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Abstract: The histopathological effects of microplastics (MPs) in the gastrointestinal tracts of fish
following long-term exposure and depuration are relatively understudied. This study investigated
histomorphological damage in the small intestine of Oreochromis urolepis larvae following 65 d
exposure to 38—45 um of polyethylene microspheres (PE MPs) and after a recovery period of 60 d.
Larval fish were assigned to each treatment group (control, 1, 10 and 100 PE MPs), where ingestion
and degenerative changes in the small intestine were examined using a routine hematoxylin and eosin
staining technique. The results highlighted significant PE MPs ingestion and retention proportional to
exposure dose (x% = 49.54; df = 2). Villi height and width and epithelial cell height were significantly
affected and differed between treatment groups. Indices of damage to the small intestine organ
(x> = 47.37; df = 2; p < 0.05) and reaction patterns of villi, epithelial, goblet and cryptic glandular cells,
leucocytic infiltration and blood congestion revealed significant occurrence of alteration as PE MPs
exposure dose increased. After the recovery period, no PE MPs were observed, and villi height, width
and epithelial cells showed recovery with no significant difference between treatment groups. Organ
indices declined (x? = 12; df = 2; p < 0.05) but remained significantly different between treatment
groups, largely due to leucocytic infiltration (x? = 9.08; df = 2; p < 0.05). The study demonstrated that
microplastics induced small intestinal wall degeneration, but recovery in young fish occurred slowly.
The damage likely compromised its digestive function, which may affect growth and reproduction.
This requires further research.

Keywords: microplastic; Oreochromis urolepis; ingestion; retention; depuration; small intestine; histo-
morphology; lesion indices

1. Introduction

The study of the presence, fate and effects of microplastics (MPs, <5mm in size) in
aquatic systems in Africa remains limited in comparison to other regions of the world [1,2].
This is despite Africa having many of the most notable freshwater bodies in the world
including the African Great Lakes (Lakes Victoria, Malawi and Tanganyika), and the
Rivers Nile and Congo, which are known to have high levels of species diversity and
richness [3]. In Africa, MPs have been recovered from the gastrointestinal tracts of a
number of ecologically and economically important fish species, including Nile perch (Lates
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niloticus) and Nile tilapia (Orechromis niloticus) from Lake Victoria in Tanzania [4], Catfish
(Bagrus bajad) from the Nile River in Egypt [5], and Nile tilapia (Orechromis niloticus), Catfish
(Clarias gariepinus), Common carp (Cyprinus carpio) and Crucian carp (Carassius carassius)
from Lake Ziway in Ethiopia [6]. However, there is limited knowledge on the fate of MPs
following ingestion (i.e., retention or depuration) and the localized toxicological damage
this may cause in the gastrointestinal tracts of fish in general, and especially from Africa.

Elsewhere, it is reported that the ingestion of MPs has caused significant gastrointesti-
nal (GI) tract damage in fish [7,8]. Physical abrasion of MPs passing through the GI tract
can result in damages to the small intestines including the loss of cryptic cells, villi cracking,
hyperemia and luecocytic infiltration, as reported in Dicentrarchus labrax [9], Girella laev-
ifrons [10] and D. rerio [11] in a dose-dependent manner. Unlike wild fish, the majority of
exposure experiments are acute and use marine fish which either were acclimatized and fed
non-MPs feed for a couple of days or lengthily starved prior to the commencement of the
experiment, contrary to natural environmental setting, where exposure to fish essentially
begins at the larval stage. Investigations into the possibility that damaged gastrointestinal
tracts are able to recover post exposure to MPs are scant, particularly in Africa. The existing
depuration studies conducted so far are few, relatively short-term and focus on physiologi-
cal status [12] such as oxidative stress [13] or microbiota composition [14], rather than on the
gastrointestinal tract, which directly interacts with MP pollutants. However, the affected
aquatic organisms are expected to recover following a period without MP exposure. Such
insight has encouraged the development of plastic pollution-curbing strategies at national,
regional and global levels [15], recognizing plastic-induced fatality and their ubiquity as a
global concern [16]. Various legal frameworks [17] and bilateral agreements [16,18] have
been ratified and some already implemented, including usage and disposal restrictions [19]
to ensure zero plastic in aquatic habitats. Therefore, a broad knowledge of the effects of
plastic pollution on fish recovery after gut voidance is critical for ecological conservation
and waste management.

With this in mind, this study aimed to investigate intestinal histomorphological im-
pairment of Wami tilapia (Oreochromis urolepis) after long-term exposure to polyethylene
microspheres (PE MPs) and recovery after an equally long depuration period. The expo-
sure period was 65 d, starting at larvae and continuing to juveniles, followed by 60 d of
recovery. Long term studies such as this are rare and in the case of African freshwater
fish this study is novel. O. urolepis has economic potential in both aquaculture and wild
catch [20,21] and is characterized by high fecundity and a tolerance to a broad range of
salinities and pH [20,21]. O. urolepis is predominantly estuarine, a habitat that is globally
noted as a hotspot for MP pollution [22]. With a broad feeding regime, from planktonic to
omnivores [23], their chance of interacting with food and non-food materials, including
microplastics, is high. In the present study, we exposed 240 fish larvae to four treatments of
0 (control), 1, 10 and 100 PE MPs/mL in triplicate for 65 d, followed by 60 d depuration. The
small intestines were analyzed for the presence of PE MPs indicating ingestion, retention
and histomorphological changes following exposure and depuration phases. The PE MPs
concentrations employed were lesser than those used by some studies [10,24] and in line
with marine aquatic environmental concentrations, as previously described [25].

2. Materials and Methods
2.1. Fish Husbandry

A total of 30 Oreochromis urolepis adult fish (20 females and 10 males) were obtained
from Kunduchi Campus Aquaculture facilities located on the premises of the School of
Aquatic Sciences and Technology, University of Dar es Salaam. The fish were introduced
into concrete tanks of approximately 6.70 m? filled with freshwater up to 80% of its volume.
Upon acclimatization for 24 h, fish were fed twice a day to satiation with 4 mm pellets of
commercial feed (De Heus, Lot A4, Vinh Long province, Vietnam). After two months of
feeding and natural mating, the mouth broods of female fish were inspected, fertilized
eggs were taken and transferred to an indoor hatchery containing sand, water filter and



Microplastics 2022, 1

242

sterilized self-circulating water systems. Five days post hatching, larvae (fries), each with
an average weight of 0.01 g and a mean length of 1.10 cm, which had exhausted their food
reserve in their yolk, were randomly picked for experiment.

2.2. PE MPs Characteristics and Preparation

The Fluorescent Green Polyethylene Microspheres of 1.00 g/cc density with a product
ID of UVPMS-BG in 5 g were purchased from Cospheric LLC (Santa Barbara, CA 93160,
USA, order # 117025; certificate number 465). The manufacturer’s certificate showed
that particle sizes of the PE MPs ranged from 22 um to 49 um and had a mean diameter
of 42.00 = 3.20 um, sold as 38-45 pum diameter on the container. One gram of PE MPs
contained 2.67 x 107 particles. Using fluorescent microscope and a Sedgwick rafter counter,
it was confirmed that 0.0012 g in a suspension of 200 mL of distilled water with 0.1%
surfactant contained approximately 145 PE MPs/mL, relatively similar to the derived
value of 156 PE MPs/mL based on the manufacturer’s information. Tween 80 surfactants
(product number: P8074) supplied by Sigma-Aldrich (Sigma-Aldrich, 3050 Spruce Street,
Saint Louis, MO 63103, USA) were used to disperse PE MPs in suspension.

Suspensions of PE MPs were made by mixing 20 mL of distilled water, 0.1% of Tween
80 Bio-compatible surfactant with PE MPs of 0.0016 g, 0.0154 g and 0.1539 g, equivalent to
1,10 and 100 PE MPs/mL, respectively. The suspensions were thoroughly mixed with a
shaker for an hour at 150 rpm.

2.3. Fish Exposure to and Recovery from PE MPs

A total of 240 fish larvae were randomly selected from the hatchery and rinsed with
distilled water. Fish larvae were then transferred into aquaria filled with filtered water
containing 1, 10, 100 PE MPs/mL and control groups (no added MPs) in triplicate. Each
aquarium had a size of 100 L and was filled with 40 L dechlorinated freshwater filtered
through a series of 10, 5 and 1 um filters. Fish larvae were acclimated without feed for
24 h. From the second day;, fish larvae were fed with powdered feed at 10% of their body
weight in three portions for a week, then crumbles at 8% of their body weight for three
weeks. From the fifth to sixth weeks, and then the seventh week onwards, 0.5 mm and
0.8 mm juvenile pellets, respectively, were supplied, and fish were fed at 5% of their body
weight twice a day. Commercial feeds (De Heus, Lot A4, Vinh Long province, Vietnam)
were used throughout the experiment. Eighty percent of the water was renewed every
two days, followed by the addition of PE MPs into the respective aquaria. Exposures
lasted for 65 d. On day 65, two juvenile fish were picked from each aquarium for analysis
(n = 6 per treatment group), while the remaining fish were rinsed with filtered freshwater
and transferred into clean aquaria for 60 d depuration. During this period water renewal
continued as previous, but no PE MPs were added. In both exposure and depuration phases,
aeration was maintained throughout. Water temperature, pH, oxygen, and ammonia were
measured regularly. Throughout the experiment, temperature ranged between 25.6 °C
and 31.4 °C and pH between 7.51 and 8.61, which lies within the optimal growth range of
fish. Minimum oxygen recorded was 3.32 mg/L, while maximum ammonia recorded was
0.18 mg/L.

2.4. Examination of PE MPs Ingestion and Retention

After 65 d exposure and 60 d depuration periods, two fish from each replicate were
sacrificed by euthanizing with 400 mg/L tricaine (MS 222) and washed with ethanol to
remove PE MPs particles from the skin. Fish were culled and half the length of the small
intestine (covering the duodenum and part of the jejunum) were placed into a glass bottle
and then digested with 10 mL of KOH (10% w/v) for 72 h in a water bath at 40 °C [26].
The digested small intestine was then examined under a fluorescent microscope for the
presence and quantification of PE MPs.



Microplastics 2022, 1

243

2.5. Intestinal Histomorphological Change Examination

The section of the small intestine covering the jejunum and ileum was fixed with 10%
buffered formaldehyde for 48 h, then processed for histomorphological analysis. Briefly,
tissues were first dehydrated in increasing alcohol concentrations (70, 80, 90 and 100%),
then cleared with xylene, and lastly infiltrated with paraffin wax. Intestines were sectioned
from the embedded blocks at 5 um with a microtome. Sections were transferred into a hot
water bath (40 °C) and then mounted on microscopic slides. The slides were then hydrated
in a series of descending alcohol concentrations (100, 90, 80 and 70%) at an interval of
2 min, and later rinsed with running water for 2 minutes. The samples were stained with
hematoxylin for 15 min and washed with running water before immersing in acid ethanol
for 5 seconds. The samples were again washed in a series of running water, alkaline water
(lithium carbonate) and then running water. Later, the samples were stained with eosin
dye for 2 min. Thereafter, samples were immersed in a series of ethanol (95, 95, 100 and
100%) at an interval of 2 min. Finally, samples were cleaned twice by xylene each for 2 min
and covered by coverslip using pre-mount solution [10].

The examination of histomorphological lesions followed standard hematoxylin and
eosin techniques [10,27], where reaction patterns observed were grouped into (1) circulatory
disturbances, (2) inflammation and (3) regressive changes. The first two categories are the
responses of blood cells (congestion of blood in blood capillaries) and leucocytes infiltration
to the surrounding tissues as an inflammatory defensive mechanism. Regressive changes
are the architectural and structural alterations in villi cells (crack), crypt glandular cells
(damage) and goblets (reduction due to death), as well as epithelial cell degeneration.
To evaluate the degree of changes and damages to the small intestine, reaction indices
were computed (Tables 1 and 2), as proposed by Bernet et al. [27]. Each alteration was
assigned an importance factor depending on its histomorphological importance (Table 1).
The degree and the extent of alteration was assessed using score values (Table 2). The
organ and reaction pattern indices were calculated as the sum of multiplied importance
factors and score values of all changes within an examined organ and reaction pattern,
respectively.

Table 1. Pathological importance of histomorphological lesion in small intestine of O. urolepis.

Importance Factor Description
1 Minimal pathological importance, the lesion is easily reversible as
irritant ends
2 Moderate pathological importance, the lesion is reversible in most
cases if the stressor is neutralized
3 Marked pathological importance, the lesion is generally

irreversible

Table 2. Histomorphological alteration assessment of small intestine of O. urolepis.

Score Value Description
1 Unchanged
2 Mild occurrence
3 Moderate occurrence
4 Severe occurrence

2.6. Statistical Analyses

Data for small intestinal ingestion and retention of PE MPs were not normally dis-
tributed, hence they were square root transformed. After conforming to normality and
homoscedasticity tests, a One-Way ANOVA with post hoc Tukey HSD test was performed
between treatment groups. For villi height, width and epithelial cell height, the Kruskal-
Wallis test followed by pairwise comparison was employed after data deviating from
normality. An evaluation of whether the frequency of occurrence of PE MPs in sections
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of digested small intestines and lesion indices depended on exposure concentrations was
carried out using a 6 x 3 contingency table and Goodness-of-fit test, respectively, and tested
with Chi-square test. The difference was considered statistically significant at p < 5%. All
statistical analyses were performed using the SPSS statistical software package (IBM SPSS
Statistics, version 23).

3. Results
3.1. Ingestion and Retention of PE MPs after Exposure and Recovery Phase

The examination of fish juveniles indicated the presence of PE MPs in the small
intestines of all PE MP exposed treatment groups (Figure 1), but not the control group.
Their prevalence was significantly proportional to the PE MPs exposure concentration
(x? = 49.54; df = 10; p < 0.05). The mean concentration of PE MPs particles retrieved were
3.6 £2.7,13.5 £ 8.2 and 223.7 & 110.2 PE MPs/mL (n = 6) corresponding significantly (to
the exposure concentration of 1, 10 and 100 PE MPs/mL, respectively (one-way ANOVA,
Tukey HSD, p < 0.05, Figure 2). After depuration, no PE MPs were observed in the digested
small intestines of the fish of either treatment group.

Figure 1. Photos displaying PE MPs in longitudinal section of small intestines of O. urolepis at
different treatment groups: (A) Control (no PE MPs); (B) 1 PE MPs/mL; (C) 10 PE MPs/mL; (D) 100
PE MPs/mL. Note: Scale bar = 100 um.
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Figure 2. Mean (£SD) concentration of PE MPs recovered from digested small intestine of O. urolepis

juveniles after 65 d exposure. After recovery period, no PE MPs observed in any digested intestine. Asterisks

(*) denote significant difference of treatment group from other groups (One way ANOVA, p < 0.05).
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3.2. Small Intestinal Histomorphological Changes after Exposure and Depuration Phase

Generally, the small intestine histomorphological lesion indices (Figure 3A) showed a
significant increase in frequency of occurrence of deterioration in the small intestines of fish,
corresponding to PE MPs exposure dose (x? = 47.37; df = 2; p < 0.05). After the recovery
(depuration) phase, the frequency of occurrence of small intestine histomorphological

lesion indices declined but remained significantly prevalent between treatment groups
(x* =12;df = 2; p < 0.05).

Histormophological lesion indices B Villi height
50 1
Control 500 4
% 40 [ 1 PE MPs/mL
& E= 10 PE MPs/mL 400 1
£ 1 100 PE MPs/mL =
.30 £ 300
g 5
= 20 = ]
c — @ 200
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Exposed group Depurated group Exposed group Depurated group
Treatment Treatment

Figure 3. Histomorphological lesions of small intestines of O. urolepis after PE MPs exposure and
depuration (recovery) phases: (A) Organ indices; (B) Villi height (£SD); (C) Villi width (£SD);
(D) Epithelial cells height (+SD). Similar letters on the top of error bar denote significant different
across treatment groups, while asterisk denote significant difference of 10 PE MPs/mL from other
treatment groups (Kruskal-Wallis post hoc pairwise comparison, p < 0.05). Note: SD = standard
deviation.

The mean primary villi height of fish between treatment groups varied significantly
inverse to PE MPs exposure dose (Kruskal-Wallis, p < 0.05; Figure 3B). Between treatment
groups, a significant variation was found between 1 PE MPs/mL with 10 PE MPs/mL
and 100 PE MPs, and the control with 10 PE MP/mL only (post hoc pairwise comparison,
p < 0.05). The villi width followed a similar trend as villi height (Kruskal-Wallis, p < 0.05;
Figure 3C). Post hoc pairwise comparison revealed significant variation between 10 PE
MPs/mL and other treatment groups only (p < 0.05). The frequency of occurrence of
villi lesion indices (combined villi height and width) increased significantly with PE MPs
exposure dose (x? = 8.27; df = 2; p < 0.05). After the depuration phase, villi heights of all
treatment groups were relatively similar, except for the control, which were the longest
(Figure 3B). Villi widths of the control and 1 PE MPs/mL were slightly broader than those
of 10 and 100 PE MPs/mL, which were comparable. Both villi heights and widths, however,
were not statistically different between treatment groups (Kruskal-Wallis, p > 0.05). The
villi recovery was very high, as shown by insignificant occurrence of villi damage indices
(x*=2;df =2; p > 0.05).
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Simple columnar epithelium lining in the small intestinal mucosal layer of the control
group fish consisted of round to oval nuclei located towards the basement membrane, while
those of 100 PE MPs/mL were lined by simple columnar to cuboidal epithelium (Figure 4).
Fish exposed to 100 PE MPs/mL were most severely damaged and exhibited pale cytoplasm
and pyknoic nucleus (Figure 4). In fact, epithelial cells lesion indices showed a significant
increase in frequency of damage with increased PE MPs dose (x> = 6.67; df = 2; p < 0.05;
Figure 5B). Thus, those from the 10 PE MPs exposure group were affected moderately,
indicating clear cytoplasm and condensed nucleus (Figure 6), in comparison to the control
group (Figure 7). The means epithelial cells height (Figure 3D) between treatment groups
differed significantly (Kruskal-Wallis, p < 0.05) and were inversely related to PE MPs
exposure concentration. The post hoc pairwise comparison revealed two sets; one consisted
of the control and 1 PE MPs/mL groups that differed significantly from 10 and 100 PE
MPs/mL groups (p < 0.05). On the contrary, depurated juvenile fish revealed high degree
of epithelial cells recovery with slight variation (Figures 3D and 8) in height, which resulted
in insignificant change between treatment groups (Kruskal-Wallis, p > 0.05), as supported
by epithelial cells lesion indices (x> = 2; df = 2; p > 0.05; Figure 5B).

Figure 4. (A) Photomicrograph of treated O. urolepis at 100 PE MPs/mL dose. Numerous degenerating
epithelial cells (arrows) were observed. Note infiltrations of leukocytes (asterisk) in the lamina propria.
L: lumen; TM: Tunica muscularis. (B) A higher magnification photomicrograph of treated fish at 100
PE MPs/mL dose. Thin arrow: crypt gland cell; thick arrow: degenerating epithelial cell; asterisks:
leucocytic infiltration in the lamina propria; Bv: congested blood vessel.

Cryptic glandular cells and goblet cells were moderately affected in the 100 PE
MPs/mL and 10 PE MPs/mL treatment groups compared to the control group (Figures 4
and 6). Mild effects were observed in the 1 PE MPs/mL exposure group. In the control
group, goblet cells appeared normal (Figure 7). Generally, the frequency of occurrence
of reaction lesion indices significantly depended on PE MPs exposure dose (x> = 8.27;
df = 2; p < 0.05; Figure 5C). Upon depuration, the goblet and cryptic glandular cells showed
recovery and were indistinguishable between treatment groups (Figures 5C and 8).

Leucocytic infiltration is one of the inflammatory responses that show tissue injury.
Fish in the control group revealed mild scattered leucocytic cells (Figure 7A). Severe
leucocytic cells infiltration was found in both 10 and 100 PE MPs/mL fish. The leucocytes
infiltration lesion indices (due to leucocytes infiltration) indicated significant frequency of
occurrence of inflammation in intestinal tissue fluid that diminished as the PE MPs dose
decreased (x% = 9.08; df = 2; p < 0.05; Figure 5D). This was the same across all treatment
groups, even after the recovery phase (x? = 9.08; df = 2; p < 0.05).
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Figure 5. Reaction pattern lesions indices of small intestines of O. urolepis after PE MPs exposure
and depuration (recovery) phases: (A) Villi lesion indices; (B) Epithelial cells lesion indices; (C)
Goblet and cryptic glandular cells lesion indices; (D) Leucocytic infiltration lesion indices; (E) Blood
congestion lesion indices.

Figure 6. Photomicrographs of the small intestine from O. urolepis exposed to 10 PE MPs/mL. (A)
Note the decrease in the height of villi (arrows) and infiltration of inflammatory cells in the lamina
propria (Lp); (B) Portion of villi showing degenerating epithelial cells (arrows), leucocytic infiltration
(asterisk) in the lamina propria (Lp); (C) Congested capillaries in the tunica muscularis (TM); S:
serosa; V: basal region villi.
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Figure 7. Photomicrographs from a small intestine of the control O. urolepis during the exposure
phase. (A) Primary villi (arrow) radiating towards the lumen (L). Lp: lamina propria; TM: tunica
muscularis. (B) A higher magnification photomicrograph of a villus. Note the simple columnar
epithelium (Ep) lining the villi.

Figure 8. Photomicrograph of the small intestines of O.urolepis following depuration period of 60

days. Note the similarity between the villi of the control group exposure (A) from the 100 PE MPs/mL
exposure group (B).

Intestinal tissue injury triggered the congestion of blood in the lamina propria, propria
submucosa and the tunica muscularis of the intestinal walls proportional to PE MPs
exposure dose, as indicated by the significant variation in the frequency of occurrence of
blood congestion (circulatory) lesion indices (x? =16.55;df = 2; p < 0.05; Figure 4E). Such
effects diminished sharply in depurated juvenile fish, with only a mild occurrence in 100
PE MPs/mL treatment group individuals (x> = 6; df = 2; p < 0.05). No blood congestion
was observed in the control juvenile fish at both experimental set ups (Figure 8A).
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4. Discussion

African freshwaters are increasingly documented as being impacted by plastic and
MP pollution. Population growth and poor waste management practices have contributed
to this [1]. As a result, the recovery of ingested MPs from the gastrointestinal tract of wild
freshwater fish is becoming common and prevalent [4,5]. Fish close to river mouths or plas-
tic sources are more vulnerable to MP ingestion [1,6]. Relatively few studies have reported
MPs retrieval, yet a knowledge gap persists on the effects of exposure and depuration. Our
results showed that the long-term exposure of O. urolepis to PE MPs impaired the histomor-
phology of the small intestine in correspondence to the PE MPs concentration (Figures 3-6).
After prolonged depuration, most fish recovered but not fully, particularly those subjected
to high PE MPs concentration. Our findings are supported by previous studies where
exposure to MPs caused significant histopathological damage. The impairment of intestinal
structures and functions in a dose-response manner was also reported in Oreochromis niloti-
cus [28], Artemia pathenogenetica [29], Girella laevifrons [10] and Danio rerio [11]. The severity
of the damage in depurated silver carp fish persisted after the loss of MPs [12], similar
to our study. The study with silver carp, however, was an acute exposure and provided
a limited snapshot of anticipated chronic effects. Gilthead seabream depurated for 30 d
revealed full recovery of intestinal biomarker levels [13]. Again, the depuration time used
was shorter than the current study and the study reported on physiological impacts rather
than histopathological changes, which are likely to stay longer. Nevertheless, together,
such studies provide a weight of evidence that MPs can cause intestinal damage after the
removal of MPs from the GI tract and that the damage can be long-lasting.

The presence of MPs in small intestinal tracts of the exposed fish juveniles and their
subsequent disappearance after depuration imply that fish subjected to MPs polluted
habitats can ingest and egest MPs, the magnitude of which depends on the prevailing
concentration in the surrounding environment. O. niloticus, a sister species of O. urolepis,
exposed to 1, 10, 100 ug/L of 0.1 um polystyrene MPs, both ingested and retained amounts
of MPs corresponding to the exposure concentration, although depuration was not carried
out in that study [28]. Pitt et al. [30] reported a relationship between ingestion and depura-
tion after offering zebrafish (Danio rerio) a concentration range of polystyrene nanoparticles.
Both experiments were conducted with a short experimental timeframe compared to the
present study. In prolonged exposure periods, as with studies with common carp [14] and
gilthead seabream [13], the ingestion-depuration kinetics were similar to the short-term
scenario. The implication of chronic exposure to the high quantity of MPs may have de-
layed depuration, extending threat to organisms and delayed recovery of injured tissues.
The size and shape (i.e., fiber or bead) of MPs may further influence retention and depura-
tion kinetics. For example, Pomacentrus amboinensis accumulated a significant quantity of
MPs and showed delayed depuration when exposed to polyethylene terephthalate MPs
(length 600-700 pm), compared to polypropylene (length 125-250 pum) at similar concen-
trations [31]. However, if the retention of larger MPs sizes, as reported in wild O. niloticus
from Lake Victoria (>500 pm) [4], is coupled with increased intestinal concentrations, as
described in the current study, the result may impact the feeding behavior and nutritional
status of affected fish.

Against expectation, our study showed that observations of degenerated villi width
were proportional to PE MPs dose concentration contrary to beheaded villi and degenerated
epithelial cells height (Figure 3B-D). This could be explained by the repair of continuously
worn-out villi and epithelial cells by MPs, resulting in swelling and thickening of villi
width in more affected tissues. The significant decline in villi width in 10 PE MPs/mL
compared to the rest of the treatments might be attributed to the energy balance to offset
damaged villi and epithelial cells height. Upon depuration, a minor variation remained.
The shortening and thickening in villi width was also displayed by G. laevifrons [10] and D.
labrax [9] with respect to MPs exposure dose, despite lacking an explanation.

The duration and capacity of tissue or organs lesion recovery depends on the severity
of injury and the type of histological alteration [27]. While recovery may occur soon for
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moderately affected tissues, it may persist or become irreversible due to severe damage,
even post-removal of pollutants. G. laevifrons exposed to high MPs concentration revealed
a severe effect on leucocytic infiltration and hyperemia compared to goblet and cryptic
cell loss and villi cell loss [10], similar to this study. Ouyang et al. [14] and Qiao et al. [32]
highlighted the persistence of leucocytic infiltration in lamina propria and tunica muscu-
laris in fish small intestines following the depuration phase, consistent with this study
(Figure 5D), which largely accounted for overall high small-intestine histomorphological
lesion indices (Figure 3A). As a prominent line of defense to counter foreign body inva-
sion, their magnitude mirrors scale of effect [10]. The leucocytes infiltration observed in
control was temporary, likely induced by damage during peristaltic movement of chyme.
Hamed et al. [33] revealed persistence in leucocytic infiltration post-depuration in O. tilapia.
This situation can be further linked to microbiota dysbiosis in intestines, as described in
zebrafish [32,34]. In particular, damage of the gut reduced the abundance of Actinobacteria
and increased the abundance of pathogenic bacteria [14], which weakened the function of
the intestinal barrier and increased sensitivity to the immune response, triggering leuco-
cytic infiltration. Consistent to the current study, leucocytic infiltration was high after the
depuration phase (Figure 5D) and accounted largely for the overall high small-intestine
histomorphological lesion indices (Figure 3A). Further delay in the full recovery of villi
and epithelial lesions, as indicated by their indices (Figure 5A,B), might contribute to the
situation.

Indiscriminate or unselective feeding is the main pathway through which fish, par-
ticularly in their early stages, ingest, microplastics [35,36]. As fish grow, their mode of
feeding may change from herbivores, as exhibited by the majority of fish larvae, to either
entirely carnivores or omnivores. Of the different feeding modes, omnivores have been
shown to accumulate MPs more than either herbivores or carnivores [37,38]. As such,
omnivorous species have been shown to suffer significant impacts from MP ingestion in
terms of both histological and physiological endpoints, as demonstrated by Oreochromis
niloticus [33,39] and Hypophthalmichthys molitrix [12], after exposure and depuration phases.
Similar to the current study, exposure to MPs indicated a dose—effect response, of which
histomorphological damage remained longer in fish in 10 and 100 PE MPs/mL treatments,
even after being depurated. Arguably, other factors such as species-specificity, size and
shape of fish, and size and shape of MPs should be considered, as they may affect the scale
of damage and, subsequently, delay recovery [35].

Fish at their juvenile stage consume an enormous amount of food to offset catabolism
(energy production) and anabolism (growth) demand. In good food supply, the efficiency
of digestion and assimilation depends on health of small intestines. The acquired nutrients,
together with oxygen, enhances the rapid growth of fish juveniles for quick adaptations to
changing environments, reaching sexual maturity, avoiding predators and finding more
food [40]. A decline in food uptake and assimilation due to MP-induced deteriorations of
the small intestines may pose a great threat to juvenile fish, and, subsequently, adult fish if
the damage is not reversed. The majority of studies investigating intestinal damage have
used either already developed and prolonged acclimated fish [41,42] or used larvae in the
short term [43]. However, in this study we elucidated the significant effects on fish larvae
from the outset of feeding over a prolonged exposure period, which continued well after
the removal of MPs from the environment and from the intestinal tract.

5. Conclusions

The presence of MPs in African freshwater habitats and ingestion by fish has been
documented, as has the important role of the fish as a food source and economic commodity.
The intestinal damage described in this study is the first for a fish species from African
waters, but in line with other species world-wide. Our findings revealed that the MP-
induced damage in the small intestine of O. urolepis can remain long after removal of
the contaminant. The persistence of damage may impair food digestion and nutrient
availability to fish, jeopardizing energy availability for growth and development to adult
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stages and subsequent reproduction and food security at large. Further investigation
describing the interplay between damage with other physiological processes such as
growth and reproduction are crucial.
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