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ABSTRACT

The increasing use of plant-based feed ingredients may lead to an increase in the level of non-starch polysaccharides
(NSP) in fish feed. This study was conducted to assess the effects of varying dietary NSP levels on digestive enzyme
activity, intestinal histology, postprandial blood glucose levels, and feed digestibility in Nile tilapia (Oreochromis
niloticus). The present study consisted of three treatments, namely control-diet (Low—NSP, 11.59%), Medium—
NSP (22.51%), and High—NSP (31.76%) with five replications for each treatment. Nile tilapia with an initial weight
of 17.04 + 0.11 g were kept in aquariums at a density of 15 fish for 30 days. The results showed that the low NSP
feed resulted in higher protease, lipase, and amylase enzyme activity compared to the other treatments. The low
NSP treatment had greater villi height and wider surface area in the midgut area of the intestine, whereas the high
NSP treatment showed higher villi height and surface area in the hindgut area. Protein, fat, dry matter, energy, and
phosphorus digestibility were significantly higher in the low NSP (P<0.05). Fish in the low NSP treatment showed
higher postprandial blood glucose levels compared to the other treatments. Furthermore, growth performance
and retention of protein, lipid, and phosphorus were higher in fish maintained in the low NSP treatment (P<0.05)
compared to other treatments. In conclusion, the present study demonstrated that different dietary levels of NSP
resulted in different levels of digestive enzyme activities, changes in intestinal structure, feed digestibility as well
as growth and nutrient retention in Nile tilapia.
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ABSTRAK

Meningkatnya penggunaan bahan pakan nabati dapat menyebabkan peningkatan non-starch polysaccharide (NSP)
dalam pakan ikan. Penelitian ini bertujuan untuk mengevaluasi pengaruh kadar NSP yang berbeda pada pakan
ikan terhadap aktivitas enzim pencernaan, histologi usus, kadar glukosa darah postprandial dan kecernaan pakan
ikan nila (Oreochromis niloticus). Penelitian ini terdiri dari tiga perlakuan, yaitu low NSP (11,59%), medium
NSP (22,51%), dan high NSP (31,76%) dengan lima ulangan untuk setiap perlakuan. Ikan nila yang digunakan
dengan berat awal 17,04 £ 0,11 g, dipelihara di akuarium dengan kepadatan 15 ikan selama 30 hari. Hasil
penelitian menunjukkan bahwa pakan low NSP menghasilkan aktivitas enzim protease, lipase, dan amilase lebih
tinggi dibandingkan dengan perlakuan lainnya. Perlakuan low NSP memiliki tinggi villi yang lebih panjang dan
luas permukaan yang lebih lebar di area midgut usus, sedangkan perlakuan high NSP menunjukkan tinggi villi
dan luas permukaan yang lebih tinggi di area hindgut. Kecernaan protein, lemak, total, energi, dan fosfor secara
signifikan lebih tinggi pada low NSP (P<0,05). Ikan dengan perlakuan low NSP menunjukkan kadar glukosa
darah postprandial yang lebih tinggi dibandingkan dengan perlakuan lainnya. Selanjutnya, kinerja pertumbuhan
dan retensi protein, lemak, dan fosfor lebih tinggi pada ikan yang dipelihara pada perlakuan low NSP (P<0,05)
dibandingkan dengan perlakuan lainnya. Kesimpulan pada penelitian ini menunjukkan bahwa kadar NSP dalam
pakan yang berbeda menghasilkan kadar aktivitas enzim pencernaan yang berbeda, perubahan struktur usus,
kecernaan pakan serta pertumbuhan dan retensi nutrisi pada ikan nila.

Kata kunci: aktivitas enzim, ikan nila, kecernaan pakan, non-starch polysaccharide (NSP)
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INTRODUCTION

Nile tilapia (Oreochromis niloticus) is one
of the most widely farmed fishery commodities
worldwide because it has a fast growth rate,
tolerance to various environmental conditions,
resistance to stress and diseases, and easy
acceptance of formulated feed (Islam er al,
2025; El-Sayed et al., 2025; Vega et al., 2025).
Global Nile tilapia production has increased
annually, from 1.7 million tons in 2005 to 4.4
million tons in 2020, making it important for
aquaculture production (FAO, 2022). The high
cost of feed remains one of the main challenges
in Nile tilapia culture. This dependency on feed
poses a significant risk to the sustainability of
the aquaculture industry, as feed costs account
for approximately 75.5-91.2% of total fish
production costs (Suprayudi, 2018). To mitigate
the high cost of feed, the aquaculture feed
industry has increasingly turned to plant-based
feed ingredients.

The increasing use of plant-based feed
ingredients has the potential to increase the content
of non-starch polysaccharides (NSP) in fish feed
(Deng et al., 2021). The NSP content in plant raw
materials commonly used in feed production can
range from 22.7% to 50.5% (Ren et al., 2020).
NSP are complex carbohydrates other than starch
and free sugars with long polymer structures
consisting of many monosaccharide units and are
a major component of plant cell walls (Marcotuli
et al., 2020). NSP components such as lignin,
cellulose, hemicellulose, and pectin are generally
indigestible by fish due to the limited ability of fish
to produce degrading enzymes such as cellulase,
glucanase, and xylanase (Maas et al., 2020; Dey
et al., 2024). NSP is classified as fiber and is
considered a component that is difficult for fish
to digest so it is often regarded as having limited
nutritional value or even as an anti-nutrient (Sinha
et al., 2011; Zhang et al., 2025).

Numerous studies in fish have shown that
elevated NSP levels can adversely affect feed
digestibility and growth performance. The study
by Liu et al. (2022b) showed that diets containing
NSP above 9% resulted in a decrease in specific
growth rate, protein efficiency, and nutrient
digestibility. In rainbow trout, NSP inclusion up
to 24.8% altered the composition of intestinal
microbiota and serum metabolites and reduced
growth performance (Zhou et al., 2022). In Nile
tilapia, high NSP ingredients such as soybean
meal (217 g NSP/kg) or additional NSP sources

such as guar gum have been shown to damage
intestinal villus morphology and decrease nutrient
utilization (Wang et al., 2023). However, specific
types and amounts of NSP have been reported to
positively influence the digestive tract structure,
intestinal microflora, and fish growth (Liu et al.,
2022a).

Certain types of NSP act as prebiotics that can
be fermented by beneficial bacteria, including
Lactobacillus and Bifidobacterium, resulting
in the production of short-chain fatty acids
(SCFAs) that reduce intestinal pH and inhibit
pathogenic bacteria. This process enhances the
integrity of the intestinal mucosa, improves
villus morphology, and increases the efficiency
of nutrient absorption. The combined effects
ultimately contribute to improved feed utilization
and support better growth performance (Singh et
al., 2021; Jha et al., 2021; Morgan et al., 2023).
Additionally, the presence of NSP in feed at
certain levels is reported to be a source of organic
carbon, facilitating the growth of biofloc forming
bacteria (Kabir et al., 2020). Research conducted
by Kabir et al. (2020) showed that feed containing
NSP increased the abundance of natural food in
aquaculture ponds and increased the comparable
C:N ratio.

This feed is expected to be able to meet the
nutritional requirements of Nile tilapia while
simultaneously serving as a source of organic
carbon for heterotrophic bacteria in biofloc
systems, which can be further utilized by Nile
tilapia. However, studies evaluating the direct
effect of different NSP inclusion levels in
formulated diets for Nile tilapia remain limited.
Therefore, further research is necessary to
evaluate digestibility, digestive enzyme activity
and intestinal histology in Nile tilapia.

MATERIALS AND METHODS

Preparation of maintenance media and test
animals

This study was conducted from September
2023 to November 2023 at the Fish Nutrition
Laboratory, Department of Aquaculture, Faculty
of Fisheries and Marine Sciences, IPB University,
Indonesia. Nile tilapia with an initial weight of
17.04 £0.11 g and an initial length of 10.91 £0.12
cm were obtained from the experimental pond
hatchery unit at the Department of Aquaculture,
IPB University, and randomly distributed into
aquariums measuring 60x50x50 cm3. The
experiment consisted of 15 treatment units
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and 5 additional units for growth testing using
commercial feed as the control, with a stocking
density of 15 fish. Each aquarium was equipped
with an aeration system to maintain dissolved
oxygen levels. Maintenance was carried out
for 30 days by giving test feed three times daily
at 08:00, 12:00, and 16:00 at satiation. Water
quality measurements conducted during the study
indicated that the temperature of the rearing water
ranged 28.2-29.4°C, dissolved oxygen (DO)
4.14-4.94 mg/L, pH 7.11-7.48 and nitrate 5-20
mg/L, nitrite 0.00-0.25 mg/L, ammonia 0.00-
0.50 mg/L.

Preparation of the test feed

The experimental diets were prepared by
weighing the feed ingredients according to the
formulated composition to achieve a protein level
of 28% (Table 1). The feed ingredients were then
mixed using a mixer machine until homogeneous.
The addition of chromium oxide (Cr:0s) which
was used as a marker for determining digestibility
tests was added at 0.5% and then water was added
until homogeneous. The feed mixture was molded
into pellets. The feed pellets were oven-dried at
50°C for 612 hours. The treatments consisted of

Table 1. Formulation and proximate of Nile tilapia feed with different levels of non-starch polysaccharides.

Feed Treatment (%)
Raw Material (%)
Low NSP Medium NSP High NSP
Soybean meal 31 30 28
Rice bran - - 7.45
Fishmeal 4 4
Corn gluten meal 5 6.29 -
Meat bone meal 8 6
Cassava starch 13.9 - -
Corn gluten feed - 6 9.5
Wheat flour 28.55 21 13.5
Palm kernel meal - 16.16 22
Crude palm oil 3 3 3
Fish oil 1.5 1.5 1.5
PMC binder 0.3 0.3 0.3
Vitamin mix! 1 1 1
Mineral mix! 0.5 0.5 0.5
Monocalcium phosphate 1 1 1
Lysine 0.75 0.75 0.75
Methionine 0.75 0.75 0.75
Choline chloride 0.15 0.15 0.15
NaCl 0.1 0.1 0.1
Cr20:2 0.5 0.5 0.5
Total 100 100 100
Proximate Content in Dry Matter (%)
Protein (%) 28.42 28.87 28.91
Fat (%) 5.19 7.01 7.16
Ash (%) 8.82 9.36 9.70
Crude fiber (%) 4.79 8.74 13.65
NFE (%)? 53.19 46.01 40.58
Gross energy (kcal/kg)* 4278.36 4181.32 3974.32

Note: 'Commercial product, 2Cr.0s- chromium oxide, *NFE = nitrogen-free extract, “Gross energy (GE) of dry
weight feed was calculated based on protein = 5.64 kcal/g, fat = 9.44 kcal/g, and carbohydrate/NFE = 4.11 kcal/g

(Watanabe, 1998).
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three types of feed, namely control-diet (Low—
NSP, 11.59%), Medium-NSP (22.51%), and
High—-NSP (31.76%). Additionally, the growth
performance of Nile tilapia fed the commercial
diet was evaluated.

Chemical analysis

The feed underwent proximate analysis to
determine its protein, fat, ash, moisture, crude
fiber, and nitrogen-free extract (NFE) contents
(AOAC, 2012). Non-starch polysaccharides (NSP)
content in the feed was calculated based on Kabir
et al. (2020) using the formula: total carbohydrate
— (starch + free sugars). Acid Detergent Fiber
(ADF) and Neutral Detergent Fiber (NDF) were
analyzed by Soest (1963). Phosphorus content
in the feed, fish body, and feces was analyzed
by Reitz et al. (1960). Digestibility parameters
measured in this study included total digestibility
(dry matter) and the digestibility of protein, fat,
and energy in the test feed. Fecal collection began
four days after chromium administration and
was performed twice daily, approximately 30-60
minutes after feeding (Oktaviani et al., 2025).

Digestive enzyme activity was evaluated
on day 30 of the experiment. At the end of the
rearing period, the fish were fasted for 24 hours.
The collected digestive organs were placed in
labeled sample bags and stored in a freezer
at —80°C (Cahyadi et al., 2020), after which
analyses were conducted to determine protease
activity (Cupp-Enyard & Aldrich, 2008), amylase
activity (Worthington, 1993), and lipase activity
(Borlongan, 1990). Blood glucose measurements
were performed postprandially. Fish were fasted
for 24 hours prior to initial blood sampling,
followed by feeding. Subsequent blood samples
were taken at 1, 2, 4, 6, and 8 hours after feeding
(Rakhmawati, 2018).

The histological measurement of Nile tilapia
intestines was divided into two sections, namely
the midgut and the hindgut. Hindgut samples
were taken 3-5 cm before the anus, and each
section of the intestine was cut into 1 cm segments
(Tran-Ngoc et al., 2019). Intestinal morphometric
observations included the intestinal length ratio
(IRL), villi height (VH), crypt depth (CD), villi
surface area (VSA) based on Lji ef al. (2001) and
the ratio of villus height to crypt depth (RVHCD)
(Fard et al., 2014) using the following formula:
Ratio of villus height ~ Average villus height (um)
to crypt depth

Average crypt depth (um)

Growth performance

Growth performance parameters included
individual final weight, specific growth rate
(SGR), absolute growth rate (AGR), total feed
consumption (TFC), feed conversion ratio
(FCR), protein retention (PR), fat retention (FR),
phosphorus retention (PHR) and survival rate
(SR).

Data analysis

The data obtained were tabulated using
Microsoft Excel 2019 software. Digestibility
parameters, postprandial blood glucose, digestive
enzyme activity, phosphorus content analysis,
fish intestinal morphometrics, and growth
performance were analyzed using SPSS version
22, followed by normality and homogeneity tests.
Statistical analysis was performed using one-
way analysis of variance (ANOVA) with a 95%
confidence level. If significantly different results
were found, a DMRT (Duncan’s Multiple Range
Test) was applied. Water quality and fish intestinal
histology were analyzed using descriptive and
image analysis.

RESULTS AND DISCUSSION

Results
Analysis of NSP, ADF, NDF, and phosphorus
content

The results of the analysis of NSP, ADF, NDF,
and phosphorus content in feed with different
levels of NSP are presented in Table 2. The
analysis revealed that the highest values for NSP,
ADF, NDF, and phosphorus were observed in the
high NSP treatment compared to the medium and
low NSP treatments.

Enzyme activity analysis

The enzyme activity tests in the digestive tract
of Nile tilapia fed with diets containing different
levels of NSP are presented in Table 3. The
activities of protease, lipase, and amylase in the
low NSP treatment were significantly higher than
those in the other NSP treatments (P<0.05).

Histology and morphometrics of fish intestine
The fish intestinal histology analysis included
both the midgut and hindgut. The results of the
histological observations for each treatment group
are presented in Figure 1 and Table 4. Based on
observations, fish in the low NSP treatment had
higher villi height and surface area in the midgut
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compared to the medium NSP and high NSP Based on morphometric analysis, Nile tilapia
treatments. In contrast, the fish in the high NSP  fed with the high NSP diet exhibited an increased
treatment showed higher villi height and surface  intestinal length ratio compared to the other
area in the hindgut. treatments (P<0.05). In the midgut, the low NSP

Table 2. Content of NSP, ADF, NDF, and Phosphorus in treated diets with different levels of NSP.

Feed Treatment

Analysis
Low NSP Medium NSP High NSP
NSP (%) 11.59 22.51 31.76
ADF (%) 4.78 10.57 18.01
NDF (%) 18.23 26.76 33.54
P (%) 0.344 0.378 0.380

Note: Non-starch polysaccharides (NSP), acid detergent fiber (ADF), neutral detergent fiber (NDF), phosphorus (P).

Table 3. Enzyme activities in the digestive tract of Nile tilapia fed with different levels of NSP.

Enzyme activity Feed Treatment

analysis (IU/mL) Low NSP Medium NSP High NSP 'Initial fish
Protease 0.02 + 0.00° 0.01 + 0.00¢ 0.01 + 0.00¢ 0.01 +0.00
Lipase 0.07 £0.01° 0.06 + 0.02: 0.05 + 0.00¢ 0.03 +0.00
Amylase 0.59 + 0.03 0.57 + 0.06% 0.52 + 0.06 0.45 +0.00

Note: 'The initial fish values are provided as baseline information prior to treatment and were excluded from the
statistical evaluation. Values are presented as mean =+ standard deviation. Different uppercase letters in different
rows indicate significantly different treatment effects (P<0.05).

LM

100um
—

100um
—f

100um
—

Figure 1. Intestinal histology of Nile tilapia fed with different NSP levels in the midgut and hindgut intestine. Low
NSP midgut intestine (L.M), low NSP hindgut intestine (L.H), medium NSP midgut intestine (M.M), medium NSP
hindgut intestine (M.H), high NSP midgut intestine (H.M), high NSP hindgut intestine (H.H), Initial fish midgut
intestine (I.M), initial fish hindgut intestine (I.H).
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treatment exhibited a greater villi length and
surface area compared to the other treatments. In
contrast, the high NSP treatment showed greater
villi length and surface area in the hindgut.
Furthermore, the ratio of villi length to crypt
depth in both the midgut and hindgut was highest
in the low NSP treatment (P<0.05), but had a
lower value than the initial fish.

Digestibility performance

Digestibility of diets with different NSP
content showed significant differences between
treatments (Table 5), with the low NSP treatment
consistently showing higher nutrient and energy
digestibility than the other treatments (P<0.05).

Postprandial blood glucose
Measurement of postprandial blood glucose
levels of Nile tilapia was carried out at hours 0, 1,

2,4, 6, and 8. The results indicated that fish in the
low-NSP treatment exhibited a greater increase
in blood glucose levels than those in the other
NSP treatments, with peak glucose absorption
observed 2™ hour. In contrast, the medium
and high NSP treatments exhibited peak blood
glucose absorption at the 4" hour post-feeding.
Blood glucose levels in all treatments declined
and returned to near-basal conditions by the 8"
hour.

Growth Performance

The growth performance of Nile tilapia fed
diets containing different NSP levels after 30
days of rearing is presented in Table 6. Fish fed
the low-NSP diet exhibited significantly higher
final individual weight, absolute growth rate,
and specific growth rate than those in the other
treatments (P<0.05). In contrast, the high-NSP

Table 4. Intestinal morphometrics of Nile tilapia fed with different levels of NSP in the midgut and hindgut intestine.

Intestinal Morphometrics

‘Parameters Low NSP Medium NSP High NSP Initial Fish
ILR 4.11 £0.03* 4.34 £ 0.06¢ 475 £ 0.15¢ 344 +0.17¢
MIVH (um) 223 + 14.20° 213 £7.59 137 £5.38 230 +7.31°
HIVH (um) 184 + 11.40¢ 207 £ 15.30® 220 + 14.20° 212 £ 6.81°
MICD (um) 42.07 £ 1.23» 44.64 £ 3.67° 36.25 + 0.95¢ 37.72 £ 4.56°
HICD (um) 39.60 + 1.26¢ 4593 +1.25° 52.11 £ 1.94¢ 37.05 + 1.33¢
MIVSA (um) 367 £ 16.25° 338 + 13.16° 215 £15.43¢ 365 £ 16.67°
HIVSA (um) 302 £ 2.09° 361 + 14.98* 379 £ 14.91¢ 348 £ 15.21°
RVHMICD 5.30 £ 0.29% 4.77 £0.25° 3.79 £ 0.25¢ 6.15 + 0.86°
RVHHICD 4.64 £0.27¢ 451 £043 4.23 £0.20¢ 5.73 £ 0.25%

Note: 'Intestinal length ratio (ILR), midgut intestinal villi height (MIVH), hindgut intestinal villi height (HIVH),
midgut intestinal crypt depth (MICD), hindgut intestinal crypt depth (HICD), midgut intestinal villi surface area
(MIVSA), hindgut intestinal villi surface area (HIVSA), Ratio of villi height to midgut intestinal crypt depth
(RVHMICD), Ratio of villi height to hindgut intestinal crypt depth (RVHHICD). Values are presented as mean +
standard deviation. Different superscript letters in different rows indicate significantly different treatment effects

(P<0.05).

Table 5. Digestibility performance of Nile tilapia treated with different levels of NSP in the diet

Digestibility Value
Digestibility Analysis (%)
Low NSP Medium NSP High NSP
Protein Digestibility 88.66 + 0.80¢ 79.94 £ 0.59° 77.20 £ 0.68¢
Fat Digestibility 84.21 + 0.89¢ 79.55 £0.19° 78.10 £ 0.86°
Carbohydrate Digestibility 73.14 £ 0.83° 72.22 £ 0.60® 71.89 £0.79°
Total Digestibility 60.15 £ 0.79¢ 51.86 £ 0.47° 48.46 + 0.64¢
Energy Digestibility 79.17 + 0.49¢ 76.49 £ 0.21° 75.24 £ 0.50°
Phosphorus Digestibility 79.99 + 0.08¢ 54.19 £ 0.12° 35.04 £ 0.04

Note: Values are presented as mean + standard deviation. Different superscript letters in different rows indicate

significantly different treatment effects (P<0.05).
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treatment resulted in the highest feed consumption
and feed conversion ratio (P<0.05). Protein, lipid,
and phosphorus retention were also significantly
higher in fish fed the low-NSP diet compared with
the other NSP treatments (P<0.05). Furthermore,
Nile tilapia fed the commercial diet demonstrated
better growth performance, including higher
final individual weight, absolute growth rate,
and specific growth rate, as well as lower feed
consumption and feed conversion ratio than fish
fed the NSP experimental diets. Survival rates did
not differ significantly among treatments, and no
mortality was observed during the rearing period
(P>0.05).

120
100
80
60
40

Blood glucose (mg/dL)

20

Discussion

Non-starch polysaccharides (NSP) are the main
components of plant cell walls, commonly referred
to as dietary fiber, and are poorly digested by fish
due to the limited endogenous enzymes capable
of degrading complex polysaccharides (Liu et al.,
2022a; Liang et al., 2022). The presence of anti-
nutritional factors, including NSP, phytate, acid
detergent fiber (ADF), and neutral detergent fiber
(NDF) in the diet may reduce nutrient digestibility
in fish (Fauzan et al., 2022; Verdegem et al,
2023; Mishra et al., 2024). The analyses of NDF,
ADF, and phosphorus (P) indicated that their
concentrations increased with increasing levels of

2

4 6 8

Observation Time (Hours)

—Low NSP

~»~Medium NSP

——High NSP

Figure 2. Postprandial blood glucose levels of Nile tilapia at 0, 1, 2, 4, 6 and 8 hours after feeding with different

levels of NSP. (*) Indicates significant difference (P<0.05).

Table 6. Growth performance of Nile tilapia fed with different levels of NSP.

Feed Treatment

"Parameters
Low NSP Medium NSP High NSP 2Commercial Feed
WO (g) 17.02 £ 0.07¢ 17.10 £0.120 17.02 £ 0.07¢ 17.02 £ 0.16
Wt (g) 37.10 £ 0.07¢ 36.77 £ 0.07° 36.51 £0.20® 38.71 £0.19
AGR (g/day) 0.67 £ 0.00° 0.66 + 0.00° 0.65 £0.01¢ 0.72 £0.01
SGR (%/day) 2.60 £0.01° 2.55 £0.02¢ 2.54 £0.02¢ 2.74 £ 0.03
SR (%) 100 + 0.00* 100 + 0.00¢ 100 + 0.00¢ 100 + 0.00
TFC (g) 429 +1.92: 447 + 1.30° 480 £ 1.92¢ 428 +1.67
FCR 1.42 +0.00° 1.51 £0.01° 1.64 £0.01¢ 1.31 £0.01
PR (%) 39.71 £ 1.77¢ 27.17 £1.73¢ 21.74 £ 0.56° -
FR (%) 79.39 +20.98 48.97 +10.58¢ 42.20 + 8.20¢ -
PHR (%) 1.99 £ 0.62° 1.42 £0.19® 1.03 = 0.56* -

Note: 'Individual initial weight (WO0), individual final weight (Wt), absolute growth rate (AGR), specific growth
rate (SGR), survival rate (SR), total feed consumption (TFC), feed conversion ratio (FCR), protein retention (PR),
fat retention (FR), and phosphorus retention (PHR). Different superscript lowercase letters in the same row indicate
significantly different treatment effects (P<0.05). 2Commercial feed: values were not measured (—) and were not
included in the statistical analysis. Values are presented as mean + standard deviation. Different superscript letters
in different rows indicate significantly different treatment effects (P<0.05).
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NSP in the feed (Table 2). Dietary NSP has been
reported to influence digestive enzyme activity. In
this study, the activities of protease, amylase, and
lipase increased at the initial stage but decreased
with increasing levels of dietary NSP (Table 3).
This reduction in enzyme activity is presumably
attributed to the interaction between NSP and
increased intestinal viscosity, which is associated
with the type, concentration, and solubility of
NSP (Deng et al., 2021).

Elevated intestinal digesta viscosity caused by
NSP can reduce the diffusion of substrates and
digestive enzymes, thereby limiting their effective
interaction at the intestinal mucosal surface and
ultimately decreasing digestive efficiency (Zheng
et al., 2021). Diets containing NSP resulted
in variations in fish health status. Histological
examination of the intestine revealed alterations
in intestinal structure and internal morphology in
fish fed NSP-containing diets compared with pre-
treatment conditions, which may affect digestion
and nutrient absorption (Figure 1 and Table 4).
These changes are presumed to be associated with
increased viscosity within the gastrointestinal
lumen (Sinha et al., 2011; Liu et al., 2022c).
Elevated luminal viscosity can disrupt intestinal
morphology and function by accelerating villus
cell loss, inducing villus atrophy, and increasing
crypt cell proliferation and crypt depth (Jha et al.,
2019). In the midgut, shorter villi with narrower
surface areas were observed in fish fed high NSP
diets, whereas in the hindgut, increased villus
height and crypt depth appeared as adaptive
responses to enhance nutrient absorption in the
distal intestine.

A similar result was reported by Wang et al.
(2023) & Schneider et al. (2025) that dietary
soybean meal and plant-based NSP affected
intestinal morphology including villus height
and goblet cell populations in Nile tilapia.
The reduction in villus height or surface area
may also be related to increased peristaltic
activity and accelerated digesta transit time in
the gastrointestinal tract, thereby reducing the
contact time between nutrients and the intestinal
surface and resulting in suboptimal absorption.
Shortened villi accompanied by increased
crypt depth can impair nutrient absorption and
increase secretory activity in the gastrointestinal
tract, negatively affecting intestinal function
(Maryam et al., 2024). Consistent with this, Liu
et al. (2022b) reported that dietary NSP levels
above 3% significantly increased the intestinal

length index, while levels above 9% affected
nutrient digestibility and intestinal morphology
in largemouth bass (Micropterus salmoides). The
present study demonstrated that increasing dietary
NSP levels reduced the digestibility of protein,
lipid, carbohydrate, total nutrients, energy, and
phosphorus (Table 5).

High dietary NSP content increases digesta
viscosity, which inhibits digestive enzyme
activity and reduces the utilization of digestible
carbohydrates, proteins, and lipids (Tran-Tu
et al., 2019; Oliveira et al., 2021). This effect
is presumed to result from the water holding
capacity of NSP, which forms a viscous gel in the
intestinal lumen, creating a physical barrier on the
surface of feed particles that limits enzyme access
to substrates. Consequently, the diffusion and
mixing rates between digestive enzymes and their
substrates are reduced, making nutrient hydrolysis
less effective. In addition, NSP can entrap bile
salts and increase luminal viscosity, thereby
limiting micelle formation, reducing lipase access
to triglyceride surfaces, and ultimately decreasing
lipid digestion and absorption (Grundy et al,
2016; Pabois et al., 2020). The combined effects
of these mechanisms decrease the time and
surface area of nutrient contact with the intestinal
mucosa, ultimately lowering the digestibility and
retention of carbohydrates, proteins, and lipids.

Increased viscosity arising from the water-
binding and gel-forming properties of NSP
represents the primary mechanism by which
digestive enzyme activity and nutrient utilization
are inhibited (Wang et al., 2024; Da Cruz et
al., 2024). Overall, fish digestibility is closely
correlated with enzymatic activity and intestinal
morphology (Sinha er al., 2011; Deng et al,
2021). High dietary inclusion of NSP is known to
affect the metabolism and utilization of nutrients
such as glucose, lipids, amino acids, and minerals
(Sinha et al., 2011; Wang et al., 2024). Based on
the results obtained, the blood glucose levels of
tilapia in the low NSP treatment had the highest
value which increased at the 2" hour after feeding
and began to decrease at the 4" hour. The increase
in glucose levels indicates that in the low NSP
treatment, fish can quickly utilize carbohydrate
levels in the feed. At the 4™ hour, blood glucose
levels in the medium and high NSP treatments
reached their peak point and lasted until the 6
hour then decreased in the following hour until
approaching basal conditions at the 8th hour in all
treatments (Figure 2).
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The prolonged glucose absorption time in the
medium and high NSP treatments is consistent
with the study by Faiqotul Himmabh et al. (2025),
which reported that feeding without the addition of
NSP enzymes can reduce and delay blood glucose
absorption. This mechanism is attributed to the
ability of NSP to disperse in aqueous environments
and form gel-like matrices, thereby increasing
the viscosity of gastrointestinal contents. This
increase in viscosity is associated with delayed
gastric emptying and feed transit time, which can
reduce the rate of glucose absorption (Giuntini
et al., 2022; Lu et al, 2023). This effect is
presumably due to the ability of NSP to decrease
nutrient diffusion rates and limit enzyme substrate
interactions, resulting in reduced carbohydrate
hydrolysis into glucose. Consequently, slower
gastric emptying, prolonged feed transit time,
and impaired hydrolysis ultimately decrease the
availability of glucose and energy for utilization
by fish.

The low protein and lipid retention observed in
this study were presumably attributable to reduced
enzymatic activity and nutrient digestibility in
fish, resulting from increased viscosity due to
the consumption of high NSP diets (Maas et al.,
2019; Kabir et al., 2020). The increase in digestive
viscosity induced by dietary NSP has been shown
to impair lipid emulsification and reduce lipolysis,
thereby diminishing intestinal lipid digestion and
absorption, as higher polysaccharide-induced
viscosity can inhibit enzyme diffusion and limit
access of lipase to lipid substrates (Karim et
al., 2024). In addition, Nile tilapia exhibited
decreased phosphorus retention values, which
were consistent with the reduced phosphorus
digestibility observed, indicating that higher NSP
levels in the diet impair phosphorus absorption.
This reduction in phosphorus retention and
digestibility is likely due to the abundance of anti-
nutritional factors in plant-based feed ingredients
that interfere with mineral metabolism, such as
phytate. Phytate cannot be efficiently hydrolyzed
by nonruminant animals including fish, due to
their lack of endogenous phytase and its presence
in plantbased diets reduces phosphorus and other
mineral availability, negatively affecting nutrient
utilization (Naz et al., 2023; El-Dein et al., 2025).

High dietary levels of phytate and NSP
can reduce phosphorus digestibility in fish by
interacting and forming complexes that increase
digesta viscosity and limit enzyme access.
Supplementation with exogenous phytase can

mitigate these effects (Rodrigues et al., 2023).
This elevated intestinal viscosity may exacerbate
the effect of phytate in binding phosphorus,
thereby reducing its availability for further
absorption. Moreover, NSP and phytate are also
known to bind minerals, disrupting homeostasis,
particularly phosphorus (Lall & Kaushik, 2021;
Liu et al, 2022b). Feeding with different NSP
levels affected growth performance parameters,
including final individual weight, absolute growth
rate, and specific growth rate. The highest values
were observed in the low NSP treatment compared
with the other NSP treatments, although they
remained lower than those of the commercial diet
(Table 6).

The presence of NSP in the diet can adversely
affect intestinal physiology and function, thereby
reducing nutrient digestibility and growth
performance (Jiang et al., 2022; Vinasyiam et al.,
2023; Tarigan et al., 2025). Reduced fish growth
rates and nutrient digestibility in high NSP diets
lead to an increased feed conversion ratio (Dey
et al., 2025). In the present study, both the feed
conversion ratio and feed intake increased with
higher dietary NSP levels, indicating that fish were
less able to utilize diets with high NSP content.
This finding is consistent with Deng et al. (2021),
who reported that NSP significantly decreased
the daily growth coefficient and protein efficiency
ratio while increasing the feed conversion ratio.
High levels of dietary NSP can disrupt nutrient
digestibility and utilization in fish, requiring NSP
degrading enzymes to enhance nutrient absorption
(Oktaviani et al., 2025; Faiqotul Himmabh et al.,
2025).

CONCLUSION

Feeding Nile tilapia with NSP-containing diets
revealed that the low NSP treatment (11.59%)
yielded the best overall performance compared
with the other treatments, as indicated by enzyme
activity, intestinal histology, postprandial blood
glucose levels and nutrient digestibility.
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