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Abstract: Highly active antiretroviral therapy (HAART) is recognized as the most effective 

treatment method for AIDS, and protease inhibitors play a very important role in HAART. 

However, poor bioavailability and unbearable toxicity are their common disadvantages. Thus, 

the development of safer and potentially promising protease inhibitors is eagerly needed. In 

this review, we introduced the chemical characteristics and associated side effects of HIV pro-

tease inhibitors, as well as the possible off-target mechanisms causing the side effects. From 

the chemical structures of HIV protease inhibitors and their possible off-target molecules, we 

could obtain hints for optimizing the molecular selectivity of the inhibitors, to provide help in 

the design of new compounds with enhanced bioavailability and reduced side effects.

Keywords: off-target, side effect, glucose transporter-4, proteasome

Introduction
Since the discovery of HIV, 26 anti-HIV compounds have been approved by the US 

Food and Drug Administration (FDA). Among these compounds, ten are HIV protease 

inhibitors. The combination therapy of HIV protease inhibitors, reverse transcriptase 

inhibitors, and/or an integrase inhibitor, referred to as highly active antiretroviral ther-

apy (HAART), is the current most effective AIDS therapy. The AIDS-related mortality 

has dropped sharply, and AIDS has gradually become a controllable, chronic disease. 

Based on global AIDS response progress reporting, there are nearly 13 million people 

receiving antiretroviral therapy, and this number could reach 16 million by 2015.1 

HIV protease inhibitor is one of the most important components in the combination 

therapy. In the preferred antiretroviral combination regimens, protease inhibitor-

based therapy has returned a lower level of resistance compared with non-nucleoside 

reverse-transcriptase inhibitor (NNRTI)-based therapy.2 However, the need for lifelong 

treatment and the frequently associated side effects of HIV protease inhibitors severely 

hurt patient compliance, which is one of the obstacles in the treatment of HIV/AIDS 

patients. Although the toxic effects of HIV protease inhibitors could result from drug–

drug interactions and overdose, the off-target adverse drug effects of therapeutic doses 

is a major concern in drug design.

In the HIV life cycle, protease is an essential element for viral maturation. The 

HIV protease is a homodimeric aspartyl protease, and each monomer is composed of 

99 amino acid residues with a catalytic Asp at position 25 (Figure 1). HIV-1 protease 

cleaves Gag and Gag-Pol polyprotein precursor encoded by the HIV-1 virus genome 

at nine processing sites to produce mature active proteins. The Pol polyproteins is first 
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The indispensable role of HIV protease in viral maturation 

makes it a popular target for drug design. A large number 

of solved HIV protease protein structures have greatly 

facilitated the design of new and improved inhibitors. There 

are ten HIV protease inhibitors approved by the FDA; 

those inhibitors include: saquinavir, indinavir, ritonavir, 

nelfinavir, amprenavir, fosamprenavir, lopinavir, atazanavir, 

tipranavir, and darunavir (Figure 2). Unfortunately, most of 

the inhibitors are accompanied by side effects in long-term 

treatment. The most common side effects are HIV protease 

inhibitor-induced metabolic syndromes, such as dyslipi-

demia, insulin-resistance, and lipodystrophy/lipoatrophy, 

as well as cardiovascular and cerebrovascular diseases.3–6 

Protease inhibitor monotherapy is associated with a mild 

improvement in body fat distribution.7,8 However, regarding 

the serious adverse events of antiretroviral treatments, no 

significant between-group differences were found between 

HIV protease inhibitor monotherapy and the combination of 

protease inhibitors with the HIV integrase inhibitor raltegra-

vir or nucleoside reverse transcriptase inhibitors (NRTIs),9 

Flap region

Inhibitor

Catalytic site

Dimerization domain

Figure 1 The HIV-1 protease structure in complex with an inhibitor.
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Figure 2 Chemical structures of the HIV protease inhibitors.

cleaved off from the Gag-Pol polyproteins and then further 

digested into protease, reverse transcriptase (p51), RNase 

H (p15), and integrase. The active site is not fully exposed, 

being covered by two flexible β-hairpin flaps. The flaps need 

to open to allow the substrates to access the active site. The 

HIV-1 protease enzyme activity can be inhibited by blocking 

the active site of the protease.
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indicating that HIV protease inhibitors may be responsible 

for the most serious adverse effects.

The FDA-approved HIV protease inhibitors share same 

structural similarities and a similar binding pattern, which 

may cause some of the common side effects of the protease 

inhibitor-containing regimens.

Saquinavir
Saquinavir (brand name: Invirase), developed by F. Hoffmann- 

La Roche Ltd (Basel, Switzerland), was the first FDA-

approved HIV protease inhibitor used in the treatment 

of patients with AIDS (in 1995). The original design 

for the precursor of saquinavir comprised a proline 

at the P1′ site and a phenylalanine at the P1 site. The 

rationale is that HIV-1 protease cleaves the substrate 

between a phenylalanine and a proline, while mam-

malian proteases do not cleave substrates containing 

proline at the P1′ site. In the final structure of saquinavir, 

the proline was replaced by a z(S,S,S)-decahydro- 

isoquinoline- 3-carbonyl (DIQ) group to enhance the 

inhibitory potency. The carbonyl of the DIQ group con-

tacts the bridging water molecule, which interacts with the 

inhibitor and the flaps of HIV-1 protease.10 The mean 50% 

effective concentration (EC
50

) of saquinavir against HIV-1 

in MT4 cells is 37.7 nM.11 The adult dose is twice daily 

saquinavir 1,000 mg in combination with ritonavir 100 mg. 

Few side effects related to saquinavir have been reported.12 

However, saquinavir is not a preferred protease inhibitor 

regimen due to its low bioavailability.13 The most common 

clinically significant saquinavir resistance mutations are 

48VM, 54VTALM, 82AT, 84V, 88S, and 90M.

Indinavir
Indinavir (brand name: Crixivan) was developed by Merck & 

Co, Inc., (Whitehouse Station, NJ, USA) and approved in 

1996. The EC
50

 of indinavir is ∼5.5 nM. An advantage of 

indinavir is its effective inhibition of both HIV-1 and HIV-2, 

while the disadvantage is the quick decrease in the concentra-

tion of circulating indinavir. The low plasma concentration 

of indinavir usually leads to treatment failures.14 In addition, 

the low solubility of indinavir may result in the development 

of kidney stones. Furthermore, indinavir could act as a com-

petitive inhibitor of the cytoplasmic glucose binding site of 

GLUT4,15 and lipodystrophy syndrome is strongly associated 

with indinavir.16 Further, indinavir has a short acting time 

and requires a dosage of 800 mg every 8 hours. For these 

reasons, indinavir has been replaced by second-generation 

protease inhibitors. The most common clinically significant 

indinavir resistance mutations are 32I, 46IL, 47V, 54VTALM, 

76V, 82ATFS, 84V, 88S, and 90M.

Ritonavir
Ritonavir (brand name: Norvir), developed by Abbott 

Laboratories (Abbott Park, IL, USA) and approved by the 

FDA in 1996, was originally designed as an HIV protease 

inhibitor (EC
50

 ∼25 nM), but it was found later that ritonavir 

boosts the circulating concentration of other HIV protease 

inhibitors by inhibiting cytochrome P450 3A4.17 Regarding 

the molecule structure, the isopropyl thiazolyl P3 group in 

ritonavir is longer than that in other FDA-approved HIV 

protease inhibitors. As a remarkably potent inhibitor of 

P450 3A4, a subtherapeutic dose of ritonavir has been used 

to boost the plasma concentration of the second generation 

of HIV protease inhibitors, since HIV protease inhibitors 

are extensively metabolized by cytochrome P450 3A4.18 

Ritonavir inhibits cytochrome P450 3A4 isoenzyme and pre-

vents the metabolism of other protease inhibitors. Normally, 

boosted HIV protease inhibitors improve the side-effect and 

toxicity profile of HAART regimens. However, cytochrome 

P450 3A4 polymorphism, which encodes a nonfunctional 

protein, affects the metabolism of boosted HIV protease 

inhibitors, causing a higher plasma concentration of HIV 

protease inhibitors and increased toxicity.19 Ritonavir-boosted 

protease inhibitor regimens require less frequent dosing, 

which benefits patients. However, higher doses could lead 

to hyperlipidemia in AIDS patients or healthy volunteers 

taking ritonavir.20

Nelfinavir
Nelfinavir (brand name: Viracept) was developed by Agouron 

Pharmaceuticals (Pfizer, Inc., New York, NY, USA) and 

approved in 1997. One terminus of the nelfinavir molecule 

has the same DIQ group as saquinavir. The other terminus of 

nelfinavir contains a 2-methyl-3-hydroxybenzamide group. 

The S-phenyl group at the P1 site was designed to magnify the 

potency of this inhibitor. The EC
50

 of nelfinavir is 30–60 nM. 

The preferred regimen of nelfinavir is 1,250 mg orally, twice 

a day. The most common side effects related to nelfinavir 

are diarrhea and nausea.21 The clinically significant nelfi-

navir resistance mutations are 30N, 33F, 46IL, 47V, 48VM, 

54VTALM, 82ATFS, 84V, 88DS, and 90M.

Lopinavir
Lopinavir (brand name: Kaletra), containing lopinavir and 

ritonavir, from Abbott Laboratories, was approved by the 

FDA in 2000 and was developed as a ritonavir-based agent. 
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The core region of lopinavir, a hydroxyethylene dipeptide 

isostere, is the same as that of ritonavir. The P2 and P2′ group 

are altered in lopinavir relative to ritonavir. The 5-thiazolyl 

P2 group of ritonavir is replaced by a phenoxyacetyl group, 

and the 2-isopropylthiazolyl P2′ group of ritonavir is replaced 

by a six-member cyclic urea. In general, the new P2 and 

P2′ groups are smaller in order to decrease the contact with 

highly variable residues at the 82 site of HIV-1 protease.22 The 

substitution of the P2 and P2′ groups improves the inhibitory 

potency of lopinavir against the drug-resistant variants of 

HIV-1 protease.22 Lopinavir inhibits HIV protease activity, 

with the EC
50

 of ∼17 nM. The dosage for adult patients is 

lopinavir 400 mg plus ritonavir 100 mg orally, twice a day. 

Lopinavir induces insulin resistance and could cause systemic 

hypersensitivity syndromes and Achilles tendinopathy.23–25 

The most common clinically significant lopinavir resistance 

mutations are 32I, 33F, 46IL, 47VA, 48VM, 50V, 54VTALM, 

76V, 82ATFS, 84V, and 90M.

Amprenavir
Amprenavir (brand name: Agenerase), developed by Vertex 

Pharmaceuticals Incorporated, (Boston, MA, USA) and 

approved in 1999, has a benzyl group at the P1 site and an 

isobutyl group at the P1′ site. The P1′ group and the phenyl 

amide P2′ group are connected by a sulfonamide. The asym-

metry of the P1 and P1′ groups may favor the internal pseu-

dosymmetry of HIV-1 protease. Amprenavir contains fewer 

chiral centers than do previous HIV protease inhibitors. This 

improvement simplifies the chemical synthesis and increases 

the oral availability.26 The dosage of amprenavir is 1,200 mg 

orally, twice a day. Amprenavir is less effective on HIV-2 

protease than on HIV-1 protease.27 The EC
50

 of amprenavir 

has ranged from 12–80 nM. Amprenavir and its prodrug, 

fosamprenavir, cause the side effect of benign skin rash.

Fosamprenavir
Fosamprenavir (brand name: Lexiva), developed by 

GlaxoSmithKline plc, (Brentford, UK) and Vertex Pharma-

ceuticals Incorporated, was approved by the FDA in 2003. 

Fosamprenavir is the phosphate ester prodrug of amprenavir. 

The body metabolizes fosamprenavir to form the active ingre-

dient, amprenavir. That metabolization increases the duration 

that amprenavir is available, making fosamprenavir a slow-

release version of amprenavir and, thus, reducing the number 

of pills required versus standard amprenavir.28 The recom-

mended dose is fosamprenavir 1,400 mg in combination 

with ritonavir 100 mg orally, twice a day. Clinical studies 

demonstrated that fosamprenavir has a safer profile compared 

with amprenavir.29,30 The most common clinically significant 

fosamprenavir resistance mutations are 32I, 33F, 46IL, 47VA, 

50V, 54VTALM, 76V, 82ATFS, 84V, and 90M.

Atazanavir
Atazanavir (brand name: Reyataz) developed by Bristol-

Myers Squibb Co. (Princeton, NJ, USA) and approved in 

2003, is an aza-dipeptide analog, which exhibits potent 

anti-HIV activity. The EC
50

 of atazanavir in cell culture is 

2.6–5.3 nM. A unique characteristic of atazanavir is the pres-

ence of a large phenylpyridyl P1 group that is asymmetric 

relative to its benzyl P1′ group. Atazanavir shows good 

oral bioavailability.31 Thus, the benefit of this is once-a-day 

dosing with atazanavir 300 mg plus ritonavir 100 mg. Fewer 

side effects are associated with atazanavir than with other 

protease inhibitors.32,33 Atazanavir has no effect on insulin 

sensitivity and serum lipid concentration.23,34 However, a 

significantly higher incidence of proximal tubulopathy was 

observed among atazanavir-treated patients.35,36 The most 

common clinically significant atazanavir resistance mutations 

are 32I, 33F, 46IL, 47V, 48VM, 50L, 54VTALM, 82ATFS, 

84V, 88S, and 90M.

Tipranavir
Tipranavir (brand name: Aptivus) developed by Boehringer 

Ingelheim GmbH (Ingelheim, Germany), is the only nonpep-

tidomimetic HIV protease inhibitor and received approval 

from the FDA in 2005. Due to dissimilarities with other HIV 

protease inhibitors, tipranavir encounters a relatively different 

HIV-1 protease resistance profile.37,38 An innovation in the 

tipranavir design is the functional substitution of the bridging 

water molecule connecting the inhibitor and protease flaps. 

The lactone oxygen atom of the dihydropyrone ring of tiprana-

vir interacts directly with the Ile50 residues in the flap region 

of the HIV-1 protease. The direct interaction stabilizes the 

protease-inhibitor complex. Tipranavir inhibits the HIV-1 pro-

tease that has developed resistance to other protease inhibitors. 

Though the structure of tipranavir is different from previous 

inhibitors, its contact residues for HIV-1 protease share many 

similarities with other HIV protease inhibitors. Tipranavir 

inhibits the replication of HIV-1 isolates, with EC
50

 ranging 

from 30–70 nM. The dosage is tipranavir 500 mg plus ritonavir 

200 mg orally, twice a day. However, the adverse effects of 

tipranavir are more severe than those of other protease inhibi-

tors. Intracranial hemorrhage and decompensated hepatitis 

have been reported to associate with tipranavir.39 The most 

common clinically significant tipranavir resistance mutations 

are 32I, 33F, 46IL, 47VA, 54VAM, 82TL, and 84V.
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Darunavir
Darunavir (brand name: Prezista), approved in 2006, is the 

latest HIV protease inhibitor on the market. The hydrogen 

bonds that darunavir forms with the backbone of the HIV 

protease slow down the development of drug resistance.40 The 

structure of darunavir is very similar to that of amprenavir, 

the only difference being that in darunavir, the P2 group 

bis-tetrahydrofuran replaces the tetrahydrofuran group of 

amprenavir. This change allows darunavir to have more 

hydrogen bonds with the Asp 29 residues of HIV protease.41 

The EC
50

 of darunavir is as low as 1–2 nM, and darunavir 

can inhibit both HIV-1 and HIV-2 with high potency.27,42 

Furthermore, darunavir or atazanavir coadministrated with 

ritonavir is a current first-line antiretroviral regimen.43 The 

dosage is darunavir 800 mg plus ritonavir 100 mg orally, 

once a day. Only minor darunavir-associated toxicities, such 

as rash, diarrhea, nasopharyngitis, and nausea, have been 

observed in some patients.44 The most common clinically 

significant darunavir resistance mutations are 32I, 33F, 47VA, 

50V, 54LM, 76V, 82F, and 84V.

The common mechanism  
of inhibitor binding
Most current HIV protease inhibitors were designed to mimic 

the substrate transition state. The hydroxyl group of the inhib-

itor interacts with the carboxyl group of the protease active 

site residues, Asp 25 and Asp 25′, by hydrogen bonds. The 

inhibitor-contacting residues of HIV protease are relatively 

conserved, including Gly 27, Asp 29, Asp 30, and Gly 48, 

but the accumulation of drug-resistance mutations alters the 

structure of HIV protease and causes treatment failure.

The major effort in inhibitor development is to modify the 

available HIV protease inhibitors, which inevitably causes the 

new inhibitors to inherit structural similarity with previous 

inhibitors. There have been many attempts to further modify 

current inhibitors; some have succeeded, while others have 

not shown significant benefits. A series of compounds has 

been tested to optimize the P1 group of lopinavir, but none of 

them has shown significant benefits over the original lopina-

vir.45 The successful examples of modified inhibitors are daru-

navir and lopinavir, which were modified from amprenavir 

and ritonavir, respectively.

New designs of HIV  
protease inhibitors
It is possible to optimize the chemical structure of HIV 

protease inhibitors to avoid side effects. For example, not 

all HIV-1 proteases cause dyslipidemia, such as atazanavir.34 

Similarly, atazanavir does not inhibit glucose uptake as 

amprenavir, lopinavir, and ritonavir do.46 GS-8374, devel-

oped by Gilead Sciences, Inc., (Foster City, CA, USA), is 

a modification of TMC-126 (darunavir analog).47 This new 

inhibitor does not affect insulin-stimulated glucose uptake or 

peripheral glucose disposal, which is similar to atazanavir.48 

A possible explanation may be that the diethylphosphonate 

moiety modification on the P1 benzyl group of darunavir 

functions similarly to the large phenylpyridyl P1 group of 

atazanavir, to repel off-target molecules.

Designing inhibitors based on the substrate envelope 

of HIV protease is a recent strategy for developing HIV 

protease inhibitors. The substrate envelope is the overlap-

ping volume occupied by multiple substrates. Based on this 

theory, a substrate-based HIV protease inhibitor, RO1, has 

been designed and synthesized.49 The results demonstrated 

that RO1 has five- to tenfold higher inhibitory efficacy than 

current HIV protease inhibitors.49 Among the current FDA-

approved HIV protease inhibitors, only tipranavir forms 

hydrogen bonds with the flap residues of the protease. In con-

trast, RO1 forms more hydrogen bonds with HIV protease, 

which enhances the binding energy and is also a step toward 

a greater diversity of binding patterns. However, the contact 

residues of RO1 follow the old pattern, and no novel contact 

has been established. The difficulty of complete binding pat-

tern alteration might be due to the inhibitor design concept of 

substrate mimics. To develop new scaffolds of HIV protease 

inhibitors, it is necessary to adopt drug discovery strategies 

other than substrate mimics.

New scaffolds of HIV protease inhibitors might be a pos-

sible solution to eliminate drug side effects. After extensive 

modifications and tests, the leading new scaffolds might 

become the next generation of HIV protease inhibitors pos-

sessing novel chemical structures and alternative binding 

patterns to HIV protease. However, it is very risky to explore 

new structures of inhibitors. One reason is that the new scaf-

folds are less likely to be superior to the well-established older 

scaffolds. The structure of mozenavir, which was developed 

based on the cyclic urea scaffold, is highly dissimilar from 

other HIV protease inhibitors.50 However, the clinical studies 

showed that mozenavir did not show significant advantages 

compared with other protease inhibitors on the market, and 

therefore Gilead Sciences, Inc., stopped the development of 

mozenavir.51 The other reason is that new scaffolds may cause 

severe adverse effects without thorough clinical studies. The 

relatively different structure of tipranavir, not only generates 

altered binding profiles but also, causes the unpredictable side 

effects, such as hemorrhage. Based on the above summary, 
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the nonpeptidomimetic HIV protease inhibitors seem to have 

a higher tendency to cause severe adverse effects.

Several new HIV protease inhibitors are undergoing 

clinical trials. GlaxoSmithKline’s new inhibitor, CTP-518, 

was developed by replacing some hydrogen atoms of ataza-

navir with deuterium, which enables CTP-518 to inherit the 

once-daily dosage of atazanavir but slows down the drug 

metabolism.52 Another new inhibitor is SPI-256 (Figure 2), 

developed by Sequoia Pharmaceuticals (Gaithersburg, MD, 

USA), which is based on the darunavir scaffold.53 Rather 

than coadministration with ritonavir, SPI-256 may be boosted 

using with Sequoia Pharmaceuticals’ own pharmacokinetic 

enhancer, SPI-452.54 This pharmacokinetic enhancer targets 

cytochrome P450 3A and boosts the circulating concentration 

of other protease inhibitors, as ritonavir does, but avoids the 

side effects caused by ritonavir.55

Off-target molecules
The major metabolic side effects associated with HIV pro-

tease inhibitor therapy are lipodystrophy syndrome and insu-

lin resistance.56 The possible mechanisms of the metabolic 

alternations caused by HIV protease inhibitors have been 

studied. In the following paragraphs, the possible off-target 

effects of HIV protease inhibitors are discussed. Avoidance of 

interactions with off-target molecules may be considerations 

in the future development of new HIV protease inhibitors.

Proteases functioning  
in SREBP maturation
It has been demonstrated that most HIV protease inhibitors 

induce the accumulation of intracellular free cholesterol and 

lipid.57 SREBP-1 is an endoplasmic reticulum (ER)-derived 

transcription factor that regulates the gene expression involved 

in lipogenesis. SREBP-1 mediates the effect of insulin on 

gene expression in adipocytes58 and is associated with adipo-

cyte differentiation and metabolism.59 In the ER and nuclear 

envelope, SREBP exists as a full-length membrane-bound 

precursor.60 A two-step sequential proteolytic cleavage 

activates the membrane-bound SREBP precursors. The first 

step is a sterol-regulated intramembrane proteolytic step 

to generate the N-terminal SREBP intermediate, which is 

processed by a membrane-anchored serine protease.61 At the 

second step, the mature SREBP can be cleaved off by cysteine 

protease CPP32/SREBP cleavage activity-1 (SCA-1)62 or 

Mch3/SCA-2.63 The mature active SREBPs translocate to 

the nucleus. The inactive SREBP-1 precursor, rather than 

active SREBP-1, is processed by the ubiquitin-proteasome 

system.64 Studies showed that HIV protease inhibitor 

therapy caused the sequestration of inactive SREBP-1 at 

the nuclear membrane level.65,66 Nelfinavir and indinavir 

have demonstrated effects in decreasing active SREBP-1 in 

the nucleus.65,67 The SREBP-1 sequestration prevents activa-

tion of the expression of downstream transcription factors for 

adipocyte differentiation.68 Furthermore, SREBP-1 associates 

with the transcriptional regulation of a fat-derived hormone 

gene, adiponectin.69 The effect of HIV protease inhibitors on 

SREBPs consequently leads to the deficiency of adiponectin. 

Therefore, adiponectin replacement therapy or adiponectin 

receptor agonist could ameliorate dyslipidemia, stabilize 

metabolic function, and prevent brain injury caused by 

HIV protease inhibitor-based treatment.70,71 Therefore, the 

off-target inhibition of the proteases required for SREBP 

maturation could cause inactive SREBP sequestration and 

affect adipocyte differentiation (Figure 3).

Glucose transporter-4
The insulin resistance observed in patients with HIV pro-

tease inhibitor treatment is associated with the blockage of 

a glucose transporter (Figure 3). Glucose transporter-4 is an 

insulin-regulated transporter that can be directly inhibited by 

many HIV protease inhibitors, especially indinavir.72,73 The 

protease inhibitors specifically block the isoform of glucose 

transporter-4 and show no significant inhibition of glu-

cose transporter-1 and glucose transporter-2.72,73 Therefore, 

the glucose uptake in adipocytes is blocked.

In vitro testing indicated that peptides with an aromatic 

core flanked by hydrophobic ends acutely inhibited glucose 

transporter-4 and weakly inhibited glucose transporter-2 but 

did not inhibit glucose transporter-1 and 3.74 Those peptides 

represent the structure characteristic of currently approved 

HIV protease inhibitors and are also substrates of aspartyl 

proteases. Therefore, the aromatic core of HIV protease 

Inhibition

Inhibition

Proteasome

The protease cleaving SREBP

Adipose cell

Inhibition

HIV-infected cell

HIV-1 protease

HIV-1 protease inhibitor

Glucose transporter-4

Glucose

Nucleus

Figure 3 Potential target molecules of the HIV protease inhibitors.
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inhibitors could be the cause of a cross-interaction with 

glucose transporter-4. Interestingly, atazanavir, carrying 

an aromatic core, is known for having no effect on glucose 

uptake.46 It is possible that the large phenylpyridyl P1 group 

of atazanavir, or its azapeptide backbone, disrupts the inter-

action with glucose transporter-4. Furthermore, atazanavir 

also differs from other HIV protease inhibitors in the hydro-

phobicity of the flanked molecule ends.74

Proteasome
The proteasome is, not only a cell apparatus that degrades 

waste proteins but also, an important regulator in various 

signal pathways. But proteasome activity can be directly 

inhibited by some HIV protease inhibitors.75 Ritonavir is a 

very potent proteasome inhibitor at clinically relevant levels.73 

Ritonavir, as well as nelfinavir and saquinavir, inhibits the 

proteasomal 20S subunit.76,77

Proteasome inhibition could cause metabolic complica-

tions (Figure 3). HIV protease inhibitors prevent the protea-

somal degradation of apolipoprotein B, and this may cause 

dyslipidemia,78 as apolipoprotein B has a strong effect on 

the plasma lipid levels.79 Saquinavir inhibits proteasome and 

therefore prevents the activation of NF-κB.76 The inactivation 

of NF-κB inevitably leads to cell apoptosis. Furthermore, 

the inhibition of the proteasome complex that regulates 

NF-κB leads to an adipogenesis reduction.80 Furthermore, 

the proteasome is also responsible for SREBP degradation 

in the nucleus.64 The accumulation of SREBPs in the nucleus 

constitutively induces the expression of lipogenic and choles-

terogenic genes.81 HIV protease inhibitor treatment signifi-

cantly elevates the total cholesterol, low-density lipoprotein 

cholesterol, and triglycerides in patients.82

The toxicity of protease inhibitors also open up a method 

of drug repositioning. Study has demonstrated that nelfinavir, 

ritonavir, and saquinavir inhibited protein kinase B (Akt/PKB) 

and induced caspase-dependent apoptosis.83 Darunavir had 

no significant effect on Akt/PKB, while atazanavir and 

lopinavir exerted a mild effect.84 Among the HIV protease 

inhibitors tested, nelfinavir showed the great inhibition of Akt 

activity.83 Currently, nelfinavir is undergoing a clinical trial 

in solid tumors.85 Another study showed that the proteasome 

inhibitors downregulated the activation of Akt.86 Thus, inhibi-

tion of Akt activity by nelfinavir could be a downstream event 

of proteasome inhibition. Due to proteasome inhibition, the 

accumulated unfolded proteins eventually result in ER stress 

and trigger autophagy.87 The ER stress caused by protease 

inhibitors is one of the rationales for using HIV protease 

inhibitors as anticancer agents.

Prodrugs in improving 
bioavailability and reducing  
side effects
On one hand, side effects are the consequence of off-target 

binding. On the other hand, the physiological concentra-

tion of drugs is another detrimental factor causing side 

effects. To optimize the pharmacokinetics and decrease 

side effects, the development of protease inhibitor prod-

rugs could improve water solubility and bioavailability. 

One example is fosamprenavir, the prodrug of amprenavir. 

Study also showed that conjugating a valine residue to 

the protease inhibitor, through a hydrolyzable ester bond, 

improved cell absorption and decreased efflux.88 In short, 

the design of HIV protease inhibitors that maintain potency 

and eliminate side effects is a long-term exploring process. 

Before the off-target effects could be eliminated by novel 

HIV protease inhibitor scaffolds, the development of HIV 

protease inhibitor prodrugs could decrease dosages and 

meliorate the side effects.

Future direction in preventing  
drug side effects
The identification of off-target mechanisms did not receive 

sufficient attentions in the past. Determining the potential toxic 

or benign chemical groups of HIV protease inhibitors helps in 

the design of newer inhibitors. For example, the P1 group and 

the two terminal groups of atazanavir may be benign chemical 

groups and can be considered for incorporation into new HIV 

protease inhibitors. With the accumulation of knowledge on the 

toxic chemical groups of HIV protease inhibitors, a “benign 

chemical group library” for HIV protease inhibitors can be 

compiled and benefit future drug design studies.
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