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Abstract

Targeted drug delivery platforms can increase the concentration of drugs in specific cell 

populations, reduce adverse effects, and hence improve the therapeutic effect of drugs. Herein, we 

designed two conjugates by installing the targeting ligand GalNAc (N-acetylgalactosamine) onto 

atorvastatin (AT). Compared to the parent drug, these two conjugates, termed G2-AT and G2-K-

AT, showed increased hepatic cellular uptake. Moreover, both conjugates were able to release 

atorvastatin, and consequently showed dramatic inhibition of β-hydroxy-β-methylglutaryl-CoA 

(HMG-CoA) reductase and increased LDL receptors on cell surface.
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1. Introduction.

Atorvastatin, a member of the statin drugs, is commonly used for the treatment of 

hypercholesterolemia patients, who suffer from cardiovascular disease and are more likely to 

develop atherosclerosis.1–3 Atorvastatin inhibits HMG-CoA reductase in order to increase 

the metabolism of LDL-cholesterol in hepatocytes. However, due to its low solubility4 and 

pre-systemic clearance in the gastrointestinal tract and liver,5, 6 the therapeutic effect of 

atorvastatin is impaired.7 Meanwhile, atorvastatin uptake by cells other than hepatocytes 

leads to various dose-related side effects such as myopathy and muscle pain.8, 9 In order to 

improve the effective delivery of atorvastatin to target organs and reduce its side effects, a 

new approach may be needed such as introducing targeting molecules, which can improve 

the concentration of atorvastatin in specific cell populations.

With advances in molecular biology, multiple receptors and transporters have been 

identified.10 They were found to play an important role in transmembrane transportation of 

drugs11and were utilized to improve pharmacological properties of active ingredients.12, 13 

Based on these findings, a number of small molecule ligands have been exploited for 

modifying the properties of drugs such as water solubility, stability, and membrane 

permeability.14–18 Among those ligands, oligopeptide,19 folate acid,20 glucosamine,21 

galactosamine,22 and bile acid23 were extensively used for targeting specific cells and 

tissues, which exhibited potential for therapeutic applications. In particular, N-

acetylgalactosamine (GalNAc), a galactose derivative, was a well-characterized hepatocytes-

targeting moiety due to its specific binding with asialoglycoprotein receptor (ASGPR) on the 
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surface of hepatocytes.24 For example, GalNAc modified nanoparticle-siRNA system 

improved the gene silencing effects in the hepatocytes compared to free siRNA and naked 

nanoparticle.25 Moreover, the conjugation of antisense oligonucleotide and siRNA to 

GalNAc can dramatically enhance the entry of antisense oligonucleotide and siRNA into 

hepatocytes.26, 27 Building upon previous studies, GalNAc may serve as a promising ligand 

for targeted delivery of atorvastatin. Therefore, we designed and synthesized two conjugates 

of atorvastatin, termed G2-AT and G2-K-AT (Scheme 1), by covalently attaching GalNAc to 

atorvastatin using a click chemistry reaction.28 These two conjugates did not display 

inhibition of HMG-CoA reductase until release of the parent drug. G2-AT can be degraded 

by esterase in physiological condition (pH ~ 7.40), while G2-K-AT can be degraded in a 

more acidic pH (pH ~ 4.5). Importantly, cellular uptake of both conjugates was significantly 

improved compared to the parent drug atorvastatin in a cell model. Moreover, both 

conjugates enhanced the expression of LDL receptors in comparison to the parent drug.

2. Results and discussion

2.1 Design and synthesis of G2-AT and G2-K-AT

G2-AT and G2-K-AT were synthesized as shown in scheme 1. Firstly, two intermediates a 

and b were synthesized according to the reported methods.29 Then GalNAc was introduced 

through a ‘click reaction’ to yield G2-AT and G2-K-AT, respectively. Both conjugates were 

confirmed by 1H NMR and mass spectrometry (Supporting Information).

2.2 Hydrolysis assays

We further investigated the metabolism of G2-AT and G2-K-AT in the presence of esterase. 

Upon incubating with esterase in PBS (pH 7.40) at 37 °C, G2-AT underwent a two-step 

hydrolysis to release atorvastatin (Scheme 2), which had been proved in our previous 

publication.29 As shown in the mass spectra, an intermolecular ester formed while GalNAc 

was cleaved (Figure S1). The intermolecular ester was further transformed into atorvastatin 

(Figure S1). For G2-K-AT, an acidic (pH 4.5) environment was necessary to initiate the ketal 

deprotection, and then G2-K-AT was hydrolyzed by the esterase to release atorvastatin 

through the same route as G2-AT (Figure S2). These results showed that G2-K-AT requires 

an acidic condition as well as a process of ester hydrolysis in contrast to G2-AT to release 

atorvastatin. Atorvastatin was not detected upon incubating G2-K-AT in neutral PBS (pH 

7.40, Figure S3), while another intermediate with a ketal group was found in the mass 

spectra (Figure S3).

2.3 Inhibition of the activity of HMG-CoA Reductase

Next, we measured drug inhibition of the activity of HMG-CoA reductase using a well-

established HMG-CoA reductase assay30. Both conjugates, G2-AT and G2-K-AT exhibited 

no inhibition of HMG-CoA reductase, while their hydrolyzed products displayed dramatic 

inhibition against HMG-CoA reductase (Figure 1). The results showed that both intact 

conjugates cannot inhibit the HMG-CoA reductase until the release of atorvastatin. After 

hydrolyzed by esterase, G2-AT exhibited comparable activity to free atorvastatin. After a 

two-step hydrolysis, G2-K-AT also inhibited HMG-CoA reductase, but to a less extent than 
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atorvastatin, which might be due to a slower release of the parent drug. The inhibition 

activity was increased if the incubation time was extended (Figure S4).

2.4 Cellular Uptake of Atorvastatin, G2-AT, and G2-K-AT

The cellular uptake of two conjugates were then quantified using a UV-spectra. Hep3B cells 

were treated with atorvastatin, G2-AT, G2-K-AT, G2-AT (in the presence of GalNac) and 

G2-K-AT (in the presence of GalNac), respectively. After one-day incubation, cells were 

washed and collected for UV-spectra analysis. The uptake of G2-AT and G2-K-AT in Hep3B 

cells were almost 1.4- and 5.1-fold of atorvastatin, respectively (Figure 2). Meanwhile, 

cellular uptake of G2-K-AT was much higher than that of the N-acetylglucosamine 

(GlcNAc, a glucose derivative) conjugates of atorvastatin, which was previously reported by 

our group.29 The higher cellular uptake of G2-K-AT compared to that of G2-AT may be due 

to its more stable chemical property. Meanwhile, the uptake of G2-AT (in the presence of 

GalNac) and G2-K-AT (in the presence of GalNac) significantly decreased than G2-AT and 

G2-K-AT group, which indicated that G2-AT and G2-K-AT were uptaken by ASGPR.

2.5 Quantification Analysis of LDL Receptors

Subsequently, we investigated the effect of these two conjugates on regulating expression of 

LDL receptors using an immunofluorescence assay. According to the reportes31, after uptake 

by hepatocytes, atorvastatin can inhibit the activity of HMG-CoA, and hence enhance the 

expression of LDL receptors. In our study, the expression of LDL receptors on the Hep3B 

cell surface were quantified. It was found that LDL receptors expression were dramatically 

elevated after treated with atorvastatin, G2-AT, and G2-K-AT in comparison to the untreated 

group (Fig 3). These results combing with hydrolysis data confirmed that both conjugates 

can release the parent drug and hence up-regulate LDL receptors.

3. Conclusion

In summary, we synthesized two atorvastatin conjugates, G2-AT, and G2-K-AT, by 

conjugating atorvastatin with the targeting ligand GalNAc. Both conjugates showed specific 

targeting capability. Moreover, two conjugates can be hydrolyzed and release the parent drug 

atorvastatin at different pH conditions, which can be further utilized to modify their 

pharmaceutical profiles. Atorvastatin and the hydrolyzed products of the two conjugates 

exhibited significant inhibition of HMG-CoA reductase, while no inhibition was observed 

with the intact conjugates.

Additionally, after being treated with the two conjugates, Hep3B cells showed increased 

amount of LDL receptors on cell surface. Combining the results mentioned above, we 

proved the concept of that GalNAc can be used as a ligand for cell specific delivery of 

atorvastatin.
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4. Experimental procedures

4.1 Materials.

The Hep3B cell line was obtained from American Type Culture Collection (Manassas, VA). 

Eagle’s Minimum Essential Medium (EMEM) was purchased from Corning Incorporated 

(NY, USA). HMG-CoA Reductase Assay Kit, esterase from porcine liver and other 

chemicals were obtained from Alfa-Aesar or Sigma-Aldrich. Anti-LDL receptor clone 

2H7.1 (mouse monoclonal) and Alexa Fluor® 647 labeled-Goat Anti-Mouse IgG H&L were 

purchased from EMD Millipore Corporation and Abcam respectively. Compounds a and b 
were obtained following the previous methods23.

4.2 Design of G2-AT

2-Azidoethyl-2-Acetamido-2-deoxy-β-D-galactopyranoside (0.104 mmole) was added into 6 

mL ethanol solution of compound a (0.051 mmole) and stirred at room temperature under 

Argon (Ar) atmosphere overnight. Then 0.75mL water solution of CuSO4 (0.095 mmole) 

and sodium ascorbate (0.15 mmole) were separately added to the above reacting mixture 

with stirring. After 12h, the solution was washed with water and DCM, the organic layer 

was concentrated in vacuum. The residue was purified using a Combiflash Rf system with 

DCM/MeOH, (85/15 by volume) (yield 59.8%). 1H NMR (400 MHz, CD3OD) δ = 8.03 

(1H, s), 7.32–7.22 (6H, m), 7.15–7.05 (7H, m), 5.28–5.20 (2H, m), 4.61–4.59 (2H, d, J = 8), 

4.39–4.37 (1H, m), 4.27–4.22 (1H, m), 4.08–4.05 (2H, m), 3.98–3.84 (3H, m), 3.78–3.37 

(7H, m), 2.54–2.42 (2H, m), 1.94 (3H, s), 1.72–1.67 (2H, m), 1.51 (6H, d, J = 4). ESI-MS 

m/z 909.3838 (M + Na)+.

4.3 Design of G2-K-AT

2-Azidoethyl-2-Acetamido-2-deoxy-β-D-galactopyranoside (0.104 mmole) was added into 6 

mL ethanol solution of compound b (0.047 mmole) and stirred at room temperature under 

Argon (Ar) atmosphere overnight. Then 0.75mL water solution of CuSO4 (0.095 mmole) 

and sodium ascorbate (0.15 mmole) were separately added to the above reacting mixture 

above with stirring. After 12h, the solution was washed with water and dichloromethane 

(DCM), the organic layer was concentrated in vacuum. The residue was purified using a 

Combiflash Rf system with DCM/MeOH, (90/10 by volume) (yield 65.0%). 1H NMR (400 

MHz, CD3Cl) δ = 8.01 (1H, s), 7.20–67.19 (6H, m), 7.15–7.05 (8H, m), 5.20 (2H, m), 4.53–

4.44 (6H, m), 4.22–4.20 (2H, m), 4.10–4.05 (1H, m), 3.95 (1H, s), 3.84–3.82 (3H, m), 3.68 

(2H, s), 3.59–3.56 (2H, m), 3.32 (1H, s), 2.52–2.46 (1H, m), 2.38–2.28 (1H, m), 2.07 (3H, 

s), 1.96 (3H, s), 1.67–1.64 (2H, m), 1.54–1.53 (6H, d, J = 4), 1.34 (6H, s). ESI-MS m/z 
949.4150 (M + Na)+.

4.4 Hydrolysis assays

Stock solution of G2-AT and G2-K-AT (3.5 mM) were both prepared in DMSO. 30 μL of 

stock solution of G2-AT was mixed with 970 μL of PBS (pH 7.40, containing 0.5 mg/mL 

esterase) and incubated at 37 °C. Samples were collected from the mixture at three different 

time points post-mixing (0h, 3 h, 24 h) and 1 mL of DCM was added into the samples to 

terminate the hydrolysis reaction. The DCM layer of samples was used for mass 
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spectrometry test. 30 μL of stock solution of G2-K-AT was mixed with 470 μL of PBS (pH 

4.50) and incubated at 37 °C. After 24h, 1 M NaOH aqueous solution was added into the 

above solution to adjust the pH to 7.40. Then, 500 μL PBS (pH 7.40, containing 1.0 mg/mL 

esterase) was added into the solution. The mixture was incubated at 37 °C for one day. The 

hydrolysis reaction was stopped by adding 1 mL DCM. The DCM layer was pipetted for 

mass spectrometry analysis.

4.5 Inhibition of the activity of HMG-CoA Reductase

Inhibition of atorvastatin, G2-AT, and G2-K-AT on HMG-CoA Reductase was determined 

using a commercial HMG-CoA Reductase Assay Kit. The hydrolyzed G2-AT and G2-K-AT 

was obtained through the same hydrolysis procedure mentioned in 4.4 Hydrolysis assays 

section. After adding all the regents following the manufacturer’s procedure, the kinetic 

absorbance at wavelength of 340 nm was immediately measured for 10 minutes. The activity 

of HMG-CoA Reductase was obtained according to the following formula:

Units(mgP) =
( ΔA340
minsample

− ΔA340
minblank

) × TV

12.44 × V × 0.6 × LP

where 12.44 is εmM deducted the extinction coefficient for NADPH (6.22 mM−1 cm−1, 340 

nm), 12.44 represents the 2 NADPH consumed in the reaction, V is the volume of enzyme 

used in the experiment in mL (12 × 10−3 mL), TV is the total volume of the reaction system 

and is given in mL (0.2 mL is used in this experiment), 0.6 is the enzyme concentration and 

given in mg/mL, and LP is light path in cm (0.55 cm for 96-well plates).

4.6 Cell culture

Human hepatocellular carcinoma Hep3B cells were cultured in EMEM supplemented with 

10% FBS and maintained under a humidified atmosphere containing 5% CO2 at 37 °C.

4.7 Cellular Uptake of Atorvastatin, G2-AT, and G2-K-AT

Hep3B cells were seeded into 6-well plates at a density of 1×104 cells/cm2. Twenty-four 

hours after seeding, 10 μL 18 mM stock solutions of atorvastatin, G2-AT, G2-K-AT, G2-AT 

(in the presence of 90 mM GalNac) and G2-K-AT (in the presence of 90 mM GalNac) were 

added into each well respectively, the final concentration was 90 μM. After 3h treatment, 

cells were rinsed, trypsinized and collected by centrifugation (800rpm, 5min). Atorvastatin, 

G2-AT, and G2-K-AT were extracted from cells with a mixture of methanol (0.5mL) and 

DCM (0.5mL). After centrifugation, the supernatant was used for UV spectrum and mass 

spectrum test. The amount of atorvastatin, G2-AT, and G2-K-AT in Hep3B cells were then 

calculated using standard curves.

4.8 Quantification Analysis of LDL Receptors

Hep3B cells were seeded into 6-well plates at a density of 2×105 cells/cm2. Twenty-four 

hours after seeding, 5 μL stock solution of atorvastatin, G2-AT, and G2-K-AT (10 mM) were 

added into each well respectively, the final concentration was 25 μM. After 48 h incubation, 

cells were rinsed, trypsinized and collected by centrifugation (800rpm, 5min). After washed 
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with cold PBS twice again, cells were resuspended and incubated with 100 μL anti-LDL 

receptor antibody (1/100 dilute, the primary antibody) solution for 30 min at RT. Cells were 

then rinsed twice with 1mL cold PBS. The cell pellets were collected by centrifugation 

(800rpm, 5min) and incubated with 100 μL Goat Anti-Mouse IgG H&L antibody (1/2000 

dilute, the secondary antibody) for 30 min at RT in the dark environment. Finally, cells were 

rinsed twice with 1mL cold PBS, and then resuspended in 0.5 mL cold PBS for fluorescence 

detection immediately using a BD LSR II flow cytometer (BD Biosciences, San Jose, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

GalNAc N-acetylgalactosamine

HMG-CoA β-hydroxy-β-methylglutaryl-CoA

AT atorvastatin

ASGPR asialoglycoprotein receptor

EMEM eagle’s minimum essential medium

DCM dichloromethane

MeOH methonal

DMSO dimethyl sulfoxide

Ar Argon

RT room temperature
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Figure 1. 
Inhibition of HMG-CoA reductase activity by atorvastatin, G2-AT, G2-K-AT and their 

hydrolysis products. (Triplicate; **, P <0.01; ***, P < 0.001; N.S., no significance; t test, 

double-tailed.)
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Figure 2. 
Cellular uptake of atorvastatin, G2-AT, GalNac+G2-AT, GalNac+G2-K-AT or G2-K-AT. 

The data were normalized to the amount of atorvastatin. (Triplicate; *, P <0.05; ***, P < 

0.001; t test, double-tailed).
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Figure 3. 
Effects of atorvastatin, G2-AT, and G2-K-AT on the expression of LDL receptors in Hep3B 

cells. The expression of LDL receptors were quantified by an immunofluorescence assay. 

(Triplicate; *, P <0.05; ***, P < 0.001; t test, double-tailed).
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Scheme 1. 
Synthetic routes to G2-AT and G2-K-AT.
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Scheme 2. 
Proposed metabolism pathways of G2-AT and G2-K-AT.
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