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Abstract

Targeting ligands facilitate cell specific drug delivery and improve pharmaceutical properties. 

Herein, we designed two ligand drug conjugates by conjugating GlcNAc (N-acetylglucosamine) 

with atorvastatin. These two conjugates, termed G-AT and G-K-AT, exhibited enhanced water 

solubility and cellular uptake. Moreover, both G-AT and G-K-AT were able to release atorvastatin 

and consequently achieve significant inhibition against 3-hydroxy-3-methyl-glutaryl-coenzyme A 

(HMG-CoA) reductase.
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INTRODUCTION

Atorvastatin, with the trade name Lipitor, is one of the most prescribed drugs in the statin 

family for the treatment of dyslipidemia and the prevention of cardiovascular diseases.1–3 

Atorvastatin functions in hepatocytes in the liver as a lipid-lowering agent by inhibiting 3-

hydroxy-3-methyl-glutarylcoenzyme A (HMG-CoA) reductase, a crucial enzyme in the 

early stage of biosynthesis of cholesterol.1–3 However, the bioavailability of atorvastatin is 

relatively low (approximate 12% with a 40 mg oral administration),4 due to its low water 

solubility, dissolution rate, and membrane permeability.5,6 Extensive efforts have been made 

to enhance its dissolution rate by incorporating a calcium salt or additional ingredients in its 

pharmaceutical formulation (tablets, capsules, or powders).7,8 In order to further improve 

pharmaceutical profiles of atorvastatin, a new strategy is needed such as incorporation of 

targeting ligands.

Small molecule ligands have been widely investigated for the delivery of drugs to targeted 

cells, which improve drug properties such as chemical stability, pharmacokinetics, and 

cellular uptake.9–18 A number of ligands including folate acid,13 glucosamine,12 biotin,14 

and pamidronate11,15 were widely used to target specific cell populations, which showed 

potential for therapeutic applications. N-acetylglucosamine (GlcNAc), a glucose derivative, 

was reported as a high affinity ligand for hepatic receptors.19 GlcNAc modified 

polyacrylamide gels showed strong adhesion to chicken hepatocytes.20 Thus, GlcNAc may 

be a promising ligand for delivery of atorvastatin.

Hence, we designed two atorvastatin derivatives, G-AT and G-K-AT (Scheme 1), by 

conjugating atorvastatin and GlcNAc through a “click reaction”.21 Both conjugates showed 

increased water solubility and cell permeability. The conjugates themselves showed no 

inhibiting activity on HMG-CoA, while restoring the activity after releasing atorvastatin. G-
AT can be hydrolyzed by esterase in biological pH (pH ~ 7.40) and G-K-AT can be 

hydrolyzed in a more acidic environment (pH ~ 4.5, lysosomal pH value22). Importantly, 

cellular uptake of G-AT and G-K-AT was dramatically increased compared to atorvastatin.

Design and Synthesis

First, we synthesized G-AT and G-K-AT following the synthetic routes as shown in Scheme 

1. Two hydroxyl groups were protected with a ketal to provide compound a. Then, a 
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propargyl group was installed onto compound a and yielded compound b. After deprotection 

of compound b in diluted hydrochloric acid, intermediate c was obtained. GlcNAc group 

was then introduced through a “click reaction” to afford G-AT. A similar “click reaction” 

between compound b and GlcNAc was performed to produce G-K-AT. In order to visualize 

the cellular uptake of GlcNAc, Cy7, a near-infrared fluorophore, was conjugated to GlcNAc 

using the same synthetic method, providing G-Cy7 (Supporting Information, Scheme S1). 

Structures of these conjugates were confirmed by 1H NMR and mass spectrometry 

(Supporting Information).

Then, we measured the solubility of atorvastatin, G-AT and G-K-AT in water through a UV-

spectra assay. Their solubility was calculated using a standard curve: 0.18 ± 0.0025 mmol/L, 

0.78 ± 0 mmol/L, and 1.58 ± 0.0028 mmol/L for atorvastatin (in a calcium salt form), G-AT, 

and G-K-AT, respectively (Table 1 and Supporting Information, Table S1). Water solubility 

of G-AT and G-K-AT was approximately 4- and 9-fold higher than that of atorvastatin, 

respectively. In addition, atorvastatin showed enhanced water solubility at a lower pH 

environment, while G-AT and G-K-AT displayed higher water solubility at pH 7.4 in 

comparison with pH 4.5 (Table S1). To investigate whether G-AT and G-K-AT formed 

micelles, we conducted dynamic light scattering (DLS) studies using a NanoZS Zetasizer. 

As shown in Table S2, both G-AT and G-K-AT produced relatively homogeneous micelles. 

Particle size was 144 ± 4.5 nm and 95.8 ± 1.1 nm, respectively. Regarding atorvastatin, no 

detectable particles were observed. The formation of micelles may lead to enhanced water 

solubility of G-AT and G-K-AT.

We next studied hydrolysis of G-AT and G-K-AT to release atorvastatin. When incubated 

with esterase in PBS (pH 7.40) at 37 °C, G-AT was quickly transformed into atorvastatin 

through a two-step process (Scheme S2). According to the mass spectra analysis, GlcNAc 

was first cleaved. The remaining moiety formed an intermolecular ester, and then released 

atorvastatin (Figure S1). On the other hand, G-K-AT first underwent an incubation in an 

acidic PBS (pH 4.5) to eliminate the ketal group; and then was hydrolyzed with esterase to 

afford atorvastatin (Figure S3). No hydrolysis products of G-K-AT were detected through 

mass spectra analysis after incubated in PBS (pH 7.40, Figure S2). These results suggest that 

G-K-AT is more stable than G-AT.

In order to test whether atorvastatin released from G-AT and G-K-AT is functional, we 

measured their activity using a HMG-CoA Reductase Assay Kit. Neither G-AT nor G-K-AT 
showed any inhibiting activity, while their hydrolysis products showed significant inhibition 

of HMG-CoA reductase (Figure 1). After hydrolysis by esterase, G-AT showed comparable 

activity to atorvastatin. Since G-K-AT possesses an additional ketal protection, it underwent 

a two-step hydrolysis after deprotecting the ketal group in an acidic environment. G-K-AT 
displayed less activity than atorvastatin due to a slower release of atorvastatin.

To further study cellular uptake of GlcNAc derivatives, G-Cy7 was synthesized as 

mentioned above. After incubation of Hep3B cells (a human hepatoma cell line) with G-
Cy7, fluorescence intensity was quantified through fluorescence-activated cell sorting 

(FACS) analysis. As shown in Figure 2A, the G-Cy7 group (intensity = 1727) showed much 

higher fluorescence intensity than free Cy7 group (intensity = 349). When endocytosis was 
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inhibited by decreasing the incubation temperature to 4 °C,23 G-Cy7 treated cells displayed 

a significant lower fluorescence intensity (intensity = 310; p < 0.001). These results indicate 

that endocytosis is the main pathway for cellular uptake of G-Cy7.

We then examined cellular uptake of G-AT and G-K-AT. Equal amounts of atorvastatin, G-
AT and G-K-AT were used to treat Hep3B cells, respectively. After incubation, culture 

medium was removed and the amount of drugs in cells was quantified using the same UV-

spectra analysis as mentioned above. The total amount of G-AT and G-K-AT were 

calculated to be 176% and 207% of atorvastatin group, respectively, significantly higher than 

atorvastatin (Figure 2B and Supporting Information, Table S3). In addition, both G-AT and 

G-K-AT showed release of free atorvastatin in cells using mass spectra analysis (Supporting 

Information, Figure S4 and Figure S5).

Finally, we examined the biological function of G-AT and G-K-AT in cells using a method 

reported previously.25 According to its mechanism of action, after internalization by 

hepatocytes, atorvastatin inhibits HMG-CoA, and consequently induces increased 

expression of low-density lipoprotein (LDL) receptors.25 In the study, we measured the 

amount of LDL receptors on Hep3B cells treated with atorvastatin, G-AT, and G-K-AT 
using a flow cytometer. As shown in Figure 3, LDL receptors were significantly increased in 

the groups of atorvastatin, G-AT, and G-K-AT compared to the untreated group. These 

results indicate G-AT and G-K-AT are able to release atorvastatin and then increase LDL 

receptors accordingly.

CONCLUSION

In conclusion, we designed and synthesized two GlcNAc-conjugated atorvastatin, G-AT and 

G-K-AT. Both G-AT and G-K-AT demonstrated enhanced water solubility and cellular 

uptake than free atorvastatin. G-AT and G-K-AT were able to be hydrolyzed at different 

conditions due to different chemical stability, which enables us to tune its pharmaceutical 

profiles in future applications. The hydrolysis products of G-AT and G-K-AT dramatically 

inhibited the activity of HMG-CoA reductase. Moreover, both G-AT and G-K-AT increased 

LDL receptors in Hep3B cells. Reflecting the data above, these results prove the concept of 

our design and merit further development of cell specific delivery of atorvastatin for 

therapeutic applications.

EXPERIMENTAL SECTION

Materials

Esterase from porcine liver, HMG-CoA Reductase Assay Kit and other chemicals were 

purchased from Sigma-Aldrich or Alfa-Aesar. Eagle’s Minimum Essential Medium 

(EMEM) was purchased from Corning Incorporated (NY, USA). All chemicals were used 

without further purification. Compounds a, b, and c were synthesized according to the 

methods reported previously.24
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Synthesis of G-AT

Compound c (20 mg, 0.034 mmol) and 2-azidoethyl 2-acetamido-2-deoxy-β-D-

glucopyranoside (20 mg, 0.069 mmol) were dissolved in 4 mL ethanol and stirred at RT 

under Ar. CuSO4 (10 mg, 0.063 mmol) in 0.5 mL water and sodium ascorbate (20 mg, 0.10 

mmol) in 0.5 mL water were added to the reacting mixture. The resulting mixture was 

stirred for another 12 h. After washing with water and CH2Cl2, the organic phase was 

collected and evaporated. The crude product was purified by column chromatography using 

a Combiflash Rf system with CH2Cl2/MeOH (85/15 by volume) to give the product in a 

white solid (18 mg, yield 59.8%). 1H NMR (400 MHz, CD3OD) δ = 8.01 (1H, s), 7.32−7.24 

(6H, m), 7.15−7.05 (7H, m), 5.28−5.20 (2H, m), 4.60−4.58 (2H, d, J = 8), 4.42−4.40 (1H, 

m), 4.26−4.24 (1H, m), 4.06−4.05 (2H, m), 3.93−3.85 (3H, m), 3.72−3.66 (3H, m), 

3.47−3.45 (2H, m), 3.37 (7H, s), 3.33 (4H, s), 2.54−2.41 (2H, m), 1.94 (3H, s), 1.70 (2H, s), 

1.51−1.49 (6H, d, J = 4). MS (m/z): [M + H]+ calcd. for C46H56FN6O11, 886.3991; found, 

887.3953.

Synthesis of G-K-AT

Compound b (20 mg, 0.031 mmol) and 2-azidoethyl 2-acetamido-2-deoxy-β-D-

glucopyranoside (20 mg, 0.069 mmol) were dissolved in 4 mL ethanol and stirred at RT 

under Ar. CuSO4 (10 mg, 0.063 mmol) in 0.5 mL water and sodium ascorbate (20 mg, 0.10 

mmol) in 0.5 mL water were added to the reacting mixture. The resulting mixture was 

stirred for another 12 h. After washing with water and CH2Cl2, the organic phase was 

collected and evaporated. The crude product was purified by column chromatography using 

a Combiflash Rf system with CH2Cl2/MeOH (90/10 by volume) to give the product in a 

white solid (19 mg, yield 65.0%). 1H NMR (400 MHz, CD3Cl) δ = 7.78 (1H, s), 7.20−7.17 

(8H, m), 7.09−7.07 (2H, d, J = 8), 7.02−6.98 (3H, t, J = 8), 6.91 (1H, s), 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). MS (m/z): 

[M + H]+ calcd. for C49H60FN6O11, 927.4304; found, 927.4240.

Synthesis of G-Cy7

Propargyl-Cy7 (20 mg, 0.027 mmol) and 2-azidoethyl 2-acetamido-2-deoxy-β-D-

glucopyranoside (15 mg, 0.052 mmol) were dissolved in 3 mL ethanol and stirred at RT 

under Ar. CuSO4 (5 mg, 0.032 mmol) in 0.3 mL water and sodium ascorbate (10 mg, 0.05 

mmol) in 0.3 mL water were added to the reacting mixture. The resulting mixture was 

stirred for another 12 h. After washing with water and CH2Cl2, the organic phase was 

collected and evaporated. The crude product was purified by column chromatography using 

a Combiflash Rf system with CH2Cl2/MeOH, (85/15 by volume) to give the product in a 

blue solid (14 mg, yield 49.0%). 1H NMR (400 MHz, CD3OD) δ = 8.01 (1H, s), 7.80 (2H, 

s), 7.39−7.37 (2H, d, J = 8), 7.33−7.31 (2H, m), 7.09 (3H, s), 5.81 (1H, s), 5.20 (2H, s), 

4.58−4.55 (2H, m), 4.42−4.39 (1H, m), 4.25−4.20 (1H, m), 3.92−3.88 (2H, m), 3.80−3.76 

(2H, t, J = 8), 3.70−3.66 (2H, m), 3.46−3.41 (5H, m), 3.34−3.33 (5H, m), 3.32 (2H, m), 2.57 

(3H, s), 2.43−2.39 (2H, t, J = 8), 1.93 (3H, s), 1.88−1.81 (4H, m), 1.74−1.72 (1H, m), 
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1.51−1.43 (3H, m), 1.31 (2H, s), 0.94−0.87 (1H, m). MS (m/z): M+ calcd. for C51H68N7O8, 

906.5124; found, 906.5132.

Quantification of Water Solubility

Standard curves of absorption intensity at 290 nm against concentration for atorvastatin and 

two conjugates were plotted (Supporting Information, Table S1). By measuring the 

absorption intensity at 290 nm of saturated solution of three compounds in water (diluted 

with methanol before spectra test), water solubility of each conjugate was determined.

Hydrolysis Assay

G-AT was dissolved in DMSO to obtain a 3.5 mmol/L stock solution. 15 µL of stock 

solution was then added into 485 µL of PBS (pH 7.40) with esterase (0.5 mg/mL) in a 1.5 

mL sealed tube and shaken at 37 °C for fixed time as 0, 3, and 24 h. The hydrolysis reaction 

was terminated by adding 0.5 mL of dichloromethane and shaken strongly. The organic 

phase was used for mass spectrometry analysis. G-K-AT was dissolved in DMSO to obtain 

a 3.5 mmol/L stock solution. 15 µL of stock solution was then added into 235 µL of PBS 

(pH 4.50) and incubated at 37 °C for 24 h. pH of the solution was adjusted to 7.40 by adding 

1 mmol/L NaOH aqueous. Then, 250 µL PBS (pH 7.40) with esterase (1.0 mg/mL) was 

added. The mixture was shaken at 37 °C for 24 h. The hydrolysis was terminated by adding 

0.5 mL of dichloromethane and shaken strongly. The organic phase was used for mass 

spectrometry analysis.

Quantification of HMG-CoA Reductase activity

Activity of HMG-CoA Reductase was measured through a HMG-CoA Reductase Assay Kit 

following the standard procedure. After adding the regents in requested order, the absorption 

at 340 nm was immediately collected every 20 s for up to 10 min. The activity of HMG-CoA 

Reductase was calculated according to the following equation:

Units(mg P) =

ΔA340
minsample

−
ΔA340

minblank
× TV

12.44 × V × 0.6 × LP

where 12.44 = εmM – the extinction coefficient for NADPH at 340 nm is 6.22 mM−1 cm−1. 

12.44 represents the 2 NADPH consumed in the reaction. TV = Total volume of the reaction 

in ml (0.2 mL is used in this assay). V = Volume of enzyme used in the assay (12 × 10−3 

mL). 0.6 = Enzyme concentration in mg-protein (mgP)/mL. LP = Light path in cm (0.55 cm 

is used for this assay).

Cell Uptake of Cy7 and G-Cy7

Human hepatocellular carcinoma Hep3B cell line (ATCC) was maintained in Eagle’s 

Minimum Essential Medium (EMEM) supplemented with 10% heat inactivated FBS at 

37 °C with an air atmosphere of 5% CO2. Hep3B cells were seeded in 6-well clear bottom 

plates (15 × 104 cells/mL, 2 mL/well). After 24 h incubation, 200 µL stock solution of Cy7 
and G-Cy7 (5 mM in DMSO) was added with DMSO as a control group, which make the 
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final concentration of each dye to be 5 µM. 2 h after treatment at 4 or 37 °C, cells were 

collected and the fluorescence signal from Cy7 or G-Cy7 was quantified with BD LSR II 

flow cytometry analyzer (BD Biosciences, San Jose, CA).

Cellular Uptake of Atorvastatin, G-AT, and G-K-AT

Hep3B cells were seeded in 6-well clear bottom plates (2 × 104 cells/500 µL). After 24 h 

incubation, 10 µL stock solutions of atorvastatin, G-AT, and G-K-AT (21 mM in DMSO) 

were added with DMSO as a control group. 2 h after treatment, cells were collected and 

extracted using a mixture of 0.5 mL CH2Cl2 and 0.5 mL methanol. After filtration, the 

solution was used for mass spectra and UV-spectra analysis. The amount of drugs were 

determined through standard curves (Supporting Information, Table S3).

Immunofluorescent Staining Analysis of LDL Receptors

Hep3B cells were seeded in 6-well clear bottom plates (1 × 105 cells/mL, 2 mL/well). After 

24 h incubation, 1 µL stock solutions of atorvastatin, G-AT, and G-K-AT (10 mM in 

DMSO) were added (final concentration is 5 µM). After 48 h incubation, cells were 

collected and washed with PBS twice. Cells were resuspended to approximately 1 × 106 

cells/mL in ice cold PBS, 1% sodium azide in 1.5 mL tube. Cells of three test groups and 

one control group were incubated with anti-LDL receptor antibody (primary monoclonal 

antibody, clone 2H7.1, EMD Millipore Corporation) for 30 min at room temperature. Cells 

were washed twice with cold PBS and resuspended in 1 mL ice cold PBS, 1% sodium azide. 

They were incubated with Alexa 647-labeled secondary antibody (Goat Anti-Mouse IgG 

H&L) for 25 min at room temperature in the dark. Cells were washed twice with cold PBS, 

and then resuspended in 0.3 mL cold PBS; fluorescence was quantified immediately with 

BD LSR II flow cytometry analyzer (BD Biosciences, San Jose, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

DLS Dynamic light scattering

GlcNAc N-acetylglucosamine
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Figure 1. 
Inhibition of HMG-CoA reductase activity by atorvastatin, G-AT, G-K-AT, and their 

hydrolysis products. (Triplicate; **, P < 0.01; ***, P < 0.001; N.S., P > 0.05; t test, double-

tailed.)
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Figure 2. 
(A) Fluorescence intensity of Hep3B cell treated with Cy7 or G-Cy7. (B) Cellular uptake of 

atorvastatin, G-AT, or G-K-AT. The data were normalized to the amount of atorvastatin. 

(Triplicate; *, P < 0.05; **, P < 0.01; ***, P < 0.001; t test, double-tailed).
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Figure 3. 
Effects of atorvastatin, G-AT, and G-K-AT on LDL receptors expression in Hep3B cell line. 

The amount 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 of G-AT and G-K-AT
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Table 1

Water Solubility of Atorvastatin, G-AT, and G-K-AT

water solubility (mmol/L)

Atorvastatin 0.18 ± 0.0025

G-AT 0.78 ± 0

G-K-AT 1.58 ± 0.0029
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