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INTRODUCTION
Protein drugs have several advantages over chemical 

drug molecules as they have high bioactivity, specificity, good 
solubility, high safety profile, and lower side effects. They 
majorly treat autoimmune disorders, cancer, and cardiovascular 
disorders. However, they are used mainly by a parenteral route, 
limiting their therapeutic application to a certain extent [1–4]. 
Many noninvasive routes were developed; among them, the 
oral route is preferred due to its ease of administration and 
high patient compliance [5]. However, oral administration of 
peptides is very challenging due to their poor permeability and 
rapid degradation by gastrointestinal (GI) peptidases [6]. They 
have short circulating half-lives as they undergo rapid systemic 
clearance and are also rapidly degraded by proteases and 
peptidases, poorly absorbed by intestinal mucosal membranes 

on oral administration [7]. Enzymes and the proteases in blood 
plasma can break down peptides into inactive metabolites, 
leading to shorter half-lives of 2–30 minutes [8]. Also, if the 
peptides are highly hydrophilic and size below 60 kDa, they will 
be filtered by the kidneys within minutes from the circulation 
[9]. It has been observed that nanotechnology can be used as a 
comprehensive tool for the delivery of peptide molecules [2,10–
12]. Several studies have reported that herbal compounds, such 
as piperine, quercetin, ginger, naringin, genistein, glycyrrhizin, 
and sinomenin, can improve the bioavailability of drug 
molecules with nanocarriers. Among them, the bioavailability 
enhancement by piperine was well established [13,14].

It has been reported that piperine has multiple 
activities. Research recently explained the binding behavior 
of piperine with myoglobin (a protein that carries oxygen in 
muscle cells) using computational approaches. The study 
observed that the myoglobin–piperine complex’s antioxidant 
property depended on piperine concentration. With an increase 
in piperine concentration, there was an increase in free iron 
release from myoglobin. The study could explain the structural 
changes in a protein molecule after binding with piperine, 
leading to changes in its antioxidant activity. Piperine acted as 
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ABSTRACT
Piperine, an alkaloid from black pepper (Piper nigrum), is a promising modulator that regulates the functional 
activities of various drug-metabolizing enzymes. It is postulated that it can improve the bioavailability of orally 
administered drugs by multiple mechanisms: modulates the membrane dynamics and permeability, inhibits 
P-glycoprotein Adenosine triphosphate (ATP)-dependent drug efflux pump) and gastric acid secretion, and increases 
the gastrointestinal blood flow and absorption. Protein and peptide drugs are highly susceptible to enzymatic 
degradation and have poor permeation through intestinal epithelium because of high molecular weight and lack of 
lipophilicity. As a permeation enhancer, piperine can improve the absorption of orally administered peptide drugs 
by modulating the membrane fluidity and inhibiting the gut wall metabolizing enzymes, thereby enhancing their 
absorption and oral bioavailability. This review discusses the mechanisms involved in the absorption and metabolism 
of protein drugs and various barriers to these processes. It focuses on how piperine acts as a good permeation enhancer 
for orally administered drugs and how it could play a significant role in the absorption of macromolecular drugs. 
The supremacy of using a lipophilic molecule such as piperine to overcome the lipoidal barriers for macromolecular 
delivery is also discussed. Based on these mechanisms and concepts, this review aims to showcase the possibility of 
including a natural permeation enhancer such as piperine to improve the oral absorption of peptides.
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vasodilation, and increasing drug transport by modulating cell 
membranes [21,27–32]. 10% concentration of piperine can act 
as a bioenhancer, but its dose varies with different drugs [33]. 
Risorine is a fixed-dose combination developed by the Indian 
Institute of Integrative Medicine (Jammu) in 2009 with Cadila 
Pharmaceuticals. Risorine contains 200 mg rifampicin, 300 
mg isoniazid, and 10 mg piperine. Piperine reduces the dose 
of rifampicin from 450 to 200 mg, enhancing its bioavailability 
by 60% [34]. A combination of black pepper, long pepper, 
and ginger, collectively known as “Trikatu,” was used in most 
Ayurvedic formulations. “Trikatu” in Sanskrit means three 
acrids; the presence of piperine made “Trikatu” more effective 
in treating diseases [35–40].

MECHANISMS INVOLVED IN THE ORAL 
ABSORPTION OF PROTEIN DRUGS

After oral administration, peptide drug molecules 
must cross numerous enzymatic, mucosal, and epithelial 
barriers to reach the systemic circulation. Lipid-based 
nanocarriers are one of the most promising drug delivery 
systems for oral peptide administration. They can interact with 
cell surfaces through endocytosis, transcytosis, fusion with 
the cell membrane, and overcoming the epithelial barrier [41]. 
Combining nanotechnology with bioenhancers can improve 
solubility, prevent drug degradation in different physiological 
pH conditions, and improve bioavailability. The combination 
can also result in sustained drug release with drug targeting and 
reduced dosage and toxicity.

Barriers to the delivery of oral protein and peptide drugs 

Enzymatic barrier
Various substrate-specific enzymes in the digestive 

cavity can create a vast enzymatic barrier hindering the 
absorption of protein and peptide drugs. Pepsin is the major 
enzyme in the stomach, causing enzymatic cleavage of 
proteins and peptides. Endopeptidases, for example, trypsin, 
chymotrypsin, elastase, and exopeptidases carboxypeptidase A 
and B, can rapidly degrade protein drugs. For example, insulin 
was completely degraded by trypsin, α chymotrypsin, and 
elastase within 1 hour. Other enzymes that can degrade peptides 
are membrane-bound enzymes in the brush border membrane. 
Cytosolic enterocyte enzymes, such as lysosomes, also cause 
protein degradation [42–44].

Sulfhydryl barrier
Inactive conjugates will be formed by peptide drugs 

possessing thiol or disulfide substructures in the GI tract by 
thiol/disulfide exchange reactions. Endogenous thiols, e.g., 
glutathione, dietary proteins, and mucus glycoproteins, will be 
barriers. Casein peptones degraded lanreotide in 2 hours, and 
desmopressin formed three different disulfide conjugates with 
glutathione under physiological conditions [41,45–47].

Mucus barrier
The mucus, secreted by goblet cells, composed of 

mucin, enzymes, electrolytes, and water, protects the intestine 
by acting as a lubricant. Mucus can prevent pathogens and 

a ligand, and the protein myoglobin was a receptor. Piperine–
myoglobin complex exerted more antioxidant activity when 
compared to free piperine [15]. Nowadays, molecular dynamics 
(MD) simulations are widely used as they help to understand 
the interactions between proteins and other compounds. MD 
simulations can predict changes in protein secondary structure, 
stability, and binding energy due to the complex dynamic 
processes in protein systems. The technique can be used in 
drug design to simulate various experimental conditions, 
such as pH, temperature, and solvent changes. Applying heat, 
high pressure, and physical and chemical treatments during 
formulation can lead to protein denaturation. MD simulation 
can predict the effect of behavior and structural changes of 
protein during processing and their effect on protein functional 
characteristics [16]. Proteins can also be used as carriers as 
they are biodegradable and sustainable. Soybean protein 
isolate and soybean soluble polysaccharide were used as 
vehicles for hyperoside administration. Hyperoside achieved 
a high encapsulation efficiency of 85.56% by retaining its 
antioxidant activity. Soybean protein isolate tends to aggregate 
in acidic conditions, which was prevented by adding anionic 
polysaccharide-soybean soluble polysaccharide. Incorporating 
soluble soybean polysaccharides inhibited the aggregation of 
soybean protein isolate in acidic conditions [17]. This concept 
is beneficial for delivering life-saving drugs, such as insulin 
orally, encapsulated in nanocarriers and coated with an amino 
polysaccharide such as chitosan.

Docking studies are not only useful to understand 
the binding of piperine with peptides, but also can be used 
for certain disease diagnosis. Molecular docking analysis of 
piperine with cell cycle proteins, such as CDK2, CDK4, Cyclin 
D, and Cyclin T, suggested the optimal binding of piperine with 
these proteins [18]. Another study reported the interaction of 
apoptotic signaling proteins such as Bax, Caspase 3, Cox2, and 
Caspase 9 with piperine. These proteins are associated with 
colo rectal cancer; this interaction will be useful in considering 
piperine as a potential candidate in colon cancer research [19].

Piperine was first isolated from the fruits of Piper 
nigrum from black and white pepper grains by Hans Christian 
Orsted in 1819 [20–22]. It is considered the world’s first 
bioenhancer, which can enhance the bioavailability of drugs 
by 30%–200% [23,24]. Bose first reported an enhanced anti-
asthmatic effect of AdhatodaVasicaon coadministration with 
piperine in the 1920s [25]. Piperine is an alkaloid belonging to 
the family Piperaceae present in Piper longum and P. nigrum 
with many medicinal values [26]. Piperine is hypothesized to 
exert its bioenhancing activity through various mechanisms 
such as DNA receptor binding, regulating cell signal 
transduction, inhibiting drug efflux pump, stimulating gut amino 
acid transporters, and drug absorption. Piperine also inhibits 
the production of glucuronic acid, human P-glycoprotein 
(P-gp), and cytochrome P450 3A4(CYP450 3A4), thereby 
preventing the first-pass elimination of many drugs. CYP1A1, 
CYP1B1, CYP1B2, CYP2E1, and CYP3A4 are some drug-
metabolizing enzymes inhibited by piperine. Other suggested 
mechanisms for the bioenhancing action of piperine are making 
drug target receptors more responsive, acting as receptors 
for drug molecules, increasing drug absorption by increased 
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toxins and restrict drug diffusion and absorption, resulting in 
low bioavailability. The thickness of the mucus layer in GI 
epithelia varies in different regions. The thickest mucus layers 
are in the stomach (800 µm) and colon (110–160 µm), forming 
a 3-D network of mucus glycoproteins. Ionic interactions, 
hydrogen bonding, and hydrophobic interactions will limit 
the permeation of peptide molecules through the mucus layer. 
The high viscosity of the mucus layer can reduce the peptide 
diffusivity and residence time. The mucus in Peyer’s patches 
allows nanoparticle permeation to blood circulation, which 
is the main absorption route for oral nanoparticles. Peptides 
with a molecular weight greater than 6.5 kDa can permeate the 
mucus gel layer to a certain extent, whereas polypeptides with a 
molecular mass greater than 12.4 kDa are restricted. Moreover, 
the continuous secretion and replacement of mucus make it 
extensively challenging for the peptide molecules to pass this 
unstirred layer to enter the intestinal epithelium [2,5,48,49].

Epithelial barrier
Peptide drugs must cross a monolayer of intestinal 

epithelial barrier to enter the systemic circulation, which is 
challenging. Intestinal epithelial cells and Microfold cells (M 
cells) are the primary transmembrane transport cells in the GI 
tract. The drug will be absorbed through the cross-cell channel 
and undertake passive diffusion, carrier-mediated, or vesicle 
transport. The permeability of drugs decreases when the size is 
greater than 1 kDa and, hence, is size-dependent. As peptides are 
hydrophilic, they can not easily pass through the lipid bilayers of 
the epithelium. Systemic uptake is possible only after the opening 
of tight junctions between the cells, which is possible with the 
help of specific permeation enhancers. Permeation enhancers 
can improve drug transport by transcellular (fluidizing the cell 
membranes) or paracellular (tight junction rearrangement) 
pathways. The effect of phenyl piperazine (PPZ) and sodium 
deoxycholate (SDC) in enhancing the intestinal permeation of 
different molecular weight dextrans (4, 10, 40, and 70 kDa) 
was investigated in mice and Caco-2 monolayers [50]. Both 
effectively improved dextran’s permeability depending on 
its molecular weight, i.e., they could improve the permeation 
of dextrans based on their size. PPZ and SDC could enhance 
the permeation of 4 and 10 kDa dextrans in in vitro studies, 
whereas in in vivo studies, SDC improved the permeation of 
all four dextrans, and PPZ showed the same effect [50–53] 
(Fig. 1). Chitosan microparticles were formulated to deliver 
the macromolecular compound fluorescein isothiocyanate 
dextran 4,400 with piperine as a bioenhancer by intranasal 
route. Microparticles with piperine showed a 1.2-fold increase 
in macromolecular delivery across nasal epithelia compared to 
microparticles without piperine [54]. This approach can be a 
promising alternative for noninvasive macromolecular delivery 
across nasal epithelia.

DRUG TRANSPORT MECHANISMS
Commonly observed drug transport mechanisms for 

peptide drugs are active and passive transport. Protein and 
peptide drug molecules in nanoparticles are postulated to pass 
through the GI tract in four ways—transmembrane transport, 

receptor-mediated transport, carrier-mediated transport, and 
M-cell transport (Fig. 2). 

Active transport involves Adenosine triphosphate 
(ATP) usage, where drug molecules move from lower to higher 
concentrations against the gradient by transmembrane proteins. 
It is also known as facilitated diffusion or carrier-mediated 
transport. This mechanism was mainly involved in the intestinal 
absorption of di and tri peptides with the help of a carrier. Newey 
and Smyth [55], in 1959, first reported the presence of a peptide 
transport system in the mammalian gut. They also absorbed 
amino β lactam antibiotics, renin, and angiotensin-converting 
enzyme inhibitors [38].

Passive transport in which Fick’s law of diffusion 
governs the drug transfer rate. Here, the drug molecules 
diffuse in the same direction of concentration gradient without 
energy expenditure. Passive diffusion is a combination of 
two processes: paracellular and transcellular transport. 
Paracellular transport uses water-filled pores or channels for 
the transport of drug molecules. This route is preferred for 
transporting low molecular weight (size lower than 500 Da), 

Figure 1. Barriers in oral peptide delivery.

Figure 2. Different drug transport mechanisms.
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hydrophilic, small peptide fragments. Diffusion through the 
paracellular route depends on molecular dimension, overall 
ionic charge, and physicochemical properties and, hence, is 
limited. Most therapeutic peptides possess molecular weight 
beyond 700 Da and cannot cross the tight epithelial junctions, 
resulting in low bioavailability. Modification of either the drug 
molecule or the tight junction associated with the paracellular 
pathway may increase the permeation of macromolecules [56–
59]. Transcellular transport is good for lipophilic drugs with 
a relatively higher affinity for the lipophilic lipid membrane. 
Drug molecules will permeate through apical and basolateral 
membranes, and hence, lipophilicity is the key component to 
a certain extent. It is also observed that the number of polar 
groups and the energy required to break water-peptide hydrogen 
bonds will improve drug transport through this route [60].

It is also reported that peptide drugs can be absorbed 
through gut-associated lymphoid tissue (GALT). GALT consists 
of Peyer’s patches with specialized epithelial cells known as 
M cells that can improve the efficacy of orally administered 
peptides. M cells are a part of the mucosal immune system with 
the potential to transport bacteria, viruses, and antigens. The 
follicle-associated epithelium of Peyer’s patches has a limited 
number of goblet cells and very little mucus, potentiating 
particle uptake by M cells. M cells permit the transcytose of 
particles without passing through lysosomes, thereby protecting 
them from degradation. Even though less than 1% of the 
intestine is occupied by M cells, specific M cell targeting can 
help overcome the limitations of its low availability for efficient 
oral drug delivery [49,61].

There is much literature supporting the uptake of 
nanoparticulate formulations by the GI tract. Nanocarriers play 
a unique role in delivering protein and peptide drugs as they 
can permeate mucosal barriers by protecting the encapsulated 
drug [62,63]. Once the nanoparticles are taken up by M cells, 
the drug will be transported to capillary vessels, then to portal 
circulation and reach the liver, as such or as a free drug. 
Before reaching the systemic circulation, the drug undergoes 
first-pass hepatic metabolism by various liver enzymes. This 
pattern of drug transport was observed for insulin-loaded 
nanoparticles after oral administration, behaving similarly to 
physiologic insulin. Another transport mechanism followed 
was nanoparticles carried to blood vessels by the mesenteric 
lymph nodes and finally entering the systemic circulation by 
the thoracic duct. This transport mechanism will show actions 
similar to subcutaneously injected insulin [64–66].

Phagocytic mechanism and other mechanisms
Intestinal epithelial cells and M cells are the essential 

transmembrane transporters in the GI tract. However, the 
nanoparticle uptake is significantly higher from M cells than from 
intestinal epithelial cells. Peptide drug molecules selectively 
adhere to corresponding glycoproteins and get absorbed by M 
cells. Lymphocytes, dendritic cells, and phagocytes are gathered 
on the lateral basal surface of the cell membrane, which will 
shorten the distance for the drug particles to reach the systemic 
circulation [67–69].

Receptor or carrier-mediated pathways have the 
benefits of high efficiency and selectivity. Receptor-mediated 

endocytosis is focused on the receptor type with no emphasis on 
drug size, where the drug binds to corresponding ligands through 
receptors on the membrane and may undergo phagocytosis. The 
high efficiency of receptor binding arises due to the ability of 
cytokines to bind strongly to specific receptors on target cells. 
Receptor selectivity is the extent to which a receptor can bind 
with a specific drug than other molecules. Carrier-mediated 
transport is mainly observed in the case of small molecules such 
as oligopeptides, monosaccharides, angiotensin-converting 
enzymes, and amino acids. Drug permeability can be improved 
by ligand modification in the polypeptide drug structure and 
binding with receptors in intestinal cell membranes [2,70].

BINDING OF PROTEIN DRUGS TO BLOOD 
COMPONENTS

Protein and peptide drugs are highly susceptible to 
serum and tissue proteases, resulting in short half-lives due 
to rapid clearance and low bioavailability. Plasma protein 
binding can be considered as an approach to improve the 
pharmacokinetic properties of drug molecules. It was identified 
that a series of peptides with core sequence DICLPRWGCLW 
would bind with serum albumin with high affinity. Albumin is 
the major plasma protein with a half-life of 19 days in humans. 
Therefore, a combination of rapidly cleared molecules with 
albumin can prolong their actions in the body. When linked 
with albumin by acylation with fatty acids, insulin was found to 
have a prolonged effect in rabbits when injected subcutaneously 
[71]. Zorzi et al. [72] developed a “piggyback” strategy in 
which a ligand bound peptides with albumin. They have used an 
easily synthesized albumin-binding ligand with a high affinity 
for human albumin based on a peptide-fatty acid chimera. The 
approach increased the elimination half-life of cyclic peptides 
over 7 hours. In anti-thrombotic therapy, conjugation to peptide 
factor XII inhibitor prolonged the half-life of 5 hours from 13 
minutes.

HEPATIC/RENAL METABOLISM OF PEPTIDE DRUGS
Most peptide drugs undergo first-pass metabolism in 

the liver before reaching the systemic circulation, resulting in 
low systemic bioavailability. Peptide drugs have short half-
lives and will be easily excreted and, hence, are preferred to be 
administered by parenteral routes or by chemical modifications 
[73]. The CYP450 mixed function oxidase reaction catalyzing 
hydroxylation is a common drug metabolism reaction in the 
liver and kidney. Renal metabolism and elimination of protein 
and peptide drugs involve glomerular filtration, hydrolysis, 
conjugation, reabsorption, and peritubular extraction [74]. 
Peptides undergo high first-pass extraction with low absorption 
mainly due to enzymatic and pH-mediated hydrolysis in the 
liver and Gastro intestinal tract (GIT) [75].

In rats, the first-pass hepatic metabolism of peptide 
drugs after oral administration was investigated using 
metkephamid and thyrotropin-releasing hormone (TRH) as the 
model peptides. A single liver perfusion technique was used to 
mimic in vivo liver metabolism. It was observed that adding 
bovine serum albumin (BSA) 3% w/v to rat liver perfusate 
could prevent the hepatic metabolism of metkephamid. 
After intestinal absorption, free metkephamid was rapidly 



 Raghunath et al. / Journal of Applied Pharmaceutical Science 14 (04); 2024: 035-045 039

Permeation studies using cell lines and intestinal 
mucosa have significantly proved piperine’s role in improving 
drug permeability across these barriers. In the presence of 
piperine, an increase in permeation flux and permeability 
coefficient of curcumin was observed in ex vivo permeation 
studies using sheep intestinal mucosa and Caco-2 cell monolayer 
[81]. Permeation across these barriers was increased by the 
ability of piperine to modulate the tight cellular junctions. 

When combined with vesicular structures, piperine 
can prolong the rate and extent of drug absorption by altering the 
pharmacokinetic parameters. It has already been reported that 
nanocarriers can reversibly open tight cellular junctions [61]. 
Hence, combining nanotechnology with a natural permeation 
enhancer such as piperine can improve drug absorption without 
any significant side effects. An increased absorption with 
decreased metabolism of omeprazole was observed when given 
along with piperine as gastro retentive microspheres. Piperine 
enhanced the area under plasma drug concentration (AUC) 
and Cmax and delayed the Tmax of omeprazole by altering the 
membrane cytoskeleton with increased fluidity [82]. Tenofovir 
was encapsulated in Solid lipid nanoparticles (SLNs) with 
piperine and chitosan as permeation enhancers to improve 
oral absorption. Absorption of tenofovir was limited by the 
tight junctions of the intestinal epithelium, which was reversed 
by piperine and chitosan [83]. All these studies confirmed 
piperine’s ability to modulate tight cellular junctions.

Although studies are few, it is postulated that piperine 
could enhance the absorption of protein drugs by similar 
mechanisms. Piperine interacted with γ-glutamyl transpeptidase 
and improved the radiolabelled amino acid uptake with increased 
lipid peroxidation in isolated epithelial cells of rat jejunum [84]. 
It was hypothesized that the ability of piperine to interact with 
the lipid environment led to increased permeability of intestinal 
epithelium.

Piperine is also known to increase the bioefficacy of 
proteins by influencing their metabolism. Oral administration 
of a 10 mg dose in male albino rats produced a significant rise in 
serum gonadotropins while reducing intratesticular testosterone 
levels [85].

Piperine is capable of binding with mammalian 
proteins such as bovine β-lactoglobulin (BLG), a major whey 
protein in milk [86]. Molecular docking studies revealed the 
ability of piperine to be accommodated within the central cavity 
of BLG and modify its absorption properties.

Alteration of the properties of dietary proteins by 
piperine was also reported. The conformation and structure 
of hemoglobin in meat proteins were altered by piperine, 
improving the nutritional quality and flavor of the former [87]. 
In a similar study [88], the binding of piperine with soybean 
proteins produced changes in the secondary structures of 
soybean glycinin and β-conglycinin. Molecular docking studies 
revealed the possible formation of microstructured complexes by 
electrostatic, hydrogen bonding, and hydrophobic interactions 
with decreased surface hydrophobicity.

Effect of piperine on digestive enzymes
When taken with food, spices such as piperine 

stimulate salivary amylase, pancreatic lipase, amylase, 

hydrolyzed by hepatocytes. Only 40% of metkephamid was 
recovered in protein-free conditions and enhanced to 70%–
75% in the presence of BSA. In the case of TRH, it was not 
found bound to BSA. During a single pass liver perfusion, TRH 
was not significantly degraded. Therefore, the liver is not the 
primary site for TRH degradation, and first-pass metabolism 
does not affect TRH like metkephamid. The fraction of TRH 
metabolized by the liver was less than 10%, which indicates 
90% of TRH remained as such [76]. Leuprorelin, cyclosporin, 
cetrorelix, and desmopressin were incubated in human liver-
derived incubation systems: liver S9 fraction, human primary 
hepatocytes, and upcyte hepatocytes. S9 fraction formed the 
highest metabolites for leuprorelin and cetrorelix; primary 
hepatocytes and liver S9 produced similar metabolite profiles 
for desmopressin and cyclosporin. Metabolism of cyclosporin, 
leuprorelin, and cetrorelix was CYP (NADPH) dependent in 
liver S9 [77].

EFFECT OF PIPERINE ON PROTEIN DRUG 
ABSORPTION AND METABOLIC PATHWAYS

Effect of piperine in GI permeation of drugs
Piperine is a well-established bioenhancer for many 

drugs. It is hypothesized that piperine can increase drug 
absorption by altering the lipid membrane dynamics. Due to the 
apolar nature of piperine, it can easily partition the lipid core and 
assist the permeation of the molecules attached to it. Khajuria 
et al. [78] studied the effect of piperine on the membrane 
fluidity of the intestinal brush border membrane. Membrane 
fluidity studies were performed using an apolar fluorescence 
probe, pyrene. Pyrene measured the fluid properties of the 
hydrocarbon core and confirmed an increase in intestinal brush 
border membrane fluidity. The excimer/monomer ratio of 
pyrene evaluated membrane fluidity changes. The study also 
observed that piperine altered enzyme kinetics by stimulating 
leucine amino peptidase and glycyl-glycine dipeptidase. 
Piperine enhanced the fluidity of the brush border membrane 
at 5, 10, and 20 mg/kg body weight after 5–15 minutes 
from administration by reducing the ability of membrane 
lipids to act as stearic constraints and modifying the enzyme 
conformation. Thus, we can conclude that piperine altered 
membrane dynamics and permeation characteristics, induced 
protein synthesis, and enhanced intestinal absorptive surface. 
Membrane fluidity enhancement by piperine can improve the 
permeability characteristics by increasing microvilli length and 
the absorptive surface of the small intestine without damaging it 
[73]. Piperine was a permeation enhancer for capsaicin delivery 
across nasal epithelial models. It was observed that piperine 
opened the tight junctions, resulting in a higher modulatory 
effect on paracellular permeation across the nasal epithelium 
[79]. In another study, cosmoperine, a piperine derivative, 
was compared with piperine in enhancing the permeation 
of lidocaine by the transdermal route. 1.5% w/w of both 
enhancers showed similar permeation effects for lidocaine, but 
3% w/w cosmoperine exerted better permeation activity than 
piperine. This difference is possibly due to the alterations in 
their partitioning behavior and not due to differences in their 
diffusion coefficient [80].
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proteases, and intestinal digestive enzymes. However, it is 
already reported that piperine can inhibit gastric acid secretion 
in a dose-dependent manner. With increased concentration, 
piperine could also reduce the volume of gastric juice, gastric 
acidity, and pepsin activity. There is evidence that piperine 
could protect against gastric ulcers in rats and mice by inhibiting 
pepsin [89]. Piperine can alter enzyme kinetics by stimulating 
amino peptidase and glycyl-glycine dipeptidase activity [90]. It 
is reported that dietary intake of spices, such as piperine, ginger, 
ajowan, and cumin, enhanced fat and protein digestion and their 
absorption in rats. Rats were fed with casein and soy protein 
as the protein source, and each spice’s effect was investigated. 
Piperine significantly reduced the food transit time for both 
proteins and increased the apparent protein digestibility [91].

Effect of piperine on gut wall enzymes and transport proteins
Several studies reported that piperine increased the 

oral bioavailability of drugs by the former’s effect on gut wall 
enzymes. Piperine inhibited P-gp and enhanced the cellular 
uptake of rapamycin loaded in Poly(lactic-co-glycolic)acid 
(PLGA) nanoparticles [92] (Table 1). Piperine analog enhanced 
the oral bioavailability of etoposide by inhibiting P-gp and 
CYP3A4, enhancing its mucosal uptake. Analog reduced 
intestinal exsorption rate and total plasma clearance of etoposide 
[93]. Piperine improved the bioavailability of nisoldipine by 
inhibiting CYP4503A4 and reducing its first-pass hepatic 
metabolism [94]. Studies show piperine’s role in inhibiting 
the P-gp and CYP3A4 enzymes, which had significant roles 
in the first-pass metabolism of many drugs. Piperine inhibited 
P-gp substrates of digoxin and cyclosporin A, and CYP3A4 
catalyzed the formation of verapamil metabolites [95]. When 
coadministered with warfarin, piperine decreased the warfarin 
metabolite concentration by inhibiting the CYP450 enzyme, 
CYP2C. Piperine prevented warfarin metabolism by inhibiting 
CYP450 and organic anion-transporting polypeptides, 
reducing hepatic uptake of warfarin and thereby preventing 
its metabolism [96]. The effect of piperine in improving the 
oral bioavailability of amoxicillin was evaluated by in situ 
single-pass intestinal perfusion method. It was observed that 
piperine inhibited the drug efflux pump, and the P-gp efflux 

transporter reduced the efflux and enhanced the bioavailability 
[97]. Piperine significantly enhanced the oral bioavailability of 
linarin by inhibiting P-gp-mediated efflux, improved intestinal 
absorption, increased AUC by 381%, and delayed gastric 
emptying [98]. Piperine inhibited the efflux of gentamicin and 
enhanced its antibacterial activity by increasing its intracellular 
concentration [99].

Piperine can prevent the metabolism of anticancer 
drugs by inhibiting CYP and P-gp, which will be a significant 
breakthrough. A synergistic antitumor activity was observed 
when piperine was combined with paclitaxel in the Michigan 
Cancer Foundation-7 (MCF-7) breast cancer cell line. The 
bioavailability of paclitaxel was enhanced by the inhibition 
of CYP3A4 and P-gp protein efflux transporters [100]. 
A combination of piperine with celecoxib inhibited colon 
adenocarcinoma with a synergistic effect. Piperine enhanced the 
bioavailability of celecoxib by 129% by inhibiting CYP3A4. 
The approach may benefit by using celecoxib at lower and safer 
concentrations and a novel way of treating colon cancer [101].

Piperine at a high dose can improve carbamazepine 
concentrations by inhibiting metabolic enzyme activities. This 
inhibition can decrease microsomal activity and rCYP3A2 
mRNA and protein expression levels [102]. Piperine improved 
the oral bioavailability of protopanaxadiol by inhibiting 
CYP3A4, enhancing its absorption [103]. The oral bioavailability 
of domperidone was increased to 79.5% by piperine as a P-gp 
inhibitor. AUC and Cmax of domperidone were significantly 
improved by piperine inhibiting efflux transporter, P-gp [104]. 
Docetaxel conjugated in multiwalled carbon nanotube and 
coadministered with piperine as a permeation enhancer. Carbon 
nanotubes delayed the clearance, and piperine inhibited the 
CYP3A4 metabolism of docetaxel with increased AUC [105]. 
All these studies suggested that piperine significantly prevents 
drug metabolism by inhibiting major drug-metabolizing 
enzymes such as CYP and P-gp.

While considering oral absorption of proteins, gut 
wall enzymes and transport proteins play a significant role. It 
was found that piperine can inhibit gut wall P-gp, CYP3A4, and 
other drug-metabolizing enzymes. Even if few studies reported 
on piperine as a permeation enhancer in improving the oral 

Table 1. Role of piperine in enhancing the bioavailability of proteins. 

Study Mechanism Significance Reference

In vitro study of cellular uptake of radiolabelled 
L-valine, L-leucine, and L-isoleucine in rat 
jejunum epithelium in the presence of piperine.

Stimulation of gamma-glutamyl 
transpeptidase

Enhanced intestinal permeability by interaction with 
the lipid environment of the intestine

[84]

Increased absorption of dietary soya protein and 
casein by piperine from a spice mixture

Decreased intestinal transit and 
improved digestibility

Protein utilization was enhanced [91]

Piperine enhanced the oral bioavailability of 
insulin formulated as a multiple emulsion with 
piperine as a permeation enhancer

P-gp inhibition and modulation of 
tight junction

Four times increase in apparent permeability coefficient 
of insulin multiple emulsion with piperine compared to 
free insulin.

[106]

Interaction of piperine with hemoglobin in meat 
products. 

Change in protein structure and 
conformation

Improvement in flavor and shelf life of meat products [87]

Binding of piperine with soybean protein Changes in the secondary 
structures of soybean glycinin and 
β-conglycinin

Decreased surface hydrophobicity of soya proteins [88]
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bioavailability of peptide drugs, enough literature is available in 
which the role of piperine as a bioenhancer was proved. Recently, 
literature reported that piperine acted as a permeation enhancer 
to improve insulin permeation across Caco-2 cell lines. The 
study reported a fourfold increase in the apparent permeability 
coefficient of insulin from multiple emulsions incorporated 
with piperine compared with free insulin. They observed that 
piperine exerted bioenhancing activity and showed a significant 
hypoglycemic effect in rats by inhibiting P-gp [106].

Effect of piperine on drug blood components and protein 
binding

Piperine can bind significantly with human plasma 
as it is lipophilic. Piperine can improve the bioavailability of 
drugs by displacing them from major blood proteins such as 
albumin and alpha acid glycoprotein. It may enhance drug 
transport across biological barriers and help improve the drugs’ 
pharmacokinetics and pharmacodynamics [107]. The effect of 
piperine on the plasma protein binding of various drugs, such 
as diazepam, warfarin, salicylic acid, propanalol, and lidocaine, 
was investigated. Piperine manipulated the binding of both 
acidic and basic drugs in a concentration-dependent manner. 
Studies suggest piperine has a significant effect in displacing 
albumin-bound drugs. Piperine also increased the uptake of 
warfarin and propranolol by brain microvascular endothelial 
cells and, hence, can be considered adequate for modulating the 
impact of clinically significant molecules [108].

Effect of piperine on hepatic metabolism
The effect of black pepper on hepatic metabolism 

was reported by many researchers [109]. Piperine improves 
the oral bioavailability of silymarin by hepatic and intestinal 
glucuronidation inhibition, which can prevent the phase 
II metabolism of silymarin. It was evaluated that the drug 
absorption increased with an increase in piperine concentration 
and reduced the biotransformation rate of the drug in the 
intestine [110]. Piperine enhanced the bioavailability of silybin 
by 146%–181% by inhibiting efflux transporters BCRP and 
MRP2 in Caco-2 and transfected MDCKII cell lines. Piperine 
prevented the biliary excretion of silybin and its metabolites 
without affecting its phase 2 metabolism [111]. 

The oral bioavailability of curcumin is just 1%, as 
it cleared out quickly due to extensive hepatic metabolism. 
There are many studies in which piperine improved the oral 
bioavailability of curcumin by preventing its hepatic metabolism. 
Curcumin, when combined with piperine, could inhibit the 
glucuronidation of curcumin in vitro assay of rat intestinal 
microsomes. Piperine also enhanced curcumin permeability 
with a significant increase in AUC [112]. In another study 
by Rinwa et al. [113] piperine enhanced the neuroprotective 
action of curcumin in rats. Piperine prevented the intestinal 
degradation of curcumin by inhibiting hepatic and intestinal 
glucuronidation and restored the behavioral, biochemical, 
mitochondrial, and molecular alterations in depression-induced 
rats. Piperine improved the antigenotoxic effects of curcumin 
in overcoming benzopyrene-induced DNA damage. Piperine 
inhibited curcumin’s metabolism, enhancing its absorption by 

increasing the residence time [114]. An excipient-free curcumin 
solid dispersion was formulated with piperine to evaluate the 
effect of piperine as a permeation enhancer. When combined 
with curcumin in the coamorphous formulation, piperine 
inhibited the glucuronidation of curcumin and improved its GI 
membrane permeability [112].

Several other works proved piperine’s permeation 
enhancement activity by improving the drugs’ pharmacokinetic 
properties. 10 mg/kg of piperine enhanced the antihyperlipidemic 
potential of gemfibrozil by inhibiting its glucuronidation. 
Piperine enhanced the solubility and, thereby, the absorption of 
gemfibrozil, elevating its plasma levels within 1 hour [115]. The 
hepatoprotective activity of Aeglemarmelos was enhanced by 
piperine, inhibiting its metabolism and increasing its absorption 
[116]. Coadministration of emodin with piperine increased the 
oral bioavailability of emodin by inhibiting glucuronidation. 
Piperine significantly increased the AUC by 221%, Cmax by 
258%, and delayed the clearance of emodin by 238% [117]. 
To overcome the extensive first-pass metabolisms and poor 
solubility of cannabinoids, they were incorporated in pro 
nanolipospheres with piperine as a permeation enhancer. Piperine 
inhibited the phase 1 and 2 metabolisms of cannabinoids with a 
three-fold increase in Cmax and a 1.5-fold increase in AUC [118]. 
Concurrent administration of resveratrol with piperine improved 
the anti-inflammatory activity of resveratrol in arthritic rats by 
the glucuronidation inhibition ability of piperine. They have 
observed that the bioavailability of resveratrol was improved by 
delaying its elimination by piperine at a dose of 10–20 mg/kg 
[119]. Anticancer and antioxidant potentials of epigallocatechin 
gallate were improved using piperine, which prevented its 
glucuronidation and increased its absorption with an increase in 
residence time in the GIT [120]. Piperine pro nanolipospheres 
improved the oral bioavailability of raloxifene by inhibiting phase 
II metabolism via glucuronidation. Piperine inhibited uridine 
diphosphate (UDP)-glucuronosyltransferases (UGT) enzymes 
involved in raloxifene’s metabolism and delayed its clearance 
[121]. All these studies establish that piperine plays a significant 
role in inhibiting the hepatic metabolism of drugs (Fig. 3).

Figure 3. Effects of piperine as a permeation enhancer. 
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Effect of piperine on protein stability
A significant concern with proteins is their denaturation, 

which several factors can cause. Proteins can be denatured by 
chemicals, heat, agitation, and pH changes, unfolding their 
polypeptide chains and making them inactive and toxic. Storing 
at lower temperatures can prevent protein denaturation to a 
certain extent [122]. It was reported in the literature that the 
“LVEALYL” segment in the insulin B chain is responsible 
for fibril formation. Piperine prevented insulin aggregation 
by attaching it to thermostable gold particles. Piperine could 
retain the native structures of insulin by interacting with its 
aggregation-prone residues. It was hypothesized that piperine 
interacted with the valine residue of “LVEALYL” of the insulin 
B chain and restricted its aggregation. The concept can be 
utilized to develop nanoparticle formulations to overcome the 
medical problems related to insulin aggregation [123]. 

CONCLUSION
Oral delivery of protein and peptide drugs is an 

evergreen research concern. Several strategies, such as 
absorption enhancers, chemical modifications, mucoadhesives, 
and enzyme inhibitors, have been investigated to improve 
the oral bioavailability of peptide drugs. However, all these 
approaches are associated with several drawbacks, such as 
damaging the epithelium, irritation, inflammation, and unwanted 
entry of pathogens. Piperine has significant effects on drug 
metabolizing enzymes and intestinal drug absorption. Piperine 
can also modulate the membrane dynamics and improve 
drug permeation by opening tight junctions. By inhibiting 
CYP3A4, P-gp and the first pass hepatic metabolism can delay 
the drug clearance and enhance oral bioavailability. Although 
there are not many studies that have established the role of 
piperine in improving the permeation of peptide drugs, there 
are clear indicators that such bioenhancers could contribute 
significantly to improving oral bioavailability of protein drugs. 
Thus, the use of herbal bioenhancers in promoting protein 
absorption is still a vastly unexplored area, even though there 
are several studies that report their success in enhancing the 
bioavailability of poorly available nonprotein drugs. One of 
the significant research concerns in delivering a protein drug 
by oral route is maintaining its stability till it reaches the target 
site. Piperine was reported to prevent protein aggregation and 
maintain protein stability. Data showed that lifestyle disorders 
like diabetes are on the rise. Hence, developing a viable oral 
alternative to the subcutaneous administration of insulin would 
make a significant difference to anitidiabetic therapy. Although 
there is plenty of research going on in developing an oral form 
of insulin, a successful clinically tested formulation is still 
far off. Using natural permeation enhancers such as piperine 
to improve the permeation of a macromolecular drug such 
as insulin can be a milestone. The concept can significantly 
reduce the side effects of insulin injections, reduce treatment 
costs, and improve patient compliance. Future studies on 
natural permeaton enhancers such as piperine must include the 
establishment of safe and effective doses in humans since much 
of the data are based on investigations in animals. The efficacy 
of other bioenhancers, such as zingiberine and quercetin, in 

improving the oral bioavailability of protein drugs can also be 
explored.

LIST OF ABBREVIATIONS 
AUC, Area under the plot of plasma drug concentration 

with time; BLG, β-lactoglobulin; BSA, bovine serum albumin; 
Cmax, maximum concentration; CYP 450, Cytochrome P 450; 
GALT, gut-associated lymphoid tissue; GI, gastrointestinal; 
kDA, kilo Dalton; M cells, Microfold cells; MD, molecular 
dynamics; P-gp: P-glycoprotein, PPZ, phenyl piperazine; SDC, 
sodium deoxycholate; TRH, Thyrotropin-releasing hormone. 
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