula is as follows: 𝐿𝐷𝐻 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝜇/𝑔𝑝𝑟𝑜𝑡) = 𝐴𝒕𝒆𝒔𝒕 − 𝐴௖௢௡௧௥௢௟𝐴𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 − 𝐴௕௟௔௡௞ ∗ 𝐶௦௧௔௡ௗ௔௥ௗ ÷ 𝐶𝑝𝑟 

In the formula: 𝐶௦௧௔௡ௗ௔௥ௗ: Standard solution concentration, 0.2 μmol/mL; Cpr: Sample protein concentration, 
g prot/mL (prot refers to protein). 

Pyruvate kinase (PK, reagent serial number A076-1-1) activity was determined by Pyruvate Kinase Activity 
Assay (minimum detection limit: 1.3 μ/L). In the presence of ADP, it catalyzes the conversion of PEP to pyruvate. 
The pyruvate is then converted to lactate by LDH, accompanied by the oxidation of NADH to NAD. The reaction 
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mixture is incubated in a water bath at 37 °C, and the absorbance is measured at 340 nm. The calculation formula 
is as follows: 𝑃𝐾 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝜇/𝑔𝑝𝑟𝑜𝑡) = 𝛥𝐴6.22 ∗ 𝑇 ∗ 𝑑 ∗ 𝑉௥௘௔௖௧௜௢௡𝑉௦௔௠௣௟௘ ÷ 𝐶𝑝𝑟 

In the formula: 6.22: PEP millimolar extinction coefficient; T: Reaction time, 15 min; d: Optical path length, 
0.5 cm; 𝑉௥௘௔௖௧௜௢௡: Total reaction volume, 1.195 mL; 𝑉௦௔௠௣௟௘:Sample volume, 0.02 mL; Cpr: Tissue homogenate 
protein concentration, g prot/mL (prot refers to protein). 

Alanine aminotransferase (ALT, reagent serial number C009-2-1) and aspartate aminotransferase (AST, 
reagent serial number C010-2-1) activities were determined by Reitman-Frankel assay (minimum detection limit: 
μ/L). ALT acts on a substrate composed of alanine and α-ketoglutarate at 37 °C and pH 7.4, producing pyruvate 
and glutamate. After 30 min (fixed time), 2,4-dinitrophenylhydrazine (DNPH) hydrochloride solution is added to 
terminate the reaction. Simultaneously, DNPH reacts with the carbonyl group in the ketone acid to form pyruvate 
hydrazone. The phenylhydrazine forms a red-brown colour under alkaline conditions. The absorbance is measured 
at 505 nm, and enzyme activity is calculated. AST transfers the amino and ketone groups from α-ketoglutarate and 
aspartate to form glutamate and oxaloacetate. Oxaloacetate can spontaneously decarboxylate to form pyruvate 
during the reaction. Pyruvate reacts with 2,4-dinitrophenylhydrazine to form 2,4-dinitrophenylhydrazone. After 
incubation at 37 °C, the product develops a reddish-brown color in alkaline solution. The absorbance is measured 
at 510 nm, and the enzyme activity units can be determined by referring to the standard curve. The calculation 
formula is as follows: 𝐴𝑆𝑇/𝐴𝐿𝑇 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝜇/𝑔𝑝𝑟𝑜𝑡) = 𝐴 ∗ 0.482 ÷ 𝐶𝑝𝑟 

In the formula: A: Obtained from standard curve AST activity (Karmen units); 0.482: Conversion factor from 
Karmen units to U/L; Cpr: Tissue homogenate protein concentration, g prot/L (prot refers to protein). 

The above parameters were measured using a hybrid microplate reader (BioTek Instruments, Winooski, USA) 
and a UV-visible spectrophotometer (Shanghai Meipan Instrument Co., Ltd., Shanghai, China), following the kits 
provided by Nanjing Jiancheng Bioengineering Research Institute and the manufacturer’s guidelines. The procedure 
was repeated three times for each sample, and negative and positive controls were set for each determination. 

2.4. Histological Analysis 

Within two weeks after the autopsy, remove the tissue from the paraformaldehyde fixative, dehydrate it, and 
embed it in paraffin. During embedding, the tissue must be thoroughly flattened at the bottom of the embedding 
mould to ensure that the expected observation section of the tissue is at the same level. First, a small amount of liquid 
paraffin is dripped into the embedding box to make the bottom of the moulded wax block smooth and flat, and then 
the observation surface of the tissue is flattened at the bottom of the embedding box. After the wax block has solidified 
at 4 °C, it is sectioned into 4 µm-thick slices using a Leica rotary microtome (Leica Microsystems (Shanghai) Co., 
Ltd., Shanghai, China). The slices are spread in a warm water bath, picked up with a slide, dried in a 37 °C oven, and 
then stained with hematoxylin and eosin (H & E). Neutral resin is added to the centre of the section for mounting. A 
cover slip (24 × 50 mm) is slowly tilted over the section to avoid air bubbles, and excess resin is gently pressed out. 
Excess resin at the edges is removed with tweezers, and the section is placed in a 37 °C constant-temperature incubator 
for 2 h for permanent preservation. Observation and imaging were performed using a DMI8 fluorescence inverted 
microscope produced by Leica Microsystems GmbH in Wetzlar, Germany, at 400× magnification. When selecting 
gill tissue sections, choose those with intact gill filament structures, clearly visible epithelial cells, and mitochondria-
rich cells (MRCs), while avoiding the edges of gill arches. For intestinal tissue sections, select longitudinal sections 
of mucosal folds (avoid oblique cuts that may cause artificial shortening) with clearly visible intestinal villi. To assess 
tissue damage induced by low pH environments, three fish tissue samples were randomly selected from each 
treatment group, ten fields of view were randomly chosen for each fish and observed (400×). According to the method 
described by Huang et al. [44]. A semi-quantitative scoring system was employed to evaluate the degree of tissue 
damage. Lesions were classified into five grades based on morphological characteristics, ranging from Grade 0 (no 
lesions) to Grade 4 (severe lesions). Gill scoring criteria encompass four indicators: cellular edema, cellular 
hyperplasia, cellular adhesion, and cellular necrosis. Midgut scoring criteria include three indicators: villus height, 
goblet cell, and cytoplasmic vacuolation. Records document the number of damaged cells for each lesion type, with 
statistical analysis providing quantitative support for histopathological evaluation. 
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2.5. Data Processing 

The experimental data was organized using Excel 2010 software. IBM SPSS Statistics 25.0.was used for 
statistical analysis, and polynomial regression analysis was performed on the proteases to derive regression 
equations for calculating the pH values at which the two proteases reached their peaks and the trends in their 
activity changes. The normality of the data was evaluated using the Shapiro-Wilk test, and homogeneity of 
variance was assessed using Levene’s test. One-way ANOVA followed by the Dunnett test was applied to compare 
differences between the control and experimental groups. Results were presented as mean ± standard deviation 
(Mean ± SD), and a p-value of <0.05 was considered statistically significant. Bar graphs were generated using 
GraphPad Prism 9.5 software. 

3. Results 

3.1. Effect of Acidification on the Activity of Digestive Enzymes 

Under stress conditions, the quadratic coefficients of the regression equations for trypsin and pepsin activities 
were negative, confirming an inverted U-shaped trend in activity changes. By deriving the regression equations, 
the second derivative was found to be negative, indicating that both trypsin and pepsin activities peaked at pH 7.6 
(Supplementary Materials Tables S1 and S2). The activity of both proteases was significantly higher than that of 
the control group at pH 7.6 (p < 0.01) (Figure 1a,b). The lowest activity of pepsin was observed in the pH 6.6 
treatment group, and there was a significant difference compared with the control group (p < 0.05) (Figure 1b); 
the lowest activity of trypsin was observed at pH 8.1 (Figure 1a). 

 

Figure 1. Effects of acute acidification stress on trypsin and pepsin activity (n = 6). (a): Trypsin activity in the 
pyloric ceca; (b): Pepsin activity in the stomach. An * above the bars indicates a significant difference between the 
control and experimental groups (p < 0.05), ** indicates a highly significant difference (p < 0.01), and no mark 
indicates a non-significant difference (p > 0.05).  

As seawater pH decreases, the AMS activity in the pyloric caeca and liver of juvenile fish reaches its maximum 
at pH 7.1, and there is a highly significant difference compared to the control group (p < 0.01) (Figure 2a,c). As 
seawater pH decreased, stomach AMS activity rapidly increased at pH 6.6, significantly higher than the control group 
(p < 0.01) (Figure 2b). As seawater pH decreased, AMS activity in the foregut showed a decreasing trend, reaching 
the lowest value at pH 6.6, with a highly significant difference compared to the control group (p < 0.01) (Figure 2d). 

As seawater pH decreases, the activity of lipase (LPS) in the pyloric caecum and liver of juvenile fish exhibits 
a similar trend, with both reaching a maximum at pH 7.6 and then gradually decreasing (Figure 3a,c). There were 
no significant differences in LPS activity between the pH 7.6 treatment group and the control group in both tissues 
(p > 0.05). However, LPS activity in the liver was extremely significantly lower than that in the control group at 
pH 6.6 (p < 0.05) (Figure 3c). LPS activity in the stomach rapidly increased at pH 6.6 and showed a highly 
significant difference compared to the control group (p < 0.01) (Figure 3b). As seawater pH decreased, LPS activity 
in the foregut showed a decreasing trend, reaching a maximum at pH 7.1 and showing a significant difference 
compared to the control group (p < 0.05). 
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Figure 2. Impact of acute acidification stress on α-amylase (AMS) activity (n = 6). (a): pyloric caeca; (b): stomage; 
(c): liver; (d): foregut. An * above the bars indicates a significant difference between the control and experimental 
groups (p < 0.05), ** indicates a highly significant difference (p < 0.01), and no mark indicates a non-significant 
difference (p > 0.05). 

 

Figure 3. Impact of acute acidification stress on lipase (LPS) activity (n = 6). (a): pyloric caeca; (b): stomage; (c): 
liver; (d): foregut tissue. An * above the bars indicates a significant difference between the control and experimental 
groups (p < 0.05), ** indicates a highly significant difference (p < 0.01), and no mark indicates a non-significant 
difference (p > 0.05). 
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3.2. The Effect of Acidity Changes on the Metabolic Enzyme Activity of Juvenile Fish 

As seawater pH decreases, the activity of alanine aminotransferase (ALT) and aspartate aminotransferase 
(AST) in the liver shows a trend of first increasing and then decreasing (Figure 4a,b). ALT and AST reached their 
maximum values at pH 7.6, showing extremely significant differences compared to the control group (p < 0.01); 
the activity of both enzymes reached their minimum values at pH 6.6, but there were no significant differences 
compared to the control group (p > 0.05). 

 

Figure 4. Impact of acute acidification stress on metabolic enzyme activities in the liver (n = 6). a: alanine 
aminotransferase (ALT) activity; b: aspartate aminotransferase (AST) activity. An * above the bars indicates a 
significant difference between the control and experimental groups (p < 0.05), ** indicates a highly significant 
difference (p < 0.01), and no mark indicates a non-significant difference (p > 0.05). 

Lactate dehydrogenase (LDH) activity in the gills rapidly increased at pH 6.6, significantly higher than the 
control group (p < 0.01) (Figure 5c). Pyruvate kinase (PK) activity in the gills reached its peak at pH 6.6, 
significantly higher than the control group (p < 0.01) (Figure 5d). As seawater pH decreased, Na+K+-ATPase 
(NKA) activity in the gills showed an increasing trend (Figure 5e), reaching a maximum at pH 6.6, with a 
significant difference compared to the control group (p < 0.01). 

 

Figure 5. Impact of acute acidification stress on metabolic enzyme activities in the gills (n = 6). (c): lactate 
dehydrogenase (LDH) activity; (d): pyruvate kinase (PK) activity; (e): Na+K+-ATPase (NKA) activity. An * above 
the bars indicates a significant difference between the control and experimental groups (p < 0.05), ** indicates a 
highly significant difference (p < 0.01), and no mark indicates a non-significant difference (p > 0.05). 

3.3. The Effect of Changes in Acidity on the Histological Structure of the Midgut and Gills 

The response of midgut tissue in juvenile yellowfin tuna to acidification stress is shown in Figure 6A–D. In 
the control group (Figure 6A), the intestinal villi exhibited a ciliated and elongated morphology. As seawater 
acidity increased, the goblet cells in the midgut displayed characteristics of loose arrangement. In the pH 7.1 
treatment group (Figure 6C), the intestinal villi became sparsely distributed with visible curvature. These 
pathological features were further exacerbated under pH 6.6 conditions (Table 1). 
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Figure 6. Effect of acute acidification stress on the histological structure of the midgut. (A): treatment group with 
pH 8.1 (control); (B): treatment group with pH 7.6; (C): treatment group with pH 7.1; and (D): treatment group 
with pH 6.6. a: goblet cells; b: intestinal villi. 

Table 1. Semi-quantitative scoring of histopathological damage in the midgut of yellowfin tuna juveniles under 
different pH treatments. 

Group  pH 8.1 pH 7.6 pH 7.1 pH 6.6 
villu height 0 0 1 1 
goblet cell 0 2 2 3 

cytoplasmic vacuolation 0 1 1 2 
Note: Three tissue samples were randomly selected from each treatment group, and 10 fields of view were randomly selected 
from each fish for observation. The severity of lesions was classified according to the number of affected cells per field of view 
as follows: 0 cells = Grade 0 (normal), 1–5 cells = Grade 1 (mild), 6–10 cells = Grade 2 (moderate), 11–15 cells = Grade 3 
(severe), and >15 cells = Grade 4 (highly severe). 

Observation of the gills sections revealed that the gill lamellae on both sides of the gill filaments in the control 
group (Figure 7a) were elongated, well arranged and densely packed with epithelial and columnar cells. Chloride-
excreting cells at the base of the gill lamellae were abundant and compactly arranged. In the pH 7.6 treatment group 
(Figure 7b), slight bulging of lamellar cells was observed together with visible curvature of the gill lamellae. Most 
lamellae ends were hyperplastic and hypertrophied, and this phenomenon worsened with increasing pH (Table 2). In 
the pH 6.6 treatment group (Figure 7d), a few adjacent gill lamellae were adherent and fused. The gill lamellae were 
more curved and irregularly distributed. The gill lamellae displayed pronounced curvature and irregular distribution, 
while the basal chloride cells became sparsely arranged and developed conspicuous large vacuoles. 
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Figure 7. Impact of acute acidification stress on the histological structure of gills. (a): treatment group with pH 8.1 
(control); (b): treatment group with pH 7.6; (c): treatment group with pH 7.1; and (d): treatment group with pH 6.6. 
(A): gill filaments; (B): gill lamella; (C): epithelial cells; (D): columnar cell; (E): chloride cells; (F): oedema of 
epithelial cells; (G): pestle hypertrophy of gill lamella; (H): gill lamella bend; (I): basal hyperplasia; (J): gill lamella 
adhered to each other; (K): cellular vacuoles. 

Table 2. Semi-quantitative scoring of histopathological damage in gill tissues of yellowfin tuna juveniles under 
different pH treatments. 

Group pH 8.1 pH 7.6 pH 7.1 pH 6.6 
Cellular edema 0 2 3 3 

Cellular hyperplasia 0 2 3 4 
Cellular adhesion 0 1 2 3 
Cellular necrosis 0 1 3 3 

Note: Three tissue samples were randomly selected from each treatment group, and 10 fields of view were randomly selected 
from each fish for observation. The severity of lesions was classified according to the number of affected cells per field of view 
as follows: 0 cells = Grade 0 (normal), 1–5 cells = Grade 1 (mild), 6–10 cells = Grade 2 (moderate), 11–15 cells = Grade 3 
(severe), and >15 cells = Grade 4 (highly severe). 

4. Discussion 

4.1. Impact of Reduced pH on the Digestive Function of Yellowfin Tuna 

Numerous studies have investigated the effects of environmental changes on digestive enzyme activities in 
marine species. For instance, prolonged darkness exposure was shown to suppress digestive enzyme secretion in 
juvenile European seabass (Dicentrarchus labrax L.) [45], while lead exposure at varying concentrations induced 
irregular fluctuations in digestive enzyme activities in 2-month-old (30–60 days post-hatching) Nile tilapia 
(Oreochromis niloticus) [46]. Alosa sapidissima [47] 1+ year-old subadult fish exhibited significantly reduced 
pepsin activity after 48 h at 30 °C. Pampus argenteus [48] showed a significant upward trend in both pepsin and 
trypsin activity with increasing stress duration at 32 °C over 48 h. Yellowfin tuna [49] exhibited increased trypsin 
activity with rising stress temperatures at 34 °C after 24 h. Juvenile cobia [50] (Rachycentron canadum) showed 
decreased MAS, LPS, and trypsin activities with reduced dissolved oxygen levels in hypoxic conditions. 
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Barramundi Lates calcarifer larvae [51] (Lates calcarifer) exhibited decreased protease activity under high 
ammonia nitrogen concentrations. These studies indicate that various environmental factors (temperature, light, 
heavy metals, ammonia nitrogen, etc.) exert markedly different effects on fish digestive enzyme activity. Such 
variations likely correlate with fish diet, digestive organs, and the duration and intensity of stress exposure. In the 
present study, pepsin activity showed an initial increase followed by a decrease, which differs to some extent from 
certain previous findings. When external environments acidify (e.g., seawater pH decreases from 8.1 to 7.6), 
potentially causing slight pH shifts within fish tissues (such as the stomach) or exposing them to acidification 
threats, organisms attempt to compensate for reduced efficiency of individual enzyme molecules due to pH 
increases by upregulating the gene expression and synthesis of pepsinogen. This represents a “quantity over 
quality” strategy. For example, studies on Chinese white shrimp (Fenneropenaeus chinensis) revealed that under 
low pH stress, shrimp maintain digestive function by increasing digestive enzyme gene expression and zymogen 
synthesis [52]. Although crustaceans were studied, this physiological adaptation strategy is widely applicable in 
fish. pH 7.6 may represent a “moderate stress” level sufficient to trigger the organism’s strongest compensatory 
response. Furthermore, when exposed to highly acidic environments, fish typically exhibit a significant increase 
in water intake [53]. This may lead to excessive dilution of gastric fluids, thereby reducing gastric acid 
concentration and impairing digestive efficiency [54,55]. At even lower pH levels (7.1, 6.6), the stress becomes 
so severe that it may trigger energy reallocation (for coping with oxidative stress, ion regulation, etc.), which in 
turn inhibits the biosynthesis of digestive enzymes. Furthermore, the substantial intake of seawater may alter the 
concentration of inorganic ions in the fish digestive tract. These inorganic ions may act as activators or inhibitors 
of digestive enzymes, directly affecting the enzyme active sites to regulate digestive enzyme function, ultimately 
leading to different trends in enzyme activity changes [28]. Results indicate that pH 7.6 may represent a mild to 
moderate stress level sufficient to activate stress and compensatory mechanisms in yellowfin tuna juveniles. 

The activity trend of trypsin was similar to that of pepsin, showing an increase followed by stabilization at 
pH 7.6. Comparable phenomena have been observed in Nile tilapia [46], juvenile American shad (Alosa 
sapidissima) [56], and juvenile European seabass [45]. These results suggest that under environmental stress, fish 
may enhance proteolytic capacity by elevating pyloric caeca protease activity to meet increased metabolic and 
stress resistance demands. Seawater acidification (reducing pH to 7.6) acts as a stressor that alters energy 
metabolism patterns in fish. The organism may require increased energy to regulate osmotic pressure and maintain 
acid-base balance (via energy-consuming ion pumps such as Na+/K+-ATPase). To meet this heightened energy 
demand, the organism may enhance digestive absorption capacity, thereby upregulating the synthesis of key 
proteases (e.g., trypsin). Studies on Atlantic salmon (Salmo salar) juveniles have revealed that moderate stress can 
stimulate growth and metabolic performance, a phenomenon termed the “hormetic effect” [57]. Journal of 
Experimental Biology). pH 7.6 may represent precisely such a “moderate stress” level for yellowfin tuna juveniles, 
triggering positive physiological responses. At more extreme pH values, however, this stimulatory effect 
disappears and is replaced by inhibition. However, the above conjecture requires further testing of the mRNA 
expression levels of pepsinogen and trypsinogen (e.g., via qPCR) to validate changes in synthesis at the 
transcriptional level. 

The activities of hepatic digestive enzymes (amylase, AMS, and lipase, LPS) initially increased, followed by a 
decrease, along with a reduction in protease activity. This pattern suggests that fish may activate a compensatory 
mechanism to enhance carbohydrate and lipid digestion when protein digestive efficiency is compromised. Such 
metabolic switching could represent an adaptive strategy to maintain energy homeostasis under conditions of 
impaired protein digestion. However, the precise mechanism underlying this enzymatic compensation remains 
unresolved. Specifically, it remains to be determined whether the observed shifts in digestive enzyme profiles in tuna 
organs result from: (1) upregulation of the same enzymes or (2) induction of additional enzyme classes in response 
to acidic stress. Further investigation is required to elucidate these adaptive responses at the molecular level. 

The activities of amylase (AMS) and lipase (LPS) in the foregut exhibited a decreasing trend, reaching their 
lowest levels at pH 7.1. Further reduction in pH may induce denaturation or inactivation of these enzymes, 
impairing their efficiency in carbohydrate and lipid breakdown. This observation underscores the critical 
importance of maintaining a stable internal pH for optimal enzymatic function. Consistent with our findings, 
previous studies have reported similar declines in AMS and LPS activities in mussels under acidified conditions 
[15,16]. It has been hypothesized that acidification exposure may alter the internal pH environment of digestive 
glands, leading to conformational changes, denaturation, or inactivation of digestive enzymes, ultimately causing 
structural damage to tissues. Furthermore, juvenile flounder exposed to combined stressors of elevated temperature 
and reduced pH also demonstrated significantly decreased AMS activity [58]. In environments where mussels face 
the combined effects of ocean acidification, hypoxia, and warming, both AMS and LPS activity decline [15]. 
Similar phenomena were observed in half-smooth tongue sole under high-density aquaculture conditions and in 
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European perch under different photoperiods [59]. These comprehensive findings indicate that when marine 
organisms face multiple environmental stresses—such as ocean warming, hypoxia, and acidification—similar 
response mechanisms may emerge. Collectively, these responses reflect how the failure of protective mechanisms 
can lead to overall physiological decline, ultimately impairing feeding and digestive functions. The current study 
further supports this conclusion, demonstrating that seawater acidification-induced suppression of digestive 
enzyme activities may disrupt key digestive processes, thereby compromising nutrient absorption capacity and 
growth potential in juvenile fish. 

4.2. Effect of Low pH on the Metabolic Capacity of Yellowfin Tuna 

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are essential detoxification enzymes 
primarily located in fish hepatocytes and cardiomyocytes [60]. They play a vital role in maintaining whole-body 
energetic homeostasis and are considered sensitive biomarkers of fish health in response to stress, water 
contaminants, and disease [61]. Elevated ALT and AST activities often indicate liver injury, as their levels increase 
when the liver is damaged [62]. 

Fazio et al. [60] observed that in mullet (Mugil cephalus), liver AST and ALT activities increased with higher 
salinity, implying that the elevated enzyme levels reflected increased permeability and cellular leakage from 
hepatocytes. In a similar study, Vargas-Chacoff et al. [61] reported a marked rise in ALT levels in the liver of 
gilthead sea bream (Sparus aurata) with simultaneous increases in temperature and salinity, while hepatic AST 
activity decreased as salinity increased under constant temperature conditions. Large Yellow Croaker showed 
increased ALT and AST activities with increasing ammonia concentration under acute ammonia exposure 
conditions [62]. Epinephelus moara [63] exhibited a trend of initially decreasing followed by increasing ALT and 
AST activity after a sudden drop in salinity, whereas long-term nitrite exposure in Chinese perch [64] (Siniperca 
chuatsi) showed the opposite pattern for ALT and AST compared to Epinephelus moara. During adaptation to 
high temperatures in blue tilapia [65] (Oreochromis aureus), lactate dehydrogenase activity significantly increased 
in white muscle tissue, while liver lactate dehydrogenase activity showed an opposite trend. These findings 
indicate that enzyme activity changes in fish responding to environmental stress represent a dynamic, tissue-
specific, and complex response reflecting their adaptive strategies and injury severity. In this study, the patterns 
of ALT and AST changes were generally similar; both were significantly higher at pH 7.6 compared to the control 
group, followed by a decline. These trends were similar to those observed in Asian seabass (Lates calcarifer) [66]. 
The initial increase in ALT and AST activity may be a response to mild stress caused by a change in pH, with the 
liver temporarily accelerating its metabolic processes in response to the altered conditions, leading to an increase 
in these enzymes to maintain homeostasis. However, highly acidic environments can disrupt normal metabolic 
processes in marine organisms, leading to oxidative stress [67]. Where the balance between the production of 
reactive oxygen species (ROS) and the body’s ability to detoxify these reactive by-products or repair the resulting 
damage is disturbed. This oxidative stress may impair liver function and decrease the activity of liver enzymes 
such as ALT and AST [68]. This may explain the decrease in ALT and AST at pH 7.1 and 6.6. A similar initial 
increase followed by a decrease in both ALT and AST was observed in topmouth culter (Erythroculter 
ilishaeformis) exposed to nitrite [69], with comparable results also documented in yellowfin seabream 
(Acanthopagrus latus) and Asian seabass [66]. These fluctuations indicate intricate biological reactions to 
environmental stressors, emphasizing the delicate equilibrium that organisms strive to maintain in order to sustain 
physiological homeostasis under challenging conditions. 

Lactate dehydrogenase (LDH) is crucial in converting lactate, a major by-product of anaerobic glycolysis, to 
pyruvate through oxidation in the presence of NADH [70]. Pyruvate kinase (PK) catalyzes the transformation of 
phosphoenolpyruvate to pyruvate, generating adenosine triphosphate (ATP), which is crucial for energy metabolism 
in tissues [71]. Prolonged adaptation to hypercapnia leads to significant changes in anaerobic metabolism indicators 
such as PK and LDH, with elevated activities of both indicating a shift from aerobic to anaerobic metabolism [72]. 
LDH and PK activities were consistently elevated in the hearts of Sparus aurata persistently exposed to a highly 
carbonated acidic environment (pH 7.3) [72], suggesting that continuous exposure to stressful conditions increases 
metabolic rate in response to environmental stressors, leading to elevated LDH levels [73]. In this study, LDH and 
PK activities were significantly higher in the pH 6.6-treated group than in the control group, indicating a stimulatory 
effect of the acidic environment on the glycolytic pathway. This increase suggests increased metabolic stress in fish, 
where glycolysis rates increase to provide energy to cope with the stress. A similar phenomenon was observed in the 
serum of juvenile Sagor catfish (Hexanematichthys sagor) [74] and in the liver of large yellow croaker [62], all 
showing elevated LDH activity under low pH conditions. This likely represents an enhanced metabolic response to 
acidification stress, resulting in increased lactate dehydrogenase levels [73]. Additionally, Nile tilapia exposed to 
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strongly alkaline conditions (pH 10.0) exhibited respiratory depression [75], where insufficient tissue oxygenation 
enhanced glycolysis, and excessive lactate accumulation ultimately induced acidosis, disrupting normal physiological 
functions—A mechanism sharing certain similarities with observations in the current study. Juvenile Pacific oysters 
(Crassostrea gigas) [76] exhibit significantly increased PK activity when exposed to environmental stress, a trend 
consistent with the PK activity changes observed in juvenile yellowfin tuna in the present study. This suggests that 
under changing environmental conditions, juvenile tuna may enhance PK activity to redistribute energy resources, 
thereby meeting increased energy demands during stress responses. However, the specific molecular pathways 
underlying this regulatory mechanism require further investigation and validation. Although PK plays a crucial role 
in glycolysis and energy metabolism, its activity varies across species under different environmental conditions, 
reflecting the complexity and species-specificity of metabolic regulation. Therefore, further research on PK activity 
regulation and its role in environmental adaptation is essential for a deeper understanding of the energy metabolism 
strategies employed by juvenile yellowfin tuna under acidification and other environmental stressors, as well as their 
implications for growth and survival. 

Na+K+-ATPase (NKA) is a special protein present in the cell membrane of gill filaments, which consumes 
ATP in an active transport mode for Na+ and K+ ion exchange transport, providing the driving force for active 
transmembrane transport of ions against the concentration gradient, and is an important indicator of osmotic 
pressure regulation in fish [77]. Elevated NKA enzyme activity enhances cellular uptake of external inorganic 
ions, thereby maintaining stable ion levels inside and outside the cell and osmotic pressure balance [78]. Studies 
have shown that NKA enzymes in the gills of aquatic animals are sensitive to changes in seawater pH. For example, 
Atlantic salmon (Salmo salar L.) exhibited increased NKA activity in high-acid environments at different 
temperatures (5 °C and 15 °C) [79], and European sea bass showed similar changes in low pH environments over 
five weeks [53]. Juvenile Nile tilapia [75] displayed reduced NKA activity under extreme pH conditions, 
suggesting impaired Na+ influx capacity or diminished transepithelial transport efficiency, potentially due to pH-
induced suppression of ATP metabolism across organs. These findings suggest that NKA activity in aquatic 
animals varies with water pH and may involve similar ionic regulatory mechanisms. In this study, NKA enzyme 
activity initially tended to increase with decreasing pH, consistent with the above findings. This suggests that the 
metabolic activity of juvenile tuna increases after acidification stress, requiring additional energy consumption to 
maintain osmotic pressure balance. NKA, as an energy enzyme, carries out cellular ion regulation and acid-base 
balance by consuming a large amount of cellular energy in the form of ATP. Therefore, an increase in NKA activity 
intensifies the consumption of cellular energy, reducing the ATP available for other processes. This suggests that 
fish may activate multiple physiological mechanisms under acidic stress to maintain metabolism and electrolyte 
homeostasis. However, the ion regulatory response of juvenile yellowfin tuna in low pH water still requires further 
study. These findings underscore the profound physiological impacts of environmental stressors on fish. Future 
studies should elucidate the molecular regulation of NKA activity and conduct systematic analyses integrating 
multiple physiological parameters to comprehensively assess acidification effects on osmoregulatory adaptations 
and associated survival risks. 

4.3. The Effect of Low pH on the Histological Structure of Yellowfin Tuna 

The use of histopathology of the digestive tract provides a suitable platform for assessing the health of fish, 
as most contaminants that enter the body will at some point enter the gut and alter the intestinal junctions [80]. 
The mucosal epithelium is distributed with a large number of goblet cells, which secrete digestive enzymes and 
other mucus. Digestive enzymes improve the efficiency of nutrient absorption, while other mucus lubricates the 
intestinal epithelium, playing a role in protecting the intestinal tract. Intestinal villi increase the surface area for 
absorption, significantly enhancing the digestive capacity and prolonging the retention time of chyme in the 
intestine. This facilitates the breakdown of nutrients by digestive enzymes and their subsequent absorption. The 
villi contain cells that secrete various digestive enzymes, including α-amylase, lipase, and protease, which aid in 
the breakdown of large molecules such as carbohydrates, fats, and proteins. These enzymes play a crucial role in 
nutrient absorption and contribute to improved growth performance [81]. The height and width of the intestinal 
villi are usually used as the main indicators for evaluating the functional state of the intestine. The larger the area 
of intestinal villi, the larger the absorptive area of the intestinal tract, and the better the digestive and absorptive 
capacity of the organism [82]. The midgut is primarily responsible for nutrient absorption, and a decrease in foregut 
digestive enzyme activity means that larger, undigested, or partially digested food particles will enter the midgut. 
Therefore, the midgut may undergo structural changes to adapt to the altered digestive environment. In the present 
study, the midgut intestinal villi of the pH 7.1 treatment group were bent and shortened in height from the onset 
of histological observation, and the phenomenon tended to worsen with increasing acidity. Suggesting that low pH 
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water affects the digestive function of yellowfin tuna, midgut epithelial cells exhibit hypertrophy (increase in cell 
size) or hyperplasia (increase in cell number) as a compensatory mechanism to enhance the absorptive surface area 
in an attempt to absorb more nutrients from poorly digested food. Yellowtail kingfish [83] (Seriola lalandi) and 
Atlantic cod [40] also exhibited similar results in low-pH environments. 

The gills of fish are in direct contact with the water environment, allowing them to sense changes in water 
acidity quickly, leading to various cell changes in the gills. Changes in the epidermal cells of gill filaments are 
particularly crucial for the physiological function of gills. Environmental stress can cause two main types of 
damage to fish gills: direct damage such as cell death and detachment, and defensive damage such as thickening 
and enlargement of gill lamellae and proliferation of epithelial cells [84]. Under environmental stress, Chinese 
perch (Siniperca chuatsi) [64] and juvenile blunt snout bream (Megalobrama amblycephala) [85] have shown both 
direct and defensive damage responses, such as oedema, fusion, and hyperplasia of gill lamellae. In this study, 
oedema appeared in the epithelial cells of gill filaments at pH 7.6, increased at pH 6.6, and hyperplasia appeared 
at the base, similar to the results of the above studies. This may be due to impaired cellular function, affecting the 
function of sodium-potassium pumps on the cell membrane. This results in the accumulation of solutes and other 
substances in the epithelial cells, leading to water osmotic influx [86]. The pH 6.6 treatment group showed a rapid 
increase in NKA enzyme activity, indicating increased energy expenditure. As pH decreased, gills began to show 
irreversible damage such as epithelial rupture and detachment, cellular vacuolization, and basal cell vacuolisation 
of gill lamellae. This suggests that persistent acidity stress can disrupt the structural integrity of gills, impairing 
their respiratory function. 

5. Conclusions 

This study examined the impact of acute acidification on digestive enzyme activities, metabolic enzyme 
functions, and tissue morphology in juvenile yellowfin tuna. The results demonstrated that digestive enzymes 
maintained normal function at pH 7.6. However, when seawater pH drops to 6.6, gill lamellae proliferate and 
adhere, digestive enzyme activity in the gut decreases linearly, and tissue structure is damaged, impairing digestive 
function. These findings further elucidate the mechanisms underlying juvenile yellowfin tuna’s response to 
acidification stress, providing reference data for future net-pen aquaculture of this species in challenging coastal 
environments, thereby indirectly guiding the development of aquaculture practices. 
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