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Berberine, an isoquinoline alkaloid found in some traditional medicinal plants, such

as Berberis vulgaris andCoptis Chinensis, has been considered as an effective drug

in treating obesity, hypertension, type-2 diabetes, hyperlipidemia, and gout in

humans and animals. It currently has certain applications in fish nutrition and

health, mainly because it has strong biological and pharmacological properties,

such as antioxidative, anti-inflammation, antidiarrheal, analgesic, antimicrobial,

anticancer, hepatoprotective, and lipid- and glucose-lowering properties. Recent

studies revealed that berberine supplementation in different fish diets could

alleviate liver pathological changes, intestinal histological and microbiota

alterations caused by high lipid and carbohydrate diets, as well as improve

growth performance, antioxidative and immune status, and stress resistance

ability of fish. However, the beneficial effects of berberine vary with fish species,

basal diet, feeding modes, supplementation level, and etc. This review highlights

the bioavailability and toxicity of berberine, and itsmechanisms in lipid and glucose

metabolism, antioxidation, anti-inflammation, and protection of intestinal health,

as well as the other findings on supplementing berberine in the fish diet. Moreover,

this review provides future perspectives on berberine application in fish nutrition

and health.
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Introduction

Aquaculture contributes to more than 50% of seafood production in the world and is

responsible for increasing human protein consumption (FAO, 2018). Fish is a better

source of protein, micronutrients (e.g., minerals and vitamins), and essential fatty acids

compared with that of farm animals (Kiczorowska et al., 2017). However, the rapid
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expansion of aquaculture is confronted by limited land source,

and most aquaculture species are under stress in intensive

farming conditions, leading to the outbreak of diseases. To

reduce financial losses, chemicals and antibiotics are generally

used to maintain good health condition and promote the growth

of fish. Nevertheless, the overuse of antibiotics could increase the

emergence of antibiotic-resistant bacteria, weaken the natural

immunity of farmed fish, increase host susceptibility, and cause

residue accumulation in fish tissues and water, thus threatening

the environment and human health (Gangwar et al., 2013; Nm

et al., 2018; Abdel-Latif et al., 2020). For the sake of reducing

unnecessary use of antibiotics in aquaculture, herbal

components are supplemented in aquatic feed due to their low

toxicity, high safety, and environment-friendly advantage, in

addition to their effects in enhancing disease resistance, immune

and antioxidative status, promoting growth, and treating

metabolic disorders (Zhu, 2020). Recently, the application of

natural compounds has been widely explored in feed to replace

antibiotics in monogastric animals, fish, and poultry (Alagawany

et al., 2021; Tadese et al., 2022).

Berberine is a yellow odorless crystalline powder with an

extremely bitter taste. Its molecular formula is C20H18NO
+
4

( 16 , 17 -d ime thoxy -5 , 7 -d ioxa -13 - a zon i apen t a cy c l o

[11.8.0.02,10.04,8.015,20]henicosa-1(13),2,4(8),9,14,16,18,20-

octaene) with a molecular weight of 336.37g/mol (Figure 1). It

can easily dissolve in hot ethanol, but slowly dissolves in water,

and is almost insoluble in low-polar organic solvents (Xu et al.,

2021). It is an isoquinoline alkaloid that widely exists in the

rhizome, roots, and stems of some traditional medicinal plants,

such as Berberis aristata DC, Coptis Chinensis Franch, and

Berberis vulgaris L. The berberine contents in these plants

range from 0.05 mg/g to 96.10 mg/g, while Berberis is the

richest natural source of berberine (Xu et al., 2021). Presently,

chemical synthesis is a more productive way to obtain berberine,
Frontiers in Marine Science 02
and berberine sulfate salt and chloride are commonly used in the

clinic because they are relatively more soluble than berberine

(Kumar et al., 2015).

There is a long history of using berberine in Chinese and

Ayurvedic medicinal systems (Kumar et al., 2015). In traditional

Chinese medicine, berberine is widely used for treating diarrhea,

dysentery, fatty liver, hypertension, obesity, and type-2 diabetes

(Liu et al., 2016; Wang et al., 2020a), owing to its strong

antioxidant, anti-inflammation, antidiarrheal, analgesic,

anticancer, and antimicrobial activities, as well as lipid- and

glucose-lowering properties (Kumar et al., 2015; Pirillo and

Catapano, 2015; Liu et al., 2016; Xu et al., 2021).

In fish feed, carbohydrate and lipid are widely used because of

their “protein-sparing” effect, as well as they are important

nutrients for fish. Suitable levels of dietary lipid and

carbohydrate can promote growth performance, improve feed

efficiency, reduce dietary protein requirement, reduce disease

susceptibility, and maintain the health condition of fish (Ai

et al., 2004; Wu et al., 2016; Kamalam et al., 2017; Wang et al.,

2019). However, the lipid and carbohydrate levels in fish feed

sometimes exceed the requirements because they are cheaper

energy sources than protein. Excessive lipid and carbohydrate in

the fish diet causes lipid accumulation in the liver, impairs liver

functions, reduces the antioxidative and immune status of fish,

and eventually leads to low yields and economic losses (Wu et al.,

2016; Lin et al., 2018; Cao et al., 2019; Yang et al., 2019). The liver

is a metabolic organ in charge of lipid and glucose homeostasis,

plasma protein production, degradation of toxins, and bile

synthesis (Zhou et al., 2021). Thus, maintenance of liver normal

function is vital for fish health and growth. Previously, some

herbal compounds were proven to attenuate liver dysfunction

caused by high lipid (HL) diet and high carbohydrate (HC) diet

(e.g., xylooligosaccharides (Abasubong et al., 2018), resveratrol

(Shi et al., 2018), and curcumin (Bao et al., 2022)). Berberine has
FIGURE 1

The mechanisms of berberine in maintaining liver and intestine health, and glucose and lipid metabolism.
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immense potential to be a novel feed additive in treating liver

dysfunction caused by HL and HC diets in fish, due to its strong

effects in treating metabolic disorders, such as type-2 diabetes,

fatty liver, hyperlipidemia, obesity, and non-alcoholic

steatohepatitis (NASH) in clinical and animal studies, suggesting

its important role in glucose and lipid metabolism (Xu et al.,

2021). Besides, berberine supplementation also promoted growth

performance, intestinal health, antioxidative capacity, and

immune status of fish in several studies (Doan et al., 2020; Yu

et al., 2020).

This review paper aims to summarize the bioavailability and

toxicity of berberine, and its mechanisms in lipid and glucose

modulation, antioxidant and anti-inflammatory effects, and

regulation of intestinal microbiota demonstrated in clinical

and animal studies. We also review the current berberine-

related studies in fish health to increase its potential

application in aquaculture.
Bioavailability

Feng et al. (2015) proposed that the gut microbiota converts

insoluble berberine into dihydroberbreine (dhBBR), which

showed a five times faster absorption rate than that of

berberine in the intestine of rats. DhBBR is subsequently

oxidized to berberine and enters blood circulation. Although

intestinal microbiota contributes to the absorption of berberine,

the bioavailability of berberine is still lower than 1% after oral

administration (Imenshahidi and Hosseinzadeh, 2016). Several

factors affect the intestinal absorption of berberine: 1) Intestinal

first-pass elimination. Liu et al. (2010) reported that almost half

of the intragastric administrated berberine disposed in the small

intestine of rats due to the intestinal first-pass elimination, which

caused very low oral bioavailability (0.36%); 2) Berberine is in

the ion form and easily occurs self-aggregates in the stomach and

upper intestine, with acidic environment (Spinozzi et al., 2014);

3) Berberine exhibits low permeability across the intestinal

mucous membrane of rats, and is identified as a low

permeable drug (Liu et al., 2010); 4) The re-excretion of

berberine from the hepatoenteral circulation process inhibits

its absorption (Imenshahidi and Hosseinzadeh, 2016; Liu et al.,

2016); 5) Berberine is a substrate of P-glycoprotein (P-gp), which

is a ATP-binding cassette transporter that located in the apical

membrane of the epithelial layer of the gut wall, and is in charge

of maintaining the integrity of intestinal barrier to keep body

away from many drugs and exogenous toxins, thus P-gp is a

crucial factor that influences bioavailability of orally

administered drugs in the intestine (Chen et al., 2014). P-

glycoprotein reducing berberine absorption by transporting

berberine out of cells has been widely reported in vivo and in

vitro (Maeng et al., 2002; Shitan et al., 2007; Pirillo and

Catapano, 2015). Besides, P-gp expression in the intestine

increased with increasing berberine levels and berberine
Frontiers in Marine Science 03
exposure time, indicating the high berberine level or long-term

administration of berberine may result in poor berberine

absorption (Benet et al., 1999; Maeng et al., 2002). Similarly,

Kheir et al. (2010) observed that a low concentration of

berberine is rapidly absorbed by the intestine, whereas a high

level of berberine caused absorption limitation in rats. Some

studies have reported that P-gp antagonists, such as silymarin

(Di Pierro et al., 2013), tetrandrine (Shan et al., 2013a), and

cationized chitosan (Fratter and Servi, 2015) treatments

significantly improved intestinal berberine absorption.

Therefore, oral administration of berberine normally shows

low bioavailability.
Toxicity and side effects

Generally, berberine has very low side effects and toxicity,

and the toxicity is related to administration methods (Pang et al.,

2015). A study in mice found that the LD50 of intraperitoneal

(IP) and intravenous (IV) injections were 57.6 g/kg and 9.0 g/kg,

respectively, whereas intragastric administration did not obtain

LD50, which might be due to the low oral bioavailability of

berberine (Kheir et al., 2010). Rad et al. (2017) concluded that

the toxicity of berberine varies with dosage, animal species, and

routes of administration, and the oral route is less toxic than IP

and IV injections. Similarly, mice fed 156 mg berberine/kg/day

for 30 days did not cause any death (Yi et al., 2013). In a clinical

study, the gastrointestinal adverse effects were only presented in

the first four weeks in 34.5% of patients when treated with 0.5g

berberine (twice a day) for 13 weeks (Yin et al., 2008). Thus, both

clinical and animal studies have demonstrated that berberine

exhibits low side effects and toxicity, hence potentially a

safe drug.
Liver protection, antioxidative and
immunomodulatory properties

The liver is the main accumulation organ of berberine after

oral administration, followed by the kidney, muscle, heart, and

pancreas in mice (Pirillo and Catapano, 2015). The high hepatic

accumulation of berberine may account for its lipid-lowering

effect on the liver (Liu et al., 2016). Berberine displays a potent

hepatoprotective effect that has been extensively studied, which

may be ascribed to its regulation of glucose and lipid

metabolism, antioxidative and immune systems (Figure 1).
Regulation of glucose metabolism

Numerous studies demonstrated that berberine has anti-

diabetic activity, and the main mechanisms are: 1) Promotion of

insulin secretion. Glucagon-like peptide-1 (GLP-1) is produced
frontiersin.org
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by enteroendocrine L cells in the gut which is sensitive to

nutrient ingestion and in charge of the overall insulin response

to glucose ingestion (Chen et al., 2014). Besides, berberine can

improve insulin production and secretion through the insulin/

insulin-like growth factor-1 signaling cascade in 3T3-L1

adipocytes (Ko et al., 2005). 2) Alleviating insulin resistance

(IR). Berberine reduces IR by the protein kinase C (PKC)-

dependent upregulation of insulin receptor substrate-2 (IRS-2)

in rats (Xing et al., 2011; Yang et al., 2011; Yan et al., 2015; Zhao

et al., 2017). In addition, berberine lessened IR by improving the

activity of AMP-activated protein kinase (AMPK) in 3T3-L1

adipocytes (Lee et al., 2006). 3) Inhibiting gluconeogenesis.

Glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate

carboxykinase (PEPCK) are two vital enzymes in the

gluconeogenesis pathway. Berberine inhibited the expressions

of PEPCK and G6Pase by upregulating the expressions of liver

kinase B1 (LKB1) and AMPK, thus reducing the translocation of

cAMP response element-binding protein (CREB)-regulated

transcription coactivator 2 (TORC2) into the cell nucleus in

STZ-induced diabetic rats (Jiang et al., 2015). 4) Promotion of

glucose uptake. A study in 3T3-L1 adipocytes proved that

berberine promoted glucose uptake through activating

adenosine monophosphate-activated protein kinase, and

increasing glucose transporter 1 (GLUT 1) activity (Zhou

et al., 2007). Besides, berberine can increase glucose

transporter 4 (GLUT4) translocation into the plasma

membrane to improve glucose uptake through the insulin

receptor substrate-1-phosphoinositide 3 Kinase-Akt (IRS1-PI3-

Kinase-Akt) and insulin signaling pathways in 3T3-L1

adipocytes (Ko et al., 2005). 5) Promoting glycolysis. Berberine
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can inhibit the mitochondrial respiratory chain complex I to

reduce ATP production, then elevate AMP/ATP ratio and

activate AMPK, thus inhibiting gluconeogenesis and

improving glycolysis in HepG2 hepatocytes and C2C12

myotubes (Xu et al., 2014). 6) Berberine reduces intestinal

glucose digestion and absorption by inhibiting a-glucosidase
activity, which is in charge of carbohydrates digestion and

monosaccharides production (Pang et al., 2015) (Figure 2).
Regulation of lipid metabolism

Berberine exhibits an anti-hyperlipidemia effect by reducing

triglyceride (TG), total cholesterol (TC), and low-density

lipoprotein cholesterol (LDL-C) contents in the plasma of rats

(Tang et al., 2006), as well as a hepatoprotective effect by

reducing hepatic TG and TC contents (Zhou et al., 2021). The

mechanisms of berberine regulating lipid metabolism are

mainly: 1) Inhibition of lipid uptake. Sun et al. (2017) reported

that berberine inhibited intestinal bile salt hydrolase secretion,

increased taurocholic acid discharge, activated intestinal

farnesoid X receptor (FXR) pathway, and reduced hepatic

fatty-acid translocase Cd36 expression, which together

inhibited long-chain fatty acid uptake of the mice liver. 2)

Promoting lipid oxidation and inhibiting lipogenesis.

Berberine can activate the AMPK signaling pathway, which is

a target for metabolic diseases and is the upstream gene of many

lipid-producing genes. Berberine promotes phosphorylation of

AMPK and increases expression of fibroblast growth factor 21

(FGF21) to increase hepatic energy metabolism in primary
FIGURE 2

The potential mechanisms of berberine in regulating glucose metabolism, improving antioxidative and immune status. Berberine can enhance
insulin sensitivity and improve insulin secretion. BBR induces glycolysis via activating AMPK pathway and increasing GLUT1 and GLUT4
translocation. BBR reduces the expression of PEPCK and G6Pase genes to suppress gluconeogenesis. BBR decreases the production of pro-
inflammatory cytokines, for example, TNF-a. Up arrows indicate an increase or activation, and down arrows indicate a decrease or suppression.
Modified from Xu et al. (2021) and Zhou et al. (2021).
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mouse hepatocytes (Zhou et al., 2018). Besides, it also promotes

phosphorylation of sterol-regulatory element binding protein-1c

(SREBP-1c) to suppress the fatty acid synthase (FAS) and stearoyl-

CoA desaturase (SCD) expressions, thus improving hepatic

steatosis and reducing hepatic TG synthesis in mice (Zhu et al.,

2019). In addition, Sirtuin 3 (SIRT3) is also activated by

phosphorylat ion of AMPK, which affects carnit ine

palmitoyltransferase-1A (CPT-1A) and phosphorylation-acetyl-

CoA carboxylase (ACC) expressions to increase liver steatosis of

rats (Zhang et al., 2019). 3) Increasing lipid transportation.

Excessive cholesterol intake generally causes massive cholesterol

accumulation in the liver, which activates nonparenchymal cells

and leads to livermetabolic abnormalities. Low-density lipoprotein

(LDL) transports cholesterol from the liver to peripheral tissue cells

to alleviate liver damage (Zhou et al., 2021). Berberine can increase

low-density lipoprotein receptor (LDLR) expression in the liver,

and it alsoworkson the5′proximal sectionofLDLRmRNA3′UTR
to improve the stability of LDLR mRNA, which is achieved by

activating the signaling cascade of AMPK/Raf-1/MEK/ERK in

human hepatoma cells (Kong et al., 2004). 4) Maintenance of the

normal functionofmitochondria.Gomes et al. (2012) reported that

berberine alleviated mitochondrial dysfunction caused by

hyperglycemia and the high fat (HF) diet partly via increasing

mitochondrial biogenesismodulated by sirtuins 1 gene through the

AMPK pathway in the skeletal muscle of rats. 5) The alleviation of

IR by berberine also contributes to lipid metabolism (Zhou et al.,

2021) (Figure 3).
Antioxidative and anti-inflammatory effects

Berberine and its derivatives have strong antioxidant

activity, and both in vivo and in vitro studies revealed that
Frontiers in Marine Science 05
berberine is able to inhibit reactive oxygen species (ROS)

production (Shan et al., 2011; Siow et al., 2011). Firstly,

berberine can quench nitric oxide (NO), superoxide anion (

O−
2 ) and the precariously reactive molecule, peroxynitrite

(OONO-) directly (Siow et al., 2011). A study in rats found

that oral administration of berberine alleviated the decline of

catalase (CAT), superoxide dismutase (SOD), and glutathione

peroxidase (GPx) activities in serum by scavenging ONOO-, NO,

and O−
2 stress (Yokozawa et al., 2010). Besides, berberine can

inhibit ROS-producing oxidase enzymes. Sarna et al. (2010)

observed that berberine effectively inhibited the production of

intracellular superoxide in LPS-stimulated macrophages by

selectively inhibiting gp91phox expression. Similarly, berberine

activated the AMP-activated protein kinase sensitive pathway

and reduced iNOS expression to inhibit NO production in LPS

treated murine macrophages (Jeong et al., 2009). Hur et al.

(2009) also reported that berberine inhibited the production of

ROS through the p38 mitogen-activated protein kinase (MAPK)

pathway, and activated caspase-3 in the human hematoma

HepG2 cells. Furthermore, berberine can modulate the

activities of several endogenous antioxidant enzymes. For

example, a study in macrophages revealed that pretreatment

with berberine significantly increased SOD activity (Sarna

et al., 2010).

Berberine can directly downregulate the expressions of pro-

inflammatory cytokines, such as interleukin-6 (IL-6), tumor

necrosis factor-a (TNF-a), and interleukin-1b (IL-1b), as well
as indirectly affect the expressions of activator protein 1 (AP-1),

nuclear factor-kappa B (NF-kB), AMPK, Rho GTPase signaling

pathways, and MAPK- mediated pathways to decrease

inflammation response in human macrophages (Chen et al.,

2014). Berberine mitigated non-alcoholic steatohepatitis

(NASH) by the C-X-C chemokine receptor type 4 (CXCR4)
FIGURE 3

The potential mechanisms of berberine in reducing liver lipid accumulation. Berberine inhibits hepatic lipid absorption by the intestinal
microbiota-bile acid-FXR pathway. Berberine inhibits de novo lipogenesis but improves fatty acid oxidation via activation of AMPK. Berberine
increases LDLR expression and LDLR mRNA stabilization. Up arrows indicate an increase or activation, and down arrows indicate a decrease or
suppression. Modified from Xu et al. (2021) and Zhou et al. (2021).
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signaling pathway, and significantly reduced the expressions of

interleukin-8 (IL-8), NF-kB, and phosphoinositide 3-kinase in

mice (Yang et al., 2017). Likewise, berberine treatment increased

the survival rate, anti-inflammatory cytokines (IFN-g and IL-10)
expressions, and downregulated proinflammatory cytokines (IL-

17A, IL-6, IL-17F, and IL-1b) expressions in the liver and spleen

of ducks infected by Riemerella anatipestifer (Fernandez et al.,

2017). Besides, berberine also enhanced macrophage function

through increasing apoptosis by caspase-3 activation in the

DDS-induced colitis mice (Yan et al., 2012).
Protection of the intestine and regulation
of intestinal microbiota

Due to the low bioavailability of berberine, more than 90% of

oral-administrated berberine remains in the intestine, causing

the intestine to become the main working site of berberine

(Wang et al., 2017; Pan et al., 2019). Gu et al. (2015) reported

that a stronger lipid-lowering effect was found in intragastrically

administered hamsters than that of intraperitoneally

administered hamsters, even though the former showed much

lower bioavailability than the latter, indicating the

gastrointest inal tract was the main target for the

hypolipidemic effect of berberine.

The intestine is regarded as the first line of defense against

antigens. The intestinal physical barrier determines the

absorption capacity of nutrients, and its integrity is vital for

animal health (Lin et al., 2020; Wang et al., 2020b). Berberine

was demonstrated to restore barrier function and maintain

epithelial gut permeability in diseased intestines. Berberine

reduced the TNF-a-NF-kB-MLCK pathway by increasing

tumor necrosis factora-induced protein 3 (TNFAIP3)

expression to protect intestinal epithelial tight junction and

repaired the intestinal epithelial barrier in diarrhea-

predominant irritable bowel syndrome rats (Hou et al., 2019).

Besides, Gu et al. (2011) reported that pretreatment of berberine

prevented the disruption of tight junction in intestinal

epithelium caused by lipopolysaccharide (LPS) in mice, which

might be linked to the down-regulating of the NF-kB and

myosin light chain kinase pathway.

It is well-known that berberine has antidiarrheal activity,

mainly because it has a direct bactericidal effect. Berberine was

demonstrated to reduce bacterial adherence to the epithelial or

mucosal surface, and decrease intestinal secretion of electrolytes

and water caused by microbial enterotoxins (Chen et al., 2014).

Besides, a wide range of animal experiments revealed that

berberine has noteworthy effects on intestinal microbiota

composition. Berberine could kill or repress some harmful

intestinal bacteria, such as gram-negative bacteria (e.g., K.

pneumonia, P. mirabilis, and E. coli) (Čerňáková and

Kosťá̌lová, 2002), and promote the growth and reproduction

of some beneficial bacteria (e.g., Lactobacillus acidophilus and
Frontiers in Marine Science 06
Bifidobacterium adolescentis) (Chen et al., 2014). The

antimicrobial activity of berberine also contributes to curing

metabolic disorders. For example, Firmicutes and Bacteroidetes

are two dominant gut microbiota, and a higher Firmicutes/

Bacteroidetes (F/B) ratio may be an indication of more intestinal

energy harvest (Jumpertz et al., 2011; Cao et al., 2016). Xie et al.

(2011) found berberine supplementation in a HF diet increased

fecal Bacteroidetes and reduced Firmicutes richness, along with

reduced blood glucose and lipid of rats. A similar observation of

intestinal F/B ratio was reported in rats when berberine was co-

administrated with a high-fat diet (Sun et al., 2016). Berberine

also reduced insulin resistance, plasma lipid contents and

endogenous glucose production of rats fed a HF diet by

regulation of the microbiota-gut-brain axis (Sun et al., 2016).

In mammals, berberine regulated bacterial bile salt hydrolase

and 7a-dehydroxylases activities, thus changing the bile acid

pool, FXR signaling, and alleviating metabolic disease (Gu et al.,

2015a; Sun et al., 2017), which is an important mechanism of

regulating energy and immune by berberine. Moreover,

berberine can promote intestinal butyrate-producing bacteria

(e.g., Ruminococcus, Butyricimonas, and Coprococcus) growth to

produce short-chain fatty acids (SCFAs) (Xu et al., 2021), which

is beneficial for alleviating inflammation, improving gut barrier

functions, creating a nonpermissive environment for pathogens,

and helpful for obesity and insulin resistance-related metabolic

abnormalities (Pang et al., 2015).
The role of berberine in
fish nutrition

The effects of supplementing berberine in different fish diets

are shown in Table 1. It includes a total of 18 papers, which

reported the roles of berberine in protecting liver and intestine

functions, improving growth performance, antioxidative and

immune status, as well as increasing disease and stress

resistance ability. Many of the berberine functions observed in

fish have been reported in rodent animals and in vitro, but there

are still some discrepancies with the previous findings.
Optimal supplementation level and
feeding mode of berberine

Qin (2014) studied the pharmacokinetics of berberine

hydrochloride in Nile tilapia (Oreochromis niloticus). After

oral administration of 30 mg/kg body weight of berberine

hydrochloride, the berberine concentrations in different tissues

were liver > kidney > muscle > plasma. After intraperitoneal

injection of 10 mg/kg body weight berberine hydrochloride, the

berberine levels were kidney > liver > muscle > plasma. Oral

administration of berberine hydrochloride showed slower

absorption and elimination rates but wider distribution than
frontiersin.org
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that of intraperitoneal injection. These pharmacokinetic patterns

were similar to the results in other animals (Li et al., 2005; Feng

et al., 2015; Kumar et al., 2015; Pirillo and Catapano, 2015).
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As shown in Table 1, the supplementation level of berberine

in fish feed ranged from 30 to 9000 mg/kg in different fish

species. In Chinese Fisheries Pharmacopoeia, 30 mg/kg

berberine is the highest level for controlling bacterial diseases
TABLE 1 Effects of berberine on fish nutrition.

Fish Initial
weight
(g)

Feeding
period
(days)

Basal
diets

Supplementation
levels (mg/kg)

Feeding
mode

Main results References

Black sea
bream

1.47 56 11.1% and
20.25 fat

50 Continuous WG!; whole body and muscle lipid ↑; liver lipid ↓;
hepatic lipid b oxidation genes ↑; lipid synthesis genes
↓; serum TG, LDL-C, and ALT ↓

Wang et al.
(2021)

1.52 56 23% starch
diet

50 Continuous WG !; hepatic lipid ↓; serum ALT and AST ↓; serum
glucose ↓; liver mitochondria density ↑; hepatic GPx
activity ↑; MDA content after ammonia challenge ↓

Wang et al.
(2020a)

Blunt snout
bream

8.15 56 15% fat 50 Continuous Hepatic CPT 1 and PPAR a expressions ↑; PPAR b
and PPAR g expressions !

Lu et al.
(2016)

8.15 56 15% fat 50 and 100 Continuous WG↑; hepatic fat ↓; hepatic CPT1, AOX, ApoB, ApoE,
PGC-1a, PPARa, FATP, LPL, and LDLR expressions↑

Zhou et al.
(2019)

80 56 5% and 10%
fat

50 Continuous WG↑ (low-fat group); hepatocyte apoptosis ↓; hepatic
LPO, MDA, and PC ↓; plasma ACP, LYZ, C3, and C4
↑; SR ↑ after ammonia challenge

Chen et al.
(2016)

8.15 56 15% fat 50 and 100 Continuous mitochondrial respiratory chain and density ↑; hepatic
oxidative stress ↓; hepatocyte apoptosis ↓

Lu et al.
(2017)

4.70 56 5% and 10%
fat

50 Continuous,
two-week,
and four-
week
interval

WG ↑; plasma TC and TG ↓; serum LYZ, C3 and C4 ↑;
hepatic MDA and LPO ↓, SOD and CAT ↑; mortality ↓
after challenged by Aeromonas hydrophila

Xu et al.
(2017)

44.83 56 5% fat, 10%
fat and 43%
nitrogen-free
extract

50 Two-week
interval

WG (low fat group) ↑; microvilli length; goblet cells
number, intestinal integrity and intestinal permeability
↑; intestinal TNF-a and IL-6 expressions ↓

Yu et al.
(2020)

20.36 70 43%
carbohydrate

50 Continuous WG !; plasma glucose, TG and TC ↓; hepatic lipid
and glycogen ↓; glucose uptake and decomposition in
liver ↑; glycogen synthesis ↓; hepatic lipid oxidation ↑;
insulin pathway ↑

He et al.
(2021)

Common
carp

150 21 Normal diet 780 Continuous Respiratory burst, LZM, MPO, and phagocytic
activities, C3 level ↑; TNF-a, IL-1b, lysozyme-c and C3
expressions ↑, IL-10 expression ↓ in the head kidney;
SR ↑ after infected with Aeromonas hydrophila

Zhou et al.
(2016)

Grass carp 34.0 56 Normal diet 30mg/kg body weight Continuous WG !; Serum glucose, TC and TG ↓; liver TC and TG
↑; intestinal microbiota diversity ↑, Firmicutes to
Bacteroidetes ↓

Pan et al.
(2019)

Largemouth
bass

122 56 HCD 500, 1000, and 2000 Continuous WG ↑, serum glucose, TG, TC, and LPL-c ↓, hepatic
antioxidative status ↑, hepatic gluconeogenesis ↓

Xia et al.
(2022b)

67.15 77 HCD 100 and 400 Continuous WG !; serum glucose and hepatic glycogen ↓; insulin
pathway genes ↑, hepatic antioxidative status ↑;
intestinal potential pathogenic bacteria genera
Plesiomonas ↓

Chen et al.
(2022)

8.70 56 Normal diet
and HCD

1000 Continuous WG !, serum glucose and hepatic glycogen ↓; the
intestinal-FXR signal pathways ↑; modulation of
intestinal microbiota

Xia et al.
(2022a)

Nile tilapia 11.61 56 Norma diet 1000, 3000, 6000, and
9000

Continuous WG ↑; skin mucus LYZ and peroxidase ↑; survival rate
after Streptococcus agalactiae infection ↑

Doan et al.
(2020)

Yellow
drum

5.57 56 soybean-oil-
based

50 Continuous WG ↑, VSI ↓, hepatic lipid ↓, hepatic fatty acid b-
oxidation ↑, hepatic proinflammatory genes expression
↓

Tan et al.
(2022)

(Continued)
fr
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in fish (Pan, et al., 2019). A study in blunt snout bream

(Megalobrama amblycephala) reported that supplementation

of 50 mg/kg berberine in a HF diet (15% fat) increased weight

gain (WG) and specific growth rate (SGR) significantly, while

100 mg/kg berberine did not influence the growth of fish, which

might be because 100 mg/kg berberine reduced the palatability

of the diet since feed intake (FI) was significantly reduced, the

authors observed some fish spat out the feed after eating the 100

mg/kg berberine supplemented HF diet due to its bitter taste.

Thus 50 mg/kg berberine was recommended as a suitable level in

fish feed (Zhou et al., 2019), and widely applied in the studies on

blunt snout bream (Chen et al., 2016; Lu et al., 2016; Xu et al.,

2017; Yu et al., 2020; He et al., 2021) and black sea bream

(Acanthopagrus schlegelii) (Wang et al., 2020a; Wang et al.,

2021). However, Doan et al. (2020) supplemented 1, 3, 6, and

9 g/kg berberine in the Nile tilapia diet, but the authors did not

report the feed utilization data. And the reduction of FI in black

sea bream was only observed in the 50 mg/kg berberine

supplemented normal diet group, not in the berberine

supplemented HL diet group (Wang et al., 2021). On the

contrary, 400 mg/kg berberine supplementation in a HC diet

significantly improved FI of largemouth bass (Chen et al., 2022).

Besides, 50 mg/kg berberine supplemented in the HC diet did

not affect the FI of blunt snout bream (He et al., 2021) and black

sea bream (Wang et al., 2020a). Thus, the bitter taste of berberine

may influence feed palatability in some cases, which varies with

supplementation level, fish species, and basal diet composition.

Nile tilapia were fed 1, 3, 6, and 9 g/kg berberine

supplemented die t s for 8 weeks , and the lowes t

supplementation level (1g/kg) obtained the lowest feed

conversion ratio (FCR), with the highest WG, SGR, and

immune parameters (Doan et al., 2020). Xu et al. (2017)

explored the effects of supplementing berberine in 5% and

10% fat diets with different feeding modes (continuous, 2-week

interval, and 4-week interval modes) on the growth and

immunity of blunt snout bream. They found that the low-fat

diet with 50 mg/kg berberine at 2-week interval mode obtained
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the best growth performance of fish, while fish fed berberine

supplemented high-fat diet at 2-week interval or 4-weeks

interval feeding mode showed similar or even better growth

performance than that of the continuous feeding mode. These

results indicate that high dietary berberine level or long

berberine exposure time may reduce the function of berberine.

One hypothesis is that the intestinal Pg-p expression being

upregulated by high dosage, or long-term administration of

berberine, which inhibits the absorption of berberine by the

intestine as reported in mammals (Maeng et al., 2002; Shan et al.,

2013b). However, this mechanism in fish has not been reported

and deserves further study. Thus, supplementing a relatively low

level of berberine in the diet with a discontinuous feeding mode

may be an effective and economical way in fish feed. Considering

the high discrepancy of berberine supplementation levels in the

previous studies, the effective and economical dietary berberine

levels of different fish species should be investigated.

Furthermore, even 9 g/kg berberine supplementation of

berberine enhanced the growth performance of Nile tilapia

(Doan et al., 2020), indicating that berberine is a safe feed

additive in fish.
Effects on growth

Enhanced growth performance was reported in blunt snout

bream fed a 50 mg/kg berberine-supplemented normal diet

(Chen et al., 2016; Xu et al., 2017), a 50 mg/kg berberine-

supplemented HC diet (Yu et al., 2020), a 50 mg/kg berberine-

supplemented HL diet (Zhou et al., 2019), Nile tilapia fed the 1,

3, 6, and 9 g/kg berberine-supplemented normal diet (Doan

et al., 2020), and yellow drum (Nibea albiflora) fed 50 mg/kg

berberine-supplemented soybean oil-based diet (Tan et al.,

2022). The growth promotion effect of berberine might be

ascribed to its hepatoprotective effect, like some other Chinese

herbs (Zhou et al., 2015; Zhou et al., 2019). Doan et al. (2020)

proposed that the modulation of the gut microbiota (especially
TABLE 1 Continued

Fish Initial
weight
(g)

Feeding
period
(days)

Basal
diets

Supplementation
levels (mg/kg)

Feeding
mode

Main results References

Zebrafish Three-
month-old

0, 2, 4, 8,
14, 20, 25,
and 30

HCD 1000 and 2000 Continuous Serum TC, TG, and LDL-C ↓, Hepatic fat content and
HMGCR expression ↓, LDLR and CYP7A1a
expressions ↑

Han et al.
(2015)

5 days
post-
fertilization

10 HCD 0, 1, 5, and 25 mM Continuous Liver lipid accumulation ↓, ROS level ↓; lipid
metabolism ↑; hepatic GSH ↑, MDA↓, and iron
homeostasis ↑

Chen et al.
(2020)
fr
Symbols indicate an increase (↑), decrease (↓) or no effect (!) on the parameters. Survival rate (SR);high-cholesterol diet (HCD); myeloperoxidase (MPO); lysozyme (LZM); complement
C3 level (C3); total cholesterol (TC); triglyceride (TG); low density lipoprotein cholesterol (LDL-c); high-density lipoprotein cholesterol (HDL-C); acid phosphatase (ACP);
malondialdehyde (MDA); protein carbonyl (PC); lipid peroxide (LPO); lipoprotein lipase (LPL); carnitine palmitoyltransferase I (CPT 1); peroxisome proliferator-activated receptors a
(PPAR a); 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR); low-density lipoprotein receptor (LDLR); cytochrome P450, family 7, subfamily A, polypeptide 1 a (CYP7A1a); fatty acid
transport protein (FATP); Acyl-CoA oxidase (AOX); Apolipoprotein B (E), (Apo B (E)); peroxisome proliferator-activated receptor gamma coactivator-1a, (PGC1a); tumor necrosis factor
alpha (TNF-a); interleukins-6 (IL-6); viscerosomatic index (VSI).
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SUFA producing bacteria) by berberine might be a contributing

factor for the enhanced growth performance of fish. Tan et al.

(2022) hypothesized that the hepatic ribosome biogenesis might

be the main reason accounting for improved growth

performance of yellow drum fed berberine supplemented

soybean oil-based diet, since ribosome biogenesis in eukaryotes

was the most significantly enriched-KEGG pathway based on

RNA sequencing. Largemouth bass fed 1000 mg/kg and 2000

mg/kg berberine for eight weeks obtained significantly improved

growth performance, while 500 mg/kg did not significantly

influence growth of fish (Xia et al., 2022b). Nevertheless, a

nonsignificant effect on growth performance was reported in

different species: black sea bream fed 50 mg/kg berberine

supplemented in normal, high starch, and HL diets (Wang

et al., 2020a; Wang et al., 2021); blunt snout bream fed a 50

mg/kg berberine supplemented HF diet (Xu et al., 2017; Yu et al.,

2020) and a 50 mg/kg berberine supplemented HC diet (He

et al., 2021); largemouth bass fed the 100 mg/kg and 400 mg/kg

berberine supplemented HC diet (Chen et al., 2022), and grass

carp (Ctenopharyngodon idella) fed a 30 mg/kg berberine

supplemented normal diet (Pan et al., 2019). While studies in

rats and humans revealed that chronic administration of

berberine caused growth inhibition due to increased energy

expenditure, alleviated growth of adipose tissue, and prevented

obesity (Lee et al., 2006; Kim et al., 2009; Hu et al., 2012; Ilyas

et al., 2020). Thus, the growth promotion effect of berberine may

vary with fish species, basal diet composition, feeding mode, and

other factors yet to be determined.
Lipid metabolism

The liver is the main organ for nutrient metabolism, and it

also plays an important role in plasma protein production, bile

synthesis, degradation of toxins, as well as lipid and glucose

homeostasis in the body (Zhou et al., 2021). Liver diseases

normally occur in fish partially because of excessive lipid and/

or carbohydrate in the diet. Berberine was demonstrated to

alleviate excessive hepatic lipid accumulation and pathologic

changes caused by HL and HC diets in black sea bream (Wang

et al., 2020a; Wang et al., 2021), blunt snout bream (Lu et al.,

2017; Zhou et al., 2019; He et al., 2021), and zebrafish (Chen

et al., 2020). Zhou et al. (2019) reported that HF diet caused

excessive glycogen droplets, stricture of the hepatic sinus,

inordinate and obscure hepatic cords, irregular arrangement of

hepatocytes, diffused lipid vacuolization, large and electron-

dense fat droplets in the liver of blunt snout bream, while 50

and 100 mg/kg berberine supplementation alleviated these

hepatic abnormalities. Moreover, increased mitochondria

density and repaired mitochondrial respiratory chain in

hepatocytes by berberine inclusion were reported in blunt

snout bream (Lu et al., 2017) and black sea bream (Wang

et al., 2020a), which might be related to the improved liver
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energy expenditure and/or maintenance of mitochondria

function. Besides, increased serum TG and TC contents are

signs of liver dysfunction and steatosis and are regarded as poor

health condition symbols (Wang et al., 2021). Reduced serum

TG and TC contents by berberine treatment were reported in

grass carp (Pan et al., 2019), zebrafish (Han et al., 2015), and

blunt snout bream (He et al., 2021). The mechanisms of

berberine alleviating hepatic lipid accumulation in fish are

similar to those found in other animals, mainly by increasing

lipid oxidation and transportation, reducing lipogenesis and

fatty acids uptake. Berberine was demonstrated to

downregulate hepatic lipogenesis genes, such as acetyl-CoA

carboxylase a (ACCa), SREBP-1, 6-phosphogluconate

dehydrogenase (6PGD), glucose 6-phosphate dehydrogenase

(G6PD), and peroxisome proliferator-activated receptors g
(PPARg) expressions in black sea bream (Wang et al., 2021);

and hepatic FAS and ACCa expressions in blunt snout bream

(He et al., 2021). In addition, berberine upregulated the

expressions of hepatic lipid b-oxidation genes, such as

carnitine palmitoyltransferase 1a (CPT1a) and hormone-

sensitive lipase (HSL) expressions in black sea bream (Wang

et al., 2021); CPT 1 in blunt snout bream (He et al., 2021); CPT 1

and PPARa in blunt snout bream (Lu et al., 2016); as well as

Acyl-CoA oxidase (AOX), apolipoprotein B (ApoB),

Apolipoprotein E (ApoE), peroxisome proliferator-activated

receptor-gamma coactivator-1a (PGC-1a) and peroxisome

proliferator-activated receptor alpha (PPARa) in blunt snout

bream (Zhou et al., 2019). Furthermore, the fatty acid uptake

and transportation genes including fatty acid transport protein

(FATP), lipoprotein lipase (LPL), and low-density lipoprotein

receptor (LDLR) were all upregulated by berberine

supplementation in blunt snout bream (Zhou et al., 2019).

However, some hepatoprotective mechanisms have not been

reported in fish studies, such as if berberine can stabilize LDLR

mRNA and regulate intestinal microbiota thus affecting fatty

acid uptake.
Glucose metabolism

It is well known that fish show prolonged hyperglycemia

after ingestion of HC diet, which is due to limited insulin

secretion, low amount of insulin receptors in muscle, poor

ability to use glucose in white muscle, endogenous glucose

production, and low ability of lipogenesis from glucose

(Kamalam et al., 2017). Therefore, fish exposed to HC diet

may cause metabolic disorders and eventually threaten health

status (He et al., 2021). Berberine supplementation in the HC

diets reduced serum glucose in grass carp (Pan et al., 2019), black

sea bream (Wang et al., 2020a), largemouth bass (Chen et al.,

2022; Xia et al., 2022a; Xia et al., 2022b), and blunt snout bream

(He et al., 2021). He et al. (2021) investigated the mechanisms of

berberine regulating glucose metabolism in the liver. Berberine
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upregulated hepatic insulin receptor substrate (IRS),

phosphatidylinositol 3-kinase (PI3K), and protein kinase B

(AKT) expressions, but downregulated forkhead transcription

factor 1 (Foxo1) expression. The IRS/PI3K/AKT pathway is a

major insulin signaling pathway, indicating that berberine

activates the insulin pathway to reduce plasma glucose. The

similar mechanism was also reported in largemouth bass fed 100

mg/kg and 400 mg/kg berberine supplemented HC diet (Chen

et al., 2022). Besides, berberine reduced the expressions of

hepatic gluconeogenesis genes: PEPCK, G6Pase, and glycogen

synthase (GS), but upregulated pyruvate kinase (PK), and

glucose transporter 2 (GLUT2) expressions. In largemouth

bass also reported that berberine improved hepatic glycolytic

enzymes activities and gene expression (HK (hexokinase) and

PK), whereas gluconeogenic enzymes (G6Pase and PEPCK)

activities and gene expression were reduced (Xia et al., 2022b).

Thus, berberine inhibited hepatic gluconeogenesis and glycogen

synthesis, activated insulin signaling, and promoted glucose

transport and glycolysis, which in all contributed to reduced

plasma glucose, liver glycogen, and lipid contents of some

fish species.
Antioxidative and immune status

Berberine also shows strong antioxidant activity in fish.

Chen et al. (2016) observed that 50 mg/kg berberine

supp l emen t a t i on i n a HL d i e t r educ ed hepa t i c

malondialdehyde (MDA), lipid peroxide (LPO), and protein

carbonyl (PC) contents of blunt snout bream through

elevating superoxide dismutase (SOD) activity and total

sulfhydryl (T-SH) levels. Another study in blunt snout bream

found that HF (15% fat) diet damaged mitochondria normal

structure and induced more ROS production in the liver, while

berberine supplementation reduced hepatic MDA content along

with increased glutathione (GSH) activity via upregulating

Sirtuin 3 expression and increasing the complex I and II

activities (Lu et al., 2017). Xu et al. (2017) also reported that

berberine (50 mg/kg) supplementation in the normal and HF

diets of blunt snout bream improved hepatic CAT and SOD

activities, with a decreased MDA content, a similar result was

found in largemouth bass fed the berberine-supplemented high

starch diets (Xia et al . , 2022b). Besides, berberine

supplementation in a high starch diet of black sea bream

increased hepatic GPx activity, and reduced MDA content

after the ammonia challenge (Wang et al., 2020a). Chen et al.

(2020) demonstrated that berberine could eliminate hepatic ROS

production and reduce DNA damage caused by the high

cholesterol diet of zebrafish. Chen et al. (2022) reported that

berberine carried out its antioxidative capacity in largemouth

bass through the Nrf2/Keap1 pathway, which is the same as that

found in mammals. Up to now, the specific mechanisms of the

antioxidative effect of berberine remain to be better illustrated in
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fish, especially the pathways (e.g., NF-kB and Nrf2) found

in mammals.

Zhou et al. (2016) reported that common carp (Cyprinus

carpio) fed a 0.78 g/kg berberine supplemented diet for 21 days

significantly increased respiratory burst, lysozyme (LYZ),

myeloperoxidase, and phagocytic activities, as well as serum

complement C3 level . Besides, berberine inclusion

downregulated IL-10 expression but upregulated the TNF-a,
IL-1b, lysozyme-c, and C3 expressions in the head kidney. The

survival rate of fish infected with Aeromonas hydrophila was also

enhanced by berberine supplementation. These results indicated

that short-term berberine ingestion could enhance non-specific

immunity and disease resistance ability, which might account for

its immunomodulatory property. Likewise, plasma LYZ, acid

phosphatase (ACP) activities, and alternative complement C3

and C4 contents were all improved by 50 mg/kg berberine

supplementation in a HF diet of blunt snout bream (Chen

et al., 2016). Berberine supplementation also reduced soybean

oil-induced hepatic proinflammatory response mainly by

decreasing cytokine–cytokine receptor interaction pathway-

related genes expression in yellow drum (Tan et al., 2022).

However, Xu et al. (2017) found the immune parameters

(ACP, LYZ, C3, and C4) of blunt snout bream fed the 50 mg/

kg berberine supplemented normal and HF diets at 2-week and

4-week interval feeding modes were similar or even higher than

that of the continuous feeding mode. In addition, after being

challenged by Aeromonas hydrophila, the cumulative mortality

of fish fed the normal diet with 50 mg/kg berberine inclusion at

the 2-week interval feeding mode was the lowest, while the other

treatments showed no significant difference. The authors

proposed that feeding fish berberine supplemented diet for the

long termmight cause immunosuppression or immunity fatigue,

just like some other immunostimulants (e.g., b-glucan (Bai et al.,

2010) and fructooligosaccharide (Zhang et al., 2014)). Besides,

Nile tilapia fed the 1, 3, 6, and 9 g/kg berberine supplemented

normal diets for 8 weeks all showed enhanced skin mucus

lysozyme and peroxidase activities, as well as improved serum

lysozyme, peroxidase, alternative complement (ACH50),

phagocytosis, and respiratory burst activities. While the 1g/kg

berberine supplemented group obtained the best immune status,

and the highest survival rate after Streptococcus agalactiae

infection (Doan et al., 2020). These results indicate that low

dietary berberine supplementation level and discontinuous

feeding mode may be more beneficial for the immune status of

fish. A study on black sea bream found that fish fed a 50 mg/kg

berberine supplemented high starch diet continuously for 8

weeks did not influence serum C3, C4, and IgM contents, as

well as LYZ activity (Wang et al., 2020a). Yu et al. (2020) also

observed that plasma IgG and IgM contents of blunt snout

bream were not affected by berberine supplementation in the HC

or HF diet.

Berberine supplementation also benefits intestinal immune

function. Yu et al. (2020) reported that berberine reduced
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intestinal TNF-a and IL-6 expressions upregulated by HF or HC

diet in blunt snout bream, and it also upregulated intestinal

major histocompatibility complex class gene expression. In

addition, several in vitro studies revealed that berberine shows

a strong ability against pathogenic bacteria in fish. Berberine

hydrochloride effectively inhibited Escherichia coli, Aeromonas

hydrophila, Vibrio vulnificus, Pseudomonas fluorescens,

Edwardsiella ictaluri, and Streptococcus agalactiae, and it

showed a synergistic bactericidal effect with enrofloxacin

against these fish pathogenic bacteria (Zhang et al., 2010). Ji

et al. (2012) found that pretreatment with berberine

hydrochloride activated the complement system and

significantly enhanced serum bactericidal activity of grass carp

against Edwardsiella ictaluri.
Regulation of intestinal integrity
and microbiota

Even though most studies in fish concerned the

hepatoprotective effect of berberine, several studies

investigated the effects of berberine supplementation on

intestinal health and microbiota composition. Modulating of

intestinal microbiota may be the main mechanism of regulating

energy mechanism and immune system by berberine since most

ingested berberine remains in the intestine and may regulate

intestinal microbiota composition and metabolism, as reported

in mammals. Pan et al. (2019) reported that berberine

supplementation in a normal diet increased intestinal

microbiota diversity and decreased the Firmicutes to

Bacteroidetes ratio of grass carp. Based on Spearman’s rank

correlation, serum glucose content was negatively related to the

32 berberine-operational taxonomic units, indicating the

glucose-lowering effect of berberine might be correlated with

the regulation of intestinal microbiota composition. Berberine

supplementation in the HC and normal diets improved

intestinal microbiota diversity of blunt snout bream, whereas a

reduced diversity and richness of intestinal microbiota were

found in the berberine supplemented HF diet group (Yu et al.,

2020). Moreover, berberine supplementation induced a high

abundance of phyla Proteobacteria, Cyanobacteria, Firmicutes,

and Bacteroidetes. It reduced intestinal Verrucomicrobia,

Planctomycetes, Dependentiae, and Chloroflexi abundance

increased by the HF diet, as well as reduced Verrucomicrobia,

Planctomycetes, and Chloroflexi abundance elevated by the HC

diet in blunt snout bream (Yu et al., 2020). Tian et al. (2022)

demonstrated that the supplementation of Gly-b-MCA (an

intestine-specific FXR inhibitor) alleviated the lipid-lowering

effect of berberine of grass carp, which demonstrated intestinal

FXR is the main working site of berberine. Similarly, berberine

supplementation (500 mg/kg, 1000 mg/kg, and 2000mg/kg)

significantly improved the expression levels of intestinal FXR

and FGF-19 of largemouth bass, which led to improved
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glycolysis and inhibited gluconeogenesis (Xia et al., 2022a; Xia

et al., 2022b). Currently, the bile acids-FXR axis has been

demonstrated to regulate lipid and glucose metabolism,

immune and antioxidative systems in many fish species (Du

et al., 2018; Du et al., 2020; Du et al., 2021; Tian et al., 2021; Wen

et al., 2021; Xu et al., 2022; Zhang et al., 2022). Thus, the

modulation of intestinal bile acids metabolizing bacteria may

account for the multiple functions of berberine in fish. Besides,

berberine supplementation alleviated intestinal villus length

reduction, intestinal integrity impairment, expanded lamina

propria, decreased goblet cell count and mucosal folds, and

elevated plasma diamine oxidase (DAO) and D-lactate (D-LA)

contents caused by HF and HC diets in blunt snout bream (Yu

et al., 2020). Modulation of intestinal microbiota by berberine is

also related to nutrient utilization. Xia et al. (2022b) proposed

that the enhanced intestinal digestive enzymes by berberine

supplementation might be linked to the modulation of

intestinal microbiota. Chen et al. (2022) reported that elevated

intestinal abundance of Cetobacterium induced by berberine was

contributing to the improved glucose utilization of

largemouth bass.

Therefore, berberine supplementation is beneficial for

maintaining intestinal structure and health, and its regulation

of intestinal microbiota may be the important mechanism that

exert various functions. And the relationship between berberine

functions and its regulation of the specific intestinal microbiota

is not clear enough.
Other applications

Recent studies have shown that dietary berberine decreased

the cumulative mortality of blunt snout bream (Chen et al.,

2016), and elevated the glucose level of black sea bream (Wang

et al., 2020a) after acute ammonia challenge. These results might

be due to improved liver and intestine health, as well as

enhanced antioxidative and immune status of fish by berberine

supplementation. Besides, injection of crucian carp (Carassius

auratus gibelio) with berberine inhibited cytochrome P4501A

(cyp1a) and cyp3a expression, which belong to the superfamily

of monooxygenases, and play a vital role in drug metabolism in

animal species. The authors proposed that when berberine is co-

administrated with other drugs, it can reduce the dosage and

increase the efficiency of other drugs, thus diminishing the

pollution (Zhou et al., 2011). Besides, berberine also showed a

strong antibacterial effect in fish via attenuating viral gene

expression and host inflammatory response simultaneously.

Berberine could inhibit cyprinid herpesvirus 2 (CyHV-2)

replication and viral gene transcription in vitro, and single oral

administration of berberine could against CyHV-2 infection in a

dose-depend manner in crucian carp (Su et al., 2021). Su et al.

(2022) reported that berberine could attenuate NF-kB signaling

induced by acute CyHV-2 infection in crucian carp in a dosage-
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dependent manner, thus suppressing the expression of

inflammatory cytokines.
Conclusion and perspectives

Berberine has potential lipid- and glucose-lowering, anti-

inflammatory, antioxidant, antimicrobial, and anti-stress

activities in animals. Based on human and animal studies of

rodents, berberine may be a safe, effective, and relatively cheap

feed additive in the fish diet to protect the liver and intestine,

and maintain good health condition. However, berberine also

has limitations such as low bioavailability, and negatively

influences feed palatability. Indeed, a major risk of berberine

supplementation could be its negative impact on feed intake and

growth performance during prolonged periods. In addition,

some human and rodents studies also revealed that berberine

promotes energy expenditure thus reducing body weight

eventually. This discrepancy result with the studies in fish also

needs further investigation.

Further studies may focus on improving the bioavailability of

berberine in the feed,which can learn fromstudies in vivo andother

animals. For example, Shan et al. (2013b) found that

pseudoberberine (IMB-Y53), a berberine analogue, has a much

lower ability to increase intestinal P-gp expression than berberine,

but it showed a strong glucose-lowering effect similar to berberine

in rats. A study in rabbits revealed that administration of

nanoparticles berberine led to higher berberine in blood

circulation and higher pharmacokinetic parameters, as well as a

better liver protection effect compared with regular berberine

(Sahibzada et al., 2021). Besides, intestinal absorption promoters

may be beneficial for intestinal permeability. For example, sodium

caprate has been approved by the FDA as a food additive for

humans (Liu et al., 2016). Moreover, P-gp inhibitors such as

silymarin (Wei et al., 2020), and tetrandrine (Shan et al., 2013b)

were demonstrated to improve intestinal berberine absorption

significantly. Additionally, using lipid microparticles to transport

berberine could increase its solubility and permeability in the

gastrointestinal tract, and enhance transportation to the

lymphatic system (Liu et al., 2016). On the other side, many

studies indicate that the main mechanism of berberine exerts its

multiple functions is by modulating intestinal microbiota since

most ingested berberine is highly accumulated in the intestine, as

reviewed by Habtemariam (2020). Thus, the hidden link between

berberine and intestinalmicrobiotamay be a hot topic in the future.

The hepatoprotective effect of berberine has been well

demonstrated in some fish species. Further studies should

concern the effective and economical dietary berberine level to

cope with different dietary levels of lipid and carbohydrate in

different fish species. Berberine has strong antioxidant and

immune regulation properties, which are beneficial for fish

species under intensive aquaculture systems. However, long-

term berberine feeding or high dietary berberine level may cause
Frontiers in Marine Science 12
immune fatigue of immunosuppression. Thus, optimal dietary

berberine levels with suitable feeding modes for different fish

species deserve further study. Besides, most fish have limited

ability to use dietary carbohydrates, especially carnivorous fishes,

which are considered to have poorer ability than herbivorous

and omnivorous fishes because of their slower blood glucose

clearance and poorer intestinal glucose uptake rate (Kamalam

et al., 2017). Previous studies have proved that berberine could

improve insulin secretion, accelerate blood glucose clearance,

and enhance glucose utilization. However, the beneficial effect of

berberine supplementation on improving dietary carbohydrate

utilization was only reported in blunt snout bream (herbivorous

fish). Further research is needed about berberine on carnivorous

and omnivorous fish.

From the economical aspect, supplementation of purified

berberine may induce more economic costs for feed companies.

However, berberine-enriched plant organs, such as Forsythia

suspensa extract (Zhang et al., 2013), barberry root

(Ramezanzadeh et al., 2020; Ramezanzadeh et al., 2021),

barberry fruit (Shekarabi et al., 2022), fibrous root of Rhizoma

Coptidis (Zhou et al., 2016), also showed considerable beneficial

effects for animals and can be an economical choice.

The current studies of berberine aremainly conducted in rodents

and humans. Though it shows excellent features in treating some

diseases, there is still a longway for it to be widely applied in fish feed

due to the limited studies. The application of herbal components is

drawing more and more attention, and berberine is a promising

candidate for fish feed additive in the future.
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Čerňáková, M., and Kosťá̌lová, D. (2002). Antimicrobial activity of berberine–a
constituent of Mahonia aquifolium. folia. Microbiol 47, 375–378. doi: 10.1007/
BF02818693

Chen, S., Jiang, X., Liu, N., Ren, M., Wang, Z., Li, M., et al. (2022). Effects of
dietary berberine hydrochloride inclusion on growth, antioxidant capacity, glucose
metabolism and intestinal microbiome of largemouth bass (Micropterus salmoides).
Aquaculture 552, 738023. doi: 10.1016/j.aquaculture.2022.738023

Chen, Q.-Q., Liu, W.-B., Zhou, M., Dai, Y.-J., Xu, C., Tian, H.-Y., et al. (2016).
Effects of berberine on the growth and immune performance in response to
ammonia stress and high-fat dietary in blunt snout bream Megalobrama
amblycephala. Fish Shellfish Immunol. 55, 165–172. doi: 10.1016/j.fsi.2016.05.023

Chen, C., Yu, Z., Li, Y., Fichna, J., and Storr, M. (2014). Effects of berberine in the
gastrointestinal tract — a review of actions and therapeutic implications. Am. J.
Chin. Med. 42, 1053–1070. doi: 10.1142/S0192415X14500669

Chen, B., Zheng, Y.-M., Zhang, M.-Q., Han, Y., Zhang, J.-P., and Hu, C.-Q.
(2020). Microarray expression profiling and raman spectroscopy reveal anti-fatty
liver action of berberine in a diet-induced larval zebrafish model. Front. Pharmacol.
10, 1504. doi: 10.3389/fphar.2019.01504

Di Pierro, F., Putignano, P., Villanova, N., Montesi, L., Moscatiello, S., and
Marchesini, G. (2013). Preliminary study about the possible glycemic clinical
advantage in using a fixed combination of Berberis aristata and Silybum marianum
standardized extracts versus only Berberis aristata in patients with type 2 diabetes.
Clin. Pharm. Adv. Appli. 5, 167–174. doi: 10.2147/CPAA.S54308

Doan, H. V., Hoseinifar, S. H., Jaturasitha, S., Dawood, M. A. O., and
Harikrishnan, R. (2020). The effects of berberine powder supplementation on
growth performance, skin mucus immune response, serum immunity, and disease
resistance of Nile tilapia (Oreochromis niloticus) fingerlings. Aquaculture 520,
734927. doi: 10.1016/j.aquaculture.2020.734927
Du, J., Chen, Q., Li, Y., Xiang, X., Xu, W., Mai, K., et al. (2020). Activation of the
farnesoid X receptor (FXR) suppresses linoleic acid-induced inflammation in the
large yellow croaker (Larimichthys crocea). J. Nutr. 150, 2469–2477. doi: 10.1093/
jn/nxaa185

Du, J., Xiang, X., Li, Y., Ji, R., Xu, H., Mai, K., et al. (2018). Molecular cloning and
characterization of farnesoid X receptor from large yellow croaker (Larimichthys
crocea) and the effect of dietary CDCA on the expression of inflammatory genes in
intestine and spleen. Comp. Biochem. Physiol.B Biochem. Mol. Bio. 216, 10–17. doi:
10.1016/j.cbpb.2017.09.007

Du, J., Xiang, X., Xu, D., Zhang, J., Fang, W., Xu, W., et al. (2021). FXR, a key
regulator of lipid metabolism, is inhibited by ER stress-mediated activation of JNK
and p38 MAPK in large yellow croakers (Larimichthys crocea) fed high fat diets.
Nutrients 13, 4343. doi: 10.3390/nu13124343

FAO (2018). The state of world fisheries and aquaculture 2018-meeting the
sustainable development goals. fisheries and aquaculture department, food and
agriculture organization of the united nations, Rome.

Feng, R., Shou, J.-W., Zhao, Z.-X., He, C.-Y., Ma, C., Huang, M., et al. (2015).
Transforming berberine into its intestine-absorbable form by the gut microbiota.
Sci. Rep. 5, 12155. doi: 10.1038/srep12155

Fernandez, C. P., Afrin, F., Flores, R. A., Kim, W. H., Jeong, J., Kim, S., et al.
(2017). Downregulation of inflammatory cytokines by berberine attenuates
Riemerella anatipestifer infection in ducks. Dev. Comp. Immunol. 77, 121–127.
doi: 10.1016/j.dci.2017.07.027

Fratter, A., and Servi, B. (2015). New oral delivery system to improve absorption
of berberine: Likely interaction of cationized chitosan with PG-p pump. Int. J. Drug
Deliv. 5, 33–42.

Gangwar, R. K., Tomar, G. B., Dhumale, V. A., Zinjarde, S., Sharma, R. B., and
Datar, S. (2013). Curcumin conjugated silica nanoparticles for improving
bioavailability and its anticancer applications. J. Agric. Food Chem. 61, 9632–
9637. doi: 10.1021/jf402894x

Gomes, A. P., Duarte, F. V., Nunes, P., Hubbard, B. P., Teodoro, J. S., Varela, A.
T., et al. (2012). Berberine protects against high fat diet-induced dysfunction in
muscle mitochondria by inducing SIRT1-dependent mitochondrial biogenesis.
BBA Mole. Basis Dis. 1822, 185–195. doi: 10.1016/j.bbadis.2011.10.008

Gu, S., Cao, B., Sun, R., Tang, Y., Paletta, J. L., Wu, X., et al. (2015). A
metabolomic and pharmacokinetic study on the mechanism underlying the
lipid-lowering effect of orally administered berberine. Mol. Biosyst. 11, 463–474.
doi: 10.1039/C4MB00500G

Gu, L., Li, N., Gong, J., Li, Q., Zhu, W., and Li, J. (2011). Berberine ameliorates
intestinal epithelial tight-junction damage and down-regulates myosin light chain
kinase pathways in a mouse model of endotoxinemia. J. Infect. Dis. 203, 1602–1612.
doi: 10.1093/infdis/jir147

Habtemariam, S. (2020). Berberine pharmacology and the gut microbiota: A
hidden therapeutic link. Pharmacol. Res. 155, 104722. doi: 10.1016/
j.phrs.2020.104722

Han, B., Kou, S.-M., Chen, B., Peng, Y.-Z., Wang, Y., Han, Y.-L., et al. (2015).
Efficient and rapid liquid reduction animal model. China J. Chin. Mate. Med. 40,
4446–4451. doi: 10.4268 /cjcmm20152223

He, C., Jia, X., Zhang, L., Gao, F., Jiang, W., Wen, C., et al. (2021). Dietary
berberine can ameliorate glucose metabolism disorder of Megalobrama
amblycephala exposed to a high-carbohydrate diet. Fish Physiol. Biochem. 47,
499–513. doi: 10.1007/s10695-021-00927-8

Hou, Q., Zhu, S., Zhang, C., Huang, Y., Guo, Y., Li, P., et al. (2019). Berberine
improves intestinal epithelial tight junctions by upregulating A20 expression in
IBS-d mice . Biomed. Pharmacother . 118 , 109206 . doi : 10 .1016/
j.biopha.2019.109206

Hu, Y., Ehli, E. A., Kittelsrud, J., Ronan, P. J., Munger, K., Downey, T., et al.
(2012). Lipid-lowering effect of berberine in human subjects and rats.
Phytomedicine 19, 861–867. doi: 10.1016/j.phymed.2012.05.009

Hur, J.-M., Hyun, M.-S., Lim, S.-Y., Lee, W.-Y., and Kim, D. (2009). The
combination of berberine and irradiation enhances anti-cancer effects via
frontiersin.org

https://doi.org/10.1111/anu.12678
https://doi.org/10.1016/j.aqrep.2020.100457
https://doi.org/10.1016/j.aquaculture.2003.09.040
https://doi.org/10.1016/j.aquaculture.2003.09.040
https://doi.org/10.1016/j.aquaculture.2020.736030
https://doi.org/10.1016/j.aquaculture.2010.06.017
https://doi.org/10.3389/fmars.2022.924569
https://doi.org/10.1016/S0168-3659(99)00034-6
https://doi.org/10.1111/anu.12834
https://doi.org/0161903/AIM.008
https://doi.org/10.1007/BF02818693
https://doi.org/10.1007/BF02818693
https://doi.org/10.1016/j.aquaculture.2022.738023
https://doi.org/10.1016/j.fsi.2016.05.023
https://doi.org/10.1142/S0192415X14500669
https://doi.org/10.3389/fphar.2019.01504
https://doi.org/10.2147/CPAA.S54308
https://doi.org/10.1016/j.aquaculture.2020.734927
https://doi.org/10.1093/jn/nxaa185
https://doi.org/10.1093/jn/nxaa185
https://doi.org/10.1016/j.cbpb.2017.09.007
https://doi.org/10.3390/nu13124343
https://doi.org/10.1038/srep12155
https://doi.org/10.1016/j.dci.2017.07.027
https://doi.org/10.1021/jf402894x
https://doi.org/10.1016/j.bbadis.2011.10.008
https://doi.org/10.1039/C4MB00500G
https://doi.org/10.1093/infdis/jir147
https://doi.org/10.1016/j.phrs.2020.104722
https://doi.org/10.1016/j.phrs.2020.104722
https://doi.org/10.4268 /cjcmm20152223
https://doi.org/10.1007/s10695-021-00927-8
https://doi.org/10.1016/j.biopha.2019.109206
https://doi.org/10.1016/j.biopha.2019.109206
https://doi.org/10.1016/j.phymed.2012.05.009
https://doi.org/10.3389/fmars.2022.967748
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2022.967748
activation of p38 MAPK pathway and ROS generation in human hepatoma cells. J.
Cell. Biochem. 107, 955–964. doi: 10.1002/jcb.22198

Ilyas, Z., Perna, S., Al-thawadi, S., Alalwan, T. A., Riva, A., Petrangolini, G., et al.
(2020). The effect of berberine on weight loss in order to prevent obesity: A
systematic review. Biomed. Pharmacother. 127, 110137. doi: 10.1016/
j.biopha.2020.110137

Imenshahidi, M., and Hosseinzadeh, H. (2016). Berberis vulgaris and berberine:
An update review. Phytother. Res. 30, 1745–1764. doi: 10.1002/ptr.5693

Jeong, H. W., Hsu, K. C., Lee, J.-W., Ham, M., Huh, J. Y., Shin, H. J., et al. (2009).
Berberine suppresses proinflammatory responses through AMPK activation in
macrophages. Am. J. Physiology-Endocrinology Metab. 296, E955–E964. doi:
10.1152/ajpendo.90599.2008

Jiang, S.-J., Dong, H., Li, J.-B., Xu, L.-J., Zou, X., Wang, K.-F., et al. (2015).
Berberine inhibits hepatic gluconeogenesis via the LKB1-AMPK-TORC2 signaling
pathway in streptozotocin-induced diabetic rats. World J. Gastroenterol. 21, 7777–
7785. doi: 10.3748/wjg.v21.i25.7777

Ji, C., Zhang, D. F., Li, A. H., and Gong, X. N. (2012). Effect of berberine
hydrochloride on grass carp Ctenopharyngodon idella serum bactericidal activity
against Edwardsiella ictaluri. Fish Shellfish Immunol. 33, 143–145. doi: 10.1016/
j.fsi.2012.03.022

Jumpertz, R., Le, D. S., Turnbaugh, P. J., Trinidad, C., Bogardus, C., Gordon, J. I.,
et al. (2011). Energy-balance studies reveal associations between gut microbes,
caloric load, and nutrient absorption in humans. Ame. J. Clin. Nutri. 94, 58–65. doi:
10.3945/ajcn.110.010132

Kamalam, B. S., Medale, F., and Panserat, S. (2017). Utilisation of dietary
carbohydrates in farmed fishes: New insights on influencing factors, biological
limitations and future strategies. Aquaculture 467, 3–27. doi: 10.1016/
j.aquaculture.2016.02.007

Kheir, M. M., Wang, Y., Hua, L., Hu, J., Li, L., Lei, F., et al. (2010). Acute toxicity
of berberine and its correlation with the blood concentration in mice. Food Chem.
Toxicol. 48, 1105–1110. doi: 10.1016/j.fct.2010.01.033
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